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ABSTRACT 

There is substantial data indicating that components of the cAMP signalling pathway 

are differentially expressed in the human myometrium during pregnancy. The effects of 

cAMP in most tissues and cell types are mainly modulated via protein kinase A, a 

heterotetrameric protein complex consisting of two regulatory (R) and two catalytic (C) 

subunits. In this thesis Western-blotting/immuno-precipitation, RT-PCR and functional 

PKA phosphorylation assays. have been used to determine the PKA holoenzymes that 

are expressed in the human myometrium throughout pregnancy and labour. As early as 

the second trimester of pregnancy a significant increase in expression of the regulatory 

RIIct protein subunit of PKA in the myometrium was seen. This increase in protein 

expression is also mirrored at the mRNA level indicating transcriptional control 

throughout pregnancy, whereas during parturition both transcript and protein are 

significantly decreased. This increase in RIIa protein also resulted in increased 

particulate PKA activity in the myometrium during gestation, which was subsequently 

decreased during labour. The RIIa subunit is associated with A kinase anchoring 

proteins thus directing the cAMP quiescence signal to specific sub-cellular loci within 

myometrial smooth muscle cells including the contractile machinery at the cytoskeleton, 

this effect is then removed during parturition. 
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INTRODUCTION 

1.0 PRETERM LABOUR: 

THE CLINICAL SETTING 

The regulation of myometrial activity has important clinical implications. Inadequate 

uterine activity can cause failure of labour to progress, with the possibility of requiring 

delivery by caesarean section and its attendant ten fold increase in maternal morbidity 

and mortality, while excessive uterine activity can result in preterm labour with the risk 

of preterm delivery. 

Preterm delivery, as defined by delivery before 37 weeks of pregnancy, occurs in 6% to 

10% of pregnancies (Hall et al, 1997). Rather worryingly, the incidence of prctcrm 

delivery is on the increase (Goldenberg & Rouse, 1998). The reasons for this increase 

are complex, but include increased obstetric intervention, (Meis et al, 1987) use of 

assisted reproduction techniques, (Joseph et a!, 1998) increasing social disadvantage, 

(Olsen et a!, 1995) (Morrison & Rennie JM, 1997) (McFarlane et a!, 1988) (Koupilova 

et al, 1998) the tendency for women to choose to start a family at an older age and high 

numbers of multiple births (Romero el al, 1999) (Swady & Bennett, 1999). The preterm 

delivery rates for singleton pregnancies following gamete intrafallopian transfer and in- 

vitro fertilisation are approximately 20%. (Lumley 1993) (Fisch et al, 1997). 

Over the last 20 years there has seen a significant increase in the rates of multiple 

pregnancy, due largely to the use of assisted conception techniques, and multiple 
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pregnancy now accounts for 12-27% of all preterm births (lannucci et al, 1996)(Gardner 

et al, 1995). In addition to this, even within the multiple pregnancy group, there has 

been a rise in the rates of preterm labour. In Canada, preterm delivery in all multiple 

births increased from 40% in 1981-83 to 53% in 1997 (Health Canada. 2000). Despite 

significant advances in neonatal care 85% of all neonatal deaths of normally formed 

infants occur in this preterm population (Copper et al, 1993). 

The 4`s Annual report by the confidential enquiry into stillbirths and deaths in infancy 

(CESDI), using the extended Wigglesworth Classification, found that 21.5% of stillbirth 

and neonatal deaths in 1995 were caused by "a consequence of prematurity. " This report 

also looked at trends in neonatal and post neonatal death rates. It concluded that, in the 

last 10 years, while death rates in the neonatal group were improving on the whole, due 

largely to a 50% reduction in deaths from congenital abnormality, there has been no 

significant change in the rate of deaths as "a consequence of prematurity, " which has 

now over taken congenital abnormality to become the single biggest cause of neonatal 

deaths. The postneonatal death group also saw dramatic reductions in mortality rates 

over the same period, with massive reductions in deaths caused by Sudden Infant Death 

Syndrome, a near 50% reduction in infection related deaths and a reduction in 

congenital abnormality associated deaths. However, there was no improvement in the 

number of deaths as "a consequence of prematurity, " making it responsible for an 

increasing proportion of both neonatal and post neonatal deaths. 

Of those that do survive many will have long term morbidity with complications 

including bronco-pulmonary dysplasia, intravcntricular haemorrhage, rctrolcntal 

fibroplasia and more subtle developmental problems (Leeson & Maresh, 1993). 
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Preterm delivery is now the biggest single cause for admission to special care baby units 

in the UK. In addition to the priceless human cost, neonatal intensive care for babies 

weighing less than 1500g is estimated to cost the NHS between £42M and £70M per 

annum (Hall et al, 1997), and whilst some of these infants may have been suffering 

from conditions like intrauterine growth retardation most were preterm. 

1.1 CURRENT TOCOLYTICS 

The main classes of tocolytics commonly used in clinical practice currently include; 

calcium (Ca2) channel blockers, ß-sympathomimetic agonists, non-steroidal anti- 

inflammatory drugs (NSAIDs), magnesium sulphate and nitric oxide (NO) donors. All 

of these cause a range of maternal and fetal side-effects. 

1.1.1 CALCIUM CIIANNEL BLOCKERS 

The most commonly used Ca2+ channel blockers are ritodrine and nifedipine. They are 

thought to act by blocking influx of Ca 2+ through voltage gated Ca2+ channels, reducing 

Ca2+ transients and the subsequent formation of the Ca 2+ calmodulin complex important 

in the activation of myosin light chain kinase (MLCK). Ca2+ channels arc found in 

numerous tissues throughout the body and play a critical role in synaptic transmission, 

intracellular signalling and muscle contractility. Consequently attempts to alter their 

function have resulted in wide ranging maternal side-effects including altered cardiac 

conduction, tachycardia, fluid retention and hypocalcacmia. Fetal side-effects include 

altered uteroplacental blood flow and tachycardia. The Cochrane Database review 

(King et al, 2003) of Ca2+ channel blockers concluded that they reduced the number of 
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women giving birth within seven days of receiving treatment and prior to 34 weeks' 

gestation. Ca 2+ channel blockers also reduced the requirement for women to have 

treatment ceased for adverse drug reaction. The frequencies of neonatal respiratory 

distress syndrome, necrotising enterocolitis, intraventricular haemorrhage and neonatal 

jaundice were all reduced. However this review mainly compared them with 

betämimetics. 

1.1.2 B-AGONISTS 

Selective ß2-agonists, such as ritodrine hydrochloride, were introduced into clinical 

practice in the 1980s and soon became first-line therapy for suspected preterm labour. A 

meta-analysis of 890 women from 16 randomized controlled trials found that ß-agonists 

were capable of delaying preterm delivery for up to 48 h (King et al, 1988). The 

Canadian Preterm Labor Investigators Group also demonstrated a 48-h delay in delivery 

after intravenous and oral ritodrine in a placebo-controlled study yet showed no 

significant difference with respect to perinatal mortality and morbidity (The Canadian 

Preterm Labor Investigators Group 1992). The vast tissue distribution of ß2 receptors 

with their key role in multiple organ systems has meant that even selective f 32-agonists 

have wide ranging and serious maternal side effects including; cardiac arrhythmias, 

tachycardia, myocardial ischemia, pulmonary oedema, hyperglycemia and hypokalcmia. 

The main fetal side-effects include altered uteroplacental blood flow, cardiac 

arrhythmia, myocardial ischemia, intra ventricular haemorrhage and hypoglycaemia. 

The use of ß-agonists for maintenance therapy has been investigated in placebo- 

controlled studies, but these studies have failed to show any significant benefit with 
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respect to delay of delivery or improvement in birth weight (Leveno et al, 1986)(Larsen 

et al, 1986). The Cochrane Database review (Nanda et al, 2002) compared terbutaline 

pump maintenance therapy with placebo concluding that it has not been shown to 

decrease the risk of preterm birth by prolonging pregnancy. Furthermore, the lack of 

information on the safety of the therapy, argues against its role in the management of 

arrested preterm labour. 

1.1.3 NON-STEROIDAL ANTI-INFLAMMATORY DRUGS 

NSAIDs act by inhibiting the production of prostaglandins (PGs) or preventing their 

binding within cells. Their main effect is to block the rate limiting enzyme, cyclo- 

oxygenase (COX), responsible for the conversion of arachadonic acid (AA) to 

prostaglandin G2 in the prostaglandin (PG) synthesis pathway. Although other NSAIDs 

have been used as tocolytics, including aspirin, sulindac and ibuprofen, indomethacin is 

the most commonly used of the NSAIDs. Blocking of PG production blocks their 

effects, which is to cause; increases in intracellular Ca24, cervical ripening and increased 

gap junction formation. Early clinical studies showed indomethacin to be effective at 

prolonging pregnancy for greater than 1 week (Zuckerman et al, 1984), and was 

comparable with ß-agonists and magnesium sulphate with respect to efficacy in 

delaying delivery (Morales et al, 1989) (Morales & Madhav, 1993) (Kurki et al, 1991). 

PGs however have a very important extra-uterine role and the non-specific blocking of 

their production has been associated with several maternal side-effects including 

gastrointestinal irritation, altered immune response and bronchospasm in asthmatics. 

More significant are the fetal side-effects after 32 weeks which include necrotizing 
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enterocolitis, intraventricular haemorrhage, oligohydramnios, premature closure of fetal 

ductus, fetal vascular hyperplasia and neonatal pulmonary vascular hypertension. 

Sulindac is a prodrug which is activated in the liver. The activated metabolite undergoes 

some degree of placental transfer, but much less than the parent compound. Sulindac 

has been shown to be as effective as indomethacin but with fewer unwanted effects on 

the fetal vasculature (Carlan et al, 1992). However, sulindac remains a non-specific 

inhibitor of both COX enzyme isoforms and still carries risks for the fetus. 

The discovery of an inducible form of COX; COX-2, which plays a dominant role in the 

uterus, offers hope that selective COX-2 inhibitors may provide all of the tocolytic 

effects of non-specific NSAIDs without the maternal and fetal side-effects which appear 

to be due to COX-1 inhibition. However whilst the tocolytic effect of COX-2 inhibitors 

like Rofecoxib has been demonstrated (Doret et al, 2002) studies so far with nimesulide 

have failed to demonstrate any significant reduction in short-term fetal side effects 

(Sawdy-et al, 2003). 

1.1.4 MAGNESIUM SULPHA TE 

Magnesium sulphate exerts its effect by competing with Ca2+ for entry into myometrial 

cells through voltage-gated Ca2+ channels. This non-specific targeting of Cat` channels 

has resulted in a wide range of side-effects. These include maternal side-effects of 

pulmonary oedema, respiratory depression, cardiac arrest and hypocalcaemia. Fetal 

side-effects include respiratory depression, neonatal rickets, and altered heart rate 

variability. A review of the Cochrane Database concluded that magnesium sulphate is 

ineffective at delaying birth or preventing preterm birth, and its use is associated with an 
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increased mortality for the infant (Crowther et al, 2002). The observation that 

magnesium sulphate may result in reduced rates of cerebral palsy and a reduction in 

impairment of cognitive development offered a clinical niche for magnesium sulphate 

use (Hirtz & Nelson, 1998), however this now seems less likely. 

1.1.5 NITRIC OXIDE(NO) 

The role of NO in maintaining myometrial quiescence is unclear. NO donors may act as 

a tocolytic by inducing a powerful inhibitory effect on smooth muscle contraction. The 

mechanism of this action is not entirely understood. 

The NO donor, glyceryl trinitrate, has been shown to be as effective as ritodrine at 

prolonging labour with a more favourable maternal side-effect profile (Lees et al, 1999) 

The side-effect profile of NO is favourable to many of the other tocolytics and maternal 

side-effects include hypotension and headache whilst fetal side-effects include 

pulmonary damage and hypotension. A review of the Cochrane Database (Duckitt & 

Thornton, 2002) concluded that there is currently insufficient evidence to support the 

routine administration of NO donors in the treatment of threatened preterm labour. 

1.1.6 OXYTOCIN RECEPTOR ANTAGONISTS 

The main role of oxytocin is the initiation and maintenance of labour. The uterus has 

been shown to become increasingly sensitive to oxytocin due to a rise in receptor 

numbers associated with both term and preterm labour (Fuchs & Fuchs, 1984). The 
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oxytocin antagonist, atosiban, acts by blocking the myometrial cell membrane oxytocin 

receptors (OTR) and possibly receptor sites in the decidua and fetal membranes by a 

process of competitive inhibition. Animal and human studies have demonstrated a 

reduction in oxytocin-stimulated release of PGs in the myometrium (Melin et al, 1986). 

Atosiban has been shown to inhibited uterine activity without side-effects (Akerlund et 

al, 1987) (Andersen et al, 1989). Atosiban is as effective as, salbutamol and terbutaline, 

but with fewer side effects (French and Australian Atosiban Investigators Group. 2001) 

(The European Atosiban Study Group. 2001). 

2.0 MYOMETRIAL ACTIVITY 

For 37 weeks the myometrium remains in a state of relative relaxation or "quiescence" 

to allow the fetus time to adapt to the challenges of extra-uterine life. The uterus then 

switches from its quiescent state to an active contractile state capable of generating 

powerful contractions capable of expelling the fetus. It has long been understood that 

the contractile process is an active process. This process has been well investigated and 

the onset of myometrial contractions is thought to be preceded by the synthesis and 

expression of a key group of proteins involved in contractile events; contraction 

associated proteins (CAP's) (Lefebvre et al, 1995). They include Gap junctions, ion 

channels, uterotonin receptors (e. g. PGs and oxytocin) and endothelin receptors (Boyle 

& Heslip, 1994) (Chow & Lye, 1994) (Mershon et al, 1994) (Kimura et al, 1996) 

(Wolff et al, 1996) (Brodt-Eppley & Myatt, 1999) and the intracellular Ca2+ release 

mechanism (RyR2) (Awad et al, 1997). What is now becoming increasingly apparent is 

that myometrial quiescence is also an active process brought about by the up-regulation 
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of relaxation associated proteins early on in pregnancy with their down-regulation at 

term prior to the onset of labour. Cyclic adenosine monophosphate (cAMP) is central to 

maintaining myometrial quiescence. Ultimately it is the balance between the quiescent 

and contractile pathways which determines myometrial activity. 

3.0 DEVELPOMENT OF MUSCLE CONTRACTION 
Events that cause muscle cell contraction have classically been divided into those which 

are responsible for contraction (see Fig. 1) triggered by those that cause excitation (see 

Fig. 2). 

3.1 CONTRACTION 

Our understanding of how myometrial smooth muscle contracts has been based to a 

large extent on earlier work elucidating the molecular mechanisms underlying skeletal 

muscle contraction. In 1948 Albert Szent-Gyorgyi discovered and characterised two 

kinds of muscle contractile proteins, actin and myosin. He showed that when actin and 

myosin were mixed they formed actomyosin, the basis of crossbridge formation. In 

1953 J. Hanson and H. E. Huxley published "Structural basis of the cross-striations in 

muscle" in Nature which established the fine structure of striated muscle, with actin and 

myosin in two sets of separate but partially overlapping filaments. A. F. Huxley and R. 

Niedergrerke took a bold step, interpreting the two fibres described by Hugh Huxley to 
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Figure 1 
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Fig 2 
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be myosin, located in the A band and actin, mainly located in the I band, they also 

noticed a constancy in the A band, and after both groups discussed their findings they 

decided to publish in the same edition of Nature (1954) 173, A. F. Huxley and R. 

Niedergrerke with "Structural changes in muscle during contraction" and J. Hanson and 

H. E. Huxley with "Changes in cross-striations of muscle during contraction and stretch 

and their structural interpretation. " The result of these publications was the start of the 

"sliding filament" concept. A concept that is now regarded as a major universal 

mechanism of biomotility, not only in myosin / actin based motility but also in the 

kinesin, dynein / microtubule-based motility of cells. Andrew Huxley went on in 1957 

to publish a cross bridge theory to explain the basis of filament sliding detailing 

attachment and detachment of cross-bridges and in 1971 with Robert Simmons detailed 

what the cross-bridges might be doing while attached. 

This led to our current understanding of skeletal muscle contraction. During contraction 

each myosin head undergoes a cycle of attachment, a power stroke then detachment 

before entering a new cycle. During attachment the cytoplasmic calcium consentration 

[Ca2+] binds to troponin which in turn is bound to tropomyosin, and upon binding of 

Ca2+ to troponin, tropomyosin undergoes a conformational change, exposing the 

myosin-binding sites on the G-actin subunits. Myosin-adenosine diphosphate (ADP) 

and actin then interact. Myosin heads have several sites that can interact with several 

sites on actin. The power stroke occurs as the high energy myosin-ADP complex 

sequentially binds to actin sites of greater- and greater affinity, the myosin head 

undergoes a conformational change converting the chemical energy, from the release if 

ADP and inorganic phosphate (P0, into mechanical energy with the increased tension 

between the actin and myosin filaments, moving the myosin head about l0nm relative 
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to the attachment site on the actin filament resulting in contraction. At the end of the 

power stroke the myosin head is bound to actin in a low energy form of actomyosin to 

form the rigor complex. The actin and myosin filaments are unable to slide any further 

past each other whilst this complex is formed. Detachment is brought about by the 

rebinding of adenosine triphosphate (ATP) to the myosin head which quickly breaks the 

rigor complex and the ATP is hydrolysed to ADP and Pi. The rate at which ATP can be 

hydrolysed to ADP and Pi is termed the ATPase activity of the myosin. It is the ATPase 

activity of the myosin head that hydrolises the ATP to ADP and Pi, regenerating the 

high energy state of the myosin head, enabling it to reattach to a new actin site. The 

ATPase activity of myosin determines the rate of filament sliding and the contractility 

of a muscle fibre. The ATPase activity of myosin is determined in part by the myosin 

isozyme present in that particular muscle type. Differing muscles types have differing 

myosin isozymes present, with characteristic ATPase activities, some with high ATPase 

activity form fast twitch muscles whilst others with low ATPase activity form slow 

twitch muscles. 

Although smooth muscle has much in common with skeletal muscle; both contain the 

contractile proteins actin, tropomyosin and myosin, and Ca2+ is involved in causing 

contraction, there remain several important differences between the cell types. 

Smooth muscle structure differs from that of skeletal muscle. Skeletal muscle is made 

up from large multinucleated cells, where as smooth muscle is composed of multiple, 

smaller, multinucleated cells that are coupled mechanically and electrically. Contractile 

units are not arranged in sarcomeres, with each myosin myofilament interacting with six 

actin myofilaments to form hexagonal arrays. Instead actin myofilaments have no 

constant relationship to the myosin myofilaments with most smooth muscle cells 
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containing between 10 to 15 actin myofilaments per myosin myofilament. In skeletal 

muscle, the myosin myofilament sliding past its actin myofilaments is limited by its z 

structures. The absence of these z structures in smooth muscle cells allows for a much 

broader range of operating length in the smooth muscle cells. This ability is particularly 

important for organs which can experience a large volume change in a short period, like 

the stomach or the uterus. Troponin C, one of the main regulatory proteins in skeletal 

muscle cells, is not present in smooth muscle cells. There are more intermediate 

filaments in smooth muscle than in skeletal muscle, and smooth muscle contains two 

distinct fibrillar domains; a filamin-actin-desmin (FAD) domain and a caldesmon- 

tropomyosin-actin-myosin (CD-TM-A-M) domain (Small, 1986) (Cook, 1972). 

Smooth muscle's method of contraction differs from that of skeletal muscle. Skeletal 

muscle displays a repetitive contractile response to repetitive stimulation, whereas 

smooth muscle displays either a biphasic response, with an initial transient immediate 

increase followed by a sustained slow response, or a monotonic increase to a sustained 

plateau. In skeletal muscle there is a direct correlation between strength, duration of 

contraction and magnitude and duration of the change in free intracellular Cat , but this 

same correlation doesn't exist in smooth muscle. During sustained contraction, the rate 

of oxygen consumption remains high in skeletal muscle but in smooth muscle there is 

an initial rise in rate of oxygen consumption followed by a sustained period where it 

remains only slightly higher than it is at rest (Gluck & Paul, 1977) (Butler & Siegman, 

1983). 

It was clear that despite smooth muscle's similarities with skeletal muscle the 

differences between them made it likely that regulation of smooth muscle contraction 

differed from that of skeletal muscle. Actomyosin isolated from smooth muscle was 
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found to have very low ATPase activity. The ATPase activity of the myosin can be 

altered by the phosphorylation state of the 20 kDa myosin light chain (MLC20). 

Phosphorylation of MLC20 initiates myosin ATPase activity on myosin heavy chains 

promoting contractility, whilst dephosphorylation reduces ATPase activity and 

promotes relaxation or quiescence. Myosin light chain kinase is a serine/threonine 

kinase and uniquely phosphorylates of MLC20 at serine 19, and at higher 

concentrations threonine 18 (Coburn et a!, 1988). MLCK has been isolated from 

skeletal, cardiac and smooth muscle cells as well as some non-muscle cells (Stull et a!, 

1986, ). All MLCK's require Ca 2+ and calmodulin (CaM) for their activation. Upon 

binding of these molecules, inactive MLCK undergoes a conformational change, 

resulting in its autoinhibitory domain moving away from its catalytic site, freeing the 

catalytic site and activating the enzyme (Olson, 1990). 

CaM then binds three to four molecules of cytosolic calcium to form a Cat+-CaM 

complex which binds to the calmodulin-binding site on MLCK (Lukas et al, 1998). 

Active MLCK then phosphorylates MLC20 at serine 19 (Colburn et al, 1988). 

Phosphorylation of the 20kDa light chain of myosin by MLCK is essential for the 

initiation and regulation of contractile activity in smooth muscles (Hartshorne, 1987). 

Phosphorylated myosin in turn initiates actin-myosin ATPase, turning chemical energy 

into mechanical energy of myometrial contraction (Word, 1995). 

This along with the observation that smooth muscle contains high concentrations of the 

Ca2+ receptor protein, CaM, and a specific CaM-dependent enzyme, MLCK, led to the 

discovery that phosphorylation of the light chain of myosin causes an actin-dependent 

activation of myosin ATPase. This led to the development of a model of smooth muscle 

contraction where Ca2+ activates MLCK, which phosphorylates a myosin light chain. 
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The phosphorylated myosin then interacts with actin to bring about contraction (Dillon, 

1981) (Kamm & Stull, 1985). 

A specific 155kDa protein, caldesmon, was later found to be closely associated with 

actin-tropomyosin-myosin (A-TM-M) in smooth muscle. It was found that in the 

absence of Ca2+ and CaM, caldesmon bound to actintropomyosin to inhibit cross bridge 

formation between actin and phosphorylated myosin light chains. Addition of Ca2+ and 

CaM allowed cross bridge formation between actin and phosphorylated light chains of 

myosin (Smith et al, 1987). It was thought that the interaction of Ca2+-CaM with 

caldesmon may provide a Ca2+ dependent thin filament regulated mechanism for 

controlling contraction. This mechanism of control was not supported by the finding 

that free intracellular [Ca2+] did not correlate well with the force of contraction (Morgan 

& Morgan, 1984). Nor was it supported by studies that showed that phosphorylated 

myosin light chain content of smooth muscle cells do not correlate well with the force 

of contraction (Silver & Stull, 1984), (Aksoy et al, 1983) (Sommerville & Hartshorne, 

1986). The latch bridge hypothesis was developed to explain the sustained nature of the 

force of contraction in the face of transient increases in both intracellular [Ca2+] and 

phosphorylated myosin light chain levels (Dillon et al, 1981). In this hypothesis 

contraction starts with the formation of an actin-myosin cross bridge. The formation of 

this initial cross bridge requires the use of ATP, a rise in [Ca2+] and a source of 

available phosphorylated myosin light chains. This results in activation of MLCK which 

phosphorylates the myosin light chains which then bind to actin and start contraction. 

Once the phosphorylated myosin is bound to the actin a new form of cross bridge can be 

formed, the latch bridge, by dephosphorylating the actin-myosin light chain phosphate 

bridge (Sommerville & Hatrshorne, 1986). This second bridge does not require ATP for 
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it's formation, nor does it require phosphorylated myosin, and it's high sensitivity to 

Ca2+ allow the [Ca2+] to fall back to near basal levels yet still remain Ca2+ dependent 

(Rembold & Murphy, 1986). 

3.2 EXCITATION 
In addition to the structural differences between the two tissue types, smooth muscle's 

method of excitation differs from that of skeletal muscle. Skeletal muscle excitation is 

via a neuronal mechanism, where as smooth muscle can have both neuronal and 

humoral mechanisms to bring about contraction. Many humoral mediators induce 

contraction without changes in membrane potential. This led to the theory that the influx 

of Ca2+ across the plasma membrane may occur via either action potential-dependent 

mechanism or a receptor-operated Ca2+ channel. (Bolton, 1979). Removal of 

extracellular Ca 2+ leads to very little change in the ability of skeletal muscle to contract 

repetitively, but removal of Ca2+ leads to a decrease in repetitive contractility in most 

forms of smooth muscle. 

Smooth muscle cells contract in response to a rise in intracellular calcium consentration 

([Ca2+]; ) and relax as the [Ca2+]; falls. The level of [Ca2+]; can be raised by allowing 

Ca2+ into the cell; either through voltage dependent Ca2+ channels (VOC) or through 

receptor-operated Ca2+ channels (ROC), or by release from intracellular stores like the 

sarcoplasmic reticulum (SR) (Taylor & Traynor 1995). 

22 



3.2.1 VOLTAGE OPERATED CHANNELS 

In many smooth muscle cells spontaneous depolarisations of the muscle membrane 

occur at regular intervals resulting in a basic electrical rhythm. These depolarisations in 

some smooth muscles result in an action potential (AP). The rate of these 

depolarisations is determined by the cells which depolarise the quickest, the pacemaker 

cells. These cells are often anatomically discrete and anatomically distinct like in the gut 

smooth muscle cells (Horowitz et al, 1999. ). This intrinsic pacemaker activity can be 

modified by extrinsic neuronal or hormonal stimuli. At present it is unclear if the 

myometrium contains specialised pacemaker cells or whether all myometrial cells have 

pacemaker activity. Depolarisation of the myometrial cell membrane leads to the 

opening of voltage-sensitive Ca2+ channels (Wray, 1993) (Shmigol et al, 1998), 

allowing Ca2+ entry into the cell. It is clear that Ca2+ plays an important role in 

myometrial contraction as in the absence of external Ca2+ there is no Ca2+ transient and 

no contraction. In rat myometrium this Ca2+ entry is via L-type Ca 2+ channels being 

blocked by nifedipine, however in human myometrium T-type Ca2+ channels may also 

be involved (Young et al, 1993). Two types of VOC; dihydropyridine (DIIP)-sensitive 

L-type (now known as Cavl. 2 class high voltage-activated Ca2+ channels) and T-type 

Ca2+ channels have been described in human myometrium (Young et a!, 1993). In rat 

myometrium L-type channel Ca2+ mRNA increases during late pregnancy before term 

(Tezuka eta!, 1995) and increase further during labour (Mershon et a!, 1994). however 

in human myometrium there has been no increase in DIIP binding during pregnancy 

(Batra & Popper, 1989). 
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3.2.2 INTRACELLULAR STORES 

A Ca 2+ transient can also be generated by releasing Ca2+ from its intracellular store of 

Ca2+ in the SR Ca2+ is released from the SR either by the binding of IP3 to its receptors 

on the SR causing IP3 induced Ca2+ release (IICR), or by Ca2+ binding to a RyR, a Ca 2+ 

release channel, causing Ca2+ induced Ca2+ release (CICR) (Berridge, 1997) (Berridge, 

1993b) (Taylor & Traynor, 1995) (Bezprozvanny & Erlich, 1995). Once the IP3 

receptors or the RyR's have been activated the Ca2+ is free to flow down its 

concentration gradient out from the SR to the cytoplasm. The Ca2+ gradient is 

established by actively pumping Ca2+ into the SR in ATP dependent process using SR 

Ca 2+ ATPase. 

3.2.2.1 Ryanodine Receptor (RyR) 

The RyR channel is activated when [Ca2+]; increases. Three genes for RyRs have been 

identified; the RyRI gene encoding the skeletal muscle channel, RyR2 gene present in 

cardiac muscle and RyR3 in brain (Sorrentino & Volpe, 1993) (Meissner, 1994). The 

finding that caffeine, the usual probe for the RyR-CICR mechanism, was unable to 

elevate [Ca2+]i increase in the myometrium led Kanmura to conclude that calcium 

induced calcium release was unlikely to be important (Kanmura et a!, 1988). However 

since then a novel calcium induced calcium release system, RyR3, which is ryanodine- 

sensitive but caffeine-insensitive has been found in human myomctrial cells (Lynn, el 

a!, 1993). RyR3 has since been identified in cultured myometrial cells and in non- 

pregnant and pregnant myometrium. RyR2 has also been isolated from myometrium, 

but only in pregnant non-labouring myometrium (Awad, et al, 1997). Awad suggested 

that the up-regulation of the RyR2 gene may control [Ca2+]; levels and amplify the Ca2+ 
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transient needed to initiate contraction allowing powerful contractions at term. All three 

types of RyR isoforms exist in rat and human myometrium, with RyR3, the 

predominant isoform, being down-regulated at the end of pregnancy (Martin et al, 

1999). 

3.2.2.2 Inositol 1,4,5 Triphosphate (IP3) 

Inositol 1,4,5 triphosphate is present in very small amounts in smooth muscle cells, 

however its concentration rises rapidly when contractile agonists bind to several 

transmembrane receptors, including; the OTR, PG EPI, PG EP3, PG FP, angiotensin 

and bradykinin, which are coupled to the large heterotrimeric guanosine triphosphate 

(GTP) binding proteins Gccq, 11 or Goon and Gßy to activate phospholipase C (PLC) ß2 or 

ß3 (Sandborn et al, 1998). Activated PLC then hydrolyses Phosphatidyl Inositol 4,5 

Bisphosphate (PIP2) to release inositol IP3 and diacylglyccrol (DAG) (Anwer et al, 

1989) (Somlyo et a!, 1999). In the cytoplasm IP3 binds to specific receptors, IP3R, on 

the endoplasmic reticulum membrane (Mikoshiba et a!, 1994) thereby releasing stored 

Ca2+ into the cytosol where its concentration can rise from a basal level of II0nM to 

greater than 500nM within IOOms (Filo, 1965). At least five IP3R isoforms, encoded by 

different genes, exist on the SR in many cell types (Danoff , 1991) (De Smcdt et al, 

1994). A 220-kDa IP3R type I isoform has been found in human myomctrium (Yamada 

et a!, 1994), however its expression patterns did not change during pregnancy. 
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3.2.3 PROSTAGLANDINS (PGs) 

PGs have been proposed to be a stimulus of myometrial contraction during both normal 

term labour and infection-induced pre-term labour (Turnbull et al, 1977) (Kelly et al, 

1994). Administration of PG E and F (PGE2 and PGF2a) have been shown to induce 

labour at any stage of pregnancy, normal successful pregnancy has been associated with 

a rise in PG metabolites-in maternal plasma and amniotic fluid during pregnancy (Olsen 

et al, 1995), and PG levels in maternal plasma and amniotic fluid rise as labour 

progresses (Sellers et al, 1984). Myometrium, amnion, chorion and deciduas are all 

capable of producing PGs from AA (Fuchs & Fuchs, 1996) however the principal site of 

PG production is the amnion and decidua (Skinner & Challis, 1985). AA is hydrolysed 

from the cell membrane by the action of phospholipase A2 (PLA2). The main types of 

PLA2 include a cytosolic group (cPLA2) (Clark 1991), secretory group (sPLA2) 

(Seilhamer et al, 1989) and a calcium independent group (iPLA2) (Buhl, 1995). Free 

AA is then converted to PGG2 and PGH2 by COX. The two differing isoforms of COX, 

COX-1 and COX-2 are coded for by differing genes (Lila et al, 1986) (Ilia & Nielson, 

1992) and which represent a constitutively expressed and inducible form of the enzyme 

respectively. PGG2 and PGH2 are then converted to PGs, prostacyclins and 

thromboxane. PGs are metabolised by 15-hydroxy-PG dehydrogenase. In sheep fetuses, 

increased cortisol output during pregnancy regulates expression of COX2 in the 

placenta in an oestrogen-independent manner, resulting in increased concentrations of 

PGE2 in the fetal circulation. Later increases in maternal uterine expression of COX-2 

require increases in oestrogen and lead to increased concentrations of PGF2a in the 

maternal circulation. In women, cortisol also contributes to increased PG production in 

fetal tissues through up-regulation of COX-2 in the amnion and chorion, and down- 
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regulation of 15-OH prostaglandin dehydrogenase (PGDH) in the chorion trophoblasts 

(Challis 2002). 

COX2 messenger ribonucleic acid (mRNA) unlike COXI, has been demonstrated to 

display temporal changes in its pattern of expression, increasing at term and with the 

onset of labour (Slater et a!, 1995) (Slater et a!, 1999) supporting a role for it in the 

production of PGs crucial for labour. COX-2 expression has been shown to be up- 

regulated in human amnion-like Wistar Institute Susan Hayflick (WISH) cells in 

response to Interleukin-1 P (IL-1 P) (Xue et al, 1996) an inflammatory cytokine which is 

itself associated with an increase at term in both women with bacterial infection 

(Mitchell et a!, 1991) and without bacterial 'infection (Romero et al, 1990). Nuclear 

Factor-KB (NF-KB) activity, important in COX-2 transcription (Allport et a!, 2000) 

appears to increase near the time of labour and it has been suggested is important in 

mediating a functional progesterone withdrawal (Allport et a!, 2001) (Kalkhoven et al, 

1996). PGs role during labour is to increase myometrial contractility and cause cervical 

ripening (Crankshaw & Dyal, 1994). PGs also have a very important role in creating 

fundal dominance by up-regulation of gap junctions, oxytocin and arginine vasoprcssin 

receptors and synchronizations of contractions. The action of PGs is determined by the 

receptor isoforms to which they bind. Binding to EPI, EP3 FP, thromboxanc encourage 

contraction. Binding to the EP1 receptor promotes contraction directly by causing Ca 2+ 

release (Funk et al, 1993), whilst binding to the EP3 receptor inhibits adenylyl cyclase 

(AC) activity (Adam et a!, 1994) resulting in a fall in cAMP and reduced quiescence. In 

the pregnant rat myometrial expression of contractile FP PG receptors is low throughout 

gestation, but increases at parturition supporting the theory that it is the PG receptor 

isoform expression which mediates myometrial contractility. (Brodt-Eppley & Myatt, 
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1998). Similar results were found in the human lower uterine segment myometrium. 

(Brodt-Eppley & Myatt, 1999). 

3.2.4 OXYTOCIN 
Oxytocin was the first peptide hormone to have its structure determined and the first to 

be chemically synthesized in biologically active form. It is named after the "quick birth" 

(wxu4 = quick; ioxol; = birth) which it causes due to its uterotonic activity. It is secreted 

by the posterior pituitary gland under humoral and neuronal control. Oxytocin has a 

direct stimulatory effect on myometrial contraction, binding to its G-protein coupled 

receptor (Kimura et al, 1992) to act via inositide phospholipids to increase [Ca2 ]; 

(Phaneuf et al, 1993) and a less direct effect stimulating contraction by increased PG 

release (Fuchs et al, 1982). Although oxytocin analogues are used to augment labour 

and control postpartum haemorrhage, the precise role for oxytocin itself remains unclear 

as oxytocin plasma concentrations change very little during labour (Dawood et a!, 1978) 

(Leake et al, 1981) and the progress of labour is not related to an increase in circulating 

oxytocin concentrations (Thornton et al, 1992). Oxytocin may still be important in 

triggering labour however as changes in its receptor result in an increase in oxytocin 

sensitivity. It is also possible that, as oxytocin may be produced by the uterus itself 

(Lefebvre et al, 1992), oxytocin may be acting in an autocrine or paracrine manner to 

stimulate contraction. 

3.2.5 OXYTOCIN RECEPTOR 

In mammals oxytocin is implicated in the contractility of smooth muscle cells and is 

important in; alveolar contractility during lactation (Soloff & Swartz, 1973), male tracts 
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during ejaculation (Ivell et al, 1987) and myometrium during labour (Soloff et al, 1979) 

(Fuchs et al, 1984a) and during menstruation (Fuchs 1985). In most tissues the OTRs 

are located on the smooth muscle cells themselves however they are also often found in 

the neighbouring epithelial tissues. OTRs are found in moderate to high levels in 

myometrial cells but also to high levels in endometrial epithelium (Fuchs et al, 1982) 

(Bathgate et al, 1995). In bovine myometrium the number of OTRs increase a few fold 

in response to the menstrual cycle and to pregnancy, however the number of OTRs in 

endometrium increases by over 100 fold in response to the same stimuli (Ivell et al, 

1995). 

In non-pregnant myometrium both mRNA and protein for the OTR are present at low 

levels. The expression levels of OTRs in the myometrium are found to increase 

significantly just before the onset of labour and reach a peak at parturition (Kimura el 

al, 1996). The topographical distribution of the OTR within the uterus shows marked 

variation between the fundus, corpus and upper part of the lower segment, where the 

receptor is found in high concentrations and the lower part of the lower uterine segment 

and the cervix where the tissue concentrations diminish significantly (Fuchs et a!, 

1984a). Uterine sensitivity to oxytocin itself gradually increases with advancing 

gestational age accelerating during the last few days before the onset of labour 

(Husslein & Leitich, 1995). The rise in uterine responsiveness to oxytocin correlating 

well with the rise in receptor numbers in human myomctrium (Fuchs, el a!, 1984) 

(Husslein & Leitich, 1995). This rise in OTR concentration allows similar rises in 

myometrial sensitivity to oxytocin without requiring a rise in plasma levels of oxytocin. 

Oxytocin is coupled via G-proteins to PLC to cause a rise in [Ca2+];. Members of the 

Gccq family can stimulate PLC activity (Exton, 1996) (Singer et a!, 1997). In rat 

29 



myometrium oxytocin was found to stimulate both GTPase and PLC activities, and this 

effect was blocked by antibody to Gaq and GalI (Ku et al, 1995). A similar antibody 

was shown to block the oxytocin stimulated increase in [Ca2+); in human myometrial 

cells (Arnaudeau et al, 1994). COS cells transfected with the oxytocin receptor showed 

a dose dependent increase in phosphatidylinositide turnover when Gaq was over- 

expressed. (Sanborn et al, 1998). Oxytocin can also affect contraction by stimulating 

MAPK activity in a pertussis toxin sensitive manner by coupling to a Ga; type protein 

(Ohmichi et al, 1995) (Ohmichi et al, 1997). 

3.2.6 PHOSPHOLIPASE C 

Activated PLC hydrolyses PIP2 to release IP3 and DAG. Molecular cloning has 

identified 10 mammalian PLC isozymes that can be grouped into three subfamilies 

(PLC-ß, PLC-y, and PLC-8) on the basis of their size, amino acid sequences, domain 

structure, and activation mechanisms (Berridge, 1993b) (Lee & Rhee, 1995). The 

various PLC enzymes appear to be activated by different receptors and mechanisms. 

The PLC-y subfamily (y, and y2) is directly phosphorylated and activated by tyrosine 

kinase-dependent signalling pathways (Lee & Rhee, 1995). The four isozymcs of PLC-ß 

are activated to various extents by the Gay subfamily of G-proteins that couple seven 

transmembrane receptors to intracellular signalling pathways (Smrcka et a!, 1991) 

(Taylor et al, 1991) (Berstein et al, 1992) (Wu et al, 1992) (Jhon et al, 1993) (Jiang 11 et 

al, 1994). 
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Four types of PLCß (PLCßI.. d) are stimulated through G protein activation. The G protein 

activated by a particular receptor dictates the PLCß subtype activated. PLCßi is activated 

primarily by Go41 subunits, while PLC82 is stimulated predominately by Gßy subunits 

(Smrcka & Sternweis, 1993) (Katz et al, 1992). Both Gaq subunits and Gßy subunits 

have been demonstrated to stimulate PLCß3 (Smrcka & Sternweis, 1993). PLCßa is 

located exclusively in the retina and probably does not stimulate phosphatidylinositide 

turnover in the uterus (Lee et al, 1993). 

Specific activation of PLC-ß2 and PLC-ß3 by the G-protein ßy subunits of the Gown 

family of G-proteins has also been reported (Katz et al, 1992) (Camps et al, 1992) (Lee 

et al, 1993). Therefore, functionally distinct G-proteins could selectively couple 

different receptors to PI hydrolysis and intracellular calcium release in the same cell. 

3.2.7 GAP JUNCTIONS 

Gap junctions are channels composed of proteins called connexins (Willecke et a!, 

1991). They allow communication between cells by allowing the passage of second 

messengers like calcium, IP3i other ions and currents between cells. As a result they 

provide a mechanism for electrical coupling and facilitate the spread of excitation (Tabb 

& Garfield, 1992). In myometrium connexion 43 (Cx-43), a 43 kDa protein is known to 

be the dominant component of the gap junction (Fishman et al, 1990) (Lang et a!. 

1991). Gap junctions are not detected in human myomctrium in the early stages of 

pregnancy (Andersen et al, 1993) but are present at term and are expressed in greater 

amounts in labouring compared to non-labouring myometrium (Garfield & Ilayashi, 

1981). The rise in gap junction numbers has been associated with a rise in Cx-43 protein 
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and mRNA in human myometrium (Chow & Lye, 1994). Cx-43 protein levels are 

higher in term labouring myometrium than term non-labouring myometrium (Sparey et 

al, 1999). Cx-43 also displays spatial differences in the pattern of its expression being 

much more dominantly expressed in the fundus, than the lower uterine segment (Sparey 

et al, 1999) and may contribute to the fundal dominance during contraction. 

4.0 QUIESCENCE PATHWAY 

4.1 PROGESTERONE 
In most mammals labour is preceded by a rapid fall in maternal progesterone levels. In 

mice, rats, rabbits, pigs and goats this is brought about by the failure of the corpus 

luteum at term, while in sheep placental production of 17a-hydroxylase and 17,20-lyase 

are stimulated by increasing fetal cortisol at term favouring oestradiol production over 

progesterone. In humans this dramatic fall in progesterone is not seen prior to labour 

and maternal, fetal and amniotic concentrations of progesterone are sustained at the 

onset of labour and delivery (Tulchinsky et a!, 1972) (Walsh et a!, 1984). Despite this 

progesterone still appears to be important in sustaining human pregnancy as the 

progesterone antagonist, RU486 and inhibitors of 3p-hydroxystcroid dchydrogcnase 

which block progesterone action and lower systemic progesterone action respectively, 

lead to increased uterine activity and induction of labour (Avrcch et a!, 1991) (llaluska 

et a!, 1997) leading to the concept that there may be a "functional progesterone 

withdrawal" in primates. 
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The mechanisms behind the functional progesterone withdrawal may include a change 

in progesterone receptor (PR) isoforms; PR-A and PR-B. The ratio PR-A to PR-B 

increases substantially from late pregnancy to spontaneous labour at term (11aluska et 

al, 2002) (Pieber et al, 2001) (Mesiano et al, 2002). 

Functional P withdrawal may be triggered by endogenous inhibitors of progesterone 

action, including NFK-B and TGF-(31. PR coactivators and compressors may also 

change during pregnancy and labour to alter the effect P has upon binding to its 

receptor, while the metabolism of P itself may change at term and during labour to 

cause a functional P withdrawal. While the precise mechanism of action of progesterone 

remains unclear it is likely that it is important in maintaining myometrial quiescence. 

4.2 POTASSIUM (K+) CHANNELS 

Outward flow of KK hyperpolarises the cell membrane to oppose depolarisation and 

contraction. The high-conductance, voltage-dependent, calcium-activated potassium 

channel (BKca) is the predominant potassium-channel type expressed in nonpregnant 

(Tritthart et al, 1991) (Perez et a!, 1993) and pregnant (Anwcr et a!, 1993) (Khan et a!, 

1993) (Khan et a!, 1997) human myometrium. The BKc, opens in response to Ca2* 

entry to the myometrial cells (Khan et a!, 2001). This channel is unique in that it is 

activated by membrane depolarization and by an increase in the [Ca2+];, thereby playing 

a pivotal role in modulating uterine function (Anwer et al, 1993) (Khan et a!, 1997) 

(Khan et al, 1998). NS-1619 (a BKc, agonist) inhibits myometrial contraction in 

response to oxytocin in vito (Khan et al, 1998). However during labour, in humans, the 

BKce looses its Ca2+ sensitivity (Khan et a!, 1997). This allows Cat; entry to promote 

myometrial contraction during labour, following the loss of BKc3 Ca2+ sensitivity. The 
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smooth muscle BKc, channel is formed by tetrameric assembly of an a-subunit and an 

accessory ß-subunit (Garcia-Calvo et al, 1994) (Knaus et al, 1994) (Knaus et a!, 1994). 

The a-subunit forms the functional BKc, channel, coexpression of the ßl-subunit 

imparts greater Ca2+ and voltage sensitivity (McManus et a!, 1995) (Wallner et a!, 1995) 

in addition to altering the pharmacological responses of the channel (Dworetzky et a!, 

1996) (Hanner et a!, 1994). BKc, activity is regulated by several protein kinases, but 

mainly PKA and PKG (Perez & Toro, 1993). Phosphorylation of BKc, in rat 

myometrium promotes channel activity during pregnancy (Perez & Toro, 1994) serving 

to promote myometrial quiescence. 

4.3 CYCLIC GUANOSINE MONOPHOSPHATE (cGMP) 
PATHWAY 
In the cGMP pathway GTP is converted to cyclic GMP by guanylate cyclase (GC). 

Guanylate cyclase exists as either a soluble form s-GC or a particulate form p-GC. s-GC 

is activated by either NO or carbon monoxide (CO), while p-GC is activated by 

naturetic peptides atrial naturetic peptide (ANP), brain naturctic peptide (BNP) or c-type 

naturetic peptide (CNP). Nitric Oxide synthase (NOS) stimulates the synthesis of NO 

and citriline from L-arginine. NOS exists in constitutively expressed form, eNOS or 

bNOS, and an inducible form iNOS. NG -Nitro-L-Arginine Methyl Ester (L-NAME) 

and NG Methyl-L-arginine, Acetate Salt (L-NMMA) oppose the effects of NOS. cGMP 

is broken down to GMP by specific phosphodicsterases. The effects of cGMP are 

mediated by cGMP regulated ion channels, cGMP-binding phosphodicstcrascs and 

cGMP dependent protein kinase (PKG). 
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CyclicGMP's well established role in causing vascular smooth muscle relaxation makes 

it an obvious candidate as a myometrial relaxant, however its role as such remains at 

best controversial. Evidence in support of the cGMP pathway playing an important role 

in maintaining myometrial quiescence include the findings that NO suppresses 

spontaneous myometrial contraction at term (Yallampalli et a!, 1993), 8-bromo-cGMP 

suppresses spontaneous contraction at term (Yallampalli et a,! 1993), Spontaneous 

myometrial activity is inhibited by L-arginine (Izumi 1993) and L-arginine's ability to 

suppress spontaneous myometrial activity is abolished by L-NAME. 

Effects of exogenous NO have now been demonstrated in uterine preparations from a 

number of species, including rat (Diamond et al, 1983) (Diamond et a!, 1975) (Levy et 

al, 1968), guinea pig (Kuenzli et al, 1996), sheep (Figueroa et a!, 1995), monkey 

(Kuenzli 1998), and human (Buhimschi et a!, 1995) (Word et a!, 1991). These findings 

suggest that NO donors are in fact capable of inhibiting spontaneous contractions 

(Buhimschi et al, 1995) (Diamond et al, 1983) (Word et al, 1991) (Yallampalli et al, 

1993) (Yallampalli et al, 1994); see also the review by Sladek ct al. (Sladek et al, 1997) 

or inhibiting agonist- or KCI-evoked contractions (Diamond et al, 1975) (Kucnzli et a!, 

1996) (Levy et al, 1968) (Sladek et al, 1997). 

In a number of instances, NO effects on uterine tension have been either assumed or 

stated to be mediated by changes in intracellular cGMP concentrations ([cGMPJ,; sec 

Refs. (Buhimschi et al, 1995) (Izumi 1995) (Yallampalli et a!, 1993), and it has been 

proposed that a NO--3guanylyl cyclase-*cGMP pathway may account for the 

quiescence of the gravid uterus before the initiation of labor (Buhimschi et al, 1995) 

(Yallampalli et al, 1993). Other studies, however, have been unable to demonstrate a 

correlation between changing cGMP concentrations in myomctria from either rodents 
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(Diamond et al, 1983) (Diamond et a!, 1989) (Hennan et al, 1998) (Kuenzli et al, 1996) 

or nonpregnant primates (Kuenzli et al, 1998) (Word et al, 1991), bringing into question 

the role of cGMP in the regulation of uterine contractility. 

iNOS and nNOS proteins have been found not to be present at any stage of pregnancy, 

with eNOS protein restricted to the endothelium of the myometrial vasculature, with no 

staining detected in myometrial smooth muscle cells. Levels of eNOS protein and of 

NOS mRNA expression showed no gestation dependent change. (Bartlett et al, 1999). 

Term eNOS has been found to be localized to the vascular endothelium of large 

placental vessels and syncytiotrophoblast (Buttery et a! 1994) (Conrad et a! 1993) and 

to umbilical cord, chorionic plate and stem villous vessels (Myatt et al 1993). First 

trimester eNOS is localized to syncytiotrophoblast (Eis et al 1995) and NO production 

at term is greater in the placenta than the placental bed (Morris et a! 1993), this suggests 

that NO is more likely to have a role in; limiting platelet aggregation at the maternal 

fetal circulation interface, regulating placental blood flow and suppressing contraction 

at the placental bed rather than causing myometrial quiescence. One mechanism by 

which NO influences protein function is via S-nitrosylation, the transfer of NO` from 

nitrosothiols to cystic residues which is reversible depending upon the redox state of the 

cells (Stamler, 1994). In contrast NO-induced modification by nicotinamide adenine 

dinucleotide (NAD), disruption of iron-sulphur centres and tyrosinc nitrosation, are not 

readily reversible. The ability of NO to interact reversibly with iron-hcmc groups of 

proteins is seen by its action on soluble guanylyl cyclase (sGC). It is the subsequent 

increase in cyclic guanosine monophosphate (cGMP) levels that is believed to mediate 

NO-induced vasodilatation. Activation of sGC occurs almost universally in response to 

NO; as a result cGMP is thought to be the main mediator of NO actions. In support of 
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this are the observations that the relaxant actions of NO or L-arginine are mimicked by 

8-bromo-cGMP (Izumi & Garfield, 1995)(Izumi et al, 1993)(Yallampalli & Garfield, 

1993) and inhibited by methylene blue. However in vivo inhibition of NO synthesis by 

administration of N(G)-nitro-L-arginine methyl ester (L-NAME) has been shown to 

have no effect on gestational length (Yallampalli & Garfield, 1993), further inducible 

NO synthase (iNOS) and constitutive NO synthase (cNOS) expression have been 

demonstrated by reverse transcription polymerase chain reaction (RT-PCR) to be 

unrelated to gestational age or parturition (Dennes et al, 1999) casting some doubt on a 

myometrial quiescence role for NO. 

The observation that the myometrium seems not to be as responsive to the relaxant 

effects of cGMP as vascular smooth muscle (Word, 1998) has resulted in a number of 

cGMP-independent actions of NO being proposed (Garthwaite et al, 1991) (Stamler et 

a!, 1994)(Bredt & Snyder, 1994). There has also been proposed a possible role for NO 

in regulating cAMP levels by its actions on AC. NO inhibition of hormone- or 

forskolin-stimulated AC was demonstrated in N18TG2 neuroblastoma cells incubated 

with phosphodiesterase (PDE) inhibitors (Tao et al. 1998) and in corresponding plasma 

membranes (McVey et a!, 1999). NO donors were also shown to inhibit forskolin- and 

hormone-stimulated AC activity in rat striatal membranes. Equally activation of striatal 

AC via the DI dopaminergic signalling pathway is completely inhibitcd by NO (Hudson 

et al, 2001). 

4.4 CYCLIC AMP PATHWAY 
In 1957 Earl Sutherland discovered cAMP as a compound that broke down glycogen, a 

discovery that would lead to his Nobel Prize. It was subsequently discovered that 
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adrenaline stimulated glycogen breakdown by formation of cAMP. In the cyclic AMP 

pathway, a specific agonist (e. g. catecholamine, peptide hormone, prostaglandin) binds 

to its specific receptor on the outer surface of the cell membrane. The receptors are 

coupled to G-proteins which stimulate or inhibit adenyl cyclase activity, increasing or 

decreasing the production of cAMP. CyclicAMP then activates a cAMP dependent 

kinase, protein kinase A (PKA), which then phosphorylates target proteins. Cyclic AMP 

can be broken down by phosphodiesterases (see Fig. 3). 

There is now extensive evidence to indicate that components of the cyclic AMP 

signalling pathway are up-regulated in the human myometrium during pregnancy so as 

to potentiate the maintenance of uterine quiescence until term. These include human 

chorionic gonadotropin (hCG)/ leutinising hormone (LEI) (Zuo, 1994). & calcitonin 

gene related peptide (CGRP) (Dong et al, 1999. ) receptors and the adenylyl cyclase 

stimulatory G-protein Gas (Europe-Finner et al, 1993) (Europe-Finner et a!, 1994) 

(Lopez Bernal et a!, 1995), whose levels of expression are substantially increased within 

the myometrium during gestation resulting in the increased production of cAMP. This is 

further amplified by the progesterone induced down-regulation of myomctrial cAMP 

phosphodiesterase activity (Kofinas et a!, 1990). 

4.4.1 cAMP PRODUCTION 

The second messenger cAMP is generated from ATP by the enzyme adcnylyl cyclase. 

The activity of this enzyme is responsible for the rate of production of cAMP. cAMP 

will remain active until it is converted to 5' adenosine mono phosphate (AMP) by the 

enzyme phosphodiesterase. 
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4.4.1.1 ADENYLYL CYCLASE 

Adenylyl cyclase is aG protein coupled membrane receptor protein expressed in 

virtually all mammalian tissues. There are nine isoforms of AC, each of which is a 

product of a distinct gene (types 1-9). Additional isoforms of types 5,6, and 8 arise 

from the translation of alternatively spliced mRNAs. At least two subfamilies of the 

adenylyl cyclases are distinguished on the basis of their amino acid sequence 

similarities (Iyengar et al, 1993). AC's structure consists of a short amino terminal, 

which preceeds its hydrophobic six helix transmembrane domain, linked to a first 

cytoplasmic domain, then a second six helix transmembrane domain followed by a 

second cytoplasmic region before the carboxy terminus. The catalytic core of the AC 

consists of a pseudosymmetric heterodimer composed of two highly conserved portions 

of the first and second cytoplasmic regions C1, and C2a. This catalytic core can bind one 

molecule of ATP, one molecule of Go, and one molecule of forskolin and it alone is 

required for cAMP production. A soluble active form of AC sensitive to Ga, and 

forskolin can be produced by linking portions of the cytoplasmic domain. Feedback 

inhibition of AC by PKA has also been observed and may represent an important early 

step in the desensitization of the cAMP-signalling pathway (Iwami et al, 1995) 

(Premont et al, 1992). The activity of AC can also be regulated by the binding of 

various factors to its Cl,, Cib and C2, cytoplasmic domains. Ga; inhibits AC by binding 

to Cl., Cat+-CaM, PKA and CaM kinase IV act via Cib, whilst Ga,, PKC, Gpyand CaM 

kinase II act via C2a. The large number of isoforms of AC able to generate cAMP is 

reflective of the use of cAMP as a second messenger in a diverse number of systems 
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and represents the requirements to regulate and localise its actions (Sunahara et al, 

1996). Thus, while all these isoenzymes can be activated by the GTP-bound a-subunit 

of G,, they are differentially sensitive to regulation by Cat+, by phosphorylation and by 

G-protein ßy- and inhibitory, a-subunits (Smit & Iyengar, 1998). The AC-3 isoform is 

apparently restricted to specialized regions of the cell surface plasma membrane in 

olfactory neurons (Houslay et al, 1998) (Schwencke et al, 1999). The promoter of the 

AC3 gene contains a putative cAMP response element (Wang et al, 1993). 

4.4.1.2 ALTERATION IN RECEPTORS COUPLED TO G- 

PROTEINS AND AC 

In general, G-protein coupled receptors that stimulate AC are associated with a 

reduction in myometrial contractility whilst those that inhibit AC are associated with 

increased myometrial contractility. Ligand coupled receptors that stimulate AC activity 

and may contribute to myometrial quiescence include the ncuropeptide calcitonon gene 

related peptide, amylin and adrenomedullin. The ß-adrenoreccptor agonists also 

stimulate AC and are often used in clinical practice as tocolytics. 

Many of the G-protein coupled receptors that are linked to AC show temporal and 

spatial differences in their pattern of expression during pregnancy. The prostaglandin 

receptor family is a good example. The actions of individual PGs are determined by the 

receptors to which they bind. PG receptor isoforms have been classified according to 

their structure, distribution and response to agonists and antagonists. (Coleman et a!, 

1994). There are at least four subtypes of EP receptor (numbers I to 4), encoded by 

separate genes. The EP2 and EP4 receptors are positively coupled to adenylate cyclase 
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(AC) (Regan et al, 1994), the EP1 receptor is coupled to calcium influx (Funk et al, 

1993), and the EP3 receptor is generally negatively coupled to AC (Adam et al, 1994). 

Consequently, EP2 and EP4 receptor activation inhibits smooth muscle contractility 

(Smith et al, 1994), whereas EP1 and EP3 activation promotes contraction (Senior et al, 

1993). It has been observed in rat myometrium that EP2 expression increases mid- 

gestation before declining significantly at term (Brodt-Eppley & Myatt, 1998) and that 

EP3 was down-regulated during pregnancy (Matsumoto et al, 1997). In baboon 

myometrium EP3 expression was significantly increased during labour, an increase that 

was greater in the upper segment compared to the lower. In the same study EP2 mRNA 

was found to be decreased in the labouring samples compared to the non-labouring 

samples, with a bigger decrease seen in the upper segment than the lower uterine 

segment. (Smith et al, 2001). Changes in ß2-adrenoceptors expression have also been 

observed, with a significant decrease in human myometrium at term (Litime et al 1989). 

These temporal and spatial changes in the pattern of expression of G protein coupled 

receptors offers a mechanism, by which AC activity and cAMP levels, can affect 

myometrial quiescence. 

4.4.1.3 GTP-BINDING PROTEINS 

Guanosine triphosphate binding proteins (G-proteins) arc a family of hetcrotrimeric 

proteins consisting of; a, (3 and 'y subunits. G-proteins mediate the signal from ligands 

that bind to receptors containing seven trans-membrane domains by coupling to a range 

of effectors, including AC. The Ga subunit of inactive G-proteins binds GDP. 

Activation by the binding of a ligand to its receptor facilitates GDP/GTP exchange 
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freeing the GaGTP subunit from the Gßy subunits which both influence the activity of 

effectors. The GTPase activity of the Ga subunit then causes reassociation of Ga-GDP 

with G(3y. There have now been 27 isoforms of the a subunit, 5 isoforms of the 3 

subunit and 14 isoforms of the y subunit identified. There is now good evidence to 

suggest that the specific combination of the a, ß and y subunit variants is responsible for 

determining both the receptor to which the G-protein binds and the effector to which it 

is coupled. The a subunit is the main determinant of G-protein-effector specificity. For 

example, the Gaq/Gail/GaIa/Ga16 family is coupled to a subclass of receptors and 

ubiquitously activates all PLC-ß subtypes (Exton et al, 1996) Ga, and Go� recognize 

AC, but at different sites to mediate activation or inhibition, respectively (Sunahara et 

al, 1996) In general, Gccq, Gai and Ga, recognize different families of receptors 

(Birnbaumer L, 1992) through recognition of receptor structure, particularly 

intracellular domains of the receptor that associate with the G-proteins, dictates the 

selection of G protein subunits by distinct receptor subtypes (Bourne et al, 1997). The 

G-proteins present in myometrium include Ga, (which stimulates AC and opens Ca2` 

channels), Gail, Gait, Gai3 (which inhibits adenylyl cyclase and opens potassium 

channels), GC6 (which inhibits adenylyl cyclase) Gaq, Ga11 (which stimulate PLCß), 

Ga12, Ga13, Gah (which stimulate PLCß), Gß1 and Gyp (which as ßyactivate or inhibit 

adenylyl cyclases) (Phaneuf et al, 1996) (Elwardy-Merezak et al, 1994) (Conklin & 

Bourne, 1993) (Ku et al, 1995) (Strathmann & Simon, 1991) (Back et al, 1996). 
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4.4.1.4 ALTERATIONS IN G-PROTEINS COUPLED TO AC 

The G-proteins which inhibit AC activity, Go%1_3 and Gao, along with those that 

stimulate AC, Gas, are all present in human myometrium (Europe-Finner et al, 1993) 

(Duc-Goiran et al, 1999). The Gail, Ga13, Gaq and GalI were found at similar levels in 

the non pregnant and pregnant myometrium whilst Gait was marginally reduced and 

Ga, was marginally increased during pregnancy. There was however a large significant 

increase in the stimulatory G-protein Gas during pregnancy which was associated with a 

concomitant increase in AC activity (Europe-Finner et al, 1994). During spontaneous 

labour both the Gas protein level and AC activity were observed to decrease to those 

observed in non-pregnant controls (Europe-Finner et al, 1994). 

4.4.1.4 PHOSPHODIESTERASES (PDEs) 

There are at least 15 genes (Conti et a!, 1995), including isoforms derived from splice 

variants in the mRNAs that encode PDEs. Over 40 isoforms of PDEs exist (Bushnik & 

Conti. 1996), each of which is able to hydrolyze cAMP. Phosphodiesterascs provide an 

important role in regulating the localised levels of cAMP within the cell. PDE enzymes 

can be found both as soluble cytosolic species and also targeted to interact with 

particular subcellular membranes and other proteins (Ilouslay & Milligan, 1997) 

(Houslay et a!, 1998), indicating that they play a fundamental role in defining 

compartmentalized signalling reactions. The activities of PDEs arc particularly 

important in the modulation of cAMP signalling in tissues in which high basal activity 

of AC occurs (Conti et al, 1995) (Houslay et a!, 1998). The PDEs have been grouped 

43 



into seven families (PDE1-PDE7), based on their specificity for, and modulation by, 

cyclic nucleotides. Two of these families (PDE4, comprising four genes, and PDE7, 

with one known gene) have a higher specificity for activation by cAMP than cGMP 

(reviewed in Conti et al, 1995). However, other PDE isoforms (PDE1, PDE2, and 

PDE3) also contribute to the hydrolysis of cAMP (Conti et al, 1995) (Houslay & 

Milligan, 1997). Certain PDEs increase their activities in response to cAMP (Erdogan & 

Houslay, 1997) (Sette et al, 1994), and evidence indicates direct phosphorylation of the 

PDE4 isoform by PKA (Ekholm et al, 1997) (Madelian & La Vigne, 1996) (Sette & 

Conti, 1996). In addition to activating existing PDE enzymes, cAMP stimulates the 

synthesis of new PDE mRNA (Erdogan & Houslay, 1997) (Verghese et al, 1995). 

4.4.1.5 CORTICOTROPIN RELEASING HORMONE (CRH) 

Corticotropin releasing hormone also acts through cAMP, which would suggest that 

CRH may be important in promoting myometrial quiescence. However CRII has also 

been suggested as the trigger for labour itself. Maternal blood CRII concentrations 

increase throughout pregnancy (Linton et al, 1993) increasing dramatically in the final 

6-8 weeks of normal pregnancy (Robinson et al, 1989). This is paralleled by increases 

in placental tissue CRH mRNA and peptide (Frim et al, 1988). CR11 can exist as free 

active CRH or bound inactive CRH bound to a binding protein, CRII-BP. CR11-BP is 

present in excess for most of pregnancy resulting in low levels of free CR11 (Linton et 

al, 1990). In association with term and preterm labour CRII-BP concentrations decrease 

resulting in greater free CRH (Linton et al, 1993). CRII production by placental 

trophoblast cells are increased by glucocorticoids. Progesterone may exert its inhibitory 
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effect by binding to glucocorticoid receptors (Karalis et al, 1996). Increased cortisol at 

term could then displace the progesterone causing the increase in CRH. CRH is also 

stimulated by PGs, catecholamines and cytokines and decreased by NO and 

progesterone. CRH increases COX2 and decreases PGDH. 

Two subtypes of CRH receptor CRHR1 and CRHR2 have been cloned from humans, 

each with four isoforms. Both CRHR1 and CRHR2 have been isolated from pregnant 

human myometrium (Grammatopoulos et al, 1998) CRHRI is greater in the lower 

uterine segment than the upper and CRHR1 is greater in labouring myometrium than 

term (Stevens et al, 1998) and it has been suggested that this is consistent with its role in 

promoting myometrial relaxation. 

Binding affinity of CRH receptor increases during pregnancy but then falls before 

labour. (Grammatapoulos & Hillhouse, 1999a) (Grammatapoulos & Hillhouse, 1999c) 

Grammatapoulos et al suggested that cross talk with the oxytocin pathway could be 

responsible for the desensitization of the CRH receptor. Oxytocin, either acting through 

G; proteins, inhibiting AC, could inhibit cAMP production, or acting through PKC 

could cause the phosphorylation of CRH receptor protein. CRl1 may also act in a cAMP 

independent mechanism to inhibit both basal and IL-lß stimulated PGE2 production 

(Grammatopoulos & Hillhouse, 1999b). 
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4.4.2 MECHANISM OF ACTION OF cAMP 

Three main targets of cAMP have been identified; cAMP-regulated guanine nucleotide 

exchange factors (Epac), cyclic-nucleotide-gated ion channels (CNG channels) and 

PKA. 

The recently discovered Epac links cAMP production to the activation of the Ras- 

related small molecular weight G protein Rapl (Kawasaki et al, 1998). Two isoforms of 

Epac have been described (Epacl, Epac2) (Kawasaki et a! 1998), and each is proposed 

to mediate the PKA-independent signal transduction properties of cAMP. Epac has not 

been found in myometrial tissue. 

CAMP has been shown to be able to directly activate CNG channels (Broillet et al, 

1999). CNG channels were first identified in olfactory receptor neurons (Nakamura et 

al, 1987). In these cells, CNG channels mediate the cellular response to sensory stimuli 

via changes in the levels of cAMP or cGMP (Zufall et al, 1994). CNG channels have 

subsequently been reported in a wide variety of other cell types (Biel et al, 1994), 

including cells that show intrinsic rhythmic activity such as heart and pineal cells (Biel 

et al, 1994) however to date CNG channels have not been investigated in myometrium. 

The major function of cAMP is mediated by the activation of the cAMP-dependent 

protein kinase, PKA. When intracellular cAMP concentrations increase, two cAMP 

molecules bind to each regulatory subunit, resulting in a conformational change that 

releases the catalytic subunits. The catalytic subunit catalyzes the transfer of the 7- 

phosphate of ATP to a serine or threonine on a substrate protein, resulting in 

modification of protein function. 
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cAMP may mediate its effects on myometrial contractility directly by a number of 

mechanisms including; phosphorylation of MLCK by PKA, (Word, 1995), inhibition of 

isoforms of PLC(3 (Sanborn et al, 1998a), inhibition of Ca2+ entry into the SR or 

possibly by phosphorylating a putative phosphorylation site on the oxytocin receptor 

(see Fig. 3). It may also be important because of its less direct effects on gene 

transcription. 

Sutherland and Rail (Sutherland & Rail, 1960) originally suggested that an elevation in 

cAMP correlated with the relaxation of smooth muscle on the basis of a correlation 

between epinephrine-induced relaxation of smooth muscle and an increase in cAMP. 

Agonist-stimulated phosphatidylinositide turnover accompanies contraction, but 

reported effects of cAMP on phosphatidylinositide turnover range from stimulation to 

inhibition (Pittner & Fain, 1989) (Taguchi & Field, 1988) (Kato et al, 1986). 

In support of cAMPs role in maintaining myometrial quiescence many agents which 

increase the concentration of cAMP in smooth muscle can reverse the effects of agonist 

induced contraction. Isoproterenol can reverse the effects of phenylepherine in rat 

mesenteric artery (Huang & Kwok, 1998. ), potassium chloride in rat urinary bladder 

(Longhurst & Levendusky, 1999), acetylcholine in rabbit trachea (Schramm. 2000. ) and 

histamine, oxotremorin-M in guinea pig ilium and trachea (Ostrom & Ehlert, 1999. ). 

Forskolin can reverse the effects of serotonin in bovine carotid artery, Adrcnomedullin 

can reverse the effects of carbchol in feline iris sphincter (Yousufzai et al, 1999. ) ! BMX 

can reverse norepinephrine in rat small mesenteric arteries (Taylor et al, 1999. ) and 

Calcitonin gene related peptide and prostaglandin 
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Fig 3 
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E2 can reverse the effect of norepinephrine in rabbit iris dilator (Yousufzai & Abdel- 

Latif, 1998). 

Some studies have provided evidence that smooth muscle relaxant ligands, acting 

through G-proteins, cause an increase in cAMP activating PKA which inhibits the 

oxytocin-stimulated increase in phosphatidylinositide. Uterine relaxants isoproterenol 

and relaxin, in pregnant rat myometrium, as well as 8-(-4 chlorophenylthio) (CPT)- 

cAMP, attenuated oxytocin-stimulated increases in both phosphatidylinositide turnover 

and intracellular free calcium concentrations (Anwer et al, 1989) (Anwer et al, 1990). 

The addition of H-89 at a concentration sufficient to inhibit cAMP-dependent protein 

kinase (PKA) blocked these effects (Anwer et al, 1990). 

In contrast to these findings, low concentrations of isoproterenol did not increase cAMP 

in the pregnant rat myometrium (Khac et al, 1996). However, isoproterenol still 

attenuated the increase in phosphatidylinositide turnover elicited by oxytocin, 

suggesting a possible cAMP-independent mechanism (Khac et al. 1996). Furthermore, 

forskolin did not attenuate the effect of oxytocin although it increased the concentration 

of cAMP in this tissue (Khac et al, 1996). Forskolin also did not inhibit the ability of 

oxytocin to stimulate phosphatidylinositide turnover in human uterine myocytcs 

(Phaneuf et al, 1993), suggesting that the cAMP-mediated inhibitory mechanism might 

not pertain in the human myometrium. However, CPT-cAMP, relaxin, and forskolin all 

inhibited the oxytocin-stimulated increase in phosphatidylinositide turnover in the 

immortalized PHM1-41 cell line derived from pregnant human myometrium, and the 

protein kinase inhibitor H-89 reversed the inhibition. CPT-cAMP also inhibited 
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phosphatidylinositide turnover stimulated by endothelin-1 in the PHM 1-41 cells (Dodge 

et al, 1998). 

4.4.3 PROTEIN KINASE A (PKA) 

The effects of cAMP are mediated via PKA. The discovery of the cAMP dependent 

kinase, PKA, and the recognition of the importance of protein phosphorylation for 

regulatory biology won Ed Krebs and Edwin Fischer the Nobel Prize for medicine in 

1992. 

In its inactive state PKA is a heterotetrameric protein complex consisting of two 

regulatory (R) and two catalytic (C) subunits (Tasken et al, 1997). The two R subunits 

are bound to each other at a dimerisation domain while the C subunits are bound one to 

each regulatory subunit at an autoinhibitory domain. 

To activate PKA, two molecules of cAMP bind co-operatively to two sites on the R 

subunits within the PKA holoenzyme thereby liberating the C subunits, which are 

involved in phosphorylation. PKA kinase activity is specific for the phosphorylation of 

serine and threonine contained within the motif RRX (S/T) (Kennelly & Krebs, 1991). 

Phosphorylation by PKA regulates a variety of intracellular proteins, including ion 

channels, cytoskeletal elements, and enzymes (reviewed in Habener, 1995). The 

phosphorylation of membrane receptors by PKA and other protein kinascs is a key 

event in dampening cAMP signalling, a process known as hetcrologous desensitization 

(reviewed in Chuang et al, 1996) (Lohse, 1993) Phosphorylation targets involved in the 

contractile machinery include PLC, MLCK and receptors on the SR. Transcription 

factors are important substrates for PKA activity, often at promoter-bound 

transcriptional complexes within the nucleus. Once the catalytic C subunit has 
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phosphorylated its target substrate it must re-associate with the regulatory subunits 

before PKA can be re-activated by cAMP (see Figure 4). 

Initially, two isotypes of PKA were identified by DEAE elution profiles (Krebs 

Beavo, 1979). These isotypes consist of two forms of the regulatory subunit, RI and RI I. 

The RI and RII types were further resolved at the genetic level into four separate gene 

products: RIa (Lee et al, 1983), RIP (Clegg et al, 1988), RIIa (Scott et al, 1987), and 

R11P (Jahnsen et al, 1986). Additional isotypes of RIa arise from splice variants in the 

mRNA encoding the subunits (Solberg et al, 1997), and a unique shortened mRNA for 

RIIa is expressed postmeiotically in germ cells (Foss et al, 1997) (Oyen et al, 1988). 

Similarly, multiple genes exist for the catalytic subunits Ca (Uhler et al, 1986), CO 

(Uhler et al, 1986), and Cy (Beebe et al, 1990. ), and mRNA-derived splice variants have 

been reported for Ca (Thomis et al, 1992) and CO (Qi et al, 1996) (Wiemann et al, 

1991). The various isoforms of the R and C subunits display differences in their tissue 

distribution. RIP and CO are expressed at higher levels in brain relative to other tissues 

(Adavani et al, 1987) (Clegg et 'al, 1988) (Uhler et al, 1986), and the C'y isoform is 

expressed specifically in the testis (Beebe et al, 1990). That there are differences in the 

tissue distribution of the subunits implies specificity of their function, and some 

specialization is seen in the range of the cAMP sensitivity shown by combinations of R 

and C subunits (Cadd, et al, 1990) (Gamm et al, 1996). Functionally, the levels of the 

less-responsive RIP-containing holoenzyme correlate with the decreased sensitivity to 

cAMP-induced holoenzyme dissociation in different regions of the central nervous 

system (Ventra et al, 1996). Whilst mice gene knockout models have demonstrated 

some degree of redundancy in PKA subunits, investigations of hippocampal synaptic 

pathways reveal deficiencies associated in these knockouts with such 
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Fig. 4 
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cAMP-dependent processes as long-term potentiation of the mossy fiber system, long- 

term depression, depotentiation, and late-phase long-term potentiation (Brandon et a!, 

1995. )(Huang et al, 1995. ). These deficiencies even occur in CO partial knockouts, 

which still express two splice variants of Cß at significant levels (Qi et al, 1996. ). Mice 

lacking R11ß have markedly reduced deposits of white fat and arc resistant to diet 

induced obesity (Cummings et al, 1996. ). The underlying cause for this phenotype 

appears to be a compensatory increase of RIa in the brown adipose tissue. This increase 

in RIa was previously noted in experiments involving over-expression of the Ca and 

Cß subunits (Uhler & McKnight, 1987). 

Furthermore PKA holoenzyme type I (RIa or RIP) is located within the soluble fraction 

of cells whereas PKA holoenzyme type 11 (Rita or RIIt3 is particulate and associated 

with the cytoskeleton and a number of organdies (Hcrberg et al. 2000) (Scott & 

McCartney, 1994) (Colledge & Scott, 1999) (Chen et al, 1997). 

The RII subunits differ from RI subunits in that they associate with A-kinase anchoring 

proteins (AKAPs) (Scott & McCartney, 1994) AKAPs arc a large family of proteins, the 

full extent of which has not been defined (reviewed in Scott & McCartney, 1994). These 

proteins influence subcellular localization of PKA by interacting with R11 subunits. 

Activation by cAMP of AKAP bound particulate PKA holocnzymcs provokes 

dissociation of C subunits resulting in increased localised enzyme activity and 

phosphorylation events. Subsequently C subunits must rc-associate with AKAP bound 

R subunits for PKA to become sensitive to further stimulation by cAMP. As total kinasc 

activity is influenced by the rate of activation of catalytic subunits, which arc highly 

susceptible to degradation when unbound to AKAP-R subunit complexes (I lcrbcrg et al, 

2000) (Scott & McCartney, 1994) (Collcdgc & Scott, 1999) (Chen ct al, 1997), and 
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since the level of expression of R subunits/AKAPs may be critical in determining the 

sensitivity of particulate PKA to cAMP, the level of expression of R subunits/AKAPs 

may be critical in defining localised total kinase activity. AKAPs may facilitate 

activation of PKA by bringing it near the site of stimulation, as is the case in dendritic 

spines (Carr et al, 1992b) (Glantz et al, 1992), or they may limit activation by co- 

localizing with enzymes that degrade cAMP (Coghlan et al, 1995). Localization of PKA 

within the nucleus by AKAP-95 may contribute to rapid cAMP-driven changes in 

transcription (Coghlan et al, 1994). 

4.4.3.1.1 PKA MODULATES cAMP 

PKA is known to phosphorylate several key elements of the cAMP pathway including 

G-protein coupled receptors, adenylyl cyclases and phosphodiesterases. The effect of 

phosphorylating these proteins will depend upon the cellular system in which they 

occur. Phosphorylation of phosphodiesterase I in some circumstances can repress the 

activity of this enzyme and enhance the cAMP signal, whilst phosphorylation of 

adenylyl cyclase V, adenylyl cyclase VI or the ß2 adrcncrgic receptor can repress the 

cAMP pathway. 

PKA is also known to be involved with cross talk with many other signalling pathways. 

Among the more important arc inactivation of PLC, phosphorylation of tyrosinc 

phosphotase (PTP), (which results in dissociation from and consequent activation of 

mitogen activated protein kinases (h1APKs)), the down-regulation of Raf and Rho 

activities, interaction with other cyclic nucleotide systems and the modulation of ion 

channel permeability. 
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4.4.3.1.2 MLCK PHOSPHORYLATION BY PICA 
MLCK can be phosphorylated-by protein kinases, and dephosphorylated, by protein 

phosphatases. (Adelstein et al, 1982) Adelstein (Adelstein et al, 1978) demonstrated 

that smooth muscle MLCK can be phosphorylated by a cAMP-dependent protein kinase 

(Protein Kinase A). In vitro studies indicate that phosphorylation of myosin kinase via a 

cAMP dependent pathway decreases the affinity of the myosin kinase for the calcium- 

calmodulin kinase that is necessary for the phosphorylation of myosin. In vitro 

phosphorylation of MLCK takes place at a serine residue (site A) causing a decreased 

responsiveness of MLCK to the CaCM complex. The result is a decreased calcium 

sensitivity of the smooth muscle contractile machinery. In vivo evidence supporting this 

is the observation that dephosphorylation of MLCK by scrinc / thrconinc phosphatases 

increases its sensitivity to the CaCM complex (Word et a!, 1994) (Adelstein et a!, 

1982). This provides a mechanism by which PKA can control myomctrial contractility 

through phosphorylation of MLCK. 

4.4.3.1.3 INHIBITION OF PLC(3 BY PKA 

The ability of PKA to inhibit PLC represents a clear mechanism by which PKA could 

modulate myometrial contractility. In the contractile pathway a ligand binds to its cell 

surface receptor, linked to a G-protein which activates phospholipasc C (PLC) to 

increase phosphatidylinositide turnover and 1P3, which releases calcium from internal 

stores (Berridge 1995). 

Molecular cloning has revealed three classes of PLC; PLCf3 PLCy and PLC& (Rhcc 

1991)) (Lee et al, 1993). There arc four isoforms of PLCp (PLCp,. 4). Receptors coupled 
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to Gq (to generate Gaq), or G; (to generate Gay), can all stimulate PLC. All four 

isoforms of PLCp are activated by Gaq (Wu et al, 1992) (Jhon et al, 1993) (Lee et al, 

1994). PLCpi is activated by Gaq and PLCp2 is stimulated by Gay (Smrcka & Stcrnwcis, 

1993) (Katz et al, 1992), PLC03 is stimulated by both Gay and Gaq while PLCp4 is 

located exclusively in the retina (Lee et al, 1993). 

Phosphorylation of the PLCß isoforms reduces their ability to increase 

phosphatidylinositide turnover. In 1996 Liu demonstrated phosphorylation of PLCp2 by 

PKA resulted in inhibition of Gßy-stimulated PI turnover (Liu NI & Simon MI, 1996). 

In 1997 All et al demonstrated that PKA also phosphorylated PLCp3 in vivo (Ali et a!. 

1997). However while the result of this phosphorylation, by PKA activated by CPT- 

CAMP, was to block formylpeptide receptor mediated responses they failed to have any 

effect on platelet activating factor (PAF) stimulated PLCp3. Ali et a! had previously 

demonstrated that PAF receptors activated PLC predominantly via a Pertussis toxin 

insensitive G protein, while the formylpeptidc response was completely blocked by 

pertussis toxin (Ali et a!, 1994) (Ali et a!, 1993) leading them to postulate that the 

reason for the differential inhibition of the PAF and formylpeptide response by PKC 

and PKA was due to the different G-protcin subunits they use to mediate their effect. 

This suggested that it was likely that PKC and PKA phosphorylate PLCp3 on distinct 

sites that block its activation by Gocq and Gßy, respectively. This supported an earlier 

finding by Smercka and Stcrnwcis who found that in vitro Gocq and Gfy released from 

PTX-sensitive G protein interact with distinct regions of PLCp3 to activate the enzyme 

(Smrcka & Stcrnwcis, 1993) and led Smrcka and Stcrnwcis to propose that different 
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receptors that utilize G. or G; could activate PLCß3 by producing Gocq or Gßy (Smrcka & 

Sternweis, 1993). 

Yue et al however suggested that PKA was also important in inhibiting Gory stimulated 

PLCß3 activity (Yue et al, 1998). Phosphorylation by PKA of Serl1°S in the putative G- 

box of PLCß3 inhibits Gory-stimulated PLCß3 activity in COS-M6 cells. This supported 

the findings of Dodge who demonstrated that in P11M1-41 cells and COS-M6 cells, 

CPT-cAMP, forskolin or relaxin could inhibit oxytocin stimulated phosphatidylinositidc 

turnover in a manner that was blocked by the addition of the PKA inhibitor 11-89 

(Dodge & Sanborn, 1998). 

Because PKA can inhibit phosphatidylinositide turnover activated by both Gaq (Dodge 

& Sanborn, 1998) (Tachado et al, 1992) (Taguchi & Field, 1988) (Laglia et a!, 1996) 

(McAtee & Dawson, 1990) and Gc4 (Hoiting 1996) (Liu & Simon, 1996) (Ali et a!. 

1997) coupled receptors, it may inhibit the stimulation of both Gocq- and Gpy. stimulatcd 

PLCf activity. This notion is further supported by studies with the G protein activators 

GTPyS and AIFa-. These two compounds nonsclcctivcly activate all heterotrimeric G 

proteins and generate free Ga and Gpy subunits that can stimulate PLCI isoforms. I'KA 

inhibition of PI turnover initiated by GTPyS or AIF4' (Tachado et a!. 1992) (McAtee & 

Dawson, 1990) (Yada et al, 1989) (Wen et al, 1992) is consistent with the inhibition of 

Gaq as well as Gpy-stimulated PLCp activity. In addition, this phenomenon also 

suggests that the PKA effect is distal to receptors. 

The ability of PKA to inhibit PLC represents a clear mechanism by which PKA could 

modulatc myomctrial contractility. 
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4.4.3.1.3 PKA AND IP3-INDUCED Ca2+ RELEASE 

Another potential site for cAMP inhibition of [Ca2+]; mobilization is at the IP3 receptor. 

High amounts of type I IP3 receptor are seen in smooth muscle cells and in cerebellar 

Purkinje neurons. 

cAMP-dependent protein kinase (PKA) phosphorylates the type I IP3 receptor both in 

vitro and in vivo (Weeks et al, 1988) (Ferris et al, 1991) (Danoff et al, 1991) (Sharma et 

al, 1997) and has also been reported to phosphorylate type II and III in intact cells 

(Wojcikiewicz & Luo, 1998). This could provide a mechanism by which to reduce 

Ca2+ transients and promote myometrial quiescence. 

There is considerable evidence to suggest that the cAMP-PKA pathway is important in 

regulating Cavl. 2 class high voltage-activated Ca2+ channels. These Ca2+ channels are 

composed of an a1 transmembrane pore, intracellular ß subunit and an extracellular a2/5 

subunit. In cardiac cells, stimulation of ß-adrenoceptors leads to enhanced single- 

channel activity as well as an increase in whole cell current (McDonald et al, 1994) 

(Sculptoreanu et al, 1993). f31-adrenergic receptors, which couple exclusively to the G 

protein Gas, produce a more widespread increase in cAMP levels in the cell than f 32- 

adrenergic receptors, which can be coupled to both stimulatory G-protein alpha subunit 

(Gas) and inhibitory G-protein alpha subunit (G(x; ), and produce a more localized 

activation of Cavl. 2a channels (Chen-Izu et al, 2000). PKA-induced phosphorylation 

has been demonstrated in the 250-kDa form of the al-subunit (Yoshida et al, 1992) and 

identified serine 1928 as the site of PKA-induced phosphorylation (De Jongh et al, 

1996) (Gao et al, 1997) (Mitterdorfer et al, 1996) (Perets et al, 1996). Other studies 

have shown that the cardiac ß-subunit is also phosphorylated during activation of the 
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AC/PKA pathway (Gao et al, 1997) (Haase et al, 1996). Serine-478 and serine-479 

were shown to be critical for PKA-induced regulation of the al-subunit (Bunemann et 

al, 1999). There are reports that PKA-induced phosphorylation of the al-subunit is 

dependent on localizing PKA to the vicinity of the channel via AKAPs, whereas 

phosphorylation of the ß2a-subunit does not require AKAP (Gao et al, 1997). The action 

of the AC-PKA pathway on smooth muscle Cavl. 2b channels is not as clear as its role 

in modulating Cavl. 2a channels. The AC-PKA pathway has been reported to inhibit 

(Liu et al, 1997) (Spereläkis et al, 1994)(Xiong et al, 1994b), to enhance (Fukumitsu et 

al, 1990) (Ishikawa et al, 1993) (Kamimura et al, 1996) (Koh & Sanders, 1996) (Marks, 

et al, 1990) (Ruiz-Velasco et al, 1998) (Shi, 1995) (Taguchi et al, 1997) (Tewari & 

Simard, 1994) (Zhong et al, 1999a), or to have no effect (Muraki et al, 1993) (Ohya et 

al, 1987) (Welling et al, 1992) on smooth muscle Cavl. 2b channels. More consistent 

results are starting to come out and favour of PKA enhancing Caj. 2b channel currents: 

" The membrane-permeable analogue 8-Br-cAMP enhances Cav1.2b channel 

currents (Ishikawa et al, 1993) (Ruiz-Velasco et al, 1998), an effect blocked by 

PKA inhibitors (Kimura et al, 2000)(Zhong et al, 1999a). 

" The AC activator forskolin enhances Cavl. 2b channel currents (Ishikawa et al, 

1993)(Shi, 1995), an effect blocked by PKA inhibitors (Yokoshiki et al, 1997). 

" Activation of AC with isoproterenol enhances Cav1.2b channel currents 

(Ishikawa et al, 1993) (Koh & Sanders, 1996)(Shi, 1995) (Sperelakis et al, 1994) 

(Xiong et al, 1994b), an effect blocked by PKA inhibitors (Zhong et al, 1999a). 
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" Activation of AC with the G protein subunit Goss enhances Cav1.2b currents 

(Xiong et al, 1995b) (Zhong et al, 1999a), an effect blocked by PKA inhibitors 

(Zhong et al, 1999a). 

" The catalytic subunit of PKA enhances whole cell Cav1.2b currents, an effect 

blocked by PKA inhibitors (Ruiz-Velasco et al, 1998). 

" Application of the catalytic subunit of PKA to the cytosolic surface of inside-out 

patches increases the open probability of Cav1.2b channels (Tewari & Simard, 

1994). 

There is evidence that the actions of PKA on Cav1.2b channels requires targeting via an 

AKAP (Zhong et al, 1999b). However, the response to PKA differs in two respects. 

First, most studies to date have not reported a significant effect of cAMP on the shape of 

the current-voltage (I-V) relationship of Cav1.2b channels in smooth muscle cells 

(Ishikawa et al, 1993) (Shi, 1995). Second, the cAMP pathway in cardiac muscle leads 

to a much greater increase in Cavl. 2 channel currents. Some of the controversy 

surrounding the actions of cAMP on Cav1.2b channels may be related to the higher 

levels of PKG present in smooth muscle compared with cardiac muscle (Lincoln & 

Keely, 1981). More consistent with an inhibitory role, as one might expect given 

cAMP's tendency to inhibit smooth muscle contraction, is the observation that higher 

concentrations of 8-Br-cAMP and forskolin lead to inhibition of Cav1.2b channel 

currents and that this effect is blocked by PKG inhibitors (Ishikawa et al, 1993) (Ruiz- 

Velasco et al, 1998). 
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4.4.3.1.4 PHOSPHORYLATION OF OXYTOCIN RECEPTOR 
PKA may alter the contractile state of the myometrium by phosphorylating the OTR. 

Receptor desensitisation can be brought about by agonist induced phosphorylation of 

the G-protein coupled receptor. At present there is very little information about the 

phosphorylation states of the OTR. It is likely that G-protein coupled receptor kinases 

(GRK) play an important role in this process however it is also possible that PKC and 

PKA also play an important role. There are eight possible phosphorylation sites for 

PKC, one for PKG, four for casein kinase Ia, four for calmodulin kinase II and six for 

PKA. 

4.4.3.1.5 REGULATION OF GENE TRANSCRIPTION 

PKA's active C subunits encourage the phosphorylation of cAMP dependent 

transcription factors such as CREB (cAMP response element binding protein), CREM 

(cAMP response element modulator protein) and ATF (activating transcription factor 

family) thereby allowing them to interact with cAMP response elements (CREs) on the 

control regions of affected genes (Habener et al, 1995). The CRE consists of an 8-base 

pair palindromic sequence (TGACGTCA). CREB, CREM, and ATF-1 share a 

conserved structure, with a carboxyl terminal bZIP region, an amino proximal terminal 

kinase-inducible domain (KID), and glutamine rich transactivation domains flanking 

the KID. Central to the role of cAMP-responsive transactivation, the KID contains 

potential phosphorylation sites for several different kinases, including PKA. It is the 

phosphorylation of serine 133 in CREB that is critical for the transactivation properties 

of CREB (Gonzalez & Montminy. 1989). Serine 133 is the target for phosphorylation 
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by kinases other than PKA. One group of these kinases are the Cat+-calmodulin- 

dependent kinases (CaM kinases) activated by intracellular calcium (Dash et al, 1991) 

(Sheng et al, 1991). The phosphorylation of serine 133 of CREB by Cam kinases I and 

IV potentiates transcriptional transactivation by CREB (Krebs & Beavo. 1979), whereas 

Cam kinase II phosphorylates both serine 133 and the nearby serine 142, resulting in a 

net inhibition of CREB transactivation (Sun et al, 1994) (Sun & Maurer. 1995). 

Additional sites (serines and threonines) for phosphorylation of the KID of CREB exist. 

Several of these sites are phosphorylated by the processive kinases, glycogen synthase 

kinase 3 (GSK3), and casein kinase II (CKII). Phosphorylations by both of these 

secondary kinases are dependent on the phosphorylation of serine 133 by PKA as a 

primary kinase (Roach. 1991). 

The major effect of the phosphorylation of CREB is on the association of transcriptional 

co-activators. CREB binding protein (CBP) associates specifically with CREB when 

phosphorylated at serine 133 and augments cAMP-induced transcription (Kwok et al, 

1994). CREB-directed transcription is suppressed by microinjecting CBP antisera, 

which presumably interferes with the interactions between CBP and CREB (Arias et al, 

1994). A closely related but distinct nuclear factor, p300, can substitute for CBP. 

CBP/p300 integrates signals from a variety of other transcription factors including AP- 

1, basic helix-loop-helix factors, NF-KB, nuclear receptors, and signal transduction 

activating transcription (STATs) (Gu & Roeder. 1997) (Ogryzko et al, 1996) (Torchia et 

al, 1997). The phospho-acceptor site for CREM is serine 117 and serine 63 for ATF1. In 

the myometrium, these CRE containing genes include beta2-adrenoceptor, cyclo- 

oxygenase 2, oxytocin receptor, and connexin-43. 
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Bailey et al (2000,2002) have reported the differential expression of members of the 

cAMP bZIP protein family in the myometrium during pregnancy and labour and 

demonstrated that these proteins are potent regulators of gene expression, and appear to 

be spatially expressed within the myometrium of the upper and lower uterine regions 

(Bailey et al, 2002). 

Active PKA C subunits in the extranuclear region of the cell can translocate to the 

nucleus, where it can phosphorylate the CREB/CREM/ATF family members. However, 

there is also evidence for the presence of PKA binding proteins (AKAPs) and PKA 

regulatory (RII) subunits associated with the nuclear membrane itself, some of which 

are within the nucleus (Colledge & Scott, 1999). This implies that compartmentalized 

effects involving both extra- and intranuclear changes in cAMP concentrations and PKA 

concentration may regulate CREB/CREM/ATF phosphorylation and thus gene 

transcription. 

NF-KB transcription factors also may be controlled directly by CAMP. The Rel/NF-KB 

family (Grilli et al, 1993) induces a variety of inflammatory response genes in 

monocytes and endothelial cells. Elevated cAMP, or over-expressed PKA, has cell- 

specific effects on NF-KB-regulated reporter gene expression. Stimulation of peripheral 

T lymphocytes with PKA impairs activation of the interleukin 2 gene through NF-KB 

binding sites (Chen & Rothenberg. 1994) (Neumann et al, 1995), and cAMP can inhibit 

NF-KB activation in mesenchial cells (Santriano & Schlondorff. 1994). PKA is capable 

of releasing and activating NF-xB sequestered in the cytoplasm by phosphorylating and 

initiating the degradation of IKB-ß (Ghosh & Baltimore. 1990) (Link et al, 1992) 

(Shirakawa & Mizel. 1989). However, some reports suggest that PKA may stabilize 
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IKB-a and impair nuclear transport of NF-KB p65 (Neumann et al, 1995). The NF-KB 

subunit is inducibly phosphorylated at a PKA consensus motif during the activation of 

NF-xB (Naumann & Scheidereit. 1994) (Neumann et al, 1995). Furthermore, PKA 

phosphorylation of p65 may increase its affinity for KB enhancer elements and stimulate 

NF-KB-regulated transcription (Neumann et al, 1995) (Zhong et al, 1997). There is also 

evidence of a cAMP-independent role for the catalytic subunit of PKA, which may form 

complexes with cytoplasmic IKB and NF-KB subunits (Zhong et al, 1997). Signals that 

cause degradation of IKB and release of NF-KB then allow the complexed PKA to 

phosphorylate and further activate NF-xB p65. NF-B p65 also interacts with CBP/p300 

(Gerritsen et al, 1997) (Perkins et al, 1997). 

. 4.3.2 A KINASE ANCHORING PROTEINS (AKAPs) 

Numerous AKAPs have now been identified, each having a distinct subcellular location 

(Herberg et al, 2000) (Scott & McCartney, 1994) (Colledge & Scott, 1999) (Chen et al, 

1997). In most cases AKAPs interact exclusively with RII subunits (Herberg et al, 

2000) (Scott & McCartney, 1994) (Colledge & Scott, 1999) (Chen et al, 1997). This 

interaction is mediated by a small amphipathic helical segment in the AKAPs that bind 

to the N-terminal dimerisation domain of the RII subunit (Carr et al, 1991). Some 

AKAPs also act as scaffolds for assembling multi-protein complexes. For example 

AKAP 79 localises to the actin cytoskeleton (Li et al, 1996) and not only interacts with 

PKA but with protein kinase C and calcium/calmodulin-dependent protein phosphatase 

2B (Coghlan, 1995). Recent data strongly suggest that specific AKAPs have differing 

binding affinities for RIIa and RIO protein subunits. For instance AKAP 79 binds Rlla 
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subunits with three fold higher affinity than RIIJ species, where as AKAP 95 

exclusively binds RIIa (Herberg et al, 2000). Therefore in addition to the distinct tissue 

distribution of PKA type I and II holoenzymes, isozymes with RIIa and RII13 subunits 

may be localised within differing regions of the cell depending on the presence of 

specific AKAPs as has been observed in the Golgi-centrosomal area (Keryer et al, 

1999). 

RATIONALE FOR STUDY 

The ability of cAMP to promote smooth muscle relaxation in a number of systems and 

the up-regulation of several components of the cAMP pathway resulting in the 

accumulation of cAMP are testimony to the key role cAMP plays in maintaining 

myometrial quiescence. In many other systems cAMP mediates its effects by PKA. 

However to date there have been no studies which have determined if PKA is expressed 

in human myometrium, and if expressed to determine which of the isoforms of its 

catalytic and regulatory subunits are present. 

Given the ubiquitous role of cAMP in many cells, and the specific role it has during 

pregnancy and labour it is likely that PKA does provide a control point within the 

cAMP-quiescence system. The highly localised nature of type II PKA and the key role 

of AKAPs play in other systems, localizing type II PKA closer to its target substrates, 

increasing its affinity for cAMP, taking advantage of the differences in intracellular 

concentration of cAMP, are likely to play a significant role in not only mediating but 

modulating the cAMP signal. 
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AIMS OF THE INVESTIGATION 
The ability of cAMP to promote smooth muscle relaxation in a number of systems and 

the up-regulation of several components of the cAMP pathway resulting in the 

accumulation of cAMP are testimony to the key role cAMP plays in maintaining 

myometrial quiescence. In many other systems cAMP mediates its effects by PKA. 

However to date there have been no studies examining the role PKA has in human 

myometrium during gestation and parturition. Consequently the aim of this study is to: 

" Determine which of PKA's regulatory and catalytic subunit isoforms are present 

in human myometrium. 

" Define the spatial pattern of expression of these subunits in upper and lower 

uterine segment samples. 

" Define the temporal pattern of expression of these subunits in non-pregnant, 

term pregnant and term labouring, myometrium, with any changes in subunit 

protein expression being further explored at the mRNA level. 

" Explore any association type II PKA may have with AKAP 79 or AKAP 95. 

9 Determine the functional significance of any protein changes observed by 

relating them to changes in PKA activity. 

These were achieved through the use of Western blotting, immunohistochemistry, 

immunoprecipitation, RT-PCR, and functional phosphorylation assays. 
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MATERIALS & METHODS 

1 MATERIALS 
All electrophoretic reagents for proteins, deoxyribonucleic acid (DNA), and RNA were 

of the highest grade available and obtained from Bio-Rad (Hemel Hempstead, UK), 

National Diagnostics (Atlanta, GA), and Life Technologies (Gaitherburgh, MD). 

Antibodies to PKA regulatory (R) subunits: RIP (sc-907), RIIa (sc-908) and PKA 

catalytic (C) subunits: Ca (sc-903), Cß (sc-904) and Cy (sc-905), AKAP95 (sc-10766) 

and AKAP79 (sc-10764) were from Santa Cruz Biotechnology. Antibodies to PKA 

regulatory (R) subunits RIa (Ab-1611) and R11ß (Ab-1614) were from Chemicon Ltd 

(UK). Further RIIa (Cat. No. 539234) and RII(3 (Cat. No. 539235) specific antibodies 

were from Calbiochem (La Jolla. CA). Goat anti-rabbit IgG-linked horseradish 

peroxidase was obtained from Dako (High Wycombe, UK). Polymerase chain reaction 

(PCR) primers and Superscript reverse transcriptase were from Invitrogen Ltd (Paisley, 

UK). Taq Polymerase was from Promega (San Luis Obispo, CA). Vectastain ABC kit 

was obtained from Vector Laboratories Ltd. (Peterborough, UK). [y32P] ATP 

(3000ci/mmol) and the enhanced. chemiluminescence (ECL) assay system were 

obtained from Amersham International (Aylesbury, UK). The cAMP analogue CPT- 

cAMP and the RII inhibitor RpII (Rp-CPT-cAMPS) were from Sigma (Poole, Dorset, 

UK). 
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2 METHODS 

2.1 SAMPLE COLLECTION 

2.1.1 SELECTION OF PATIENTS 
All women were recruited from the Department of Obstetrics and Gynaecology at the 

Royal Victoria Infirmary, Newcastle-upon-Tyne. The study received ethical approval 

from the Newcastle and North Tyneside Health Authority Ethics Committee. Patients all 

gave informed written consent on the day before their operation except in the case of 

patients undergoing emergency caesarean section where written consent was obtained 

just prior to the operation. 

The division of the uterus into upper and lower uterine segments (see Fig. 5) is not 

possible in the non-pregnant uterus because the lower uterine segment has not yet been 

formed. Therefore to allow topographical comparisons in this study samples referred to 

as upper uterine segment samples, in the term pregnant and term labouring populations, 

correspond topographically with upper corpus samples, in the non-pregnant populations. 

Samples referred to as lower uterine segment correspond to lower corpus samples (well 

clear of the cervix). All temporal comparisons were made between tissues of a 

corresponding topographical location. The comparison between upper uterine segment 

samples, taken by wolf biopsy forceps, and lower uterine segment samples, taken with 

curved scissors has the obvious limitations in that the upper uterine segment sample will 
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be composed of a mixture of decidua and myometrium whilst the lower uterine segment 

SITE OF UPPER 
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sample will be purely myomctrium. The results from the upper uterine segment samples 

are therefore influenced by the ratio of decidua to nivometrium. To deternninc the 

potential confounding effect of this, six upper segment biopsies From first trimester, 

second trimester and term pregnant women were examined immunohistochcmically. 

Frozen sections of each biopsy were stained for actin and desmin to distinguish 

I 
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myometrium from deciduas. The frozen sections were then divided up into 100 boxes 

with each box identified visually as being predominantly deciduas, myometrium or 

empty. A representative section is shown in figure 6. From this the percentage of 

myometrium in each biopsy was established. In each population group samples were 

found to be predominantly myometrium. First trimester, second trimester and term 

pregnant biopsies upper segment samples were 86%, 89%, and 96% myometrium 

respectively. 

Although the upper segment biopsies were predominantly myometrium, the possibility 

that the proteins under investigation might be disproportionately highly expressed in the 

decidua and therefore over represented in upper segment samples was investigated. 

Immunohistochemistry revealed that the tissue concentration of each of PKAs subunits 

was greater in myometrial tissue compared to decidual tissue. Because all the PKA 

subunits investigated were predominantly expressed in myometrium, and because each 

sample was predominantly myometrial, all the upper segment biopsies were taken to be 

fair representations of upper segment myometrium. 

2.1.1.1 NON-PREGNANT (NP) MYOMETRIUM 

Paired upper and lower corpus samples of myometrium were obtained from non- 

pregnant premenopausal women (n=56, median 39 yrs, range 32-46) undergoing 

hysterectomy for benign gynaecological disease. The samples were taken in theatre 

immediately following the removal of the uterus. The uterus was incised longitudinally 

and samples of myometrium were taken from the middle of the uterine wall, with care 

being taken to allow generous clearance margins from the serosal and endometrial 

surfaces. Samples obtained in both the follicular and luteal phase of the cycle were used. 

70 



Fig6 

71 



4 

. .r; ' 
" ') 

hk - 

.< oj . 
`w`ºj 

- 

ý. " 
... . - ., a- "-s ti .$ -. ýs 

1%40 

,ýýý. .ýý IV 

4- 
ca W 
1 

°ö Ea) ýäý 
mE 'E E 

`'-'° wýoý co 
ä 

°>. 
cn osE 

ä. tß E 

c. c aý-ý o 
co cß ýý_0 0 

aýi Ü_ý rn U) 
QT6- c 
Cý öoac cv 
rn _wC tp .ý to ' r, ýc t- ni r 
W-- LW" 

Qý cv Q Q1 

ýUÜ (d a) 
Eo 

LL ýýOÜ U) .ý 

0 p_ ýOýÜ 

CM (1) `~ -i r_ 
r- UO Q) Q) Q) r 
-` c: 

', -n /ý 
r 

AN 

Q) .ýý C0 

tý 
ý a) w (L) 00ýc 

-ý` is c 
rJ 3 
cý 

ý Or 

"Y 
EG (a 

a) 
ýýý L 
ýýF 

ýCO 

ýýý 

-. U) 
0 

AN 

IA - 

(/) . - ý 

a) ýo 
ýýÜ 

LL (L) 

a-) ý cn 
ac 
aco 
=5 c 

ý 
u(10i 

OýÜ 

0 
Q 
E 
ý 

0 

ýE Lý 
w O 

- (1) 
E 'ý aý 

(1) 

-) C 

(I, 
ý 
0 
> ý 
0 

a) L 

ý 
a) 
co 
V) 
C 
O 
E 
a) 

0) C 
CU CO 
` 
Cl %- 

cu 
V) ý Q) 

ý Q) 

0 
ýa C°EE- 
V) , a. O 

ý3 

E 
ý ` ý a) 

C1 
O W 

a) Ü CO 

_ 0r Co (/) 
3 

L 
5 

0 L 

5? C 

3ý °' 
w. _T ýC 
7ý 
C_A Y 

ýý 

aý 
a 
CL 
D 

Cw 
Q) ý 

ý (0 

au 

E 

a) 

_0 
C 
CO 

C9 

.ý 
Ü 
ý 

ý 
_0 
a) 
C 
m 
Cn 
C 

a) L 

C 
Cll 

a) 

Q 
0 

a) 
L 

co 
a) 
ý 

ý 
T) 

c 

Eý 

cý o 

-0 
a-0 

a) ä 
E 
co ý 
aý L 

w O 



2.1.1.2 FIRST (1S) & SECOND (2°d) TRIMESTER MYOMETRIUM 

Samples of myometrium were obtained from patients undergoing elective first trimester 

suction termination of pregnancy or second trimester dilatation and evacuation under 

general anaesthesia. 

Samples from the upper corpus of the uterus were taken after evacuation of the uterus 

using Wolf biopsy forceps as described by Robson et al (2002) with the sole difference 

being the deliberate avoidance of the placental bed. Under ultrasound guidance the 

forceps were introduced into the myometrium and four separate biopsies taken avoiding 

the site of the placental bed as determined by ultrasound prior to termination. 

Gestation Total A e Parity 
0-20 20-25 25-30 30+ 0 1-2 3+ 

7 3 0 2 1 0 3 0 0 
8 2 0 2 0 0 0 2 0 
9 6 3 1 2 0 3 2 1 
10 4 0 2 0 2 4 0 0 
11 10 8 0 1 1 7 1 2 
12 9 5 1 1 2 6 1 2 
13 7 1 3 3 0 0 5 2 
14 2 0 2 0 0 2 0 0 
15 4 3 0 0 0 2 1 1 
16 5 2 0 2 1 5 1 1 
17 0 0 0 0 0 0 0 0 
18 2 1 0 0 1 2 

- 
0 0 

19 0 0 0 0 0 L LI 0 0 
20 2 2 0 0 0 2 0 0 

Table 1. Population characteristics of first and second trimester samples collected. 

2.1.1.3 TERM PREGNANT (P) MYOMETRIUM 

Paired upper (U) and lower (L) uterine segment myometrial samples were obtained 

from healthy women undergoing elective caesarean section at term. The indications for 

section were breech presentation, previous caesarean section or bad previous obstetric 
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outcome. Excluded from this group were women with regular uterine activity, cervixes 

more than 2cm dilated, women with rupture of membranes and woman who had 

received prostaglandin gel. 

Bishops scores were also determined by the author at the time of insertion of urinary 

catheter. 

The myometrial samples were obtained immediately following the delivery of the 

placenta and membranes prior to the closure of the uterine cavity. Samples from the 

upper uterine segment were taken under direct vision using Wolf biopsy forceps 

introduced into the uterine cavity through the incision (Sparey et al 1999). The forceps 

were gently introduced through the decidual layer and into the myometrium. Eight 

separate myometrial biopsies were taken from a non-placental bed site (as determined 

by manual palpation prior to the delivery of the placenta). Samples from the lower 

uterine segment were taken from the upper lip of the incision through the lower uterine 

segment. Toothed biopsy forceps were used to grasp the myometrium from between its 

serosal and decidual layers and curved scissors to sample it. lmmunohistochemistry 

confirmed the samples as being pure myometrium. 
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Gest- Total Reason for section Bishop's score Parity Maternal age 
ation breech Previous 

section 
obstetric 
histor 

0-3 4-5 6+ 0 1-2 3+ 0- 
20 

20- 
25 

25- 
30 

+30 

28 1 0 0 1 1 0 0 1 0 0 1 0 0 0 
29 1 0 0 1 1 0 0 1 0 0 1 0 0 0 
30 2 0 0 2 2 0 0 1 1 0 1 0 1 0 
31 1 0 0 1 1 0 0 1 0 0 0 1 0 
32 0 0 0 0 0 00 0 0 0 0 0 0 0 0 
33 2 0 0 2 2 0 0 2 0 0 0 2 0 
34 1 0 0 1 1 0 0 1 0 0 1 0 0 0 
35 5 0 0 5 5 0 0 3 2 0-1 -3 0 2 0 
36 1 0 0 1 1 0 0 1 0 0 1 0 0 
37 21 4 7 10 17 4 1 9 5 7 5 5 8 3 
38 68 6 40 22 49 16 3 18 38 12 12 16 32 8 
39 18 3 15 0 16 2 0 5 9 4 2 5 8 3 
40 7 0 7 0 7 0 0 2 0 5 0 2 0 5 
41 13 1 12 0 10 3 0 5 5 3 3 3 5 271 
42 5 1 1 3 4 1 0 4 1 0 3 2 0 0 t 
otal 146 15 82 49 117 26 4 54 61 31 32 34 59 21 

Table 2. Population characteristics of pregnant samples collected. 

2.1.1.4 TERM SPONTANEOUSLY LABOURING (SL) 
MYOMETRIUM 
Paired upper and lower segment myometrial samples were obtained from women 

admitted in spontaneous labour (defined by the onset of painful regular uterine activity 

with progressive and serial dilatation of the cervix beyond 3 cm) undergoing emergency 

caesarean section at term (n=50, age 16-41 median 28, gestation 37-42 median 40). 

Indications for section were failure to progress and fetal distress. Women who had their 

labour induced or augmented prior to reaching 3 cm were excluded from the study. 

Clinical information on each sample included present and past obstetric history and past 

medical history (including smoking history). Intrapartum history including; the use of 
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gest total indication Oxy toc Ster- dilitation parity age 
fail 
prog 

fetal 
disc 

tocin olY 
tic 

oid 0-7 8-9 full 0 1- 
2 

3+ 0- 
20 

20- 
25 

25- 
30 

30 
+ 

35 3 0 3 0 0 0 3 0 0 3 0 0 0 1 2 0 
36 2 0 2 0 0 0 2 0 0 2 0 0 1 0 1 0 
37 12 4 8 6 0 0 3 6 3 8 4 0 3 4 5 0 
38 16 13 3 14 0 0 4 11 1 9 7 0 4 5 4 3 
39 28 14 14 16 0 0 10 13 5 18 7 3 6 7 7 8 
40 33 21 12 28 0 0 12 13 8 22 9 2 9 9 11 4 
41 25 14 11 19 0 0 12 12 1 15 9 1 5 11 3 6 
42 16 15 1 16 0 0 6 8 2 8 8 0 2 4 6 4 

Table 3. Population characteristics of labouring samples collected. 

oxytocin analogues, tocolytics or steroids, the reason for section, and the position, 

station and dilitation at the time of section were recorded. 

Upper and lower segment myometrial biopsies were obtained in a similar manner to 

those from women undergoing elective caesarean section. 

2.1.2 FREEZING MYOMETRIAL TISSUE FROM THEATRE 

All myometrial samples were immediately snap frozen at the time of collection. 

Samples were cut up into small 5mm3 cubes to ensure rapid freezing. Liquid nitrogen 

cooled iso-pentane was used to ensure greater conduction of heat and faster freezing. 

Once frozen, samples were stored at -70°C and the information relating to them stored 

on a computer database. 

75 



2.1.3 PREPARATION OF MYOMETRIAL TISSUE 
HOMOGENATES AND MEMBRANES 

All procedures were carried out on ice. Tissue samples were mechanically homogenised 

in 25mmoU1 Tris buffer, pH 7.6, containing 0.25mo1/1 sucrose and lmmol/1 

ethylenediamine tetraacetate in the presence of a protease inhibitor cocktail from Sigma 

Chemical Co. (St. Louis, MO) that contained 4-(2-aminoethyl) benzenesulfonyl 

flouride, trans-epoxysuccinyl-L-leucylamido (4-guanidino) butane (E-64), bestatin, 

leupeptin, aprotinin, and sodium ethylenediamine tetra-acetate, used at a 1: 10 dilution 

(Europe-Finner et al, 1993). Homogenates were then centrifuged at 1000 xg for 30 

mins at 4°C to remove tissue debris. The supernatants had their protein concentrations 

determined and were then aliquoted and stored at -70°C. Membranes were prepared as 

described by Europe-Finner et al, 1993. Briefly homogenates were prepared as detailed 

above and tissue debris removed. The supernatants were then centrifuged at 40,000 xg 

for 1 hour to pellet membranes which were resuspended in homogenisation buffer and 

then aliquoted and stored at -70°C. This type of preparation contains membranes from 

all cellular organelles including the nucleus. 

2.2 PROTEIN TECHNIQUES 

2.2.1 LOWERY PROTEIN ASSAY 

Homogenate and membrane proteins were assayed using the Bio-Rad DC Protein Assay 

kit which is based on the Lowry Assay (Lowry et al, 1951). Briefly 2Oµ1 of homogenate 

or membrane protein are added to 100µl of Reagent A (an alkaline copper tartrate 

solution) then vortexed to allow the complete reaction between protein and copper in an 
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alkaline solution. To this 800gl of Reagent B (a dilute folin reagent) was added. After 

15 minutes of incubation, to allow sufficient time for reduction of the folin reagent by 

copper-treated protein and subsequent colour development, the absorbance was read at 

750 nm. This was performed in duplicate and plotted against a line of best fit. Protein 

concentration was determined using a standard curve obtained by analysing a set of five 

bovine serum albumin standards done in triplicate. The line of best fit was deemed 

acceptable if its correlation co-efficient exceeded 0.993. 

2.2.2 WESTERN IMMUNODETECTION OF MYOMETRIAL 
PROTEINS 

2.2.2.1 SODIUM DODECYL SULPHATE POLYACRYLAMIDE 
GEL ELECTROPHORESIS (SDS-PAGE) 

Myometrial homogenate or membrane protein was solubilised by heating to 95°C for 5 

minutes in equal volumes of sample buffer (6g 5M urea, 0.5g 2.5% SDS, 0.7m1 35µl / 

ml ß-mercaptoethanol, spatula tip of Bromophenol Blue, and 0.5M Tris Base to 20m1, 

pH to 6.8). Samples were then resolved on 12.5% polyacrylamide gels in a Bio-Rad 

Protean II Electrophoresis Cell system according to the methods of Lacmmli (Lacmmli 

UK, 1970). The glass plates were first cleaned with detergent, then water then ethanol 

prior to assembly. The separating gel (14.7 ml 30% acrylamide, 10.2m1 double distilled 

water (ddH2O), 30µl TEMED, 20011 10% AMPS, 9.0 ml separating buffer (90.8g 1.5M 

Tris Base pH 8.8,2g 0.4% SDS, to 500 ml dd 1120) ) was poured first to a level 1.5cm 

below the comb. The separating gel was then layered with isobutanol prior to 

polymerisation to ensure a horizontal gel-gel interface. Once polymerised, the 
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isobutanol was poured off and the gel interface washed with H2O then dried with 

blotting paper. The stacking gel (1.67 ml 30% acrylamide, 5.5 ml ddH2O, 10µl 

N, N, N', N'-tetramethylethylenediamine (TEMED), 50µl 10% ammonium persulphate 

(AMPS), 9.0 ml Stacking buffer (30.3g 0.5M Tris Base pH 6.8,2g 0.4% SDS, to 500 ml 

dd H20) ) was then poured on top of the separating gel and combs inserted prior to 

polymerisation. Once polymerised the combs were removed and the gels transferred to a 

gel running apparatus. This was placed into an electrophoresis tank, where electrode 

buffer (0.125M Tris Base 30.3g, 0.96M Glycine 144g, 0.5% SDS lOg ddH2O to I litre 

pH8.6, diluted lOX with ddH2O) was added. Solubilised samples were then added to 

labelled wells. Pre-stained kaleidoscope protein standards and precision unstained 

standards were used to determine molecular weight. Lysates from HeLa cells were 

included as positive controls. The quantity of protein loaded was determined empirically 

by varying the amount of protein loaded to ensure the protein detection was in the linear 

range. Gels were run at 45mA at room temperature (cooled by cold tap water running 

through the system). 

2.2.2.2 IMMUNO BLOTTING 

2.2.2.2.1 TRANSFER OF PROTEINS FROM SEPARATING CFI, TO 
NITROCELLULOSE MEMBRANES 

Transfer of proteins from the separating gel onto nitrocellulose membrane was carried 

out according to the method of Towbin (Towbin H et al, 1979). The gels were removed 

from their glass electophoresis apparatus and allowed to soak in 1x transfer solution 

[lOX transfer buffer 200mls (0.25M Tris Base 30g, 2M Glycine 144g, ddII20 to I litre 
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pH8.6), methanol 400mls, ddH2O 1400mis] for 20 minutes. Hybond-C nitrocellulose 

membranes were pre-soaked in methanol for five seconds then washed in ddH20 prior to 

protein transfer. Transfer was achieved in a Trans Blot unit containing lx transfer 

solution using 90V for one hour to encourage protein migration with blotting paper and 

sponges to ensure good contact between the separating gel (on the cathode side) and the 

nitrocellulose membrane (on the anode side). Adequate protein transfer was ensured by 

staining the nitrocellulose membrane with Ponceau S Solution (0.1% Ponceau S w/v in 

5% acetic acid). This provided a rough visual guide to confirm that the protein loading, 

the electrophoresis and the protein transfer had been successful. The Ponceau S Solution 

was then removed from the membrane by subsequent washing with phosphate buffered 

saline (PBS). 

2.2.2.2.2 BLOCKING OF NON SPECIFIC PROTEIN BINDING 

Following protein transfer, the nitrocellulose membrane was placed in a blocking 

solution (5% Marvel milk powder (non-fat), PBS) and incubated on a gyro rocker for 90 

minutes at 4°C to prevent non-specific antibody binding to the proteins. 

2.2.2.2.3 PRIMARY ANTIBODIES 

All primary antibodies used were in the presence of 3% non-fat milk and 0.05% Twccn- 

20 in PBS for 90 mins at 4°C. The concentration at which the antibody worked 

optimally was determined empirically by varying the antibody concentration from 1: 500 

to 1: 4000. A 1: 2000 dilution proved to be optimal for all antibodies used. Primary 

antisera were removed, and blots washed three times for ten minutes in PBS. 
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2.2.2.2.4 SECONDARY ANTIBODIES 

Blots were then re-incubated with goat anti-rabbit immunoglobulin G (IgG) coupled to 

horseradish peroxidase (HRP) at 1: 1000 dilution in PBS containing 3% Marvel milk 

powder for 60 minutes at room temperature. The blots were washed in PBS three times 

for ten minutes. 

2.2.2.3 ENHANCED CHEMILUMINESCENCE (ECL) & SCANNING 
DENSITOMETRY 

Detection of the primary HRP secondary antibody complexes was achieved by ECL. 

The washed nitrocellulose membranes with bound primary and secondary antibodies 

were placed on SaranWrap clear plastic film and the two reagents of the ECL kit 

applied to them. The membranes were then exposed to Kodak X-OmaimLS Scientific 

Imaging Film for 5 seconds to 5 minutes depending on the signal strength. All blots 

were re-probed using the GJ3 SW/1 primary antibody (NEN), at 1: 000 dilution in PBS 

for 1 hour. This antibody recognises an epitope common to the five different Go 

subunits and was used to confirm equal protein loading in each lane. Data were obtained 

under conditions where a linear relationship existed between the amount of protein 

loaded and the intensity of the ECL signal from the immunoblots. lmmunodctccted 

bands were scanned using a UMAX PS 2400 scanner coupled to the Intelligent 

Quantifier software package from Biolmage. 

Data were compared using one-way ANOVA with Bonferroni post test, with p<0.05 

considered statistically significant. 
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2.2.2.4. CALCULATION OF MOLECULAR WEIGHT BY 
MIGRATION DISTANCE 

There is a linear relationship between the migration distance of a protein through a gel 

of uniform density and the log of its molecular weight. The formula for this line for any 

individual gel can be approximated by using the migration distances of proteins of 

known molecular weight through the same gel to calculate the formula of "the line of 

best fit. " This formula can then be used to calculate the molecular weight of proteins of 

interest run on the same gel by measuring their migration distance. 

With this in mind 12.5% polyacrylamide gels were poured and loaded with pre-stained 

markers, unstained markers and myometrial tissue homogenates in loading buffer (as 

above). Gels were run until the pre-stained 50kDa molecular weight marker had reached 

the middle of the gel. This point was chosen because the target proteins of interest were 

reported to be between 38 and 95kDa. The gel was then transferred onto a nitrocellulose 

membrane (see above). The unstained markers were cut from the membrane and 

stained. The remainder of the membrane was immunoblotted with antibodies to the 

proteins of interest and detected with ECL (see above). 

The migration distances of each of the bands, of known molecular weight, in the stained 

unstained standards were measured and these values used to calculate a line of best fit 

for migration distance against molecular weight (log converted). 

The y co-ordinates were the log of the molecular weights, which were 37kDa, 50kDa, 

75kDa, 100kDa, 150kDa and 25OkDa and the x co-ordinates were the distances 

migrated. A least square regression was used to calculate the equation of the line of best 

fit between the molecular weight and the distance migrated. It is a mathematical model 

for the data. 
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The equation of the line is y= mx +c (Where m is the gradient and c is a constant) 

In a regression line a change in one standard deviation of x corresponds to a change of 

one standard deviation in y times the correlation co-efficient between x and y. 

This means m=r (Sy/Sx) 

The r (correlation co-efficient), Sy (standard deviation of y), and Sx (standard deviation 

of x) were all be calculated from the x (migration) and y (molecular weight) co- 

ordinates (see appendix 1). 

Once the equation of the line of best fit had been calculated for each of the three gels the 

molecular weights of the proteins run on those gels could be calculated by substituting 

in their migration distance. A graphic representation of these calculations is shown in 

Figure 7 with the three lines of best fit based on the migration of their standards of 

known molecular weight and illustrating the calculated molecular weights of the 

proteins run on the same three gels. 
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2.2.3 Immunoprecipitation of myometrial membrane proteins 

Myometrial membrane preparations were dialysed against a 1000 x volume of Ix PBS, 

0.5% deoxycholic acid, 0.1% SDS, 0.1% Triton X-100 (all from Sigma), overnight at 

4°C. This was pre-cleared to minimise non-specific reactions with the precipitating 

primary serum by incubation with S µg of normal IgG from the same species as the 

antibody and 20 µl of protein A agarose suspension with agitation at 4°C for 30 

minutes. The agarose was pelleted by microcentrifugation at 3000 rpm for 5 minutes, 

and the supernatant was transferred to a fresh tube. 5µg of the precipitating primary 

antibody (AKAP95, AKAP79 and RIIq was added per mg of total protein, and 

incubated at 4°C for 1 hour with agitation. 15 µ1 of the protein A agarose suspension 

was then added, and incubation continued as above overnight. The sample was 

centrifuged as above, and the pellet washed with I ml of cold PBS, followed by another 

centrifugation step. This was repeated four times, after which the precipitated protein 

was eluted from the A agarose by incubating with an equal volume of 2x Lacmmli 

buffer at 80°C for 5 minutes. The sample was microcentrifugcd at 13000 rpm for 5 

minutes to pellet the agarose, and the eluted protein subjected to SDS-PAGE and 

Western-blotting analysis as above. To demonstrate specificity and ensure adequate pre- 

clearing the experiments were done in parallel with similar control assays with the only 

difference being the omission of the precipitating primary antibody. 
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2.2.4 Immunohistochemistry 

2.2.4.1 PREPARATION OF SLIDES 

2.2.4.1.1 TREATMENT OF SLIDES 

Microscopic slides were treated with aminopropyltriethoxysilane (APES) prior to use to 

improve tissue adherence. Fresh clean slides were immersed in 2% APES / acetone for 

15 seconds then rinsed twice with ddH2O for 60 seconds at room temperature then dried 

over night at 37°C in a sterile incubator. Tissue slides were wrapped in tinfoil in a dust 

free environment. 

2.2.4.1.2 PREPARATION OF FROZEN SECTIONS FOR 
IMMUNOHISTOCHEMISTRY 

Tissue samples previously stored at -70°C were kept cool in liquid nitrogen prior to 

being transferred to the cool cryostat where they were placed on blocks and set in cryo- 

embedding fluid. 6µm serial sections were cut through each block and the sections 

placed on the APES treated slides. Tissue sections were set aside to dry over night then 

fixed in acetone for 10 minutes the following day and dried at room temperature. 

Sections were stored in sterile silver foil at -20°C. 

2.2.4.1.3 PREPARATION OF FORMALIN FIXED PARAFFIN EM11rDD1'1) 
TISSUE SECTIONS 

Small blocks of tissue were fixed in 4% paraformaldchyde/PßS solution for 12-24 hours 

at room temperature. Paraffin wax-embedded blocks were prepared and incubated at - 
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20°C and 6µm serial sections cut and mounted on APES treated slides. Slides were 

incubated at 65°C for 1-2 hours then left overnight at 37°C. Unstained slides were 

stored at room temperature. 

2.2.4.1.4 EPITOPE RETRIEVAL FROM PARAFFIN EMBEDDED TISSUE 
SECTIONS 

Paraffin-embedded tissue sections were immersed in Xylene solution for 10 minutes at 

room temperature to remove the paraffin wax, then rehydrated by sequentially 

immersing the slides for 1 minute through graded ethanol concentrations ranging from 

absolute to 5% ethanol at room temperature. Slides were then immersed in 1120 for 5 

minutes then covered with 500mis 10mM citrate buffer, p116.0 and heated in an 850W 

microwave full power for 15 minutes and then allowed to cool to room temperature for 

20 minutes in the same buffer before being rinsed in distilled water for 5 minutes. 

2.2.4.2 STAINING 

2 . 2.4.2.1 HAEMATOXYLIN & EOSIN (II&E) STAINING 

Slides were immersed in haematoxylin for 3 minutes, rinsed briefly in water, then 

dipped briefly 3 times in acid/alcohol (5mis concentrated hydrochloric acid (l10), 

445m1s 70% ethanol), rinsed in water and placed in Scotts solution (ig potassium 

bicarbonate, lOg magnesium sulphate/500mis water) for 1 minute. Slides were rinsed 

and immersed in eosin solution 20g eosin, IOg potassium dichromate, 200mls absolute 

ethanol, 1600mis water, 200mls saturated aqueous picric acid, I thymol crystal) for 3 
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minutes. The sections were then dehydrated rapidly through graded ethanol 

concentrations ranging from 5% ethanol to absolute ethanol and mounted in DBX. 

2.2.4.2.2 IMMUNOHISTOCHEMISTRY 

Immunohistochemistry was performed on frozen sections of the myomctrial samples 

using Vector Laboratories Vectastain ABC kit. Sections were allowed to come to room 

temperature for 10 minutes prior to staining. They were washed in tris buffered saline 

(TBS) and peroxidase activity quenched with hydrogen peroxide (5.8m1 water to 0.2mls 

hydrogen peroxide). The TBS was tipped off the slide and the slide tapped on its side to 

remove as much TBS as possible. The TBS was then replaced with 100µl of normal 

goat serum blocking serum (1501i1 stock, lOmis PBS buffer) and incubated in 

humidified conditions for 20 minutes to block non-specific protein binding to the 

tissues. The blocking serum was then removed and replaced with 100µl of the primary 

antibody (same antibodies as those used in western blotting) at a 1: 1000 dilution (in 

PBS) and incubated for 90 minutes at room temperature in humidified conditions. This 

was removed, and the slide washed with TBS twice for 5 minutes before a biotinylated 

secondary antibody (consisting of 150µl blocking serum, lOmis PBS buffer, 50µ1 

biotinylated stock) was added for 60 minutes in humidified conditions. This was 

removed and the slide washed with TBS twice for 5 minutes. An avidin pcroxidasc 

(HRP) complex (consisting of 1009l "solution A", 100µI "solution B" and 5mls PBS 

buffer) replaced the TBS for 30 minutes before the slide was washed twice for five 

minutes with TBS. 
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Slides were then stained for 20 minutes with a Zymed HRP-aminocthyl carbazole 

(AEC) substrate kit, where a red colour appears as a result of the peroxidase reacting 

with the substrate/chromogen. Following staining with AEC slides were rinsed in 

ddH20 and counterstained with Haemalum for 1-2 minutes. Slides were then thoroughly 

rinsed in ddH20 to remove excess stain and mounted using an aqueous mounting 

solution and glass cover slips. Sections were then viewed by light microscopy. 

2.3 RNA TECHNIQUES 

2.3.1 RNA ISOLATION 

2.3.1.1 TOTAL RNA ISOLATION 

Total RNA was extracted from non-pregnant (NP), term pregnant non-labouring (P) and 

term labouring (SL) myometrial tissues using Promega's SV Total RNA Isolation 

System, according to their published protocol. 

2.3.1.1.1 PREPARATION OF M11YOMMETRIAI, TISSUE I. YSATES 

The tissue was weighed and ground into a fine powdcr using liquid nitrogcn and a 

mortar and pestle. I ml SV RNA Lysis Buffer was added per 171 mg tissue, which was 

then was further disrupted, using a motorised homogcniscr. The Lysis Solution 

contained concentrated guanidium thiocyanate (GuSCN) and (3-hicrcaptoethanol to 
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inactivate ribonucleases. GuSCN, in association with SDS allowed the RNA to be 

released into solution. 

2.3.1.1.2 PRECIPITATION OF CELLULAR PROTEINS 

175µl of tissue lysate was then transferred to a 1.5m1 microcentrifuge tube. Lysate were 

diluted with 350µl of SV RNA Dilution Buffer, mixed by inversion and heated in a 

water bath to 70°C for 3 minutes to allow selective precipitation of the cellular proteins. 

Lysate were then centrifuged at 12,000 xg for 10 minutes to clear it of precipitated 

protein debris. 

2.3.1.1.3 TOTAL RNA PRECIPITATION 

The cleared lysate was then transferred to a fresh microfuge tube. 2O01i1 of 95% ethanol 

was added to precipitate the RNA. The precipitated RNA was recovered by transferring 

the ethanol lysate mix to a spin column assembly and the mixture forced through the 

silica surface of the glass fibres in the collection basket by centrifugation at 12000 xg 

for 1 minute. 

2.3.1.1.4 DIGESTION OF GENOMI(' DNA 

The collection tube was emptied and 50µI DNase incubation mix (containing 40µI 

yellow core buffer, 5µl 0.09M MnCl2 and 5 µl of DNasc I enzyme) added to each 

sample and incubated at 20-25°C for 15 minutes to digest contaminating gcnomic DNA. 
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Digestions were then terminated by the addition of 20011 of SV DNasc Stop Solution 

which was driven through by centrifugation at 12000 xg for 1 minute. 

2.3.1.1.5 REMOVAL OF SALTS & IMPURITIES 

RNA was then washed by centrifuging through, first 600µl then 250111, SV RNA wash 

solution at 12000 xg for one minute to remove any salts, proteins and cellular 

impurities. 

2.3.1.1.6 ELUTION OF TOTAL RNA 

The spin basket was transferred from the spin column assembly with its RNA to an 

elution tube. The RNA was then eluted by the addition of 10011I nuclease frcc watcr and 

centrifugation at 12000 xg for one minute. The eluted RNA was then stored at -70°C. 

2.3.1.1.7 QUALITY OF TOTAL RNA 

The purity of the total RNA was determined by resolving the total RNA on a horizontal 

denaturing agarose gel by electrophoresis. Briefly, a 0.8% Agarose gel was prepared 

using 100mis H2O, 100mis TBE and 1.6g agarose. This was microwavcd in a 900W 

microwave on defrost for 10 minutes then allowed to cool to hand temperature before 

3µi of ethidium bromide was added. The gel was poured and 10µI of each sample, 

consisting of total RNA in a glycerol based loading buffer, was loaded into wells and 

run at' 150V alongside an RNA ladder until the dye front of the gel had migrated about 
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two thirds of the length of the gel. A UV transilluminator was then used to fluoresce the 

RNA demonstrating the characteristic 28S and 18S ribosomal RNA bands (Figure 38). 

2.3.1.2 MESSENGER RNA ISOLATION 

mRNA was isolated from samples of non-pregnant (NP), term pregnant non-labouring 

(P) and term labouring (SL) myometrial tissue and from cultured cells using Ambion's 

Poly (A) Pure mRNA Purification Kit, according to their published protocol. 

2.3.1.2.1 PREPARATION OF MYOMETRIAI. TISSUE I, YSATES 

The tissue was ground into a fine powder using liquid nitrogen and a mortar and pestle. 

The tissue was further disrupted, using a motorised homogeniser, in 10 mis Lysis 

Solution per g of tissue for 20 seconds. The homogenised lysatc was then transferred to 

a 15 ml tube and it's concentration of GuSCN reduced to optimise poly RNA: oligo (dt) 

hybridisation by diluting it with twice its volume of dilution buffer. The solutions were 

mixed by inverting for 10 seconds then centrifuged at 12,000 xg at 4°C for 15 minutes 

to pellet the cellular debris. The supernatant was transferred to a new 15 ml tube. 

2.3.1.2.2 PREPARATION OF NIYONIETRIAI, CUI, TURF1D CE1,1, I, YSATES 

Cell culture medium was removed by aspiration and the cells rinsed with PBS. Cells 

were then trypsinised with I ml trypsin / ethylenedinitro tctraacctic acid (EDTA) (0.5% 

trypsin 0.02%EDTA) to remove them from the base of the flask and then the trypsin 

neutralised with the addition of 12mis culture medium. The cells were then pcllcted at 
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1000X g for 5 minutes and the supernatant removed before being rinsed with PBS by 

gentle resuspension and centrifugation. The PBS was then removed by aspiration and 

replaced with 250µl Lysis solution. The homogenate was then transferred to a 

microfuge tube and homogenized by vigerous vortexing. It was then diluted with twice 

its volume of dilution buffer. The solutions were mixed by inverting for 10 seconds then 

centrifuged at 12,000 xg at 4°C for 15 minutes to pellet the cellular debris. The 

supernatant was transferred to a new 15 ml tube. 

2.3.1.2.3 BINDING TO OLIGO (dt) CELLULOSE 

One vial of Oligo (dt) Cellulose was added to each 15m1 tube containing the lysate and 

each tube was mixed by inversion. They were then incubated on a gyro rocker for 60 

minutes at room temperature to allow hybridisation between the mRNA's poly (A) 

sequences and the oligo (dt) cellulose. The mRNA-oligo (dt) cellulose macromolecules 

were subsequently isolated by centrifugation, at 4000 xg at room temperature for 3 

minutes, and the supernatant discarded. 

2.3.1.2.4 REMOVAL OF NON SPECIFICALLY ROUND RIBOSOMAL, RNA 

Non-specifically bound material was removed by resuspending the mRNA-oligo (dt) 

cellulose macromolecules in Iml of Binding Buffer and rcpelleted and washed by 

centrifugation, at 4000 xg at room temperature for 3 minutes, three times. Ribosomal 

RNA was washed away by resuspending in 1 ml wash solution and repcllctcd and 

washed by centrifugation, at 4000 xg at room temperature for 3 minutes, three times. 

The mRNA-oligo (dt) cellulose macromolecules were then resuspended in O. 6mis wash 
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buffer and transferred to a spin column. Columns were then centrifuged at 4000 xg 

room temperature briefly to allow binding of mRNA-oligo (DI) cellulose 

macromolecules to the spin column membrane. The membrane was washed twice more 

by adding 0.5 mis Wash Buffer to the spin column, gently stirring the resin, then 

microcentrifuging it. The last flow through was checked spectrophotometrically to 

confirm that A260 was less than 0.05. 

2.3.1.2.5 RECOVERY OF POLY (A) RNA 

The spin column, with membrane, was then transferred to a new microfuge tube and the 

mRNA-eluted from the oligo (dt) cellulose macromolecules by centrifuging at 5,000 xg 

at room temperature with 200µ1 elution buffer pre-warmed to 67.5°C. Yield was 

improved by repeating the elution with a further 200µl of elution buffer. A second 

round of Oligo (dt) cellulose selection was performed to minimise ribosomal RNA 

contamination; the 400µl of RNA recovered was transferred to a fresh 1.5 ml RNasc- 

free microfuge tube and 40µl of 5M sodium chloride (NaCI) was added to adjust the 

salt concentration to 0.45M. The RNA was heated for 5 minutes at 65°C to denature 

secondary structure, then chilled on ice. The spin column used previously was 

equilibrated for hybridisation by washing through and discarding 0.5 mis of Binding 

Buffer. The RNA sample was added to the top of the resin and spun for 10 seconds. The 

flow through was recovered and reapplied to the column and spun through three times. 

The Oligo (dt) Cellulose was then washed three times with 0.5 mis Binding Buffer 

before being washed with 0.5 mis Wash Buffer. The mRNA-clutcd from the oligo (dt) 

cellulose macromolecules by centrifuging at 5,000 xg at room temperature with 200111 
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elution buffer pre-warmed to 67.5°C twice. mRNA was precipitated by adding 40111 

ammonium acetate, 2µl glycerol and 1100µl 100% ethanol and RNA at -20°C 

overnight. The mRNA was recovered by centrifugation at 14,000 xg for 20 minutes at 

4°C. The mRNA was then washed with 70% ethanol, repellcted and air dried. The 

mRNA pellet was then resuspended in 20 111 of DEPC %Vatcr/EDTA and stored at - 

70°C. 

2.3.1.2.6 mRNA OUANTITATION 

An aliquot of mRNA isolated was prepared as a 1: 50 dilution in TE (10mM Tris-IICL 

pH 8,1mMEDTA) and analysed spectrophotometrically at 260 and 280 nm (the 

spectrophotometer being zeroed with TE first). I absorbance unit at A260 cquals 40µg of 

single stranded RNA/ml, so the final concentration is dilution factor times the 

absorbance times 40gg/m1. The purity was crudely confirmed by comparing the ratio of 

the A260 to the Also and fell in the range of 1.8 to 2.1. 

2.3.2 PRIMER DESIGN 

2.3.2.1 RIIa PRIMERS 

One RIIa-specific sense and two RIIa-specific antiscnsc primers for use in benomic 

DNA PCR and RT-PCR analysis of (NP), (P) and (SL) Rlla mRNA wcrc designed 

empirically. Primer pairs were both 20 bases long, avoided complimentary sequences to 

avoid primer-dimer formation, had the same GC ratio, ideally had a 40%-60% GC 

content and were devoid of sequences that would cause secondary structure formation, 
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which could inhibit annealing., were chosen as close to the 5' terminal as possible and 

ideally had aC or G residue at the 3' terminus. The annealing temperatures (T. ) wcrc 

similar and were crudely calculated by the equation: 

T. = 4(g+c)+2(a+t)-5 

Although a more accurate determination could have been achieved using the equation: 

Tm=81.5 +16.6(log10[Na+])+0.4I (%G+C)-675/n 

n=number of bases in the oligonucleotide, 

The sense primer sequence 5' CCTAGCAGATTTAATAGACGACG 3', was called 

RIIa-Fl, and the antisense primers 5' TCATTGACCAAGGAGATGAT 3' and 

5' AACTAGCTCTGATGTACAAC 3' were called RIIa-RI and RIIa-R2 respectively. 

The RIIa-F1/ RIIa-RI primer pair produced a product spanning 206 bases and the 

RIIa-F1/ RIIa-R2 primer pair a product spanning 332 bases. All primers were produced 

by invitrogen in a lysophilised form. They were roughly reconstituted in 10mM Tris to a 

concentration of I0pM as calculated by the molecular weight and the reported weight 

supplied by invitrogen. The actual concentration was then determined 

spectrophotometrically and the primer further diluted to allow a working concentration 

of 0.5µM. 

2.3.2.1 GLYCERALDEHYDE 3 PIIOSIIPIIATE I)EIIYI)ROGI: NASI: 
PRIMERS 
Glyceraldehyde 3 phosphate dehydrogenase (GAPDII) was used as a house kccping 

gene. DNA sequences for the house keeping gene GAPDII primers were sense 5'- 
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CTGCCGTCTAGAAAAACC-3' and antisense 5'-CCACCTTCGT7GTCATACC-3'. 

This gave a 210bp product which spanned a 104bp intron, allowing a positive control 

and confirming the absence of human genomic DNA. 

2.3.3 REVERSE TRANSCRIPTION 

Reverse transcription was carried out employing 1µg mRNA isolated from NP, P and 

SL myometrial samples and lµl Oligo dT primer, 2.0µl 10mM dNTP nucleotide mix, 

10µl first Strand Reaction Buffer, 11A 0.1M DTT, lµl RNase inhibitor, 0.5µl 

Superscript reverse transcriptase and 50µl nuclease free water added to a 1.5m] 

Eppendorph and incubated in a 37° C water bath for 90 minutes. The mRNA samples 

were pre-heated to 65° C for two minutes prior to being added. 

2.3.4 POLYMERASE CHAIN REACTION 

The cDNA synthesised in the RT reaction was then used as a template in a PCR reaction 

employing 0.5µl of the 0.5mM sense primer, 0.5pl of the 0.5mM antiscnse primer, 0.2µI 

taq polymerise, l. Oµl, IOmM dNTP nucleotide mix, 5pl reaction buffer, 4µl eDNA 

template, 3 i1 magnesium chloride and 35.8µl nuclease free water per 50µ1 reaction. 

PCR was performed under standard conditions using a Perkin-Elmer 2400 gene amp 

PCR system (with a heated lid obviating the need for mineral oil overlay) with 25 

cycles, starting with an initial hot start cycle consisting of denaturation at 94° C for 4 

minutes followed by 24 cycles, 30 seconds 56° C annealing, and 60 seconds 72° C 

extension per cycle. Reactions were terminated in the exponential phase. These were the 
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most favourable conditions established by varying the magnesium concentration 

between 2µI, 3p. 1 and 4µl, and varying the combination of primers used in the both the 

RT and PCR reactions. Negative control PCR reactions were included for each primer 

pair by replacing the cDNA template with nuclease free water and GAPDH was also 

used as a positive control with and without cDNA template. 

2.3.5 PCR PRODUCT RESOLUTION 

dsDNA PCR products were resolved on a 1.6% horizontal denaturing agarosc gel by 

electrophoresis. Briefly, a 1.6% Agarose gel was prepared using 100mis 1120,100mis 

1x Tris-Borate-EDTA (TBE) and 3.2g agarose, 3µl of ethidium bromide added. 10111 of 

each sample, consisting of PCR product in a glycerol based loading buffer, was loaded 

and run using a lx TBE buffer at 150V alongside a 100 bp DNA ladder (Gibco-BRL) 

until the dye front of the gel had migrated about two thirds of the length of the gel. A 

UV transilluminator was then used to fluoresce the dsDNA and the image 

photographed. PCR product bands were scanned using a UMAX PS 2400 scanner 

coupled to the Intelligent Quantifier software package from Biolmagc. Data were 

compared using one-way ANOVA with bonferroni post test, with p<0.05 considered 

significant. 
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2.3.6 CLONING OF RIIa & SEQUENCE FIDELITY 

2.3.6.1 dsDNA ISOLATION AND RECOVERY 

The dsDNA products were excised from the agarose gel manually under direct vision 

under ultra-violet light with a sterile scalpel. 300µl of capture buffer was added to 

300mgs of Agarose gel containing the dsDNA and vortexed on ice. The Agarose was 

then dissolved at 60 °C for 15 minutes and spun down before being transferred to a 

GFX spin column and GFX collection tube and incubated for 1 minute at room 

temperature. This was centrifuged at 14000 xg for 30 seconds. 500µ1 of wash buffer 

was then added to the GFX spin column and centrifuged at 14000 xg for 30 seconds. 

The wash through was discarded and the GFX spin column was then transferred to a 

new eppendorph. 50µl of elution buffer (10mh1 TRIS 1lCl pll 8.0 / TE p1l 8.0) was 

added to the top of the glass fibre matrix and allowed to incubate at room temperature 

for 1 minute before being microcentrifuged at full speed for I minute. The flow through 

contained the recovered dsDNA. 

2.3.6.2 INSERTION OF ds DNA INTO PLASMA) VECTOR 

41l of the recovered purified dsDNA was ligatcd into 1µI of lincariscd vcctor (T-7, pCR 

blunt TOPO vector) by incubating it in the presence of a 1µl "salt solution" and 1µl of 

lineariscd vector TOPO blunt ligase at room temperature for 5 minutcs. 
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2.3.6.3 PREPARATION OF CHEMICALLY COMPETENT 
ESCHERICHIA COLI(E. COLI) CELLS 
Escherichia Coli from established glycerol stocks was used to inoculate 5mis of LB 

medium and the mixture cultured at 37°C over night in a gyro shaker incubator. 100µI 

of the overnight culture was used to inoculate 10mis of fresh LB and incubated at 37°C 

for 2-3 hours with shaking until the logarithmic phase of growth had been reached. 

Cells were centrifuged at 1500g for 10 minutes at 20°C and resuspended in 5mis ice 

cold 50mM sterile CaC12 before being re-centrifuged and resuspended in I ml 50mM 

CaC12. Competent cells were incubated on ice for 1 hour or stored at 4°C for up to 24 

hours prior to use. 

2.3.6.4 INSERTION OF PLASMID VECTOR CONTAINING dsDNA 
INTO CHEMICALLY COMPETENT E. COLT CELLS 

3µl of the plasmid vector containing insert was added to 100µI of chemically competent 

(CaCI treated) E. Coli cells, then incubated on ice for 30 minutes. The mixture was then 

heat shocked to 42°C for 1 minute by immersion in a prc. hcatcd water bath to allow 

plasmid uptake before being returned to ice for 2 minutes. 250µl of S. O. C. medium was 

then added to the dsDNA / Plasmid / E. Coli mix gently shaken and incubated at 37°C 

for one hour. 
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2.3.6.5 CULTURE AND SELECTION OF E. COLI CELLS 
CONTAINING PLASMID VECTOR WITH dsDNA INSERT 

50µl-250µl of dsDNA / Plasmid / E. Coli / S. O. C. mix was plated onto treated 1.5% L. B. 

/ Ampicillin plates with a sterile glass rod and incubated at 37µI for 18 hours. Isolated 

colonies were picked with a sterile pipette tip and transferred to 5 mis of culture 

medium (L. B. with 100µl / ml Ampicillin) then incubated at 37°C for 18 hours in an 

orbital shaker / incubator. Glycerol stocks of the resulting cultures were subsequently 

made by adding 150µl of glycerol to 850µl of cultured E. Coli. This was mixed then 

stored at -70°C. 

2.3.6.6 RECOVERY OF PLASMID DNA 

2.3.6.6.1 RECOVERY OF PLASMID DNA USING PROMEGA'S WIZARDIO 
MINIPREP DNA PURIFICATION SYSTEM 

Isolation of plasmid DNA from the cultured E. Coli was achieved using Promega's 

minipreps and was as per the manufacturer's protocol. Briefly, 4150µ1 of the cultured E. 

Coli medium were centrifuged at 10,000 xg for 5 minutes at room temperature, the 

supernatant discarded and the pellet dried with blotting paper. The pellet was 

resuspended by vortexing in 250111 of cell resuspension solution then transferred to a 1.5 

ml microcentrifuge tube. 250µ1 of cell lysis solution was added to the resuspended 

pellet and mixed by inverting 4 times before being incubated at room temperature for S 

minutes. Endonucleases were inactivated with the addition of 101I alkaline protease to 

the bacterial lysate, then was mixed by inversion and incubated for 5 minutes at room 

temperature. 350µl neutralisation fluid was added, mixed by inversion, then the 
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bacterial lysate centrifuged at 14,000 xg for 10 minutes at room temperature. The 

bacterial lysate was then transferred to a new spin column matrix and centrifuged for 

one hour at 14,000 xg for 1 minute at room temperature and the spin through discarded. 

The plasmid DNA bound to the matrix was then washed with 750111 of column wash 

solution (previously diluted with 95% ethanol) by centrifuging it through the matrix at 

14,000 xg for one minute at room temperature. The spin through was discarded and the 

matrix washed with a further 250µl column wash solution. The spin column was then 

transferred to a new eppendorph and the plasmid DNA eluted by centrifuging through 

l00µ1 nuclease free water at 14,000 xg for 1 minute at room temperature. Plasmid 

DNA was then stored at -20°C. 

2.3.6.6.2 RECOVERY OF PLASMID DNA BY ROLLING CIRCLE 
REPLICATION 

Rolling circle amplification of the E. Coli Cells containing Plasmid Vector with dsDNA 

insert was achieved using Amersham Bioscienccs TcmPliphi n'' kit. The kits use the 

bacteriophage Phi29 DNA polymerase and rolling circle amplification of circular 

template DNA. Procedures were as per the manufacturer's protocol. Briefly, 2µI of E. 

Coli cells containing plasmid vector with dsDNA insert bacterial culture (prepared as 

above) were added to 10µl of denature buffer and incubated at 95°C for 3 minutes then 

cooled to room temperature. 50µl of reaction buffer (containing random hexamer 

primers) was mixed with 2µl enzyme mix (containing bacteriophage Phi29 DNA 

polymerase) , and 5µl of this mix was added to the sample then incubated at 30°C for 4 

hours. The reaction was then stopped by heat inactivation of the DNA polymerase at 
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65°C for 10 minutes. The resulting solution was then analysed by automatcd 

sequencing. 

2.3.6.7 AUTOMATED SEQUENCING OF dsDNA INSERT 
Automated sequencing, by MWG Biotech, of the sdDNA insert required the use of 2µg 

of ethanol precipitated eluted plasmid DNA and vector 77 primers. First the yield of 

plasmid DNA eluted was quantified so that the volume of eluted plasmid DNA required 

could be calculated. This was achieved as before spectrophotometrically, using the 

mean A260 of 3 samples to represent the absorbance, multiplying it by the dilution factor 

and multiplying it by 50 (the number of pg of DNA /A unit). Once the volume of eluted 

plasmid DNA required to provide 2µg of plasmid DNA was calculated it was ethanol 

precipitated. Briefly, 1 volume of plasmid DNA, 0.2 volumes ammonium acetate and 

2.5 volumes of annlar ethanol were incubated at -70°C for 30 minutes, centrifuged at 

13,000 xg for 30 minutes at 4°C, the supernatant removed, resuspended in I ml of 75% 

ethanol, centrifuged at 13,000 xg for 30 minutes at 4°C, the supernatant removed, air 

dried for 30 minutes then stored at -20°C. 

2.3.6.8 RESTRICTION DIGEST TO RELEASE dsDNA INSERT 
FROM PLASMID DNA 

Insertion of the dsDNA into the plasmid was confirmed by the recovery of dsDNA by 

restriction digest. l0µ1 of eluted plasmid DNA (with the dsDNA insert) was added to 

2 i1 Eco R1 buffer, 1µl Eco R1,2[11 BSA x 10, and 5 t1 dd112O and incubated at 37°C 

102 



for 3 hours. The products were then resolved on a 2% horizontal agarosc gel run against 

a DNA ladder as described previously. 

2.4 CELL CULTURE 

2.4.1 Preparation of cultured myometrial cells 
Sterile conditions were used throughout the preparation of myometrial cell cultures. 

Myometrial tissue samples, taken at the time of caesarean section or at the time of 

hysterectomy for benign gynaecological disease, were placed in a universal container 

containing 10 mis Minimum Essential Medium Eagle D-valine modification (Sigma), 

which favours the growth of myometrial cells over fibroblasts (Ilongpaisan, 2000), and 

kept at 4°C. 

2.4.1.1 ENZYMATIC DIGESTION OF SMOOTH MUSCLE TISSUE; 

Myometrial smooth muscle cells were prepared by enzymatic digestion using a 

technique modified from procedures described by Morgan Al el a!, 1993. Within 24 

hours of collection the myometrial smooth muscle samples were transferred to a sterile 

Petri dish with 10 mis Hanks Balance Salt Solution (Sigma). The samples had any 

surface blood on them removed by gentle scraping with a sterile scalpel blade and the 

Hanks Balance Salt Solution was replaced with fresh flanks Balance Salt Solution. The 

samples were then cut into small pieces with a sterile scalpel blade. The pieces were 

then transferred to a sterile universal container containing digestion enzymes composed 
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of 10mg collagenase, 0.2mg DNase, 2 mg trypsin inhibitor, 2mg elastasc, 2mg BSA 

fraction V in 10mis Hanks Balance Salt Solution, then incubated at 37°C for 3 hours 

with constant gentle agitation using a gyroscopic rocker to allow digestion. The contents 

of the universal container were then pipetted thoroughly before being allowed to stand 

for 1 minute to allow the larger pieces of undigested myometrial connective tissue to 

sink to the bottom of the universal container. The supernatant fraction was then 

transferred to 5mis of culture medium supplemented with fetal calf serum (S0mis 5% 

Dimethyl sulfoxide in fetal calf serum was filtered into 500mls Minimum Essential 

Medium Eagle D-valine modification (Sigma) along with 1000 penicillin and 10011g/ml 

streptomycin). This mixture was centrifuged at 1500 xg for 10 minutes and the 

supernatant discarded. The pellet was resuspended in 12mis of medium before transfer 

to a sterile T75 flask and placed in a 5% CO2, humidified, incubator at 37°C. One hour 

after being placed into the T75 flask the mixture was pippctted out and transferred to a 

new T75 flask, to allow any fibroblasts to plate down and minimise the risk of fibroblast 

growth, then re-incubated at 37°C. The medium was removed and replaced with fresh 

medium after 24 hours, and then every 72 hours. Confluency was achieved within 10 

days depending on the initial yield of cells from the digest. 

2.4.1.2 CELL PASSAGE 

Once the cells had reached confluency the medium was removed by pipette and the cells 

washed twice with 12mis flanks Balance solution to remove any FCS and Cat` which 

might interfere with the action of the enzyme trypsin. This was then removed by 

pipetting and replaced with 2mls of trypsin -EDTA (0.5% trypsin 0.02% EDTA). The 
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cells were incubated for 2 minutes at 37°C and then examined under the light 

microscope to ensure that the cells had detached from the flask wall. The flask was 

gently tapped to help persuade the cells to detach from the flask if they had not already 

done so. Once the cells were seen rounded up, phase bright and freely floating in the 

enzyme solution, 12mis of medium was then added to each flask to neutralise the 

trypsin, and the solution gently mixed by pipetting. The neutralised trypsin and medium 

were removed by centrifugation, spinning at 1500 xg for 10 minutes at room 

temperature and the supernatant removed. The cells were then re-suspended in fresh 

medium, up to a volume of 12mis, and mixed well by pipetting to dissociate any clumps 

of cells. 1.5mls of the cultured cells were transferred to each of the 8 new 125 flasks 

with a further 2.5mis of fresh medium being added to each flask. The cells were then 

incubated at 37°C. Once again the cells were allowed to plate down for l hour before 

the medium and cells were transferred to a new T25 flask. The cells were fed as before, 

the following day then every 72 hours until 60% conflucncy had been reached. All cells 

were used before the third passage in all experiments. 

2.4.1.3 ESTIMATION OF CELL NUMBERS 

The concentration of cells was determined by counting the cells in a hacmocytomctcr 

(Improved Neubauer). Cells were trypsiniscd and 50µI of cell suspension counted in 

duplicate. 100-200 cells per mm2 were counted. The two counts were averaged and the 

concentration of cells calculated using the formula: C= n/v Where C= cell 

concentration (cells / ml), n= number of cells counted and v= volume of cells counted 
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(ml). For the improved Neubauer slide, the central 1 mm2 was used and the depth of the 

chamber is 0.1 mm thus v=0.1 mm3 so C=nx 104. 

2.4.2 RIta mRNA decay in cultured myometrial cells 

2.4.2.1 PRODUCTION OF FLASKS OF CULTURED 
MYOMETRIAL CELLS 
Myometrial cells were digested and cultured as above from a single pregnant and a 

single non-pregnant myometrial tissue sample. These cell cultures were grown to 

confluency then split equally as above into 15 725 flasks each. These were then 

cultured as above until they reached 60% confluency as determined empirically by 

direct visual inspection using a light microscope. 

2.4.2.2 INHIBITION OF mRNA SYNTHESIS 

Two grams of actinomycin D were added to 200mls fetal calf scrum enriched medium 

to give the medium a final concentration of 10 tg/ml actinomycin D. Each of the 15 

non-pregnant and 15 pregnant T25 cell culture flasks had their culture medium pipettcd 

off and replaced with 4mls of the actinomycin D containing culture medium. This was 

designated time 0. 
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2.4.2.3 CESSATION OF mRNA DECAY 

mRNA decay was arrested by snap freezing the cultured cells. To achieve this the cells 

were first detached from the 125 flasks by trypsinisation. The actinomycin D containing 

medium was first aspirated off, the cells washed with Hanks balance solution which was 

also aspirated off then I ml of trypsin was added to each T-25 flask. The flasks were 

incubated at 37°C until the cells detached from the flask. The trypsin was neutralised 

with 10mis calf serum enriched culture medium (without actinomycin D). The cells 

were mixed well by pipetting and a1 ml aliquot transferred to a 1.5 ml cppendorph for 

cell counting later. Cells were spun down at 1500 RPM for 2 minutes and the medium 

removed. The cells were washed with Iml PBS then spun at 1500 rpm for 2 minutes and 

the supernatant removed. The cell pellet was snap frozen in liquid nitrogen cooled 

isopentane. A note was kept of the time elapsed from the addition of actinomycin D 

until both the points of tripsinisation and snap freezing as it was not certain which 

would correlate best with arrested mRNA decay. 

2.5 PKA KEMPTIDE-PHOSPHORYLATION ACTIVITY 
ASSAY 
PKA activity was assayed by the method of Roskoski R Jr., 1983, with minor 

modifications. Promega's SignaTECT TM cAMP-Dependent Protein Kinasc (PKA) 

Assay System was used according to the manufacturer's protocol. Briefly, the reaction 

mix was preincubated in a water bath at 30°C for 5 minutes, and consisted of 5pl I'KA 

biotinylated Kemptide peptide substrate, 5µI 0.025mM cAMP or 0.025mM of the 

cAMP analogue 8,4-chlorophenylthio-cyclic AMP (CPT-cAMP), 5µ1 PKA 5X assay 

buffer (consisting of 200mM Tris-HCI, ph 7.4,1 00mM MgCI2,0.5mg/ml BSA) and 51iI 
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ATP mix consisting of 5µl 0.5mM ATP and 0.05111 [y'2P]ATP (3000 Ci/mmol). The 

reaction was initiated by the addition of 5µl (5-40µg of membrane protein) of 

membranes prepared from NP, P and SL tissues and incubated at 30°C for 20 minutes 

(the optimal time). The reaction was then terminated by adding 12.5111 of 7.5M 

guanidine hydrochloride. 101l of each terminated reaction was spotted onto the 

streptavidin matrix of a SAM2 ' Biotin Capture Membrane. The membrane was then 

washed; once for 30 seconds with 200ml of 2M NaCI, three times for 2 minutes with 

200m1 of 2M NaCl, four times for 2 minutes with 200m1 of 2M NaCl in 1% 113PO4, then 

twice for 30 seconds with 100ml deionised water. Membranes were air dried for 60 

minutes before being transferred to a 1.5m1 eppendorph, to which Iml Beta Plate 

Scintillation Fluid (Wallac) was added, prior to y'2P counting in a Wallac Microßeta 

1450 Liquid Scintillation Counter. Protein concentration (5-40µg of membrane protein) 

and incubation time (5-50 min) were used to determine the linear range, and counts per 

minute were translated into pmol ý2P incorporated into the biotinylated kcmptide by 

using an unwashed membrane as a control, and PKA enzyme activity expressed as pmol 

ATP /minute/µg of protein. 
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EXPERIMENTS 

1.0 INTRODUCTION TO EXPERIMENTS 

The accumulation of cAMP in human myometrium is important in the maintenance of 

uterine quiescence during pregnancy, and its withdrawal may be a trigger in promoting 

labour. There are substantial data indicating that components of the cAMP-signalling 

pathway are differentially expressed both temporally and spatially in the human 

myometrium during pregnancy and labour. The effects of cAMP arc mediated by PKA 

however the expression and activity of PKA had not previously been investigated in 

human myometrium. 

To help establish the role of PKA holoenzymes in pregnancy and labour; Western 

blotting, immunohistochemistry, immunoprecipitation, RT-PCR, and functional PKA 

phosphorylation assays were employed to study paired upper and lower uterine segment 

samples from NP, P, and SL patients, allowing both temporal and spatial comparisons to 

be drawn. 
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2.0 PKA PROTEIN EXPRESSION 

2.1 PKA SUBUNIT DETECTION 

2.1.1 IDENTIFICATION OF TOTAL CELLULAR CATALYTIC & 

REGULATORY ISOFORMS OF PKA IN HUMAN MYOMETRIAL 

HOMOGENATES 

PKA participates in a large number of diverse pathways reflecting the ubiquitous nature 

of cAMP. PKA however is not a single entity and the differences observed in tissue 

distribution of each of its catalytic and regulatory subunits implies some degree of 

specificity of function. Differing combinations of R and C subunits have shown 

differences in their range of cAMP sensitivity. (Gamm et al, 1996. ) (Cadd el a!, 1990). 

The RII subunits differ from RI subunits in that they associate with A-kinase anchoring 

proteins (AKAPs) (Beebe el al, 1992). 

The apparent functional differences resulting from the differing combinations of R and 

C subunits made it necessary to determine which catalytic and regulatory isoforms were 

present in human myometrium. To this end, Western immunodctcction of term pregnant 

myometrial homogenates with specific polyclonal antibodies to each of PKA's catalytic 

(C) and regulatory (R) isoforms was performed. 
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The presence of bands following immunostaining with both the Ca catalytic (Fig. 8A) 

and Cß catalytic subunit (Fig. 8B) antibodies confirms their presence in term pregnant 

human myometrial tissue. No 40kDa band was observed using the Cy catalytic subunit 

antibody although a positive stain was observed in the HeLa control (Fig. 8C) indicating 

that this subunit is not present in term pregnant human myometrium. 

The specificity of the Co: and CO catalytic subunit antibodies was demonstrated by the 

non-detection of bands in the absence of primary antibody but in the presence of 

secondary antibody only. The polyclonal antibodies to the Ca catalytic, Cß catalytic 

and Of catalytic subunits used in these experiments have some cross reactivity between 

all three isoforms. However the detection of a Cy catalytic band in UcLa controls and 

not in total cellular myometrial homogenate suggests that this subunit is not present in 

human myometrium; equally it suggests that the antibody is specific as it is not cross 

reacting with the 40 kDa Ca catalytic or Cf3 catalytic subunits which arc present. This is 

consistent with other studies which have to date only found Cy catalytic subunits in 

human testis (Beeb et al, 1990). In contrast the Ca catalytic and Cß catalytic PKA 

subunit antibodies both detected 40 kDa bands in both the Uca controls and the total 

cellular myometrial homogenate. This may mean that both these isoforms of the 

catalytic subunit are present, however the detection of both bands at 40kDa and the 

identical temporal and spatial pattern of expression observed with both antibodies could 

suggest that these antibodies are picking up the same protein. Consequently all the data 

presented for the Ca catalytic and CO catalytic PKA subunits should be taken to 

represent total (C) catalytic subunit expression. 
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The presence of bands following immunodetection with the Riot regulatory (Fig. 9A) 

and Rlla regulatory subunit (Fig 9C) antibodies confirms their presence in human 

myometrial tissue. The absence of any bands following staining with the Rip regulatory 

(Fig 9B) or Riip regulatory subunit (Fig 9D) antibodies suggest that these subunits arc 

not present in term pregnant human myometrium. 

The Santa Cruz Rlla antibody was reported to have some cross reactivity with the RII3 

subunit, therefore to ensure that the band observed in figure 9C was not a result of MIA, 

antibodies to both Rita and R11ß from Calbiochem, which were reported to have no 

cross-reactivity, were also used (see Fig. 10). 

The absence of the RIP or RIIP regulatory subunit in term pregnant human myomctrium 

was confirmed by the respective detection of both proteins in the lIcla cell positive 

controls. The specificity of the Rict and Rlla regulatory subunit antibodies was 

demonstrated by non-detection of bands when secondary antibody only was used (Fig 

9). 

Similar results were obtained when non-pregnant and spontaneously labouring 

myomctrial tissue homogenates were studied. 

In conclusion both the Ca and Cß catalytic subunits of PKA arc present in human 

myomctrium, the Cy catalytic subunit however was not detected. The Rla and the Rila 

subunit of PKA were also both present allowing for the formation of soluble type I PKA 

or particulate type 11 PKA. 
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2.1.2 DETERMINING THE MYOMETRIA1,1IOMtOGENATE 

CONCENTRATION RANGE IN WHICH TARGET PROTEIN 

DETECTION BY F. C. L. IS LINEAR 

In this study, to allow accurate quantification of catalytic and regulatory subunit 

proteins within myometrial homogenates by Western immunoblotting, the range in 

which an increase in myometrial protein resulted in a linear increase in detection by 

ECL of the target protein was established for each antibody used. 

The linear range for detection with ECL for the Ca catalytic PKA subunit antibody was 

observed to be between 75µg and 125µg of protein per well, (Fig II A). The linear 

range for the Cß catalytic subunit antibody, shown in Fig. IIß, appears to be bctwwwccn 

50µg and 125µg protein per well. The Rla regulatory subunit antibody had a linear 

range of detection between 75µg and 125µg protein per well, (Fig I IC), %%hilst the RIla 

regulatory PKA subunit antibody has a broader linear range of bct w"ccn 50µg and 150µg 

of protein per well, as shown in Fig. IID. 

The range in which a linear increase in myometrial homogenate protein resulted in a 

linear increase in detection was similar for the Ca catalytic, CO3 catalytic, Ria 

regulatory and Rita regulatory subunits of PKA. Since 100}tg of myomctrial 

homogenate protein falls within the linear range of detection for all the PKA subunit 

antibodies, this protein concentration was used for all subsequent gels. This had the 

added advantage that gels could be re-blotted with the other antibodies and still be 

within the correct linear range for ECL-protein detection. 
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2.2 THE TOPOGRAPHICAL DISTRIBUTION OF 

MYOMETRIAL CATALYTIC AND REGULATORY 

ISOFORMS OF PKA IN THE HUMAN UTERUS 

The successful expulsion of the fetus during labour relies on highly organised series of 

coordinate uterine contractions which originate in the fundus of the uterus and spread 

caudally to the lower uterine segment and cervix. Many of the proteins involved in 

regulating myometrial contractility have spatial differences in their pattern of expression 

within the uterus during pregnancy. Some of the more important proteins involved in 

myometrial contractility which demonstrate fundal dominance in their pattern of 

expression include; the oxytocin receptor (Fuchs et al, 1984a), connexion 43 (Sparey et 

al, 1999), prostaglandin El receptor (Smith et al, 2001), prostaglandin E3 receptor 

(Smith et al, 2001) and a 28kDa isoform of ATF-2 (Bailey et al, 2000). Other proteins 

involved in regulating myometrial contractility, including; cyclo-oxygenase I (Sparey et 

al, 1999), cyclo-oxygenase 2, (Sparey et al, 1999) prostaglandin E2 receptor (Smith et 

al, 2000) and full length ATF2 proteins (Bailey et al, 2000), demonstrate lower segment 

dominance during pregnancy. It was therefore important to determine the topographical 

distribution of PKA's isoforms during pregnancy and labour as this might seriously alter 

PKA's function. 

Paired samples from the upper uterine segment and lower uterine segment, of term 

pregnant non-labouring and labouring myometrium, and upper corpus and lower corpus 

of non-pregnant myometrium, were used to investigate the topographical pattern of 

expression of the catalytic and regulatory subunits of PKA. 
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Western immunodetection of the Ca catalytic PKA subunit in term pregnant 

myomertrial homogenates (see Fig. 12A) demonstrated that there was no spatial 

difference between the upper and lower uterine segments. 

Similarly, Western immunodetection of the Cß catalytic PKA subunit in term pregnant 

myomertrium (see Fig. 12B) demonstrates no spatial difference between the upper and 

lower uterine segments. 

Immunodetection with the RIa regulatory PKA subunit antibody in term pregnant 

myomertrial homogenates (Fig. 12C) demonstrated no spatial difference between the 

upper and lower uterine segments, as did immunodetection with the RIIa regulatory 

PKA subunit antibody (Fig. 12D). Similar results were obtained with non-pregnant and 

spontaneously labouring myometrium and blots were re-probed with the antibody to the 

Gß subunit to confirm equal protein loading. 

PKA Subunit n Upper (U) Lower (L) p value 

Mean S. E. M. Mean S. E. M. U=L 

Ca 12 0.543 0.065 0.574 0.094 >0.05 

co 12 0.815 0.221 0.779 0.182 >0.05 

RIa 12 0.995 0.081 0.917 0.094 >0.05 

RIIa 12 0.818 0.105 0.704 0.076 >0.05 

Table 4. Topographical distribution of myometrial catalytic and regulatory isoforms in 
the human uterus. 
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As no topographical differences exist for any of the Ca catalytic, Cß catalytic, Rla 

regulatory or RIIa regulatory PKA subunits, all subsequent experiments employed the 

use of lower uterine segment myometrium for P and SL tissues and lower corpus 

myometrium for NP tissues. 
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2.3 TEMPORAL CHANGES IN THE PATTERN OF 

EXPRESSION CATALYTIC & REGULATORY PKA 

SUBUNITS DURING PREGNANCY AND LABOUR 

Contraction associated proteins demonstrate temporal changes in their pattern of 

expression, typically being up-regulated late on in pregnancy and during labour. 

Proteins important in maintaining myometrial quiescence, such as hCGR and Gas, also 

demonstrate temporal differences in their patterns of expression, being up-regulated 

early on in pregnancy, so as to attenuate the activity of the contractile machinery, after 

which they are down-regulated to allow contractions to develop and labour to 

commence at term. 

For this reason changes in the pattern of expression of PKAs regulatory and catalytic 

subunits were investigated in non-pregnant, term pregnant and spontaneously labouring 

myometrium. 

The temporal pattern of expression of the Ca subunit of PKA is seen in Fig. 13A and 

demonstrates that the Ca subunit remained equivalent between NP, P and SL tissues. 

Similarly the pattern of expression of the Cß subunit of PKA is shown in Fig. 13C and 

indicates that the Cß subunits remained equivalent in the same tissues. Blots were rc- 

probed with Gß as a protein loading control (Fig. 13B & D). 

Note that as stated previously the Ca and Cß antibodies may be staining the same 

protein due to some cross-reactivity, therefore Ca / Cß levels represent total catalytic 

levels. 
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The temporal distribution of RIa regulatory PKA subunit, shown in Fig. 14A, 

demonstrated no temporal differences in its pattern of expression between NP, P and SL 

tissues. 

Strikingly, unlike the other regulatory and catalytic subunits, the temporal distribution 

of RIIa regulatory PKA subunit was observed to be 2-3 fold higher in P homogenates 

compared to NP and SL myometrial homogenates (Figure 14C). 

PKA 

Subunit 

n Non-Pregnant 

(NP) 

Term Pregnant 

(P) 

Spontaneously 

Labouring 

(SL) 

p 

value 

NP=P 

p 

value 

P=S L 

Mean S. E. M. Mean S. E. M. Mean S. E. M. 

Ca 12 1.078 0.081 1.195 0.050 0.993 0.042 >0.05 >0.05 

Cß 12 0.558 0.075 0.689 0.137 0.582 0.096 >0.05 >0.05 

RIa 10 0.922 0.112 0.955 0.180 0.860 0.220 >0.05 >0.05 

Rita 28 0.117 0.012 0.573 0.080 0.243 0.020 <0.001 <0.001 

Table 5 Temporal changes in the pattern of expression of catalytic and regulatory PKA 
subunits during pregnancy and labour. 

The RIIec regulatory PKA subunit is significantly up-regulated in term pregnant human 

myometrial homogenates compared to non-pregnant levels and shows a subsequent 

decrease during labour. 
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2.3.1 DETERMINATION OF THE GESTATIONAL TIME POINTS 

WHEN THE RIIa REGULATORY PKA SUBUNIT IS UP- 

REGULATED 

The relative importance of a protein in maintaining myometrial quiescence will depend 

in part on the timing of its up-regulation. The gravid uterus is subjected to the pro- 

contractile stimulus of stretch, so intuitively it would seem desirable that proteins 

important in promoting myometrial quiescence be up-regulated early on in pregnancy. 

The timing of a proteins up-regulation may also give some clue as to the mechanism of 

its expression. There are very few studies on expression patterns of proteins associated 

with myometrial contractility or quiescence in early pregnancy. However a fall in hCG 

early on in pregnancy has been associated with non-viable pregnancy and the onset of 

uterine contractions and the expulsion of the fetus. It seemed possible therefore that 

hCG may be promoting myometrial quiescence early on in pregnancy. As hCG acts 

through CAMP, members of the CAMP signalling pathway might also be up-regulated 

early on in pregnancy to promote myometrial quiescence. As the lower uterine segment 

hasn't formed in the first or early second trimester, to allow comparison of 

topographically similar tissues myometrial samples were taken from the upper corpus. 

To define the time point during gestation when up-regulation of Rlla subunits first 

occurred, upper corpus myometrial samples were compared between non-pregnant, first 

trimester and second trimester samples. 

Figure 15 indicates that there was a small increase in RIIa protein as early as the first 

trimester, followed by a statistically significant increase by the second trimester 

compared to NP tissue. 
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The order of magnitude of the increase in the second trimester over non-pregnant levels 

was similar to that found at term (see Fig 14C). Blots were re-probed with Gß as a 

protein loading control. 

PKA 

subunit 

n Non-Pregnant 

(NP) 

First Trimester 

(1S) 

Second 

Trimester (2nd) 

p value 

NP=1st 

p value 

NP=2nd 

Mean S. E. M Mean S. E. M. Mean S. E. M. 

RIIa 12 0.310 0.020 0.441 0.053 0.772 0.104 >0.05 <0.001 

Table 6 Determination of the gestational time points when the RIIa regulatory PKA 
subunit is up-regulated. 
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2.4 CHANGES IN PARTICULATE PKA 

RIIa regulatory subunits were the only PKA subunits to demonstrate any changes in its 

pattern of expression during pregnancy and labour. RIIa is only associated with type II 

particulate PKA, which is compartmentalised to discrete subcellular locations within the 

cell. If PKA is to play any role in promoting myometrial quiescence during pregnancy 

and promoting myometrial contraction during labour, it is likely to do so through type II 

PKA. To further investigate the temporal changes in the catalytic and regulatory 

subunits associated with type II particulate PKA, crude membrane preparations were 

made from NP, P and SL myometrial tissues and expression of RIIa and Ca/Cß 

proteins detected by Western blotting. 

Western immunoblotting with the RIIcc regulatory PKA subunit antibody, shown in Fig. 

16C, demonstrated an increase in particulate RIIa regulatory PKA in P samples, 

compared to NP and SL samples. 

Since the Ca and Cß catalytic antibodies may cross react, the Ca catalytic antibody was 

used to detect total particulate catalytic levels in NP, P and SL tissues. Western 

immunodetection demonstrates an increase in CaJCf (total catalytic) levels in P 

compared to NP and SL membranes (Fig. 16A). 

The distribution of particulate RIIa regulatory subunit followed, as expected, a similar 

pattern of expression as for total cellular levels, but with more profound differences 

between P compared to NP and SL tissues. The temporal changes in particulate RIIa are 

associated with similar temporal changes in particulate Ca/ß catalytic PKA subunits, as 

required by the R2C2 stiochiometry of PKA. 
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PKA 
Subunit 

n Non-Pregnant 
(NP) 

Term 
Pregnant(P) 

Spontaneously 
Labouring (SL) 

p 
values 

p 
values 

Mean S. E. M. Mean S. E. M Mean S. E. M. NP=P P=SL 
RIIa 6 0.205 0.062 0.928 0.055 0.283 0.086 <0.001 <0.001 
Ca/ 6 0.552 0.042 0.765 0.122 0.583 0.052 <0.001 <0.001 
Table 7. Changes in particulate type II PKA 
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2.5 EXPRESSION OF THE RIIa REGULATORY SUBUNIT 

OF PKA BEFORE LABOUR IN THE MYOMETRIUM 

Many proteins have been inferred to be important in bringing about the onset of labour 

because their expression levels in term pregnant non-labouring samples differ 

significantly from their expression levels in term pregnant labouring samples. The 

problem with this assertion has always been that these differences could be the result of 

labour rather than its cause. 

It is likely that if a protein is important in bringing about the onset of labour, changes in 

protein expression should precede the onset of labour, making the changes in protein 

levels just prior to the onset of labour more interesting to characterise. Unfortunately the 

duration of human pregnancy is not chronologically fixed, with term pregnancy being 

anything from 37-42 weeks gestation. This makes gestational age a poor predictor of the 

closeness to the onset of labour, and a poor tool for examining the changes in protein 

expression just prior to the onset of labour. 

With this in mind a more physiological predictor to the time until onset of labour was 

sought. Interleukin 8 was considered, however the lack of a commercially available kit 

made it prohibitively expensive. Lockwood et al, (1994) had demonstrated that, in 

women between 39 weeks 0 days and 39 weeks 6 days, quantitating cervical 

fibronectin, once allowances had been made for the presence of any blood (which could 

contaminate the specimen with serum fibronectin), or vaginal discharge (which has an 

association with infection and can elevate fibronectin levels), was a useful tool in 

predicting the onset of labour within 10 days. However as the only quantitatively 

accurate cervical fibronectin kit available required that the samples be processed in 
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batches of 96 within 24 hours of collection, the kit was not practically suitable. 

Rozenberg et al (2000) suggested that a cervical length of less than 26 mm or a Bishop 

of more than or equal to 6 were both good positive predictive indicators of delivery 

within 7 days. It was therefore decided that a modified Bishop's score would be used as 

a predictor of impending labour. To avoid inter-observer variation with the Bishops 

score the author was the sole assessor of the cervixes which were assessed immediately 

prior to caesarean section. Scores were given based on length, station, position 

dilatation and consistency. 

The densiometric scan results from the Western blots of the 28 term pregnant samples 

used to determine the temporal distribution of RIIa regulatory PKA subunit, shown in 

Fig. 16 were thus examined. They were separated into two groups based on the clinical 

data from the patients from which the original samples were taken. The first group, all 

had a Bishop score of 6 or greater, n=4 and was called the "close to delivery" group, 

while the second group all had Bishop scores of 3 or less, n=12, and were referred to as 

the "not close to delivery group. " 

Although the means of the close to labour group (mean 0.523 [SEM 0.205]) appeared to 

be lower than that of the not close to labour group (mean 0.622 [SEM 0.105]) this 

difference was not statistically significant (p>0.05) (Fig 17). 

The failure to demonstrate any significant difference between the "close to labour" 

group and the "not close to labour" group may represent a lack of any difference 

between these two groups prior to the onset of labour. However there also exists the 

possibility that there simply weren't enough samples, especially in the "close to labour" 

group, to demonstrate a statistically significant difference. Equally it is possible that 
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changes in RIIa regulatory subunit of PKA and changes in Bishops score might both 

occur simultaneously resulting in loss of sample population purity. It is also possible 

that a Bishop score of greater than or equal to 6 might not have a positive enough 

predictive value to accurately discriminate between the two groups. 
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3.0 IMMUNOHISTOCHEMISTRY 

Immunohistochemistry was initially performed to determine the purity of the samples 

obtained by wolf biopsy forceps (see Fig. 6). It was also used to confirm localisation of 

PKAs catalytic and regulatory subunits to myometrial cells (Fig 18). Staining term 

pregnant and term labouring myometrium with the RIIa subunit antibody (see Fig 19) 

demonstrated a reduction in spontaneously labouring Rllcc subunit levels from term 

pregnancy confirming the findings by Western Blotting. 
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4.0 PKA RIIa mRNA EXPRESSION 

The observed changes in both particulate and cellular Rlla regulatory PKA protein 

could be the result of increased protein expression via transcriptional activation or 

decreased protein breakdown during pregnancy or a combination of both. To investigate 

this, RT-PCR experiments were employed to see if the changes observed at the protein 

level, also occurred at the mRNA level. 

4.1 CONTROLS FOR RT-PCR 

mRNA was extracted from NP, P and SL tissue and RT-PCR carried out with the F1 

(forward), RI (reverse), and R2 (reverse) primers (Fig 20). The conditions for primer 

use were optimised by varying the combination of the primers used in both the RT and 

PCR reactions, along with the MgC12 concentration in the PCR (shown in Fig. 21). The 

number of cycles of PCR was varied from 18-35cycles to determine the range in which 

an increase in cycles caused an increase in PCR product (Fig 22). The cDNA template 

load was also varied to ensure it was in the linear range (Fig. 23). 

To avoid low RNA yield from the small starting volumes of tissue prompted the use of 

total RNA in addition to mRNA and the purity of the total RNA checked on an agarose 

gel (Figure 24) which demonstrated the presence of 28S and 18S ribosomal RNA bands. 

However the yield of mRNA was sufficiently high to permit its use for all subsequent 

experiments. 
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The RI and Fl primers were chosen for use in both the RT and PCR experiments and 

3µl MgC12 (25mM) used per 50µ1 PCR reaction. All PCR's were repeated with GAPDH 

primers as a house keeping control. 

The sequence of the RT-PCR product was determined by automated sequencing of 

DNA isolated by minipreps (see methods) and verified by automated sequencing of 

DNA isolated by rolling circle replication (see methods). Figure 25 demonstrates the 

DNA sequence following rolling circle replication with the fidelity represented 

graphically below. Figure 26 compares this sequence with that of Rlla mRNA 

(accession number NM_004157) (Oyen et al, 1989), confirming both its identity as 

RIIcc and the purity of the product. 
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4.2 PATTERN OF EXPRESSION OF THE RIIoc 

REGULATORY PKA mRNA IN NP, P AND SL 

MYOMETRIAL TISSUE 

A 2-3 fold increase in RIIa mRNA in P tissues was observed over NP and SL 

myometrial tissues in comparison to uniform expression of the house keeping control 

GAPDH mRNA in all three tissue types (Fig. 27). 

mRNA n Non-Pregnant Term Pregnant Spontaneously p value p 

(NP) (P) Labouring (SL) NP=P value 

P=S L 
Mean S. E. M. Mean S. E. M. Mean S. E. M. 

RIIa 9 0.490 0.105 1.183 0.102 0.552 0.238 <0.001 <0.001 

Table 8. Pattern of expression of the RIIa regulatory PKA mRNA in NP, P and SL 
myometrial tissue. 

The temporal changes in the pattern of expression of RIN protein was mirrored at the 

mRNA level indicating that changes in RIIa mRNA were at least partly responsible for 

the changes at the protein level. It is possible that the changes in RIIa mRNA are 

brought about by increased transcription however it is also possible that differences 

exist in RIIa mRNA stability during pregnancy and labour. 
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4.3 USE OF CELL LINE MODEL TO INVESTIGATE RIIa 

mRNA STABILITY 

Homology searches for the presence of AU-rich elements, in the 3'-untranslated region 

(3'-UTR) of the human RIIc mRNA indicates the presence of one copy of the pentamer 

AUUUA which may be involved in inhibiting or enhancing mRNA decay. 

4.3.1 Riia mRNA DECAY RATES IN NP AND P CULTURED 

MYOMETRIAL CELLS 

Experiments employing early passage two cultured myometrial cells (thus in part 

maintaining in vivo myometrial pheno-/geno-type) prepared from non-pregnant (NP) 

and pregnant non-labouring (P) biopsies incubated with actinomycin D, which inhibits 

gene transcription, for 0-12 hours with subsequent extraction of mRNA and semi- 

quantitative RT-PCR using RIIa specific primers indicates that the decay rate of RIIa 

mRNA is the same for both NP and P cells over this period of time (Fig. 28). This 

suggests that RIIa, transcripts have the same stability in both NP and P myometrial 

tissues. Consequently the differential expression of myometrial Rlla mRNA observed 

during gestation/parturition is more likely to be brought about by changes in gene 

transcription. 
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5.0 A KINASE ANCHORING PROTEIN 

EXPERIMENTS 

Targeting of particulate PKA to discrete subcellular locations, to allow 

compartmentalization of the cAMP signal, is brought about by AKAPs. Since AKAP95 

(a nuclear membrane / matrix associated protein) and AKAP79 (a cytoskeletal 

associated protein) have been reported to have the highest affinity for RIIq species, co- 

immunoprecipitation experiments were carried out to determine if these AKAP species 

complexed with RIIa proteins in the myometrium. 

5.1 AKAP / HeLa CONTROLS 

The presence of bands following immunodetection with both the AKAP 79 (Fig. 29) 

and AKAP 95 (Fig. 29) antibodies confirmed their presence in term pregnant 

myometrial homogenates and membranes. 
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5.2 AKAPs ASSOCIATED WITH PKA 

Immunoprecipitation with the AKAP95 antibody and " subsequent Western 

inununodetection with the RIIa antibody (Santa Cruz Biotechnology) indicated that 

AKAP95 and RIIa species interacted (Fig 30A). This was further ratified by immuno- 

precipitating with the RIIa antibody and immuno-staining with the AKAP95 antibody 

(Fig 30B). Similarly immuno-precipitation with the AKAP79 antibody and subsequent 

Western immuno-detection with the RIIa, antibody indicated that AKAP79 and RIIa 

species also formed complexes (Fig 30C). This was also confirmed by immuno- 

precipitating with the RIIa 
, antibody with subsequent immuno-staining with the 

AKAP79 antibody (Fig 30D). To demonstrate specificity and ensure adequate pre- 

clearing the experiments were done in parallel with similar control assays with the only 

difference being the omission of the precipitating primary antibody. 
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Fig 30 
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5.3 TEMPORAL CHANGES IN PARTICULATE AKAP79 & 

AKAP95 EXPRESSION 

The finding, that AKAP79 and AKAP95 complex with the RIIa regulatory subunit of 

PKA, prompted investigation into their temporal pattern of expression. This was 

achieved using crude myometrial membrane preparations from NP, P and SL samples 

which were Western immunoblotted. 

Both AKAP95 and AKAP79 demonstrated uniform expression between NP, P and SL 

membrane preparations (see Figure 31A & Q. Blots were re-probed with Gß as a 

protein loading control (Fig. 31B & C), and with the linear range for protein 

concentration previously established for both AKAPs (Fig 32). 

AKAP n Non-Pregnant 

(NP) 

Term 

Pregnant (TP) 

Spontaneously 
. 

Labouring (SL) 

p value 

NP=P 

p 

value 

Mean S. E. M. Mean S. E. M Mean S. E. M. 
P=S L 

AKAP79 12 1.156 0.056 1.211 0.068 1.225 0.268 >0.05 >0.05 

AKAP95 12 0.772 0.066 0.648 0.052 0.788 0.202 >0.05 >0.05 

Table 9. Temporal changes in particulate AKAP79 & AKAP95 expression in 

myometrial membranes. 
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6.0 PKA ACTIVITY ASSAY 

The importance of any change in protein expression lies not in the magnitude of that 

change, but in the functional consequence of the change. To determine the functional 

consequence of the increase in particulate RIIoc protein expression during pregnancy, 

PKA phosphorylation assays were carried out. PKA activity as defined by the rate of 

formation of phosphokemptide from the PKA specific substrate, kemptide, was 

investigated in myometrial membranes made from NP, P and SL tissues using 

Promega's SignaTECT cAMP-dependent Protein Kinase assay system (as above). The 

main advantages of this system were the use of kemptide as PKAs substrate improving 

specificity, and the use of the SAM2TM Biotin capture membrane which uses a 

streptavidin matrix to bind the biotinilated kemptide improving recovery yield of 

product. 

6.1 DETERMINATION OF THE PROTEIN 

CONCENTRATION AND INCUBATION TIME 

As cAMP binds in a co-operative manner to the regulatory subunit of PKA prior to the 

release of the active catalytic unit which phosphorylates its target substrate, normal 

Michaelis-Menten kinetics cannot be applied to this reaction. For this reason and 

because of the unknown binding capacity of the SAM2Tm Biotin capture membrane, the 

linear ranges for protein concentration (Fig. 33A) and incubation time (Fig. 33B) were 
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determined. In all subsequent experiments an incubation time of 20 minutes, and a 

protein concentration of 40µg was used. 
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Incubations with the RII inhibitor RpII (Rp-CPT-cAMPS) negated PKA activity in 

membranes prepared from, term pregnant non-labouring tissues thus ensuring PKA 

activity was only associated with particulate type II PKA activity and not soluble type I 

PKA activity (Figure 35). 
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DISCUSSION 

PKA SPECIES PRESENT IN HUMAN MYOMETRIUM 

Data from studies presented in this thesis indicate that only RIa, RIIa and Ca/Cf3 (total 

catalytic C) protein species of PKA were expressed in the human myometrium. This is 

consistent with findings in other tissues. RIa, RIIa and Ca species have been shown to 

be expressed in all tissue and cell types (Scott, 1991), whereas Cß, R1ß and RII(3 

isoforms are predominantly expressed in brain and gonadal tissues (Scott, 1991) 

although low levels of expression have been observed in a wide range of human tissues 

(Solberg et al, 1991). The presence of RIa and Rlla isoforms in the myometrium 

demonstrates that this tissue contained both soluble type I and particulate type II PICA 

holoenzymes. This in itself could provide a mechanism by which to target the 

ubiquitous cAMP signal. 

TEMPORAL CHANGES IN PKA 

The most striking observations of this study were the changes in level of expression of 

the RIIa regulatory subunit of PKA. The RIIa regulatory subunit of PKA was 

considerably up-regulated during pregnancy and subsequently down-regulated during 

labour. Since RIIa subunits are only associated with type II PKA particulate 

holoenzyme the substantial increase in RIIa expression in the pregnant non-labouring 

myometrium suggests a predominant recruitment of PKA near cytoskeletal 

elements/organelles within the cell. This is likely to result in a much greater sensitivity 
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of PKA to activation by cAMP in these regions with the subsequent localised release of 

catalytic C subunits. Consequently these events may have profound affects within 

myometrial cells including attenuating the activation of the cytoskeletal contractile 

machinery through out fetal maturation whereas at the onset of labour this restraint is 

removed due to down-regulation of RIIcc species (MacDougall et al, 2003). 

The changes in the other components of the cAMP signalling pathway, along with the 

increase in AC activity associated with the increase in Gas, and the progesterone 

induced down-regulation of myometrial cAMP phosphodiesterase activity (Kofinas et 

al, 1990) result in accumulation of cAMP. This accumulation of cAMP during 

pregnancy with its subsequent fall during labour would be anticipated to act 

synergistically with the changes observed in RIIa expression. This is consistent with a 

role for both cAMP and PKA in maintaining myometrial quiescence during pregnancy. 

The down-regulation of RIIa and the reduction in cAMP production during labour 

occurs at a time when several CAPs, including Gap junctions, ion channels, uterotonin 

receptors (e. g. prostaglandins and oxytocin) and endothelin receptors (Boyle & Heslip, 

1994) (Chow & Lye, 1994) (Mershon et al, 1994) (Kimura et al, 1996) (Wolff et al, 

1996) (Brodt-Eppley & Myatt, 1999) are being up-regulated. This may suggest that the 

cAMP signal may be important in regulating the expression of these CAPs and that this 

regulation may be targeted by localising the cAMP signal to discrete locations through 

the use of the RIN regulatory subunit. 
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EARLY GESTATIONAL CHANGES IN PKA 

The increase in expression of RIIa was an early event occurring as early as the first and 

second trimester of pregnancy. Increased RIIa so early on during pregnancy may be 

necessary to promote myometrial quiescence to overcome the effects of myometrial 

stretch and to prevent the premature up-regulation of CAPs. 

MEMBRANE CHANGES IN PKA 

There was a significant increase in RIIa expression in total myometrial homogenates, 

however a bigger increase in RIIa expression was found in myometrial membranes. 

This supports the idea that PKA, and as a result the cAMP signal, may be 

compartmentalised to discrete locations within the cell. Myometrial membranes were 

also found to have increased levels of the Ca/(3 catalytic subunit during pregnancy 

which fell during labour. These similar changes in PKA's Rlla regulatory and Ca/ß 

catalytic subunits allows the assembly of a functional heterotetrameric PKA complex 

and supports the idea that the changes observed in RIIa expression may be functionally 

significant. 

SPATIAL CHANGES IN PKA 

No differences in the distribution of myometrial PKA isozymes between the upper and 

the lower uterine regions were detected during pregnancy and labour. This is in 

common with expression of the adenylyl cyclase stimulatory GTP-binding protein Gas 

(Sparey et al, 1999) an up-stream component of the cAMP pathway. The uniform 
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expression of both PKA and Gas in both the upper and lower uterine regions may 

suggest that CAMP exerts equivalent relaxatory effects throughout the whole organ, 

even though contraction are known to be propagated from the fundal region. 

It is interesting to note that several of the proteins important in regulating myometrial 

activity demonstrate topographical changes in their pattern of expression and include; 

the oxytocin receptor (Fuchs et al, 1984a), connexion-43 and COX-2 (Sparey et al, 

1999). The promoter sequence of the oxytocin receptor revealed the presence of a CRE 

as well as several AP sites (Bale & Dorsa, 1998), the connexin 43 promoter API sites 

(Mitchell & Lye, 2001), and the COX-2 promoter a CRE and an NF-kappa B site 

(Tanabe & Tohnai, 2002). All of these are potential targets of transcription factors 

which may be regulated by PKA. 

In support of the idea that PKA may be important in modulating spatially regulated 

genes are the findings of Mitchell and Lye (2003), who suggested that in addition to 

PTHrP's myometrial relaxant role (Slattery et al, 2001), through its activation of PKA 

(L)pez Bernal et al, 1995), PTHrP inhibits expression of the CAP genes; Cx43 and 

OTR in the rat. The effects on gene expression were independent of progesterone's 

effects on Cx43 and OTR, and were not associated with the inhibition of API gene 

expression. PTHrP is however associated with an increase in cAMP and PKA activity. 

PTHrP reduces the expression of Cx43 and OTR on day 22, but this effect is lost by day 

23, despite PTHrP being expressed throughout pregnancy, to peak on day 22, with no 

fall during labour. The PTHrP receptor was also found not to change during pregnancy 

leading the authors to suggest that PTHrP's effects on myometrial contractility and CAP 

gene expression were brought about by alterations in expression of members of the 

cAMP signalling pathway. Up-regulation of Gas and the increase in AC activity 
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allowed PTHrP to support myometrial quiescence, through myometrial relaxation and 

inhibition of CAP gene expression during pregnancy, and their reduction supported 

labour by mediating the withdrawal of PTHrP signalling. 

COMPARISON WITH OTHER STUDIES ON PKA 

Relating the current observations to previous studies, there is now increasing evidence 

that one of the actions of PKA in regulating myometrial activity involves modulation of 

the phosphatidylinositide/calcium signalling pathway (Dodge et al, 1999a) (Anwer et al, 

1990) (Yue et al, 1998) (Dodge et al, 1999b). Liu. and Simon. (1996) demonstrated that 

PKA could block the effects of both Gocq and G; on PIP2 turnover by phosphorylating 

PLCß2. Ali et al (1997) have demonstrated that PKA could phosphorylate 

phospholipase C(33 in a manner which blocked its stimulation by formylpeptide induced 

release of the ß'y subunit of G;, but not its stimulation by PAF induced release of the a 

subunit of Gaq. Recently Yue et al (1998) have shown that phosphorylation of 

phospholipase Cß3 by PKA inhibits stimulation by Gaq in several cell lines and that this 

is localised at the plasma membrane through association with a 86kDa AKAP protein, 

having- high homology to AKAP79 (Carr et al, 1992b) (Dell'Acqua et al, 1998), in the 

myometrial cell line PHMI-41 (Dodge et al, 1999a). In the rat model, PKA was found 

to immuno-precipitate with a 150kDa AKAP found in rat myometrial plasma 

membranes (Dodge et al, 1999b). This rat AKAP species is thought to be homologous 

to the human AKAP79 protein (Carr et al, 1992b), which has been shown not only to 

bind PKA but also protein phosphatase 2B, protein kinase C, calcineurin, 

phosphatidylinositol-4,5-bisphosphate and calmodulin (Coghlan et al, 1995) 
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(Dell'Acqua et al, 1998) (Faux & Scott, 1997) and thus acts a scaffold protein to 

integrate several signalling proteins which affect specific cellular events. Dodge et al 

(Dodge et al, 1999b) indicated that PKA concentration and activity decreased in rat 

myometrial plasma membranes on day 21 compared to day 19 of pregnancy. This 

decrease in PKA concentration was not due to a decrease in cellular PKA levels but as a 

result of a decrease in localisation of PKA to the plasma membranes via binding to 

AKAP150 due possibly to displacement by protein phosphatase 2B (PP2B) (Dodge et 

al, 1999b). These data suggested that PKA localised to the plasma membrane via 

binding to AKAP150 was necessary for the cAMP inhibitory effect on myometrial 

phosphatidylinositide/calcium signalling pathways during gestation. Consequently the 

possibility exists that a similar mechanism occurs in the human myometrium during 

gestation and labour. The decrease in particulate type II PKA activity observed during 

parturition may therefore not only be brought about by a decrease in RI c expression 

but also by a decrease in PKA localisation via displacement by other proteins which can 

complex with AKAP95 and AKAP79. However if this were the case, to account for the 

consistency in the observed correlation between enzyme activity and protein 

concentration, there would have to exist an equivalent displacement of PKA by other 

proteins occurring in the non-pregnant state to that observed during labour. Moreover, if 

the above processes were to occur it would be difficult to experimentally differentiate 

them from the changes in PKA-AKAP binding brought about by the differential 

expression of myometrial RIIoc, proteins. In the human this mechanism may well 

predominate over the processes observed in the rat for localising PKA activity so as to 

maintain myometrial quiescence during gestation and the subsequent switch to 

contractions at the onset of parturition. 
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FUNCTIONAL SIGNIFICANCE OF CHANGES IN PKA 

The increase in expression of the RIIoe protein species was found to be paralleled by a 

concurrent increase in both basal and cAMP stimulated particulate type II catalytic 

activity as assayed with the specific PKA peptide Kemptide, which was also decreased 

during parturition. Basal PKA activity in SL membranes was reduced to levels observed 

in NP membranes, whereas in the presence of cAMP or CPT-cAMP, PKA activity in SL 

membranes still remained significantly higher than in NP membranes. This discrepancy 

remains to be defined but could be due to the limitations of the experimental protocol or 

possibly as a result of other factors affecting PKA activity in the labouring condition, 

which becomes more apparent on stimulation with cAMP. 

The increase in RIIa protein levels and the increase in PKA activity lend support to the 

idea that the changes observed in the RIIa subunit are functionally significant, and the 

PKA activity studies in the presence of RII inhibitors confirms that it is the Rlla 

changes which are responsible for an increase in PKA activity. 

In terms of how these changes in PKA activity may affect myometrial contractility, in 

addition to PKAs effects through the phosphorylation of PLC(3, there is evidence that 

PKA can phosphorylate MLCK to reduce its affinity for the Ca2+ / calmodulin activator 

complex and results in decreased myosin light-chain phosphorylation causing relaxation 

(Adelstein et al, 1978), phosphorylate the IP3 receptor to prevent release of Ca2+ from 

the SR (Sharma et al, 1997) and phosphorylate the oxytocin receptor (Blom et al, 1999). 

PKA is also important in regulating gene transcription. All of these support a role for 

PKA in maintaining myometrial quiescence. 
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PKAs ASSOCIATION WITH AKAP 79 & AKAP 95 

Co-immunoprecipitation experiments with antibodies to RIIcc,, AKAP95 and AKAP79 

demonstrated that RIIc proteins precipitated with both AKAP95 and AKAP79 proteins. 

These data indicated that in the human myometrium Rlla species formed complexes 

with both AKAP95 and AKAP79. With respect to detection of AKAP79 observed in 

this study, an AKAP species similar to AKAP79 was also detected in the immortalised 

pregnant human myometrial cell line PHMI-41 employing an AKAP overlay assay 

(Dodge et al, 1999a). AKAPs have specific tissue and intracellular distributions, as well 

as having differing affinities for cAMP. AKAPs, provides a mechanism by which the 

cAMP signal can be regulated still further allowing it to be targeted to discrete locations 

within the cell. However, the increase in particulate type II PKA holoenzyme was not 

associated with an increase in AKAP95 and AKAP79 moieties, as expression of these 

proteins remained constant during pregnancy and labour. 

The lack of any change in the expression of AKAP 95 and AKAP 79 may suggest that 

sufficient AKAP95 and AKAP79 proteins are expressed in the myometrium during fetal 

maturation to accommodate the increase in levels of Rllee protein subunits observed as 

early as the first and second trimester of pregnancy. 

FUNCTIONAL SIGNIFICANCE OF AKAPs 

An AKAPs protein concentration in myometrial membrane preparations may not be the 

sole determinant of its function. An AKAPs function may be influenced by the 

complement of kinases and phosphotases which bind to it. AKAPs have the ability to 

simultaneously anchor several kinases and phosphatases (Faux & Scott, 1996) in order 
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to co-ordinately regulate the phosphorylation state and activity of target proteins like ion 

channels (Fraser & Scott, 1999). AKAP 79 has been shown to interact with PKA, PKC 

and the calcium/calmodulin-dependent phosphotase, PP2B (Klauck et al, 1996), while 

centrosomal and Golgi-specific anchoring protein binds PKA, PPI, Rho-dependent 

kinase, the nerve growth factor (NGF) - activated protein kinase PKN, and PP2 

(Takahashi et al, 1999) It is the combination of signalling molecules which an AKAP 

binds, and their interaction, which contributes to determining the function of a specific 

AKAP. This opens the possibility that it is the complement of kinases and phosphatases, 

which may change through the course of pregnancy and labour and not the protein 

concentrations of AKAPs themselves. This seems increasingly likely given the growing 

list of signalling proteins which bind to AKAP79. 

AKAP function may also be regulated by changing the location within the cell to which 

an AKAP has been targeted to. Some AKAPs have demonstrated this sort of regulation 

through adaptation of their targeting regions, which control the location within the cell 

to which they bind. The targeting of DAKAP200 to the cytoskeleton is regulated 

through PKC phosphorylation of its polybasic region (Scott, 1991). Targeting seems 

also to be regulated by alternative splicing of AKAP genes. CG-NAP, (Takahashi et al, 

1999) (Witczak et al, 1999) (Schmidt et al, 1999), which tethers PKA to centrosomes, is 

localised to centrosomes or the Golgi, however the Yotiao splice variant of it uses a 

distinct targeting motif to bind it to the NMDA receptor neurons (Westphal et al, 1999). 

Similarly alternative splicing of DAKAP-1 results in two variants of its amino-terminal 

region affecting its distinct targeting sequence, localising it to either the cndoplasmic 

reticulum or the mitochondria depending on the splice variant (Huang et al, 1999). This 
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could enhance or disrupt the effects of AKAP compartmentalisation during pregnancy 

and labour. 

So while the protein levels of AKAP79 and AKAP95 do not change during the course 

of pregnancy and labour, there still exists the possibility that their function may be 

altered during the same time period. 

Further, although AKAP79 and AKAP95 demonstrated no changes in their expression 

pattern it must be realised that other AKAP species not tested in this investigation might 

also have some binding affinity for myometrial RIIoc subunits. 

The existence of AKAPs which form complexes with the type II PKA subunits provides 

a mechanism for compartmentalization of the system. Compartmentalisation of proteins 

results in the clustering of multiple proteins into functional complexes (Fanning & 

Anderson, 1999), aids signal amplification by bringing effectors closer to target 

substrates and creates a system which is able to take advantage of any intracellular 

differences in cAMP concentration. In the cAMP system both (31 adrenoreceptors and 

ß2 adrenoreceptors stimulate production of cAMP and both activate PKA in cardiac 

myocytes, however only the ßl adrenoreceptor promoted PKA activity results in 

phosphorylation of phospholamban and troponin, proteins involved in regulation of the 

contractile machinery (Kuschel et al, 1999), suggesting the existence of subcellular 

compartments which have differing specialised responses to the same stimuli. The 

existence of a mechanism by which to compartmentalize the cAMP signal, through the 

differential regulation of the soluble and particulate forms of PKA and through the use 

of AKAPs provided by this thesis, offers a method of both improving amplification of 

the CAMP signal and facilitating differential responses within the cell to the otherwise 

ubiquitous cAMP signal. 
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REGULATION OF RIIa EXPRESSION 

Results from this investigation also strongly suggest that expression of RIIct in the 

human myometrium is transcriptionally regulated during pregnancy and labour. This is 

consistent with findings in other tissues where at least three R subunits; RIa, RIIa, and 

R110, and one C subunit; Ca, are transcriptionally stimulated by cAMP in Sertoli cells 

(Landmark et al, 1991) (Oyen et al, 1988b) (Tasken et al, 1991), with responses that 

vary in rapidity and level of induction. R11ß mRNA shows the greatest induction 

(greater than 50-fold), although the RII(3 promoter contains no sequence resembling a 

cAMP responsive motif (Knutsen et al, 1997) (Kurten et al, 1992) (Luo et al, 1992). 

The relative cAMP-responsiveness may be tissue specific: RIa can be induced over 50- 

fold in aB lymphoid cell line (Solberg 'et al, 1997). Two promoters, resulting in two 

alternative first exons, control the transcription of Rla. Both promoters contain binding 

sites for cAMP responsive transcription factors, but the RIa 1 promoter shows the 

strongest induction by cAMP. 

CONCLUSION 

This thesis has provided novel evidence about the expression of PKA species in human 

myometrium during pregnancy and labour. The Rita regulatory subunit of PKA was 

found to be significantly increased during term pregnancy and subsequently decreases 

during labour. This allows for the formation of the highly localised type If PKA. These 

changes in RIIa PKA were found to be functionally significant resulting in greater type 

II PKA activity. The compartmentalisation of type 11 PKA activity is brought about, at 
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least in part, by RIIa association with AKAP 79 and AKAP 95. These findings offer a 

mechanism by which to target the increase in myometrial cAMP levels during fetal 

maturation brought about by up-regulation of several up-stream components of the 

cAMP signalling pathway including Gas to discreet loci within myometrial cells. These 

loci are likely to include the cytoskeleton, where inactivation of the contractile 

machinery may occur as well as the nucleus where regulation of myometrial gene 

expression may be brought about via activation of members of the cAMP dependent 

bZIP transcription factor family. Down-regulation of RIIa species and particulate PKA 

activity prior to or at the onset of parturition may remove this inhibitory effect on the 

contractile machinery thus allowing development of regular co-ordinate contractions 

and progress to labour. Results from the studies presented in this thesis also strongly 

suggest that expression of RIIa in the human myometrium is transcriptionally regulated 

during pregnancy and labour and further studies would involve elucidating the 

molecular processes by which this occurs. Although not clinically applicable in the 

short term, the findings of this thesis may lead to a better understanding of the 

molecular mechanisms regulating myometrial activity during human pregnancy and 

thus will increase our ability in the future to design better therapeutic agents in the 

prevention of premature labour. 
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APPENDIX 

Protein Kinase A Enzyme Activity 
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x is the log converted migration 
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Dz is the sum of the squares of the x 

F_y2 is the sum of the squares of the y 
( x)2 is the square of all the x values 
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Standard deviation 
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