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Abstract  
 
Background 
 

Uncovering the processes that drive labour onset is essential to reduce the adverse 

consequences of dysfunctional labour. Myometrial cAMP signalling is upregulated 

during pregnancy promoting uterine quiescence. Changes in its components and 

effectors have been identified at the onset of term labour. Preterm labour (PTL) 

treatments targeting this pathway have limited effectiveness and serious maternal 

effects. In this study, real-time FRET imaging was used to investigate 

compartmentalised cAMP signals at distinct cellular sites.  

 

Methods 
 

Myometrial biopsies were obtained from women at term or in distinct causes of PTL. 

Tissues were processed for mRNA and protein extraction or cell isolation. Primary 

myometrial cells (HPMCs) and an hTERT-HM cell line expressed either a cytosolic 

(EPAC-SH187) or plasmalemma (AKAP79-CUTie) genetically encoded FRET sensor. 

The florescence emission changes were monitored following isoproterenol and PGE2 

treatment to determine intracellular cAMP concentrations. 

 

Results  
 

Differences in cAMP signalling components were detected in PTL compared to term 

with variations in effector predominance and an associated increase in OTR 

expression in twin-PTL. Stimulus-specific subcellular compartmentalisation of cAMP 

was identified in both cell types with differential regulation by phosphodiesterases 

(PDEs). Significant disparities were detected in the amplitude, kinetics, and regulation 

of cAMP signals between the two cell types. For the HPMCs, a prolonged time in 

culture was associated with a reduction in PDE activity and altered cell phenotype. 
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Conclusion 

 

The cAMP signalling system is influential in the final pathway of labour, primarily 

regulating OTR expression. This study established the technique of FRET imaging in 

human myometrial cells, determining the cell model of choice and culture conditions 

to explore localised cAMP signalling.  The findings provide new insights into the spatial 

and temporal dynamics of cAMP in the human myometrium and pave the way for 

unravelling the details of how this fundamental pathway operates and its role in 

pregnancy and labour. 
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Chapter 1. Introduction 

 
1.1 The cAMP Signalling Pathway 
 
It is well recognised that cyclic-AMP (cAMP) acts as a freely diffusible second 

messenger [1]. However, this notion of its ubiquity within the cell whilst also activating 

several specific yet diverse appropriate cellular functions raised the question of how 

spatial and temporal specificity is achieved [2]. Significant research has therefore 

focused on exploring the complexities of the molecular associations involved in signal 

transduction to identify how this occurs. It has long been understood that subcellular 

structures are organised in a particular conformation to direct intracellular signalling, 

for example, glycogen comprises of a number of specific enzymes which differentially 

regulate its storage and mobilisation [3]. Experiments conducted in cardiac tissue in 

the 1980s determined that two distinct cAMP agonists, isoproterenol and 

prostaglandin-E1, elicited comparable cAMP levels but individual functional cellular 

responses [4]. This led to the canonical concept of subcellular compartmentalisation 

being subsequently presented by Brunton et al. who proposed the theory that 

hormones elicit receptor-specific cAMP microdomains that are exclusively related to 

subsequent cellular functions and response [5]. These microdomains have been 

identified to be spatially distinct and independently regulated, directing hormonal 

specificity [2, 6]. This scientific discovery has uncovered how one single second 

messenger is capable of mediating multiple physiological processes inside a cell. The 

model of cAMP compartmentalisation will be explored in more detail later.  

 

Principally, increased cAMP synthesis ensues following the initiation of a cascade of 

signalling events. Firstly, specific ligands bind to and activate membrane bound Gs-

protein coupled receptors (GPCRs) at the plasma membrane, inducing a 

conformational change in the receptor, thus facilitating the binding of a heterotrimeric 

G-protein [7]. G-proteins are composed of an α, β and γ subunit, which couple to 

differing receptors and effectors, directing the specificity of the cellular response and 

signalling pathways initiated following ligand activation [8, 9]. There are four Gα 

families, Gαs, Gαi, Gαq/11 and Gα12/13, of which Gαs stimulates and Gαi inhibits 

membrane-bound adenylyl cyclase (AC), whilst Gαq/11 and Gα12/13 activate 

phospholipase C-𝛽 (PLC𝛽) or small GTPases respectively [10, 11]. GPCRs function 
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as molecular switches, catalysing the exchange of nucleotides, whereby GDP 

dissociates from Gα substituting it for GTP [7]. This disrupts the G-protein-receptor 

complex and results in the release of Gα from the β and γ subunits, which can 

subsequently interact with downstream proteins and modulate their activity [12]. Gαs 

activated AC generates cAMP from adenosine triphosphate (ATP) [12]. Following 

production, cAMP binds to and directly activates protein kinase A (PKA); a crucial 

effector protein involved in the phosphorylation of downstream targets resulting in the 

consequent regulation of gene expression [13, 14]. A-kinase anchoring proteins 

(AKAPs), which are scaffold proteins, localise PKA activity to distinct subcellular 

regions to reduce non-specific phosphorylation [15]. 

 
1.2 cAMP and Effector Proteins 
 

cAMP is a small hydrophilic molecule which comprises of the nucleotide adenine and 

a ribose sugar moiety which has a phosphate group esterified to its oxygen molecules 

at the 3’ and 5’ positions [16]. The cyclic nucleotide binding domain (CNBD) of 

approximately 120 amino acid residues binds cAMP facilitating second messenger 

signal transduction and translating it into a biological response  [17]. It is a highly 

dynamic and compact structure which consists of an eight stranded  barrel that 

contains a conserved motif between  strands 6 and 7, known as the phosphate 

binding cassette (PBC) [17]. This is where the phosphate group of cAMP binds to 

protecting it from degradation by the hydrolysing enzymes known as 

phosphodiesterases (PDEs) [18]. The CNBD also contains a flexible helical 

subdomain made up of two helical motifs that flank the  barrel and undergo significant 

conformational change upon cAMP binding [17]. There are three recognised cAMP 

effector protein families which include PKA, Epac (exchange proteins directly activated 

by cAMP) and cyclic nucleotide-activated ion channels [19]. These cAMP effectors 

each contain structurally similar conserved CNBDs which regulate the activity of these 

downstream proteins [17, 20]. PKA is a heterotetrameric protein complex, which 

comprises of two regulatory (R) and two catalytic (C) subunits bound non-covalently 

[21]; cAMP binds at two highly conserved CBDs in each R subunit inducing a 

conformational change which results in the dissociation into an R subunit dimer with 

four bound cAMP molecules and two catalytic subunit monomers. This promotes 
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activation of the C subunits to phosphorylate downstream targets [22]. Two PKA 

isoenzyme classes exist, type I and type II, which differ depending on the content of 

their R subunits, RI and RII. These R subunits are differentially expressed in tissues 

and exhibit distinct binding affinities for cAMP yielding different PKA activation 

thresholds [22].  

Novel cAMP effector proteins named Epacs are directly regulated by cAMP and have 

been identified as an alternative PKA-independent cAMP signalling effector system 

[23]. Epac proteins function as cAMP activated guanine nucleotide exchange factors 

(GEFs) that bind cAMP and activate Ras-like proteins [23]. Ras-related monomeric 

proteins are a class of small GTPases known as Rap1 and Rap2, which function as 

cellular switches, whereby in their inactive state they are bound to GDP and once 

activated are in a GTP-bound state [24]. This process is facilitated by GEFs and 

GTPase activating proteins (GAPs) and is vital for effective signal transduction in 

regulating downstream signalling proteins through their recruitment and subsequent 

activation at the plasma membrane [24]. There are two known isoforms of Epac, 

Epac1 and Epac2 [25]. At the N-terminal regulatory domain, Epac1 has one cAMP-

binding site and Epac2 has two, whilst at the C-terminal a GEF-domain exists which 

promotes GDP/GTP exchange on Rap1/2 [23]. The cAMP binding domains inhibit the 

C-terminal catalytic GEF domain in the absence of cAMP but on cAMP binding, a 

conformational change ensues uncovering the GEF domain for activation [20].  

Finally, a fourth class of cAMP binding membrane proteins, known as Popeye domain 

containing proteins (Popdc), have recently been discovered which possess a CNBD 

that is structurally homologous to other cAMP effectors [26]. Popdc proteins are 

expressed in cardiac and skeletal muscle and are understood to have a key role in 

cellular function [26]. Studies investigating the effects of loss of function of Popdc 

genes through knockdown and mutant phenotype experiments uncovered 

associations with impairment of skeletal muscle regeneration and cardiac arrhythmias 

[26]. Further investigation is needed however into the functional role of this cAMP 

binding protein in other cell types.  

 

1.3 Role of PKA in Smooth Muscle   
 

There are several physiological substrates which are phosphorylated by PKA in the 

human myometrium which have been found to promote smooth muscle relaxation. 
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These targets include key transcription factors (TFs), for example cAMP response 

element binding protein (CREB) and modulator protein (CREM), both of which have 

been found to decrease at advancing gestations [27, 28]. Active CREB and CREM 

phosphorylated dimers bind to their co-regulators such as CREB-binding protein 

(CBP) or the co-activator protein p300 to assemble the transcriptional machinery at 

target promoters, subsequently initiating the expression of pro-quiescent genes [29, 

30]. Two splice variants of CREM exist, either the activator (CREMτ2α) or repressor 

(CREMτ) form, the latter of which increases in labour [28, 30]. The pro-inflammatory 

gene NFκB, specifically its p65 subunit, is also phosphorylated by PKA and forms a 

complex with NFκB’s inhibitor, I𝜅Bα, maintaining p65 in an inactive state [31]. Other 

PKA targets in myometrial cells include the phosphorylation of regulators of G protein 

signalling (RGS) and G protein receptor kinase 2 (GRK2), both of which are involved 

in the inhibition of PLC𝛽, a key enzyme which stimulates uterine contractility pathways 

[11]. Telokin, a SM protein highly expressed in the pregnant myometrium, is also 

phosphorylated by PKA inducing myometrial relaxation [32, 33]. The mechanism by 

which this likely occurs involves calcium (Ca2+) desensitisation through the competitive 

inhibition of myosin light chain kinase (MLCK), a crucial intracellular enzyme which 

regulates the contractile machinery of smooth muscle cells (SMCs) involving actin and 

myosin [32, 34]. Telokin also activates myosin phosphatases resulting in the 

dephosphorylation of myosin thus initiating muscle relaxation [32, 34]. Another 

myometrial target phosphorylated by PKA is the small heat-shock protein 20 (HSP20), 

which modulates SMC relaxation through its association with actin [14]. The actin-

myosin contractile machinery and MLCK will be explored more extensively later. PKA-

mediated uterine relaxation also occurs via the phosphorylation of potassium 

channels, specifically large-conductance Ca2+ activated potassium channels (BKCa), 

and ATP-sensitive channels (KATP), [35, 36] both of which will be discussed in further 

detail below.  

PKA is essential in mediating this complex signalling cascade in response to local 

pools of cAMP [37]. Its action is thought to be localised by tethering to AKAPs [38], of 

which there are over 50 different members across various cell types regulating several 

diverse processes [39]. The specificity and efficiency of PKA signalling is determined 

by the AKAPs specific targeting sequence, which directs the PKA-AKAP complex to 

its defined subcellular site where it can then phosphorylate its selected substrates [40]. 

cAMP is converted to AMP by PDEs, of which there are 11 unique families [41]. PDEs 
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control the levels of cAMP by degrading it and concurrently influencing signal 

transduction [42]. The role and regulation of cAMP will be considered in greater detail 

later in the discussion.  

 

Since the discovery and identification of cAMP, extensive research has been 

conducted to determine the functionality of this ubiquitous second messenger in 

intracellular signalling and biochemical processes. Studies conducted in this area 

have endeavoured to understand the intricate cellular mechanisms underpinning the 

equilibrium between the inhibitory and stimulatory signalling pathways that regulate 

uterine quiescence. Critical changes have been identified in the expression of key 

components of the cAMP system during pregnancy and the transition to uterine activity 

with the onset of labour [43, 44], which will be discussed in further detail in Chapter 3.  

 
1.4 Human Term Parturition  
 
Human singleton pregnancy lasts for an average duration of 40 weeks (280 days), 

with term pregnancy defined as completing 37 weeks’ gestation (between 259–293 

days) [45, 46]. An estimated date of delivery (EDD) is calculated from the first day of 

the last menstrual period (LMP) to estimate 40 weeks’ gestation. However, fetal 

ultrasound biometry measurements during dating scans frequently alter an EDD and 

often dates recalled by women for their LMPs are inaccurate or uncertain for a number 

of reasons, such as irregular periods or intermenstrual bleeding [47]. The gestational 

length of term pregnancy has also been found to be influenced by several 

demographic factors including ethnicity, socio-economic status, previous pregnancies 

including preterm birth (PTB), maternal age, smoking and co-existing medical co-

morbidities [48, 49]. A UK-based study identified that the mean gestational age for 

delivery at term pregnancy for Black and Asian women was 39 weeks compared to 40 

weeks in white Europeans [50]. Established labour is defined clinically as painful, 

regular uterine contractions (4-5 contractions in 10 minutes) with preceding cervical 

effacement and dilatation of the cervix to 10cm (full dilatation) followed by delivery of 

the fetus and lastly the placenta [51].  

 

For most of pregnancy, the uterus is quiescent to support fetal organ development and 

maturation. It must then convert to a powerful contractile organ at term to expel the 
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fetus, defined as parturition. An intricate balance therefore exists between the 

maternal and fetal factors, which facilitate a successful pregnancy and delivery of the 

fetus [52]. There have been various theories proposed to explain this complex 

interplay of molecular and cellular processes which initiate the final common pathway 

of human labour. However, it is an extremely debated area of research due to the 

myriad of factors which are involved, and the precise mechanism is yet to be 

elucidated.  

 

Over 20 years ago, Challis & Lye posed the theory that there were four distinctive 

uterine phenotypes during pregnancy and spontaneous labour, which were 

physiologically independent phases and corresponded to the unique functioning of the 

human myometrium at each time point [52, 53]. They suggested that phase 0 

encompassed the predominant part of pregnancy where the uterus remained in a 

relaxed state. It was considered to be unresponsive to contractile stimuli during this 

phase and despite fetal growth, remained inactive until after 37 weeks of completed 

gestation [52, 53]. Phase 1 involved the ‘activation’ of the myometrium, which was 

deemed the transition phase, whereby the uterus was primed for the initiation of 

parturition [53]. Challis et al. postulated that both maternal and fetal factors were 

involved in this process. Firstly, the main fetal endocrine pathway understood to 

influence this uterine phenotype was the contribution of the fetal hypothalamic-

pituitary-adrenal (HPA) axis and corticotrophin releasing hormone (CRH) [52]. The 

maternal factors involved the effects of uterine stretch during pregnancy, in addition to 

the up-regulation of several maternal cellular pathways [53]. These included the 

initiation of complex gene signalling cascades which phosphorylate contraction 

associated proteins (CAPs) such as connexin-43 [54]. This protein is involved in the 

formation of gap junctions, enabling cell to cell coupling for the propagation of uterine 

contractions [54]. The regulation of connexin-43 and its subsequent effects on 

myometrial function will be discussed in more detail later. Furthermore, the initiation 

of calcium signalling and subsequent function of the actin-myosin microfilaments [55], 

in combination with the up-regulation of specific receptors involved in uterine 

contractions including the oxytocin [56] (OTR) and prostaglandin receptors [57], all 

‘activate’ the myometrium to respond to stimulatory uterotonics. This activation phase 

was determined to occur during the first stages of labour, at which time the cervix also 

softens and ripens leading to cervical effacement and subsequent dilatation [58].  
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Once activated, a contractile phenotype develops with the onset of labour, denoted as 

phase 2 [52, 53]. Specific uterotonics are released during this period including 

prostaglandins (PGs), oxytocin and calcium which stimulate the uterus to produce 

powerful, coordinated contractions for active labour and delivery of the fetus and 

placenta [52]. Involution of the uterus after delivery corresponded to phase 3 [53]. 

 

The most recent theory proposed for the establishment of uterine contractions at a 

global organ level, which is interconnected to the aforementioned pro-labour 

biochemical pathways, is the action potential (AP) mechanotransduction model, which 

will be defined further below [59-61].  

 
1.5 Myometrial Activation  
 
1.5.1 Fetal HPA Axis and CRH  
 

Activation of the fetal HPA axis has been linked to the onset of parturition [53]. 

Increases in the circulating levels of CRH by the fetal adrenal glands and placenta with 

advancing gestation has been identified to contribute to the initiation of labour [62]. 

CRH stimulates the release of ACTH which in turn acts on the adrenals to increase 

cortisol release, which further enhances the release of CRH by the placenta [63]. 

During pregnancy, CRH acts via cAMP to promote myometrial quiescence [52]. Near 

to the onset of labour, CRH has been recognised to induce a pro-inflammatory 

response in myometrial SMCs augmenting the levels of cytokines and chemokines, 

which results in the activation of CAPs including Cx43, OTR and PGs [62, 64].  

 

1.5.2 Progesterone and Estrogen  
 

Pregnancy is maintained primarily by the pro-gestational hormone progesterone (P4), 

which also plays a fundamental role in establishing pregnancy [65]. Animal studies 

have identified that in the majority of mammalian species a reduction in the circulating 

levels of P4 occurs prior to the onset of labour [66]. However, in humans, systemic P4 

levels do not decline until after delivery of the placenta and so it has been suggested 

that the effects of P4 are instead reduced with a loss a P4 sensitivity, a phenomenon 

coined ‘systemic functional progesterone withdrawal’ [67, 68]. P4 action is mediated 



 35 

by its nuclear progesterone receptors (PR), of which there are two key isoforms, PR-

A and PR-B [69]. PR-B has been identified to be principally responsible for its genomic 

activity as the full-length receptor, whilst PR-A is a truncated form which does not 

retain the first 164 N-terminal amino acids [67]. PR-A and PR-B are expressed equally 

during pregnancy, but there is a predominance in the expression of PR-A at the onset 

of and during labour [70]. As with cAMP, P4 has also been recognised to exert anti-

inflammatory effects during pregnancy to maintain uterine quiescence. Previous 

studies have shown that PR-B directly impairs the binding of p65, a principal subunit 

of NFκB which mediates a pro-inflammatory response, thus preventing gene 

transcription of pro-inflammatory genes and cytokines [71, 72]. Moreover, recent data 

by Chen et al. using human myometrial cells demonstrated that cAMP enhances the 

anti-inflammatory effects of P4 [73]. Forskolin, a cAMP agonist, was found to augment 

P4’s down-regulation of IL-1β-driven COX-2 expression which was accompanied by a 

delay in the nuclear translocation of phospho-p65 and subsequent binding of NFκB to 

the COX-2 promoter [73]. P4 has also been found to maintain uterine relaxation during 

pregnancy through its anti-contractile influences by regulating cell to cell coupling via 

Cx43 [74], which will be discussed in more detail below.  

 

Estrogen (E2) is an alternative key steroid hormone in pregnancy, the levels of which 

increase with advancing gestation and promote myometrial activation [75, 76]. P4 

acting via PR-B antagonises E2 during pregnancy desensitising the myometrium to its 

pro-contractile effects through inhibition of the estrogen receptor (ER𝛼) [77]. Near 

term, an increase in PR-A and subsequent loss of P4 sensitivity results in the 

increased expression of ER𝛼 [77]. E2 stimulates uterine contractility through inducing 

the influx and infiltration of pro-inflammatory cells in the myometrium [78]. It has also 

been found to increase the expression of CAPs including COX-2, OTR and Cx43 

resulting in enhanced PG synthesis and myometrial activation [77, 79-81]. These 

actions are understood to be partly mediated by the association of ER𝛼 with the co-

activator p160 of the inflammatory TF activator protein 1 (AP-1), specifically its Fos 

and Jun proteins [82].  
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Figure 1. 1: Key factors promoting myometrial activation at term pregnancy. 

 

1.5.3 Oxytocin & Oxytocin Receptor  
 

Another mechanism that contributes to the transition from myometrial quiescence to 

the onset and initiation of labour is the oxytocin system [56]. Oxytocin (OT) binds to its 

receptor OTR, which triggers the G𝛼q11/PLC𝛽 intracellular signalling pathway, 

mobilising calcium entry through intracellular stores and consequently activating 

muscle contraction [83]. Although the overall circulating levels of OT do not increase 

significantly throughout pregnancy, uterine sensitivity to it is increased as myometrial 

OTR expression is significantly enhanced with the onset of labour, promoting 

myometrial contractility [56, 84]. 

 

Previous data has established that cAMP can inhibit OTR in a PKA dependant 

pathway, which is essential for the maintenance of uterine quiescence [85, 86]. With 

advancing gestation however, cAMP/PKA activity decreases [43, 44]. Novel data 

indicates that the alternative effector protein, Epac, contributes to the process of 

parturition [87] by increasing OTR expression thus augmenting uterine contractility 

[43]. 
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1.6 Structural Overview of the Uterus and Myometrium  
 

The uterus is a pear-shaped, hollow, thick-walled muscular organ which is part of the 

female reproductive system [88]. It is a dynamic structure responsible for several 

hormone-responsive reproductive functions including menstruation, implantation, 

pregnancy, labour and delivery [89, 90]. The uterus is suspended by a complex 

arrangement of ligaments in the midline of the abdomino-pelvic cavity, primarily the 

broad ligament, which provides the mainstay of support extending bilaterally and 

attaching the uterus to the pelvic side walls [91]. The uterus sits in the anterior half of 

the pelvis, with the bladder immediately anterior and the rectum posterior [92]. A non-

pregnant, average sized adult uterus measures approximately 8 cm long, 5 cm wide 

and 3 cm thick. The pregnant uterus can increase in volume and size to 35 cm in 

length [91]. It is separated into 3 distinct anatomical parts; the fundus which is the 

uppermost rounded portion of the uterus superior to the uterine openings of the 

fallopian tubes, the body of the uterus and the cervix, which opens into the vagina [90, 

93]. 

There are significant anatomical inter-species variations in the structure of the uterus, 

which primarily occur during embryonic development. Rodents including mice and rats 

develop a duplex long uterus consisting of two uterine horns, known as cornua, which 

fuse distally to form a single uterine body (corpus) [94]. In mice, the corpus protrudes 

into the vaginal cavity caudally through one cervix [94]. In rats, a septum traverses 

medially through the corpus and the two cornua open into separate cervixes, each 

protruding into the vaginal cavity [95]. In ruminants however, for example sheep or 

cows, a bicornate uterus develops with poorly differentiated uterine horns, consisting 

of a single small corpus and cervix [96]. Despite these anatomical differences, the 

cellular and tissue architecture are reasonably comparable. The uterus wall is 

composed of 3 layers which constitute important functional and structural roles in 

reproductive processes [88]. The visceral perimetrium is a thin outermost layer, a 

serosal membrane, which is composed of epithelial tissue and covers the surface of 

the uterus [97]. The myometrium is the middle muscular layer primarily made up of 

SMCs [93]. Finally, the internal mucosal layer, known as the endometrium, is 

composed of the lamina propia which is a connective tissue lining covered by 3 

subsequent epithelial tissue layers; the stratum compactum and stratum spongiosum 
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which develop to form the stratum functionalis during the proliferative phase of the 

menstrual cycle and the stratum basalis [93, 97].  

 

The human myometrium is fundamentally responsible for uterine contraction and 

relaxation both in non-pregnant and pregnant states [88]. There has been extensive 

research to understand the complexities of the cellular and molecular mechanisms 

which generate, modulate, and regulate contractions to ensure that they occur at the 

opportune time, force, and duration during labour. In other organs, SMCs are spatially 

orientated to facilitate optimal function and the generation of effective contractions [98, 

99]. The myometrium also comprises of a complex architecture of smooth muscle 

fibres interlaced with connective tissue, primarily collagen and vasculature, which 

influence its function [100]. However, there has been a considerable amount of debate 

and no agreed model of the histological architecture and orientation of smooth muscle 

fibres in the human myometrium. It is understood that there is an outer longitudinal 

layer known as the stratum supravasculare, a middle vascularised circular layer called 

the stratum vasculare, and an inner stratum subvasculare [97]. In the late 1960s, 

Goerttler et al. proposed that there were two spiralled layers of muscle fibres running 

in opposite directions to one another following imaging experiments of 50-100 µm thick 

myometrial slices [101]. However, no staining methods were used theoretically 

minimising the possibility for detailed differentiation of histological structures and 

cellular components. Later, the application of histochemical techniques using 

haematoxylin staining by Wetzstein and Renn countered these findings and 

demonstrated an alternative architectural arrangement of fibres within each layer 

[102]. They found that the external layer or stratum supravasculare was ordered in a 

four-tier fibre system, whilst the stratum subvasculare or innermost fibre layer was 

orientated in a circular spatial network [102]. In contrast, the stratum vasculare (middle 

layer) was identified to possess a higher extent of anisotropy, whereby the muscle 

fibres were observed to run in multiple different directions [102]. Despite advances in 

staining methods, the use of tissue slices is limited by the small cross-sectional area 

that can be imaged, thus giving only a snapshot into the structure of the whole organ. 

Further to this, the viability of the samples is short lived and slicing of tissue has the 

potential to damage cellular structures.  

Later, following the development of magnetic resonance (MR) diffusion tensor imaging 

(DTI) a research group were able to visualise the whole uterus using non-pregnant 
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human samples and, in most part, their findings supported the Wetzstein-Renn model 

[97]. Two circularly orientated fibre systems were identified which joined at the fundus 

and encapsulated the uterine cavity as a whole [97]. These circular fibres were 

identified in the stratum sub-vasculare but also in the stratum vasculare at the cervical 

opening which was incongruous to the Wetzstein-Renn model [97]. Longitudinal fibres 

were observed in the inner portion of the cervix, whilst a considerable degree of 

anisotropy was found in the majority of the uterus with muscle fibres largely orientated 

in a disorderly fashion [97]. The complex four-tiered intricate muscle fibre system 

previously identified at the supra-vasculare by Wetzstein and Renn could not be 

substantiated due to the shortcomings with MR DTI imaging in providing poor spatial 

resolution [103]. There were other weaknesses in the study design for the findings to 

be extrapolated in pregnancy in that non-pregnant human uteri were imaged. Similarly, 

only 5 patients were included in the study meaning that it is unlikely to identify 

variations in uterine structure between subjects. Further, the uteri were obtained from 

women aged between 34-61 years of age, thus including postmenopausal women 

which is a sub-population. Finally as mentioned, this technique is limited due to its 

poor resolution and the long acquisition times that are required, thus restricting its use 

in vivo [97, 103]. Despite this, MR DTI is at present the only non-invasive technique 

used to study muscle fibre architecture with no limitations in the depth of the tissue 

examined, therefore allowing for whole organ three-dimensional (3D) imaging [104]. 

This study further elucidated the complexities of the architectural structure of the 

human uterus. 

 

1.7 Myometrial Smooth Muscle Cells 
 

Despite the aforementioned complexities of the global architecture of the myometrial 

fibres, uterine contractions are principally controlled and propagated through the 

muscle by the individual cellular functional units, known as uterine myocyte bundles 

[105]. Uterine muscle cells are SMCs and in comparison to the overall muscle 

structure, the micro-anatomy of these cells is made up of distinctly organised networks 

[105]. Young and Hession characterised the basic micro-structural configuration of 

term pregnant human myometrium in finer detail using higher resolution computer 

assisted 3D reconstruction techniques [105]. 5 µm serial sections were cut from 80 

mm3 myometrial biopsies which were then stained and imaged using optical 
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microscopy. The digital images were stacked and processed using specialised 

software for 3D illustration [105]. Collections or ‘bundles’ of SMCs were identified 

measuring between 200 to 400 µm thick, packed in close proximity to one another with 

almost no connective tissue [105]. However, a 40x lens objective was used, thus 

reaching the limit of resolution to define such detail. The bundles were separated by a 

connective tissue matrix and interspersed with micro-vasculature, thus forming the 

notable spiralled composition of the myometrium [105]. It was observed that a large 

number of bundles (>36) were arranged to form macroscopic structures termed 

fasciculi, measuring 1-2 mm in diameter, which were encased in a collagen matrix of 

up to 75 µm or more [105]. Using 3D reconstruction digital movies, the micro-anatomy 

of each individual fasciculi displayed a network of interlacing cylindrical and sheet-like 

bundles, the majority of which were cylindrical [105]. Connections between fasciculi 

were identified to perforate the collagen encasing each fasciculus and characterised 

as communicating bridges [105]. The cylindric bundles were aligned parallel to the 

longitudinal axis of the fasciculi in order to propagate the tensile strength generated in 

the bundles to the global uterine wall [105]. 

 

Recently, more advanced and complex mathematically generated computational 

techniques for 3D in silico modelling have endeavoured to re-construct the 

myometrium as a whole directly from histological tissue slides with significantly higher 

resolution capabilities [106]. This technique has allowed for further detailed 

assessment of the micro-architecture whilst providing a structural and physiological 

framework. Three pregnant rats and one non-pregnant human uterus were used for 

the study [106]. In the human uteri, SMC bundle widths were measured to be thinner 

in diameter at the inner aspect of the myometrium, near to the endometrium, compared 

to the bundle fibres identified closer to the outer perimetrium which were thicker and 

wider in diameter [106]. The opposite findings were seen in the rat uteri SMC bundles 

[106]. The identification of myocyte bundles is consistent with the observations made 

by Young et al. and fasciculi were also identified which were formed from a number of 

SMC bundles [105, 106]. The rat and human uterus displayed notable differences in 

their muscle fibre arrangement in that the rat uteri had a defined inner circular and 

outer longitudinal layer, whereas the human myometrium was more complex as 

previously mentioned [106]. Rodents are anatomically distinct to humans with their 

duplex uteri and furthermore being polytocous species their architectural tissue 
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arrangement will obviously differ to accommodate the difference [94]. In accordance 

with Weiss et al. [97], in the human uteri circular bundles were identified closer to the 

uterine cavity and longitudinal structures were only detected deep to the circular layer 

at the lower part of the uterus closest to the cervix but not at the fundal part [106]. 

Similarly, high levels of anisotropy in the intermediate middle layers were seen, which 

was similar to the findings of Weiss et al. [97, 106]. As previously described by Young 

et al., superficial sheet layers were likewise seen below the subserosa measuring 5 

mm in thickness [105, 106]. These sheets were connected to intermediate deeper 

fasciculi via bridge-like structures which extended to the inner circular layer [106]. The 

histological tissue slices facilitated immediate verification of the structural 

arrangements observed in the in silico 3D tissue model which was found to be closely 

reflective [106]. 

 

1.8 Changes in Myometrial Smooth Muscle Cells During Pregnancy  
 

Uterine SMCs are long, spindle shaped cells although they can be irregular in shape 

[107]. The cells contain a centrally positioned nucleus, sarcoplasmic reticulum (SR), 

mitochondria and proteins, such as myofilaments, that form the contractile apparatus  

[108]. SMCs can vary substantially in their size. A characteristic feature of uterine 

SMCs in comparison to other cells is their considerable ability to increase in length 

and size during pregnancy, where they can measure up to 600 µm [107]. It has been 

recognised that the human pregnant uterus increases in mass by approximately 24-

fold by term [109]. The plasma membrane (plasmalemma) encircles the intracellular 

structures and is composed of an array of proteins and lipids. It contains a multitude 

of ion channels, transporters and exchangers [108], which will be discussed in more 

detail later. The function of these cellular membrane components is vital in the 

cascade of events which trigger the switch in pregnancy from relative uterine 

quiescence to contractility. It is now recognised that a considerable interplay of 

chemical, hormonal, electrical and mechanical stimuli amalgamate to upregulate the 

contractile pathways leading to labour.  

 

Shynlova et al. investigated myometrial cell growth during pregnancy using immuno-

histological studies in rats and identified two distinctive physiological changes [110]. 

First, an increase in myometrial cell hyperplasia was observed at earlier gestations, 
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which then declined significantly by later stages of pregnancy [110]. For myometrial 

cell hypertrophy however, the reverse pattern was observed whereby in the second 

half of pregnancy there was a marked increase in myometrial SMC size [110]. Various 

steroid hormones and growth factors have been identified to regulate and control the 

growth of the myometrium. In cultured, non-pregnant human myometrial SMCs, E2 

was found to significantly upregulate the cell’s proliferative activity [111]. Insulin-like 

growth factor 1 (IGF1), a key regulator of cellular proliferation in other cell types [112], 

and it’s binding protein (IGFBP1) have also been found to be upregulated during the 

peak phase of myocyte hyperplasia in early gestations of pregnant rodents [113]. IGF1 

expression predominately increased in the proliferative phase of myometrial growth 

when E2 is known to be at its peak [114] and so the relationship between IGF-1 

signalling and E2 in uterine growth was investigated further. In adult ovariectomized 

(OVX) mice, oestradiol significantly increased IGF1 mRNA at 6 hours after treatment 

with similar findings in rats [115, 116].  

 

A further study was conducted to understand the mechanisms responsible for 

myometrial SMC hyperplasia. Jaffar et al. identified that a protein kinase named 

mammalian target of rapamycin (mTOR) and its signalling pathway, which co-

ordinates cell growth in other tissues was the mediator of hormone-initiated 

myometrial cell hyperplasia [117, 118]. In OVX rats, oestradiol initiated a rise in IGF1 

which activated phosphoinositide 3-kinase (PI3k), a protein involved in the mTOR 

signalling cascade, resulting in the phosphorylation and up-regulation of mTOR [118]. 

A known mTOR inhibitor, rapamycin, blocked this pathway and led to a significant 

reduction in the extent of proliferating myometrial cells [118]. 

Less is known regarding the regulatory mechanisms of myometrial cell hypertrophy in 

the later stages of pregnancy. E2 and P4 have been shown to induce cell hypertrophy 

in the uterus [119, 120]. More recently, the use of a unilateral pregnant rat model and 

computer assisted stereological methods demonstrated that biological mechanical 

stretch induced by the growth of the foetuses and placenta in the gravid horn resulted 

in substantial hypertrophic changes in the rat myometrium, which were unchanged in 

the empty horn [121]. On day 19 at late gestation, the mean cell volume of the gravid 

uterine horn was found to increase threefold in comparison to the non-pregnant horn 

[121]. Further studies are required using human pregnant myometrium. However, due 
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to the challenges of obtaining sufficient preterm samples, the comparison between 

gestational stages in humans is more difficult.  

 

1.9 Myometrial Smooth Muscle Cells Contractile Apparatus  
 

The cyclical interaction and conformational change of two contractile myofilaments, 

myosin (thick-filament) and actin (thin-filament) fundamentally drives the force of 

contractions in labour [55]. Cytoplasmic dense bodies transmit the force generated by 

the contractile filaments via intermediate filaments to dense bands attached to the 

plasmalemma [122]. Intermediate filaments, primarily formed of the desmin protein, 

constitute the cytoskeleton within the cell to support the myofilaments and it is this 

contractile machinery which makes up 80-90% of the SMC volume [123].  

 

 
Figure 1. 2: Myometrial smooth muscle cell contractile machinery structure.  
Image reproduced with permission of the rights holders, Cambridge University Press, © 2007 

Cambridge University Press [124]. 

 

Actin thin filaments, measuring 6-8 nm in diameter, are polymers of the soluble actin 

bilobular protein which has six isoforms [88]. The 𝛼 and 𝛾 isoforms primarily constitute 

the thin actin filaments [125]. The cytoskeleton is formed partly by polymerised 𝛽-actin 

pools, which lies in close contact with the plasmalemma, thus adding structural 

strength during the development of mechanical cellular tension [88]. Myosin filaments 

are thicker measuring 15-18 nm [126]. Myosin is composed of two heavy chains 

(MHC) and a globular head, forming an 𝛼-helical rod-like structure [126]. The rod 

constitutes the ‘neck’ domain and acts as a lever arm establishing the angle between 
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the myosin head and its tail [126]. This intermediate domain is affiliated to two differing 

light chains, regulatory (MLC20) and essential (MHC17) [126]. The myosin head 

contains the binding site for actin where ATP is also hydrolysed to generate sufficient 

force following myofilament interaction and subsequent cell shortening [88]. The 

myofilaments, actin and myosin, are orientated in the same direction as the 

longitudinal axis of the cell to further facilitate this [88]. 

 

The interaction of myosin and actin is primarily triggered by a rise in intracellular 

calcium levels ([Ca2+]i) [127]. This occurs following a number of stimuli principally; 

mechanical stretch, spontaneous APs or uterotonic agonists [126]. At a subcellular 

level, calcium binds to one of the four binding domains on calmodulin (CaM), a calcium 

modulated protein, which are known as calmodulin folds comprising of calcium binding 

loops [128]. CaM is activated once four calcium ions are bound forming a complex, 

Ca2+-(CaM)4 [129]. This complex interacts with and activates MLCK [130]. MLCK then 

phosphorylates the serine 19 (Ser19) or threonine residues on MLC20 [88]. This causes 

a conformational change by increasing the angle of the MLC neck domain, thus 

facilitating the cross bridging of the actin filament with myosin, allowing it to slide along 

it and subsequently resulting in myocyte shortening [88]. This process is also 

accompanied by the activation of ATPase on the myosin head, hydrolysing ATP to 

provide sufficient energy to drive contractions [131]. Overall MLCK activity is 

determined by the balance in calcium, calmodulin and cAMP-mediated 

phosphorylation [132].  

 

1.10 Myometrial Smooth Muscle Cells Excitation-Contraction Coupling 
 

1.10.1 Effect of pH on the myometrium  
 

In skeletal muscle cells, an acidic pH has been identified to affect PKA activation [133]. 

The influence of intracellular pH on cAMP signalling has not been well explored 

however in human myometrial cells but changes in the pH environment has been 

identified to considerably effect uterine contractility. For the majority of pregnancy, the 

myometrial tissue remains in an unexcitable state to prevent the initiation of 

contractions and thus avoid the precipitation of premature cervical effacement leading 

to PTB [134]. Myometrial contractions are transient in nature in that they are 
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interspersed with phases of relaxation between each episode of uterine activity. These 

periods of uterine relaxation are essential for fetal viability as during each contraction 

the myometrial blood supply is reduced, limiting placental perfusion and fetal 

oxygenation [135]. If contractions are prolonged or excessively frequent, the resulting 

blood vessel compression can compromise the fetus causing fetal distress and 

potentially hypoxic injury. This can also adversely affect the progression of labour if 

the contractions become too sustained or increase atypically in strength or frequency 

[136]. 

 

Studies investigating the metabolic consequences of sustained and repeated uterine 

vascular occlusion identified substantial reductions in intracellular pH, 

phosphocreatine and ATP production in addition to an increase in inorganic phosphate 

and metabolic waste products [137, 138]. An increase in intracellular acidity has been 

found to abolish spontaneous contractions in rat myometrium [139]. Parratt et al. 

proceeded to use human myometrial samples obtained at term Caesarean sections 

and dissected myometrial tissue strips with the aim to measure spontaneous 

contractions, produced under tension via a transducer, whilst simultaneously 

evaluating the effect of intracellular pH changes [140]. Non-pregnant controls were 

used whereby tissue was taken from the anterior lower part of the uterus after 

hysterectomy [140]. This study found that there was an eradication of spontaneous 

contractions on reducing the pH of the transducing bath solution by using a weak acid, 

sodium butyrate [140]. The resting pH of the non-pregnant tissue was 7.06 ± 0.01 

(n=39), and the pregnant tissue strips was 7.14 ± 0.01 (n=53) [140]. The pH was 

reduced to 6.93 ± 0.02 (n=9) in non-pregnant and 6.97 ± 0.02 (n=6) in pregnant tissue 

strips [140]. Once the addition of sodium butyrate stopped, the activity of the 

myometrial strips resumed as the pH increased [140]. Interestingly, following the drop 

in pH there was an initial marked increase in the amplitude and frequency of the 

contractions in both the pregnant (n=5) and non-pregnant (n=5) tissue strips possibly 

indicating deranged muscle function from rapid pH changes [140].  

 

Studies have investigated the possible explanations for the effect of a low acidic pH 

on muscle contractions. pH is inversely related to hydrogen ion (H+) concentration and 

so, an increase in H+ ions result in a low pH. As mentioned previously, an increase in 

[Ca]i ions is the driving force regulating the initiation of contractions in the human 
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myometrium [141, 142]. In vascular SMCs, a decline in the flux of inward calcium 

through L-type calcium channels was observed following a reduction of intracellular 

pH [143]. These findings were supported by Taggart et al. in non-pregnant rat 

myometrium, whereby [Ca]i transients were abolished upon acidification of the 

myometrial strips [144]. Shmigol et al. also investigated changes in pH using pregnant 

rat myometrial SMCs to determine whether acidification directly affects the inward 

calcium channels or indirectly via K+ outward currents [145]. In accordance with 

previous studies, the addition of butyrate resulted in a reduction in the inward calcium 

current to 58% ± 6% of the control (n=6) [145]. There was however no effect on 

outward K+ currents which remained unchanged [145].  

 

Alternatively, a low pH may affect human myometrial contractile activity by affecting 

the release of Ca2+ from the intracellular stores, such as the SR [146]. In vascular 

SMCs, inducing an alkaline environment resulted in a rise in [Ca]i and this was 

observed even in the absence of extracellular calcium [147]. These findings indicate 

the likely presence of pH sensitive intracellular calcium stores [147]. However, more 

recent data from Taggart et al. observed the opposite and found no change in [Ca]i 

after inhibiting the SR ATPase pump in rat myometrial SMCs [144]. Similarly, in the 

absence of external calcium, there was no increase in [Ca]i transients [144].  

 

A final possibility is that acidification of the intracellular environment causes a 

derangement in the membrane currents driving electrical excitation and activity. 

Taggart et al. witnessed hyperpolarisation of the membrane of uterine SMCs following 

the addition of a weak acid which resulted in the inhibition of APs and spontaneous 

electrical activity leading to a reduction in the force generated for contractions [144].  

 

1.10.2 Membrane Potential, Myometrial Cell Excitability and Action Potentials  
 

As mentioned, the cell membrane is a semi-permeable layer enclosing the cell and 

separates the inside contents from the extracellular environment. As such, a 

concentration gradient is formed due to the unequal distribution of proteins and 

charged ions, notably Na+, K+ but also Cl- and Ca2+, present in each compartment 

[148]. These ionic concentration gradients are principally maintained by the Na+-K+-

ATPase pump and this, in combination with selectively permeable ion channels, 
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regulate the differences across the membrane generating a resting potential [149]. 

The resting membrane potential of uterine myocytes has been determined to be 

between -80 to -35 mV, which contributes towards the excitability of the cell and is 

largely controlled by the presence of differing K+ membrane channels expressed in 

uterine myocytes [150-152].  

 

The contractile phenotype of the myometrium is predominately regulated by the 

electrical activity generated by spontaneous APs in the myometrial cells [153]. APs 

are characterised by successive cycles of depolarisation and repolarisation [154]. As 

with other excitable cells, low voltage oscillatory rhythmic changes have been 

described in uterine myocytes as a result of the resting membrane potential termed 

slow waves, and these occur due to changes in the ion distribution between the intra- 

and extracellular environments previously described [149, 151]. These slow waves 

contribute towards the depolarisation of the membrane when in combination with the 

generation of superimposed APs, which results in the initiation of myometrial 

contractions [155]. The underlying mechanism by which this occurs is that 

depolarisation of the membrane activates the opening of voltage-gated calcium 

channels leading to an influx of extracellular Ca2+ into the cell, thus initiating the actin-

myosin crossbridge cycling to generate contractions [156].  

At advancing gestations in humans, the resting membrane potential was found to 

become more depolarised in lower segment uterine myometrial tissue strips obtained 

in women undergoing Caesarean section at term [157]. The resting membrane 

potential increased from -70 mV at 28 weeks in mid-pregnancy to -55 mV at term with 

a concomitant increase in spontaneous contraction frequency [157]. During early 

pregnancy, a hyperpolarised environment potentially diminishes the excitability of the 

cell thus maintaining uterine quiescence, while at term a higher resting potential will 

be closer to the threshold for depolarisation and subsequent initiation of APs leading 

to contractions [158]. Matharoo-Ball et al. investigated the possible mechanisms for 

this and demonstrated a down-regulation in the 𝛽-subunit of BKca channels in term 

labouring myometrial cells compared to no labour samples [159]. This large-

conductance voltage and calcium activated channel has been identified to be 

fundamental in the regulation of the myometrial resting membrane potential in 

maintaining uterine quiescence [160].  
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Both simple and complex APs have been recorded in the myometrium which differ 

with respect to their kinetic profiles. Simple APs are characterised by a transient spike 

of depolarisation followed by rapid repolarisation [154]. Complex ones exhibit a 

sustained plateau of depolarisation following an initial rise [161]. The different 

waveforms are understood to be influenced by the various ion channels activated and 

their voltage conductance [161]. The APs exhibited in uterine SMCs have been found 

to vary significantly depending upon the species studied, gestational stage and region 

of the myometrium selected for investigation [108]. To date, most electrophysiological 

studies have been conducted using animal models due to the complexities of obtaining 

myometrial samples from women at earlier gestations. In rats, simple spike-like APs 

were produced in the inner circular smooth muscle, whereas complex APs were 

observed to arise in the longitudinal outer layer [162]. At earlier gestations in rats, a 

combination of simple APs with variable plateaus triggered small, irregular 

contractions [163]. By day 21, the single-spike APs increased in magnitude and 

frequency with oscillating burst sequences to produce stronger, regular contractions 

of a longer duration [163].  
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Figure 1. 3: Myometrial smooth muscle cell action potential. 
Simple and complex forms with calcium bursts of activity, as seen with oxytocin treatment. RMP denotes 

resting membrane potential. Image reproduced with permission of the rights holders, Acta Physiologica 

and John Wiley and Sons, © 2020 The Authors. Acta Physiologica published by John Wiley & Sons Ltd 

on behalf of Scandinavian Physiological Society [164]. 

 

At term in non-labouring human myometrial cells, more complex APs were seen in 

over half of the samples with the plateau lasting approximately 1 minute in duration 

and depolarisation of the membrane ensuing at between - 30 to - 20 mV [165]. Spike-

APs tended to cluster together producing bursts of activity similar to those observed 

in rat myometrium [165]. Shmygol et al. investigated the influence of differing AP 

waveforms on myometrial contractions generated following an influx of [Ca]i [166]. 

Monophasic smooth wave contractions were produced following complex APs 

whereby the contraction peaked in its amplitude subsequent to the upstroke of the AP, 

and then decreased on repolarisation to baseline resulting in myometrial relaxation 

[166]. Clusters of superimposed spike-APs were found to produce multi-phasic 
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notched contraction waveforms which only relaxed once the APs terminated [166]. 

These findings indicate potential differences which may occur in the actin-myosin 

cross-bridging and excitation-contraction coupling mechanisms present in the human 

myometrium [166]. As mentioned, the type of AP generated is understood to be 

determined by the ion channels expressed and activated in uterine myocytes. 

Therefore, the variation in ion channel density in labour and cell-to-cell 

communications will likely influence AP waveforms and the subsequent contraction 

phenotype.  

 

Studies have investigated the effects of uterotonics on the initiation and temporal 

dynamics of APs in human pregnant myometrium, in particular oxytocin and 

prostaglandin F (2) alpha (PGF2𝛼). An enhancement in the frequency of AP 

generation was identified following both agonists and the production of APs with a 

sustained higher plateau phase was observed [157, 165]. Oxytocin increased the 

resting membrane potential of the cells thereby lowering the threshold for membrane 

depolarisation, and increased the frequency of APs with a greater amplitude and 

plateau, thus augmenting uterine contractions [157, 165]. There are limited studies 

investigating the direct association between cAMP and myometrial APs. However, the 

activity and regulation of specific ion channels, in particular potassium indirectly 

influences AP generation and duration in the myometrium. The evidence for PKA-

mediated phosphorylation of each channel will be discussed in more detail below.  

 

1.10.3 Myometrial Ion Channels  
 

As mentioned, calcium is a paramount ion for individual SMCs in that it activates 

MLCK, which initiates the activity of the actin-myosin contractile machinery to 

generate the force required for uterine contractions. Calcium is also a divalent cation 

and so has a dual function in depolarising the cell membrane resting potential thus 

activating neighbouring voltage-dependent ion channels [167]. A multitude of ion 

channels have been identified in the myometrium. An overview of the relevant ion 

channels, their involvement and changes in pregnancy and labour are detailed 

below. Additionally, the regulation of each ion channel by cAMP/PKA and effects on 

cell function will be explored.  
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1.11 Calcium Channels  
 
An abundance of calcium channels are expressed in the human myometrium of which 

the voltage dependent L-type Ca2+ channels facilitate the predominant entry of Ca2+ 

into the cell [168]. T-type Ca2+ channels have also been identified but these channels 

differ in their kinetics and electrical conductance [167, 169].  

 

1.11.1 L-Type Ca2+ Channels  
 

L-type Ca2+ channels (termed Cav1.2) are activated and open once the resting 

membrane potential is depolarised to between -50 and -40 mV leading to an influx of 

Ca2+ from the extracellular fluid [149, 170]. These ion channels have been identified 

as central to the initiation of uterine contractions following experiments using 

dihydropyridines, such as nifedipine, which function as L-type Ca2+ channel blockers. 

This family of Ca2+ channel blockers were found to abolish uterine contractions 

completely, even in the presence of calcium in the cell bathing solution [145, 170-172]. 

Longo et al. determined that the inhibitory action of nifedipine on uterine contractility 

was most marked in the term no labour group compared to the labouring samples 

[173]. The lowest maximal inhibitory effect was seen in the preterm labour samples 

[173].  

 

L-type Ca2+ channels are multi-subunit complexes composed of a principal pore 

forming membrane channel component, the 𝛼1-subunit, and additional auxiliary 

proteins, β, 𝛾 and α2/δ which determine the channels expression, anchorage and 

kinetics [174]. The 𝛼1-subunit is fundamental for channel function in modulating 

calcium selectivity and voltage conductance whilst containing binding sites for 

regulatory proteins [174]. The 𝛽 subunit is primarily localised intracellularly [175] and 

regulates the L-type Ca2+ channel stability and membrane expression by preventing 

channel protein ubiquitination and degradation by subunits with advancing gestation 

[176]. Using pregnant rat myometrium, Tezuka et al. determined that the 𝛼1-subunit 

increased progressively during pregnancy, with its peak just before labour then 

declining thereafter [177]. The mRNA levels of the 𝛽-subunit however remained low 

until day 19 of pregnancy then rapidly peaked just before labour on day 22 and a 
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subsequent similar decrease was observed during labour [177]. Inactivation of these 

channels is both voltage-dependent following hyperpolarization of the membrane and 

calcium mediated via negative feedback of intracellular calcium levels resulting in 

myometrial relaxation [178].  

 

In cardiomyocytes, 𝛽-AR-induced activation of L-type Ca2+ channels (Cav1.2a) is 

predominately regulated by PKA-mediated phosphorylation of Rad [179]. Rad is a 

member of the Ras-related GTPase subfamily which binds to the Cav channels 

regulating their activity [180]. It is no longer recognised in cardiac cells that PKA 

directly phosphorylates Cav1.2 channels following 𝛽-AR stimulation [179]. PKA 

phosphorylation of Rad enhances channel activity by increasing the opening 

probability [179]. In hippocampal neurons, isoprenaline increased L-type Ca2+ channel 

currents which was mediated via cAMP/PKA signalling [181]. Further to this, the 𝛽2-

AR in hippocampal neurons was identified to form a macromolecular signalling 

complex with Cav1.2 channels, also co-precipitating with the G-proteins, Gαs and G𝛽, 

AC, PKA and phosphatase PP2A [182]. Studies investigating the effects of acute 

hyperglycaemia on vascular dysfunction in cerebral arterial SMCs identified a 

potentiation of L-type Ca2+ channel activity [183]. This was found to be associated with 

increased myogenic tone and vasoconstriction, which was mediated via a PKA-

dependent mechanism [183].  

 

There are limited data however investigating the direct modulation of these channels 

by the cAMP-PKA signalling system in human myometrial cells. Data from pregnant 

rat myocytes using whole-cell voltage clamp techniques elicited a stimulatory role for 

PKC following the use of a PKC activator, which was found to substantially increase 

the Ca2+  current through L-type Ca2+  channels [184]. In late pregnant sheep 

myometrium, the long form of the L-type Ca2+ channel (α1c-long) has been found to be 

primarily upregulated over the short form (α1c -short) [185], which contains the 

regulatory PKA phosphorylation site in cardiac SMCs [186] and inhibits Ca2+ flux [187]. 

It is recognised however that the steroid hormone progesterone reduces L-type Ca2+  

channel expression, specifically the 𝛼1-subunit, during pregnancy [177]. Helguera et 

al. found that in P4-treated OVX rats and in late pregnancy when the ratio of P4 to E2 

was high, the expression of the α1c-long form was increased, whilst the α1c-short form 
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was enhanced in E2-treated OVX rats when the P4 to E2 ratio was low [185]. 

Therefore, during pregnancy when the myometrium is more sensitive to the effects of 

P4, L-type Ca2+ channels remain inactivated promoting uterine quiescence. There is 

however a paucity of studies exploring PKA-mediated regulation of L-type Ca2+ 

channels in human pregnancy.  

 

1.11.2 T-Type Low Voltage Ca2+ Channels 
 

T-type low voltage Ca2+ channels have previously been characterised in the human 

myometrium [169]. Of the 3 𝛼-subunits, Blanks et al. determined that Cav3.1 (α1G) was 

the predominant T-type channel in human myometrial SMCs [167]. In pregnant rat 

myometrium, both Cav3.2 (α1H) and Cav3.3 (α1I) have also been identified but their 

expression varied depending on the muscle layer and gestational time point examined 

[188]. In humans however, there were no changes in Cav3.1 expression with gestation 

and channel localisation was predominantly at the plasmalemma and close to the 

nucleus of the SR following immunohistochemistry and confocal imaging experiments 

[167]. Interestingly, these channels were only identified in approximately 55% of the 

human myometrial SMCs cultured, raising the possibility that not all SMCs in the 

myometrium express identical ion channel configurations [167].  

 

T-type Ca2+ channels were not previously considered to contribute significantly 

towards the initiation of uterine contractions due to their relative inactivation at the 

resting membrane potential of SMCs [189]. However, as the resting membrane 

potential has been found to increase at term to -55 mV [157], Blanks et al. investigated 

the possibility for a ‘window’ current between -60 and 0 mV for activation of these 

channels [167]. Rebound low voltage activated [Ca]i spikes were observed following 

hyperpolarization of the membrane to greater than -80 mV after an initial AP [167]. 

This process of hyperpolarization is understood to de-inactivate the T-type channels 

resulting in their opening [190]. This current was abolished after the application of 

nickel, a selective T-type Ca2+ channel blocker [191], which subsequently slowed the 

frequency of contractions in human myometrial tissue strips [167]. Upon nickel 

washout however, an increase in contraction frequency resumed [167]. Application of 

nickel did not change the overall force generated per contraction [167]. These findings 

highlight a potential role for T-type low voltage Ca2+ channels in the regulation of 
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uterine contractility, however further studies are needed to elucidate their physiological 

relevance.  

 

The regulation of T-type Ca2+ channels by cAMP/PKA is not well explored in the human 

myometrium. In cerebral arterial SMCs, T-type Ca2+ channels were inhibited by cAMP 

agonists, specifically forskolin and isoproterenol, resulting in hyperpolarization and 

channel inactivation [192]. In ventricular cardiomyocytes, studies have demonstrated 

the co-localization of Cav3.2 channels with caveloin-3, and this interaction was shown 

to modulate the PKA regulation of the channels [193]. It has yet to be investigated 

whether specific protein kinases, such as PKA, contribute to the regulation of these 

channels in the myometrium. 

 
Figure 1. 4: Key myometrial smooth muscle cell ion channels.  
Schematic of the major ion channels which influence the resting membrane potential and contractility 

pathways in the myometrium. Image reproduced with permission of the rights holders, Elsevier Ltd. © 

2018 Elsevier Ltd. [194].  

 
1.12 Potassium Channels 
 

Several K+ channels have been identified in the human myometrium which include; 

large- and small-conductance calcium activated (BK/SKCa), voltage gated (KV) or ATP 

sensitive (KATP) [195]. The resting membrane potential of myometrial SMCs during 

pregnancy is largely controlled by the activity of K+ channels as mentioned, which 

diminish the excitability of the cells as the outward flux of K+ ions renders the 
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membrane in a hyperpolarised state, thus preventing AP generation and maintaining 

uterine quiescence [152].  

 
1.12.1 Large-Conductance Ca2+ Activated Potassium Channels (BKCa) 
 

BKCa channels are the most recognised and abundant K+ channels in the human 

pregnant myometrium [196, 197]. However, their influence on membrane excitability 

and contractility in labour is unclear. Ryanodine receptors at the SR have not been 

found to produce calcium sparks in pregnant rat myometrium and so is therefore 

unlikely to be the responsible mechanism for Ca2+ activated K+ channels, unlike in 

other cell types [198]. Studies investigated the use of a specific BKCa channel blocker 

in pregnant mice, iberiotoxin, but found no effect on the contractility of myometrial 

strips [199]. Sadlonova et al. examined the effect of NS1619, a BKCa channel opener, 

on oxytocin induced contractions but this also did not alter the frequency or amplitude 

of contractions of human term labouring myometrial strips [200]. Studies have 

however demonstrated that the protein levels of the BKCa channels are down-regulated 

at term pregnancy and significantly so in labour in the human myometrium [159, 201]. 

This reduction in channel activity at the onset of labour could explain the subsequent 

unopposed elevation in [Ca]i, which would therefore have no effect on potassium 

conductance, thus enhancing the availability of calcium for the initiation of uterine 

contractility [152].  

 

The role of BKCa channels in uterine quiescence however is more well-defined due to 

their interaction with and modulation by specific signalling pathways. In pregnant rats, 

PKA-dependant phosphorylation of BKCa channels via it’s catalytic subunit resulted in 

channel activation [35]. Interestingly, in non-pregnant myometrium, PKA caused 

inhibition of BKCa channels [35]. This discrepancy in channel modulation could be 

explained by the effects of the steroid hormones in pregnancy, which may influence 

the activity of PKA. In human pregnant term myometrial cells, long term (24 hour) 

treatment with P4 augmented BKCa channel activity, with opposing channel inhibition 

following E2 treatment [202]. These findings are supportive of the pro-quiescent 

effects of P4 and E2’s ability to stimulate myometrial activation. It is well recognised 

that there is cross-talk between the cAMP/PKA signalling pathway and P4/PR in 

promoting uterine quiescence [73, 203, 204]. It is therefore plausible that PKA-
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dependant phosphorylation of BKCa channels results in their activation during 

pregnancy due to the functional interaction with P4 enhancing the activity of PKA.  

 

In other SMCs, as in pregnancy, BKCa channels are activated by PKA, increasing 

channel sensitivity to calcium and enhancing channel opening [205, 206]. In addition 

to the possibility of a hormonal modulation of PKA during pregnancy, it is important to 

consider the expression of channel splice variants or differing channel protein 

configurations, which may also influence PKA activity [35]. Several research groups 

have confirmed that during pregnancy PKA expression and its activity is considerably 

increased [43, 44]. The maintenance of uterine relaxation is essential in pregnancy for 

fetal maturation, and so the activation of BKCa channels following PKA phosphorylation 

would induce hyperpolarisation, thus dampening membrane excitability of the 

myometrial SMCs. 

 

The association of BKCa channels with the 𝛽-AR and its cAMP/PKA signalling pathway 

has also been investigated. Studies in pregnant rats demonstrated that the selective 

𝛽2-agonist isoproterenol stimulated BKCa channels, increasing mean channel opening 

time resulting in membrane hyperpolarisation [207, 208]. The application of alternative 

𝛽2-agonists, such as ritodrine, to cultured human term pregnant myometrial SMCs 

similarly activated BKCa channels, which was identified to occur via a cAMP-

dependant/PKA mediated phosphorylation pathway [209]. These findings were later 

confirmed by Zhou et al. with the additional discovery that dual stimulation of both the 

𝛼2 and 𝛽2-ARs increased the activity of BKCa currents likely via synergistic activation 

of different G-protein subunits [208]. Chanrachakul et al. used confocal 

immunofluorescence studies and identified co-localisation of the 𝛽2-ARs to the BKCa 

channels in pregnant human myometrial tissue of both non-labour and labouring 

samples [210]. Co-immunoprecipitation experiments further demonstrated a direct 

interaction of the two proteins [210]. It is important to consider that only 5 patients were 

included in the study from non-labour and labouring pregnant women. Functional 

experiments using oxytocin-stimulated contracting term no labour myometrial tissue 

strips found that pre-incubation with a BKCa channel blocker, paxilline, reversed the 

relaxation effects of ritodrine to the same extent as a 𝛽2-AR antagonist, ICI-118551 

[210]. These findings highlight the existence of a potential signalling complex between 
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the 𝛽2-ARs and BKCa channels regulating myometrial excitability. It is therefore 

possible that either this receptor-channel coupling or the subsequent activation of the 

downstream effectors, such as PKA, could mediate myometrial relaxation.  

 

An alternative mechanism identified in the regulation of BKCa channels in influencing 

myometrial contractility is through the modulation and translocation of NF𝜅B. 

Investigations using an hTERT human myometrial cell line and term no labour 

myocytes determined that blocking BKCa channels with paxilline induced NF𝜅B 

translocation into the nucleus with a subsequent increase in COX-2 expression [211]. 

Paxilline also stimulated contraction of the individual SMCs which was demonstrated 

using a collagen-gel based contraction assay [211]. The specific mechanism 

responsible however for this translocation and retention of NF𝜅B in the nucleus 

following channel inhibition is not yet known.  

 

1.12.2 Small-Conductance Ca2+ Activated Potassium Channels (SKCa) 
 

The presence of SKCa channels in the myometrium are recognised to have a more 

considerable influence in regulating the resting membrane potential and uterine 

contractility. In rats, the mRNA expression of all three channel isoforms SK1-3 did not 

alter with gestation [212]. This was reflected in the protein levels of the SK1 and 3 

isoforms [212]. For SK2 however, the channel protein expression decreased during 

pregnancy with a substantial peak in levels observed during labour [212]. These 

findings were consistent with the results of immunohistostaining studies [212]. 

Importantly, in contrast to BKCa channel blockers which did not elicit any effects on 

myometrial contractility, the use of apamin, an SKCa channel inhibitor, was examined 

in cultured myocytes used for whole cell patch clamp experiments [212]. Apamin 

substantially reduced the outward SKCa current and induced membrane depolarisation 

in several cells resulting in the initiation of APs [212]. In addition, its use on 

spontaneously contracting myometrial strips was investigated whereby it significantly 

increased the amplitude and force of the calcium transients and contractions 

generated [212]. Further to this, studies in pregnant mice investigated the use of a 

selective SKCa channel activator of isoforms SK2 and 3, CyPPA, which was found to 

decrease and even abolish spontaneous and agonist induced uterine contractions in 
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myometrial strips in a dose-dependent manner [213]. Contractility was restored 

following the addition of apamin [213]. Its administration in vivo to pregnant mice also 

significantly delayed RU486-induced preterm labour by 3.4 hours with a 2.5 fold 

increase in the retention of pups in the uterus compared to the non-treated controls 

[213]. Finally, Bond et al. over-expressed SK3 in pregnant mice which resulted in 

protracted labours, dystocia and even demise of the pups and mothers [214]. In this 

study, it was deemed that a higher expression of SKCa channels resulted in prolonged 

hyperpolarisation of the myometrium resulting in dysfunctional AP generation and 

subsequent contractility [214]. A later research group established that over-expression 

of SK3 in pregnant mice actually prevented LPS or RU486 induced PTL [215]. 

However, similar to the previous study, in some cases labour commenced but pups 

were lodged in the birth canal and delivery was not completed [215].  

These findings highlight the evident contribution and activation of SKCa channels by 

basal [Ca]i in maintaining the negative resting membrane potential during pregnancy 

through hyperpolarisation of the cells, thus reducing excitability. However, there are 

limited studies examining the role of SKCa channels in the human myometrium, which 

need to be conducted before the relevance of these findings to human myometrial 

function can be established.  

 

The modulation of SKCa channels via cAMP/PKA has yet to be studied in the 

myometrium. In hippocampal neuronal cells, cAMP/PKA signalling was found to 

regulate the expression and spatial distribution of SKCa channels which is crucial for 

neuronal function [216]. Similarly in ventricular myocytes, PKA-mediated 

phosphorylation upregulated SK2 channel function in models of cardiac hypertrophy, 

implicating this channel as a potential therapeutic target in heart failure and ventricular 

arrhythmias [217, 218]. 

 
1.12.3 ATP-Sensitive Potassium Channels  
 

KATP channels detect metabolic cellular fluctuations and open in response to a 

reduction in intracellular ATP [108]. The octameric channels consist of sulfonylurea 

receptors (SURs) and K+ inward rectifiers (Kirs) [108]. Kir6.1, Kir6.2, SUR1 and 

SUR2B isoforms have been identified to form functioning KATP channels in the human 

myometrium, with a down-regulation in the expression of Kir6 channels detected in 
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labouring samples [219]. Given that these channels are activated by ATP changes it 

is unlikely that they contribute significantly towards the basal membrane potential. 

However during labour, uterine contractions intermittently reduce myometrial 

perfusion resulting in intracellular acidification of myocytes and a consequent 

reduction in ATP resulting in KATP channel opening [138]. Studies investigated the 

effects of cyanide on contractility, which was used to acidify the intracellular 

environment and subsequently reduce ATP production [220]. In pregnant rat 

myometrial tissue strips, the application of cyanide significantly reduced or even 

abolished spontaneous contractions with a marked increase in the efflux of K+ [220]. 

Glibenclamide, an antagonist of KATP channels, reduced K+ efflux by 50% but did not 

alter contractility [220] highlighting the involvement of other ion channels in affecting 

membrane excitability.  

Studies conducted using myometrial strips from term no labour pregnant women 

demonstrated that, as with BKCa channels, KATP channels are activated by cAMP-PKA 

mediated phosphorylation [209]. Experiments recording single channel currents using 

inside-out patch clamp techniques found that the application of both ritodrine and 

cAMP resulted in KATP channel activation and increased channel opening [209]. In 

vascular SMCs, a novel regulatory mechanism for KATP channels was exhibited via 

Epac [221]. Co-immunoprecipitation studies demonstrated that Epac1 complexes with 

the regulatory subunit of KATP channels potentially at the SR [221]. Application of an 

Epac-specific cAMP agonist caused a sustained inhibition of the KATP channel current 

induced by pinacidil which was accompanied by a transient increase in [Ca]i [221]. The 

mechanism by which Epac activation of KATP channels modulates [Ca]i is unclear but 

implicates the involvement of other activated signalling pathways.  

 

1.12.4 Voltage Gated Potassium Channels  
 

There are 12 voltage-dependent K+ channels (Kv) of which three families have been 

identified in the myometrium, Kv4, 7 and 11 [195]. The expression of the isoform Kv4.3 

was identified throughout pregnancy in mice but became undetectable at term [199]. 

Use of the Kv channel blocker 4-aminopyridine (4-AP) and a selective blocker for 

Kv4.3, phrixotoxin-2, had no effect on myometrial contractions in term pregnant mice 

but did elicit contractions in non-pregnant myometrium, which may be accountable for 

by the loss of channel expression at term [199]. In rats, however, 4-AP and an 
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alternative Kv channel blocker tetraethylammonium (TEA), significantly augmented 

spontaneous myometrial contractions in mid to late-pregnancy, particularly so in mid 

pregnancy where minimal basal contractile activity was observed [222]. Importantly, 

these drugs had minimal effects on the contractility of early pregnant myometrial strips 

[222]. Furthermore, the application of three different BKCa channel antagonists in 

addition to TEA did not alter contractility [222]. These findings strongly support the 

theory that specific voltage-dependant K+ channels rather than BKCa channels have a 

considerable involvement in the regulation of uterine contractility towards term. At 

earlier gestations however, there are clearly other ion channels regulating cell 

excitability.  

 

Kv7 channels have also been identified in human pregnant myometrium of which their 

differing subunits vary with gestation, the most highly expressed being Kv7.1 [223]. 

Functional studies investigating their role in the regulation of contractility are limited 

and the results to date are incongruous, which may be due to their channel localisation 

predominantly in the endoplasmic reticulum [224]. There is a paucity of data 

investigating channel regulation by cAMP/PKA in the human myometrium. In other 

tissues, such as cardiac myocytes, AKAP9 enables the phosphorylation by PKA of 

serine 27 in the N-terminus of the Kv7.1 channel increasing channel activity, which is 

crucial for the regulation of AP duration and termination [225-227]. Similarly, 

cAMP/PKA activation of Kv7.1 channels in epithelial and tracheal cells regulates 

chloride and fluid secretion in the colon and trachea [228, 229].  

 

Finally, of the 3 isoforms of the ether-a-go-go-related (ERG) subfamily of K+ voltage-

dependant channels, Kv11.1 has been found to be expressed in mouse myometrium 

throughout pregnancy [230]. Similar to functional studies on Kv4.3 channels, selective 

Kv11 channel blockers increased spontaneous and oxytocin induced contractions in 

early to mid-pregnant mice but had no effect at term [230]. In human pregnant 

myometrial tissue at term, ERG blockers resulted in a 2.9-fold increase in the 

prolongation of the AP plateau and contraction duration [231]. In contrast in labouring 

samples, ERG activity was reduced possibly due to an increase in the expression of 

its inhibitory 𝛽-subunit, thus enabling AP prolongation to facilitate established forceful 

contractions [231]. These results demonstrate the role of ERG channels in regulating 

myometrial quiescence during pregnancy in that their activation following membrane 
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depolarisation shortens the AP plateau duration to ensure subsequent 

hyperpolarisation facilitating muscle relaxation. Studies have found that the higher rate 

of Caesarean sections in obese women is likely to be due to ineffective uterine 

contractions [232]. Parkington et al. observed that in women with a higher BMI in 

labour there was a marked increase in the ERG 𝛼-subunit and a reduction in the 𝛽-

subunit [231]. Functional studies found that AP prolongation following the ERG blocker 

was substantially greater in high BMI women in comparison to those with a BMI <30 

[231].  

The regulation of ERG has been linked to the cAMP/PKA pathway in studies 

conducted in HEK293 cells whereby cAMP augmented ERG channel expression via 

PKA phosphorylation [233]. This has yet to be investigated in human myometrium 

during pregnancy.  

 

1.12.5 TASK and TREK Potassium Channels  
 

Two further ion channel families are known to be of functional importance in regulating 

myometrial contractility, TASK and TREK K+ channels. TASK channels are two-pore 

domain acid sensing channels which have been identified in other cell types to be 

particularly receptive to changes in extracellular pH [234]. In the circular layer of 

mouse myometrium TASK-2 channels were found to be expressed to a greater extent 

in term pregnant myometrium compared to non-pregnant samples [235]. Specific 

TASK-2 inhibitors significantly augmented myometrial contractions in pregnant 

myometrial strips even in the presence of TEA and 4-AP, other K+ channel blockers 

and under acidic extracellular conditions [235]. Comparable experiments using patch 

clamp and isometric contraction techniques were performed in longitudinal myometrial 

smooth muscle strips from pregnant and non-pregnant mice [236]. Similar findings 

were attained emphasising the involvement of TASK-2 channels in uterine relaxation 

during pregnancy. It is important to acknowledge that there are important differences 

between circular and longitudinal myometrium in mice and as such data from one 

muscle layer should be interpreted cautiously [155, 237]. In pulmonary SMCs, 

treprostinil, a prostacyclin analogue which induces vasodilation, activated TASK-1 

channels in a PKA-mediated manner [238]. The function of TASK channels in the 

human myometrium has yet to be examined in detail. 
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TREK K+ channels are mechanosensitive and so given that stretch is a major factor in 

the initiation of labour and contractility, these channels are of particular relevance. 

TREK-1 has been identified in human and mouse myometrium [239-241] with a 

significant up-regulation in its gene expression during pregnancy at term and a down-

regulation in labour [240, 241]. A specific TREK-1 channel inhibitor increased the 

frequency of myometrial contractions in human term pregnant myometrial strips in a 

dose-dependent manner [241]. In mouse myometrial SMCs, membrane 

hyperpolarisation was observed in response to stretch with a reduction in AP firing 

[240]. Following the use of a TREK-1 inhibitor in these cells, membrane depolarisation 

ensued with an increase in the frequency of AP initiation [240]. One study observed a 

reduction in oxytocin induced contractions of human myometrial preterm tissue strips 

following prolonged stretch with an up-regulation in TREK-1 expression [242]. 

Similarly, a TREK-1 activator, arachidonic acid, reduced contractions in human 

myometrial strips obtained at different gestational time points [242]. The opposite was 

seen using the channel inhibitor, L-methionine. Interestingly L-methionine reversed 

the initial decrease in contractions of tissues subjected to prolonged stretch and 

subsequently augmented them [242]. 

 

These findings denote the importance of TREK channels in stabilising the resting 

membrane potential during pregnancy in response to stretch, whereas in labour the 

apparent decrease in channel expression and activity may facilitate membrane 

excitability and contribute to the initiation of contractions. Little is known about the 

regulation of TREK channels in the myometrium by cAMP/PKA. In the heart, TREK-1 

channels are down-regulated following PKA phosphorylation which prolongs AP 

duration, which is understood to be an adaptive mechanism during higher sympathetic 

stimulation to minimise the occurrence of arrhythmias [243, 244].  

  
1.13 Chloride Channels 
 

Unlike other cells, SMCs have been found to have a high concentration of intracellular 

chloride ions [Cl-]i with an equilibrium potential of -15 to -20 mV and so upon channel 

opening these ions leave the cell resulting in cell membrane depolarisation, and 

activation of L-type Ca2+ channels [245]. Thus, their role in myometrial contractility 

needs to be considered.  
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Ca2+ activated Cl- channels (CaCCs), encoded for by the anoctamin (ANO1) family, 

have been identified in human and pregnant rat myometrium [246-248]. Their 

presence was only detected in approximately one third of rat SMCs examined in one 

study [246]. It was not determined whether this was due to cell heterogeneity, the cell 

isolation methods used or the possibility of a sub-population of pacemaker cells [246], 

which requires further investigation. Cl- channel blockers applied to spontaneous, or 

oxytocin induced contracting myometrial tissue strips significantly reduced Ca2+ 

transients and contractions [246]. Hyuga et al. used ANO1 channel blockers in human 

pregnant myometrial strips which were found to decrease Ca2+ transients, leading to 

membrane hyperpolarisation and a reduction in the frequency and force of 

contractions [249]. Further studies are needed to assess the mechanisms responsible 

for Cl- channel activation in pregnancy due to their relatively low Ca2+  sensitivity and 

given the lack of Ca2+ sparks produced in myometrial cells, it may be that they are 

situated within membrane microdomains which possess sufficient calcium levels for 

channel activation [108]. 

 
1.14 Sodium Channels 
 

As mentioned, L-type Ca2+ channels are predominately responsible for the inward 

current resulting in cell membrane depolarisation in the myometrium. However, 

voltage-gated fast sodium (Na+) channels have also been identified in rat and human 

myometrial SMCs with a suggested role in the propagation of membrane excitability 

[168, 250, 251]. Channel expression has been identified to increase towards term 

pregnancy [168, 251]. However, their role in contributing to the inward current and 

myometrial contractility remains to be determined. Inconsistent results have been 

exhibited using tetrodotoxin, a Na+ channel blocker. In non-pregnant rat myometrial 

tissue strips, tetrodotoxin had no effect on oxytocin induced calcium transients or 

contractions [168]. In contrast, more recently Seda et al. observed co-ordinated 

regular contractions with a higher amplitude in response to a Na+ channel activator, 

veratridine, in non-pregnant rat myometrial tissue strips [252]. However, these were 

only present after nearly one hour of exposure to the activator and at a higher dose of 

60 𝜇M. The application of tetrodotoxin however abolished contractions completely 

[252]. Similar findings were observed in dissected longitudinal smooth muscle 

myometrial tissue strips in association with an increase in calcium transients, which 
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were abolished with contractions following tetrodotoxin [252]. Comparable functional 

studies are yet to be conducted using human pregnant myometrium and so whether 

these findings can be extended to human myometrium is uncertain.  

 
1.15 Na K-ATPase Pump  
 
The Na K-ATPase pump contributes to the negative resting membrane potential in 

SMCs due to the ionic gradients established by the flux of K+ ions [253]. The pump 

comprises of both 𝛼 and 𝛽 subunits and the protein FXYD [254]. The presence of 

isoforms 1-3 of the 𝛼 and 𝛽 subunits have been reported in the human pregnant 

myometrium and FXYD1 [255]. Individual subunit isoform expression was found to 

alter significantly during human pregnancy and in labour [255] and given that different 

isoforms are known to influence the functional properties, kinetics and regulation of 

the Na K-ATPase pump to a lesser or greater extent [256], then the impact of the Na 

K-ATPase pump on uterine activity is likely dependent on the gestation and isoform 

expressed. Further studies are needed to investigate this further.  

 

Factors that stimulate the Na K-ATPase pump activity are not clear. One study by 

Parkington et al. examined the effects of PGE2 and PGF2𝛼 on membrane potential, 

spontaneous contractions and [Ca2+]i in human pregnant myometrium [158]. PGE2 

and PGF2𝛼 both depolarised the membrane evoking an AP with a concomitant 

increase in both [Ca2+]i and the peak tension produced during each spontaneous 

contraction [158]. Interestingly, a prolonged period of hyperpolarisation was observed 

following this [158]. However, when the Na K-ATPase pump inhibitor ouabain was 

applied as a pre-treatment, hyperpolarisation did not ensue but instead the membrane 

was immediately depolarised again resulting in AP firing [158]. Application of ouabain 

during the PG-induced hyperpolarisation period caused a reversal of this with 

immediate depolarisation of the membrane and an 81% increase in the tension 

produced during the contraction compared to PG treatment alone [158]. These 

findings highlight the association of the Na K-ATPase pump in hyperpolarisation of the 

membrane following PG activation, which is understood to occur via a cAMP/PKA 

mediated pathway. This is postulated to promote myometrial relaxation between 

contractions allowing for effective co-ordinated uterine activity and to prevent 
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hyperstimulation leading to fetal distress [156]. Interestingly though in established 

labour, the PG-induced hyperpolarisation phase was significantly less, possibly 

enabling an increase in the frequency of contractions to expedite delivery [158]. In 

cardiac and skeletal muscle, FXYD1 (phospholemman) is a key target for PKA 

phosphorylation at Ser68 of its C-terminus [257, 258]. In mouse ventricular 

cardiomyocytes, PKA-mediated phosphorylation of FXYD1, specifically its intracellular 

part, stimulated the Na K-ATPase pump, whilst the unphosphorylated peptide inhibited 

Na K-ATPase activity [259]. The Na K-ATPase pump is crucial in cardiac contractility 

due to its regulation of intracellular sodium and calcium levels [260]. 

 
1.16 The Sarcoplasmic Reticulum and Myometrial Ca2+ Signalling 
 

In SMCs the calcium concentration in the extracellular fluid has been determined to 

be substantially higher than the cytoplasm [171]. Thus, following ion channel activation 

calcium floods into the cell during depolarisation of the membrane. However, the 

predominant increase in [Ca]i has been found to initially result from intracellular store 

release, of which the SR is primarily responsible [261]. 

 

1.16.1 Cellular Localisation of the SR 
 

Electron microscopy imaging experiments quantified the size of the SR in pregnant rat 

myometrial SMCs in relation to cell volume and found it to be one of the largest in 

comparison to other cell types [262, 263]. The localisation of the SR in human 

myometrial cells has been assessed using fluorescently labelled antibodies for the 

inositol trisphosphate (IP3) and ryanodine receptors, which are situated at the 

plasmalemma of the SR [264]. The distribution of the receptors was observed to be 

uniform across the SR with both peri-nuclear and peripheral localisation of the SR in 

the cells [264]. Calcium stores were visualised throughout the cytoplasm as ‘hot spots’ 

after applying a calcium-sensitive fluorescent dye, fluo-3FF, with no specific affiliation 

to the SR receptors [264]. It was hypothesised that the intracellular calcium stores 

could instead be linked via SR channels, indicating that Ca2+ release from the SR is 

likely subsequent to second messenger activation [264].  

Later, a study using pregnant rat myometrial SMCs used similar antibodies for the 

ryanodine receptors but also one for the SR Ca2+- ATPase (SERCA) membrane 
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transporter pump [261]. Both were found to be located around the nucleus close to the 

myofilaments, at the nuclear envelope and peripherally in the cell adjacent to the 

plasmalemma [261]. Additionally, the calcium stores were assessed using a calcium-

sensitive fluorescent indicator, mag-fluo-4, which in combination with 3D 

reconstruction techniques identified stores at corresponding sites of the SERCA pump 

[261]. These findings indicate the possible presence of spatially distinct microdomains 

of intracellular calcium stores, which also have the capability to influence the 

excitability of the cell due to their close proximity to the plasmalemma in stimulating 

Ca2+-activated ion channels [108].  

 

1.16.2 Local Ca2+ release from the SR   
 

There are two principal mechanisms responsible for an increase in Ca2+ release from 

the SR in SMCs; IP3 or ryanodine receptor mediated. Firstly, IP3 production occurs 

following agonist induced GPCR activation at the plasmalemma leading to the 

activation of phospholipase C (PLC) [265]. PLC hydrolyses phosphatidylinositol 4,5-

bisphosphate (PIP2) to IP3 and diacylglycerol (DAG). IP3 then binds to its receptors 

located on the SR resulting in the release of calcium [265]. All 3 isoforms of IP3 have 

been identified in the myometrium [266] and this agonist induced store release 

contributes significantly towards cytosolic [Ca]i levels.  

 

In cardiac cells, a calcium induced calcium release (CICR) process has been exhibited 

[267] which is mediated by the presence of ryanodine receptors in the SR [261]. The 

three ryanodine receptor isoforms have been identified in the myometrium with an up-

regulation of type II in pregnancy [268, 269]. However, they are deemed to be non-

functional [270]. In vascular SMCs, a crosstalk between activated IP3 receptors and 

neighbouring ryanodine receptors has been observed demonstrating CICR, resulting 

in a higher increase in local Ca2+ levels [271]. Studies to date have not indicated that 

a CICR process occurs in human myometrial SMCs to augment overall [Ca]i levels. 

Exposure to ryanodine, a CICR inhibitor, did not affect [Ca]i transients in human term 

no labour myometrial strips [272]. In parallel experiments using caffeine, which is a 

CICR activator, did not increase the force of contractions [272].  
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A small conceivable involvement of CICR was observed in pregnant rat myometrial 

SMCs following results obtained after repetitive voltage stimulation on clamped 

individual cells [170]. This paired-pulse stimulation resulted in a substantial release of 

Ca2+, deemed adequate enough to activate the ryanodine receptors in close proximity, 

which was characterised by a significantly higher [Ca2+]i transient generated by the 

second voltage pulse pair [170]. These findings indicate the likelihood of a potential 

CICR process occurring. In contradiction to this however, other research groups have 

been unable to identify the presence of calcium sparks in pregnant rat myometrium 

that occur following Ca2+ release through the ryanodine receptors, which have been 

observed in other SMCs [198, 273]. 

 

1.16.3 The Role of the SR in Uterine Contractility  
 

Basal Ca2+ content in the SR has been recognised to substantially regulate agonist 

induced Ca2+ release and [Ca2+]i levels in the myometrium [170, 274]. Studies 

conducted in pregnant rat individual myometrial SMCs observed that by depleting SR 

intraluminal Ca2+ levels ([Ca2+]IL) this resulted in a substantial reduction in ATP-

induced [Ca2+]i transients [274]. A reduction in the [Ca2+]IL by 80% of its initial value 

prevented the initiation of [Ca2+]i transients entirely, indicating that IP3-mediated Ca2+ 

release highly depends on the resting SR Ca2+ stores [274]. Overloading the SR Ca2+ 

levels however had no effect on [Ca2+]i [274].  

 

Ca2+ release from the SR is therefore a key modulator of uterine contractility. In 

spontaneously contracting term no labour human myometrial tissue strips the effect of 

cyclopiazonic acid (CPA), an inhibitor of the SERCA pump, was examined [272]. This 

inhibitor prevents Ca2+ storage in the SR thereby increasing [Ca2+]i. The application of 

CPA significantly augmented the frequency of contractions of the tissue strips with a 

concomitant increase in the amplitude and duration of the force and Ca2+ transients 

generated [272]. Similar findings were demonstrated in pregnant rat myometrium 

[275]. CPA increased basal [Ca2+]i by 98% compared to spontaneous [Ca2+]i 

amplitudes eventually abolishing spontaneous contractions in 75% of cases but 

maintaining CPA-induced tonic-like contractions with an increased amplitude [275]. 

These findings implicate a regulatory role of the SR in maintaining lower levels of basal 

[Ca2+] i to inhibit uterine contractions during pregnancy. One of the theories initially 
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considered to be responsible for the increase in uterine contractility following a 

depletion of the Ca2+ content in the SR was the inactivation of BKCa channels. In 

vascular SMCs, Ca2+ sparks identified near the SR and close to the plasmalemma 

were found to activate membrane BKCa channels [276], resulting in hyperpolarisation 

of the membrane and subsequent arterial vasodilatation. Inhibition of the ryanodine 

receptors prevented the local release of Ca2+ sparks to activate BKCa, and abolished 

the subsequent spontaneous outward transient current (STOC) resulting in membrane 

depolarisation causing vasoconstriction [276]. However, due to the lack of Ca2+ sparks 

present in the myometrium there is unlikely to be a Ca2+ -spark STOC mechanism.  

 

An alternative and established explanation for this is the mechanism of store-operated 

calcium entry (SOCE) [277]. Noble et al. confirmed in pregnant rats that depletion of 

the SR intraluminal Ca2+ content resulted in marked depolarisation and increased 

uterine contractility [277]. In spontaneously contracting tissue strips, nifedipine was 

applied following CPA which significantly reduced the force of contractions generated 

by greater than 50% [277]. However, it did not abolish the tonic force completely. 

There was also only a small reduction in the marked Ca2+ transients indicating a likely 

voltage independent Ca2+ entry mechanism which is stimulated following Ca2+ release 

from the SR [277]. The SOC channel is formed by the STIM1 and ORAI1 proteins, 

both of which have been identified in the myometrium [278]. Furthermore, experiments 

were performed using a non-selective SOC channel antagonist with CPA, which 

prevented both a rise in Ca2+ and the generation of phasic contractions almost entirely 

[277]. Finally, application of an IP3 agonist, carbachol, which has previously been 

shown to deplete the [Ca2+]IL [279] also elicited similar effects to CPA [277]. These 

findings support the theory that agonist induced Ca2+ release from the SR is linked to 

Ca2+  entry via SOC channels, which subsequently contribute to membrane 

depolarisation and electrical activity in augmenting myometrial contractility [277].  

 

1.16.4 Calcium Efflux   
 

For relaxation of the myometrium to occur following each contraction, Ca2+ must be 

extruded from the cytosol. There have been three identified mechanisms by which this 

occurs; either into the SR through the SERCA pump or extracellularly via the activity 

of the Ca-ATPase (PMCA) and/or Na/Ca exchanger (NCX) [280, 281]. The P-type 
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SERCA transporter pump drives Ca2+ into the SR lumen against the electro-chemical 

gradient from the cytosol via active transport using energy generated from ATP 

hydrolysis [282]. PMCA is similar to SERCA in that it is also a P-type Ca-ATPase, 

spanning the plasma membrane and extruding the majority of Ca2+ from the cell [108]. 

PMCA isoforms 1, 2b and 4 have been identified in the myometrium [283]. The NCX 

is an electrogenic plasmalemma transporter which exchanges one Ca2+ ion for 3 Na+ 

ions, the direction of which is dependent upon the Na+ gradient [108]. However, it 

predominantly functions as a Ca2+ efflux mechanism [108]. Shmigol et al. recognised 

that the PMCA and NCX co-function in the extrusion of Ca2+, as inhibition of both 

transporters prevented any Ca2+ efflux from isolated rat uterine myocytes [284]. 

Further experiments investigating the decay of the Ca2+ transient following agonist 

induced Ca2+ release exhibited that 71% of Ca2+ efflux was due to the PMCA and 29% 

to NCX [285]. Similar findings were previously demonstrated in pregnant rat 

myometrial tissue [286].  

 

SERCA isoforms 2a and 2b have been identified in the human myometrium with an 

up-regulation in their expression in labour [281]. The role of the SERCA pump in the 

extrusion of Ca2+ in rat myometrial SMCs was demonstrated by measuring changes 

in the rate of the Ca2+ transient decay when the SERCA was inhibited by CPA [285]. 

A greater than 50% reduction in the rate constant of [Ca2+]i decay was observed in the 

presence of CPA highlighting the substantial involvement of the SR in the efflux of 

Ca2+ from the cells [285]. Importantly, on inhibiting both the PMCA and NCX, the [Ca2+]i 

transient was not lowered at all, and so it is likely that the SR functions in parallel with 

the plasmalemma Ca2+ extrusion mechanisms to facilitate relaxation of myometrial 

SMCs [285]. Phospholamban is a transmembrane protein which binds to and alters 

the activity of SERCA depending on its phosphorylation state [287]. In its 

unphosphorylated state, it lowers SERCA’s affinity for Ca2+ through direct protein-

protein interactions [288]. PKA-dependant phosphorylation at Ser16 reverses its 

inhibitory effects resulting in an increase in SR Ca2+ release promoting cardiac 

contractility [289]. The involvement of phospholamban and regulation by PKA 

phosphorylation in myometrial cells has yet to be determined. A recent study using 

mass spectrometry and tandem mass tagging analysed the global myometrial 

phosphoproteome elicited during oxytocin-induced and spontaneous contractions in 

term no labour myometrial tissue samples to uncover novel potential targets which 
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may regulate uterine contractility [290]. Phospholamban was identified as a 

phosphorylated protein during spontaneous and oxytocin induced contractions with a 

significant protein-protein interaction network elucidated with other key 

phosphopeptides which are identified to be involved in uterine contractility [290] 

 

1.16.5 Lipid Rafts and Ca2+ Signalling 
 

In other cell types, well-defined plasmalemma microdomains exist composed of lipid 

rafts, termed due to their highly concentrated cholesterol and sphingolipid levels 

solidifying them in a more fluid membrane matrix [291]. These regions have been 

associated with key cell signalling pathways and ion channels modulating contractility 

[292, 293]. Caveolae, a subset of lipid rafts, are invaginations in the plasmalemma 

identified by the presence of the caveolin proteins 1-3 [294]. In the myometrium of 

pregnant rats, all three isoforms were expressed with predominance in their 

localisation at the plasmalemma [295]. Interestingly, the expression of the caveolin 

isoforms cav-1 and -2 have been found to increase at advancing gestations [296]. It is 

apparent that their expression is closely regulated by hormonal influences, in that 

oestradiol down-regulated their levels and resulted in a >90% reduction in caveolae 

formation, whereas P4 was found to counteract this effect [296]. Additionally, an ER𝛼 

antagonist, ICI 182,780, significantly increased the abundance of caveolae [296]. The 

localisation of the ER𝛼 has been identified in the caveolae of non-pregnant rat 

myometrial cells [297]. In uterine vascular SMCs, the interaction of cav-1 and the ER𝛼 

have been identified to promote vasodilatation [298]. Further study is needed to 

investigate the implications of this interaction in myometrial function. Caveolin-1’s 

scaffolding domain has also been identified to possibly influence excitation-contraction 

coupling by inhibiting the translocation of 2 crucial proteins involved in contractility in 

uterine myocytes, PKC𝛼 and RhoA [295]. Finally, the action of the uterotonic agent 

oxytocin and its receptor have also been associated to lipid rafts. One study identified 

that when the cholesterol content of the plasmalemma in pregnant guinea pigs was 

altered, the binding affinity of oxytocin to its receptor was modified [299]. 

 

The role of lipid rafts has also been investigated in Ca2+ signalling. As with the oxytocin 

pathway, the effects of altering cholesterol content in the plasmalemma on Ca2+ 
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signals and contractility has been studied. Smith et al. determined that cholesterol 

enrichment applied to regularly contracting pregnant rat longitudinal muscle strips 

resulted in a reduction in the frequency, amplitude and duration of contractions [300]. 

Furthermore, the addition of LDL eradicated contractions completely [300]. In 

corresponding experiments, the effects of methyl-𝛽 cyclodextrin (MCD), which disrupts 

lipid rafts and causes depletion of cholesterol was examined. MCD treated myometrial 

strips observed under electron microscopy demonstrated an absence or abnormally 

formed caveolae [300]. Similarly, MCD produced the opposite findings to cholesterol 

enrichment on myometrial contractions whereby a significant increase in contraction 

frequency was observed [300]. The contraction duration and amplitude were also 

increased, and this was replicated in the force and subsequent Ca2+ transients elicited 

[300]. These experiments were repeated with the addition of oxytocin. Despite 

oxytocin’s ability to augment contractions, the same effects were seen following 

cholesterol enrichment, with a reduction in the contraction amplitudes by 20% and 

contraction frequency overall [300]. A consequent reduction in force and Ca2+ transient 

frequency was also seen [300]. MCD in the presence of oxytocin re-established 

myometrial contractions to those observed during spontaneous activity but the 

frequency of contractions remained reduced, suggesting the possibility of an alteration 

in the efficacy of oxytocin [300]. These findings are supportive of clinical data which 

has identified a correlation between inefficient uterine contractility and a high BMI 

[282].  

 
1.17 Existence of Pacemaker Cells in the Myometrium  
 

The uterus is a myogenic organ in nature, in that it can generate spontaneous 

contractions in the absence of neural or hormonal stimuli, due to its innate excitability 

throughout the myometrium [301]. But unlike other smooth muscle, there is ongoing 

debate and no accepted theory as to the origin of the uterine ‘pacemaker’, and which 

cells are responsible for the initiation of electrical activity in the human uterus. In the 

heart, specialised cardiomyocytes localised in the sinoatrial node (SAN), function as 

pacemaker cells and are predominately responsible for cardiac rhythm [302]. 

Specialised pacemaker cells identified to be or similar to interstitial cells of Cajal (ICC) 

have similarly been identified in the GI tract, urinary bladder and urethra, which are 

located at distinct sites in the tissues [303-305]. ICC like cells, renamed telocytes 
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[306], were detected by Ciontea et al. in non-pregnant and pregnant human 

myometrial cell cultures [307]. These were identified by using a c-kit 

immunohistostaining technique, methylene blue dye (for which ICC-like cells have an 

affinity for) and through microscopic assessment of their characteristic cellular 

morphological features [307]. C-kit is a proto-oncogene which has been found to be 

vital in the development of the pacemaker ICC [308]. Duquette et al. also discovered 

ICC-like cells in both pregnant rat and human myometrium at term [309]. Both studies 

found that the ICC-like cells were in close contact to the uterine myocytes indicating 

intrinsic communication to facilitate electro-mechanical coupling [307, 309]. There is 

ongoing investigation as to whether these cells are electrically excitable and thus 

involved in the uterine pacemaker. 

 

It has been established that there are inter-species differences in the contractile 

mechanisms leading to spontaneous contractions in the myometrium at a cellular 

level. At late gestations in mice, Shmygol et al. observed myometrial cells 

spontaneously contracting for a limited period of time in culture [166]. Similarly, in late 

pregnancy in rats, approximately 25% of myometrial cells isolated from the longitudinal 

smooth muscle exhibited spontaneous depolarising activity and generated a number 

of APs, which were of a similar amplitude and duration to those observed in contracting 

myometrial tissue strips [310]. In humans, however, isolated myometrial cells do not 

spontaneously contract unlike myometrial tissue strips [311]. Thus, supporting the 

theory that the uterine pacemaker does not exist at an individual cellular level but may 

be as a result of cell-to-cell communication via gap junctions to generate synchronous 

electrical activity, which will be discussed in more detail below.  

 

A considerable proportion of investigation into the origin of the uterine pacemaker has 

been conducted using rodent models due to their availability, limited gestational time 

course for ease of experimental handling, cost and ethical considerations regarding in 

vivo and ex vivo use in studying pregnancy and labour. There are however significant 

limitations in that the rodent uterus is significantly different to humans as previously 

mentioned. Despite research groups mapping the uterine pacemaker origin using 

animal and, more recently, human uteri, no defined anatomical site has been 

identified. Lammer et al. used a combination of experiments in term pregnant guinea 

pig and rat uteri to map the origin and propagation of uterine electrical signals [312]. 
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240 extracellular electrodes were sited on isolated rat uteri and video macroscopy 

imaging was used to monitor the uterine contractions in pregnant guinea pigs [312]. 

For both species, no distinct area was identified as the pacemaker start point for 

electrical activity and sites were observed across the tissue. However, the majority of 

contractions were seen to be initiated at or near to the mesometrial border close to 

placental attachment [312]. The mesometrium is a mesentery and subdivision of the 

broad ligament, surrounding the uterus, external iliac vessels, and ureters. In rats, the 

electrical activity was predominately initiated at the ovarial end of the uterine horn but 

this was not the case in guinea pigs [312]. It was hypothesised that this area is 

advantageous for contraction onset in rats as they typically deliver more than 10 pups 

and so rely on peristalsis of the long uterine horn, with the direction of contractile 

spread downwards to the cervical end [313]. Electromyograph (EMG) studies were 

performed in pregnant ewes at late gestations and in labour, whereby electrical activity 

was observed simultaneously at most of the recording electrodes, again with no 

defined pacemaker area identified [314].  

 

To further investigate the existence of these sites of electrical and contractile initiation, 

more advanced 3D reconstruction techniques have been utilised and adapted [106]. 

Lutton et al. using late pregnant rat uteri combined multi-electrode monitoring to 

measure the propagation of electrical activity with 3D tissue histological slices to 

correspondingly study the microarchitecture of the myometrium in order to determine 

the initiation of uterine electrical-contractile activity at a significantly higher resolution 

of 10 𝜇M [315]. ‘Myometrial-placental pacemaker zones’ (MPPZ) were identified and 

these areas of bridging circular and longitudinal smooth muscle fibre bundles were 

seen to occur at implantation sites in the placental bed [315]. 3D reconstruction of the 

myometrial smooth muscle network merged with electrode recordings revealed 

excitation propagation from the MPPZs to the longitudinal muscle fibres, allowing for 

the direction of spread to be projected [315]. 

 

Studies in the 1950s by Caldeyro-Barcia et al. developed the theory that uterine 

contractions in humans originated at the uterine fundus and spread to the cervix by 

using data obtained from tocodynamometer (toco) devices [316]. However, this 

intrapartum tool was established to only measure mechanical changes in uterine 

shape near to where the toco was applied and did not encompass the technology for 
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it to be used to monitor electrical activity and thus contractility [313]. Later, studies 

using uterine EMG refuted the idea of a fundal pacemaker origin with AP propagation 

observed to be multi-directional in both the upper and lower part of the uterus 

simultaneously [317]. EMG technology also facilitates temporal assessment of AP 

propagation. A study of 22 women utilised an advanced 64-electrode EMG grid to 

measure the speed of electrical activity and determined the conduction velocities to 

be 8.65 ±  1.90 cm per second in labour and 5.3 ± 1.47 cm per second in the no labour 

group [318], which was similar to speeds observed in rodent studies [319, 320]. EMG 

data has further been complemented by magnetomyography (MMG) studies which 

utilise bio-magnetic signals with a higher resolution of approximately 2 cm [321]. A 

superconducting quantum interference device (SQUID) was designed to map the 

activity of uterine contractions by measuring MMG signals across the surface of the 

pregnant abdomen [321-323]. In support of the EMG data, multi-directional 

propagation of the signals were recorded in all four quadrants with average speeds of 

8-10 cm per sec [322]. Thus in conclusion, it is likely that multiple sites of pacemaker 

initiation occur in the human uterus and that the signal generated propagates across 

relatively short distances [313].  

 

Further investigation however is needed to decipher this complex electrical pacemaker 

model in the initiation and regulation of contractions, and how local excitation-

contraction coupling is transmitted throughout myometrial tissue at a regional and 

more importantly organ level.  

Specialised cardiac pacemaker myocytes in the SAN regulate the automaticity of the 

heartbeat and possess unique ion channels through which an inward Na+/K+ ‘funny’ 

current (If) flows [324]. This depolarises the pacemaker cells to the AP firing threshold 

and subsequently initiates the electrical conductance system of the heart [324]. These 

hyperpolarisation-activated cyclic nucleotide-gated (HCN) ion channels are encoded 

by four distinct isoforms, of which HCN4 is the predominant SAN channel subunit 

[325]. It is well recognised that cAMP enhances channel opening through direct 

binding to the CNBD in the channels C-terminal [326]. More recently, the regulation of 

HCN channels has been identified to occur through PKA-mediated phosphorylation in 

cardiac and neuronal cells due to the multiple phosphorylation sites [327-329]. 

Hyperpolarisation-activated currents (Ih) have been discovered in pregnant rat 

myometrial cells using whole-cell patch clamp experiments [330, 331]. The application 
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of cesium inhibited the myometrial Ih currents and reduced the frequency of 

spontaneously contracting circular myometrial tissue strips [330]. Additionally, a 

specific Ih blocker, ZD7288, was found to significantly decrease the force of 

contractions of spontaneous and oxytocin-induced longitudinal myometrial tissue from 

term pregnant rats [332]. It is yet to be determined whether myometrial SMCs express 

HCN channels.  

 
1.18 Cell to Cell Communication 
 

In order for APs to propagate from cell to cell there must be electrical coupling between 

them, which enables the overall flow of electrical current and therefore charge to 

spread across cellular bundles that subsequently provoke effective coordinated 

myometrial contractions [301]. Gap junctions are specialized, tightly packed clusters 

of intercellular channels spanning opposing plasma membranes, that allow for the 

conduction of APs between cells in the majority of organs [333-336]. They are 

composed of integral membrane proteins called connexins [334]. Not only do these 

channels facilitate multi-cellular electrical conductance pathways, they also provide a 

conduit between the cytoplasm of two cells; which allows for the exchange of ions 

including Ca2+ and K+, the buffering of metabolic waste products e.g. glucose and the 

movement of second messenger signalling molecules such as cAMP, cGMP and IP3 

[337, 338].  

 

The nomenclature system for the connexin family comprises of three defining features; 

their species of origin, an abbreviated version of connexin (Cx), followed by their 

predicted molecular weight in kilodaltons (kD) [339] e.g. rat Cx43. The connexin family 

is composed of approximately 20 isoforms, of which Cx43 is expressed in the majority 

of cell types [340]. The basic structure of the connexin membrane protein comprises 

of four hydrophobic pore-forming transmembrane regions, extracellular loops which 

facilitate the interaction or ‘docking’ with connexons on neighbouring cells and a 

cytoplasmic loop with C- and N-terminal domains which are understood to regulate 

gap junction function [341]. A connexon hexameric hemichannel is formed by the 

assembly of six connexin subunits [338]. Gap junctions are formed when a connexon 

hemichannel on one cell bridges with a connexon on an adjacent cell creating an 

aqueous pore between the two membranes [342]. Immunohistochemical techniques 
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have identified connexin 43 as the predominant isoform forming gap junctions in 

myometrial cells [343].  

 

Garfield et al. identified the presence of gap junctions in the longitudinal and circular 

muscle of rat myometrium obtained at term pregnancy, forming one day before the 

onset of labour [344]. In preterm early pregnancy samples, gap junctions were 

undetectable [344]. Similar findings were observed in further studies using electron-

microscopy analyses identifying very few or no gap junctions in pregnant preterm rat 

and sheep myometrial tissue but a substantial increase in their density and size at 

term was evident [345-347]. In humans, a similar increase in the expression of gap 

junctions was identified in term pregnancy using immunocytochemical staining and 

double whole-cell patch clamp studies [348-350]. Staining for connexin 43 was 

similarly absent in non-pregnant human myometrial tissue [349].  

 

Cx43 expression has been demonstrated at both an mRNA and protein level 

throughout gestation but it’s levels significantly increase at term and peak on the day 

of delivery [351] correlating with increased gap junction formation. The lack or limited 

presence of gap junctions during pregnancy despite Cx43 expression has been 

attributable to an apparent hormonal inhibition preventing connexon assembly or 

trafficking of connexins to the plasma membrane [351]. Notably, formation and 

regulation of gap junctions has been closely linked to the increased expression levels 

of oestrogen and prostaglandins and decreases in progesterone at term pregnancy 

and in labour [346, 347]. Studies using RU486, an anti-progesterone, in mid-pregnant 

rats resulted in preterm delivery 24-48 hours following its administration, in conjunction 

with a significant increase in Cx43 transcript expression and subsequent gap junction 

formation [352, 353]. Conversely, P4 treatment given in late pregnancy in rats 

prevented gap junction formation and inhibited delivery [346]. The effects of oestradiol 

in non-pregnant OVX mature rats and also in pregnant rats at day 16 were 

investigated, whereby a substantial increase in gap junctions was demonstrated 

following treatment [354]. The addition of indomethacin, an inhibitor of prostaglandin 

synthesis, administered with oestradiol in non-pregnant OVX rats substantially 

increased the percentage of gap junctions at the plasma membrane [354]. Lye et al. 

further confirmed a direct correlation of an increase in the E2: P4 ratio at term and in 

labour to Cx43 expression in pregnant rats [351].  
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As mentioned, unlike other mammals, a decrease in systemic progesterone levels 

prior to labour does not occur in humans but instead there is a progesterone 

withdrawal and as such the observed changes in Cx43 expression and gap junction 

formation during pregnancy and labour are understood to be regulated by the cellular 

responsiveness to hormonal stimuli [74]. Recently, Nadeem et al. investigated novel 

differences in the effects of P4 acting via its PR-A or PR-B receptor on the cellular 

localisation and trafficking of Cx43 for gap junction formation in a human myometrial 

cell line (hTERT-HMA/B) [74]. This research group has previously shown that PRB 

inhibits the transcription of Cx43 whilst PRA activates it [68]. It was evident that in P4-

stimulated cells expressing PRA, Cx43 localised to the plasma membrane and 

resulted in the formation of functional gap junctions [74]. This was not the case in cells 

expressing PRB where Cx43 localised primarily to the perinuclear region only [74]. 

Interestingly, in P4-treated PRB expressing cells the forward trafficking of Cx43 to the 

Golgi apparatus from the ER was inhibited, whereas in PRA cells Cx43 localised to 

the Golgi following P4 treatment [74]. Here, it subsequently undergoes oligomerisation 

forming a connexon [355] which is then transported to the plasma membrane [356]. 

These findings complement previous studies which determined that the PRA:PRB 

ratio increases in the onset of term labouring tissue [68, 70] thus promoting the 

transcription of Cx43 and forward trafficking to the plasma membrane for subsequent 

gap junction formation [74].  

 

In addition to steroid hormones, other signalling pathways in the myometrium have 

been associated with the up-regulation of Cx43 expression prior to the onset of labour. 

The increased production of specific PG signals at advancing gestations have been 

shown to induce the activation of CAPs, such as Cx43. Treatment of human term 

pregnant myometrial cells with PGF2𝛼 has been found to increase the protein levels 

of Cx43, COX-2 and OTR [357]. Alternatively, PGI2 which is a recognised SM relaxant 

that stimulates Gαs and cAMP during pregnancy [358], has recently been implicated 

to have a potential dual function at advancing gestations [359]. In human term 

pregnant myometrium, activation of the PGI2 receptor upregulated Cx43 in a PKA-

dependant process, whilst also enhancing oxytocin-induced contractions [360]. The 

phosphorylation of Cx43 by PKA in other cell types such as cardiomyocytes and 

endothelial cells significantly influences its regulation and distribution, in addition to 

controlling gap junction assembly and function [361-364]. Further studies are needed 
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to elucidate the PKA-mediated phosphorylation events of Cx43 in the human 

myometrium.   

 

Gap junctions have been identified to provide low resistance conduits between SMCs 

facilitating electrical coupling and AP signal propagation required for the conductance 

of myometrial tissue [345, 354, 365]. Sheldon et al. examined the influence of spatial 

heterogeneity, which is the uneven distribution and variation in local cell to cell 

coupling, on global level excitability [366]. Using complex mathematical models of the 

myometrium from pregnant mice, a moderate degree of heterogeneity facilitated whole 

network excitation in a graded manner by generating local areas of excitability [366]. 

In a cell network which was homogeneous and strongly coupled, excitation was not 

able to spread beyond the stimulated cell as it was recognised that the neighbouring 

cells readily absorbed the overall charge acting as ‘sinks’ [366]. Variations in the 

strength of conductance of a gap junction is also highly dependent on the trans-

junctional voltage between the two cells, which is understood to be determined by the 

connexin composition of the gap junction [367]. Miyoshi et al. used double-whole-cell 

voltage-clamp techniques on isolated pregnant rat myometrial cells and identified two 

distinctive conductance-voltage relationships using the Boltzmann equation, which 

corresponded to gap junctions predominately composed of either Cx43 or Cx45 

proteins [350]. These findings were incorporated into the mathematical model used to 

investigate spatial heterogeneity, which was extended to examine the gating kinetics 

of the two gap junction types [367]. Type II junctions, considered to be Cx45, exhibited 

faster kinetics than type I (Cx43) junctions and were not able to propagate the 

electrical activity across the entire network [367]. The expression of Cx45 has been 

identified to be down-regulated in rat and human labouring samples, whereby in 

contrast there is a peak in the expression of Cx43 [367, 368]. These findings led to the 

hypothesis that type II junctions function to limit the excitability of the myometrium 

during pregnancy by preventing prolonged episodes of depolarisation across the 

network, whereas in labour their expression decreases and there is an up-regulation 

in Cx43 which enables the electrical spread of APs contributing to the initiation of 

uterine contractions [367]. Importantly, as mentioned before, the propagation of AP 

signals across myometrial cells can only cover relatively short distances [320, 322] 

and so the electrical coupling generated will only excite individual regions of 

myometrial tissue [60]. 
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Therefore, an increase in gap junction formation in labour is unlikely to be the sole 

mechanism responsible for global tissue recruitment and contractility of the uterus at 

an organ level. Recent studies have proposed the AP mechano-transduction model 

which elucidates the interplay of mechanisms that are essential for the synchronisation 

of contractions of the uterus as a whole [59-61]. It summaries that in labour if adequate 

AP propagation occurs, due to the increased expression of gap junctions facilitating 

enhanced cellular-electrical connectivity, this will initiate contracting regions of the 

myometrium which are sufficient to raise the intrauterine pressure [59]. Csapo et al. 

previously identified that increases in intrauterine pressure enhance uterine wall 

tension consequently mechanically stimulating contractions in other excitable 

myometrial regions [59, 369]. This has established the concept of mechano-

transduction, which results in a net-effect of co-ordinated uterine contractility [59].  

 
1.19 Preterm Birth 
 

PTB is defined as delivery before 37 weeks’ gestation or less than 259 completed days 

of pregnancy [45]. Subgroups are used to categorize PTB further which are 

determined by the gestational age of preterm babies at delivery age (number of 

completed weeks) [370]. These include; extremely preterm classified as less than 28 

weeks’ gestation, very preterm (28 to 32 weeks’) and lastly babies born between 32 

to 37 weeks’ are regarded as moderate to late preterm [370]. Over 80% of preterm 

deliveries occur between 32 to 37 weeks, with less than 5% of births at less than 28 

weeks [371, 372]. This classification system has better facilitated the counselling of 

women in threatened PTL or those at risk of PTB about the associated morbidity and 

mortality at each gestational time point. In addition, the potential resuscitation 

requirements at birth can be explained and the subsequent expected care in the 

neonatal intensive care unit post-delivery, depending on the gestational age.   

 

Prematurity and its related complications are a principal cause of neonatal morbidity 

and mortality in children under the age of 5 years accounting for 18% of all deaths and 

remains a considerable global health challenge [370, 371, 373]. Annually, 

approximately 15 million babies are born premature worldwide; an estimated one 

million of these babies die each year due to the direct complications of PTB [370, 373]. 

Furthermore, the devastating effects of prematurity can result in lifelong 
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neurodevelopmental disability including cerebral palsy, hearing, vision, cognitive or 

motor impairments, respiratory and cardiovascular diseases [374, 375]. These 

complications are highest in babies born extremely premature [376]. Due to the limited 

resources and funding for population statistics in many low-income countries however, 

the true incidence of PTBs, it’s related long-term sequalae and mortality rate is likely 

to be much higher [371]. Data in 2010 from 184 countries established that PTB 

accounted for 11.1% of all live births globally, with rates varying from around 5% in 

several high-income countries (HIC) to 18% in parts of sub-Saharan Africa [377]. 

Around 90% of all PTBs occur in low to middle-income countries with South Asia and 

sub-Saharan Africa accounting for over 60% of PTB rates [377]. This latter figure was 

found to be even higher at more than 80% in a further population statistics study [378]. 

According to time trend data over a 20-year period from 1990 to 2010, the incidence 

of PTB had only decreased in 3 of the 65 countries included [377]. It was determined 

in a later study that the global rates of PTB had increased from 9.8% to 10.6% over a 

14-year period [378]. Interestingly, differences in PTB rates exist between close 

geographical regions of both low- and high-income countries, irrespective of 

healthcare provision and infrastructure [378, 379]. Several considerations may 

account for this including population demographics, PTB classification, obstetric 

practises and interventions, education and environmental influences [379-381]. 

 

The consequences of PTB are significantly worse in lower-income countries, for 

example India, where rates are as high as 22% and accounts for approximately 33% 

of the total global PTB mortality rate [373, 382]. There is a stark difference in the 

survival rates of babies born premature, where in high-income countries half of all 

babies born at 23-24 weeks will survive but in low-income countries where resources 

are limited and specialised healthcare is underfunded, there is only a 50% survival 

rate for babies born at 32 weeks [383].  

 
1.20 Causes of Preterm Birth 
 
Approximately one-third of PTBs are medically indicated or iatrogenic, most commonly 

due to maternal diseases such as hypertensive disorders, pre-eclampsia, and 

diabetes or suspected emerging fetal compromise including intra-uterine growth 

restriction or placental insufficiency [384]. In addition, due to advanced assisted fertility 
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practices, the rates of multiple pregnancy has increased the rates of obstetric 

intervention [385]. Over 70% of cases however are spontaneous, either due to 

spontaneous PTL or preterm premature rupture of membranes (PPROM) [384].  

 

Despite identifying a pathological cause in certain women, the current consensus is 

that in most cases the aetiology of PTL is largely multi-factorial and definitive factors 

are often unclear. It is now understood that several processes are involved in initiating 

the transition from uterine quiescence to the activation and onset of labour [386]. PTL 

has therefore been considered as a ‘syndrome’, which is attributable to numerous 

pathological mechanisms that are a combination of fetal, maternal and placental [386]. 

Infection is the most common cause of PPROM resulting in spontaneous PTL [387, 

388]. Other factors include uterine over-distension, stress, inflammatory and 

immunomodulatory processes [387].  

 

1.20.1 Infection and Inflammation  
 

Infection and inflammation have been strongly associated as risk factors in initiating 

PTL [376, 388]. To date, a significant causal link has only been identified in cases of 

PTB and intrauterine infection secondary to bacteria [388]. Cumulative research 

provides considerable evidence that an inflammatory process is associated with the 

onset of term and PTL, characterised by increased adhesion molecule levels, a 

significant influx of pro-inflammatory leucocytes and a greater release of inflammatory 

cytokines into the myometrium, cervix and decidual tissues [389-392]. More recent 

data by Singh et al. established that myometrial inflammation may in fact be a 

consequence and not a cause of term labour [393], a theory which has long been 

debated.  

 

Several downstream TFs have been identified in this inflammatory labour cascade, of 

which NFκB and AP-1 contribute substantially [393]. NFκB is activated following the 

release of pro-inflammatory cytokines and subsequently stimulates the increased 

synthesis of PGs, which promote cervical ripening and the initiation of myometrial 

contractions [394-396]. The AP-1 complex is a dimer of basic region-leucine zipper 

(bZIP) proteins of the Jun, Fos and activating transcription factor (ATF) protein sub-

families of which the most common combination is a Fos and Jun heterodimer [397]. 
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AP-1 activation has also been identified to stimulate a pro-inflammatory labour 

response whilst promoting the up-regulation of contractile associated genes such as 

Cx43 [398].  

 

1.20.2 Uterine Over-Distention and Stretch  
 

Uterine over-distension has been associated with increased rates of spontaneous 

PTB, either due to multiple pregnancies or polyhydramnios [399]. The exact 

pathophysiology remains uncertain but studies investigating the effects of stretch on 

inducing myometrial contractility have identified several contributory mechanisms 

including; increased PG release [400], an up-regulation of Cx43 [401] and the pro-

contractile OTR [402], with an associated increase in the pro-inflammatory cytokines 

such as IL-6 and IL-8 [403, 404], thus augmenting cervical ripening and initiating 

uterine contractility.  

 
1.21 Preterm Labour Treatments  
 

The principal factors that control the onset of spontaneous labour are still not fully 

understood and there are currently no effective drugs to completely stop established 

labour once it has started at any gestation. Tocolysis therapies were developed for the 

management of PTL with the primary objective of inhibiting uterine contractions [405]. 

Despite tocolytic use, the rates of PTB have not declined worldwide but rather there 

has been a consistent rise in cases yearly [406]. This could be attributable to the 

increased rates of multiple pregnancies following emergent and improved fertility 

treatments, the implementation of surveillance databases in lower-income countries 

or earlier intervention into high-risk pregnancies with maternal or fetal conditions, such 

as placental insufficiency, pre-eclampsia or intra-uterine growth restriction [407].  

  

At present, there are no tocolytic drugs approved by the Food and Drug Administration 

(FDA) and those used in clinical practice are therefore unlicensed. This is considered 

to be due to several factors relating to drug development including: cost, concerns 

regarding liability with the potential for adverse effects on the mother and fetus, and 

finally the complex ethical issues of conducting drug trials in pregnant women [408]. 

The tocolytic agents which have been used previously or are in current use each target 
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specific intracellular signalling pathways involved in myometrial contractility, which will 

be discussed in more detail later. These include hormonal receptors such as PG and 

OTR, the cAMP signalling cascade, and ion channels, including magnesium and 

calcium [409].  

 

The efficacy of these tocolytic agents for longer-term maintenance therapy or repeated 

use in cases of recurring episodes of increased uterine activity in threatened PTL is 

uncertain due to the lack of definitive evidence of both efficacy and benefit [410]. In 

addition, for certain tocolytics there were mounting concerns regarding adverse 

maternal drug reactions and side effects [411]. Their use has therefore been focused 

on achieving a short-term period of uterine relaxation to prolong the pregnancy to 

benefit and enhance fetal wellbeing after delivery.  

 

Tocolytic therapies themselves have not been found to directly provide any significant 

benefit or improvement in neonatal outcomes [412, 413]. However, their ability to 

reduce uterine contractions delays imminent delivery from occurring, thus enabling 

two principal neonatal benefits. Firstly, this facilitates the in-utero transfer of mothers 

in threatened PTL to a level 3 tertiary neonatal unit to receive the highest level of 

support and care [414]. And secondly, it also provides a crucial time window for 

maternal interventions to be given, which have been proven to improve preterm 

neonatal outcomes [415, 416]. An internationally accepted time interval of 48 hours 

has been deemed appropriate for tocolytic use [413, 417]. During this period, 

corticosteroids and magnesium sulphate can be administered to women in threatened 

PTL, which have established benefits in fetal lung maturation and neuroprotection 

prior to delivery [416, 418]. A recent Cochrane meta-analysis determined that a single 

course of corticosteroids given to women at risk of PTB was associated with a 

significant reduction in perinatal death and the adverse morbidities related to 

prematurity [419]. These outcomes included respiratory distress syndrome, 

mechanical ventilation requirements, sepsis, and interventricular haemorrhages 

(IVHs) [419]. Both singleton and multiple pregnancies were included in this review with 

no significant differences in benefit in either group, irrespective of membrane status or 

existing maternal co-morbidities [419]. It is therefore recommended in clinical practice 

that antenatal corticosteroids should be offered to all women between 24+0 to 33+6 

weeks of pregnancy at risk of or in established PTL, whether planned or spontaneous 
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including PPROM, to reduce the risk of prematurity related complications [413, 420]. 

Between 34+0 and 35+6 weeks, The National Institute for Health and Care Excellence 

(NICE) recommendations advise to consider corticosteroids in the same 

circumstances [420], in most cases of which they are also offered to this cohort of 

women.  

As mentioned, due to the inconsistent and limited evidence for maintenance or repeat 

tocolysis use in women with recurrent episodes of threatened PTL the majority of local 

and national guidelines globally do not recommend it [410]. However, in everyday 

hospital practice deviations from guidelines often exist based on clinical experience 

and there has been varied results between countries on the administration of 

prolonged or repeated tocolytic use. Survey research in the United States determined 

that out of 827 maternal-fetal obstetric specialists nearly one third (29%) would 

administer longer-term tocolytic use for greater than 48 hours and 56% of clinicians 

would repeat tocolysis for further acute episodes of threatened PTL [421]. Similarly, in 

Australia and New Zealand, 34% of clinicians (out of a total of 813 members of the 

Royal College of Obstetricians and Gynaecologists) reported in a questionnaire that 

they utilised maintenance tocolysis [422]. This study is however outdated from 2002 

and as such practices may have changed since then. A more recent survey study in 

2014 in France determined that more than 50% of tertiary care centres used 

maintenance tocolysis [423].  

 

Historically, prior to the use of tocolytic therapies, PTL management focused on 

hydration, bed rest, and even intravenous ethanol infusions [424, 425]. There was 

however no evidence base to these practices, with obvious significant maternal and 

fetal safety concerns, and adverse events such as increased venous thromboembolic 

risk, altered bone and muscle metabolism leading to atrophy, detrimental 

psychological impacts and impaired glucose intolerance [424, 426].  

 

Several tocolytic agents have since been developed and administered over time which 

are as follows; prostaglandin-synthase inhibitors, OTR antagonists, 𝛽-adrenergic 

receptor agonists, nitric oxide donors, magnesium sulphate and calcium channel 

blockers. The most utilised treatments will be discussed in more detail below.  
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1.21.1 𝜷-Adrenoreceptor Agonists 
 

The myometrium expresses three subtypes of 𝛽-adrenergic receptors: 𝛽1, 𝛽2 & 𝛽3, 

which are part of the family of membrane-bound GPCRs [427]. Like in other SMCs, 

such as those that form the respiratory tract or blood vessels, these receptors are 

involved with muscle relaxation due to their involvement in and initiation of the cAMP 

signalling pathway [428]. Following agonist-induced receptor activation, the 

subsequent downstream changes result in an increase in the levels of intracellular 

cAMP, which binds to and activates PKA. The catalytic subunits of PKA subsequently 

mediate and phosphorylate several downstream proteins including MLCK, a key 

enzyme involved in the SMC contractile machinery [88]. The phosphorylation target is 

specifically near to the binding region of the calcium-calmodulin complex [429, 430]. 

This modulation by PKA impairs the ability of calmodulin to activate MLCK, 

subsequently preventing the phosphorylation of myosin, which is required to facilitate 

myosin’s cross-bridging with actin for SMC shortening, thus inhibiting contractions 

[429, 430]. In addition, cAMP-stimulated PKA activation has been found to directly 

affect the mechanisms which result in an increase in intracellular calcium which is 

crucial for the initiation of myometrial contractions [431]. Specifically, through the 

inhibition of PLC [432-434]. 𝛽-adrenergic agents have also been found to increase 

BKCa channel activity resulting in hyperpolarization and uterine relaxation [35].  

Lands et al. first classified adrenergic receptors into numerical sub-groups depending 

on their relative potency to specific sympathomimetic agonists [435]. Drug-receptor 

radioligand binding studies have determined that the predominant receptor sub-type 

expressed in the human myometrium is 𝛽2, constituting 87% of the beta-

adrenoreceptors identified [436]. This study did not however establish the involvement 

of either the 𝛽1 or 𝛽2-receptors in myometrial relaxation. Further radioligand binding 

studies presented comparable results, using myometrial tissue obtained at term 

Caesarean sections, whereby the cell membranes were comprised of 82% of 𝛽2-

receptors [437]. In addition, despite the expression of 𝛽1-receptors identified, the use 

of specific receptor antagonists in contractility studies established that the functional 

sub-type which was activated in myometrial relaxation was 𝛽2 [437]. As such, 

tocolytics were consequently developed that theoretically targeted 𝛽2-receptors. 
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However, due to the doses used in clinical practice, it is likely that they are in fact non-

selective and activate all 𝛽-adrenergic receptors [437]. 

 

Betamimetics have been the most frequently utilised tocolytic drugs globally. 

Terbutaline and ritodrine were previously administered intravenously, after the FDA 

approved the latter for use in the prevention of PTL in the U.S. in 1977 [438, 439]. A 

study in the 1980s established a successful delay in PTL using oral ritodrine 

hydrochloride of greater than 24 hours in 84% of patients [439]. This study only 

included 70 women in total, however. In 1995, the FDA withdrew its approval from US 

market use in the treatment of PTL due to the significant unacceptable adverse 

maternal cardiovascular side effects documented, such as chest pain, tachycardia, 

dyspnoea and cardiac arrhythmias [440, 441]. Similarly, terbutaline was also used off 

label following FDA warnings of similar serious cardiac side effects with intravenous 

use [442]. A recent Cochrane review including 10 randomised controlled trials (RCTs) 

comparing the use of betamimetics to placebo did however determine that 

betamimetics significantly reduced the rate of PTB by 48 hours compared to the 

placebo cohort [443]. There was however no reduction in perinatal morbidity 

associated with prematurity or neonatal mortality, as previously mentioned [443]. 

There have been no significant differences identified between the efficacy of either 

agonist when used intravenously [443, 444]. Although women receiving ritodrine IV 

experienced higher rates of tachycardia, whilst terbutaline was more likely to cause 

maternal hyperglycaemia [444]. In oral form, terbutaline was shown to be more 

effective in prolonging pregnancy [444]. A meta-analysis assessed trials using 

combination therapies of other tocolytic agents in addition to terbutaline or ritodrine 

including; magnesium sulphate, gluconate or hydrochloride, indomethacin, 

hexoprenaline, fenoterol, metoprolol, pentoxifylline, naproxen, and progesterone 

administered in differing drug routes [445]. There were however no significant 

differences in the benefit or adverse outcomes in using combination therapy compared 

to ritodrine or terbutaline alone [445].  

 

Despite their concerning safety profiles, these drugs continue to be utilised in the 

management of PTL due to their ease of availability and accessibility in lower income 

countries [440]. They are not currently recommended for use in the UK.  

 



 87 

1.21.2 Prostaglandin-Synthase Inhibitors 
 

Cyclo-oxygenase (COX) or prostaglandin-endoperoxide synthase inhibitors are a 

class of non-steroidal anti-inflammatory drugs (NSAIDs) which have also been utilised 

successfully in the prevention of PTB since the 1970s [446]. These vasoactive 

treatments include indomethacin, sulindac and nimesulide [447]. PGs, in particular 

PGF2𝛼 and PGE2, are potent attenuators of uterine contractility [448]. PGE2 

stimulation of the PG receptors, EP1 and EP3 results in calcium release via the IP3 

receptor and inhibits AC activity via the Gαi pathway, thus reducing cAMP production 

[100]. Their role in cervical ripening has also been exhibited through decreasing the 

collagen concentration [449], activating matrix metalloproteinases (MMP-9) [450] and 

increasing the synthesis of proteoglycans, which alters the composition of the cervix 

reducing cervical resistance thus facilitating the process of dilatation [451]. In addition, 

the activation and attenuation of the inflammatory response in labour by PGF2𝛼 and 

PGE2 has been evidenced in studies whereby the PGs augmented cervical leucocyte 

migration, increasing the release of neutrophils and the subsequent production of 

cytokines including IL-6, IL-8, and IL-1𝛽 [452-454]. NSAIDs are understood to 

suppress this PG-associated inflammatory pathway in labour [455]. Their primary 

mechanism of action however is to inhibit the COX enzymes, thus preventing the 

primary conversion of arachidonic acid to these aforementioned prostaglandins [456]. 

COX-1 and COX-2 are both differentially expressed in all cell types, however COX-2 

is the inducible enzyme [457]. COX-2 expression has been shown to increase in the 

myometrium and fetal membranes at term, with a peak in levels in the choriodecidua 

and amnion in labour [458, 459]. 

 

Indomethacin, a non-specific COX inhibitor, was determined in a meta-analysis to 

reduce the risk of PTB in less than 48 hours following its administration compared to 

the placebo, with less maternal adverse side effects over betamimetics and 

magnesium sulphate [460]. The studies included in the review were however 

underpowered with less than 100 women per study and of low-quality design. Due to 

their short-term use as tocolytics, maternal side effects are deemed to be limited. 

However, NSAIDs have been identified to cross the fetal-maternal placental interface, 

albeit in insignificant amounts at early gestations, but diffusing across freely at term 
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[299, 461]. Indomethacin use has been linked to serious fetal complications and 

adverse neonatal outcomes including oligohydramnios, renal failure, necrotising 

enterocolitis and brain injury [462, 463]. Its use has also been found to increase 

vasoconstriction of the fetal pulmonary ductus arteriosus resulting in pulmonary 

hypertension [464]. This study however only included 44 women treated with 

indomethacin in PTL. These adverse events were observed if use was continued for 

greater than 48 hours or after 32 weeks’ gestation [440, 462]. The 2015 Cochrane 

review was however unable to conclude on the fetal safety profile of NSAID use as 

inhibitors of premature uterine contractility due to the insufficient data and limited small 

study numbers [460]. NSAIDs are therefore no longer recommended in PTL 

prevention management.  

 

1.21.3 Oxytocin Receptor Antagonists  
 

The only current oxytocin receptor antagonist used in clinical practise as a tocolytic for 

the management of PTL is atosiban [465]. As previously mentioned, activated OTRs 

stimulate PLC to produce IP3 and DAG, resulting in increased intracellular calcium 

release thus initiating myometrial contractility. Atosiban functions to prevent this 

pathway by inhibiting the OTR [466]. Oxytocin has also been found to mediate PG 

release from the fetal membranes, which is an alternative pro-inflammatory pathway 

that is targeted by atosiban to reduce uterine contractions [467, 468]. It is not currently 

recommended for use by the FDA however following its association with premature 

neonatal death when compared to placebo at less than 24 weeks [469]. It is important 

to consider that 70% of the infant deaths were however in neonates with a birth weight 

of less than 650g and so extreme prematurity related complications may also be 

significant contributing factors.  

 

There has been conflicting data showing the significant benefit of atosiban in the 

prevention of PTB. One meta-analysis demonstrated a reduction in PTB by 48 hours 

after atosiban administration compared to placebo with a risk ratio of 1.13 (95% 

confidence interval; 1.02 to 1.26) [470]. A later Cochrane review including 6 trials of 

1965 women in total refuted these findings and failed to demonstrate the tocolytic 

efficacy of atosiban over placebo or compared to betamimetic use [471]. Atosiban has 

however displayed a better maternal safety profile than betamimetics and calcium 
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channel blockers, with no serious adverse maternal drug reactions recorded [411, 472, 

473]. The most common maternal side effects include vomiting, headache, and 

nausea [473]. In Europe, atosiban is currently an approved first line tocolytic for the 

treatment of PTL administered as an IV bolus followed by an IV infusion, with 

recommended use for only less than 48 hours [474].  

 

1.21.4 Calcium Channel Blockers 
 

Calcium channel blockers, principally nifedipine, is the recommended tocolytic by 

NICE in women between 24+0 and 33+6 weeks of pregnancy in threatened PTL, but 

it is currently used off label [420]. In a recent meta-analyses reviewing all the available 

RCTs, nifedipine given at less than 34 weeks’ gestation resulted in a significant 

decrease in the risk of PTB within 7 days of administration when compared to beta-

mimetics [475]. Its efficacy was however comparable to magnesium sulphate, but 

women taking nifedipine reported fewer maternal side effects than the latter and to 

betamimetics [475]. It is important to note that there were no trials comparing 

nifedipine use to a placebo cohort. Nifedipine was also found to improve neonatal 

outcomes when compared to betamimetics with an associated reduction in respiratory 

distress syndrome, NEC, IVHs, and NICU admission [475]. In addition, there was a 

notable reduction in adverse maternal outcomes resulting in treatment discontinuation 

when compared to betamimetics or magnesium sulphate [475]. There are limited 

studies comparing nifedipine and atosiban use. 1 trial including 40 women per 

treatment group identified no significant differences in the rates of preterm delivery 

within 48 hours or 7 days of receiving nifedipine or atosiban [476]. However, maternal 

side effects were greater in the nifedipine treated group, which were related to the 

vasodilatory effects of nifedipine including headache, dizziness, hypotension, 

palpitations, tachycardia and syncope [476]. These are however mild and serious 

complications were rare but it should be used with caution in women with pre-existing 

cardiovascular disease [477].  
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Figure 1. 5: Mechanisms of action of tocolytics and uterotonic drugs.  
Schematic diagram detailing the mechanisms of action of the tocolytic agents and uterotonics in the 

human myometrium including their modulation of uterine relaxation and contractility. Image reproduced 

with permission of the rights holders, Elsevier Ltd. © 2010 Elsevier Ltd. [478]. 

 

1.21.5 Magnesium Sulphate 
 

Magnesium sulphate has been used extensively as a tocolytic since the 1970s [479]. 

Its mechanism involves a complex regulation of lowering intracellular calcium thereby 

inhibiting uterine contractility [440]. However, in a recent Cochrane review including 

1913 women from 19 RCTs, magnesium sulphate did not reduce the risk of PTB within 

48 hours of administration when compared to placebo or other tocolytics [480]. In 

addition, there were no improvements in neonatal morbidity or mortality in women 

receiving magnesium sulphate [480]. Its benefit in fetal neuroprotection in babies at 

risk of PTL is however established following studies which specifically focused on 

longer term fetal outcomes including cerebral palsy, and developmental dysfunction 

[481]. The safety profile of magnesium sulphate with prolonged administration has 

been questionable as there has been an association with an increased risk of fetal 

bone demineralisation, although this was deemed reversible [482]. The maternal 

adverse effects, although considered minor, included muscle weakness, flushing, 



 91 

headaches, and vomiting but resulted in a higher rate of treatment cessation [483]. 

There is limited data now supporting the use of magnesium sulphate as a tocolytic, 

despite its global clinical use in the management of PTB [440]. 

 
1.22 Preterm Birth Prevention Strategies 
 
Given that tocolytics are only effective for delaying PTL in the short-term, management 

has also been focused on identifying women at risk of PTB and as such utilising 

approaches towards prevention strategies. Risk factors for spontaneous PTB include 

the following; a previous history of spontaneous PTB or second trimester loss, 

previous PPROM, uterine anomalies, fibroids, previous cervical treatment for cervical 

intra-epithelial neoplasia and previous Caesarean section at full cervical dilation [484]. 

These women undergo serial cervical length screening by ultrasound to monitor for 

cervical length shortening, which has been associated to predict spontaneous PTB 

[485]. Its use is focused on detecting early changes in the cervix such as shortening, 

dilatation or cervical funnelling for advising on the use of cerclage [486], which has 

been identified as a successful intervention in reducing the risk of PTB in high risk 

women [487]. The degree of cervical shortening has not shown to influence the 

efficacy of cerclage [486]. Another quantitative measure for PTB prediction is fetal 

fibronectin, a glycoprotein produced by the fetal cells at the choriodecidual interface, 

which when elevated after 22 weeks has been associated with an increased risk of 

PTB [488]. However, a recent study including 10,000 women determined that its 

positive predictive value was less than 15% and as such its use as a screening tool 

alone is questionable [489]. It has however provided benefit when used in conjunction 

with cervical length ultrasound measurements to calculate a women’s risk of PTB and 

guide further management [490, 491]. 

Pharmacological measures of women at risk of PTB has focused on progesterone, 

which has been extensively reviewed in several studies and produced conflicting 

results [492]. The latest OPPTIMUM trial investigated the use of daily vaginal 

progesterone given to high-risk women from 22 to 34 weeks and found no differences 

in PTB rates compared to the placebo group [493]. However, a more recent meta-

analyses concluded that vaginal progesterone significantly reduced the risk of PTB in 

women with singleton pregnancies and a cervical length of <25mm [494]. A novel drug 

currently under investigation for use in the prevention of PTB is low dose aspirin [495]. 
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When taken daily from the first trimester, a significant decrease in PTB rates were 

observed before 37 weeks compared to the placebo cohort with an associated 

reduction in neonatal mortality [495]. It is important to note that this study was 

conducted in nulliparous women and so further studies are needed to determine its 

efficacy in high-risk women for the prevention of PTB. 

 
1.23 cAMP Compartmentalisation and FRET Imaging  
 

cAMP compartmentalisation was originally investigated using traditional methods 

which focused on performing biochemical assays on fractionated cells or tissues, such 

as radio- or enzyme immunoassays [496, 497]. However, these techniques were only 

capable of estimating the total concentration of cAMP in the cell or tissue, both free or 

bound, and were therefore unable to provide any insight into the signalling events and 

molecules involved [498]. Following considerable advancements in optical microscopy 

and the development of sophisticated fluorescent sensors, the use of Fluorescence 

Resonance Energy Transfer (FRET) imaging is now an extremely accurate, and highly 

sensitive technique to study and investigate the real time cAMP dynamics in living 

single cells with an unparalleled resolution in space and time [499-501].  

 

FRET is a physical phenomenon first defined in 1948 by the German physicist Theodor 

Förster [502]. It is a non-radiative quantum mechanical process by which the excitation 

energy of a donor fluorophore is transferred to an acceptor fluorophore by way of a 

long-range dipole-dipole interaction [503]. A fluorophore is a chemical compound that 

re-emits fluorescent light upon excitation [504]. It is crucial however that there must 

be adequate overlap of greater than 30% between the emission and excitation spectra 

of the donor and acceptor fluorophores for FRET to occur [505]. Following excitation 

with an appropriate fluorescence wavelength, the donor fluorophore will transmit 

energy by resonance to the acceptor fluorophore, which is observed as a reduction in 

the emission of the donor fluorophore and consequentially an associated increase in 

the acceptor emission, known as sensitised acceptor emission [505, 506]. The FRET 

change is determined therefore by means of a sensitised emission ratio of the 

fluorescent intensities of the acceptor and donor emission wavelengths [507].  

The efficiency of this process however is highly dependant on two fundamental factors; 

firstly the molecular distance of the two fluorophores, in that they must be within 1-10 
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nm of each other for FRET to occur and secondly the spatial orientation of the 

fluorophores whereby the dipoles of the two flurophores must be aligned relative to 

one another [506].   

 

A known formula can be used to calculate the energy transfer efficiency which is as 

follows:  

 

E = [1 + (r / R0) 6]-1 

 

The energy transfer efficiency (E) is strictly dependent on the distance (r) between the 

fluorophores and is inversely proportional to the 6th power of this distance [502]. R0, 

known as Förster’s radius, is the critical distance at which FRET E is at 50% for a 

typical fluorophore pair [502]. R0 is a function of the quantum yield of the donor 

fluorophore and encompasses multiple other variables [508]. 

 

Given these principles of FRET, very minor changes in the distance between the donor 

and acceptor fluorophores translate into significant differences in FRET efficiency. 

This technique used for imaging therefore provides a means of measuring 

intermolecular distances below the optical resolution limit and thus is an incredibly 

sensitive tool to report protein-protein interactions or conformational changes [505]. 

 
1.24 FRET imaging microscopy  
 

There are various FRET microscopy techniques available which use intensity-based 

imaging, including wide field, confocal and multiphoton, the choice of which is selected 

depending upon the biological application it is required for. The most frequently used 

and simplest technique for the investigation of molecular events and cellular 

compartments is wide-field microscopy [505]. Out-of-focus signal however is a 

significant drawback of this imaging method, particularly in samples which are thicker 

and as such it can be difficult to examine molecular interactions and signalling events 

in confined cellular volumes [505]. Laser scanning confocal FRET imaging provides 

several advantages over wide-field microscopy due to improved lateral and nanometre 

depth resolution, and the ability to control the depth of field to collect real-time interval 

serial optical sections from thicker samples, thus localising molecular associations in 
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three dimensions [505]. One major disadvantage of confocal microscopy is the limited 

standard laser lines available which have defined excitation wavelengths, thus 

restricting the choice of fluorophores used. The development of multiphoton 

microscopy using lasers with spectral tunability has improved this issue as it has the 

ability to excite multiple fluorophores with improved axial resolution, facilitating the 

penetration of thicker samples, minimising photobleaching and autofluorescence with 

improved cell viability [509]. 

Several FRET biosensors have been developed and improved over time to study the 

real-time dynamics of cellular cAMP signalling. The fundamental design of these 

variant probes used to detect cAMP usually encompass two key constituents; firstly, 

a cAMP sensor with either two distinct interacting protein domains (bimolecular) or a 

single protein domain which undergoes a conformational change upon cAMP binding 

(unimolecular) and secondly, two fluorescent proteins functioning as the donor and 

acceptor fluorophores, which are fused to the cAMP sensor [506]. The most commonly 

used are cyan fluorescent protein (CFP) as the donor fluorophore and yellow 

fluorescent protein as the acceptor (YFP), which are derivatives of green fluorescent 

proteins (GFP) [507]. As mentioned previously, the efficiency of FRET is dependent 

on the distance between and orientation of the donor and acceptor fluorophores, which 

is altered by changes in the interacting protein domains following cAMP binding. 

Therefore, alterations in FRET efficiency reflects the binding of cAMP and thus 

changes in its concentration [506].  

 

There are several different FRET-based sensors which have been produced to 

monitor cAMP concentrations and the activity of cAMP effectors, such as PKA and 

Epac. These sensors incorporate fluorescent proteins that are genetically fused to 

either the regulatory and catalytic subunits of PKA [2], full-length or truncated forms of 

Epac [510] or to a single cAMP binding domain of a cyclic nucleotide-gated ion channel 

[511]. One of the earliest bimolecular FRET sensors was based on PKA which 

comprised of two regulatory and catalytic subunits, labelled with fluorescein and 

rhodamine respectively, known as FICRhR [499]. This sensor was microinjected into 

the cytoplasm of cells and subsequently used to measure cAMP in several different 

cell types [512-515]. At basal conditions, the PKA subunits are associated, and FRET 

can occur between the two fluorophores. Following the addition of cAMP and its 

subsequent binding to the regulatory PKA subunit, the two subunits dissociate 
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resulting in a loss of FRET [506]. This was a challenging sensor to use however with 

considerable drawbacks which included the need for its careful injection into cells, the 

tendency of the subunits to agglomerate in the cell and also findings of unwanted 

interactions with non-specific intracellular structures [514].  

 

Zaccolo et al. subsequently developed a novel genetically encoded bimolecular PKA-

based biosensor intended to improve the potential dynamic functioning of the sensor 

within the cell [500]. This sensor was designed so that the PKA subunits were fused 

to the cyan and yellow fluorescent proteins and as such could therefore be transfected 

into most cell types [500]. This type II PKA sensor displayed a notable ability to monitor 

variations in the cAMP concentration in specific microdomains within the cell due to its 

capability of binding to AKAPs [500]. Multiple modifications of this sensor were created 

over time by different research groups to improve its dynamic range and overcome 

difficulties encountered with its use [516, 517]. The sensor drawbacks included the 

following; the generation of fluorescent artifacts was observed due to the transfection 

of the two PKA subunits into the cell with limited regulation of their subsequent 

stoichiometry in order to form a functional sensor leading to a disparity in fluorophore 

expression, the dissociation speed of the sensor may not be reflective of the in vivo 

cAMP dynamics due to its mechanistic function and finally the sensor itself conserved 

its catalytic activity and so had the potential to alter the cAMP content through PDE 

activation and other mechanisms such as the phosphorylation of ACs [506]. This led 

to the subsequent development of unimolecular sensors which were based on the 

fusion of a single cAMP binding domain derived from Epac1 (Epac1-camps), Epac2 

(Epac2-camps) or an optimised Epac protein to CFP and YFP, of which there are now 

numerous forms [501, 510, 518]. These sensors lack the regulatory and catalytic 

protein subunits which as such minimises the interference of these sensors with 

intracellular signalling processes.  

 

Following this, several targeted FRET sensors were created to monitor local changes 

in the cAMP signals at explicit subcellular compartments within the cell, such as the 

plasma membrane, nucleus and mitochondria [506, 510, 519]. These sensors have 

further facilitated the dissection of the intricate spatial orientation of the cAMP 

signalling map with unprecedented resolution, their distinctive regulation by differing 
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PDEs and have begun to elucidate the functional relevance of each individual cAMP 

pool [520]. 

 

1.25 FRET Sensors Used in This Study 
 

Two different FRET-based sensors were utilised in this study. A global cytosolic 

sensor, known as EPACS-H187 [521] and a targeted cAMP sensor to the plasma 

membrane via fusion to the scaffold protein, AKAP79, named AKAP79-CUTie [519].  

The EPACS-H187 sensor is a 4th generation EPAC-based sensor which was 

constructed using the full length of EPAC protein and the fluorophores mTurquoise2, 

a cyan FP variant and a tandem of the 173 circularly permuted form of Venus 

(cp173Venus), a yellow FP [521]. For this sensor, the membrane targeting DEP-

sequence was deleted rendering it catalytically inactive in order to prevent interactions 

with downstream effector proteins [521]. The use of mTurquoise, which has a higher 

quantum yield, photostability and low signal to noise ratio produced greater dynamic 

FRET ranges for this sensor [522]. Circular permutation of Venus protein in tandem 

also increased the brightness of the acceptor channel and was identified to be more 

resistant to UV and pH changes [523]. These fluorophores significantly improved the 

FRET efficiencies of this sensor due to an increased affinity to cAMP and faster 

activation kinetics [521]. For this sensor, binding of cAMP results in a decrease in 

FRET and as such it is known as a ‘loss of FRET’ sensor [518].  

 

Surdo et al. recently developed FRET-based probes which can directly target 

macromolecular complexes at distinct subcellular compartments via fusion to their 

individual protein components [519]. These sensors were designed using novel 

topology so that that there were limited effects on the FRET probe properties through 

minimising steric hinderance. This was achieved by moving the YFP from the N-

terminus to loop 4 - 5 of the second CNBD of the regulatory subunit of PKA type II, 

the cAMP sensing moiety and inserting the targeting domain in its place [519]. This 

sensor is a ‘gain of FRET’ sensor whereby cAMP binding to CUTie results in increases 

in FRET [519].  
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1.26 Indication of cAMP Nanodomains Using Targeted Sensors 

 

Studies conducted in neonatal cardiac ventricular myocytes using targeted FRET 

sensors demonstrated that different PKA isoforms are localised to distinct intracellular 

compartments by binding to AKAPs, and are subsequently regulated by unique 

subgroups of PDEs [524]. These functional compartments, which are comprised of 

confined pools of cAMP, are understood to be located near to sites of cAMP synthesis 

[524]. This local production of cAMP then activates a subgroup of cAMP effectors 

found in close proximity [501]. PKA constitutes one of the most extensively studied 

cAMP downstream effectors and its ability to mediate different compartmentalised 

signalling cascades in response to local cAMP pools is thought to be co-ordinated by 

tethering to AKAPs [38, 524]. AKAPs are structurally diverse proteins which vary 

depending on both their individual conserved amphipathic helical ‘anchoring motif’, 

which binds the regulatory subunit of protein kinases, and a specific targeting 

sequence [525, 526]. These targeting domains determine the specificity and efficiency 

of precise PKA signalling by directing the PKA-AKAP complex to its specific subcellular 

site where it can then phosphorylate selected substrates [526]. This has facilitated the 

targeted localisation of PKA to multiple, distinct microdomains following activation of 

cAMP fluxes to subsequently regulate specific cellular processes [527].  

In addition to their function as scaffolding proteins, AKAPs also facilitate direct 

interactions with other proteins involved in upstream signal transduction, downstream 

targets and also regulatory enzymes, thus directly affecting the activity of the proteins 

they bind [526]. These include; GPCRs [528], adenylyl cyclases [529], phosphatases 

[530, 531], other protein kinases [532, 533] and more recently PDEs [533, 534]. These 

diverse but highly integrated compartmentalised signalosomes have their own unique 

PDE regulation and function [520]. Dodge et al. presented compelling evidence of a 

tightly coupled cAMP signalling unit at the perinuclear membrane in cardiac tissue, in 

that both PKA and a specific PDE, PDE4D3, assembled to form a complex with the 

muscle selective anchoring protein, mAKAP [534]. This novel finding indicated that 

PDE4D3, which is closely associated with mAKAP, can regulate the activity of the 

anchored PKA whilst also being regulated itself through PKA phosphorylation, thus 

locally terminating the cAMP signal via hydrolysis in a negative feedback loop [530, 

535].  
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The tight localisation of signalling events is also influenced by variations in the 

concentration of the second messenger and the basis of such gradients depends upon 

the production and subsequent degradation of cAMP and therefore the localisation of 

both ACs and PDEs [520]. It is therefore understood that different PDEs can influence 

multiple cAMP gradients by anchoring to defined macromolecular signalling 

complexes at individual microdomains, thus regulating compartmentalised signalling 

[536]. The use of a targeted unimolecular sensor (PKA-GFP) further corroborated the 

theory of compartmentalised PDE activity using HEK293 cells, whereby PDEs were 

identified to function as ‘sinks’, degrading cAMP at defined local microdomains rather 

than acting as barriers to its global diffusion throughout the cell [537]. As such it is 

understood that several neighbouring domains of distinct cAMP pools exist within the 

cell [537].  

 

 
Figure 1. 6: Representative schematic of compartmentalised cAMP signalosomes in airway 
smooth muscle cells.  
Image reproduced with permission of the rights holders, Elsevier Ltd. © 2019 Elsevier Ltd. [538].  

 

This established theory of PDEs being the primary mechanism responsible for 

regulating cAMP gradients has been probed in more recent studies as cAMP is 

recognised to rapidly diffuse throughout the cell at rates which may challenge the 
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catalytic kinetics of PDEs [42, 518, 539, 540]. Zhang et al. has presented a new 

discovery of PKA biomolecular condensates, specifically the type I regulatory subunit 

of PKA, which shape cAMP compartmentalisation by functioning as ‘sponges’ for 

cAMP to increase the buffering capacity of the cell and facilitate PDE-mediated 

regulation [540]. Further, Bock et al. using fluorescence spectroscopy techniques 

determined that cAMP is predominately in an immobile state at basal conditions bound 

to cAMP binding sites, with low free intracellular concentrations detected [541]. This 

was attributed to create a buffered dynamic diffusion system which allows PDEs to 

tightly modulate the cAMP domains [541].  

Moreover, these targeted FRET sensors have further elucidated the remarkable 

cellular intricacies of the cAMP signalling pools to be nanometres apart [520]. Surdo 

et al. used targeted FRET sensors to the plasmalemma, SR and myofilaments in rat 

cardiac ventricular myocytes, which facilitated direct comparisons of the cAMP content 

at each compartment [519]. Interestingly, significant differences in the rate and extent 

of cAMP generated at each subcellular site were observed following isoproterenol 

stimulation, with these structures identified to be as close as 300 nm apart at most 

[519]. Prior to the development of these targeted sensors to distinct macromolecular 

complexes, it was possible that certain cAMP pools located at cellular structures which 

were below the limits of optical resolution would have been undetectable [520].  

 

In addition to visualising the spatial dynamics of cAMP within the cell, another 

significant benefit of FRET imaging is that it facilitates a remarkable insight into the 

temporal dynamics of the cAMP signalling kinetics, given that it is a reversible process 

[520]. By stimulating the cell with certain agonists, FRET imaging techniques facilitate 

the observation of transient changes in the cAMP concentration over time [506]. The 

specificity of the cAMP signal is therefore achieved not only by the precise spatial 

organisation of components of the cAMP signalling cascade as previously mentioned 

but also a tight regulation of the temporal dynamics.  

 

The physiological significance of cAMP compartmentalisation continues to be 

explored. However, there is accumulating evidence that disruptions to the local cAMP 

pools including mutations or genetic polymorphisms in the components of the cAMP 

signalosomes results in pathological conditions such as cardiac arrhythmias, heart 

failure, cancer and neurological disorders for example schizophrenia [542-547]. In 



 100 

cardiomyocytes, alterations to the localisation of specific GPCRs such as the 𝛽-AR, 

phosphorylation changes to AKAPs and modifications in the unique PKA-AKAP 

structural organisation have been linked to the deranged cAMP response observed in 

heart failure [548-550]. Elucidating the functional pools of cAMP and the associated 

signalling components will enable the targeted manipulation of individual 

compartments for therapeutic benefit.  

 

A more detailed insight into compartmentalisation of the individual cAMP pathway 

components will be discussed in Chapter 4.  

 

1.27 Study Rationale  
 
The myometrial cAMP signalling pathway has previously been targeted as a viable 

therapeutic approach with the aim to prevent the advancement of threatened PTL by 

using beta-adrenoreceptor agonists, which augment cAMP production [551]. 

However, their efficacy for prolonged treatment was uncertain, and concerning 

maternal side effects were documented such as palpitations, tachycardia, hypotension 

and in severe cases, pulmonary oedema [411, 443, 551, 552]. In clinical practice their 

application has therefore been limited, with the exception of certain inhaled beta-

agonists which have a short half-life, for example salbutamol, that are used in 

individual cases for the management of iatrogenic uterine hyperstimulation [478]. This 

treatment confirms the ability of cAMP to promote myometrial quiescence acutely 

[553]. Uterine quiescence is defined as a relative state of inactivity allowing for fetal 

maturation during pregnancy [554]. Various research groups have recognised that 

specific genes involved in the myometrial cAMP-mediated signalling pathway are 

upregulated during pregnancy to maintain this quiescent state to promote myometrial 

relaxation [43, 44].  

 

Despite significant advancements in perinatal and obstetric care over the last two 

decades, prematurity is the leading cause of neonatal morbidity and mortality globally 

[373]. It is therefore critically important that the subcellular processes which mediate 

the onset of labour are uncovered and defined to facilitate the progression and 

development of targeted therapeutic agents for precision medicine to control labour 

when medically necessary.  
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cAMP is a ubiquitous second messenger, which regulates several complex signalling 

networks and subsequent cellular functions including smooth muscle contractility, 

gene expression and modulation of the immune response [555, 556]. Subcellular 

compartmentalisation of cAMP has elucidated how this single second messenger 

ensures signal specificity in different cell types [557]. The established use of FRET 

imaging and the development of targeted FRET biosensors has allowed cAMP 

concentrations to be monitored at specific subcellular sites [2, 500]. In addition, it has 

facilitated the investigation of the activity of cAMP effectors, such as PKA, which are 

critical to the function of distinct compartmentalised signalling cascades [524]. The 

spatial orientation and temporal dynamics of cAMP signalling is not yet established in 

the human myometrium, but it is crucial in understanding the functional significance of 

cAMP's activity during pregnancy and labour, which underpins the rationale for this 

study.  
 

To improve our knowledge and understanding of PTL, it is crucial to first comprehend 

the underlying physiological principles of normal pregnancy and labour. A substantial 

proportion of research conducted to date has focused on how the labour process is 

triggered. Until this is clearly defined, it is difficult to postulate which biochemical and 

cellular pathways may be definitively involved in the onset of PTB.   

 

As mentioned previously, certain genes and signalling pathways have been identified 

which are understood to control the equilibrium between the maintenance of uterine 

quiescence during gestation and the transition to uterine activity with the onset of term 

labour. This project focuses specifically on the expression and involvement of cAMP 

and its signalling components in pregnancy and the onset of labour. Previous findings 

presented by different research groups established that in the onset of term labour 

PKA and AKAP79 levels declined, and PDE expression increased [44, 558-562]. Yulia 

et al. confirmed this decline in PKA but established that it specifically occurs in early 

labour, when cervical dilatation is less than 3cm, indicating the likely association of a 

down-regulation of PKA in triggering the initiation of labour [43]. The functional 

downstream effects of this were investigated further; a reduction in CREB 

phosphorylation was observed with a subsequent decline in the repressive action of 

cAMP/PKA [43]. Of note, the key pro-labour gene OTR which is normally down-

regulated by cAMP, was found to increase at the onset of labour [43]. Concurrently, 
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these effects were accompanied by an increase in the effector protein Epac1, 

indicating that in the absence of PKA, cAMP functions in an Epac-dependant manner 

to increase OTR expression in the myometrium [43]. These data suggest that the 

changes in cAMP system described, in combination with a potential switch in the 

activity of its distinctive effectors PKA and Epac1, are critically involved in the final 

pathway contributing to the onset of term labour; to date their potential association in 

PTL has not been investigated. Therefore, the overall aim of the first chapter of this 

project was to identify potential components in the cAMP signalling cascade upstream 

of OTR, which might be potential therapeutic targets to halt the process of PTL, for 

which there is currently no effective treatment.  

 

There is still a considerable amount to learn and understand about cAMP signalling in 

the regulation of pregnancy and labour. The spatial orientation and temporal dynamics 

of cAMP domains in other cell types has emerged as a key determinant of signal 

specificity providing opportunities for precision medicine. Determining where cAMP is 

acting in the cell and how it is mediated and regulated could enhance the development 

of targeted treatments in the prevention of PTL. The altered expression of the different 

signalling components and switch in cAMP effector activity in the onset of term labour 

mentioned above imply the potential for the existence of compartmentalisation of 

cAMP in the human myometrium. The subcellular organisation of cAMP signalling in 

myometrial cells has not been studied before but is fundamental in determining the 

functional significance of this second messenger in pregnancy and labour. The 

primary aim of the second and third results chapters was to therefore advance the 

current understanding and gain further insight into cAMP signalling events in the 

human myometrium during pregnancy through the use of FRET imaging. Targeted 

FRET reporters were used in primary myometrial cells and a myometrial cell line 

(hTERT-HM cells) to uncover the presence of compartmentalised cAMP signals 

triggered by specific catecholamines and prostaglandins. This is the first study to date 

which has used FRET imaging techniques in human myometrial cells to explore 

localised cAMP signalling.  
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1.28 Aims & Hypotheses  
 
Chapter 3  
 
Aims  
 

1. To characterise and compare the gene and protein expression of key 

components of the cAMP signalling pathway in women who have delivered 

preterm but not in labour and in phenotypically defined cases of PTL. 

2. To determine whether there are differences in the cAMP signalling pathways 

observed in PTL compared to term labour. 

3. To understand the involvement of cAMP’s activity and its effectors in the onset 

of PTL. 

 
Hypotheses 

• The myometrial cAMP signalling pathway is different in women who deliver 

preterm compared to those delivering at term.  

• Each form of PTL is associated with distinct changes in the cAMP-effector 

pathway and subsequent OTR expression.  

 
Chapter 4  
 

Aims 

1. To determine whether the hTERT-HM cells are an appropriate cell model for 

use in FRET imaging experiments. 

2. To assess the effects of sub-culture on HPMC phenotype. 

 
Hypotheses 

• The cAMP response to specific agonists is similar in hTERT-HM cells and 

HPMCs.  

• HPMCs maintain their gene expression and phenotype during sub-culture. 

• cAMP activity is compartmentalised in distinct subcellular compartments in 

human myometrial cells. 



 104 

Chapter 5 

 
Aims 

1. To define the expression and sub-cellular activity of individual PDEs in term 

pregnancy.  

2. To investigate the relative contribution of specific PDEs in the hydrolysis of 

cAMP produced by 𝜷2 or PGE2 agonists in term pregnancy.  

3. To dissect how the local organisation of myometrial cAMP compartments 

triggered by 𝜷2 or PGE2 agonists change at the onset of term early labour. 

 

Hypotheses 

• PDE4 is a predominant PDE in term no labour HPMCs.  

• PDE activity is compartmentalised in TNL HPMCs.  

• The cAMP content generated by beta agonists is reduced in term early labour 

compared to no labour. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  



 105 

Chapter 2 
 

Materials & Methods 
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Chapter 2. Materials and Methods 

 
2.1 Materials  
 
2.1.1 Chemicals, Reagents and Solvents 
 
Absolute Ethanol      Fisher Scientific 

Calcium Chloride (CaCl2)    Fluka Analytical 

Deoxynucleotide triphosphate   Invitrogen 

Dithiothreitol (DTT)      Bio-Rad 

Ethylenediaminetetraacetic Acid (EDTA)  Sigma-Aldrich  

Glucose      Sigma-Aldrich 

Glycine      Sigma-Aldrich 

HEPES      Sigma-Aldrich 

JetPRIMETM      VWR International  

Laemmli buffer     Biorad 

Magnesium Chloride (MgCl2)    Sigma-Aldrich  

Methanol      Fisher Scientific 

Non-fat dried milk powder     Applichem 

Nuclease Free Water    Ambion 

NuPAGE (LDS Sample Buffer)   Life Technologies 

Oligo-dT random primers     Applied Biosystems 

Oligonucleotides      Invitrogen 

PCR 10x buffer      Applied Biosystems 

Pierce 660nm Protein Assay Reagent  Thermofisher  

Potassium Chloride (KCL)    Sigma-Aldrich 

Primers      Invitrogen 

RNaseZap       Ambion 

Sodium Chloride     Fisher Chemical 

TransFectinTM     BioRad 

TransIT®-LT1     Mirus 

Tris-base      Fisher Chemical 

Tris-HCL      Fisher Chemical 
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Tween 20      Sigma-Aldrich 

SYBR Green      Applied Biosystems 

 
2.1.2 Antibodies 
 
2.1.2.1 Primary Antibodies 
 

 
 

Antibody 

 
Predicted 

molecular weight  
(kDa) 

 

 
 

Source and Catalog number 

 
AC2 

 
124 

 
Santa Cruz Biochemicals, SC-514938, Texas, USA 

 
AC3 

 
116 

 
Thermo Fisher, PA1-31191, Massachusetts, USA 

 
AC9 

 
161 

 
Thermo Fisher, PA5-36919, Massachusetts, USA 

 
AKIP1 
(Anti-
C11orf17) 

 
23 

 
Abcam Ltd., ab135996, Cambridge, UK 

 
AKAP79 

 
79 

 
New England BioLabs Ltd., D28G3, Herts, UK 

 
B2 
Adrenergic 
receptor 

 
46 

 
Abcam Ltd., ab61778, Cambridge, UK 

 
CBP 

 
265 

 
Santa Cruz Biochemicals, SC-583, Texas, USA 

 
CREB 

 
43 

 
Millipore, 04-767, Watford, UK 

 
Epac1 

 
100 

 
New England BioLabs Ltd., 4155, Herts, UK 

 
EP2 
receptor 

 
40 

 

 
Abcam Ltd., ab167171, Cambridge, UK 

 
GAPDH 
 
  

 
38 

 
Millipore, MAB374, Watford, UK 

 
GαS 
 

 
46 

 
Abcam Ltd., ab83735, Cambridge, UK 

 
ICER 
 

 
26 

 
Santa Cruz Biochemicals, SC-440, Texas, USA 
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OTR  
 

 
66 

 
Santa Cruz Biochemicals, SC-8013, Texas, USA 

 
PDE4B 
 

 
83 

 
Abcam Ltd., ab112014, Cambridge, UK 

 
PDE4B 

 
100 

 
University of Glasgow, a gift, not commercially available 

 
 
Phospho-
CREB 
 

 
37 

 
New England Biolabs Ltd., 9191, Herts, UK 
 

 
PKAcα 
 

 
42 

 
New England Biolabs Ltd., 4782, Herts, UK 

 
PKAR2α 
 

 
44-55 

 
Abcam Ltd., ab38949, Cambridge, UK 

 

Table 2. 1: Primary antibodies. Includes source and catalog number.  

 

2.1.2.2 Secondary Antibodies  
 

Anti-goat IgG, HRP-linked antibody   Dako, P0449  

Anti-mouse IgG, HRP-linked antibody   Cell Signalling, 7076 

Anti-rabbit IgG, HRP-linked antibody   Cell Signalling, 7074 

 

2.1.3 Buffers, Solutions and Gels 
 

2.1.3.1 Cell Lysis Buffer  
For protein extraction: 

4x Laemmli buffer       

DTT (50 mM) 

dH20 

 

2.1.3.2 E1 Buffer Solution (pH 7.2; sterile filtered, 0.2 µm): 
Cell bathing solution during FRET experiments: 

NaCl (140 mM) 

KCL (3 mM) 

MgCl2 (2 mM) 

CaCl2 (2 mM) 
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Glucose (15 mM) 

HEPES (10 mM)  

 

2.1.3.3 Sodium Dodecyl Sulphate (SDS) - Buffer (pH 8.3) 
For running polyacrylamide gels: 

Tris-base (25 mM) 
Glycine (250 mM) 

SDS (0.1 % w/v) 

 

2.1.3.4 Tris Buffered Saline-Tween 20 (TBS-T) - Buffer (pH 7.4 – adjusted with 
HCL) 
For washing during western blotting: 

NaCl (130 mM) 

Tris-HCL, pH 7.6 (20 mM) 

Tween 20 (0.1 % v/v) 

 

All buffers were prepared using high quality de-ionized Milli-Q-water (Merck-Millipore) 

with a typical resistance of > 10MΩ/cm for general buffers and applications, and 18.2 

MΩ/cm for cell culture buffers (E1).  

 

2.1.3.5 DMEM Culture Medium: 
Dulbecco’s Modified Eagles Medium (DMEM)  

L-Glutamine  

Penicillin/Streptomycin  

Fetal Bovine Serum (FBS) 

 

2.1.3.6 Collagenase Dissociation Solution: 
DMEM  

Collagenase 1A  

Collagenase XI 
Bovine Serum Albumin (BSA) 
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2.1.4 Cell Culture Materials and Media  
 

BSA      Thermo fisher, 12676029  

Cell strainer (500 µm mesh width)  pluriSelect, 43-50500-03 

Collagenase 1A    Sigma-Aldrich, C2674 

Collagenase XI    Sigma-Aldrich, C9891 

DMEM     Life Technologies Ltd (Gibco), 41966052 

DMEM/Nutrient Mixture F-12 Ham Sigma Aldrich, D8327  

FBS Life Technologies Ltd (Gibco), 10500064 

Syringe filter Unit (0.22 µm pore width) Millex, Merck-Millipore, SLGP033RS 

Glass coverslips (15 mm)   VWR, 631-1579 

Glass coverslips (24 mm)   VWR, 631-1583 

Silicone vacuum grease                           Sigma-Aldrich, 18405 

Penicillin/Streptomycin   Sigma-Aldrich, P-0781 

T7 tissue culture flasks   Corning, 430641U 

Trypsin/EDTA Life Technologies Ltd (Gibco), 25300054 

12-well plates    Corning Costar, 3513 

6-well plates Corning Costar, 3516 

96 well plates  Corning Costar, 9017 

L-Glutamine  Life Technologies Ltd (Gibco), 42430025 

Dulbecco’s phosphate 

buffered saline (PBS)  Life Technologies Ltd (Gibco), 14190169 

 
2.1.5 Enzymes  
 

MuLV reverse transcriptase   Applied Biosystems 

RNase inhibitor     Applied Biosystems  

 
2.1.6 Inhibitors and Treatments  
 

Bay 60-7550     Cambridge Bioscience Ltd /  

    Cayman Chemicals, 10011135 

Cilostamide     Cambridge Bioscience Ltd / Cayman  

   Chemicals, 14455 
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Complete Protease Inhibitors   Roche Diagnostics 

Forskolin    Cambridge Bioscience Ltd / Cayman  

   Chemicals, 11018 

Halt Phosphatase Inhibitor  

Single-Use Cocktail    Thermo Scientific, 78428 

IBMX      Sigma-Aldrich, I5879 

Isoproterenol -Hydrochloride  Cambridge Bioscience Ltd /  

      Cayman Chemicals, 15592 

Prostaglandin E2 (PGE2)   Cambridge Bioscience Ltd /   

      Cayman Chemicals, 14010 

Rolipram     Cambridge Bioscience Ltd / Cayman  

   Chemicals, 10011132 

BRL-50481    Cambridge Bioscience Ltd / Cayman  

   Chemicals, 16899 

PF-04957325  Pfizer, a gift, not commercially available 

 

2.1.7 Kits 
 
QIA quick PCR purification kit    Qiagen 

QuantiTect Reverse Transcription kit  Qiagen 

RNeasy mini kit      Qiagen 

DC Protein Assay Reagents Package  BioRad 

 
2.1.8 SDS-PAGE Electrophoresis and Western Blotting Materials 
 

Amersham Hyperfilm ECL    GE Healthcare Clarity 

ECL plus Western Blotting Detection System BioRad 

Cell Lysis buffer      BioRad 

Nu-PAGE® LDS Sample Buffer   Fisher Scientific  

Precision Plus Protein TM 

Dual Color Standards     Biorad  

SDS PAGE precast gels     Biorad 

Transblot turbo transfer pack   Biorad 
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2.2 Methods  
 

2.2.1 Myometrial Tissue Collection  
 

Biopsies of myometrial tissue measuring approximately 0.5 x 0.5 x 0.5 cm3 in size were 

taken from the upper portion of the uterine lower segment incision from women having 

a Caesarean section at Chelsea and Westminster Hospital. The women included in 

the research study were comprehensively advised on the risks at a pre-operative 

assessment clinic and gave their written consent. A favourable ethical opinion had 

previously been given by the Brompton and Harefield Research Ethics Committee for 

myometrial tissue biopsy collection under The Preterm Labour (PREMS) Study. The 

tissue samples were either snap frozen at -80°C for future extraction of mRNA and 

protein or stored in PBS at 4°C for no longer than 3 hours prior to culture for cell 

isolation.  

 

2.2.2 Preterm Samples 
 

All samples included in the study were obtained from women who were either non-

labouring or labouring at between 24- and 36-weeks’ gestation. The preterm 

myometrial samples collected were categorised into distinct pre-defined groups which 

comprised of the following inclusion criteria: 

 

I. Preterm not in labour (PTNL) – women undergoing an elective Caesarean 

section for fetal indications such as abnormal dopplers, placental insufficiency 

or fetal growth restriction [563].   

 

II. PTL attributable to chorioamnionitis (CA-PTL) – women undergoing an 

emergency Caesarean section due to maternal or fetal concerns secondary to 

infection. Clinical symptoms and signs of infection included fever, uterine 

fundal tenderness, purulent offensive vaginal discharge, maternal or fetal 

tachycardia. Maternal blood tests indicate raised inflammatory markets 

including white cell count, and C-reactive protein (CRP) [563].   
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III. Idiopathic PTL (I-PTL) – women undergoing an emergency Caesarean 

section due to spontaneous PTL. Exclusion criteria included infection, 

abruption, and polyhydramnios [563].  

 

IV. Preterm twin labour (T-PTL) / preterm twin no labour (T-PTNL) - women 

undergoing an elective or emergency Caesarean section for uncomplicated 

twin pregnancies for any of the following reasons: maternal choice, breech 

presentation of the presenting twin, or fetal indications such as abnormal 

dopplers, placental insufficiency or fetal growth restriction. Exclusion criteria 

included infection, abruption, or uterine anomaly [563]. 

 

2.2.3 Term No Labour Samples 
 

Samples were obtained from women who were not in labour at >37 weeks’ gestation. 

Patients were included in the study if they fulfilled the following criteria: singleton 

pregnancy, normal amniotic fluid levels, and preferably had no more than two previous 

Caesarean sections.  

 

Caesarean section indications included fetal distress, previous Caesarean section, 

maternal request, or breech presentation. Patients were excluded if they had received 

an oxytocin infusion, or any drugs related to induction of labour. 

 
2.2.4 Term Early Labour Samples 
 

Samples were obtained from women who were labouring at >37 weeks’ gestation. 

Caesarean sections were performed for breech presentation or fetal distress in early 

labour, defined by a cervical dilatation of less than 3 cm and 3-4 contractions in a 10-

minute interval [393]. Caesarean sections performed for failure to progress, and 

cephalo-pelvic disproportion were excluded.  

 

Exclusion criteria for both term labouring and non-labouring samples were as follows; 

Diabetes mellitus and gestational diabetes, pre-eclampsia, pregnancy induced 

hypertension, essential hypertension, obstetric cholestasis, blood borne viruses and 

regular use of respiratory or cardiovascular medications.  
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2.2.5 Demographics  
 

2.2.5.1 Term Samples  
 
Term no labour samples, n 

 
 

 

Sample number, n 

 

20 

 

Maternal age, years 

 

35.4 ± 1.0 

 

Maternal BMI, kg/m2  

 

24.4 ± 1.0 

 

Gestational age at delivery, weeks  

 

38.5 ± 0.2 

 

Parity, number 

 

1 ± 0.1 

 
Table 2. 2: Demographics for term no labour samples. Data expressed as mean ± standard error of 

the mean (SEM).  

 
 

 
Term early labour samples, n 

 
 

 

Sample number, n 

 

6 

 

Maternal age, years 

 

35 ± 1.5 

 

Maternal BMI, kg/m2 

 

24.7 ± 1.9 

 

Gestational age at delivery, weeks 

 

38.2 ± 0.3 

 

Parity, number 

 

1 ± 0.3 

 
Table 2. 3: Demographics for term early labour samples. Data expressed as mean ± SEM.  
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2.2.5.2 Preterm Samples  

 PTNL CA-PTL I-PTL T-PTNL T-PTL 

Sample number, n 17 12 11 12 8 

Maternal age, years 36.2 ± 6.8 33.4 ± 5.3 34.2 ± 5.3 38.0 ± 5.1 32.8 ± 6.3 

Maternal BMI, kg/m2 26.9 ± 4.2 24.2 ± 4.8 26.0 ± 5.9 22.2 ± 2.9 20.8 ± 2.4 

 

Gestational age at delivery, 

weeks 
30.2 ± 3.5 29.5 ± 2.9 35.4 ± 1.8 35.2 ± 1.1 34.7 ± 1.4 

 
Table 2. 4: Demographics for preterm samples. Comparison of preterm not in labour (PTNL), PTL 

due to chorioamnionitis (CA-PTL), idiopathic PTL (I-PTL), preterm twin labour (T-PTL) and preterm twin 

no labour (T-PTNL). Data are expressed as mean ± SEM.  

 
2.2.6 Protein Extraction 
 

2.2.6.1 Whole Cell Protein Extraction  
 
Protein samples were prepared from lysing monolayer primary myometrial cells using 

cell lysis buffer (1x Laemmli buffer, Biorad) containing 50 mM DTT. The cells were 

detached from the 6-well plates using a cell scraper. Supernatant was stored at -80°C 

to be used for western blotting.  

 

2.2.6.2 Tissue Protein Extraction  
 
Frozen primary myometrial tissue samples were weighed to pre-determined amounts 

on dry ice for subsequent protein extraction using bead-based homogenisation. 

Following this, the tissue samples were immediately placed into individual pre-cooled 
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Precellys® tubes (CK Mix #03961-1-00) containing the appropriate volume of lysis 

buffer supplemented with protease and phosphatase inhibitors. 

  

For every 1 μg tissue, 10 μl of cell lysis buffer was added. Tissues were immediately 

homogenised for a 20-second cycle at 5000 rpm, which was repeated after a 5-minute 

rest interval on ice. Homogenisation was repeated for a third time and the supernatant 

was then centrifuged at 5000 rpm for 10 minutes at 4°C. The supernatant containing 

the protein extract was isolated and the required volume of lysis buffer was added.  

 

2.2.6.3 Protein Assay 
 

The protein concentration was determined using the Bio-Rad 660 nm Protein Assay 

using BSA as the reference standards. 

The Bio-Rad iMARK plate reader measured the samples and standards at a 

wavelength of 660 nm using a spectrophotometer. The mean absorbances were 

determined from a calculated standard curve used to quantify each individual protein 

sample concentration.  

 

2.2.6.4 Western blotting  
 

Prior to loading the gels, the tissue protein samples were denatured following the 

addition of NuPAGE LDS loading buffer and heated at 80°C for 10 minutes. The whole 

cell lysates in Laemmli buffer were heated to 96°C for 5 minutes. 20 μg of protein from 

each sample was loaded into each well on polyacrylamide gels alongside the Precision 

Plus Protein™ pre-stained standard. The gels were subjected to SDS-PAGE 

electrophoresis and subsequently transferred onto polyvinylidene fluoride (PVDF) 

membranes using the Trans-Blot® TurboTM Transfer System (Biorad). The membranes 

were blocked with 5% w/v fat-free milk or BSA in TBS-T solution for 1 hour at room 

temperature and then hybridised with the primary antibody overnight at 4°C. The 

membranes were then washed for 1 hour. Following this, they were incubated for 2 

hours at room temperature with the secondary antibody. ECL plus Clarity Western 

Substrate (Biorad) was used for antibody detection and the membranes were imaged 

using the iBright™ FL1500 Imaging System. 
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2.2.7 RNA Extraction 
 

2.2.7.1 Tissue RNA Extraction  
 
Total RNA was extracted and purified from primary myometrial tissue samples using 

the TRIzol Plus RNA Purification kit. Frozen tissue samples were weighed to pre-

determined amounts on dry ice. The samples were then subjected to bead-based 

homogenisation in pre-cooled Precellys® tubes using Qiazole/RNASTAT lysis buffer 

for 20 seconds at 5000 rpm. Following this, the homogenates were centrifuged at 12 

000 rpm for 15 minutes at 4 °C. The RNeasy mini kit was used to extract total RNA. 

 

The concentration and purity of the RNA was quantified using a NanoDrop Nd-1000 

spectrophotometer.  

 

2.2.7.2 Whole Cell RNA Extraction 
 

Total RNA was extracted and purified from monolayer primary myometrial cells using 

RNeasy mini kit as per manufacturer’s instructions. 

The concentration and purity of the RNA was quantified using a NanoDrop Nd-1000 

spectrophotometer. The RNA was stored at -80°C. 

 

2.2.7.3 Quantitative RT-PCR  
 
Following quantification, 1.5 μg of RNA was reverse transcribed to cDNA with oligo 

DT random primers, PCR buffer, MgCl2, dNTPs, RNAse inhibitor and MuLV reverse 

transcriptase using the QuantiTect Reverse Transcription kit.  

Primer sets were designed using the Primer 3 software and purchased from Invitrogen. 

A nucleotide Blast search was conducted to ensure the primer sequences 

corresponded to the gene of interest. 

 

Quantitative real-time PCR was performed in the presence of SYBR Green using 

RotorGene Q thermocycler. The pre-PCR cycle occurred for 10 minutes at 95°C 

followed by up to 45 cycles at 95°C for 20 seconds, 58-60°C for 20 seconds and 72°C 

for 20 seconds, with an extension at 72°C for 15 seconds. The final process involves 
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a melt over a temperature range of 72-99°C rising by 1°C steps, followed by a wait of 

15 seconds on the first step and a wait of 5 seconds for each subsequent step.  

 

The cycle threshold (Ct) was used for quantitative analysis, which denotes the cycle 

at which the fluorescence emission reaches a predetermined threshold. The cycle 

threshold is fixed at a level whereby the exponential increase in amplicon yield is 

approximately equivalent between the samples. A standard curve was used which 

involves a ten-fold dilution series.  

 

The mRNA concentration data were normalised and expressed relative to the amount 

of constitutively expressed GAPDH, which was used as the housekeeping gene. 

 

2.2.8 Primer Sequences  
 

Name Primer sequence (5’–3’) 
 

GenBank/EMBL accession 
no. 

11βHSD1 
F:accttcgcagagcaatttgt 

R:gccagagaggagacgacaac 
NM_005525 

β1-adrenoreceptor 
F:aggggaacgaggagatctgt 

R:cagacgaggattgtgggctt 
NM_000684.3 

β2-adrenoreceptor 
F:cattgagaccctgtgcgtga 

R:aggcctgacacaatccacac 
NM_000024.6 

AC2 
F:gccttcatcctcttcgtctg 

R:tggagggattgtttcctctg 
NM_020546 

AC3 
F:tgtgctgtggtcttctccag 

R:gaagatctgggcggttatga 
NM_004036 

AC9 
F:cctcagtgcagaaccacaga 

R:gcaattgcaactcaaagcaa 
NM_001116 

AKAP79 
F:cggaaagatggtgatgaggt 

R:tactggctgctgatggtctg 
NM_004857 

AKIP1 
F:cctggtcttccctgtgtgat 

R:tgggcaacagagtgagactg 
NM_001206647.1 

CBP 
F:cacgtacacacccacacaca 

R:gagcgcttgcatgatttaca 
NM_001079846 

CCL8 
F:tcacctgctgctttaacgtg 

R:atccctgacccatctctcct 
NM_005623 
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CREB 
F:gcgaagggaaattctttcaa 

R:cctctctctttcgtgctgct 
AY347527.1 

CREB3L1 
F:cagatggctgggaaatcaac 

R:tccttggagtgggagaagtc 
NM_052854.3 

Epac1 
F:ccttctgtctccctgactgc 

R:ctgcttgacctcctttcagg 
NM_001098531 

GAPDH 
F:tgatgacatcagaaggtggtgaag 

R:tccttggaggccatgtaggccat 
BC014085 

GαS 
F:gaggcttctggcctacactg 

R:gcaaggtctgggacctgtaa 
NM_000516 

GPR124 
F:ctggaagagcgaaactaccg 

F:gcgtgtttctgggattgtct 
NM_032777 

GPR125 
F:ttggcgcagatgtgatagag 

R:aagttggctgcttccacagt 
NM_145290 

GUCY1A3 
F:caagttgtgcaagccaagaa 

R:atccagctctccacactgct 
NM_000856 

ICER 
F:cctccaccaggtgctacaat 

R:tttgcgtgttgcttcttctg 
NM_001267562 

MKP1 
F:cagctgctgcagtttgagtc 

R:aggtagctcagcgcactgtt 
NM_004417 

OTR 
F:agaagcactcgcgcctctt 

R:aggtgatgtcccacagcaact 
NM000916 

PDE4B 
F:ccctgttgtccagtccaact 

R:tgcagactctcacggtgaac 
NM_001037339 

PKAc F:ctttaggaagcctccgctct 
R:ctgctgggaggaaagacttg 

NM_002730.4 

PKAR2α 
F:cctagcagatttaatagacg 

R:atcatctccttggtcaatga 
NM_001144956.1 

PRKG1 
F:caggcccagatcctatgaaa 

R:ccctcaaaccatttgtgctt 
NM_001098512 

PTGES 
F:catgtgagtccctgtgatgg 

R:ctgcagcaaagacatccaaa 
NM_004878 

PGE2 receptor 
F:gctccttgcctttcacgattt 

R:aggatggcaaagacccaagg 
NM_000956.4 

PDE2A 
F:atctttgccttgtttatttcctg 

R:cagccagcacagatttcg 
NM_002599.5 

PDE3A 
F:gatgataaatacggatgtctgtc 

R:accgcctgaggagcactag 
NM_000921.5 
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PDE3B 
F:tgccttcttcttcctcacctg 

R:gaccaccactgccacacc 
NM_000922.4 

PDE4A 
F:ttcacggacctggagattc 

R:tgaggaactggttggagac 
NM_006202.3 

PDE4C 
F:cacctggctgtgggcttc 

R:actcagtcgctgcttggc 
NM_000923.6 

PDE4D 
F:ctactggctgatttgaagactatg 

R:gctggagaggctttgttgg 
NM_006203.5 

PDE7A 
F:agataggtgctctgatactag 

R:atgtctgtgtctggtgtc 
NM_002603.4 

PDE7B 
F:ggcttcttgctcatttgc 

R:cctgttgatgtctgttgc 
NM_018945.4 

PDE8A 
F:atgtttgctcgctttggaatc 

R:cagaatgtgtagaattgtggtagg 
NM_002605.3 

PDE8B 
F:caaatccctccgagcacac 

R:ctccataaatctcctgttgaagc 
NM_003719.5 

 
Table 2. 5: Primer sequences. Includes GenBank/EMBL accession number.   
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2.2.9 Myometrial Tissue Culture, Cell Isolation, and Infection Optimisation 
Methodology 
 
2.2.9.1 hTERT-HM Cell Line 
 

Initial FRET imaging studies were conducted using a readily available hTERT 

myometrial cell (hTERT-HM) line, which was provided by Professor Sam Mesiano 

(Cape Western Reserve University, Cleveland, Ohio). 

 

The hTERT-HM cells contain stably transfected PR-A and PR-B transgenes which can 

be controlled by independent inducers [68]; however, the cells were not needed for 

this purpose and so were used as the original hTERT-HM cell line.  

 

For the generation of the original hTERT-HM cell line [564], myometrial tissue was 

obtained from the anterior wall of the uterine fundus from women of reproductive age 

undergoing a hysterectomy for reasons not caused by uterine conditions. Following 

cell isolation, the cells were cultured for 10 days until reaching confluence and seeded 

onto 6-well plates [564]. 4 days later at passage 2, the cells were infected with the 

hTERT retroviral vectors using polybrene as the infection reagent and puromycin for 

selection to kill uninfected cells for colony formation [564]. The cells were subsequently 

cultured for a 6-week period. Four clones of hTERT-HM cells were identified to be 

satisfactory in their SMC morphological appearance, phenotype, and expression of 

SM markers [564]. The cells exhibited sustained telomerase activity and elongation of 

telomeres, with an extended life span [564]. The hTERT-HM cells also responded 

appropriately to oxytocin and oestrogen, confirming their myometrial properties [564].  

 

2.2.9.2 hTERT-HM Cell Line Culture  
 

The frozen cell line aliquots were thawed using the following protocol. The cell 

cryovials were removed from their liquid nitrogen store and placed immediately into 

dry ice. Using an aseptic technique, the vials were promptly placed into a 37°C water 

bath for <1 minute and removed immediately when the ice crystals had visibly 

dissolved. In a laminar flow hood, the cell solution was then slowly added to a pre-

warmed cell culture medium, described below. The cell suspension was then 
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centrifuged for 5 minutes at 1000 rpm. Whilst ensuring not to disturb the cell pellet, the 

supernatant was discarded, and the cells were resuspended in a pre-warmed volume 

of DMEM/Hams F12 (1:1) medium with L-glutamine supplemented with 5% charcoal 

stripped FBS and 1% penicillin-streptomycin. The cell solution was subsequently 

transferred into a T25 cm2 culture flask for cell culture. At approximately 80% 

confluence (% of cell coverage of the flask) the hTERT-HM cells were sub-cultured 

(known as passaged) to a T75 cm2 culture flask to proliferate further. When a similar 

cell confluence was attained, the hTERT-HM cells were ready for seeding onto 

coverslips for FRET imaging experiments. 

 

The cells were maintained at 37ºC in a 5% CO2 humidified incubator and the culture 

medium was refreshed every 2 days. 

 

The protocol for cell passage was as follows; the DMEM/Hams F12 media was 

aspirated, and the hTERT-HM cells were washed with PBS prior to incubating at 37ºC 

in a 5% CO2 humidified incubator with 0.25% trypsin containing 0.02% EDTA. The 

cells were incubated for a maximum of 5 minutes or until the cells had started to detach 

from the culture flask, assessed at 1-minute inspection intervals. DMEM containing 

5% charcoal stripped FBS was added to deactivate the trypsin and this solution was 

used to wash and detach the remaining cells from the flask into solution.  

The hTERT-HM cells were centrifuged at 1000 rpm for 5 minutes, resuspended in 

fresh culture media and transferred to a new T75 cm2 culture flask or plated onto 

borosilicate glass coverslips for FRET imaging. 

 

The hTERT-HM cell line was received at passage 11. All experiments were conducted 

using the cells at passage 14. 

 

2.2.9.3 hTERT-HM Cell Seeding  
 
The number of hTERT-HM cells seeded per coverslip was initially determined by the 

percentage cell confluence after 24-48 hours of incubation. This was the duration of 

time required for the adequate expression of the FRET sensors prior to imaging.  

Following trial experiments, 1.5 x 105 cells/ml were deemed optimal to attain a cell 

confluence of approximately 40-50% on the coverslip at the time of imaging.  
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Sterile 24 mm3 diameter borosilicate glass coverslips were selected to plate the 

hTERT-HM cells. As mentioned, 1.5 x 105 cells in suspension were seeded onto each 

coverslip in DMEM/Hams F12 (1:1) medium with L-glutamine supplemented with 5% 

charcoal stripped FBS and 1% penicillin-streptomycin.  

 

The coverslips were incubated at 37ºC in a 5% CO2 humidified atmosphere ready for 

infection 16-24 hours later.  

 

2.2.9.4 hTERT-HM Cell Infection  
 

Trial experiments were performed to determine the optimum concentration of virus 

needed for sufficient infection of the hTERT-HM cells to adequately express the 

sensors. Table 1 outlines the virus titres expressed as plaque forming units (PFU) per 

ml. From this, a multiplicity of infection (MOI) was calculated depending upon the 

number of cells plated, which was 1.5 x 105 cells/ml.  

 

 
Table 2. 6: Virus Titre Preparations. PFU/ml and approximate MOI for adequate sensor expression 

in hTERT-HM cells. 

 

The hTERT-HM cells were infected with the viral vectors encoding for either a cytosolic 

FRET based sensor (EPAC-SH187)[521] or a version that is targeted to the plasma 

membrane via fusion to the scaffold protein, AKAP79 (AKAP79-CUTie)[519]. 

4.5 x 107 virus particles of EPAC-SH187 or 3.8 x 107 virus particles of AKAP79-CUTie 

sensor were added in solution directly to the culture medium of each coverslip 16-24 

hours after cell seeding. The hTERT-HM cells were incubated for 3 hours with the 

 

Virus titre 

 

PFU / ml 

 

Approx. MOI 

EPACS-H187 4.5 x 1010 300 

AKAP79-CUTie 3.8 x 1010 500 
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virus after which the media was refreshed. This duration of infection was chosen based 

on successful infection results in neonatal cardiac myocytes [519].  

 

The coverslips were then incubated for 18-24 hours prior to imaging of the EPAC-SH187 

sensor or 48 hours for the AKAP79-CUTie sensor.  

 

2.2.10 Original Primary Myometrial Cell Isolation Method  
 

Following collection, the myometrial biopsy was placed into PBS at 4°C for no longer 

than 3 hours prior to culture. In a sterile laminar flow hood, the biopsy was rinsed with 

PBS to remove excess red blood cells. The myometrial tissue was dissected and 

minced using scalpels then transferred into a DMEM solution containing a mixture of 

collagenases, comprising of 0.25 mg/ml collagenase 1A and XI and 5 mg/ml BSA.  

 

The minced tissue was subsequently digested for 45 minutes to one hour, depending 

on the size of the biopsy, at 37°C in a 5% CO2 humidified incubator. The tissue 

suspension was agitated manually every 15-20 minutes. DMEM supplemented with 

10% FBS was added to halt the digestion process. The cell suspension was filtered 

through a 70-μM sterile nylon cell strainer using a sterile pasteur pipette to dissociate 

the cells from the tissue debris. Individual cells were collected by centrifugation at 

1000 rpm for 5 minutes. The solution was aspirated, and the cell pellet re-suspended 

in DMEM supplemented with 10% FBS, L-glutamine, and 1% penicillin-streptomycin. 

 

2.2.10.1 Optimised Primary Myometrial Cell Isolation Method 
 

Following collection, the biopsy was rinsed with PBS several times to remove excess 

red blood cells. The myometrium was separated, minced, and digested in a 

DMEM/Hams F12 solution comprising of 0.25 mg/ml collagenase 1A and XI and 5 

mg/ml BSA for 40 minutes in a 37°C water bath whilst being agitated for two 20-minute 

intervals. 

Following the first agitation step, half of the resulting cell suspension was filtered 

through a 500-μm-cell strainer and the individual cells were collected via centrifugation 

at 1000 rpm for 5 min. The media was returned to the flask and the agitation step 

repeated. For larger biopsies, this process was extended for 5-10 minutes to ensure 
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that most of the tissue was digested. This digestion process was halted following the 

addition of DMEM medium supplemented with 10 % FBS. The total cell solution was 

filtered again, and the individual cells were collected via centrifugation at 1000 rpm for 

5 minutes.  

 

The cell pellet was re-suspended in DMEM containing 10 % FBS, L-glutamine and 1 

% penicillin/streptomycin. Cells were seeded at pre-determined volumes into a 75 cm3 

culture flask, 15 mm3 pre-prepared sterilised coverslips for FRET imaging and 6-well 

plates for subsequent mRNA and protein extraction.  

 

Due to the number of experimental conditions planned and variable cell yields, 15 

mm3 sterile coverslips were selected for the human primary myometrial cells 

(HPMCs). 

 

The flasks, coverslips and 6-well plates were incubated at 37 °C in an atmosphere of 

5% CO2. The media was refreshed every 2 days.  

 
2.2.10.2 HPMC Seeding and Adenoviral Infection 
 

A cell confluence of between 30-40% per coverslip was deemed sufficient to image 

multiple cells per experiment, whilst assuring for a region devoid of cells to be used 

for background correction. Following pilot studies, approximately 2.2 x 104 cells/ml 

were seeded per coverslip. However, this cell number marginally varied per patient 

depending upon the size of the biopsy attained.  

 

As per the hTERT-HM cells, trial experiments were performed to determine the 

optimum concentration of virus required for successful infection of the HPMCs so that 

they expressed the sensors adequately with high infection efficiencies. The 

concentration of virus required to be added to each well was calculated using the 

number of cells plated per coverslip, from which the MOI can then be determined.  
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Table 2. 7: Virus Titre Preparations. PFU/ml and approximate MOI for adequate sensor expression 

in HPMCS. 

 

Day 0:  
15 mm3 borosilicate glass coverslips were sterilised with 70% ethanol and placed into 

12-well tissue culture plates and left to dry under the hood. 2.2x104 cells/ml were 

seeded onto each individual coverslip.  

 

Day 1:  
16-24 hours after seeding, the coverslips were washed 2-3 times with PBS to remove 

excess red blood cells or residual tissue debris and the media was refreshed. 4.5 x 

107 virus particles of EPAC-SH187 or 3.8 x 107 virus particles of AKAP79-CUTie sensor 

were added in solution directly to the culture medium of each well. The coverslips were 

incubated at 37 °C in an atmosphere of 5% CO2 for 18-24 hours prior to imaging of 

the EPAC-SH187 sensor or 48 hours for the AKAP79-CUTie sensor.   

 

The HPMCs were typically imaged between day 3 and day 6 after plating. 

 
2.2.10.3 Transfection Protocol 
 

1 µg DNA was added per well as per a defined protocol effectively used in 

cardiomyocytes [565]. Three transfection reagents were trialled according to the 

manufacturer’s guidelines: TransIT®-LT1, jetPRIMETM and TransFectinTM.  

 

 

Virus titre 

 

PFU / ml 

 

Approx. MOI 

EPACS-H187 4.5 x 1010 1200 

AKAP79-CUTie 3.8 x 1010 1000 
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The plasmidic DNA was applied directly to the culture medium of each well. The media 

was changed after 5 hours of incubation. The HPMCs were imaged at the same time 

points as those using the infection method.  

 

2.2.11 Passage Experiments 
 

Following isolation (deemed as passage 0 (p0)), HPMCs were grown to approximately 

80% confluence in a T75 cm2 culture flask and sub-cultured for 5 subsequent 

passages (p1 to p5). Passage refers to the transfer of cells to a new sub-culture to 

allow for continued growth [566]. 

 

As per isolation experiments, for each passage approximately 2.2x104 cells/ml were 

seeded onto sterile 15 mm3 coverslips in DMEM media supplemented with 10% FBS, 

L-glutamine, and 1% penicillin-streptomycin and 2.7x105 HPMCs were sub-cultured 

into a new T75 cm2 flask. The HPMCs reached 80% confluence in the T75 cm2 culture 

flasks after an average of 11-14 days for each passage. Cell viability and population 

doubling was monitored using a confocal microscope daily. HPMCs population 

doubling occurred every 24 to 48 hours.  

A cell confluence of between 30-40% per coverslip was deemed sufficient for 

experiments and HPMCs were imaged between day 3 and day 6 after plating as per 

isolation experiments.  

 

FRET imaging experiments were performed at each passage. In conjunction with 

FRET imaging experiments, at each passage 1x105 cells/ml were seeded onto 6-well 

plates. The HPMCs attained 80% confluence on average between 8-10 days. The 

cells were treated with either a control (DMSO for PGE2 or E1 buffer for isoproterenol), 

1 µM isoproterenol or 30 nM PGE2. A 6-hour time point was chosen to measure mRNA 

expression. This duration was selected as per previous experiments in the research 

group [567]. 

 

For measuring protein expression, treatment time points of 15 minutes, 30 minutes, 1 

hour and 24 hours were selected. Following each treatment, the media was aspirated, 

and the 6-well plates were snap frozen at -80 °C to be used for subsequent RNA and 

protein extraction.  
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2.2.12 FRET Protocol and Set Up  
 

A FRET-based microscopy set up was used for experiments which comprised of; an 

inverted microscope (Olympus IX71) and a PlanApoN 40 X NA 1.42 oil immersion 

objective, 0.17/FN 26.5 (Olympus, UK). The excitation filter for CFP (FRET) excitation 

was 436 +/- 10 nm, excitation / emission dicroic mirror was 455 nm LP.  

 

An optical beam-splitter device (Dual-view simultaneous-imaging system, DV2 mag 

biosystem, Photometrics, USA) and a CoolSnap HQ2 monochrome camera system 

(Photometrics, USA) were used to record the YFP and CFP emissions in real-time. 

Emission filter wavelength was 535 +/-15 nm for YFP emission and 470 +/-12 nm for 

CFP emission, with a beam-splitter dicroic mirror 495 nm LP (Chroma Technology, 

Germany). 

 

MetaFluor, Meta Imaging Series 7.1 software (Molecular Devices, USA), was used for 

acquisition, and storage and offline analysis of the FRET-data. A common protocol 

was set up and used throughout with predetermined parameters which are detailed 

below. 

 

2.2.13 FRET Imaging Parameters  
 

A fluorescence intensity of between 1-2 watts with an exposure time of 200-1000 

milliseconds was selected dependent on the brightness of the cell and sensor used. 

The acquisition frequency was set at 8 seconds to ensure for minimal photobleaching 

of the cells and fluorophores. A camera binning of 2 was chosen to ensure for an 

optimal signal to noise ratio and sufficient resolution. 

 

Prior to the addition of a substance, an initial stable baseline was established for 

approximately 3-5 minutes. Each drug was pre-diluted in E1 buffer and pipetted 

directly into the cell bathing solution. This was conducted carefully, to ensure that the 

drug treatment was applied evenly into the solution, avoiding direct contact with the 

coverslip/cells, and exercising caution by not directly applying a surge of solution at 

the cells, which may result in artefact. 
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After each drug treatment addition of either isoproterenol or PGE2, a subsequent 

response was observed, and a stable post plateau period was ensured between each 

substance of approximately 2-3 minutes. After agonist treatment, IBMX (100 μM), a 

non-selective PDE inhibitor, was applied followed by forskolin (25 μM), to achieve the 

maximal response as shown in the figure below. 
 

Ideally 3 technical replicates (coverslips) per patient were carried out for each 

experiment. This was however subjective to the practical difficulties of FRET imaging 

experiments, the number of experimental conditions planned, and time restraints 

influenced by the duration of each experiment.  

 

The sample size (number of cells for each FRET experiment), biological replicates 

(number of independent patients) and p-values are stated in each figure legend. 

Experiments where the cells did not respond to IBMX and the saturating stimuli 

forskolin were excluded.  
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2.2.14 FRET Imaging Experiments  
 

hTERT-HM cells:  
The 24 mm3 coverslips for the hTERT-HM cells, were placed into an equivalent sized 

coverslip holder and 3 ml of cell bathing extracellular buffer solution (E1) was applied 

carefully at the edge of the coverslip to submerge the cells but avoid washing them 

away. 

 

HPMCs:  
Each individual 15 mm3 coverslip was mounted onto a coverslip holder using a thin 

layer of silicone vacuum grease (18405 – Sigma-Aldrich, USA) to ensure for a 

watertight seal prior to FRET experiments commencing. The chamber was filled with 

450 μL of cell bathing E1 buffer.  

 

For both cell types:  
A drop of oil was applied to the objective lens and the coverslip holder was mounted 

onto the microscope. The cells were first visualised under brightfield illumination to 

ensure they were in focus and looked healthy. Care was taken to also have an empty 

region in the field of observation to be able to account for unspecific changes in 

fluorescence due to added substances during analysis. 

 

Cells expressing the sensors were excited at a wavelength of 436 nm and emission 

intensities were measured at 470 and 535 nm, respectively. Emission signals were 

monitored in real-time and stored using MetaFluor software. 

 

Analysis was performed offline. Ratio and FRET-changes were calculated on 

background corrected and, if applicable, drift-corrected emission intensities. These 

ratio or FRET-change values correlate to changes in intracellular cAMP concentration. 

Normalisation to the maximal response generated by forskolin was conducted in order 

to allow for comparison of the two different FRET reporters were used.  
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2.2.15 Statistical Analysis  
 

The distribution of data was initially determined using the Kolmogorov-Smirnov test for 

experiments with n≤6 or Shapiro-Wilk test for n≥7. 

 

Normally distributed data were analysed using a t-test for two groups (paired or 

unpaired). For three or more paired groups, a one-way ANOVA followed by a mixed-

effects analysis and Turkey’s multiple comparison post-hoc test was used. For three 

or more unpaired groups, a one-way ANOVA followed by a Turkey’s multiple 

comparison post-hoc test was performed.  

 

Data which were not normally distributed were analysed using a Wilcoxon matched 

pairs test for paired data or a Mann-Whitney test for unpaired data for two groups. For 

three or more groups, a Friedman’s test with a Dunn’s multiple comparisons post-hoc 

test was used for paired data, or for unpaired data, a Kruskals-Wallis test followed by 

a Dunn’s multiple comparisons post-hoc test. 

 

Data were presented as the means +/- SEM. P <0.05 was considered statistically 

significant. The following symbol system was used to denote significance; * = 

<0.05<p<0.01, ** = 0.01<p<0.001, *** = 0.001<p<0.0001, **** = p<0.0001.  

 

GraphPad Prism 9.0 software was used to generate graphical representations of the 

data.  
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Chapter 3. cAMP Signalling and Effector Pathway Gene Expression in Distinct 
Types of Preterm Labour 

 

This chapter has been published in: Yulia A*, Varley AJ*, Singh N, Lei K, Tribe R, 

Johnson MR (2020) Changes in cAMP effector predominance are associated with 

increased oxytocin receptor expression in twin but not infection-associated or 

idiopathic preterm labour. PLoS ONE 15(11): e0240325. *Joint first authors [563].  

 

This work was produced in collaboration with Dr Angela Yulia.  

 

3.1 Introduction  
 

A complex interplay of hormonal, biochemical, electrical, and mechanical influences 

are understood to activate and stimulate the myometrium to establish uterine 

contractions. However, the precise cellular processes involved in the initiation of 

spontaneous human labour have still not been fully determined and as such there are 

no successful obstetric interventions that have been developed which can control the 

timing of labour onset. Solving this challenge would reduce the devastating 

complications and adverse perinatal outcomes of PTL or prolonged pregnancy [373, 

568]. 

 

Smooth muscle relaxation is regulated by a multitude of cellular events, as previously 

mentioned in Chapter 1. These include changes in the predominance and activity of 

ion channel conductance, the resting membrane potential and indirectly via its 

effectors, and specific protein kinases which phosphorylate downstream targets such 

as myofilaments, ion channels and TFs to upregulate pro-labour gene expression 

[431, 569, 570]. These electrophysiological and cellular signalling changes result in a 

decrease in intracellular calcium, which is fundamental for myometrial contractility 

[571]. cAMP is an essential activator of PKA which also promotes myometrial 

relaxation via several mechanisms. These include: the phosphorylation of MLCK thus 

reducing its affinity of binding to the calcium-calmodulin complex, the repression of 

PLC activation and subsequent cellular calcium entry and additionally via the 
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activation of large-conductance, voltage- and calcium-sensitive potassium channels 

[431].  

cAMP and key components of its signalling cascade have been identified to contribute 

to the maintenance of uterine relaxation during pregnancy [43, 572][559, 573]. 

Specifically, a significant up-regulation in the AC stimulatory G protein, G𝛼S, has been 

demonstrated in pregnant myometrium, thus generating the increased production of 

cAMP during pregnancy [572]. In addition, the considerable repressive action of 

progesterone on PDE activity further enhances cAMP levels by reducing its 

degradation [574]. As a result, this cellular signalling pathway has been targeted 

previously as a viable therapeutic approach in the management of PTL, using beta-

adrenergic agonists as tocolytics [443]. However, given that these drugs are not utero-

selective, adverse maternal cardiovascular side effects were commonly experienced 

which led to the withdrawal of US FDA approval and discontinuation of their use in 

clinical practise [440, 441]. Despite the availability of several tocolytic drugs, only 

atosiban which is an OTR antagonist specifically targets the myometrium, although its 

efficacy has been disputed in two consecutive meta-analyses [471, 575]. Women 

treated with atosiban have however reported fewer side effects than with other 

tocolytic therapies [575]. Globally, there is current need for the development of an 

effective, uterine-selective drug intervention for the management of PTL, with a better 

safety profile than the available therapeutic agents.  

 

PTL has been defined as a syndrome caused by several multifactorial pathological 

processes [399]. For this reason, a definitive causative factor is not established in 60-

70% of PTBs [386]. Infection and inflammation account for approximately one third of 

PTB cases and in those women with PPROM, infection is identified in around 60% 

[576, 577]. Recent data however support the theory that myometrial inflammation may 

in fact be a consequence and not a cause of term labour [393] suggesting that other 

cellular mechanisms are responsible in triggering the onset of labour. 

 

Myometrial stretch and a functional progesterone withdrawal process are recognised 

as two key contributors in the shift towards a contractile state at the end of term 

pregnancy. Certainly, twin pregnancy is a recognised risk factor for PTL [399]. The 

effects of stretch on myometrial cells include; a reduction in PR-B [578] which is an 

important inhibitor of stimulatory CAPs and pro-inflammatory genes during pregnancy 
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[579], increased synthesis of chemokines and PGs [400, 580] and an up-regulation of 

OTR [402]. This pro-contractile uterine phenotype at term is further enhanced by an 

increase in the ratio expression of PRA: PRB, consequently inducing pro-inflammatory 

processes  [70, 581]. 

 

The altered expression of central components of the cAMP signalling cascade, in 

combination with the modulation of specific pro-labour genes such as OTR, are also 

considered to promote the fundamental switch from a relaxed uterine state to a 

contractile one [43, 56, 582]. The overall aim of this research was to therefore identify 

potential components in the cAMP signalling cascade upstream of OTR, which might 

be potential therapeutic targets to halt the process of PTL, for which there is currently 

no effective treatment.  
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3.2 Aims  
 

This study used myometrial samples obtained from women who have delivered 

preterm but not in labour, and from phenotypically defined cases of early preterm 

labour. The following three distinct causes of PTL were investigated: idiopathic, 

chorioamnionitis and twin pregnancy.  

 

The aims of this chapter were as follows:  

 

1. To characterise and compare the gene and protein expression of key 

components of the cAMP signalling pathway in women who have delivered 

preterm but not in labour and in phenotypically defined cases of PTL. 

2. To determine whether there are differences in the cAMP signalling pathways 

observed in PTL compared to term labour. 

3. To understand the involvement of cAMP’s activity and its effectors in the onset 

of PTL. 
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3.3 Results  
 

The mRNA and protein levels of key components of the cAMP pathway were studied 

in the three different causes of PTL. These included: GαS, AC 2, 3 and 9, cAMP, 

PKAR2α, AKAP79, CREB and phospho-CREB, inducible cAMP early repressor 

(ICER), cAMP binding protein (CBP), AKIP1, PDE4B, Epac1 and OTR. In addition, 

the cAMP-responsive genes described below were also examined in the distinct PTL 

phenotypes.  

 

Previous data identified the modulation of specific cAMP responsive genes from a 

gene microarray using HPMCs that had been exposed to 100µM forskolin for 6 hours 

[43]. A gene expression change of 1.5 fold and a p<0.05 were classified as the 

inclusion criteria [43]. The study established that five genes were down-regulated by 

forskolin treatment and six up-regulated genes were identified, as shown in Table 3.1 

below [43].  

 

 
Up-regulated 

 

 
Down-regulated 

 

MKP1 GUCY1A3 

11ßHSD1 CREB3L1 

GPR125 GPR124 

CCL8 OTR 

PDE4B PRKG1 

PTGES  

 

Table 3. 1: cAMP-responsive genes.  
Gene microarray results displaying the effects of 100 µM forskolin on cAMP responsive genes in HPMCs. n=3 patients. Adapted 

from Yulia et al, 2016, Endocrinology [43]. 

 

The preterm myometrial tissue samples were classified as follows: PTL due to 

chorioamnionitis (CA-PTL) or idiopathic PTL (I-PTL) compared to preterm no labour 
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(PTNL) samples as a control; samples were also obtained from preterm women with 

twin pregnancies, non-labouring (T-PTNL) and labouring (T-PTL).  

 

Table 3.2 below summaries the changes observed in the mRNA and protein levels of 

each of the cAMP signalling genes investigated, including the cAMP concentration 

measured in the tissue samples, comparing the three causes of PTL and to term early 

labour (TEaL). The TEaL changes were previously identified by Yulia et al. which had 

been compared to preterm no labour (PTNL) [43].  

 

 
Table 3. 2: mRNA and protein levels of cAMP signalling components and cAMP concentration.  
Summary tables of the changes in the mRNA expression and protein levels of the cAMP signalling components and cAMP 

concentration. Yellow table represents mRNA (light yellow for PTL and dark yellow for TEaL). Green table represents protein 

(light green for PTL and dark green for TEaL). Blue table represents cAMP concentration (light blue for PTL and dark blue for 

TEaL). Coding:  = increase,  = decrease,  = no change. *=0.05<p<0.01, **=0.01<p<0.001, ***=0.001<p<0.0001, 

****=p<0.0001. 

 

3.3.1 Gαs 
Gαs mRNA levels were increased in both the CA and I-PTL groups compared to PTNL 

(both p<0.05; Fig.3.1A). This increase was reflected at a protein level in CA-PTL 

(p<0.05; Fig.3.1B), but not in the I-PTL group. Conversely, there was a non-significant 

TEaL CA-PTL I-PTL Twin-PTL
GαS

é NS é* é* êNS
AC 2

ê** ê* é NS
AC3

ê NS ê NS é*

AC9
ê** ê* ó

PKAR2α ê NS ê* ó ó

PKAc
ó ê p=0.054 é p=0.08

Epac1 é ** ê NS ê* ó

AKAP79
ê NS ó ó ó

PDE4B
é NS ê* ó é NS

CREB
ê NS ó ó é**

ICER
ó ó ó

CBP
ê* ê** ó

OTR é * ó ó é**

TEaL CA-PTL I-PTL Twin-PTL
GαS

ó é* ó êNS

AC 2 ê NS é** é NS

AC3 é NS é NS é NS

AC9
ó ó ó

PKAR2α ê* ê* ê p=0.08 ê*

PKAc
é p=0.08 é* ê*

Epac1
é NS é*** é** é p=0.06

AKAP79
ê NS ê* ó ê NS

PDE4B
ó é** é** ó

CREB
ê* ê* ó ê***

P CREB
ê NS ó ó ó

ICER
é** ó ó

CBP
ê*** é*** ó

OTR
é* ó ó é*

mRNA Protein

cAMP
ê* ó ó ó
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decline in trend in Gαs mRNA levels in the T-PTL samples (Fig.3.1A). A considerable 

variation in the protein levels of Gαs was noted in the individual T-PTL samples, but 

there was a similar non-significant reduction in trend in the overall mean (Fig.3.1B). 

 
Figure 3. 1: G𝜶S mRNA and protein expression in PTNL and T-PTNL vs. CA-PTL, I-PTL and T-

PTL.  
Frozen preterm myometrial tissue samples were subjected to bead-based homogenisation for RNA and protein extraction. cDNA 

conversion and qPCR were conducted for (A) G𝛼S and protein was quantified using western blotting for (B) G𝛼S (46 kDa) with 

representative blot (C). Data normalised to GAPDH and expressed as multiples of the median; error bars represent median with 

interquartile range; Normality was tested using Shapiro-Wilk test. For mRNA, data were analysed using a one-way ANOVA 

followed by a Kruskal-Wallis test or an unpaired t-test. For protein, data were analysed using a Mann-Whitney test, 

*=0.05<p<0.01, **=0.01<p<0.001, ***=0.001<p<0.0001, ****=p<0.0001. mRNA PTNL [n=12], CA-PTL [n=12]; I-PTL [n=9]; T-

PTNL [n=12]; T-PTL [n=8]. Protein PTNL (CA-PTL) [n=17], CA-PTL [n=11]; Protein PTNL (I-PTL) [n=17], I-PTL [n=11]; T-PTNL 

[n=8]; T-PTL [n=8]. Adapted from Yulia et al., 2020, PLoS ONE [563]. 
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Figure 3. 2: AC2, AC3, and AC9 mRNA and protein expression in PTNL and T-PTNL vs. CA-PTL, 
I-PTL and T-PTL.  
Frozen preterm myometrial tissue samples were subjected to bead-based homogenisation for RNA and protein extraction. cDNA 

conversion and qPCR were conducted for (A) ADCY2, (B) ADCY3 & (C) ADCY9. Protein was quantified using western blotting 

for (D) AC2 (124 kDa), (E) AC3 (116 kDa) & (F) AC9 (161 kDa) with representative blots (G), (H) & (I) respectively. Data 

normalised to GAPDH and expressed as multiples of the median; error bars represent median with interquartile range; Normality 

was tested using Shapiro-Wilk test. For mRNA, data were analysed using an ordinary one-way ANOVA or an unpaired t-test. For 

protein, data were analysed using a Mann-Whitney test, *=0.05<p<0.01, **=0.01<p<0.001, ***=0.001<p<0.0001, ****=p<0.0001. 

mRNA PTNL [n=11-12], CA-PTL [n=11-12]; I-PTL [n=8-9]; T-PTNL [n=12]; T-PTL [n=8]. Protein PTNL [n=8], CA-PTL [n=8]; I-

PTL [n=4]; T-PTNL [n=8-11]; T-PTL [n=6-8]. Adapted from Yulia et al., 2020, PLoS ONE [563]. 

 

3.3.2 AC 
 
AC2: The mRNA levels of AC2 in the CA- and I-PTL groups were reduced compared 

to PTNL (p<0.01 and <0.05 respectively; Fig.3.2A). A non-significant decreasing trend 

in AC2 was found at a protein level in CA-PTL, whereas in I-PTL an opposing 

significant increase in AC2 protein was observed (p<0.01; Fig.3.2D). For the T-PTL 

group, a non-significant increase in trend was observed at both an mRNA and protein 

level compared to T-PTNL (Fig. 3.2A&D). 
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AC3: A similar non-significant decline in AC3 mRNA was observed in the CA- and I-

PTL groups as with AC2 but this was not reflected at a protein level (Fig. 3.2B&E). 

There was an increase in the mRNA levels of AC3 in T-PTL (p<0.05; Fig. 3.2B), with 

a comparable non-significant increase in trend at a protein level compared to T-PTNL 

(Fig. 3.2E).  

 

AC9: AC9 mRNA levels were also reduced in the CA and I-PTL groups comparable 

to AC2 and AC3 (p<0.01 and p<0.05 respectively; Fig.3.2C). There were however no 

significant changes noted at a protein level (Fig.3.2F). The mRNA and protein level of 

AC9 remained unchanged in the T-PTL group compared to T-PTNL (Fig.3.2C&F). 

 

3.3.3 cAMP 
Across all 3 PTL groups, there were no changes in the cAMP concentration of the 

tissue levels compared to PTNL and T-PTNL (Fig.3.3).  

 
Figure 3. 3: cAMP concentration in PTNL and T-PTNL vs. CA-PTL, I-PTL and T-PTL.  
Frozen preterm myometrial tissue samples were prepared prior to the application of a High Sensitivity Direct Cyclic AMP 

Chemiluminescent Immunoassay Kit (Arbor Assay, USA) as per the manufacture’s protocol. The cAMP concentration was 

measured in pmol/ml. Data normalised to GAPDH and expressed as multiples of the median; error bars represent median with 

interquartile range; PTNL [n=19], CA-PTL [n=14]; I-PTL [n=7]; T-PTNL [n=13]; T-PTL [n=6]. Adapted from Yulia et al., 2020, PLoS 

ONE [563]. 
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Figure 3. 4: PKAR2α, PKAc and Epac1 mRNA and protein expression in PTNL and T-PTNL vs. 
CA-PTL, I-PTL and T-PTL.  
Frozen preterm myometrial tissue samples were subjected to bead-based homogenisation for RNA and protein extraction. cDNA 

conversion and qPCR were conducted for (A) PRKAR2A, (B) PRKACA & (C) Epac1. Protein was quantified using western blotting 

for (D) PKAR2α, (44-55 kDa) (E) PKAc (42 kDa) & (F) Epac1 (100 kDa) with representative blots (G), (H) & (I) respectively. Data 

normalised to GAPDH and expressed as multiples of the median; error bars represent median with interquartile range; Normality 

was tested using Shapiro-Wilk test. For mRNA, data were analysed using an ordinary one-way ANOVA or an unpaired t-test. For 

protein, data were analysed using a Mann-Whitney or unpaired t-test, *=0.05<p<0.01, **=0.01<p<0.001, ***=0.001<p<0.0001, 

****=p<0.0001. mRNA PTNL [n=8-12], CA-PTL [n=9-12]; I-PTL [n=7-9]; T-PTNL [n=8-12]; T-PTL [n=8]. Protein PTNL (CA-PTL) 

[n=8-17], CA-PTL [n=8-11], PTNL (I-PTL) [n=8-17], I-PTL [n=4-11]; T-PTNL [n=7-9]; T-PTL [n=5-8]. Adapted from Yulia et al., 

2020, PLoS ONE [563]. 

 
3.3.4 cAMP Effectors 
 
PKAR2α: PKAR2α mRNA levels declined in CA-PTL (p<0.05; Fig.3.4A). The protein 

levels of PKAR2α decreased all PTL groups compared to PTNL and T-PTNL (p<0.05, 

p=0.08 and p<0.05 for CA-PTL, I-PTL and T-PTL respectively; Fig.3.4D). 

 

PKAc: The mRNA and protein levels of PKAc were inconsistent. No changes were 

observed in PKAc mRNA in CA-PTL but there was a trend for the protein levels to 

increase which was almost significant (p=0.08; Fig.3.4B&E). In I-PTL, there was a non-
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significant decline in trend in mRNA (p=0.054; Fig.3.4B) but an increase at a protein 

level (p<0.05; Fig.3.4E). Finally, in T-PTL a trend for the mRNA levels to increase was 

noted, which was almost significant (p=0.08; Fig.3.4B) but an opposing decrease in 

protein levels were observed (p<0.05; Fig.3.4E).  

 

Epac1: In CA- and I-PTL, Epac1 mRNA levels declined but this was only significant in 

I-PTL (p<0.05 for I-PTL; Fig.3.4C). However, there was an increase in the protein 

levels in each PTL group compared to PTNL (p<0.001 and p<0.05 for CA-PTL and I-

PTL; Fig.3.4F) and an increasing trend in T-PTL, which was close to significance 

(p=0.06; Fig.3.4F).   

 

3.3.5 AKAP79 
There were no significant differences in the mRNA levels of AKAP79 in all causes of 

PTL (Fig.3.5A). However, for CA-PTL, there was a decrease in the protein levels of 

AKAP79 (p<0.05; Fig.3.5B) and a non-significant decline in trend in T-PTL (Fig.3.5B). 

 
Figure 3. 5: AKAP79 mRNA and protein expression in PTNL and T-PTNL vs. CA-PTL, I-PTL and 
T-PTL.  
Frozen preterm myometrial tissue samples were subjected to bead-based homogenisation for RNA and protein extraction. cDNA 

conversion and qPCR were conducted for (A) AKAP5 and protein was quantified using western blotting for (B) AKAP79 (79 kDa) 

with representative blot (C). Data normalised to GAPDH and expressed as multiples of the median; error bars represent median 

with interquartile range; Normality was tested using Shapiro-Wilk test. For mRNA, data were analysed using a one-way ANOVA 
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followed by Kruskal-Wallis test or an unpaired t-test. For protein, data were analysed using a Mann-Whitney test, *=0.05<p<0.01, 

**=0.01<p<0.001, ***=0.001<p<0.0001, ****=p<0.0001. mRNA PTNL [n=12], CA-PTL [n=12]; I-PTL [n=9]; T-PTNL [n=12]; T-PTL 

[n=8]. Protein PTNL (CA-PTL) [n=16], CA-PTL [n=10], PTNL (I-PTL) [n=16], I-PTL [n=10]; T-PTNL [n=9]; T-PTL [n=8]. Adapted 

from Yulia et al., 2020, PLoS ONE [563]. 

 
Figure 3. 6: PDE4B mRNA and protein expression in PTNL and T-PTNL vs. CA-PTL, I-PTL and T-
PTL.  
Frozen preterm myometrial tissue samples were subjected to bead-based homogenisation for RNA and protein extraction. cDNA 

conversion and qPCR were conducted for (A) PDE4B (short form) and protein was quantified using western blotting for (B) 

PDE4B (100 kDa) with representative blot (C). Data normalised to GAPDH and expressed as multiples of the median; error bars 

represent median with interquartile range; Normality was tested using Shapiro-Wilk test. For mRNA, data were analysed using a 

one-way ANOVA followed by Kruskal-Wallis test or Mann-Whitney test. For protein, data were analysed using a Mann-Whitney 

test, *=0.05<p<0.01, **=0.01<p<0.001, ***=0.001<p<0.0001, ****=p<0.0001. mRNA PTNL [n=11], CA-PTL [n=11]; I-PTL [n=8]; 

T-PTNL [n=11]; T-PTL [n=7]. Protein PTNL (CA-PTL) [n=17], CA-PTL [n=11], PTNL (I-PTL) [n=17], I-PTL [n=11]; T-PTNL [n=9]; 

T-PTL [n=8]. Adapted from Yulia et al., 2020, PLoS ONE [563]. 

 

3.3.6 PDE4B 
PDE4B mRNA declined in the CA-PTL group (p<0.05; Fig.3.6A). In contrast, there 

was an increase in the protein levels of PDE4B in both CA- and I-PTL (both p<0.01; 

Fig.3.6A&B). A non-significant incline was seen in the T-PTL mRNA but there were no 

significant changes in the protein levels (Fig.3.6A&B). 
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Figure 3. 7: OTR mRNA and protein expression in PTNL and T-PTNL vs. CA-PTL, I-PTL and T-
PTL.  
Frozen preterm myometrial tissue samples were subjected to bead-based homogenisation for RNA and protein extraction. cDNA 

conversion and qPCR were conducted for (A) OXTR and protein was quantified using western blotting for (B) OTR (66 kDa) with 

representative blot (C). Data normalised to GAPDH and expressed as multiples of the median; error bars represent median with 

interquartile range; Normality was tested using Shapiro-Wilk test. For mRNA, data were analysed using a one-way ANOVA 

followed by Kruskal-Wallis test or unpaired t-test. For protein, data were analysed using a Mann-Whitney test, *=0.05<p<0.01, 

**=0.01<p<0.001, ***=0.001<p<0.0001, ****=p<0.0001. mRNA PTNL [n=12], CA-PTL [n=12]; I-PTL [n=8]; T-PTNL [n=12]; T-PTL 

[n=8]. Protein PTNL (CA-PTL) [n=17], CA-PTL [n=11], PTNL (I-PTL) [n=17], I-PTL [n=11]; T-PTNL [n=9]; T-PTL [n=7]. Adapted 

from Yulia et al., 2020, PLoS ONE [563]. 

 

3.3.7 OTR 
The mRNA and protein levels of OTR were predominantly unchanged in the CA- and 

I-PTL groups but a marked increase was seen in the T-PTL samples compared to T-

PTNL (p<0.01; Fig.3.7A). Similarly, the protein levels were also increased in T-PTL 

(p<0.05; Fig.3.7B).  
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Figure 3. 8: CREB, CBP and ICER mRNA and protein expression in PTNL and T-PTNL vs. CA-
PTL, I-PTL and T-PTL.  
Frozen preterm myometrial tissue samples were subjected to bead-based homogenisation for RNA and protein extraction. cDNA 

conversion and qPCR were conducted for (A) CREB, (B) CREBBP & (C) CREM. Protein was quantified using western blotting 

for (D) CREB (43 kDa), (E) CBP (265 kDa) & (F) ICER (26 kDa) with representative blots (G), (H) & (I) respectively. Data 

normalised to GAPDH and expressed as multiples of the median; error bars represent median with interquartile range; Normality 

was tested using Shapiro-Wilk test. For mRNA, data were analysed using an ordinary one-way ANOVA, a one-way ANOVA 

followed by Kruskal-Wallis test, a Mann-Whitney, or an unpaired t-test. For protein, data were analysed using a Mann-Whitney 

or unpaired t-test, *=0.05<p<0.01, **=0.01<p<0.001, ***=0.001<p<0.0001, ****=p<0.0001. mRNA PTNL [n=12], CA-PTL [n=12]; 

I-PTL [n=9]; T-PTNL [n=12]; T-PTL [n=8]. Protein PTNL (CA-PTL) [n=17], CA-PTL [n=9-11], PTNL (I-PTL) [n=17], I-PTL [n=11]; 

T-PTNL [n=9]; T-PTL [n=8]. Adapted from Yulia et al., 2020, PLoS ONE [563]. 

 
3.3.8 CREB 
The mRNA levels of CREB were unchanged in CA- and I-PTL compared to PTNL 

(Fig.3.8A&D). There was however a decrease in the protein levels in the CA-PTL 

samples (p<0.05; Fig.3.8D). In the T-PTL group, the mRNA increased (p<0.01; 

Fig.3.8A) whereas the protein significantly decreased (p<0.0001; Fig.3.8D).  

 

3.3.9 CBP 
The mRNA levels of CBP decreased in both the CA- and I-PTL groups (p<0.05 & 

<0.01 respectively; Fig.3.8B). There was a comparable decrease in CBP protein in 
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CA-PTL but for I-PTL the protein levels increased (both p<0.001; Fig.3.8E). There 

were no significant changes in T-PTL. 

 
3.3.10 ICER 
ICER mRNA levels remained unchanged across all 3 types of PTL compared to PTNL 

and T-PTNL (Fig.3.8C). An increase in ICER protein levels was noted in the CA-PTL 

group only (p<0.01; Fig.3.8F).  

 

3.3.11 Phospho-CREB 
There were no marked changes in phospho-CREB levels across the PTL groups 

(Fig.3.9A).   

 

 
Figure 3. 9: Phospho-CREB protein expression in PTNL and T-PTNL vs. CA-PTL, I-PTL and T-
PTL.  
Frozen preterm myometrial tissue samples were subjected to bead-based homogenisation for protein extraction. Protein was 

quantified using western blotting for (A) Phospho-CREB (37 kDa) with the representative blot (B). Data normalised to GAPDH 

and expressed as multiples of the median; error bars represent median with interquartile range; Normality was tested using 

Shapiro-Wilk test. Data were analysed using a Mann-Whitney test. PTNL (CA-PTL) [n=17], CA-PTL [n=11], PTNL (I-PTL) [n=20], 

I-PTL [n=10]; T-PTNL [n=12]; T-PTL [n=8]. Adapted from Yulia et al., 2020, PLoS ONE [563]. 

 

3.3.12 AKIP1 
AKIP1 mRNA levels were reduced in CA-PTL (p<0.01; Fig.3.10A). The protein levels 

increased in the T-PTL group (p<0.05 for T-PTL; Fig.3.10B).  
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Figure 3. 10: AKIP1 mRNA and protein expression in PTNL and T-PTNL vs. CA-PTL, I-PTL and 
T-PTL.  
Frozen preterm myometrial tissue samples were subjected to bead-based homogenisation for RNA and protein extraction. cDNA 

conversion and qPCR were conducted for (A) AKIP1 and protein was quantified using western blotting for (B) AKIP1 (23 kDa) 

with representative blot (C). Data normalised to GAPDH and expressed as multiples of the median; error bars represent median 

with interquartile range; Normality was tested using Shapiro-Wilk test. For mRNA, data were analysed using an ordinary one-

way ANOVA or unpaired t-test. For protein, data were analysed using a Mann-Whitney test, *=0.05<p<0.01, **=0.01<p<0.001, 

***=0.001<p<0.0001, ****=p<0.0001. mRNA PTNL [n=12], CA-PTL [n=12]; I-PTL [n=9]; T-PTNL [n=12]; T-PTL [n=8]. Protein 

PTNL (CA-PTL) [n=16], CA-PTL [n=11], PTNL (I-PTL) [n=17], I-PTL [n=10]; T-PTNL [n=9]; T-PTL [n=8]. Adapted from Yulia et 

al., 2020, PLoS ONE [563]. 

 

3.3.13 cAMP Up-Regulated Genes 
There were inconsistent changes in the cAMP upregulated genes across the PTL 

groups. GPR125 and PDE4B mRNA levels decreased in CA-PTL (p<0.01 & p<0.05 

respectively; Fig.3.11C&E). In T-PTL, there was an increase in MKP1 mRNA levels 

only (p<0.01; Fig.3.11A). 

 

3.3.14 cAMP Down-Regulated Genes 
4 out of the 5 down-regulated genes increased in T-PTL compared to T-PTNL 

including: CREB3L1 (p<0.05; Fig.3.12B), GPR124 (p<0.05; Fig.3.12C), OTR (p<0.01; 

Fig.3.12D), and PRKG1 (p<0.01; Fig.3.12E). There were no consistent changes in the 

gene expression profiles in CA- or I-PTL groups.   

GAPDH

GAPDH

GAPDH

AKIP1

AKIP1

AKIP1

PTNL CA-PTL

PTNL I-PTL

T-PTNL T-PTL

PTNL CA-PTL PTNL I-PTL T-PTNL T-PTL
0.01

0.1

1

10

100

AK
IP

1:
G

AP
DH

 p
ro

te
in

*

PTNL CA-PTL I-PTL T-PTNL T-PTL
0.1

1

10
AK

IP
1:

G
AP

DH
 m

RN
A

**

C

A B



 149 

 
Figure 3. 11: cAMP up-regulated genes in PTNL and T-PTNL vs. CA-PTL, I-PTL and T-PTL.  
Frozen preterm myometrial tissue samples were subjected to bead-based homogenisation for RNA extraction. cDNA conversion 

and qPCR were conducted for (A) MKP1, (B) 11𝛽HSD1 (C) GPR125, (D) CCL8, (E) PDE4B & (F) PTGES. Data normalised to 

GAPDH and expressed as multiples of the median; error bars represent median with interquartile range; Normality was tested 

using Shapiro-Wilk test. Data were analysed using an ordinary one-way ANOVA, a one-way ANOVA followed by Kruskal-Wallis 

test, a Mann-Whitney, or an unpaired t-test, *=0.05<p<0.01, **=0.01<p<0.001, ***=0.001<p<0.0001, ****=p<0.0001. PTNL [n=11-

12], CA-PTL [n=11-12]; I-PTL [n=7-8]; T-PTNL [n=11-12]; T-PTL [n=7-8]. Adapted from Yulia et al., 2020, PLoS ONE [563]. 

 

 
Figure 3. 12: cAMP down-regulated genes in PTNL and T-PTNL vs. CA-PTL, I-PTL and T-PTL.  
Frozen preterm myometrial tissue samples were subjected to bead-based homogenisation for RNA extraction. cDNA conversion 

and qPCR were conducted for (A) GUCY1A3, (B) CREB3L1 (C) GPR124, (D) OTR & (E) PRKG1. Data normalised to GAPDH 

and expressed as multiples of the median; error bars represent median with interquartile range; Normality was tested using 

Shapiro-Wilk test. Data were analysed using an ordinary one-way ANOVA, a one-way ANOVA followed by Kruskal-Wallis test, a 

Mann-Whitney, or an unpaired t-test, *=0.05<p<0.01, **=0.01<p<0.001, ***=0.001<p<0.0001, ****=p<0.0001. PTNL [n=7-12], CA-

PTL [n=12]; I-PTL [n=8]; T-PTNL [n=11-12]; T-PTL [n=8]. Adapted from Yulia et al., 2020, PLoS ONE [563].  
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3.4 Discussion 
 

3.4.1 Summary of Results 
 

This study compared the levels of the key cAMP signalling components in distinct 

phenotypes of PTL. Despite total cAMP levels remaining unchanged across all three 

types of PTL (Fig.3.3), there was a reduction in the protein expression of PKAR2α in 

CA- and T-PTL and non-significant decline in I-PTL (Fig.3.4D). Epac1 protein 

increased in CA- and I-PTL with a non-significant increase in trend in T-PTL (Fig.3.4F). 

These changes were consistent with those identified in term early labour [43]. These 

findings support the theory that in the onset of both preterm and term labour, there is 

a molecular switch in cAMP effector predominance which may determine subsequent 

cAMP action [563]. In the onset of term labour, cAMP acting via Epac1, mediates its 

pro-labour effects via an up-regulation of OTR [43]. A comparable increase in the 

mRNA and protein levels of OTR was seen in the twin PTL group only (Fig.3.7). These 

data therefore suggest that the changes in the cAMP effectors in regulating OTR 

expression and contributing to the final common pathway in the onset of labour at 

term, may also be the driving influence in the onset of PTL complicated by multiple 

pregnancy. In addition, there was also a loss of repression of the cAMP responsive 

genes in T-PTL, with an increase in the mRNA levels of 4 out of the 5 genes down-

regulated by cAMP (Fig.3.11), consistent with the findings in term early labour [43]. 

This further confirms the theory that myometrial function is altered following a decline 

in PKA activity to a contractile phenotype, which drives pro-labour gene expression in 

both term and T-PTL.  

 

In CA- and I-PTL other significant discoveries were identified in the cAMP system. Of 

note, AC 2, 3 and 9 mRNA levels decreased (Fig.3.2A-C) which were accompanied 

by an increase in PDE4B protein expression (Fig.3.6B), both of which cause a 

reduction in the cAMP signal. Similarly, in CA-PTL AKAP79 protein levels also 

declined (Fig.3.5B), consistent with a reduction in PKAR2α expression (Fig.3.4D) and 

CREB protein levels (Fig.3.8D). Although there are clearly several signalling pathways 

which influence the timing of uterine contractility, these observed changes in the key 

cAMP signalling components may also contribute to the cellular events triggering the 
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initiation of uterine contractions. A detailed discussion of the main study findings is 

presented below.  

 
3.4.2 Gαs, AC and cAMP 
 
3.4.2.1 Gαs and AC: 
Research to date has endeavoured to identify and understand the factors that maintain 

the equilibrium between myometrial pro-contractile and pro-relaxant factors and how 

they change with the onset of labour [583]. A multitude of agonists interact with GPCRs 

whose respective subunits (Gαs, Gαi, βγ) determine the subsequent activity of ACs 

[554], with GTP-bound stimulatory Gαs activating all isoforms of AC [584, 585]. There 

are at least nine known distinct AC isoforms, which have been categorised into 

separate groups depending upon their regulatory mechanism [586].  

 

In this study, Gαs mRNA levels increased in both CA- and I-PTL, which was reflected 

at a protein level in the CA-PTL group. In T-PTL however, both mRNA and protein 

levels tended to decline (Fig.3.1). Previous data from term myometrial tissue samples 

determined that Gαs mRNA peaked in early labour and declined thereafter in 

established labour but there were no significant changes in protein levels [43]. This 

could suggest that the cAMP pathway changes in a similar way in term labour and 

PTL due to CA and idiopathic causes. However, these results contrast with those of 

Europe-Finner et al. who reported a notable down-regulation in Gαs at the onset of 

term and PTL, analogous with a decrease in Gαs-coupled AC activity and a 

subsequent associated reduction in cAMP production [573].  

Further to this, a substantial increase in its expression has previously been observed 

in pregnant myometrium, thus indicating its likely involvement in maintaining uterine 

quiescence by stimulating cAMP formation [572, 573, 583]. Importantly, the study 

demonstrating a reduction in Gαs in labour only included ten patients in spontaneous 

PTL at 29-35 weeks and only two patients who were not in labour that underwent 

hysterectomies at 16 to 30 weeks [573]. The causes of PTL were not defined and 

similarly twin pregnancies were not included in the study. In later experiments, the 

same group suggested that the mechanism for Gαs down-regulation in the onset of 

labour was in part attributable to the inflammatory transcription factor, NFκB, the levels 

of which Singh et al. found to be elevated in early labour myometrial tissue samples 
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[393, 587]. This would provide a plausible explanation for the observed reduction in 

Gαs mRNA levels in response to stretch and IL-1β [43], which have both been found 

to activate NFκB [580]. However, in the current study an increase in Gαs mRNA and 

protein were observed in pregnancies complicated by CA, and this PTL phenotype 

has also been found to be associated with an increase in NFκB DNA binding [588]. 

These data suggest that in vivo, as opposed to in vitro, inflammation induced by 

cytokines or LPS may in fact increase Gαs mRNA and protein levels. One potential 

explanation is offered by Chapman et al., who found that an increased expression of 

CBP actually reversed the negative effect of NFκB [587]. In this study however, the 

mRNA and protein levels of CBP declined in CA-PTL, whilst CBP protein increased in 

I-PTL samples (Fig.3.8B&E). As such, these results do not offer a consistent 

explanation for the increase in Gαs. The tendency for the mRNA and protein levels of 

Gαs to decline in T-PTL samples is consistent with the down-regulation of Gαs 

attained from the in vitro stretch data [43]. 

 

The regulation of Gαs expression and subsequent AC coupling is unclear in the 

myometrium. Studies focused specifically on the Gαs promoter region have identified 

multiple binding sites for TFs such as CREB, Erg and Sp families [589]. These findings 

led to the hypothesis that Gαs regulation occurs following the binding of Sp-like TFs, 

which require PKA-mediated phosphorylation [590]. The interaction between NFκB 

and the co-activator CBP has been discussed above [587, 589]. However, further 

detailed investigation into these proteins is needed. 

 

There are limited studies examining the expression and function of myometrial ACs. 

The most detailed paper identified the mRNA levels of isoforms I, II, III, VIII and IX in 

the pregnant myometrium, with variable protein results [591]. Plasma membranes 

were isolated from myometrial tissue obtained from pregnant term women and 

immunoblotting experiments demonstrated decreased levels of I, III, VIII and IX and 

increased expression of II, IV, V, VI and VII [591]. The authors concluded that this 

pattern of expression highlighted a contribution of Group 2 ACs (II, IV and VII) [591], 

those activated by the G-protein βγ and PKC phosphorylation [586] in addition to Gαs, 

thus contributing to uterine quiescence [591]. They did not however explore AC 

changes with the onset of labour or at different gestational time points. 
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In this study, the mRNA and protein levels of AC II, III and IX were examined in the 

different causes of PTL. These isoforms were selected after the antibodies produced 

definitive bands during immunoblotting experiments using the PTL samples. A 

consistent reduction in the mRNA levels of all three isoforms was observed in CA- and 

I-PTL, but this was not associated with convincing changes at a protein level. In T-PTL 

however, there was an increase in trend in the mRNA and protein of AC2 and AC3, 

which was significant for AC3 mRNA (Fig.3.2). 

 

Researchers subsequently focused on the downstream function of Gαs expression on 

AC activity during pregnancy and labour. In pregnant rats, an increase in basal and 

forskolin-stimulated AC activity was seen during gestation, with a reduction near term 

[592]. In human myometrium however, no differences in forskolin-stimulated AC 

activity were defined between non-pregnant, labouring and non-labouring groups 

[573]. This may however depend upon the membrane receptor stimulated; as following 

the activation of GTP-dependent and prostaglandin EP receptors, an increase in AC 

activity was observed during pregnancy [573]. Litime et al identified a reduction in β-

adrenergic stimulated AC activity at term compared to preterm (32-35 weeks’ 

gestation) myometrium, but there was no effect of forskolin on AC activity [593]. These 

data imply that there is a higher affinity for coupling of the EP receptor to Gαs and of 

Gαs with AC during pregnancy but a subsequent reduction of the latter at later 

gestations. This may be essential for the persistent production of cAMP to maintain 

uterine quiescence during pregnancy.  

Given these results, although overall forskolin-stimulated AC activity did not differ 

across gestational timepoints, it may be that there is a switch in AC isoform 

predominance in pregnancy and at the onset of labour. As mentioned previously; 

Group 2 ACs as well as Group 3 (V and VI), which are inhibited by calcium, are 

primarily expressed in the human pregnant myometrium compared to non-pregnant 

samples and Group 1 (I, III and VIII), which are activated by the calcium-calmodulin 

complex, and Group 4 isoforms are down-regulated [591]. These findings imply that 

there is an intricate balance in AC predominance, which is potentially regulated by the 

calcium-calmodulin system but also by the activation of specific GPCRs and 

subsequent protein kinases. Further investigation into AC isoform expression is 

required however to determine its activity and function in the onset of preterm and 

term labour.  
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3.4.2.2 cAMP Levels:  
There are currently limited studies to date that have investigated the total cAMP 

concentrations in human myometrial cells during pregnancy and labour. Yulia et al. 

recently demonstrated that total cAMP levels increased with gestation in human 

myometrial tissue samples, which peaked in term no labour and declined thereafter 

with the onset of early labour using a cAMP immunoassay [43]. Interestingly, the cAMP 

levels decreased in established labour at term to those determined in preterm non-

labouring samples [43]. It is important to recognise that the cAMP concentrations 

measured in whole tissue will obviously not reflect the cAMP content at individual sub-

cellular micro-domains, but it does imply that this reduction in cAMP production or 

even an increase in its degradation, could be contributing factors in the signalling 

events that trigger the onset of term labour.  

 

Here, in contrast to the decline with term labour onset, this study found that myometrial 

cAMP levels were unchanged between the PTNL controls and all types of PTL 

(Fig.3.3). These findings imply that at term pregnancy the decline in cAMP may be 

part of the physiological process of labour onset, as distinct from the situation here 

where cAMP levels were not altered in PTL, the onset of which is known to be due to 

a variety of pathological events, including inflammation and excessive uterine stretch 

[386]. cAMP levels are however highly dynamic, with these samples offering only a 

snapshot of the signalling events that occur in the onset of PTL and so may not reflect 

any earlier changes. Further, they clearly do not indicate the sub-cellular micro-domain 

concentrations of cAMP, which determine the impact of cAMP on cell function.  

An alternative approach to investigating and quantifying cAMP production has been 

through the investigation of the factors that are known to regulate its intracellular 

levels, such as Gαs and AC, as previously discussed. 

 

The cAMP responsive genes were also examined in the different PTL phenotypes. Of 

note, the mRNA levels of 4 out of the 5 cAMP down-regulated genes were increased 

in T-PTL (Fig.3.12), which was consistent with previous findings at term [43]. These 

data support a decline in cAMP function in labour particularly in T-PTL.  
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3.4.3 cAMP Effectors and Scaffold Proteins 
 
3.4.3.1 PKAR2α and AKAP79:  
The expression patterns of PKA and AKAPs, which are known to regulate cAMP 

signalling in the human myometrium, have previously been investigated. PKAR2α 

expression and activity has shown to be considerably increased in pregnancy, with its 

mRNA and protein levels subsequently decreasing after reaching term and declining 

thereafter [43, 44], potentially contributing to the switch in uterine activity from 

myometrial quiescence to contractility. AKAP95 and AKAP79 have demonstrated high 

binding affinities to PKAR2α [44]. However, in this study there were no changes in the 

expression levels of the AKAPs during pregnancy and labour [44]. Other groups have 

also detected an increased association between PKA and AKAP79 during pregnancy 

in rat myometrium, which consequently decreased at term [558]. Yulia et al. recently 

confirmed a reduction in PKAR2α mRNA and protein, in addition to AKAP79 mRNA 

levels with advancing gestation [43]. This occurred specifically in early labour, 

suggesting a potential causative role in labour onset. This was also associated with 

functional consequences resulting in a reduction in the activity of the cAMP/PKA 

pathway, as demonstrated by a decline in the phosphorylation of CREB [43]. 

 

Here, the protein levels of PKAR2α declined in all 3 forms of PTL, which was close to 

significance for I-PTL, with an associated decrease in PKAR2α mRNA in CA-PTL 

(Fig.3.4D). AKAP79 mRNA levels were unchanged across the PTL groups but there 

was a significant reduction in the protein levels of AKAP79 in the CA-PTL samples 

and a decline in trend in T-PTL, but this was not significant (Fig.3.5). This may be 

secondary to a reduction in PKAR2α protein expression, as observed in these two 

groups, possibly halting signal transduction and the subsequent transcription of 

AKAPs. These findings imply that the protein levels of PKAR2α behave similarly in the 

onset of term labour as in PTL, implicating PKA and its anchoring protein, AKAP79, 

as key factors in contributing to the final common pathway in the initiation of labour.   

 

3.4.3.2 Epac1:  
Epac proteins function as cAMP activated GEFs for Ras-like proteins and have been 

identified as novel, PKA-independent cAMP effectors; of which there are two known 

isoforms [25]. Epac1 expression has been found to increase throughout pregnancy to 



 156 

term, with its mRNA levels peaking in established labour and protein levels in early 

labour, suggesting its involvement as a key mediator in the initiation of term labour 

onset [43]. The function of Epac1 in the human myometrium was further investigated 

in its regulation of OTR during in vitro experiments. It was determined that in the 

absence of PKA, forskolin (a potent AC activator) increased OTR expression in an 

Epac1-dependent manner [43]. As mentioned previously, its expression increased in 

early labour co-incident with a decline in PKAR2α, implicating that this switch in effector 

predominance may be responsible for the increase in OTR expression and 

subsequent involvement in the final common pathway in the onset of labour. 

There was an increase in the protein levels of Epac1 in CA- and I-PTL, with an 

increase in trend in T-PTL which was close to significance (Fig.3.4F). Interestingly, 

previous data demonstrated that stretch and inflammation, both alone and in 

combination, had no effect on Epac1 levels [43]. This is inconsistent with the 

observations in this current study, where there was a significant increase in Epac1 

levels in both the CA- and T-PTL groups (Fig.3.4F). These differences may be 

attributable to the potential effects of tissue culture on the gene expression of the 

isolated cells. Similarly, inflammation and stretch induced cell models may not 

replicate the exact in vivo conditions and may also differentially affect the expression 

profiles of the signalling components or their subcellular localisation.  

 

3.4.4 OTR 
 

The oxytocin system, specifically its receptor, is essential in promoting the onset of 

contractility of the human myometrium, as discussed in Chapter 1 [56, 594]. cAMP has 

been identified to repress OTR expression during pregnancy, possibly via a PKA-

dependant pathway, with the rationale of maintaining uterine quiescence [43]. PKA 

activity has been found to decline however with advancing gestation and in early 

labour, coincident with an increase in Epac1 [43]. cAMP consequently acting via 

Epac1 was found to increase OTR expression [43]. In the current study, the protein 

levels of PKA also declined in CA- and T-PTL, with a decline in trend in I-PTL which 

was almost significant (Fig.3.4D) and Epac1 increased in CA- and I-PTL with an 

increase in trend in T-PTL which was close to significance (Fig.3.4F). These findings 

were associated with an increase in the mRNA and protein levels of OTR in the T-PTL 

samples only (Fig.3.7).  
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3.4.5 Transcription Factors, Co-activators, and Inflammatory Mediators  
 

3.4.5.1 CBP, CREB, ICER, NFκB and AP1 
Research has been conducted into determining the expression of the main cAMP-

dependant TFs which are phosphorylated by PKA in the human myometrium during 

pregnancy. These include CREM, CREB and its sub-family of ATFs [28]. These TFs 

activate responsive genes by binding as dimers to a conserved specific promoter 

sequence, the most recognised of which is the cAMP responsive element [13]. The 

phosphorylation of these TFs principally facilitates targeted gene expression via their 

interaction with transcriptional co-activators, such as CBP [13]. A truncated form of 

CREM also encodes for ICER, which is a potent repressor of cAMP induced 

transcriptional activity [13, 595].  

 

Bailey et al. demonstrated that in term pregnancy and established labour, the levels 

of CREB and phospho-CREB were significantly lower compared to non-labouring 

myometrial tissue samples [28]. This complements data from Yulia et al. who also 

determined that phospho-CREB expression declined with advancing gestation, with 

its lowest levels similarly observed in term established labour [43]. These findings are 

plausible given that a reduction in the expression of PKAR2α and AKAP79 has also 

been shown. 

 

In keeping with these findings at term, this study found that the protein levels of CREB 

decreased in CA- and T-PTL (Fig.3.8D). There was, however, an inconsistent finding 

of an increase in CREB mRNA in T-PTL and no changes in the mRNA of CREB in 

CA-PTL. CREB mRNA and protein levels also remained unchanged in the I-PTL 

samples (Fig.3.8A). There were no significant differences in phospho-CREB 

expression, which remained unchanged between the PTL cohorts and controls 

(Fig.3.9). In addition, there were no changes in ICER mRNA but an increase in the 

protein levels of ICER in CA-PTL only (Fig.3.8C&F). These findings suggest that a 

down regulation in the expression of CREB/phospho-CREB may contribute to the final 

pathway in the onset of both term and PTL due to twins and CA. However, further 

investigation into the cAMP-dependant TF protein isoforms is needed to further define 

their functionality and role in uterine activity.  
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cAMP has been recognised as a potent immune-modulator, primarily acting as an anti-

inflammatory agent via PKA, to reduce the expression of pro-inflammatory cytokines 

and inflammation related genes, including NFκB and AP-1 [596-598]. Gao et al. 

recently investigated the involvement of PKA in regulating NFκB activity with the effect 

of differing expression levels of AKIP1 in HEK293 and HeLa cells [599]. It is 

understood that PKA, specifically its catalytic subunit, phosphorylates the NFκB 

subunit p65 at Ser-276 [600]. This promotes the recruitment of CBP and enhances the 

DNA binding activity of p65 [600]. PKA activation appears to be crucial in facilitating 

the up-regulation of NFκB-dependant gene expression [600-603]. There are limited 

data examining AKIP1, a novel nuclear protein, which has been found to interact with 

PKAc localising it to the nucleus [604]. It was originally recognised as a breast cancer-

associated protein 3 (BRCA3) with a high expression in breast and prostate tumour 

cell lines [605]. It has since been identified as a binding partner of p65, acting as a 

molecular bridge in the presence of PKAc, thus enhancing PKA mediated 

phosphorylation of p65 and the subsequent transcriptional activity of NFκB [606]. More 

recently, it has been implicated as a potential molecular switch in regulating the action 

of PKA in NFκB signalling. In cell lines expressing low levels of AKIP1, PKA activators 

reduced NFκB dependent gene expression by inhibiting the binding of p65 and PKAc, 

and therefore the subsequent phosphorylation of p65 [599]. A competitive mechanism 

is understood to mediate this whereby PKA favourably enhances the phosphorylation 

of CREB and the formation of CREB/CBP complexes, thus blocking the binding of 

NFκB [12]. When AKIP1 was over-expressed, this inhibitory action of PKAc was 

reversed. In cells expressing high levels of AKIP1, PKA enhanced p65-PKAc binding 

and subsequent p65 phosphorylation resulting in the recruitment of CBP and up-

regulation of NFκB dependant gene transcription [599]. Yulia et al. examined AKIP1 

activity in the myometrial cAMP pathway and demonstrated that in cells where AKIP1 

was knocked down, cAMP inhibited IL-1β-induced COX2 mRNA expression with the 

reverse observed when AKIP1 levels were high [607], indicating its potential 

involvement in regulating specific inflammation related genes in the human 

myometrium. However, further research is needed to investigate the involvement of 

this novel protein during pregnancy and labour. In this study, AKIP1 mRNA levels 

decreased in CA-PTL only (Fig.3.10A). There was an increase in the protein levels of 

AKIP1 in T-PTL (Fig.3.10B). It is possible that AKIP1 may act as a potential molecular 

switch in the regulation of the cAMP pathway. Further investigation is required 
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however to elucidate this complex mechanism, which will include exploring the 

interaction between NFκB and the cAMP pathway in PTL. 

 

The current consensus is that both term and PTL are associated with an inflammatory 

reaction occurring in the gestational membranes [393, 608, 609]. Intrauterine infection 

significantly augments this process resulting in increased PG production leading to 

consequent myometrial contractility and rupture of the fetal membranes thus triggering 

the final common pathway of labour [610, 611]. Recent evidence however suggests 

that myometrial inflammation may not be the principal factor driving the onset of term 

labour but rather occurs as a consequence, with NFκB binding greatest in term early 

and established labour samples [393]; PTNL samples had a higher NFκB and AP1 

activity when compared to TNL samples [393]. However, cytokine levels were not 

elevated possibly suggesting that the increase in TFs may modulate other molecular 

mechanisms instead of pro-inflammatory pathways [393]. The patterns of 

inflammation in the myometrial tissues obtained from phenotypically defined cases of 

PTL were later investigated by Singh et al. [588]. It was determined that NFκB binding 

activity was increased in myometrial CA-PTL samples only, while the activity of AP-1 

in CA-PTL was reduced in the choriodecidua possibly as a result of early activation 

[588]. CREB activity showed an increase in trend in I-PTL only [588]. CA-PTL was 

associated with widespread and marked inflammation as cytokines were raised in all 

CA tissues and to a lesser extent in I-PTL in the choriodecidua [588]. These changes 

were similar to those seen in term labour samples, where the choriodecidua also had 

increased cytokine levels [393]. The differences in the pattern of TF activation and 

cytokine levels suggest that distinct mechanisms are involved in phenotypically 

defined cases of PTL.  

 
3.4.6 Phosphodiesterases 
 

PDEs are critical hydrolysing enzymes which degrade cAMP to 5’-AMP and terminate 

its activity, ensuring for the local regulation and tight control of cAMP signalling [612]. 

The human myometrium at term has been found to express only PDE isoforms I-V 

with a greater proportion of type IV detected, specifically PDE4B2 [613]. The activity 

of PDE4B2 has shown to be highest at advancing gestations [561, 614]. Yulia et al. 

confirmed that the levels of PDE4B increased in late pregnancy, providing a likely 
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explanation for the decline in cAMP in the onset of term labour [43]. In this study, an 

unexpected decrease in the mRNA expression of PDE4B was seen in the CA-PTL 

group, but there was a significant increase in PDE4B protein levels in CA- and I-PTL 

samples (Fig.3.6). An increase in trend in the mRNA expression of PDE4B was also 

found in the T-PTL group but this was not significant and there were no changes at a 

protein level (Fig.3.6). 

Kofinas et al. observed an inhibition of PDE activity during pregnancy compared to a 

non-pregnant state [560], which was suggested to be due to increased levels of 

progesterone during pregnancy, in addition to a higher activity of the enzyme in non-

pregnant myometrium [574]. A multitude of studies have investigated the use of cAMP-

specific PDE inhibitors as potential pharmacological therapies in the management of 

PTL. However, their clinical use was limited due to maternal side effects [615-617]. 

PDE4 selective inhibitors have been shown to be effective in delaying inflammation-

induced PTL in murine models [617] and exert anti-inflammatory effects on human 

myometrial explants [618]. Studies in several different cell types have also examined 

this link between PDE4B2 and the inflammatory response [619-622]. Our findings of 

increased PDE4B protein levels in the CA-PTL group complement recent evidence in 

human myometrial cells demonstrating that PDE4B is upregulated by IL-1β, a pro-

inflammatory cytokine [619]. Oger et al. observed that primary myometrial cells 

required exposure to IL-1β treatment for at least 18 hours to detect a significant 

increase in the protein activity of PDE4B2 [619]. The mechanism of this response has 

been understood to be mediated via a PGE2 and cAMP-dependent pathway [623-625]. 

In regards to intrauterine infection, studies have shown that IL-1β not only stimulates 

the production of PGE2, but also of oxytocin [626]. These notable studies have 

revealed potential therapeutic targets that could be used for tocolysis treatments, but 

further research is needed to understand the spatiotemporal regulation of PDEs in the 

human myometrium to ensure for uterine selectivity to limit maternal and neonatal side 

effects.  

 

cAMP activity at individual sub-cellular microdomains is governed by the balance 

between the activity of ACs and PDEs [37]. It is established in other cell types that the 

specificity of cAMP action depends upon the subcellular localisation of its signalling 

events and is also influenced by fluctuations in its concentration, which is determined 

by the activity of ACs and PDEs [627-629]. It is understood that this hydrolysing 
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enzyme is compartmentalised and its specific expression allows for tight control of the 

local intracellular cAMP gradients for the otherwise freely diffusible second 

messenger, thus creating discrete local micro-domains of cAMP [629]. 

Given the results to date, it is plausible that the degradation of the cAMP signal by 

concentrated pools of PDEs exceeds the production of cAMP by ACs in the human 

myometrium and thus may contribute to the final common pathway of labour. However, 

further investigation is needed to assess both the activity and localisation of these 

cAMP-signalling components to understand their significance during pregnancy and 

in the onset of labour. 

 

3.5 Chapter Conclusion 
 

Although extensive research has been conducted to identify the molecular 

mechanisms coordinating and regulating cAMP’s activity in the human myometrium, 

multiple aspects of its functionality need further investigation. It is evident that the 

cAMP system and up-regulation of its key components significantly contributes to the 

maintenance of uterine quiescence. 

 

The findings of a switch in cAMP effector predominance in both term and PTL firstly 

implies that the modulation of this system may be a potential therapeutic target for the 

development of uterine selective drugs in controlling labour onset. Secondly, both this 

effector switch and the other notable changes in key cAMP signalling components in 

the onset of labour indicate the likely existence of subcellular compartmentalisation of 

cAMP in the human myometrium. These conclusions therefore progressed the study 

to exploring this possibility in human myometrial cells using FRET imaging and 

targeted FRET sensors. Further research is needed to determine the function of cAMP 

and its components in the regulation of myometrial contractility and the onset of human 

labour. 
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Chapter 4. Investigation of cAMP Compartmentalisation in Human Myometrial 
Cells Using Genetically Encoded Sensors and FRET-based Imaging 

 
4.1 Introduction 
 

The human uterus, in particular the uterine myocytes which constitute the fundamental 

functional units of the myometrium, are crucial for experimental study to elucidate the 

cellular and molecular mechanisms that are responsible for the initiation labour. 

Achieving this goal has been facilitated by the development of in vitro cell-based 

culture models, but these present a multitude of challenges depending upon the cell 

type used. Two key cell models most utilised in research are primary cells and 

immortalised cell lines, which will be discussed in more detail below.   

 

4.1.1 Primary Cells  
 

Primary cells have been cultured over the last 30 years for use in research as they 

possess several advantages in comparison to immortalised cell lines. Primarily, their 

use allows for direct investigation of human tissue which is closely representative of 

the in vivo environment allowing for the comprehensive study of the relevant 

physiological systems and cellular functions.   

 

The major concerns regarding the use of primary cells however are their limited 

lifespan in culture, in association with the availability of adequate cell numbers for 

multiple experiments. Secondly, culturing and expanding primary cells brings into 

question whether their phenotype and functional characteristics are altered. In 1984, 

Casey et al. were the first published research group to successfully isolate HPMCs 

and culture the cells in monolayer [630]. Uteri were obtained from pre-menopausal 

women undergoing hysterectomy for indications not related to uterine disease and 

myometrial biopsies were taken from the uterine fundus [630]. The HPMCs were 

isolated following enzymatic tissue digestion for 12 to 16 hours [630]. It was stated 

that the HPMCs were maintained in culture for more than 1 year with the SMC 

populations undergoing at least 16 passages. During this time, the cells demonstrated 

no alterations in their ultra-structural morphology or cellular characteristics [630]. 
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However, no data in support of these findings was presented by the authors. Hayflick’s 

limit states that human cell cultures will cease to divide after approximately 50 

cumulative population doublings (CPDs) [631]. Despite no morphological changes 

observed by Casey et al., it is debateable as to whether the cells continued to be 

representative of the tissue of origin after 1 year in culture.  

 

More recently, Mosher et al. developed and established a cell culture of HPMCs for 

ten passages [632]. This is one of few studies investigating the effects of extended 

sub-culture on HPMCs. Biopsies were taken from the upper and lower segment of the 

myometrium at the time of Caesarean section in term non labouring women. The 

expression of key smooth muscle and fibroblast markers were studied using RT-PCR 

[632]. Total RNA for calponin, vimentin and connexin-43 were analysed with no 

significant differences observed in their expression from passage 1 (p1) to p10 [632]. 

The HPMCs also stained positively for 10 passages for smooth muscle markers (𝛼-

smooth muscle actin, caldesmon, calponin and tropomyosin), labour associated 

proteins including the OTR and also fibroblast markers (vimentin and 1B10) [632]. 

Functional studies determined that the HPMCs responded to the inflammatory stimuli, 

IL1𝛽, with increased expression of COX2 and CXCL8, a proinflammatory cytokine, 

comparatively from p1 to p10 [632]. The structural morphology of the cells was also 

unchanged for 10 passages with spindle shaped, elongated cells consistently 

visualised under microscopy [632]. This study did not however compare the cultured 

cells to freshly isolated HPMCs, at passage 0 or to the tissue of origin. Despite these 

findings, the majority of studies to date use cultured HPMCs at lower passage 

numbers for experiments, usually at p4 or less [633-635]. There are limited studies 

however investigating the effects of passage or sub-culture on HPMC phenotype.  

 

One study investigated the effects of culture on the gene expression profiles of freshly 

isolated myometrial and fibroid tissues compared to their respective cells and cells 

successively cultured to passage 3 [636]. Microarray analysis was performed which 

identified 2055 genes which were differentially expressed across the cells and tissues 

[636]. Of these, over 1100 genes significantly differed between the cell groups p0 and 

p3 compared to their tissue of origin, with a larger number of differences identified in 

p3 cells [636]. For myometrium specifically, 635 genes were altered in their expression 

at least two-fold on comparing the tissue with the cells at both passages [636]. RT-
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PCR was also performed to further examine the effects of culture on the expression 

of the oestrogen and progesterone receptor. Approximately a 10-fold decrease in the 

expression of both receptors was observed on comparing the tissue with the freshly 

isolated cells at p0 and a 30-fold decrease compared to p3 cells [636]. It is important 

to note that the myometrial biopsies were obtained from women aged between 45-53 

years undergoing a hysterectomy for uterine fibroids. As such, these findings may not 

be generalisable to pregnancy as age and the effects of uterine fibroids on the 

myometrium may alter both the myometrial cells morphology and specific cellular 

processes leading to changes in gene expression.  

 

Sadovsky et al. quantified the concentration of the ER following cell dispersion from 

rat myometrial tissue [637]. Whole-cell binding assays identified a 63% reduction in 

the receptor concentration on comparing cells at day 1 after dispersion to those in 

culture for 9-14 days [637]. These results highlight that the process of isolating cells 

from tissue and subsequently culturing them may alter their genotype and phenotype 

significantly in that they may no longer be reflective of their in vivo conditions. Here 

however, interspecies differences will affect the generalisability of these findings to 

human pregnancy.  

 

Further to this, primary cells are also costly both in resources and time. Certain 

experimental conditions may require more specialised medium, specific additives, or 

antibiotics. Cell handling can be more labour intensive and time consuming due to the 

sensitivity of certain primary cells. In addition, ethical approval and regulations must 

be taken into consideration prior to human primary cell use. Given these difficulties, 

cell lines have been developed to address the challenges which arise with primary cell 

use, in particular their restricted lifespan in culture. 

 
4.1.2 Cell Lines 
 

Immortalised cell lines offer several advantages to primary cells including cost, the 

availability of cells and their use also negates the need for ethical approval. Cell lines 

are generated to replicate as a pure population of a specific cell type and so the 

reproducibility of results is generally considered to be consistent [638]. Several 
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research groups have endeavoured to develop immortalised HPMCs using retroviral 

vectors.  

 

In 1992, Perez-Reyes et al. immortalised human myometrial SMCs using an 

amphotropic recombinant retroviral construct containing open reading frames (ORFs) 

for E6 and E7 of the human papillomavirus (HPV) type 16 [639]. The myometrial SMCs 

were infected at passage 3. Following colony selection of the stably infected clones, 

the cells were cultured continuously for 1 year, undergoing over 180 CPDs with no 

evidence of senescence [639]. A number of phenotypic differences were however 

observed in the immortalised cell line, named HPV16 E6/E7 SMCs [639]. Specifically, 

in relation to cell growth, the cells exhibited increased proliferative capabilities 

requiring sub-culture every 3 days in comparison to the control cells which reached 

confluence in approximately one week [639]. Secondly, the cells were smaller in size 

growing in a sheetlike arrangement, which was different to the control cells whereby a 

typical ‘hill and valley’ growth pattern was observed [639, 640]. On reaching 

confluence, the HPV16 E6/E7 SMCs also continued to proliferate [639]. 𝛼-smooth 

muscle actin was used to confirm the SMC phenotype for which both the control and 

cell line stained positively, although the HPV16 E6/E7 cells to a lesser extent with 

more irregularly distributed actin filaments [639]. It is important to note that the 

myometrium used to isolate the cells was obtained from a 49-year-old woman 

undergoing a hysterectomy for a multiple fibroid uterus. The biopsy was also taken 

from the middle third of the uterine wall as opposed to the lower segment normally 

used to study primary myometrial SMCs in pregnancy. As such, the generalisability of 

these cells to pregnancy is debatable.  

Following this, several immortalised myometrial cell lines were developed using viral 

oncogenes in cells isolated from human [641], mouse [642] and pig uteri [643]. The 

PHM1-41 clonal cell line was established with the same replication-defective viral 

vector used for the E6/E7 HPV 16 cells [639] but using human term pregnant 

myometrium [641]. The PHM1-41 cells were found to maintain the morphological 

features of myometrial SMCs for 22 passages [641]. In addition to the positive staining 

of the PHM1-41 cells with 𝛼-actin to confirm SMC phenotype, functional experiments 

were performed which identified a transient rise in intracellular Ca2+ levels following 

oxytocin stimulation, in accordance with previous studies [641, 644]. These responses 

were reproduced over a 6-month period of experiments. The concentration of both the 
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ER and OTR were also examined using whole cell binding assays [641]. PHM1-41 

cells were found to have lower concentrations of the ER compared to documented 

tissue levels [645]. As mentioned, previous studies have observed a similar decline in 

receptor expression following cell isolation and culture [637]. An increase in the 

concentration of the OTR was also measured compared to levels in the non-pregnant 

cell line [641], which was provided by McDougall et al. [639]. This is consistent with 

the recognised up-regulation in the OTR at advancing gestations near term [56]. To 

further substantiate that the PHM1-41 cell line was reflective of myometrial SMCs, the 

turnover of phosphatidylinositol was investigated following oxytocin stimulation [641]. 

Preceding studies have shown that oxytocin causes an increase in 

phosphatidylinositol turnover by coupling with the GPCR subunit, G𝛼q/11, thus 

stimulating PLC activity [646]. Phosphatidylinositol is a key membrane phospholipid 

which is hydrolysed by PLC to produce IP3 and DAG. IP3 binds to Ca2+ channels and 

activates Ca2+ release from IP3-sensitive Ca2+ stores, ultimately resulting in 

myometrial contractions [647]. Monga et al. determined that the PHM1-41 cells 

appropriately responded to oxytocin with an increase in phosphatidylinositol turnover 

[641]. 

 

The use of viral oncogenes for immortalised cell line development have their 

drawbacks however in that they have the potential to induce chromosomal 

abnormalities, and disturb cell signalling pathways, including the regulatory 

mechanisms of the cell cycle, thus leading to an alteration of the subsequent cellular 

processes [564, 648]. To minimise these effects, cell lines were subsequently 

generated using telomerase expression vectors [649]. Telomerase is a reverse 

transcriptase which synthesises telomere DNA. It contains a catalytic subunit, 

telomerase reverse transcriptase (TERT) which is located at chromosome 5p15.33 in 

humans (hTERT) [650]. However, it is normally absent in most somatic cells as they 

do not produce active telomerase [651, 652] and may only express low levels of the 

RNA (hTR) component [653]. It is expressed in almost all embryonic tissues between 

16 to 20 weeks’ gestation, except brain tissue but is undetectable following birth [654].  

 

Telomeres are DNA-protein structures which cap the ends of chromosomes 

preventing DNA fusion and degradation by repair mechanisms, which would otherwise 

recognise the ends as double-strand DNA breaks (DSBs) [655]. In somatic cells, 
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telomeres shorten with each cell division [651]. However, critically short or 

dysfunctional telomeres can result triggering DNA damage response (DDR) [652]. 

DNA repair is prevented however and the DDR initiates cell growth arrest by activating 

p53 to prevent genomic instability, subsequently prompting cellular senescence [652]. 

Senescence is a process whereby cells reach a proliferative arrest phase and stop 

dividing resulting in fundamental changes to the cell [631, 656]. This phenomenon 

protects against the development of cancer and has also been increasingly linked to 

the degenerative physiological ageing process [657]. Telomerase prevents the 

senescence process by maintaining telomere length through replenishing DNA and so 

telomerase vectors were therefore created which successfully immortalised epithelial 

cells [649, 658, 659] and fibroblasts [660, 661]. Importantly, these cell lines did not 

exhibit altered cell growth or malignant properties [658, 659].  

 

Condon et al. developed an hTERT cell line using human myometrial cells (hTERT-

HM) isolated from myometrial tissue obtained from pre-menopausal women 

undergoing hysterectomy for reasons unrelated to uterine disease [564]. These cells 

were morphologically similar to SMCs in their appearance, and proliferated to 

confluence to form a sheet-like pattern, staining positively for the smooth muscle 

marker, 𝛼-actin [564]. The cell line clones were cultured for 10 months and showed no 

alteration in their proliferative capacity [564]. Primary cells were also isolated 

separately from the same patient’s tissue biopsy from which the cell line was 

generated. The primary cells demonstrated decreased growth after 8 weeks in culture, 

which amounted to 15 CPDs as opposed to over 80 population doublings in the cell 

line [564]. To further confirm that the hTERT-HM cell line was representative of a 

myometrial SMC population, the mRNA and protein expression of key SM markers 

and pregnancy associated genes were examined. These included calponin, 

caldesmon, smoothelin, OTR, the PR and ER. All of which were identified to be 

present, and their levels were comparable to those observed in the myometrial tissue 

[564]. The cell responsiveness to oestrogen and oxytocin was also established, 

confirming that this hTERT-HM cell line was an appropriate cell based model that was 

reflective of the comparative expression profiles of the tissue of origin [564].  

 

Several myometrial cell lines were subsequently generated which have been used to 

investigate the molecular mechanisms and signalling pathways underpinning 
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pregnancy and labour. One study compared the phenotypes of three telomerase-

immortalised cell lines which were established from term non-labouring myometrial 

tissue that was obtained from three patients undergoing Caesarean section [662]. 

cDNA microarray analyses were performed to compare the gene expression profiles 

of the three cell lines with their respective primary cells which were also cultured from 

each patient from which the cell lines were derived [662]. First, both cell types were 

tested for verification staining positively for the SM marker 𝛼-actin, and exhibiting high 

affinity binding sites for an oxytocin antagonist [662]. Of the 10,000 plus genes 

identified on cDNA microarray analysis, the gene expression profiles between the 

hTERT cell lines differed by approximately 1% [662]. 5 signalling pathways were 

examined which were related to growth (epidermal growth factor (EGF), insulin, and 

lysophosphatidic acid), the activity of MLCK and contractility (oxytocin and 

lysophosphatidic acid), and proinflammatory signalling (IL-1 and NFκB); no significant 

differences were observed in the responses between the cell lines and primary cells 

[662]. OTR was one of the 5 most highly expressed mRNA genes in the cell lines, 

whilst PG production was found to be down-regulated [662].  

 

Siricilla et al. compared the transcriptome profiles of HPMCs to immortalised pregnant 

(PHM-1) and non-pregnant (hTERT-HM) myometrial cells using RNA sequencing and 

demonstrated approximately a 90% correlation between the cell types [663]. The 

remaining differences were examined by investigating the significantly altered 

pathways, of which the DNA-replication pathway was most changed on comparing 

both cells lines to the HPMCs [663]. However, the expression of CAPs and SM cell 

markers were similar between all cells [663]. Interestingly though, the expression of 

OTR was found to be 1.5 times more in the non-pregnant cell line than in the HPMCs 

[663]. This is consistent with data presented by Kimura et al. who also detected 

increased levels of OTR protein in non-pregnant myometrium using immunoblotting 

experiments, but this was less than in term pregnant myometrium [84].  

These studies endorse the use of immortalised myometrial cell lines as valuable and 

representative tools in cell-based experiments to investigate reproductive biology and 

parturition. However, the immortalisation process of cells will inevitably alter the 

fundamental genetic and functional phenotypic cellular characteristics, which may 

therefore no longer be reflective of the in vivo conditions [564, 664]. Each cell-specific 

telomerase differentiated phenotype will therefore be maintained due to an extended 
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capacity for cell proliferation. It is therefore conceivable that after continuous periods 

of cell growth, the gene expression profiles, and cell characteristics will ultimately differ 

from the cells of origin [665, 666], which is why periodic validation is required at higher 

passages. As such, the interpretation of data generated from cell line experiments only 

should be reviewed cautiously. 

 

It is also important to consider that the myometrium is a heterogeneous tissue in that 

it comprises of several different cell types including SMCs, fibroblasts, myofibroblasts 

and endothelial cells [667]. As such, there is a possibility that the cells isolated from 

the myometrial tissue biopsy are in fact a non-clonal population from which the hTERT 

cell lines are derived. Despite using certain cell markers such as 𝛼-actin and calponin 

to confirm a SMC phenotype, other cells such as myofibroblasts have also been found 

to stain positively [668]. Therefore, further experiments using myometrial specific 

markers such as the OTR, Cx43 or the ER are required to distinguish an exclusive 

myometrial SMC phenotype [84, 632]. Finally, each hTERT cell line is usually 

generated from only one patient. The cell line will therefore retain distinct cellular 

responses depending upon certain patient specific characteristics, which may differ 

due to patient variability. As such, the generalisability of the results attained in cell 

lines on a population level is uncertain as they cannot account for patient diversity 

[669].  
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4.2 Aims  
 

In the previous chapter, the potential for subcellular compartmentalisation in 

myometrial SMCs was elucidated following the observed switch in cAMP effector 

dominance at the onset of preterm and term labour [43]. Therefore, the main aim of 

this chapter was to use FRET imaging and targeted FRET reporters to investigate the 

existence of cAMP domains in the human myometrium to determine whether 

myometrial cAMP signalling is compartmentalised.  

 

The use of FRET imaging however posed two key issues relative to the availability of 

cells; for these experiments’, the cells must be kept in culture and so there were 

several factors to consider, including the cell yield after isolation and cell survival in 

culture. As such, prior to investigating the main aim of determining the existence of 

cAMP domains, the choice of cell model for the use in FRET imaging needed to be 

established.   

 

The following two sub-aims required investigation first:  

 

1. To determine whether the hTERT-HM cells are an appropriate cell model for 

use in FRET imaging experiments. 

 

The use of hTERT-HM cells was compared to freshly isolated HPMCs expressing the 

same genetically encoded FRET based sensors. The cAMP production and FRET 

kinetic profiles in response to stimulation with isoproterenol and PGE2 in two 

subcellular microdomains were examined.  

 

2. To assess the effects of sub-culture on HPMC phenotype. 

 

If the HPMCs were determined to be the cell model of choice, it was important to 

determine whether these cells can be expanded (sub-cultured) and used at 

subsequent passages for FRET imaging without a change in their phenotype. HPMCs 

were established in culture for 5 passages. The cAMP response to isoproterenol and 

PGE2 in the two subcellular microdomains was studied. The mRNA and protein 

expression profiles of specific GPCRs, key components of the cAMP signalling 
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pathway, contractile proteins and labour associated proteins were examined across 

passages.  

 
4.3 Results - Part 1 
 
4.3.1 Optimisation of HPMC Isolation and Virus Infection Methodology 
 
To facilitate successful FRET imaging experiments using the HTERT-HM cells and 

HPMCs, certain cell methodologies required optimisation. These included: cell 

isolation, cell seeding and cell infection with specific viral vectors for the FRET 

biosensors. The overall aim of this process was to maximise primary cell yield and to 

ensure adequate fluorescence expression of each sensor in both cell types.  

 

For the hTERT-HM cells, the cell culture and infection techniques are detailed in the 

Materials and Methods.  

 

Following successful infection experiments of the hTERT-HM cell line, the study was 

progressed to using HPMCs. The initial protocol used to isolate HPMCs was 

characterised and adapted from Sooranna et al. [400]. However, this culture protocol, 

routinely used for the isolation of HPMCs, required modification to provide the ideal 

conditions to maximise primary cell yield for FRET imaging experiments. 

 

The main alterations in the primary cell culture methodology which improved cell yield 

and the reasons for successful infection experiments using the FRET biosensors will 

be described in more detail below.  

 

4.3.2 Adaptations to the Cell Culture Methodology  
 

The following 3 main steps in the culture protocol were assessed with the overall aim 

to improve the number of cells isolated per myometrial biopsy: 

  

1. Biopsy storage medium and temperature 
The type of medium used to store and transport the myometrial biopsy prior to its use 

and the temperature of the solution was assessed. This was to determine if an 
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alternative to PBS or a specific storage solution temperature would improve cell 

isolation. Test biopsies were divided into four comparable sized pieces, and each was 

placed into different pre-culture conditions. Two media and two temperatures were 

assessed. These included PBS or DMEM at 4 °C or at room temperature. The tissues 

were then cultured using the original protocol described in the Materials and Methods. 

The tissues stored at 4°C in PBS yielded a marginally higher number of cells per 

coverslip by counting manually. Therefore, the storage of the tissue biopsy prior to 

culture remained unchanged as per the original protocol.  

 

2. Cell dissociation 

A modified cell dissociation protocol successfully used for neonatal cardiomyocytes 

was trialled [519], as described in full detail in the Materials and Methods. The changes 

which improved cell yield were to the steps for tissue digestion. Instead of the use of 

an incubator, the DMEM/collagenase tissue solution was placed into a 37°C water 

bath, and a magnetic bead was added to continually agitate the solution. An optimised 

total duration of 40 minutes was selected for tissue digestion encompassing two 20-

minute intervals as opposed to a 1-hour period previously used. This ensured for 

sufficient exposure of the agitating tissue fragments to the collagenase solution to 

facilitate tissue digestion but minimised disruption to the cellular membranes. For 

larger biopsies, this process was extended by 5-10 minutes to ensure that the majority 

of the tissue was adequately digested. 

 

3. Cell isolation 

It was identified in the original protocol that a substantial proportion of tissue fragments 

remained unfiltered in the 70-μm cell strainer used, which was possibly impeding the 

isolation of HPMCs that were trapped in the tissue. A 500-μm cell strainer was selected 

in the new method. This sized mesh still ensured that the larger tissue fragments were 

not filtered, whilst separating the maximum number of individual myometrial cells.  

 

4.3.3 Results of Cell Yield Improvement  
 

In the previous protocol, approximately 2.5 x 105 cells were isolated per biopsy. After 

the improvements and optimisation of the cell isolation methodology described above, 

a 30% increase in cell yield was achieved with a maximum of approximately 7.5 x 105 
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cells isolated per biopsy. The cell yield is also dependent on several pre-culture 

determinants that were patient and surgeon dependent and so there was a variation 

in cell numbers from each biopsy. 

 
4.3.4 Infection and Transfection Trials  
 

The optimal cell confluence for FRET imaging experiments was established to be 

around 40-50% for hTERT-HM cells and 30-40% for primary cells. These were 

marginally different for the two cell types as a larger coverslip was initially used for 

plating the hTERT-HM cells, whereas for the HPMCs due to the variable cell yields 

and the requirement of a minimum of 3 replicates per experimental condition per 

patient, a smaller coverslip size was therefore selected. These cell confluences 

facilitated the imaging of multiple cells per experiment but did not result in the cells 

being too dense. It also guaranteed for an empty region to be selected during analysis 

to account for unspecific changes in background fluorescence due to the added 

substances, regarded as background correction. At higher cell seeding numbers, it 

was observed that the primary cells would clump together on the coverslip, despite 

dispersing them in solution prior to plating. This hindered the imaging of single cells 

and did not allow for an empty region to also be selected. At lower densities, the cells 

were too sparse and multiple cells could therefore not be imaged per experiment.   

 

Infection of HPMCs with adenoviral FRET-based biosensors has not been conducted 

previously. Virus concentrations, as per those successfully used in the hTERT-HM 

cells and different incubation durations were trialled. The coverslips selected for the 

HPMCs were 15 mm3 in diameter, which was half the size of those used for the 

hTERT-HM cells, and so a lower concentration of virus was trialled.  

 

For all initial experiments, the HPMCs did not express the sensors correctly exhibiting 

inadequate or low levels of fluorescence. A vesicular, granular pattern was observed 

with the sensor potentially agglomerating in the cellular structures such as the golgi, 

endoplasmic reticulum or ribosomes (Fig.4.1). The cells became fragmented and non-

viable after the infection of the FRET biosensors. On trialling the use of specific 

agonists, no cellular response was observed.  
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Figure 4. 1: Incorrect sensor distribution of the EPAC-SH187 sensor in HPMCs.  
Left panel – HPMCs under brightfield view. Middle panel - ratio image of HPMCs inadequately expressing the EPAC-SH187 

sensor. Right panel – superimposed ratio image over brightfield view to illustrate granular pattern of the sensor.  

 

To determine whether the apparent sensor distribution was in fact due to 

autofluorescence, measurements of the YFP and CFP intensity emissions were 

recorded in non-infected and infected cells. However, negligible autofluorescence was 

observed in the non-infected cells.  

 

Transfection experiments were also performed in parallel using different transfection 

reagents and DNA plasmids, as described in the Materials and Methods. HPMCs that 

were transfected with the TransFectinTM reagent looked unhealthy and exhibited a 

similar vesicular pattern in most of the cells. TransIT®-LT1 resulted in approximately 

30% of the HPMCs transfected, minimal FRET responses to agonist treatment were 

observed but the cells did not look viable. Finally, the use of jetPRIMETM as a 

transfection reagent maintained the healthiest culture of cells with almost 70% of the 

HPMCs expressing an adequate fluorescence emission intensity, although several 

cells still demonstrated a vesicular pattern and did not respond to agonist stimulation 

appropriately.  

 

4.3.5 Adaptations to the Cell Infection Methodology  
 

The following factors were modified individually during trial experiments of the infection 

protocol, which in combination, resulted in successful infection of the FRET biosensors 

in the HPMCs with adequate cellular expression and high infection efficiencies. 
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1. Cell isolation and infection on separate days 

Infection of the HMPCs on the same day as isolation after tissue culture resulted in 

non-specific absorption of the sensors by red blood cells. Due to their size, it is not 

possible to separate red blood cells during isolation of the HPMCs. Therefore, after 

plating the cells were incubated for 16-24 hours to allow for recovery, stabilisation, and 

attachment to the coverslips. Prior to infection, the cells were washed with PBS to 

remove the red blood cells and the media was refreshed.  

 

2. Virus incubation period 

The optimum incubation time for the sensors to be expressed after infection of the 

HPMCs was 18-24 hours for the Epac-SH187 sensor and 48 hours for the AKAP79-

CUTie sensor. This sensor required a longer incubation period similar to the hTERT-

HM cells. Adequate cell fluorescence emission intensities were achieved after this 

time. Following these incubation periods an infection efficiency of approximately 90% 

was achieved for the Epac-SH187 sensor and 70% of the cell population was expressing 

the AKAP79-CUTie sensor. 

 

3. Constant incubation medium  

Trial experiments determined that the HPMCs tolerated the virus better when the 

media remained unchanged for 18-24 hours prior to imaging. Inadequate infection 

efficiencies and sensor expression levels were attained if the media was refreshed 

after 3 hours. 

 

4. Fresh viral aliquots  

New viral aliquots were used that had not undergone multiple previous freeze-thaw 

cycles which produced successful infection results. Both sensors exhibited the correct 

cellular distribution and responded to agonist stimulation.  

 

4.3.6 Successful Sensor Localisation and Agonist Stimulation Using HPMCs  
 

During successful infection experiments there were no discernible changes in the 

cell’s appearance, a suitable response to agonist stimulation was observed, and 

adequate fluorescence intensity emission levels were achieved. 
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Figure 4.2 below shows the localization of both sensors for the HPMCs. It is important 

to note that the HPMCs were remarkably flat and so due to the limits of optical 

microscopy, it was not possible to image the plasmalemma closest to the microscope 

and so the two membranes cannot be differentiated. The sensor therefore appeared 

to be globally distributed, whilst also outlining the thin projections of the cell. Similarly, 

the EPAC-SH187 sensor was globally cytosolic. However again due to the flatness of 

the cells, this gave the impression that the sensor was concentrated around the 

nucleus, when in fact this was only because the central part of the cell was slightly 

thicker.  

 
Figure 4. 2: Localization of EPAC-SH187 and AKAP79-CUTie sensor in HPMCs.  
YFP emission (shown in grayscale) and corresponding representative schematics demonstrating the localization of EPAC-SH187 

(A) and AKAP79-CUTie sensor (B) in the HPMCs. 

 

Figure 4.3 displays the HPMCs successfully expressing the EPAC-SH187 sensor 

uniformly in the cytosol. The left panel of cells in blue demonstrates the resting basal 

state when cAMP levels are low, and the right panel displays the cells after the addition 

of isoproterenol. This agonist increases cAMP to higher levels indicated by a colour 

change of the cells to green/yellow/red which correlates to the concentration of cAMP. 

 

A B 
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Figure 4. 3: Ratio image of HPMCs expressing the EPAC-SH187 sensor in pseudo colour.  
Left panel - HPMCs at basal. Middle panel - HPMCs following the addition of isoproterenol. Right panel - IMD (intensity 

modulated display)-scale. Blue indicates a low intracellular concentration of cAMP and red represents a high concentration.  
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4.4 Results - Part 2 
 

The first aim of this chapter was to investigate whether the use of an hTERT-HM cell 

line was an appropriate cell model to investigate FRET imaging in myometrial SMCs.  

 
4.4.1 Isoproterenol and PGE2 Stimulated cAMP Production at the Cytosol and 
Plasmalemma in hTERT-HM Cells 
 

The cells were treated with a non-specific selective beta adrenoreceptor agonist, 

isoproterenol, or prostaglandin E2 (PGE2). Following this; IBMX, a non-selective PDE 

inhibitor, and forskolin were applied to generate the maximal FRET response after 

each agonist. Example traces below demonstrate a typical experiment using HPMCs 

expressing the EPAC-SH187 sensor (Fig.4.4).  

 

 

Figure 4. 4: Example experiment of a HPMC expressing the EPAC-SH187 sensor.  
Example trace illustrating the ratio of the relative emission intensities of the two fluorophores, cyan and 

yellow (A). Example trace of the FRET-percentage change over time derived from the FRET ratio 

change (B). 

 

1 nM isoproterenol and 1 μM PGE2 were selected initially, as per experiments 

conducted in neonatal cardiac myocytes [519, 524].  

A B 
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Figure 4. 5: cAMP production in the cytoplasm vs. plasmalemma following isoproterenol or 
PGE2 in hTERT-HM cells. 
Pooled FRET-responses to isoproterenol (1 nM) in hTERT-HM cells expressing either Epac-SH187 (blue left, n=12 cells) or 

AKAP79-CUTie (pink right, n=7 cells) (A). Pooled FRET-responses to PGE2 (1 μM) in hTERT-HM cells expressing either Epac-

SH187 (blue left, n=25 cells) or AKAP79-CUTie (pink right, n=9 cells) (B). Data expressed as mean; error bars represent SEM; 

Normality was tested using Shapiro-Wilk test followed by a Mann-Whitney test, *=0.05<p<0.01, **=0.01<p<0.001, 

***=0.001<p<0.0001, ****=p<0.0001. n=3 for biological replicates.  

 

A mean FRET-change of 59.1 ± 2.3% (n=12, SEM) was observed following 

isoproterenol in hTERT-HM cells expressing the Epac-SH187 sensor (Fig.4.5A). For 

cells expressing the AKAP79-CUTie sensor however, there was a striking variation in 

the FRET responses attained (Fig.4.5A). There were no statistical differences in the 

responses to isoproterenol between the two compartments. 

 

For PGE2 treated cells however, a distinct difference in cAMP production was 

apparent between the two compartments (Fig.4.5B). A mean FRET-change of 41.1 ± 

2.6% (n=25, SEM) was observed in cells expressing the Epac-SH187 sensor but only a 

10.6 ± 5.4% (n=9, SEM) mean FRET-change was evident at the plasmalemma (Fig. 

4.5B).  
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Figure 4. 6: cAMP production following isoproterenol vs. PGE2 in the cytosol and plasmalemma 
in hTERT-HM cells. 
Pooled FRET-responses to isoproterenol (1 nM) (blue left, n=12 cells) vs. PGE2 (1 μM) (blue right, n=25 cells) in hTERT-HM 

cells expressing Epac-SH187 sensor (A). Pooled FRET-responses to isoproterenol (1 nM) (pink left, n=7 cells) or PGE2 (1 μM) 

(pink right, n=9 cells) in hTERT-HM cells expressing AKAP79-CUTie sensor (B). Data expressed as mean; error bars represent 

SEM; Normality was tested using Shapiro-Wilk test followed by an unpaired t-test or Mann-Whitney test, *=0.05<p<0.01, 

**=0.01<p<0.001, ***=0.001<p<0.0001, ****=p<0.0001. n=3 for biological replicates. 

 

Isoproterenol generated a consistently higher cAMP production in each subcellular 

compartment (Fig.4.6A&B). This was remarkably evident at the plasmalemma, with 

only a 10.6 ± 5.4% (n=9, SEM) mean FRET-change detected in PGE2-treated cells 

(Fig.4.6B). 

 

4.4.2 Regulation of cAMP Production by PDE Activity at the Cytosol and 
Plasmalemma in hTERT-HM Cells 
 

To investigate these differences in FRET-change between the two compartments in 

response to each agonist, the contribution of PDEs was examined by using a non-

selective PDE inhibitor, IBMX. IBMX blocks the activity of all PDEs except PDE8. The 

purpose of these experiments was to ascertain the regulation of cAMP following each 

agonist and as such determine whether the cAMP responses to PGE2 at the 

plasmalemma were being attenuated by the hydrolytic activity of PDEs. IBMX was 

therefore applied to the hTERT-HM cells after 1 nM isoproterenol or 1 μM PGE2.  
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For isoproterenol-treated cells, there was a small increase in the cAMP concentration 

in the cytosol following IBMX of 8.3% (n=12, SEM) (Fig.4.7A). At the plasmalemma, a 

larger increase of 17.2% was observed after IBMX (n=7, SEM) (Fig.4.7B). 

 

For PGE2-treated cells, a much greater increase in cAMP production was observed 

in the cytosol with a mean FRET-change of 87 ± 1.1% (n=25, SEM), a 45.9% increase 

after blocking PDE activity (Fig.4.7C). An even more marked response was seen at 

the membrane with a 58.4% increase in the FRET-response following IBMX 

(Fig.4.7D).  

 
Figure 4. 7: Regulation of the cAMP response by PDEs in the cytoplasm and plasmalemma 
following isoproterenol or PGE2 in hTERT-HM cells.  
 Pooled FRET-responses to isoproterenol (1 nM) vs. isoproterenol plus IBMX (100 μM) (n=12 cells) in hTERT-HM cells 

expressing Epac-SH187 sensor (A) or AKAP79-CUTie sensor (n=7 cells) (B). Pooled FRET-responses to PGE2 (1 μM) vs. PGE2 

plus IBMX (100 μM) (n=25 cells) in hTERT-HM cells expressing Epac-SH187 sensor (C) or AKAP79-CUTie sensor (n=9 cells) (D). 

Data expressed as mean; error bars represent SEM; Normality was tested using Shapiro-Wilk test followed by a Wilcoxon 

matched-pairs test, *=0.05<p<0.01, **=0.01<p<0.001, ***=0.001<p<0.0001, ****=p<0.0001. n=3 for biological replicates. 
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To evaluate whether the hTERT-HM cells were an appropriate cell model to 

investigate cAMP compartmentalisation in further detail, a comparison of the 

responses to the two agonists in each subcellular compartment with freshly isolated 

HPMCs was made.  

 

4.4.3 Isoproterenol and PGE2 Stimulated cAMP Production at the Cytosol and 
Plasmalemma in HPMCs 
 

The following FRET experiments were conducted using HPMCs which were isolated 

and seeded at passage 0 for imaging, as described in Materials & Methods.  

 

The FRET responses indicated that 1 nM isoproterenol was not sufficient to induce 

detectable or significant cAMP production in either compartment, with only a 3.1 ± 

0.5% (n=11, SEM) mean FRET-change at the cytosol and a 1.8 ± 1.1% (n=10, SEM) 

FRET-change at the plasmalemma (Fig.4.8A). For PGE2-treated cells, it was evident 

that at a dose of 1 μM the EP2 receptors were producing near-saturation of the sensor. 

A mean FRET-change of 84 ± 5.3% (n=13, SEM) was observed at the cytosol, and a 

comparable 83.8 ± 4.2% (n=11, SEM) at the plasmalemma (Fig.4.8B).  

 

 
Figure 4. 8: cAMP production in the cytoplasm vs. plasmalemma following isoproterenol or 
PGE2 in HPMCs. 
Pooled FRET-responses to isoproterenol (1 nM) in HPMCs expressing either Epac-SH187 (blue left, n=11 cells, 3 patients) or 

AKAP79-CUTie (pink right, n=10 cells, 3 patients) (A). Pooled FRET-responses to PGE2 (1 μM) in HPMCs expressing either 

Epac-SH187 (blue left, n=13 cells, 4 patients) or AKAP79-CUTie (pink right, n=11 cells, 4 patients) (B). Data expressed as mean; 

error bars represent SEM; Normality was tested using Shapiro-Wilk test followed by an unpaired t-test or Mann-Whitney test, 

*=0.05<p<0.01, **=0.01<p<0.001, ***=0.001<p<0.0001, ****=p<0.0001. 2-3 replicates per patient. 
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Further experiments were performed to investigate the activity of PDEs in the 

regulation of the cAMP response following 1 nM isoproterenol and 1 μM PGE2 in the 

HPMCs. 

 

4.4.4 Regulation of cAMP Production by PDE Activity at the Cytosol and 
Plasmalemma in HPMCs 
 
Interestingly at both sub-cellular compartments, PDEs were clearly inhibiting the 

responses to isoproterenol (Fig.4.9A&B) with a mean FRET-change following IBMX of 

41.2 ± 7.1% (n=11, SEM) in the cytosol (Fig.4.9A) and 34.8 ± 7.6% (n=10, SEM) at 

the plasmalemma (Fig.4.9B).  

 

 
Figure 4. 9: Regulation of the cAMP response by PDEs in the cytoplasm and plasmalemma 
following isoproterenol or PGE2 in HPMCs.  
Pooled FRET-responses to isoproterenol (1 nM) vs. isoproterenol plus IBMX (100 μM) (n=11 cells, 3 patients) in HPMCs 

expressing Epac-SH187 sensor (A) or AKAP79-CUTie sensor (n=10 cells, 3 patients) (B). Pooled FRET-responses to PGE2 (1 μM) 

vs. PGE2 plus IBMX (100 μM) (n=13 cells, 4 patients) in HPMCs expressing Epac-SH187 sensor (C) or AKAP79-CUTie sensor 

(n=11 cells, 4 patients) (D). Data expressed as mean; error bars represent SEM; Normality was tested using Shapiro-Wilk test 
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followed by a Wilcoxon matched-pairs test, *=0.05<p<0.01, **=0.01<p<0.001, ***=0.001<p<0.0001, ****=p<0.0001. 2-3 replicates 

per patient. 

 

For PGE2 treated cells, there was only an 8.7% (n=13, SEM) mean increase in the 

FRET response following IBMX in the cytosol (Fig.4.9C). This was likely due to the 

sub-saturating cAMP levels already produced by PGE2 initially. At the plasmalemma 

however, a greater mean increase of 15.1% (n=11, SEM) was seen following IBMX 

(Fig.4.9D).  

 

4.4.5 Comparison of the FRET Responses in hTERT-HM Cells and HPMCs  
 

It was apparent that the responses generated following 1 nM isoproterenol and 1 μM 

PGE2 were significantly different between hTERT-HM cells and HPMCs (Fig.4.10). 

The cAMP production following PGE2 was strikingly greater in the HPMCs 

(Fig.4.10B&D) compared to the hTERT-HM cells where isoproterenol generated a 

much higher FRET-change at both compartments (Fig.4.10A&C). 
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Figure 4. 10: Comparison of the cAMP response in the hTERT-HM cells vs. HPMCs in the 
cytoplasm and plasmalemma following isoproterenol or PGE2. 
Pooled FRET-responses to isoproterenol (1 nM) in hTERT-HM cells (n=12 cells) vs. HPMCs (n=11 cells, 3 patients) expressing 

Epac-SH187 sensor (A) or AKAP79-CUTie sensor (hTERT-HM n=7 cells, HPMCs n=10 cells, 3 patients) (C). Pooled FRET-

responses to PGE2 (1 μM) in hTERT-HM cells (n=25 cells) vs. HPMCs (n=13 cells, 4 patients) expressing Epac-SH187 sensor (B) 

or AKAP79-CUTie sensor (hTERT-HM n=9 cells, HPMCs n=11 cells, 4 patients) (D). Data expressed as mean; error bars 

represent SEM; Normality was tested using Shapiro-Wilk test followed by a Mann-Whitney test, *=0.05<p<0.01, **=0.01<p<0.001, 

***=0.001<p<0.0001, ****=p<0.0001.  

 

Figure 4.11 below highlights that these differences between the cell types was likely 

due to the discovery that PDEs appeared to have a greater influence in regulating the 

cAMP response to isoproterenol in the HPMCs than the hTERT-HM cells 

(Fig.4.11A&C). In contrast, for the hTERT-HM cells the responses to PGE2 were 

significantly reduced by PDEs, particularly so at the membrane (Fig.4.11B&D). This 

was not the case for the HPMCs treated with PGE2, but this was likely due to the 

sensor saturating response previously generated. It is important to note that the FRET-

changes attained following IBMX as shown below do not include the initial agonist 

response.   
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Figure 4. 11: Comparison of the cAMP response to IBMX in the hTERT-HM cells vs. HPMCs in 
the cytoplasm and plasmalemma following isoproterenol or PGE2. 
Pooled FRET-responses to IBMX (100 μM) following isoproterenol (1 nM) in hTERT-HM cells (n=12 cells) vs. HPMCs (n=11 

cells, 3 patients) expressing Epac-SH187 sensor (A) or AKAP79-CUTie sensor (hTERT-HM n=7 cells, HPMCs n=10 cells, 3 

patients) (C). Pooled FRET-responses to to IBMX (100 μM) following PGE2 (1 μM) in hTERT-HM cells (n=25 cells) vs. HPMCs 

(n=13 cells, 4 patients) expressing Epac-SH187 sensor (B) or AKAP79-CUTie sensor (hTERT-HM n=9 cells, HPMCs n=11 cells, 4 

patients) (D). Data expressed as mean; error bars represent SEM; Normality was tested using Shapiro-Wilk test followed by a 

Mann-Whitney test, *=0.05<p<0.01, **=0.01<p<0.001, ***=0.001<p<0.0001, ****=p<0.0001.  

 

To gain further understanding about the responses to 1 nM isoproterenol and 1 μM 

PGE2 in the hTERT-HM cells and HPMCs the kinetics of the cAMP signals produced 

following each agonist were examined.  

 

4.4.6 Kinetic Profiles of the cAMP Responses to 1 nM Isoproterenol and 1 μM 
PGE2 in hTERT-HM Cells vs. HPMCs 
 

The FRET-changes to each agonist were compiled to analyse and evaluate the kinetic 

profiles of the responses at each compartment for the hTERT-HM cells and HPMCs.  
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For each of the individual curves, the following time value parameters were measured 

when possible after the addition of each agonist: time to peak (maximum amplitude) / 

100% FRET-change), time to half peak (50% FRET-change), time to plateau and time 

to half plateau.  

 

Figures 4.12 and 4.13 present the representative FRET-change curves from individual 

hTERT-HM cells and HPMCs following 1 nM isoproterenol or 1 μM PGE2 in the cytosol 

and at the plasmalemma. The orange lines demonstrate how the time values were 

determined for each individual curve.   

 

 
Figure 4. 12: Representative FRET-change curves for the hTERT-HM cells and HPMCs in the 
cytoplasm following isoproterenol or PGE2.  
Representative FRET-change curve following isoproterenol (1 nM) in hTERT-HM cells (n=1 cell) (A) and HPMCs (n=1 cell) (C) 

expressing Epac-SH187 sensor. Representative FRET-change curve following PGE2 (1 μM) in hTERT-HM cells (n=1 cell) (B) and 

HPMCs (n=1 cell) (D) expressing Epac-SH187 sensor. T½ = time to half peak TP = time to peak, TPl½ = time to half plateau, TTPl 

= time to half plateau.  
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Figure 4. 13: Representative FRET-change curve for the hTERT-HM cells and HPMCs at the 
plasmalemma following isoproterenol or PGE2.  
Representative FRET-change curve following isoproterenol (1 nM) in hTERT-HM cells (n=1 cell) (A) and HPMCs (n=1 cell) (C) 

expressing AKAP79-CUTie sensor. Representative FRET-change curve following PGE2 (1 μM) in hTERT-HM cells (n=1 cell) (B) 

and HPMCs (n=1 cell) (D) expressing AKAP79-CUTie sensor. T½ = time to half peak TP = time to peak, TPl½ = time to half 

plateau, TTPl = time to half plateau. 

 

The individual FRET-change curves are shown in figures 4.14 and 4.16. These curves 

demonstrate the raw FRET-change data for each of the cells’ response to either 

agonist at the two compartments. The FRET-change curves for each cell were aligned 

at the same time point for the addition of the initial agonist for analysis purposes. 

 

Summary graphs of the pooled time values are shown in figures 4.15 and 4.17. Tables 

3 to 10 in the Appendix detail the individual time values measured for each agonist at 

each compartment for both the hTERT-HM cells and HPMCs.  

 

One of the most striking differences between the two cell types, as previously 

discussed, was the minimal FRET-changes generated following isoproterenol at both 

compartments in the HPMCs compared to the hTERT-HM cells 
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(Fig.4.14B&Fig.4.16B). For PGE2-treated cells, the opposite was found in that 

substantially larger FRET-changes were attained in both compartments in the majority 

of HPMCs compared to the hTERT-HM cells (Fig.4.14D&Fig.4.16D). 

 

 
 
Figure 4. 14: Individual FRET-change curves following isoproterenol or PGE2 in hTERT-HM cells 
and HPMCs at the cytosol. 
Individual FRET-change curves following isoproterenol (1 nM) in hTERT-HM cells (12 cells) (A) or HPMCs (n=11 cells, 3 patients) 

(B) expressing Epac-SH187 sensor. Individual FRET-change curves following PGE2 (1 μM) in hTERT-HM cells (25 cells) (C) or 

HPMCs (n=13 cells, 4 patients) (D) expressing Epac-SH187 sensor.   

 

For the hTERT-HM cells, the rate of cAMP production following isoproterenol at the 

cytosol were very fast with a sharp incline (Fig.4.14A). Of the HPMCs where a cAMP 

response ensued following isoproterenol, the time to peak was particularly slow in 

comparison to the hTERT-HM cells (Fig.4.15A). The mean time to peak was 164.2 

secs for the HPMCs compared to 41.4 secs for the hTERT-HM cells (Appendix table 

1.1&1.2). Similarly, the time to half peak was substantially longer for the HPMCs 

(Fig.4.15A) with a mean time of 67 secs compared to 14.6 secs for the hTERT-HM 
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cells (Appendix table 1.1&1.2). For the HPMCs, a transient response to isoproterenol 

did not occur at the cytosol unlike the hTERT-HM cells and instead the plateau 

reached was deemed to be the maximum FRET-change or peak response 

(Fig.4.14B). Therefore, it is not possible to make a comparison between the times to 

plateau or half plateau and the rate of cAMP degradation between the two cell types 

for this reason. 

 

For the hTERT-HM cells however, although the initial response to isoproterenol at the 

cytosol was fast, the mean time to plateau was 194.3 secs with a half plateau time of 

40.9 secs which is significantly slower than the time to peak (41.4 secs) and half peak 

(14.6 secs) (Appendix table 1.2). These findings indicate that the rate of cAMP 

generation at the cytosol was much quicker than its degradation following 

isoproterenol in the hTERT-HM cells.  

 

 
Figure 4. 15: Pooled time values following isoproterenol or PGE2 in hTERT-HM cells vs HPMCs 
at the cytosol.  
Pooled time values of the times to peak and times to half peak in response to isoproterenol (1 nM) in hTERT-HM cells (12 cells) 

vs. HPMCs (n=11 cells, 3 patients) (A) expressing Epac-SH187 sensor. Pooled time values of the times to peak and times to half 

peak response to PGE2 (1 μM) in hTERT-HM cells (25 cells) vs. HPMCs (n=13 cells, 4 patients) (B). TP = time to peak, T½ = 

time to half peak. 

 

The kinetic profiles of the responses to PGE2 at the cytosol were also quite different 

between the two cell types. For the hTERT-HM cells, the time to peak following PGE2 

was also relatively fast with a mean time of 45.9 secs and mean time to half peak of 

14.9 secs (Appendix table 1.2). This rate of cAMP generation was comparable to 

isoproterenol at the cytosol (Appendix table 1.2). 
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Although the rate of cAMP production in the HPMCs at the cytosol was fast initially 

after PGE2 with a quick upstroke, there was a subsequent slow decrease followed by 

a more gradual increase in the response, which reached a higher plateau or the 

maximum FRET-change (Fig.4.14D). As such, the mean time to peak was 

substantially slower than the hTERT-HM cells at 582.4 secs (Appendix table 1.1). 

These changes were in fact spontaneous indicating that the PDEs were strongly 

regulating the cAMP response at the cytosol following PGE2. As with isoproterenol, 

the time to plateau or half plateau was not possible to comment on as this was found 

to be the peak of the response. 

 

For the hTERT-HM cells, a much shallower undulating response to PGE2 was 

observed at the cytosol compared to the HPMCs (Fig.4.14C). Instead, after the peak 

in the signal there was only a small reduction in the cAMP response and a higher 

FRET-change plateau was then attained overall (Fig.4.14C). This was however 

significantly slower than the initial upstroke. The mean time to plateau following PGE2 

for the hTERT-HM cells was 165 secs (Appendix table 1.2) with a mean half plateau 

time of 27.1 secs. This was slightly faster than the plateau times attained to 

isoproterenol indicating that PDEs were more strongly regulating the cAMP response 

to PGE2 at the cytosol (Fig.4.14A&C).  
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Figure 4. 16: Individual FRET-change curves following isoproterenol or PGE2 in hTERT-HM cells 
and HPMCs at the plasmalemma.  
Individual FRET-change curves following isoproterenol (1 nM) in hTERT-HM cells (7 cells) (A) or HPMCs (n=10 cells, 3 patients) 

(B) expressing AKAP79-CUTie sensor. Individual FRET-change curves following PGE2 (1 μM) in hTERT-HM cells (9 cells) (C) 

or HPMCs (n=11 cells, 4 patients) (D) expressing AKAP79-CUTie sensor.   

 

At the plasmalemma, very few HPMCs generated a response to isoproterenol with 

only a marginal or no reaction elicited in most cells, which was similar to the cytosol 

(Fig.4.16B). Therefore, the kinetic profiles of the responses could only be analysed for 

a few cells (Fig.4.17A) and in this instance, it was not possible to draw clear 

conclusions on the cAMP dynamics.  

 

For the hTERT-HM cells, the rate of cAMP production following isoproterenol at the 

plasmalemma was considerably slower than at the cytosol (Fig.4.16A). The mean time 

to peak was 163.6 secs, which was almost 4 times slower than at the cytosol (41.4 

secs) (Appendix table 1.2). Similarly, the mean time to half peak was 52.4 secs 

compared to 14.6 secs at the cytosol (Fig.4.17A & Appendix table 1.2).  
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For most of the hTERT-HM cells, the plateau reached following isoproterenol was 

determined to be the maximum FRET-change or peak response and a lower plateau 

was not attained. Therefore, it was not feasible to comment on the time to plateau 

(Fig.4.16A).  

 
Figure 4.17: Pooled time values following isoproterenol or PGE2 in hTERT-HM cells vs HPMCs 
at the plasmalemma.  
Pooled time values of the times to peak and times to half peak in response to isoproterenol (1 nM) in hTERT-HM cells (7 cells) 

vs. HPMCs (n=10 cells, 3 patients) (A) expressing AKAP79-CUTie sensor. Pooled time values of the times to peak and times to 

half peak in response to PGE2 (1 μM) in hTERT-HM cells (9 cells) vs. HPMCs (n=11 cells, 4 patients) (B) expressing AKAP79-

CUTie sensor. TP = time to peak, T½ = time to half peak 

 

Finally, the kinetic profiles following PGE2 at the plasmalemma were examined in both 

cell types. The mean time to peak, which was also the plateau in most cells, was 393.2 

secs for the HPMCs (Fig.4.16B & Appendix table 1.1). This was faster than the peak 

times attained at the cytosol (509.5 secs) as for most cells a slow constant increase 

in FRET-change was observed after PGE2, with no spontaneous changes in the 

responses (Fig.4.16D).  

 

The rate of cAMP production was considerably faster in PGE2-treated hTERT-HM 

cells, with a mean peak time of 46.8 secs and a mean half peak time of 18.7 secs, 

which was similar to the responses observed in the cytosol (Appendix table 1.2). The 

mean time to plateau or rate of cAMP degradation after PGE2 in the hTERT-HM cells 

was considerably slower than the rate of production at 132.7 sec with a mean half time 

of 69.7 secs (Appendix table 1.2).  
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It was not feasible to calculate the velocity or rate of change for the individual 

responses of the up-stroke and down-stroke after each agonist for both cell types due 

to the variations in the gradients of the curve at different time points.  

 

Given the striking disparities evident between the hTERT-HM cells and HPMCs in their 

unique kinetics, amplitudes and extent of the localised cAMP signals generated by 

each agonist, it was clear that the hTERT-HM cells were different to the freshly isolated 

HPMCs. Therefore, it was concluded that they could not be used as an appropriate 

and representative model for future experiments to investigate compartmentalised 

cAMP signalling in myometrial SMCs and so the study progressed to using HPMCs 

only.   

 

4.4.7 PGE2 and Isoproterenol Dose Response Experiments for HPMCs  
 

Dose response experiments were conducted using the HPMCs to sensitively detect 

the cAMP levels produced by each agonist at the two compartments. Given that 1 µM 

PGE2 generated a close to sensor saturating response, several lower doses were 

trialled to determine the half-maximal effective concentration (EC50). This was 

identified to be 30 nM, which produced approximately a 40 - 50% FRET-change in 

both compartments (Fig.4.18B&4.19B). 

 

 
Figure 4.18: PGE dose response experiments at the cytosol using HPMCs.  
PGE2 dose response representative kinetics (A), mean FRET-change (B) and representative cell (C) of FRET-responses to 

PGE2 (10, 30, 100 or 300 nM, first 4 arrows) followed by IBMX (100 μM) and forskolin (25 μM) in HPMCs expressing the Epac-

SH187 sensor (mean of n=5 cells, 3 patients). Data expressed as mean; error bars represent SEM.  
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Figure 4.19: PGE dose response experiments at the plasmalemma using HPMCs.  
PGE2 dose response representative kinetics (A), mean FRET-change (B) and representative cell (C) of FRET-responses to 

PGE2 (10, 30, 100 or 300 nM, first 4 arrows) followed by IBMX (100 μM) and forskolin (25 μM) in HPMCs expressing the AKAP79-

CUTie sensor (mean of n=3 cells, 2 patients). Data expressed as mean; error bars represent SEM. 

 

Comparable dose response experiments using 10 to 300 nM of isoproterenol 

produced negligible cAMP levels at either compartment, therefore a higher dose of 1 

µM was trialled. A mean FRET-change of 21.3 to 28.8 ± 5.3-6.7% (n=14-15 patients, 

SEM) was observed at the cytosol and plasmalemma respectively (Fig.4.21A).  

 

These dose response experiments highlight that the concentrations of agonists 

needed to produce a half-maximal response in each compartment were vastly different 

to the hTERT-HM cells. A considerably higher dose of isoproterenol was required in 

the HPMCs, which only generated a 20-30% FRET-change as opposed to 1 nM used 

in the hTERT-HM cells which resulted in a 40-60% FRET-change. In contrast, only 30 

nM PGE2 was required to generate a half-maximal response compared to 1 µM PGE2 

that was used in the hTERT-HM cells. 

 

These findings further emphasised fundamental disparities between the hTERT-HM 

cells and HPMCs and why the hTERT-HM cells were not a suitable model to be 

representative of myometrial SMCs.  
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4.4.8 Sub-Analyses of Individual Responses to Isoproterenol and PGE2 in 
HPMCs  
 

During the dose response experiments, it became strikingly apparent that there was 

significant individual patient variability in the responses to 1 µM isoproterenol. It was 

observed that cells from a small number of patients generated FRET-changes of 

greater than 60% to sub-saturating levels whilst cells from other patients produced a 

much lower cAMP response (Fig.4.20A&B).  

 

For PGE2 treated cells however, a more uniform FRET-change was observed 

between patients (Fig.4.20C&D), particularly at the cytosol (Fig.4.20D).  

 

 
Figure 4.20: Individual patient FRET-change responses to isoproterenol or PGE2 in cytosol and 
plasmalemma in HPMCs.  
Patient comparison of the mean pooled FRET-responses to isoproterenol (1 µM) in HPMCs expressing Epac-SH187 (average of 

n=3-18 cells per patient, 15 patients) (A) or AKAP79-CUTie sensor (average of n=3-11 cells per patient, 14 patients) (B) or PGE2 
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(30 nM) in HPMCs expressing Epac-SH187 (average of n=3-12 cells per patient, 12 patients) (C) or AKAP79-CUTie sensor 

(average of n=3-8 cells per patient, 12 patients) (D). Data expressed as mean; error bars represent SEM. 2-3 replicates per 

patient.  

 

Given the considerable variations in the responses to isoproterenol between patients, 

the results attained from the individual patients were pooled displaying the average 

cAMP production for the HPMCs. On pooling the FRET-change responses to 1 µM 

isoproterenol and 30 nM PGE2, there were no significant differences in the cAMP 

production observed between the two compartments (Fig.4.21A&B). 

 

 
Figure 4.21: Pooled FRET-change responses to isoproterenol or PGE2 in the cytosol vs. 
plasmalemma in HPMCs. 
Mean pooled FRET-responses to isoproterenol (1 μM) in HPMCs expressing either Epac-SH187 (blue left, average of n=3-18 cells 

per patient, 15 patients) or AKAP79-CUTie (pink right, average of n=3-11 cells per patient, 14 patients) (A). Mean pooled FRET-

responses to PGE2 (30 nM) in HPMCs expressing either Epac-SH187 (blue left, average of n=3-12 cells per patient, 12 patients) 

or AKAP79-CUTie (pink right, average of n=3-8 cells per patient, 12 patients) (B). Data expressed as mean; error bars represent 

SEM; Normality was tested using Shapiro-Wilk test followed by an unpaired t-test or Mann-Whitney test, *=0.05<p<0.01, 

**=0.01<p<0.001, ***=0.001<p<0.0001, ****=p<0.0001. 2-3 replicates per patient. 

 

4.4.9 Kinetic Profiles of the cAMP Response to 1 μM Isoproterenol and 30 nM 
PGE2 in the Cytosol and Plasmalemma in HPMCs 
 

The kinetics of the cAMP responses to each agonist at the two compartments were 

examined in 120 respective HPMCs (30 cells per experimental condition). The same 

time value parameters were measured after the addition of each agonist: time to peak 

(maximum amplitude) / 100% FRET-change), time to half peak (50% FRET-change), 

time to plateau and time to half plateau where applicable. 
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The individual FRET-change curves are shown in figure 4.22. Summary graphs of the 

pooled time values are shown in figures 4.23 and 4.24. The mean time values for all 

the cells examined are shown in table 1.11 in the Appendix. Tables 1.12 to 1.15 in the 

Appendix display the pooled mean times for each patient, as presented in the figures 

below. 

 
Figure 4.22: Individual FRET-change curves following isoproterenol or PGE2 in HPMCs at the 
cytosol and plasmalemma.  
Individual FRET-change curves following isoproterenol (1 μM) (n=30 cells, 8 patients) (A) or PGE2 (30 nM) (n=30 cells, 6 patients) 

in HPMCs expressing Epac-SH187 sensor (B). Individual FRET-change curves following isoproterenol (1 μM) (n=30 cells, 7 

patients) (C) or PGE2 (30 nM) (n=30 cells, 9 patients) (D) in HPMCs expressing AKAP79-CUTie sensor. 

 

At the cytosol, the mean times to peak were comparable between the two agonists at 

206.5 secs for isoproterenol and 248.3 secs following PGE2 (Appendix table 1.11), as 

shown in figure 4.23A. The times to half peak however were significantly different, with 

the mean time being over twice as long at 81.2 secs after isoproterenol compared to 

35.9 secs for PGE2-treated cells (Fig.4.23A or Appendix table 1.11).  
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Figure 4.23: Pooled time values following isoproterenol or PGE2 in HPMCs at the cytosol.  
Mean pooled time values of the times to peak and times to half peak in response to isoproterenol (1 nM) (n=30 cells, 8 patients) 

or PGE2 (30 cells, 6 patients) in HPMCs expressing Epac-SH187 sensor (A). Mean pooled time values of the times to plateau and 

times to half plateau in response to isoproterenol (1 nM) (n=30 cells, 7 patients) or PGE2 (30 cells, 6 patients) in HPMCs 

expressing Epac-SH187 sensor (B). TP = time to peak, T½ = time to half peak, TPl = time to plateau, TPl½ = time to half plateau. 

 

The cAMP responses following PGE2 were distinctive, as previously seen in the 

HPMCs using a higher dose. As shown in figure 4.22, a rapid initial response was 

seen following PGE2 with a subsequent similar sharp decline in the FRET-change. A 

slower increase in signal then ensued, and a plateau was finally reached (Fig.4.22B). 

For this graph in particular, each colour represents the cells from an individual patient, 

highlighting that that these cAMP dynamics were overall consistent in the responses 

from each patient to PGE2 (Fig.4.22B).  

 

It is important to note here that a more transient initial response was seen in the 

HPMCs treated with 30 nM PGE2 compared to the experiments using 1 μM, where 

there was not such a rapid degradation of the cAMP signal prior to the second increase 

in the response (Fig.4.14D).  

 

The times to plateau were therefore substantially longer (Fig.4.23B) with a mean time 

of 393.2 secs and a half time of 141.8 secs (Appendix table 1.11). For isoproterenol-

treated cells, the times to plateau varied between patients (Fig.4.23B). In a few cells, 

the peak reached was measured as the maximum FRET-change and identified to be 

the plateau as the signal did not decrease thereafter, whereas in others a decline in 

signal ensued after an initial peak (Fig.4.22A). The mean time was 192.5 secs with a 

half peak of 82.1 secs (Fig.4.23B or Appendix table 1.11).  
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Figure 4.24: Pooled time values following isoproterenol or PGE2 in HPMCs at the plasmalemma.  
Mean pooled time values of the times to peak and times to half peak in response to isoproterenol (1 nM) (n=30 cells, 7 patients) 

or PGE2 (30 cells, 9 patients) in HPMCs expressing AKAP79-CUTie sensor (A). Mean pooled time values of the times to plateau 

and times to half plateau in response to isoproterenol (1 nM) (n=30 cells, 5 patients) or PGE2 (30 cells, 5 patients) in HPMCs 

expressing AKAP79-CUTie sensor (B). TP = time to peak, T½ = time to half peak, TPl = time to plateau, TPl½ = time to half 

plateau. 

 

At the plasmalemma, the cAMP responses produced following isoproterenol were 

slightly quicker than at the cytosol with a mean time to peak of 166.8 sec and a half 

peak time of 48.1 secs (Appendix table 1.11). For 2 out of the 7 patients, the time to 

plateau was identified to be the peak of the response with no decrease in the signal 

but for those cells where a lower plateau was reached, the mean time was again faster 

than at the cytosol at 116.2 secs with a half peak time of 62.7 secs (Appendix table 

1.11).  

 

For PGE2-treated cells, a more gradual increase in cAMP production was seen with a 

mean peak time reached at 377.7 secs and a mean half peak time of 103.2 secs, 

which was substantially slower than in the cytosol (Appendix table 1.11). In 4 of the 9 

patients, the peak attained was identified as the plateau of the response. While for the 

other 5 patients where the signal declined, the times to plateau varied quite 

considerably (Fig. 4.24B) with a mean time of 224.4 secs and a mean half plateau 

time reached at 142.8 secs, which was similar to the cytosol (Appendix table 1.11). 
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4.4.10 Regulation of cAMP Production by PDE Activity at the Cytosol and 
Plasmalemma in HPMCs 
 

Comparable FRET experiments applying IBMX to the HPMCs after 1 µM isoproterenol 

or 30 nM PGE2 revealed that PDEs were regulating the cAMP response produced by 

each agonist at both compartments (Fig.4.25). An increase in PDE activity was 

observed at the cytosol following IBMX for isoproterenol-stimulated cells, where there 

was a 29.1% FRET-change increase compared to the plasmalemma of 23.6% 

(Fig.4.25A&B). The opposite was seen for PGE2-stimulated HPMCs whereby PDEs 

were regulating cAMP to a greater extent at the plasmalemma (Fig.4.25D), with a 

25.6% FRET-change increase observed compared to 22.8% at the cytosol 

(Fig.4.25C). Although these differences were marginal.   

 

 
Figure 4.25: Regulation of the cAMP response by PDEs in the cytoplasm and plasmalemma 
following isoproterenol or PGE2 in HPMCs.  
Mean pooled FRET-responses to isoproterenol (1 µM) vs. isoproterenol (1 µM) plus IBMX (100 µM) in HPMCs expressing Epac-

SH187 (average of n=3-18 cells per patient, 15 patients) (A) or AKAP79-CUTie sensor (average of n=3-11 cells per patient, 14 
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patients) (B) or PGE2 (30 nM) vs. PGE2 (30 nM) plus IBMX (100 µM) in HPMCs expressing Epac-SH187 (average of n=3-12 cells 

per patient, 12 patients) (C) or AKAP79-CUTie sensor (average of n=3-8 cells per patient, 12 patients) (D). Data expressed as 

mean; error bars represent SEM.  Normality was tested using Shapiro-Wilk test followed by a paired t-test or Wilcoxon matched-

pairs test, *=0.05<p<0.01, **=0.01<p<0.001, ***=0.001<p<0.0001, ****=p<0.0001. 2-3 replicates per patient.  

 

4.4.11 Sub-Culture of HPMCs 
 

After concluding that the HPMCs were to be used as the cell model for future 

experiments, it was important to address the question regarding the availability of cells. 

Primary cells are not as readily accessible as cell lines and have a limited lifespan in 

culture. Therefore, the second aim of this chapter was to determine whether HPMCs 

can be expanded through sub-culture to use at subsequent passages without a 

change in their phenotype.  

 

As per the Materials and Methods, the HPMCs were sub-cultured from p0 to p5. 

HPMCs expressing the cytosolic or plasmalemma sensor were treated with 1 µM 

isoproterenol or 30 nM PGE2 followed by IBMX and forskolin at each passage.  

 

4.4.11.1 cAMP Response to Beta-Adrenergic Stimulation was Altered with Sub-
Culture   
 

Interestingly, from p0 to p1 there was a marked increase in the cAMP production 

following 1 µM isoproterenol both at the cytosol and plasmalemma (Fig.4.26A&B), 

which was significant at the cytosol in cells treated at p1, p4 and p5 compared to p0 

(Fig.4.26A).  
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Figure 4.26: Pooled cAMP responses to isoproterenol or PGE2 at passage 0 to passage 5 in the 
cytosol and at the plasmalemma. 
Mean pooled FRET-responses to isoproterenol (1 µM) in HPMCs at p0 to p5 expressing Epac-SH187 (average of n=3-18 cells per 

patient, 10 patients) (A) or AKAP79-CUTie sensor (average of n=3-9 cells per patient, 10 patients) (B) or PGE2 (30 nM) in 

HPMCs at p0 to p5 expressing Epac-SH187 (average of n=3-12 cells per patient, 8 patients) (C) or AKAP79-CUTie sensor (average 

of n=3-6 cells per patient, 8 patients) (D). Data expressed as mean; error bars represent SEM.  Normality was tested using 

Shapiro-Wilk test. For non-normally distributed data, a Kruskal-Wallis test followed by Dunn’s multiple comparisons test was 

used, *=0.05<p<0.01, **=0.01<p<0.001, ***=0.001<p<0.0001, ****=p<0.0001. 2-3 replicates per patient.  

 

No significant differences were seen in the cAMP signal generated by PGE2 at either 

compartment when comparing experiments from p0 to p5 (Fig.4.26C&D).  

 

A sub-analysis was performed to investigate the possible explanation for the increase 

in response to isoproterenol at both compartments with passage by examining PDE 

activity. The contribution of PDEs in regulating cAMP was calculated by subtracting 

the mean FRET response observed after each agonist from the mean FRET-change 

generated following IBMX (Fig.4.27). It is important to note that the responses after 

IBMX were not saturated.   



 205 

 
Figure 4.27: Pooled cAMP responses to IBMX after isoproterenol or PGE2 at passage 0 to 
passage 5 in the cytosol and at the plasmalemma. 
 Mean pooled FRET-responses to IBMX (100 µM) in HPMCs treated with isoproterenol (1 µM) at p0 to p5 expressing Epac-SH18 

(average of n=3-18 cells per patient, 10 patients) (A) or AKAP79-CUTie sensor (average of n=3-9 cells per patient, 10 patients) 

(B) or in HPMCs treated with PGE2 at p0 to p5 expressing Epac-SH187 (average of n=3-12 cells per patient, 8 patients) (C) or 

AKAP79-CUTie sensor (average of n=3-6 cells per patient, 8 patients) (D). Data expressed as mean; error bars represent SEM.  

Normality was tested using Shapiro-Wilk test. For non-normally distributed data, a Kruskal-Wallis test followed by Dunn’s multiple 

comparisons test was used, *=0.05<p<0.01, **=0.01<p<0.001, ***=0.001<p<0.0001, ****=p<0.0001. 2-3 replicates per patient.  

 

Figure 4.27A shows that with passage, PDE activity in regulating the cAMP signal 

generated by isoproterenol in the cytosol declined, attaining significance at p4 and p5 

compared to p0 experiments. This was not the case at the plasmalemma however 

where PDE activity was comparatively unchanged (Fig.4.27B). For PGE2 treated 

cells, the were no significant differences in the relative contribution of PDEs in 

regulating the cAMP response generated from p0 to p5 at either compartment 

(Fig.4.27C&D).     



 206 

These experiments demonstrate that the responses to isoproterenol changed with 

sub-culture and so further investigation was needed to determine whether the HPMC 

gene profile were altered with passage. To explore this, the mRNA and protein 

expression of PDE type 4B, the ß2AR, EP2 receptor, key components of the cAMP 

signalling pathway, contractile proteins and labour associated proteins were examined 

from p0 to p4. 

 

4.4.11.2 Expression of PDE4B with Sub-Culture   
 

First, it was important to determine whether the reduction in PDE activity observed in 

the cytosol with passage during FRET experiments was substantiated at an mRNA 

and protein level and so the expression of PDE4B was examined. With passage, the 

gene expression profile of PDE4B significantly decreased by p4 compared to p0 

(Fig.4.28). 

 
Figure 4.28: PDE4B mRNA expression in term no labour HPMCs from p0 to p4.  
Isolated HPMCs were cultured to 80% confluence at p0 and passaged to p4. At each passage, RNA was extracted and 

synthesised to cDNA for subsequent qPCR for PDE4. Data normalised to GAPDH and expressed as mean; error bars represent 

SEM; Normality was tested using Kolmogorov-Smirnov test. For the comparison of 3 or more unpaired groups a one-way ANOVA 

followed by a Turkey’s multiple comparisons test was used. *=0.05<p<0.01, **=0.01<p<0.001, ***=0.001<p<0.0001, 

****=p<0.0001 [n=5]. 

 

A similar decrease in the protein level of PDE4B was also observed by p4 but this did 

not reach significance (Fig.4.29). 
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Figure 4.29: PDE4B protein levels in term no labour HPMCs from p0 vs. p4.  
Isolated HPMCs were cultured to 80% confluence at p0 and passaged to p4. At each passage, protein was extracted and 

quantified using western blotting for PDE4B. Densitometric analysis (A) with representative blot (B). Data normalised to GAPDH 

and expressed as mean; error bars represent SEM; Normality was tested using Kolmogorov-Smirnov test followed by a paired t-

test. p0 [n=7]; p4 [n=6].  

 

4.4.11.3 Beta and EP2 Receptor Expression with Sub-Culture 
 

There were no significant changes in the mRNA expression of the ß1 (ADRB1) or ß2-

AR (ADRB2) across passages (Fig.4.30A&B). 

  

 
Figure 4.30: ARDB1 & ARDB2 mRNA expression in term no labour HPMCs from p0 to p4.  
Isolated HPMCs were cultured to 80% confluence at p0 and passaged to p4. At each passage, RNA was extracted and 

synthesised to cDNA for subsequent qPCR for (A) ARDB1 and (B) ARDB2. Data normalised to GAPDH and expressed as mean; 

error bars represent SEM; Normality was tested using Kolmogorov-Smirnov test. Normally distributed data were analysed using 

a one-way ANOVA followed by a Holm-Sidak’s multiple comparisons test. For non-normally distributed data, a Kruskal-Wallis 

test followed by Dunn’s multiple comparisons test was used [n=5]. 

 

However, examining the protein expression of the ß2-AR with passage (Fig.4.31A&B), 

it was evident that following four sub-cultures the levels of the receptor decreased, 

although this did not reach significance.  
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Figure 4.31: ß2-AR protein expression in term no labour HPMCs at p0 vs. p4.  
Isolated HPMCs were cultured to 80% confluence at p0 and passaged to p4. At each passage, protein was extracted and 

quantified using western blotting for ß2-AR. Densitometric analysis (A) with representative blot (B). Data normalised to GAPDH 

and expressed as mean; error bars represent SEM; Normality was tested using Kolmogorov-Smirnov test followed by a paired t-

test. p0 [n=7]; p4 [n=6].  

 

There were no significant changes in EP2 receptor mRNA (Fig.4.32A) or protein 

expression (Fig.4.32B&C) from p0 to p4.  

 

 
 
Figure 4.32: EP2 receptor mRNA & protein expression in term no labour HPMCs from p0 to p4.  
Isolated HPMCs were cultured to 80% confluence at p0 and passaged to p4. At each passage, RNA was extracted and 

synthesised to cDNA for subsequent qPCR for PTGER2 (A) and protein was extracted and quantified using western blotting. 

Densitometric analysis (B) with representative blot (C). Data normalised to GAPDH and expressed as mean; error bars represent 

SEM; Normality was tested using Kolmogorov-Smirnov test. For mRNA, data were analysed using a one-way ANOVA followed 
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by a Turkey’s multiple comparisons test. For protein, data were analysed using a paired t-test. mRNA [n=5], protein p0 [n=7]; 

protein p4 [n=6].  

 

4.4.11.4 Assessment of TNL HPMCs Phenotype with Passage 
 

In addition to visual analysis of the HPMCs morphology and proliferation during each 

passage, key smooth muscle markers and labour associated genes were examined 

to further explore whether the phenotype of the HPMCs was affected with increased 

passage number. 

   

Connexin-43 is a key gap junction protein which is upregulated towards the end of 

pregnancy and in the onset of term labour in the human myometrium [54, 670]. There 

were no changes in the mRNA (GJA1) (Fig.4.32A) or protein (Cx43) expression 

(Fig.4.33B&C) of connexin-43 from p0 to p4. 

 

 
 
Figure 4.33: Connexin-43 mRNA & protein expression in term no labour HPMCs from p0 to p4. 
Isolated HPMCs were cultured to 80% confluence at p0 and passaged to p4. At each passage, RNA was extracted and 

synthesised to cDNA for subsequent qPCR for GJA1 (A) and protein was extracted and quantified using western blotting. 

Densitometric analysis for connexin-43 (B) with representative blot (C). Data normalised to GAPDH and expressed as mean; 

error bars represent SEM; Normality was tested using Kolmogorov-Smirnov test. For mRNA, data were analysed using a one-

way ANOVA followed by a Turkey’s multiple comparisons test. For protein, data were analysed using a paired t-test. mRNA [n=5], 

protein p0 [n=7]; protein p4 [n=6].  
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OTR, a key pro-labour gene and contractile marker expressed in the human 

myometrium at term and with the onset of labour [56, 671]  was also examined. There 

was an increase in OTR mRNA expression with passage (Fig.4.34), which attained 

significance on comparison of p0 vs. p4. Despite multiple attempts to detect the 

receptor in HPMCs with western blotting, OTR could not identified at a protein level.    

 
Figure 4.34: OXTR mRNA expression in term no labour HPMCs from p0 to p4.  
Isolated HPMCs were cultured to 80% confluence at p0 and passaged to p4. At each passage, RNA was extracted and 

synthesised to cDNA for subsequent qPCR for OXTR. Data normalised to GAPDH and expressed as mean; error bars represent 

SEM; Normality was tested using Kolmogorov-Smirnov test. Data were analysed using a one-way ANOVA followed by a Turkey’s 

multiple comparisons test. *=0.05<p<0.01, **=0.01<p<0.001, ***=0.001<p<0.0001, ****=p<0.0001 [n=5]. 

 

The expression of the scaffold protein AKAP79 was also studied in the HPMCs with 

passage. This protein has been identified to have a high binding affinity for PKA, 

specifically its regulatory II alpha subunit, thus localising it’s activity to a subcellular 

microdomain [44]. A significant increase in AKAP79 mRNA expression was also 

observed with passage on comparing p0 vs. p4 (Fig.4.35A). This was not the case at 

a protein level however whereby a significant decrease in AKAP79 levels were seen 

from p0 to p4 (Fig.4.35B&C).   
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Figure 4.35: AKAP5 mRNA & protein expression in term no labour HPMCs from p0 to p4.  
Isolated HPMCs were cultured to 80% confluence at p0 and passaged to p4. At each passage, RNA was extracted and 

synthesised to cDNA for subsequent qPCR for AKAP5 (A) and protein was extracted and quantified using western blotting. 

Densitometric analysis for AKAP79 (B) with representative blot (C). Data normalised to GAPDH and expressed as mean; error 

bars represent SEM; Normality was tested using Kolmogorov-Smirnov test. For mRNA, data were analysed using a one-way 

ANOVA followed by a Turkey’s multiple comparisons test. For protein, data were analysed using a paired t-test. mRNA [n=5], 

protein p0 [n=7]; protein p4 [n=6]. *=0.05<p<0.01, **=0.01<p<0.001, ***=0.001<p<0.0001, ****=p<0.0001 [n=5]. 

 

Finally, the housekeeping gene GAPDH was examined to ensure that its levels of 

expression were consistent throughout passage experiments. There were no 

considerable variations observed both at an mRNA (Fig.4.36A) or protein level 

(Fig.4.36B). 

 

 
Figure 4.36: GAPDH mRNA & protein expression in term no labour HPMCs from p0 to p4.  
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Isolated HPMCs were cultured to 80% confluence at p0 and passaged to p4. At each passage, RNA was extracted and 

synthesised to cDNA for subsequent qPCR for GAPDH (A) and protein was extracted and quantified using western blotting. 

Densitometric analysis of the average GAPDH data (B). Data normalised to GAPDH and expressed as mean; error bars represent 

SEM; Normality was tested using Kolmogorov-Smirnov test. For mRNA, data were analysed using a one-way ANOVA followed 

by a Turkey’s multiple comparisons test. For protein, data were analysed using a paired t-test. mRNA [n=5], protein p0 [n=7]; 

protein p4, [n=6].  

 

Therefore, given the observed changes in the expression of the ß2-AR, OTR, AKAP79 

and PDE4B with passage, it was concluded that experiments would be conducted 

using HPMCs at passage 0 following isolation. This was to ensure that the cells were 

as close as possible to their physiological state and more closely reflective of the in 

vivo environment.  

 

4.4.12 Activation of Gene Expression Following Isoproterenol or PGE2 
Treatment 
 

Finally, the gene expression profiles of key downstream components of the cAMP 

signalling pathway, its effectors and the cAMP-responsive genes were examined after 

treatment of the HPMCs in culture at p0 for 6 hours with 1 µM isoproterenol or 30 nM 

PGE2.  

 

For the cAMP-responsive up-regulated genes, there was a marginal increase in trend 

for 5 out of the 6 genes after treatment with PGE2; including MKP1 (DUSP1), 

11ßHSD1 (HSD11ß1), GPR125 (ADGRA3), CCL8 and PDE4B and 4 out of the 6 for 

isoproterenol treated cells; 11ßHSD1, GPR125, CCL8 and PDE4B (Fig.4.37). There 

were however no discernible decreases in the expression of the down-regulated 

cAMP-responsive genes following either PGE2 or isoproterenol (Fig.4.38).   
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Figure 4.37: mRNA expression of cAMP up-regulated genes in term no labour HPMCs at p0 
following PGE2 or isoproterenol.  
Isolated HPMCs were cultured to 80% confluence at p0 and treated with either a control (DMSO or E1 buffer), 1 uM isoproterenol 

or 30 nM PGE2 treatment for 6 hours. RNA was extracted and synthesised to cDNA for subsequent qPCR for DUSP1 (A) 

HSD11B1 (B), PTGES (C), ADGRA3 (D), CCL8 (E) and PDE4B (F).  Data normalised to GAPDH and expressed as a fold change 

relative to the control; error bars represent SEM; Normality was tested using Shapiro-Wilk test. For normally distributed data, a 

one-way ANOVA followed by a Holm-Sidak’s multiple comparisons test was used. For non-normally distributed data, a Freidman 

test followed by a Dunn’s multiple comparisons test was used, [n=7]. 
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Figure 4.38: mRNA expression of cAMP down-regulated genes in term no labour HPMCs at p0 
following PGE2 or isoproterenol.  
Isolated HPMCs were cultured to 80% confluence at p0 and treated with either a control (DMSO or E1 buffer), 1 uM isoproterenol 

or 30 nM PGE2 treatment for 6 hours. RNA was extracted and synthesised to cDNA for subsequent qPCR for GUCY1A3 (A) 

CREB3L1 (B), ADGRA2A (C), OXTR (D) and PRKG1 (E). Data normalised to GAPDH and expressed as a fold change relative 

to the control; error bars represent SEM; Normality was tested using Shapiro-Wilk test. For normally distributed data, a one-way 

ANOVA followed by a Holm-Sidak’s multiple comparisons test was used. For non-normally distributed data, a Freidman test 

followed by a Dunn’s multiple comparisons test was used, [n=7]. 

 

Neither PGE2 or isoproterenol generated an increase in the mRNA expression of Gαs 

(GNAS) or AKAP79 (Fig.4.39).   
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Figure 4.39: mRNA expression of GNAS and AKAP5 in term no labour HPMCs at p0 treated with 
PGE2 or isoproterenol.  
Isolated HPMCs were cultured to 80% confluence at p0 and treated with either a control (DMSO or E1 buffer), 1 uM isoproterenol 

or 30 nM PGE2 treatment for 6 hours. RNA was extracted and synthesised to cDNA for subsequent qPCR for GNAS (A) and 

AKAP5 (B).  Data normalised to GAPDH and expressed as a fold change relative to the control; error bars represent SEM; 

Normality was tested using Shapiro-Wilk test. For non-normally distributed data, a Freidman test followed by a Dunn’s multiple 

comparisons test was used, [n=7]. 

 

Both PKA subunits, PKAR2α (PRKAR2A) and PKAc-α (PRKACA) and Epac1 gene 

expression were also studied. Again, there were no significant changes in cAMP 

effector gene expression profiles following PGE2 or isoproterenol treatment (Fig.4.40). 

 

 
Figure 4.40: mRNA expression of cAMP effectors in term no labour HPMCs at p0 treated with 
PGE2 or isoproterenol.  
Isolated HPMCs were cultured to 80% confluence at p0 and treated with either a control (DMSO or E1 buffer), 1 uM isoproterenol 

or 30 nM PGE2 treatment for 6 hours. RNA was extracted and synthesised to cDNA for subsequent qPCR for PRKAR2A (A) 

PRKACA (B) and RAPGEF3 (C). Data normalised to GAPDH and expressed as a fold change relative to the control; error bars 

represent SEM; Normality was tested using Shapiro-Wilk test. For normally distributed data, a one-way ANOVA followed by a 
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Dunnett’s multiple comparisons test was used. For non-normally distributed data, a Freidman test followed by a Dunn’s multiple 

comparisons test was used, [n=7]. 

 

Finally, COX2 (PTGS2), a pro-labour gene, was found to marginally increase following 

PGE2 treatment, as anticipated, but this did not reach significance (Fig.4.41). 

 

 
Figure 4.41: mRNA expression of PTGS2 in term no labour HPMCs at p0 treated with PGE2 or 
isoproterenol.  
Isolated HPMCs were cultured to 80% confluence at p0 and treated with either a control (DMSO or E1 buffer), 1 uM isoproterenol 

or 30 nM PGE2 treatment for 6 hours. RNA was extracted and synthesised to cDNA for subsequent qPCR for PTGS2. Data 

normalised to GAPDH and expressed as a fold change relative to the control; error bars represent SEM; Normality was tested 

using Shapiro-Wilk test. For non-normally distributed data, a Freidman test followed by a Dunn’s multiple comparisons test was 

used, [n=7]. 

 

4.4.13 Protein Profiles of Key cAMP Signalling Components Following 
Isoproterenol or PGE2 Treatment  
 

The HPMCs were also treated with 1 µM isoproterenol or 30 nM PGE2 for 15 minutes, 

30 minutes and 1 hour for subsequent protein extraction and quantification to compare 

to an untreated control.  

 

The protein expression of PKAc-α increased following both agonist treatments, 

reaching significance at 15 and 60 minutes for isoproterenol (Fig.4.42A) and 30 to 60 

minutes for PGE2 treated cells compared to the control (Fig.4.42B). 
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Figure 4.42: Protein expression of PKAc in term no labour HPMCs at p0 treated with 
isoproterenol or PGE2.  
Isolated HPMCs were cultured to 80% confluence at p0 and treated with either a control (DMSO or E1 buffer), 1 uM isoproterenol 

or 30 nM PGE2 treatment for 15 min, 30 min or 1 hr. Protein was extracted and quantified using western blotting. Densitometric 

analysis of PKAc after 1 uM isoproterenol (A) or 30 nM PGE2 (B). Data normalised to GAPDH and expressed as a fold change 

relative to the control; error bars represent SEM; Normality was tested using Kolmogorov-Smirnov test. Data were analysed using 

a Freidman’s test followed by Dunn’s multiple comparisons test, *=0.05<p<0.01, **=0.01<p<0.001, ***=0.001<p<0.0001, 

****=p<0.0001 [n=5].  

 

The expression of phospho-CREB relative to CREB was also examined at each time 

point after agonist treatment. An increase in the expression of phospho-CREB was 

observed at 15 and 30 minutes for both isoproterenol and PGE2-treated cells. This 

attained significance at 30 minutes for isoproterenol (Fig.4.43A) and at 15 minutes for 

PGE2 (Fig.4.43B). For both treatments, a decrease in the expression of phospho-

CREB was observed at 1 hour but this did not attain significance (Fig.4.43).  
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Figure 4.43: Protein expression of phospho-CREB in term no labour HPMCs at p0 treated with 
PGE2 or isoproterenol.  
Isolated HPMCs were cultured to 80% confluence at p0 and treated with either a control (DMSO or E1 buffer), 1 uM isoproterenol 

or 30 nM PGE2 treatment for 15 min, 30 min or 1 hr. Protein was extracted and quantified using western blotting. Densitometric 

analysis of PKAc after 1 uM isoproterenol (A) or 30 nM PGE2 (B). Data normalised to GAPDH and expressed as a fold change 

relative to the control; error bars represent SEM; Normality was tested using Kolmogorov-Smirnov test. Data were analysed using 

a Freidman’s test followed by Dunn’s multiple comparisons test, *=0.05<p<0.01, **=0.01<p<0.001, ***=0.001<p<0.0001, 

****=p<0.0001 [n=5].  
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4.5 Discussion 
 
The main objectives of the study were: i) to implement a FRET-imaging technique 

using both human primary myometrial cells and hTERT-HM cells; ii) to determine the 

appropriate cell model of choice between primary cells and cell lines to further 

investigate cAMP signalling and iii) to understand the temporal and spatial dynamics 

of cAMP, including their regulation by PDEs at distinct subcellular sites.   

 

4.5.1 Summary of Results 
 

An optimised cell isolation protocol was developed for HPMCs which resulted in 

increased cell yields to facilitate experimental study. FRET imaging was successfully 

applied in both the hTERT-HM cells and HPMCs using targeted FRET biosensors to 

distinct subcellular sites. Using this technique, significant disparities in the cAMP 

production, its regulation, and the cAMP signal kinetics were identified between the 

hTERT-HM cells and HPMCs and as such the study progressed to using only HPMCs.  

Marked increases in the cAMP production following isoproterenol were observed in 

the cytosol with passage (Fig.4.26A) in association with a reduction in PDE activity 

(Fig.4.27A). Similarly, there were variations in key SM markers and labour associated 

genes with passage (Fig.4.28-35) and so it was concluded that future FRET 

experiments would be conducted using HPMCs at passage 0 following isolation. There 

were also several discoveries in support of the existence of cAMP 

compartmentalisation in both the hTERT-HM cells and HPMCs (Fig.4.5-4.25). 

Independent cAMP pools were generated following isoproterenol and PGE2 which 

differentially affected the cytosol and plasmalemma and displayed distinct cAMP 

kinetics (Fig.4.5-4.25). 

 

4.5.2 Optimisation of HPMC Isolation and Successful Application of a FRET-
Imaging Methodology to Human Myometrial Cells 
 

In order to investigate the cAMP dynamics in the human myometrium, it was first 

essential to implement an established FRET-based imaging protocol, that had been 

applied in other cell types, in myometrial cells. This study successfully utilised targeted 
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FRET biosensors in both hTERT-HM cells and HPMCs to detect cAMP signals at two 

subcellular compartments, namely the cytosol and plasmalemma (Fig.4.2-4.3).  

 

One of the major difficulties and limitations of primary cell use can be the insufficient 

cell yields attained from surgical samples, which restricts the extent of experimental 

study at early passage numbers. This chapter therefore endeavoured to optimise the 

current myometrial cell isolation methods established previously by Sooranna et al. 

[400] to maximise the number of cells obtained from each myometrial tissue biopsy. It 

must be acknowledged that the cell yield is also affected by certain pre-culture 

variables, which can be difficult to control and regulate. These include: the size of the 

myometrial tissue biopsy taken by the surgeon at the time of Caesarean section, 

where in the uterine lower segment the tissue biopsy is obtained from and whether the 

patient has had a previous Caesarean section, which may result in the biopsy being 

partly composed of scar tissue. Although ideally these patients would not be selected 

for the study, due to the time restrictions and difficulties with patient recruitment it was 

occasionally unavoidable. Smaller biopsies, or those which required extensive 

dissection of decidua, serosa or scar tissue, inevitability yielded fewer myometrial 

cells.  

 

For primary cells in particular, FRET experiments require multiple cells for imaging 

and a sufficient number of coverslips for each experimental condition. Therefore, it 

was necessary to attempt to improve cell yield. Furthermore, after establishing that 

the phenotype of the HPMCs was altered with subculture and concluding that the cells 

were subsequently to be used only at passage 0 for experiments, which will be 

discussed in further detail later, it was even more essential to improve the cell yield. 

There are no studies to date which disclose the total number of primary cells isolated 

from myometrial tissue. In 1979, Rifas et al. detailed their methods for cell dissociation 

from endometrial tissue curettings, seeding approximately 1 million cells at passage 0 

[672]. They did not however include the size or weight of the endometrial tissue. Li et 

al. comprehensively described an established protocol for the isolation of adult mouse 

cardiomyocytes yielding  approximately 0.7 to 1 million myocytes from a 25g adult 

mouse heart [673]. Given that this is a different tissue type and species, it is difficult to 

draw parallels in this instance. In each of the studies which cultured myometrial cells, 

the number of cells used for further passage or experiments were only specified once 
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the cells had reached the desired confluence at passage 0 after initial isolation [564, 

632, 634, 674-676].  

 

The methodology was adapted through modifying and integrating additional steps 

which are successfully applied in the isolation of cardiomyocytes [565] (Results 4.3.2). 

In doing so, the cell yield increased by around 30% using the improved protocol 

(Results 4.3.3). The key steps in the methodology which were deemed to have 

increased the number of cells isolated included the optimisation of the enzymatic 

digestion process and the technique for dissociating the cells from the tissue 

fragments (Results 4.3.2). Another key step which improved cell isolation and resulted 

in a purer cell population of SMCs was the initial washing of the biopsy (Results 4.3.2). 

This facilitated the removal of excess red blood cells prior to mincing of the tissue. 

Given that the myometrial tissue biopsy is composed of a large proportion of 

connective tissue and vasculature, red blood cells were inevitably present in the cell 

solution. However, this initial washing process significantly reduced the number of red 

blood cells subsequently plated onto the coverslips. 

 

It was determined that optimal digestion occurred when incubating the minced tissue 

in a 37°C water bath for two twenty-minute periods whilst continuously agitating the 

collagenase solution with a magnetic stirrer (Results 4.3.2). In the original protocol, 

the minced tissue solution was placed in an incubator with only intermittent manual 

agitation being conducted. This new continuous agitation process improved the 

enzymatic digestion as it ensured that the tissue fragments were constantly exposed 

to the collagenase solution, whilst the twenty-minute time periods minimised damage 

to the cell’s integrity (Results 4.3.2). The choice and concentration of the collagenase 

enzymes were not changed, as these had previously been explored extensively by 

Sooranna et al. [400]. Interestingly, there is considerable variation concerning the 

incubation periods applied for collagenase digestion of myometrial tissue in other 

studies. Ono et al. obtained myometrial tissue biopsies from non-pregnant women 

undergoing a hysterectomy for benign gynaecological diseases and documented that 

the small myometrial tissue pieces were incubated in collagenase for between 4 to 16 

hours but did not disclose any further detail on the reasons for the extended incubation 

time [674]. Similarly, Heng et al. also cultured non-pregnant human myometrium 

performing collagenase digestion for 13 hours [675]. In agreement with this study, 
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Condon et al. agitated the minced tissue in a collagenase solution at 37°C but for a 

period of 4 hours [564], whilst Gargett et al. incubated the solution for 2 hours in a 

shaking 37°C water bath [676]. More recent studies utilised methods similar to this 

study digesting the tissue at 37°C for 30-40 minutes or up to 1 hour [632, 634, 663]. 

 

It was next determined that the subsequent filtration of the cell solution using a 70-μm 

cell strainer following the original protocol resulted in large quantities of minced tissue 

fragments remaining caught in the sieve, hindering the filtration of the solution, and 

resulting in cell loss. As such, an increased mesh size of 500-μm was chosen, which 

facilitated the solution to pass easily through the strainer thus maximising the number 

of cells recovered, whilst also ensuring that larger tissue debris were still retained on 

the sieve surface (Results 4.3.2). Other studies have differed in the cell mesh size 

used from 40-μm to 400-μm, also utilising a combination of sizes for more than one 

filtration step [632, 674].  

An important step in the cell culture process was washing the coverslips the day after 

plating to remove any smaller tissue debris which may have been filtered through the 

larger mesh size. Washing the coverslips with PBS and refreshing the media not only 

removed any unwanted cell debris and tissue remnants as previously mentioned, but 

it also washed away any further red blood cells (Results 4.3.2). These were found to 

be easily detached from the coverslips or were floating in the cell solution.  

This new protocol was simple and fast to perform, thus minimising cell membrane 

damage and the length of time the cells were in solution prior to plating onto coverslips. 

These adaptations of the original method resulted in viable cell suspensions with 30% 

increase in yield and with morphologically healthy cells visualised under optical 

microscopy prior to the use of FRET biosensors (Results 4.3.3).  

 

The introduction of viral vectors encoding for the FRET-based sensors has not been 

conducted before in human myometrial cells. Initial infection ratios were trialled based 

on those successfully used in neonatal mouse cardiomyocytes [519] (Results 4.3.4). 

A MOI of 100 was estimated to be sufficient to ensure for adequate levels of 

expression of the sensors. As per previous experiments in cardiomyocytes, 1 µL of 

virus with a titre of 1010 virions per ml applied to a cell culture of approximately 100,000 

(105) cells achieved a ratio of 107 virions per 105 cells i.e., a MOI of 100 [677]. Zhou et 

al. successfully developed a highly efficient adenoviral vector-mediated gene transfer 
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in cultured adult mice cardiomyocytes [678]. A MOI above 30 resulted in 100% of the 

myocytes expressing the marker gene homogeneously [678]. Subsequently to this, 

Surdo et al. developed a universal FRET tag sensor for cAMP in order to target 

proteins of interest and monitor cAMP levels in the environment immediately 

surrounding those proteins [519]. It was determined that in neonatal rat ventricular 

myocytes (NRVMs) a MOI for the adenoviral vectors of 10-100 was sufficient for the 

sensors to be expressed at a similar fluorescence intensity in all cells [519]. Due to 

the lower numbers of HPMCs isolated, the virus titres used for each FRET biosensor 

and the differing sensor expression levels, the MOI was greater than those achieved 

in cardiomyocytes for both the hTERT-HM cells and especially for the HPMCs (Table 

2.6&2.7).  

 

The MOI can be affected by several factors; firstly, the number of freeze-thaw cycles 

the virus aliquots are exposed to reduces the number of functional viruses. For these 

experiments, the original virus aliquot was thawed, aliquoted and frozen then thawed 

again prior to infection of the cells and as such there were at least 2 freeze-thaw 

cycles. Secondly, the PFU is typically determined and measured using susceptible cell 

lines conducting a plaque assay. Infection of the HPMCs has not been conducted 

before and so the susceptibility of these cells was unknown. Finally, the HPMCs were 

seeded relatively sparsely with lower cell numbers per coverslip compared to the 

hTERT-HM cells, due to the number of experimental conditions planned, and the 

limitations of cell isolation which was also dependent on the size of the biopsy. Finally, 

thermal inactivation of viruses is a known phenomenon which must be taken into 

consideration [679]. In warm culture medium, there is limited convection with only 

minimal lateral movement and so once the viruses are pipetted into the media, they 

will disperse to the bottom of the well and remain almost immobile. As such, the cells 

at the edges of the coverslip may not be directly exposed to the virus.  

 

Extensive trial experiments were conducted to successfully achieve adequate 

expression levels of the targeted FRET biosensors in both myometrial cell types 

(Results 4.3.4). Given that the sensors are genetically encoded, they can be readily 

introduced into cells using an adenovirus infection process or transfection techniques 

using plasmid DNA [565]. An infection protocol, regularly used in cardiomyocytes, 

achieved successful adenoviral-mediated expression of the respective FRET 
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reporters in the hTERT-HM cells after 3 hours of incubation with similar MOIs [519] 

(Methods 2.2.9.4). Both the infection and transfection methods were trialled for the 

HPMCs as it was considerably more challenging to attain appropriate expression and 

localisation of the sensors. Different adenoviral concentrations and incubation times 

were trialled to achieve the optimal MOI, which was determined by the ratio between 

the virus titre (PFU/ml) and number of cells plated. A MOI of approximately 1000 virus 

particles per cell attained sufficient adenoviral transduction (Table 2.7), which has 

previously been used in adult rat ventriculomyocytes [680]. In initial experiments the 

sensor showed a tendency to aggregate in agglomerates in the cell, and there was 

minimal, or no response observed to agonist stimulation (Fig.4.1). Transfection 

methods were also unsuccessful, with the transfection reagents proving to be toxic to 

the cells or resulting in poor efficiency and limited cell responses (Results 4.3.4). As 

discussed in the results, the HPMCs were successfully infected after optimising and 

adapting the infection protocol.  

 

4.5.3 HPMCs and hTERT-HM Cells Differ in their cAMP Signalling Dynamics 
and Regulation by PDEs 
 

Following the successful establishment of FRET-imaging in both the hTERT-HM cells 

and HPMCs, the next objective of this study was to determine whether hTERT-HM 

cells were a suitable cell model for the characterisation of cAMP signalling in the 

myometrium and were representative of HPMCs. Firstly, large FRET-changes were 

generated to isoproterenol both in the cytosol and at the plasmalemma in the hTERT-

HM cells (Fig.4.5). These cAMP signals were also not strongly regulated by PDEs 

(Fig.4.7A&B). For PGE2-treated cells however, PDEs were clearly attenuating the 

cAMP responses at both subcellular compartments, remarkably so at the 

plasmalemma (Fig.4.7C&D). These results provided convincing evidence for 

compartmentalisation of cAMP signalling in the hTERT-HM cells due to a differing 

regulation of the cAMP signals by PDEs at the two subcellular sites. In 

cardiomyocytes, a multitude of studies have investigated the hormonal specificity of 

cAMP signalling in activating individual GPCRs, which has been understood to 

determine the subsequent distinct subcellular responses [2, 3, 6, 511, 681, 682]. In 

particular, early studies identified that despite isoproterenol and PGE2 generating 

comparable levels of cAMP overall in the cell, their ability to stimulate cardiac 
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contractility significantly differed [683]. It is now widely recognised that this is due to 

the generation of spatially distinct cAMP pools by the two agonists, which activate a 

specific subset of effectors resulting in the phosphorylation of a distinct array of 

downstream targets [524]. Here, this study has uncovered that the cAMP pools 

produced in the hTERT-HM cells by PGE2 were spatially regulated by PDEs, 

particularly so at the plasmalemma (Fig.4.7C&D), which was not as pronounced for 

the cAMP signals generated following 𝛽-AR stimulation (Fig.4A&B). There are several 

mechanisms which have been uncovered which explain how PDEs shape intracellular 

cAMP gradients. The organisation of multi-protein complexes or signalosomes have 

been recognised to spatially restrict local cAMP signals and direct PKA-mediated 

phosphorylation via AKAPs [520]. This is achieved via the multi-scaffolding property 

of AKAPs which localise to different subcellular sites and can each incorporate a 

different array of particular GPCRs, ACs, phosphatases, and importantly PDEs, which 

tightly regulate the cAMP pools [520, 527, 684]. Different PDE isoforms have also 

exhibited individual functional coupling with specific GPCRs, dependent upon the cell 

stimulus, to control local levels of cAMP [517]. In particular in NRVMs, PDE3 and 

PDE4 were found to be distinctly localised in the cells, with the latter only specifically 

regulating the cAMP pools generated following 𝛽-agonist stimulation [517].  

 

Following the novel finding that cAMP compartmentalisation occurs in the hTERT-HM 

cells, comparable experiments were performed using isoproterenol or PGE2 in freshly 

isolated HPMCs expressing the same FRET biosensors targeted to the plasmalemma 

and cytosol. Firstly, striking differences in the responses to each agonist were 

observed in the HPMCs compared to the hTERT-HM cells (Fig.4.10). The HPMCs 

produced negligible or minimal amounts of cAMP following isoproterenol at both 

compartments (Fig.4.8), which was considerably different to the hTERT-HM cells 

where FRET changes of up to 60% of the maximal response were observed after 

isoproterenol stimulation (Fig.4.10A&C). It was also apparent that the HPMCs were 

much more sensitive to PGE2 than the hTERT-HM cells. For PGE2-treated HPMCs, 

significantly greater cAMP levels were attained compared to hTERT-HM cells with 

FRET-changes of up to more than 80% of the maximal response (Fig.4.10B&D). Soloff 

et al. previously compared the gene expression profiles of three telomerase-

immortalised cell lines developed from term pregnant human myometrium to their 

respective primary cells using cDNA microarray technology and determined that 
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several genes involved in prostaglandin production were down-regulated in the 

immortalised cells [662]. The study does not detail the specific genes, however, the 

altered expression of key components of the PG pathway may affect the 

responsiveness of the EP receptors or subsequent binding of PGE2 and as such could 

explain the lower FRET responses generated in the hTERT-HM cells.  

 

An alternative explanation for the differences in PGE2 sensitivity and 𝛽-AR stimulated 

responses between the two cell types could also be attributable to the fact that the cell 

line used was developed from non-pregnant myometrial tissue and as such there may 

be considerable differences in EP receptor and 𝛽2-AR expression in pregnancy. There 

are four EP receptor subtypes, EP 1-4, each associated with a specific heterotrimeric 

G protein which is activated upon binding of PGE2, resulting in the initiation of a 

distinct cellular pathway and subsequent response depending upon the EP receptor 

stimulated [685]. EP2 and EP4 have been identified to couple with G𝛼S, stimulating 

AC and thus promoting uterine quiescence through increased cAMP production [686, 

687]. Whereas EP1 and EP3 are associated with SM contraction coupling with G𝛼q/11 

and G𝛼i, respectively, resulting in the activation of PLC and triggering the IP3/calcium 

pathway, in conjunction with a reduction in cAMP levels through the inhibition of AC 

[688-690]. Duckworth et al. investigated the effects of the EP2 receptor agonist, 

butaprost, on non-pregnant and pregnant myometrial tissue strips and determined that 

its action was substantially greater in pregnant tissue [691]. Later, Astle et al. 

examined the EP receptor populations in pregnant and non-pregnant myometrium 

taken from both the upper and lower uterine segment [692]. EP receptors 1-4 were 

detected on RT-PCR in all pregnant and non-pregnant upper and lower segment 

tissues [692]. On comparing the overall receptor expression levels in the lower 

segment pregnant tissue samples, EP2 was significantly higher than the other 

receptor subtypes [692]. In the upper segment non-pregnant tissue samples however, 

EP2 receptor expression was significantly less than the lower segment, with EP1 and 

EP3 receptors being predominantly expressed [692]. These findings are supported by 

previous studies investigating EP receptor dominance in non-pregnant myometrium 

using selective pharmacological agonists, with EP receptor-mediated responses 

predominantly occurring via EP1 and EP3 [693]. For the hTERT-HM cell line used in 

this study, the myometrial tissue from which the cells were derived was obtained from 
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the anterior wall of the uterine fundus and as such would be classified as an upper 

segment sample [564]. Therefore, it is possible that the EP receptor subtype 

population in these cells would be reflective of those identified in the aforementioned 

studies.  

 

Chanrachakul et al. examined 𝛽2-AR expression in non-pregnant and pregnant 

myometrial tissue using Western blotting techniques and demonstrated that the levels 

of the 𝛽2-AR were significantly higher (approximately 50%) in the non-pregnant 

myometrium [694]. Similarly, Rouget et al. established that 𝛽2-AR mRNA expression 

was higher in non-pregnant myometrium, whilst in functional studies salbutamol was 

more effective in inhibiting spontaneously contracting myometrial strips of non-

pregnant tissues compared to pregnant samples [695]. Again, the non-pregnant 

samples were obtained from the upper part of the uterus, reflective of the hTERT-HM 

cells, and the pregnant samples were from the lower uterine segment. Therefore, an 

increase in 𝛽2-AR expression could explain the considerably higher responses 

generated to isoproterenol compared to the HPMCs. Given that the upper and lower 

segment samples are taken from different uterine regions, one could question the 

relevance of these comparisons. RT-PCR or Western blotting experiments were not 

conducted in the hTERT-HM cell line to examine the gene and protein expression 

profiles of the EP or 𝛽2-AR receptors to corroborate these theories.  

 

Other key downstream components in the cAMP pathway have also been examined 

in pregnant and non-pregnant myometrium, including G𝛼S, the levels of which were 

detected to be significantly higher in pregnant myometrium with a reduction in G𝛼S-

coupled AC activity identified in non-pregnant samples [572, 573]. Therefore, in the 

hTERT-HM cells, a down-regulation in G𝛼S in combination with an up-regulation in 

EP1 and EP3 receptors could explain the lower cAMP responses observed to PGE2 

compared to the HPMCs. However, there were substantial FRET-changes generated 

following isoproterenol in the hTERT-HM cells (Fig.4.5), for which the 𝛽-AR receptor 

is known to be strongly coupled to G𝛼S [431, 696] and as such a down-regulation in 

G𝛼S expression cannot explain the reduced sensitivity to PGE2. 
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A more likely explanation for the differences in the agonist responses observed in the 

two cell types may involve differing regulation of the cAMP signals by PDEs. In the 

HPMCs, PDEs were more effective in restricting isoproterenol generated cAMP pools 

than those produced by PGE2 (Fig.4.9). Whereas in the hTERT-HM cells, PDEs 

preferentially attenuated the cAMP responses to PGE2, particularly so at the 

plasmalemma with minimal control of isoproterenol-stimulated cAMP pools (Fig.4.7). 

In PGE2-treated HPMCs however, PDEs were not found to control the cAMP response 

in the cytosol and were noted to only do so marginally at the plasmalemma (Fig.4.9). 

It is important to consider that the PGE2 concentration may have resulted in the EP 

receptors producing near-saturation of the two sensors in the HPMCs and as such, 

minimal responses to IBMX were subsequently observed but this was not the case for 

the hTERT-HM cells (see below for dose response discussion). The differing 

regulation of cAMP by PDEs at the distinct subcellular sites also confirms that cAMP 

was compartmentalised in the HPMCs. 

 

The dose response experiments conducted in the HPMCs determined that 

considerably different concentrations of the two agonists were required to produce 

near to a half-maximal response in these cells compared to hTERT-HM. A significantly 

higher dose of isoproterenol, in fact 1000 times more than previously used in hTERT-

HM cells, only produced small (20-30%) FRET-changes in the HPMCs (Fig.4.21A) 

compared to hTERT-HM cells where 1 nM isoproterenol generated FRET-changes of 

up to 60% of the maximum response (Fig.4.5). Conversely, a 30 nM PGE2 dose 

selected for the HPMCs, which was two thirds smaller than that used in the hTERT-

HM cells, was required to achieve similar cAMP levels (Fig.4.21). As previously 

discussed, the possible reasons for these differences could be attributable to either 

the activity and localisation of PDEs or the receptor density in the cells. It was evident 

that there was opposing regulation of cAMP by PDEs at the different subcellular 

compartments following each agonist in the two cell types and secondly, distinct 

expression levels of the EP receptors or 𝛽2-ARs in the HPMCs compared to the 

hTERT-HM cells may explain the substantially different doses required to produce a 

half maximal response. These findings further substantiated that the hTERT-HM cells 

were unlike the HPMCs and therefore were not an appropriate cell model to be used 

for further investigation.  
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These findings clearly show that cAMP signalling in the HPMCs was remarkably 

different to the hTERT-HM cells. This was even more apparent following a 

comparative analysis of the kinetic profiles of the cAMP responses between the two 

cell types, particularly so at the cytosol (Fig.4.14). Of note, in the hTERT-HM cells, 

transient responses to isoproterenol were observed in the cytosol with the rate of 

cAMP production noted to be very fast, whereas for the HPMCs the times to peak or 

half peak were considerably slower in the cells in which a response was elicited 

(Fig.4.15A). Interestingly, the rate of cAMP degradation by PDEs in the hTERT-HM 

cells at the cytosol was however much slower than its production (Fig.4.14A). For 

PGE2-treated cells, the kinetic profiles between the two cell types were again very 

different as discussed in the results. The most striking finding was the undulating 

responses observed to PGE2 in the cytosol of the HPMCs indicating that PDEs were 

strongly regulating the signal here (Fig.4.14D). It was clear that the hTERT-HM cells 

and HPMCs possessed unique cAMP kinetic profiles with differing amplitudes, 

reflecting the different levels of cAMP produced following each agonist at the two 

subcellular sites.  

 

Overall, the results of this study suggest that more complex differences between the 

cell line and primary cells exist, beyond the fact that they represent different 

physiological stages (non-pregnant vs. pregnant) and they originate from different 

anatomical regions (fundus vs lower segment) and such differences should be 

considered when interpreting data generated using hTERT-HM cells as a model. 

Given these observations, it was concluded that the hTERT-HM cells were not 

representative of the HMPCs used in this study and as such were not a suitable cell 

model for further investigation of cAMP signalling. 

 

4.5.4 Evidence for cAMP Compartmentalisation in HPMCs and Inter-patient 
Variability Influencing the cAMP Response 
 

The dose response experiments in the HPMCs did however confirm that the 

responses elicited following the new agonist concentrations were similar to the initial 

experiments using different doses, whereby PGE2 consistently generated higher 

cAMP levels at both compartments (Fig.4.21). A possible explanation for this was that 

the cAMP responses produced after the activation of the beta-adrenergic or EP2 
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receptors were differentially modulated by PDEs at each subcellular compartment. It 

is important here to note that during initial experiments, the dose of PGE2 generated 

a near saturating response in the HPMCs and as such IBMX produced minimal or no 

further increases in cAMP (Fig.4.9C&D). However, the lower dose of PGE2 revealed 

that PDEs were also regulating the cAMP response at the cytosol and to a greater 

extent at the plasmalemma than previously observed (Fig.4.25). It was established 

that PDEs controlled the levels of cAMP at each subcellular compartment after 

treatment with both agonists, but the PDE influence was not found to be greater for 

the isoproterenol-generated increases in cAMP, and so does not explain the higher 

FRET-changes observed after PGE2 treatment. These experiments did provide 

further support for the compartmentalisation of cAMP responses in the HPMCs in that 

the cytosolic pools of cAMP generated following isoproterenol were more strongly 

regulated by PDEs than at the plasmalemma, which was the opposite for PGE2-

stimulated cells (Fig.4.25).  

Another key finding in this study was the striking individual patient variability in the 

responses to isoproterenol where significant differences in the FRET-changes were 

observed between patients at both compartments (Fig.4.20A&B). This was not the 

case for PGE2-treated cells, whereby consistently greater cAMP levels were 

generated in each patient, particularly so at the cytoplasm (Fig.4.20C). Following 

isoproterenol though, there was significant disparity in the FRET-changes generated 

at each compartment, with almost no cAMP produced in certain patients to over 80% 

of the maximal response in others (Fig.4.20A&B). It was also apparent that the 

responses to isoproterenol and PGE2 were independent of each other, and both 

agonists differentially affected the two compartments. For example, in patient AV42, 

isoproterenol generated only a 10% FRET-change at the cytosol but over 40% at the 

plasmalemma, but the opposite was the case for a different patient (AV56) generating 

a 70% FRET-change at the cytosol and negligible cAMP levels at the plasmalemma 

(Fig.20A&B). For AV56, over a 40% FRET-change was attained in the cytosol 

following PGE2 and near to 50% at the plasmalemma (Fig.4.20C&D). These findings 

further corroborate the existence of compartmentalisation in the HPMCs. It is also 

possible that interpatient variability may explain the differences in the FRET responses 

to 1 nM isoproterenol between the hTERT-HM cells and HPMCs (Fig.4.10A&C). It is 

conceivable that the single patient selected to generate the hTERT-HM cell line may 
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be a more extreme case [564], similar to AV41 in that the cells generated a substantial 

response to isoproterenol in both the cytosol and at the plasmalemma (Fig.4.20A&B).  

 

Other studies have demonstrated evidence of patient-to-patient variability to 

isoproterenol using human myometrium. Sakakibara et al. evaluated the inhibitory 

effects of different 𝛽2 stimulants as potential tocolytic agents using term pregnant 

human myometrial strips and in contractility studies observed a wide range of inhibitory 

effects of isoproterenol across samples [697]. Radioligand binding assays correlated 

these differences in responses to the 𝛽2 receptor density expressed in the tissue 

[697]. Another study by Story et al. examined the effects of adrenaline, isoproterenol 

and forskolin on contracting term pregnant myometrium and also witnessed variations 

in the inhibitory responses to isoproterenol with 3 out of the 11 tissue samples 

exhibiting little or no effect [698]. The reasons for this insensitivity to isoproterenol in 

some patients were not investigated further but the authors speculated it could be due 

to either the receptor density or their affinity for 𝛽2 agonists, altered coupling of the 

𝛽2-AR with G𝛼S/AC or a reduction in AC activity [698]. One patient included in this 

study was however 31 weeks’ gestation at the time of Caesarean section and the 

study did not specify whether this was one of the unresponsive tissues to 

isoproterenol.  

There is conflicting evidence regarding the expression of the 𝛽2-AR with advancing 

gestation. Early studies investigating radioligand binding found no differences in the 

receptor concentration at different preterm gestations, at term or in labour [699]. 

Whereas Breuiller et al. demonstrated a reduction in the density of the 𝛽1- and 𝛽2-

ARs at term pregnancy [700]. Similarly in rats, a decrease in the mRNA expression of 

the 𝛽2-AR was identified at term with comparable reduced efficacy of isoproterenol on 

term pregnant contracting tissue strips compared to preterm samples [701]. Engstrom 

et al. did not however investigate the protein levels or binding sites of the 𝛽2-AR [701]. 

It was determined in this study that the protein expression of the 𝛽2-AR in the HPMCs 

demonstrated significant variations in the tissue receptor levels (Fig.4.31) and so could 

explain the variations in the responses generated to isoproterenol. One considerable 

limitation of this chapter however was that the mRNA and protein expression levels of 

the 𝛽2-AR could not be correlated to the FRET-responses.  
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The kinetic profiles of the cAMP responses generated in the HPMCs to 1 μM 

isoproterenol and 30 nM PGE2 at each compartment were very similar to those 

observed using the initial agonist doses (1 nM isoproterenol and 1 μM PGE2) 

(Fig.4.22). Of note, the transient responses to PGE2 in the cytosol were again uniquely 

striking with a fast initial increase in cAMP production, followed by a significantly 

undulating curve reaching a lower plateau in most cells (Fig.4.22B). These changes 

were spontaneous and indicated that the PDEs were strongly regulating the cAMP 

responses to PGE2 at the cytosol. These undulant changes were never seen using 

IBMX. For isoproterenol-treated cells, as mentioned the responses varied between 

patients with some responses reaching a peak in FRET-change with no subsequent 

degradation by PDEs, whereas in others a slow transient response was observed 

(Fig.4.22A). The kinetics of the cAMP signals at the plasmalemma varied between 

agonists. The rate of cAMP production and degradation following isoproterenol was 

faster than at the cytosol (Fig.4.22C). This was not the case for PGE2-treated cells, 

where the increase in cAMP levels was much slower at the plasmalemma (Fig.4.22D). 

The regulation of cAMP generated by PGE2 at the plasmalemma was also slower 

compared to isoproterenol-treated cells, but this was similar to the cytosol. Again, the 

differing kinetics of cAMP changes detected in the cytosol and at the plasmalemma 

further confirm the existence of compartmentalised cAMP handling.  

The activity and function of PDEs in pregnancy and labour will be discussed in more 

detail in the next chapter, however, it is recognised that PDE4 levels and specifically 

PDE4B2 and PDE4D, which are the most abundant PDE in the myometrium, increase 

in term pregnancies [561, 613, 614]. Oger et al. investigated the effects of the 

inflammatory response during labour using non-pregnant myometrial cells and 

demonstrated a significant up-regulation in PDE4B2 levels which occurred via a 

PGE2-cAMP dependant pathway [619]. Similarly, Mehats et al. also confirmed that 

PGE2 significantly increased PDE4 activity in a dose dependant manner in term 

pregnant myometrium, in association with an increase in the mRNA levels of PDE4B2, 

PDE4D1 and PDE4D2 short forms and increased PDE4B and PDE4D protein 

expression [625]. These experiments were however conducted at passage 4 to 6. The 

marked PDE regulation of the cAMP signals observed following PGE2 in HPMCs 

further supports the likely strong coupling of PGE2 and PDEs in human myometrial 

cells, particularly so in the cytosol (Fig.4.22B). In HEK-293 cells, Terrin et al. compared 

the cAMP dynamics generated following PGE1 in both the cytosol and at 
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plasmalemma using FRET-based sensors and determined that differing PDE isoforms 

regulated each compartment, with PDE4B primarily degrading the cAMP signals at 

the plasmalemma whilst PDE4D functioned at the cytosol [537]. Multiple cAMP 

gradients in the cell are therefore understood to exist with their regulation dependent 

upon different PDEs acting as ‘sinks’ or diffusional barriers to degrade cAMP pools at 

specific subcellular sites [627].  

As mentioned, the regulation of cAMP by PDEs alone has been questioned due to the 

rapid diffusion of cAMP for which the catalytic activity of PDEs appears to be 

insufficient [539]. More recently, Zhang et al. has identified PKA biomolecular 

condensates which are understood to act as ‘sponges’ for cAMP, shaping cAMP 

gradients and enabling PDEs to regulate the individual pools [540]. Additionally, a 

dynamic buffered diffusion system of cAMP has been elucidated which also facilitates 

the tight regulation of cAMP nanodomains by PDEs [541]. Here, only IBMX, a non-

selective PDE inhibitor, was used and as such individual PDE activity at the two 

compartments cannot be distinguished. This aspect will be investigated in the next 

chapter.  

 

4.5.5 Subculture of the HPMCs Alters the Cell Phenotype  
 

The final objective of this study was to establish whether the HPMCs could be 

expanded and used at later passages to increase the availability of cells for FRET 

imaging experiments. The key findings during these passage experiments confirmed 

that this was not the case. Firstly, there was a striking increase in the responses to 

isoproterenol from p0 to p1 in both compartments but significantly so in the cytosol 

(Fig.4.26A). Comparably higher cAMP levels were generated following isoproterenol 

at subsequent passages. This was not observed in PGE2-treated cells, with similar 

FRET-changes observed at each passage (Fig.4.26C&D). Experiments using IBMX 

confirmed that the likely mechanism responsible for the increased cAMP signals 

following isoproterenol after p0 was the observed reduction in the activity of PDEs with 

passage. A significant decline in the regulation of the cAMP response to isoproterenol 

was observed after p0 (Fig.4.27A). Interestingly, one would expect that if there were 

less PDEs regulating the cAMP pools produced in the cytosol following isoproterenol, 

this should also be the case for PGE2, but it was not. These experiments further 

confirm that there was likely to be compartmentalisation of the different signalling 
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pathways at the two subcellular compartments. The reduction in PDE activity with 

passage was substantiated at an mRNA (Fig.4.28) and protein level for PDE4B, 

although it did not reach significance in the latter (Fig.4.29). There are limited studies 

investigating the effects of subculture on PDE activity. One study was identified from 

1984 which examined PDE activity in cultured ewe myometrial cells but only after the 

9th subculture was there an alteration in PDE activity, which contrastingly increased 

[702]. Given that this study was in sheep myometrial cells and used different culture 

techniques, it is difficult to make direct comparisons. Further, PDE assays were 

performed using cell homogenates to monitor PDE activity in the cells which is not 

comparable to the direct read-out of the real time cAMP signals in response to different 

GPCR agonists using FRET imaging techniques.  

 

An alternative explanation for the larger cAMP signals generated following 

isoproterenol with increasing passage number could be that there was an increase in 

𝛽-AR expression. There were however no changes in the mRNA expression of both 

the 𝛽1-, or 𝛽2-AR (Fig.4.30). Given that the predominant receptor subtype in term 

pregnant myometrium is 𝛽2 [437], the protein levels of the 𝛽2-AR were also examined 

with passage and, interestingly, despite an increase in the FRET response to 

isoproterenol there was a significant reduction in the receptor expression (Fig.4.31). 

The reasons for this decrease are unclear; it is possible that prolonged subculture may 

impair the receptor or cause receptor internalisation. As previously mentioned, a 

reduction in the level of expression of the ER has previously been identified in studies 

comparing cells to their tissue of origin and during cell culture [637, 645]. However, 

the EP2 receptor mRNA and protein levels were unchanged with passage and so this 

seems unlikely (Fig.4.32). 𝛽2-AR desensitisation is a known phenomenon which 

occurs after repeated exposure to agonist stimulation through either a down-regulation 

in the density of receptor, receptor internalisation or uncoupling of the receptor with 

G𝛼S [703-705]. However, the dose and exposure time to isoproterenol did not change 

with passage and as such 𝛽2-AR desensitisation is unlikely. Given that, for whatever 

reason, there is a down-regulation of the 𝛽2-AR, the HPMCs may react with a down-

regulation of the PDEs that regulate the cAMP response following activation of this 

receptor, which however is not precisely calibrated and results in a predominant effect 

of the reduced PDEs over the effect of receptor down-regulation, resulting in higher 
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cAMP levels. This may explain why this effect is observed for isoproterenol and not 

for PGE2 dependent responses. 

 

Subsequent experiments examining specific key SM and labour associated genes 

determined that the majority of these were altered with passage. The only markers 

which remained unchanged at both an mRNA and protein level was connexin-43 

(Fig.4.33) and GAPDH (Fig.4.36). Interestingly, although AKAP79 mRNA increased 

with passage (Fig.4.35A), the protein levels were significantly decreased by p4 

(Fig.4.35B). This inconsistent correlation between the mRNA and protein could be 

attributable to several factors including differential regulation of the AKAP79 transcript 

which subsequently affects the translational efficiency, ribosomal density in the cell or 

the protein half-life itself [706]. OTR mRNA also significantly increased by p4 

(Fig.4.34), however the protein levels could not be detected despite multiple attempts. 

As mentioned earlier, one study has previously investigated the effects of 10 passages 

on HPMCs obtained from term non-labouring women [632]. As with this study, no 

changes in connexin-43 mRNA levels were identified from p1 to p10 [632]. Mosher et 

al. also did not observe any significant differences in the OTR using 

immunocytochemistry techniques between p2 or p5, however, by p10 the cells were 

staining lighter to OTR [632]. They did not investigate OTR mRNA or protein levels 

with passage. Importantly, these findings were not compared to freshly isolated cells 

at p0, which is a limitation of the study. Zaitseva et al. analysed the gene expression 

profiles of freshly cultured HPMCs at p0 and p3 from non-pregnant women and 

compared them to their tissue of origin identifying differences in over 1100 genes 

[636]. This study did not however compare the gene expression profiles at the two cell 

passages.  

 

The significant reduction in PDE4B expression and activity with passage in the cytosol 

suggests that the cAMP pools produced by isoproterenol could be coupled to PDE4B, 

with the possibility for a macromolecular complex existing, which also involves 

AKAP79 and PKA. It is possible that a reduction in AKAP79-dependant PKA signalling 

with passage could result in a disruption to the coupling of the PDE4B-AKAP79 

macromolecular complex with the 𝛽-AR. Despite this, cAMP production was 

increased; this was firstly due to the reduction in PDE activity but secondly it is possible 

that cAMP was acting via Epac1, therefore also increasing OTR expression, as 
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previously identified in the onset of term early labour [43]. Yulia et al. determined that 

in the onset of term labour PKA levels declined but there was also a concomitant 

increase in Epac1, with cAMP subsequently functioning in an Epac-dependent manner 

to increase OTR expression in the myometrium [43]. Recently Kar et al. uncovered a 

new cAMP signalosome in HEK-293 cells at the plasmalemma which encompassed 

AKAP79, calcineurin (a key phosphatase which regulates the NFAT), NFAT (a Ca2+-

dependent TF) and also PDE4 [707]. This cAMP-macromolecular complex was 

identified near to store-operated Ca2+ release-activated Ca2+ channels formed by the 

Orai1 membrane protein and was tethered to AKAP79, which was dependent on PKA 

[707]. Gardner et al. have also identified a protein complex involving AKAP79, PKA 

and the 𝛽1-AR in HEK-293 cells [708]. These signalosomes spatially confine the 

cAMP signal to specific subcellular nanodomains. Further investigation is therefore 

required using HPMCs to determine the existence of local cAMP signalosomes 

involving the 𝛽-AR.  

 

Finally, the expression profiles of key components of the cAMP signalling pathway and 

cAMP responsive genes were examined to ascertain if there were any striking 

differences in the downstream targets between the two activated signalling pathways. 

For the cAMP-responsive up-regulated genes, an increase in trend was seen for 5 out 

of the 6 genes with PGE2 but there were no changes with isoproterenol (Fig.4.37). 

Similarly, no differences were identified in the cAMP down-regulated genes with either 

agonist (Fig.4.38). These limited changes in gene expression are likely due to the use 

of physiologically relevant cAMP agonist doses which target specific signalling 

pathways and thus will not produce similar results to previous findings from Yulia et 

al., where 100 µM forskolin was used [43]. This high forskolin concentration may also 

have resulted in non-specific changes. There were also no significant changes in the 

expression profiles of Gαs, AKAP79, PKAR2α, PKAc-α or Epac1 with either agonist 

(Fig.4.39&4.40). It is possible that a 6-hour duration of treatment was either not 

sufficient to induce any marked changes in gene expression in the HPMCs or that the 

responses to agonist treatment may be transient and had in fact already occurred. At 

a protein level however, both PKAc-α and phospho-CREB (relative to CREB) 

increased with both cAMP agonist treatments, with the latter peaking in expression 

after 15 to 30 minutes and declining thereafter (Fig.4.42).  These additional findings 

further confirmed a SMC phenotype at passage 0. 
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4.6 Chapter Conclusion   
 

This study has presented several important and novel findings concerning cAMP 

signalling events in the human myometrium. The use of targeted FRET reporters has 

uncovered the existence of compartmentalised cAMP signals in both primary 

myometrial cells and hTERT-HM cells. The data provides new insights into the 

subcellular cAMP domains in the human myometrium, including their regulation and 

localisation, which will positively contribute to improving the understanding of the role 

of cAMP in pregnancy.  
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Chapter 5 
 

Myometrial cAMP Pools at the Onset of 
Term Labour and their Regulation by 

PDEs in Pregnancy  
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Chapter 5. Myometrial cAMP Pools at the Onset of Term Labour and their 
Regulation by PDEs in Pregnancy 

 
5.1 Introduction 
 
There are fundamental gaps in the current understanding of the function of myometrial 

cAMP in the maintenance of pregnancy and onset of human labour. An intricate cyclic 

nucleotide signalling system has been characterised with the onset of labour, whereby 

the cAMP effector system switches, so that during pregnancy cAMP acts via PKA and 

with the onset of labour, it acts via Epac to create a relaxed or contractile myometrial 

phenotype, respectively. As previously discussed, during pregnancy cAMP promotes 

uterine quiescence in a PKA-dependant manner [14, 44, 85]. With the onset of term 

labour however, individual changes in the cAMP signalling components ensues. Gαs 

and Gαs-coupled AC activity has been identified to decrease, in association with a 

reduction in cAMP/PKA, AKAP79 and CREB expression [28, 43, 44, 573]. A 

consequent increase in the cAMP/Epac1 pathway has been found to promote OTR 

expression, thus stimulating the SM contractile mechanisms [43].  

 

Another cellular process which enhances the pro-relaxant effects of cAMP/PKA during 

pregnancy is the suppression of PDE activity, which is understood to occur as a result 

of the high levels of circulating progesterone [560, 574]. Selective PDE4 inhibitors 

alone and in combination with different 𝛽2-agonists inhibit spontaneous and oxytocin-

induced myometrial contractions, whilst also demonstrating anti-inflammatory 

properties dampening inflammation-induced PTL in mice [616-618, 709-711]. 

Similarly, the selective PDE4 inhibitor rolipram has shown to effectively delay 

parturition in inflammation-induced mouse models using LPS treatment [617]. These 

effects were confirmed in pregnant myometrial explants, whereby rolipram inhibited 

LPS-induced TNF𝛼 expression in a concentration-dependant effect [618]. Their 

therapeutic use as potential tocolytics has been restricted however due to the 

significant side effects experienced by women included in the trials, particularly when 

PDE inhibitors were used in combination with 𝛽2-agonists [411, 618]. As mentioned, 

rolipram induces myometrial relaxation but interestingly it’s effects were found to 

predominately occur via a PKA-independent pathway [712]. In fact, Lai et al. detected 

relatively low levels of PKA activity despite increased cAMP levels during rolipram 
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treatment of term pregnant contracting myometrial tissue strips [712]. This study 

emphasised however that the cAMP concentrations and PKA activity were measured 

from whole tissue and as such cannot discriminate between localised intracellular 

cAMP compartments [712]. Multi-protein PKA-AKAP signalling complexes have been 

identified in other cell types at sites close to GPCRs [6]. Individual PDEs or subsets of 

PDEs were recognised to control these spatially confined pools of cAMP and to 

determine the activity of PKA as a result [713]. Bock et al. confirmed this recently by 

fusing an individual PDE, PDE4A1 to a PKA FRET-based sensor AKAR4, completely 

inhibiting PKA activity in HEK-293 cells treated with isoproterenol [541]. As discussed, 

a novel model for a buffered diffusion system has been elucidated in HEK-293 cells, 

whereby the majority of cAMP in the cell is bound at resting conditions and as such its 

cellular diffusion is considerably slow [541]. Following receptor stimulation however, 

cAMP production occurs resulting in the progressive saturation of the available binding 

sites and eventually free cAMP increases but only to levels which can be strictly 

regulated in PDE-controlled nanodomains due to this dynamic buffering capacity of 

the cell [541]. As such, these low-level cAMP pools are understood to be below the 

activation threshold of PKA [541]. However, once cAMP levels saturate all the 

available binding sites, these domains decrease in size and cAMP will inevitably flood 

into other compartments leading to PKA activation [541]. This notion of a buffered 

diffusion system has been supported by the recent detection of PKA biomolecular 

condensates which also recruit cAMP, thus augmenting the buffering capacity of the 

cell [540].  

 

In the previous chapter, activation of the 𝛽2-AR and PG receptor stimulated cAMP 

production via a G𝛼s/AC pathway in term non-pregnant myometrium. This was in 

association with other studies detailing the fundamental involvement of these GPCRs 

in cAMP signalling and myometrial relaxation [73, 685, 714, 715]. Their role in the 

onset of labour has also been found to be equally influential in the transition to uterine 

contractility. Significant differences in the expression and localisation of the 𝛽2-AR 

have been identified between term pregnant non-labouring and labouring myometrial 

tissue [694]. Similarly, a fundamental switch in EP receptor isoform expression in 

labour has been recognised which subsequently activates an alternative G-protein 

signalling pathway thus promoting uterine contractility [685]. However, there are no 
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studies to date which demonstrate the real-time cAMP changes following 𝛽2-AR or 

EP receptor simulation in pregnancy or labour.  

Of the 11 known PDE isoforms, PDE families I-V have been detected in term pregnant 

myometrium to date [613]. PDE types 1-3 are known to exhibit dual specificity, 

metabolising both cGMP and cAMP [716, 717]. PDE5, 6 and 9 are cGMP-specific and 

PDE4, 7 and 8 degrade cAMP only [718]. In the human myometrium, PDE3 and PDE4 

are the most abundantly expressed PDEs in term pregnancy [613]. The mRNA and 

protein levels of PDE4B and PDE4D short form variants were found to be upregulated 

by different cAMP agonists and PGE2 in HPMCs obtained from non-pregnant and 

pregnant women at term [625, 719]. Specifically, PDE4B2 mRNA expression was 

found to be most highly expressed at advancing gestations compared to non-pregnant 

myometrium [561, 614]. Data are sparse on the expression of other cAMP-specific 

PDEs such as PDE7 and PDE8. Similarly, the subcellular localisation of PDEs in 

regulating the cAMP signals is not currently defined in the human myometrium during 

pregnancy or labour.  

 

In the previous chapter, stimulation of the 𝛽2-AR or EP2 receptors produced 

independent pools of cAMP in the cytoplasm and plasmalemma of HPMCs from term 

pregnant myometrium. These cAMP pools were found to be spatially regulated by 

PDEs which differentially affected the two subcellular compartments. This chapter 

aims to define how these cAMP signals and their regulation by PDEs are altered by 

the process of labour. In addition, the contribution of individual PDEs will be 

investigated in human pregnancy, including the novel PDEs, 7 and 8, which have 

previously not been recognised to be expressed in the human myometrium. Finally, 

the ability of specific PDE families to regulate the cAMP pools generated by 

isoproterenol or PGE2 will be established. In defining the localisation of cAMP in 

pregnancy, the regulatory mechanisms and how these change in labour may help 

identify individual signalling domains which can potentially be targeted therapeutically 

to effectively delay the labour process.   
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5.2 Aims 
 
The main aims of this chapter were as follows: 

 

1. To define the expression and sub-cellular activity of individual PDEs in term 

pregnancy.  

2. To investigate the relative contribution of specific PDEs in the hydrolysis of 

cAMP produced by 𝛽2 or PGE2 agonists in term pregnancy.  

3. To dissect how the local organisation of myometrial cAMP compartments 

triggered by 𝛽2 or PGE2 agonists change at the onset of term early labour. 
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5.3 Results  
 
5.3.1 Part 1: PDE Expression and Activity in TNL HPMCs 
 

To assess total PDE activity and to establish in which subcellular compartment the 

PDEs predominantly operate in term pregnancy, IBMX was applied to TNL HPMCs 

without a prior agonist. The FRET-changes generated were found to be similar 

between the two compartments with no significant differences observed (Fig.5.1). At 

the cytosol, a 27.5 ± 4.9% (SEM, n=9) mean FRET-change was seen compared to 

31.7 ± 4.9% (SEM, n=5) at the plasmalemma (Fig.5.1).  

 
Figure 5. 1: Overall PDE activity and localisation in the cytosol and plasmalemma in TNL HPMCs.  
Mean pooled FRET-responses to IBMX (100 μM) in TNL HPMCs expressing either EpacS-H187 (blue left, average of n=3-12 cells 

per patient, 9 patients) or AKAP79-CUTie sensor (pink right, average of n=3-6 cells per patient, 5 patients). Data expressed as 

mean; error bars represent SEM; Normality was tested using Kolmogorov-Smirnov test followed by an unpaired t-test. 2-3 

replicates per patient. 

 

Following this, the key cAMP-specific and dual cAMP/cGMP PDEs were examined at 

an mRNA level to determine their relative levels in term pregnancy. The mRNA of the 

isoforms of PDE3, PDE4A, 4B and 4C were the highest (Fig.5.2). Interestingly, PDE7 

and 8, which are cAMP-specific PDEs were also identified in the human myometrium 

at term (Fig.5.2).   
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Figure 5. 2: mRNA expression of individual PDE isoforms in TNL HPMCs. 
Frozen TNL myometrial tissue samples were subjected to bead-based homogenisation for RNA extraction. cDNA conversion and 

qPCR were conducted for PDE2A, 3A, 3B, 4A, 4B, 4C, 4D, 7A, 7B, 8A, and 8B. Data normalised to GAPDH and expressed as 

mean; error bars represent SEM; n=7. 

 

Experiments were performed to determine the individual activity and localisation of 

each PDE in term pregnancy. Specific PDE-inhibitors for PDE 2, 3, 4, 7 and 8 were 

applied to TNL HPMCs, with no prior agonist, expressing either the cytosolic or 

plasmalemma sensor (Table 5.1). The following inhibitors were used at the respective 

doses for each PDE listed: 

 

 

PDE subtype 

 

 

Inhibitor 

 

Dose 

PDE2 Bay 60-7550 100 nM 

PDE3 Cilostamide 10 µM 

PDE4 Rolipram 10 µM 

PDE7 BRL-50481 30 µM 

PDE8 PF-04957325 10 µM 

 
Table 5. 1: Individual PDE inhibitors and doses applied in HPMCs.  
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The doses used were subject to the manufactures recommendations and following 

successful dose response studies conducted previously in neonatal mouse cardiac 

myocytes. 

 

PDE4B has previously been identified in the literature as the most abundant PDE in 

term pregnancy with its activity highest at advancing gestations [561, 613, 614]. 

Rolipram, a specific PDE4 inhibitor, was applied to the TNL HPMCs with no prior 

agonist (Fig.5.3).  

 
Figure 5. 3: Rolipram activity and localisation in the cytoplasm and plasmalemma in TNL HPMCs.  
Mean pooled FRET-responses to rolipram (10 μM) in TNL HPMCs expressing either EpacS-H187 (blue left, average of n=3 cells 

per patient, 7 patients) or AKAP79-CUTie sensor (pink right, average of n=3 cells per patient, 6 patients). Data expressed as 

mean; error bars represent SEM; Normality was tested using Kolmogorov-Smirnov test followed by an unpaired t-test. 2-3 

replicates per patient.  
 

Although there was no significant difference between the two compartments, the 

majority of patients generated a lower FRET-change in the cytosol following rolipram 

compared to the plasmalemma, with only 1 patient producing a higher cAMP 

response. A mean FRET-change of 9.0 ± 4.7% (SEM, n=7) was generated in the 

cytosol compared to 14.6 ± 4.2% (SEM, n=6) at the plasmalemma (Fig.5.3).  

 

Each of the other individual PDE inhibitors were applied to TNL HPMCs and their 

activity was compared at each compartment (Fig.5.4).  
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Figure 5. 4: Activity and localisation of the individual PDEs vs. IBMX in the cytoplasm and 
plasmalemma in TNL HPMCs.  
Mean pooled FRET-responses to either Bay (100 nM) (n=6 H187, n=3 AKAP79), Cilostamide (10 μM) (n=6 H187, n=4 AKAP79), 

Rolipram (10 μM) (n=7 H187, n=6 AKAP79), BRL-50481 (30 μM) (n=4 H187, n=3 AKAP79), PF-04957325 (10 μM) (n=4 H187, 

n=6 AKAP7) or IBMX (100 μM) (n=9 H187, n=5 AKAP79) in TNL HPMCs expressing either EpacS-H187 (A) or AKAP79-CUTie 

(B) sensor. Data expressed as mean; error bars represent SEM; Normality was tested using Kolmogorov-Smirnov or Shapiro-

Wilk test followed by a Kruskal-Wallis multiple comparisons test. 2-3 replicates per patient. 

 

At the cytosol, PDE2 and PDE4 were observed to be the most predominant PDEs 

producing a 24.9 ± 11.5% (SEM, n=6) and 9.0 % ± 4.7% (SEM, n=7) FRET-change 

respectively (Fig.5.4A) compared to 27.5 ± 4.9% following IBMX (SEM, n=9). Whilst 

inhibition of PDE 3, 7 and 8 generated lower levels of cAMP with mean FRET-changes 

of 5.6 ± 2.3% (SEM, n=6), 5.3 ± 4.0% (SEM, n=4) and 7.4 ± 4.1 % (SEM, n=4) 

(Fig.5.4A). PDE activity was found to be increased for 4 out of the 5 individual PDEs 

at the plasmalemma specifically PDE3, PDE4, PDE7 and PDE8 (Fig.5.4B). However, 

for PDE 3 and 7, the patient numbers were too low to draw firm conclusions.  

 

The FRET-changes attained following each individual PDE inhibitor applied to the 

cytosol and plasmalemma are shown in Table 5.2 and displayed in Figure 5.5.  
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PDEs 

 
Mean FRET-change (%) 

Cytosol (± SEM) 
 

 
Mean FRET-change (%) 
Plasmalemma (± SEM) 

PDE2 24.9 (11.5) 6.3 (3.4) 

PDE3 5.6 (2.3) 27.6 (21.9) 

PDE4 9.0 (4.7) 23.5 (9.6) 

PDE7 5.3 (4.0) 12.3 (10.6) 

PDE8 7.4 (4.1) 17 (10.5) 

IBMX 27.5 (4.9) 31.7 (9.3) 

 
Table 5. 2: Mean FRET-changes observed following each PDE inhibitor in the cytosol vs. 
plasmalemma. 

 

 
Figure 5. 5: Activity and localisation of each individual PDE in the cytoplasm vs. plasmalemma 
in TNL HPMCs using specific PDE inhibitors.  
Mean pooled FRET-responses to either Bay (100 nM) (n=6 H187, n=3 AKAP79), Cilostamide (10 μM) (n=6 H187, n=4 AKAP79), 

Rolipram (10 μM) (n=7 H187, n=6 AKAP79), BRL-50481 (30 μM) (n=4 H187, n=3 AKAP79) or PF-04957325 (10 μM) (n=4 H187, 

n=6 AKAP7) in TNL HPMCs expressing either EpacS-H187 (A) or AKAP79-CUTie (B) sensor. Data expressed as mean; error bars 

represent SEM; Normality was tested using Kolmogorov-Smirnov or Shapiro-Wilk test followed by an unpaired t-test. 2-3 

replicates per patient. 
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Further experiments were performed applying IBMX to the HPMCs after each specific 

PDE inhibitor to determine whether other PDEs were also active in the cytoplasm 

(Fig.5.6) and plasmalemma (Fig.5.7). 

 

 
Figure 5. 6: Activity of the individual PDEs plus IBMX in the cytoplasm in TNL HPMCs.  
Mean pooled FRET-responses to either Bay (100 nM) (n=6) (A), Cilostamide (10 μM) (n=6/5) (B), Rolipram (10 μM) (n=7/4) (C), 

BRL-50481 (30 μM) (n=4) (D), or PF-04957325 (10 μM) (n=4) (E) vs. IBMX (100 μM) in TNL HPMCs expressing the EpacS-H187 

sensor. Data expressed as mean; error bars represent SEM; Normality was tested using Kolmogorov-Smirnov test followed by a 

paired t-test for normally distributed data or a Wilcoxon matched pairs test for not normally distributed data, *=0.05<p<0.01, 

**=0.01<p<0.001, ***=0.001<p<0.0001, ****=p<0.0001. 2-3 replicates per patient. 
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Figure 5. 7: Activity of the individual PDEs plus IBMX in the plasmalemma in TNL HPMCs.  
Mean pooled FRET-responses to either Bay (100 nM) (n=3) (A), Cilostamide (10 μM) (n=4) (B), Rolipram (10 μM) (n=6/5) (C), 

BRL-50481 (30 μM) (n=3) (D), or PF-04957325 (10 μM) (n=6/5) (E) vs. IBMX (100 μM) in TNL HPMCs expressing the AKAP79-

CUTie sensor. Data expressed as mean; error bars represent SEM; Normality was tested using Kolmogorov-Smirnov test 

followed by a paired t-test for normally distributed data or a Wilcoxon matched pairs test for not normally distributed data, 

*=0.05<p<0.01, **=0.01<p<0.001, ***=0.001<p<0.0001, ****=p<0.0001. 2-3 replicates per patient. 

 

For each of the individual PDEs including PDE4, it was apparent that other PDEs were 

present at both compartments and actively hydrolysing cAMP in TNL HPMCs 

(Fig.5.6&5.7). The difference was however only significant for PDE2 in the cytosol and 

plasmalemma (Fig.5.6A&5.7A) and for PDE3 in the cytosol (Fig.5.6B), while the 

differences for both PDE4 and PDE8 at the plasmalemma were close to significance 

(both p=0.06; Fig.5.7C&E). 

 
5.3.2 Part 2: The Relative Contribution of Individual PDEs in the Hydrolysis of 

cAMP Following the Activation of the 𝜷2-AR or EP2 Receptor in Term 

Pregnancy. 
  

Preliminary experiments were performed to investigate the involvement of individual 

PDEs in the regulation of the cAMP response following isoproterenol or PGE2. PDE 

2, 4 and 8 were chosen due to the limitations on sample numbers. 
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First, the individual PDE inhibitors were applied to the HPMCs separately with no prior 

agonist. The mean FRET-changes are presented in the first bar of each graph below 

to demonstrate the basal activity of each PDE. Separate experiments were then 

conducted applying isoproterenol or PGE2 to the HPMCs initially. Once a stable 

baseline was achieved following agonist stimulation, Bay, Rolipram or PF-049 were 

added to the cell/s.  

 

In order to demonstrate the involvement of each PDE in the hydrolysis of cAMP 

generated following isoproterenol or PGE2, the initial agonist response was subtracted 

from the cAMP responses attained after the respective PDE inhibitor. The agonist 

response is therefore not included in the second or third bar in the graphs below.  

 

 
Figure 5. 8: Involvement of individual PDEs in regulating the cAMP response generated by 
isoproterenol and PGE2 in the cytoplasm and plasmalemma in TNL HPMCs.  
Mean pooled FRET responses to bay, rolipram or PF049 vs. the responses to Bay, rolipram or PF049 following pre-stimulation 

with isoproterenol (1 μM) or PGE2 (30 nM) in TNL HPMCs expressing the EpacS-H187 or AKAP79-CUTie sensor. Bay (n=6) vs. 

bay after pre-stimulation with isoproterenol (n=4) or PGE2 (n=3) (A), rolipram (n=8) vs. rolipram after pre-stimulation with 

isoproterenol (n=5) or PGE2 (n=5) (B), PF049 (n=4) vs. PF049 after pre-stimulation with isoproterenol (n=5) or PGE2 (n=5) (C) 

in TNL HPMCs expressing the EpacS-H187 sensor. Bay (n=3) vs. bay after pre-stimulation with isoproterenol (n=4) or PGE2 (n=3) 

(D), rolipram (n=7) vs. rolipram after pre-stimulation with isoproterenol (n=5) or PGE2 (n=5) (E), PF049 (n=6) vs. PF049 after 

pre-stimulation with isoproterenol (n=3) or PGE2 (n=5) (F) in TNL HPMCs expressing the AKAP79-CUTie sensor. Data expressed 

as mean; error bars represent SEM; Normality was tested using Kolmogorov-Smirnov or Shapiro-Wilk test followed by a Kruskal 

Wallis test. 2-3 replicates per patient. 
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Following isoproterenol stimulation at the cytosol, PDE2, 4 and 8 were only marginally 

inhibiting the cAMP response with FRET-change increases of 15.1 ± 2.3% (n=4, SEM) 

12 ± 5.5% (n=5, SEM) and 11.7 ± 6.8% (n=5, SEM) respectively (Fig.5.8A, B&C). 

Interestingly, the activity of PDE2 following isoproterenol was slightly lower than in 

comparison to basal levels but this was not significant (Fig.5.8A). PDE8 activity 

marginally increased in comparison to basal levels, with an 11.7 ± 6.8% (n=5, SEM) 

mean FRET-change increase with prior isoproterenol stimulation compared to a basal 

level of 7.4 ± 4.1% (n=4, SEM) (Fig.5.8C). However, this was not significant.   

  

At the cytosol of PGE2-treated cells, PDE2 was observed to be regulating the cAMP 

response to a marginally higher extent than after isoproterenol (Fig.5.8A). However, 

the patient numbers were too small with large differences in the patient responses for 

any conclusion to be made. A significant increase in cAMP was however generated in 

PGE2-treated cells following PDE4 inhibition, with a 48.8 ± 8.8% (n=5, SEM) mean 

FRET-change compared to 9.0 ± 4.7% (n=7, SEM) at basal or 12 ± 5.5 % (n=5, SEM) 

following isoproterenol (Fig.5.8B). Finally, it was apparent that PDE8 was not 

contributing to the hydrolysis of cAMP generated following PGE2 at the cytosol. There 

was only an average FRET-change of 1.0 ± 0.6% (n=5, SEM) compared to 7.4 ± 4.1 

% (n=4, SEM) at basal or 11.7 ± 6.8% (n=5, SEM) following isoproterenol (Fig.5.8C).  

 

At the plasmalemma, the activity of PDE2, 4 and 8 following each agonist was 

comparable to basal levels (Fig.5.8D, E&F). Bay produced a mean FRET-change of 

11.5 ± 8.1% (n=4, SEM) following isoproterenol and 9.1 ± 5.1% (n=3, SEM) after PGE2 

compared to 6.2 ± 3.4% (n=3, SEM) with no prior agonist (Fig.5.8D). However, patient 

numbers were low and so further experiments are needed to substantiate these 

findings. Rolipram generated a 16.7 ± 8.9% (n=5, SEM) FRET-change following 

isoproterenol and 16 ± 8.7% (n=5, SEM) for PGE2-treated cells compared to a basal 

response of 14.6% ± 4.2% (n=5, SEM) (Fig.5.8E). This was similar for PDE8 inhibition, 

whereby a 10.6 ± 6.0% (n=3, SEM) mean increase in cAMP was observed in 

isoproterenol-treated cells and 14.8 ± 5.9% (n=5, SEM) after PGE2 stimulation 

compared to basal levels of 17.0 ± 10.5% (n=6, SEM) (Fig.5.8F).  

 

Figures 5.9 and 5.10 alternatively demonstrate the contribution of PDE2, 4 and 8 at 

the two compartments in regulating each agonist. The basal PDE levels are not shown.   
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Figure 5. 9: Contribution of individual PDEs in regulating the cAMP response generated by 
isoproterenol and PGE2 in the cytoplasm and plasmalemma in TNL HPMCs.  
Mean pooled FRET-responses to bay, rolipram or PF049 following pre-stimulation with isoproterenol (1 μM) (A) or PGE2 (30 nM) 

(B) in TNL HPMCs expressing the EpacS-H187 sensor. Mean pooled FRET-responses to bay, rolipram or PF049 following pre-

stimulation with isoproterenol (1 μM) (C) or PGE2 (30 nM) (D) in TNL HPMCs expressing the AKAP79-CUTie sensor. Data 

expressed as mean; error bars represent SEM; Normality was tested using Kolmogorov-Smirnov or Shapiro-Wilk test followed 

by a Kruskal Wallis test followed by an unpaired t-test, *=0.05<p<0.01, **=0.01<p<0.001, ***=0.001<p<0.0001, ****=p<0.0001. 

2-3 replicates per patient. 
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Figure 5. 10: Involvement of individual PDEs in regulating the cAMP response generated by 
isoproterenol and PGE2 in the cytoplasm vs. plasmalemma in TNL HPMCs.  
Mean pooled FRET-responses following pre-stimulation with isoproterenol (1 μM) to bay (A), rolipram (B) or PF049 (C) in TNL 

HPMCs expressing the EpacS-H187 vs. AKAP79-CUTie sensor. Mean pooled FRET-responses following pre-stimulation with 

PGE2 (30 nM) to bay (D), rolipram (E) or PF049 (F) in TNL HPMCs expressing the EpacS-H187 vs. AKAP79-CUTie sensor. Data 

expressed as mean; error bars represent SEM; Normality was tested using Kolmogorov-Smirnov or Shapiro-Wilk test followed 

by an unpaired t-test for normally distributed data or for not normally distributed data a Mann-Whitney test, *=0.05<p<0.01, 

**=0.01<p<0.001, ***=0.001<p<0.0001, ****=p<0.0001. 2-3 replicates per patient. 

 

For isoproterenol-treated cells, there were no significant differences in the localisation 

or contribution of PDE2, 4 or 8 (Fig.5.10A, B&C) in either compartment. Conversely 

following PGE2 stimulation, there were clear differences in PDE localisation and 

regulation of the cAMP response. The activity of PDE2 after PGE2 was found to be 

higher in the cytosol compared to the plasmalemma (Fig.5.10D). For PDE4 and 8 

however, PDE4 was found to be primarily acting in the cytosol to degrade cAMP 

whereas for PDE8 the opposite was seen whereby it was solely acting at the 

plasmalemma (Fig.5.10E&F). Larger studies are however needed to confirm these 

findings.  
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5.3.3 Part 3: Changes in cAMP Pools and Receptor Expression in the Onset of 
Term Labour 
 

HPMCs were isolated from term early labour (TEaL) myometrial tissue samples 

following the same protocol used for TNL HPMCs which is outlined in the Materials & 

Methods. The TEaL HPMCs were infected with either the EPAC-SH187 or AKAP79-

CUTie sensors at equivocal virus concentrations. Identical FRET experiments were 

performed whereby the TEaL HPMCs were stimulated with either 1 µM isoproterenol 

or 30 nM PGE2. 

 

5.3.3.1 cAMP Compartments Generated in TEaL HPMCs and their Regulation 
by PDEs 
 

The cAMP pools generated following isoproterenol were relatively small in both 

compartments in the TEaL HPMCs. There was an 8.9 ± 3.8% mean FRET-change at 

the cytosol, whilst only a marginally higher mean increase of 14.2 ± 5.6% was 

observed at the plasmalemma (Fig.5.11A). Conversely for PGE2 treated cells, a 

higher mean FRET-change of 67 ± 6.7% was detected in the cytosol compared to a 

significantly lower amount of cAMP generated at the plasmalemma where only a 23.6 

± 5.4% mean FRET-change was attained (Fig.5.11B).  

 

 
Figure 5. 11: cAMP production in the cytoplasm and plasmalemma following isoproterenol or 
PGE2 in TEaL HPMCs. 
Mean pooled FRET-responses to isoproterenol (1 μM) in TEaL HPMCs expressing either Epac-SH187 (blue left, average of n=3-

9 cells per patient, 6 patients) or AKAP79-CUTie (pink right, average of n=3-5 cells per patient, 4 patients) (A). Mean pooled 

FRET-responses to PGE2 (30 nM) in TEaL HPMCs expressing either Epac-SH187 (blue left, average of n=3-7 cells per patient, 6 
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patients) or AKAP79-CUTie sensor (pink right, average of n=3-9 cells per patient, 6 patients) (B). Data expressed as mean; error 

bars represent SEM; Normality was tested using Kolmogorov-Smirnov test followed by an unpaired t-test, *=0.05<p<0.01, 

**=0.01<p<0.001, ***=0.001<p<0.0001, ****=p<0.0001. 2-3 replicates per patient. 

 

The regulation of the cAMP response by PDEs was investigated following 

isoproterenol or PGE2 in TEaL HMPCs. As shown in Figure 5.12, IBMX was applied 

to the cells after each agonist and the FRET-change differences were recorded. When 

the response to PDE inhibition was calculated excluding the initial response to the 

agonist, PDEs were found to be significantly impeding the cAMP levels produced in 

both compartments by isoproterenol, predominantly acting in the cytosol with a 45.1% 

FRET-change increase on IBMX application compared to a 26.5% increase at the 

plasmalemma (Fig.5.12A&C). The opposite was seen for PGE2-treated cells whereby 

PDEs were preferentially regulating the plasmalemma with a 33.5% FRET-change 

increase compared to 19.6% at the cytosol (Fig.5.12B&D).  
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Figure 5. 12: Regulation of the cAMP response by PDEs in the cytoplasm and plasmalemma 
following isoproterenol or PGE2 in TEaL HPMCs.  
Mean pooled FRET-responses to isoproterenol (1 μM) vs. isoproterenol (1 µM) plus IBMX (100 µM) in TEaL HPMCs expressing 

either Epac-SH187 (blue left, average of n=3-9 cells per patient, 6 patients) (A) or AKAP79-CUTie (pink right, average of n=3-5 

cells per patient, 4 patients) (C). Pooled FRET-responses to PGE2 (30 nM) vs. PGE2 (30 nM) plus IBMX (100 µM) in TEaL 

HPMCs expressing either Epac-SH187 (blue left, average of n=3-7 cells per patient, 6 patients) (B) or AKAP79-CUTie sensor (pink 

right, average of n=3-9 cells per patient, 6 patients) (D). Data expressed as mean; error bars represent SEM; Normality was 

tested using Kolmogorov-Smirnov test followed by a paired t-test, *=0.05<p<0.01, **=0.01<p<0.001, ***=0.001<p<0.0001, 

****=p<0.0001. 2-3 replicates per patient. 

 

5.3.3.2 Changes in cAMP Compartments in the Onset of Term Labour 
 

In order to ascertain whether the cAMP pools generated by the two agonists at each 

compartment were altered in the onset of term early labour, a comparison was made 

to the findings in Chapter 4 from the TNL HPMCs where 1 µM isoproterenol or 30 nM 

PGE2 was also used in comparable experiments (Fig.4.21). 
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Figure 5. 13: Comparison of the cAMP signals in the cytoplasm and plasmalemma following 
isoproterenol or PGE2 in TNL vs. TEaL HPMCs.  
Mean pooled FRET-responses to isoproterenol (1 μM) in TNL vs. TEaL HPMCs expressing either Epac-SH187 (blue left, average 

of n=3-9 cells per patient, 6 patients) (A) or AKAP79-CUTie (pink right, average of n=3-5 cells per patient, 4 patients) (C). Mean 

pooled FRET-responses to PGE2 (30 nM) in TNL vs. TEaL HPMCs expressing either Epac-SH187 (blue left, average of n=3-7 

cells per patient, 6 patients) (B) or AKAP79-CUTie sensor (pink right, average of n=3-9 cells per patient, 6 patients) (D). Data 

expressed as mean; error bars represent SEM; Normality was tested using Shapiro-Wilk test followed by an unpaired t-test, 

*=0.05<p<0.01, **=0.01<p<0.001, ***=0.001<p<0.0001, ****=p<0.0001. 2-3 replicates per patient. 

 

For TEaL HPMCs, a relative decrease in the amount of cAMP produced at each 

compartment by isoproterenol was observed in comparison to TNL (Fig.5.13). At the 

plasmalemma, a mean FRET-change of 14.2 ± 5.6% was seen compared to 21.3 ± 

5.3% in TNL HMPCs (Fig.5.13C). This reduction in response to isoproterenol was 

more marked in the cytosol whereby only an 8.9 ± 3.8% FRET-change was detected 

in TEaL cells compared to 28.8 ± 6.7% in TNL (Fig.5.13A).  

 

For PGE2 treated cells, there was no difference between the cytosolic compartment 

in TNL and TEaL HPMCs with largely comparable cAMP levels (Fig.5.13B). At the 
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plasmalemma however, a significantly lower amount of cAMP was produced by PGE2 

in TEaL HPMCs, with a FRET-change of only 23.6 ± 5.4% compared to 53 ± 6.1% in 

TNL (Fig.5.13D). 

 

To investigate these differences in the responses to each agonist between TNL and 

TEaL HPMCs, the mRNA and protein expression levels of the ß2 adrenoreceptor, EP2 

receptor and PDE4B subtype were examined.  

 

5.3.3.3 ß2 and EP2 Receptor Expression in the Onset of Term Labour 
 

For the ß2 receptor, the mRNA levels decreased in early labour (p<0.01; Fig.5.14A). 

There was also a non-significant decrease in the ß2 receptor protein levels 

(Fig.5.14B).  

 
Figure 5. 14: ß2 adrenoreceptor mRNA and protein levels in TNL vs. TEaL HPMCs. 
Frozen TNL and TEaL myometrial tissue samples were subjected to bead-based homogenisation for RNA and protein extraction. 

cDNA conversion and qPCR were conducted for (A) ADRB2 and protein was quantified using western blotting for (B) ß2 AR with 

representative blot (C). Data normalised to GAPDH and expressed as mean; error bars represent SEM; Normality was tested 

using Kolmogorov-Smirnov test. Data were analysed using an unpaired t-test, *=0.05<p<0.01, **=0.01<p<0.001, 

***=0.001<p<0.0001, ****=p<0.0001. mRNA TNL [n=11], TEaL [n=6]; protein TNL [n=9]; protein TEaL [n=6].  
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A similar decline was observed for the EP2 receptor in both mRNA and protein levels, 

reaching significance for the EP2 protein level (p<0.05; Fig.5.15A&B).  

 

 
Figure 5. 15: EP2 receptor mRNA and protein levels in TNL vs. TEaL HPMCs. 
Frozen TNL and TEaL myometrial tissue samples were subjected to bead-based homogenisation for RNA and protein extraction. 

cDNA conversion and qPCR were conducted for (A) PTGER2 and protein was quantified using western blotting for (B) EP2 Rc 

with representative blot (C). Data normalised to GAPDH and expressed as mean; error bars represent SEM; Normality was tested 

using Kolmogorov-Smirnov test. Data were analysed using an unpaired t-test, *=0.05<p<0.01, **=0.01<p<0.001, 

***=0.001<p<0.0001, ****=p<0.0001. mRNA TNL [n=11], TEaL [n=6]; protein TNL [n=9]; protein TEaL [n=6].  

 

The mRNA levels of the four subtypes of the EP receptor were investigated to 

determine their expression in the onset of labour. In accordance with the literature, 

EP2 and 4 mRNA levels were reduced in TEaL compared to TNL HPMCs, significantly 

for EP4 (p<0.01; Fig.5.16B&D). The EP1 receptor subtype mRNA level was also found 

to significantly decrease in TEaL (p<0.05; Fig.5.16A), whereas there was a significant 

increase in EP3 receptor expression compared to TNL (p<0.01; Fig.5.16C).   
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Figure 5. 16: PGE2 receptor subtypes EP1-4 mRNA levels in TNL vs. TEaL HPMCs. 
Frozen TNL and TEaL myometrial tissue samples were subjected to bead-based homogenisation for RNA extraction. cDNA 

conversion and qPCR were conducted for (A) PTGER1 (B) PTGER2 (C) PTGER3 (D) PTGER4. Data normalised to GAPDH and 

expressed as mean; error bars represent SEM; Normality was tested using Kolmogorov-Smirnov test. Data were analysed using 

an unpaired t-test, *=0.05<p<0.01, **=0.01<p<0.001, ***=0.001<p<0.0001, ****=p<0.0001. mRNA TNL [n=11], TEaL [n=6]; 

protein TNL [n=9]; protein TEaL [n=6].  

 

5.3.3.4 PDE4B Regulation of the cAMP Pools in the Onset of Term Labour 
 

Given the FRET-data demonstrating the regulation of the cAMP response by PDEs at 

both compartments following each agonist, the mRNA and protein expression levels 

of PDE4B were investigated to determine whether the reduction in agonist response 

in early labour was also attributable to an increase in PDE activity.   

 

There were no differences in PDE4B at an mRNA or protein level in TEaL compared 

to no labour samples. An increasing trend was observed in the mRNA levels although 

this did not reach significance (Fig.5.17A) but there was no change in protein levels 

(Fig.5.17B).   
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Figure 5. 17: PDE4B mRNA and protein levels in TNL vs. TEaL HPMCs. 
Frozen TNL and TEaL myometrial tissue samples were subjected to bead-based homogenisation for RNA and protein extraction. 

cDNA conversion and qPCR were conducted for (A) PDE4B and protein was quantified using western blotting for (B) PDE4B 

with representative blot (C). Data normalised to GAPDH and expressed as mean; error bars represent SEM; Normality was tested 

using Kolmogorov-Smirnov test. Data were analysed using an unpaired t-test. mRNA TNL [n=12], TEaL [n=6]; protein TNL [n=9]; 

protein TEaL [n=6].  

 

5.3.3.5 Expression of cAMP Effectors and AKAP79 in Term Early Labour in 
Association with OTR Levels 
 

It has previously been reported that at term there is a decline in PKAR2𝛼 levels with 

an associated increase in Epac1 contributing to an up-regulation in OTR expression, 

thus promoting labour onset [43]. 

 

The protein levels of the catalytic subunit of PKA, PKAc, and Epac1 were quantified 

here. A small but non-significant increase in both PKAc and Epac1 protein was 

observed in TEaL compared to TNL HPMCs (Fig.5.18 & Fig.5.19).  
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Figure 5. 18: PKAc protein levels in TNL vs. TEaL myometrial tissue. 
Frozen TNL and TEaL myometrial tissue samples were subjected to bead-based homogenisation for protein extraction. Protein 

was quantified using western blotting for (A) PKAc with representative blot (B). Data normalised to GAPDH and expressed as 

mean; error bars represent SEM; Normality was tested using Kolmogorov-Smirnov test. Data were analysed using an unpaired  

t-test. TNL [n=9]; protein TEaL [n=6].  

 

 
Figure 5. 19: Epac1 protein levels in TNL vs. TEaL myometrial tissue. 
Frozen TNL and TEaL myometrial tissue samples were subjected to bead-based homogenisation for protein extraction. Protein 

was quantified using western blotting for (A) EPAC1 with representative blot (B). Data normalised to GAPDH and expressed as 

mean; error bars represent SEM; Normality was tested using Kolmogorov-Smirnov test. Data were analysed using an unpaired 

t-test. TNL [n=9]; protein TEaL [n=6]. 
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Figure 5. 20: AKAP79 mRNA and protein levels in TNL vs. TEaL myometrial tissue. 
Frozen TNL and TEaL myometrial tissue samples were subjected to bead-based homogenisation for RNA and protein extraction. 

cDNA conversion and qPCR were conducted for (A) AKAP5 and protein was quantified using western blotting for (B) AKAP79 

with representative blot (C). Data normalised to GAPDH and expressed as mean; error bars represent SEM; Normality was tested 

using Kolmogorov-Smirnov test. Data were analysed using an unpaired t-test, *=0.05<p<0.01, **=0.01<p<0.001, 

***=0.001<p<0.0001, ****=p<0.0001. mRNA TNL [n=12], TEaL [n=6]; protein TNL [n=9]; protein TEaL [n=6]. 

 

Finally, OTR levels were studied and consistent with the literature, a significant 

increase in mRNA levels (p<0.05; Fig.5.21A) were observed in TEaL samples 

compared to no labour with an increasing trend for protein levels, although this didn’t 

reach significance (Fig.5.21B). 
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Figure 5. 21: OTR mRNA and protein levels in TNL vs. TEaL myometrial tissue. 
Frozen TNL and TEaL myometrial tissue samples were subjected to bead-based homogenisation for RNA and protein extraction. 

cDNA conversion and qPCR were conducted for (A) OXTR and protein was quantified using western blotting for (B) OTR with 

representative blot (C). Data normalised to GAPDH and expressed as mean; error bars represent SEM; Normality was tested 

using Kolmogorov-Smirnov test. Data were analysed using an unpaired t-test, *=0.05<p<0.01, **=0.01<p<0.001, 

***=0.001<p<0.0001, ****=p<0.0001. mRNA TNL [n=12], TEaL [n=6]; protein TNL [n=9]; protein TEaL [n=6]. 
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5.4 Discussion  
 
5.4.1 Summary of Results 
 

In the TNL HPMCs, the activity of PDEs was clearly compartmentalised in regulating 

cAMP (Fig.5.5) and individual PDEs were found to differentially affect the two 

subcellular compartments (Fig.5.9). This study presents novel data for the presence 

and activity of PDE7 and PDE8 in the human myometrium (Fig.5.4). Notably, PDE8 

predominantly regulated the plasmalemma in PGE2-stimulated HPMCs only 

(Fig.5.10F), indicating distinct pathway specific compartmentalised signalling in 

pregnancy.  

 

This study also provides compelling evidence for significant changes in the subcellular 

cAMP compartments in the onset of term early labour (Fig.5.13). The observed 

reduction in the cAMP levels following isoproterenol and PGE2 was found to be 

attributable to a down-regulation of both the ß2-AR (Fig.5.14) and EP2 receptor 

(Fig.5.15B) in the onset of labour.  

 
5.4.2 PDE Expression and Activity in Term Pregnancy  
 

The first aim of this chapter was to explore the activity, expression, and localisation of 

PDEs at the individual subcellular compartments in term pregnancy. Global PDE 

activity was initially assessed in FRET experiments by applying IBMX to the HPMCs 

with no prior agonist. As mentioned, IBMX inhibits all PDEs except PDE8 resulting in 

an increase in intracellular cAMP levels. It is important to note that IBMX will only block 

around 50% of PDE activity. Global PDE activity was identified to be equally distributed 

between the cytosol and plasmalemma at basal levels (Fig.5.1). Previous studies have 

established that PDE4B2 and PDE4D short form variants were the dominant PDE 

isoforms expressed in the human myometrium and upregulated in term pregnancy 

[561, 613, 614, 719]. The transcript levels of the PDE subtypes 2, 3, 4, 7 and 8 and 

their respective isoforms were measured in the TNL myometrial tissue samples using 

RT-qPCR (Fig.5.2). These PDE families were selected as they are either dual cGMP 

and/or cAMP specific [716-718]. It is important to take into consideration that PDEs 

have multiple molecular forms, generating several distinct isoforms through differential 
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promoters or splice variants [720]. The divergent N-terminal region of PDEs confers 

their unique regulatory function and targeting sequence thus tethering their activity to 

an individual subcellular domain [41]. PDE4 is one of the largest PDE families with 

over 20 isoforms and is subdivided into long and short form variants which are 

determined by their binding affinities and regulatory domains [721]. All the 

aforementioned PDEs were detected in the TNL myometrial tissue samples but with 

varying transcript levels (Fig.5.2). PDE3A, PDE4A, 4B and 4C were found to be most 

abundant. For PDE4A and 4B however their expression levels varied quite 

substantially between patients (Fig.5.2). Low levels of expression were detected for 

PDE4D, which is incongruous to the earlier findings of Leroy et al. [614]. These studies 

were however conducted over 20 years ago, utilising differing primers and 

experimental techniques for qPCR. Interestingly, PDE7 and PDE8 were also found to 

be expressed in the TNL myometrial tissue, albeit at low transcript levels (Fig.5.2). 

These are novel cAMP-specific PDEs which have not been detected in the human 

myometrium previously.  

 

There are no data with regards to the subcellular localisation of PDEs in HPMCs. 

Therefore, to gain insight on the compartment where each PDE family predominantly 

operates, specific PDE-inhibitors were subsequently applied in FRET experiments to 

explore the local activity of PDE2, 3, 4, 7 and 8 in TNL HPMCs in the two subcellular 

compartments. The PDE inhibitors used cannot however discriminate between the 

specific isoforms within each PDE family [520]. For 4 out of the 5 PDEs examined, 

their activity was found to be higher at the plasmalemma than in the cytosol (Fig.5.5). 

Due to the low patient numbers used for PDE 3 and 7 experiments, it is difficult to draw 

firm conclusions. For PDE2 only, its activity was predominately detected in the cytosol 

but again patient numbers were low and there was extensive variation in the 

responses between the individual patients (Fig.5.5A). There are currently no data on 

the expression of PDE8 in the human myometrium, but from these experiments it was 

clearly present in the HPMCs, and its activity was found to be compartmentalised in 

regulating the cAMP signals primarily at the plasmalemma (Fig.5.5E). Further 

experiments were subsequently performed by applying IBMX to the TNL HPMCs after 

application of each PDE family-specific inhibitor, which determined that other PDEs 

were also active and hydrolysing the cAMP pools at both compartments (Fig.5.6&5.7). 

In other cell types, extensive research using different FRET-based biosensors has 
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elucidated their significant regulatory involvement at distinctive subcellular locations. 

For example, in adult mouse cardiomyocytes, the contribution of individual PDEs was 

assessed after using selective ß1- and ß2-AR agonists in cells expressing a novel 

FRET-based sensor targeted to the hyperpolarization-activated cyclic nucleotide-

gated channel 2 (HCN2) [511]. PDE4 was identified to be the most active PDE in 

hydrolysing the cAMP signals generated following adrenergic stimulation in 

comparison to PDE2 and PDE3 [511]. Zoccarato et al. has presented a pivotal role for 

PDE2 in the regulation of cardiac hypertrophy using a targeted PKA-based FRET 

sensor, with its inhibition resulting in the generation of local cAMP pools which 

displayed anti-hypertrophic effects in NRVMs [722].  

 

Individual PDE inhibitors have previously been utilised to study their involvement in 

myometrial contractility. Bardou et al. assessed the activity of PDE3, 4, and 5 during 

in vitro studies using term pregnant myometrium [616]. Rolipram was found to be the 

most potent PDE inhibitor of spontaneously contracting myometrial tissue strips, 

abolishing muscle activity almost completely and it also significantly augmented the 

relaxatory responses observed to salbutamol [616]. Selective PDE3 and 5 inhibitors 

however were ineffective at reducing myometrial contractions in the TNL tissue 

samples [616]. The effects of PDE3 and PDE5 on cyclic nucleotide signalling in the 

myometrium are not well documented. PDE5 is cGMP-specific PDE, whilst PDE3 has 

a known complex dual-function hydrolysing both cGMP and cAMP with its activity also 

strongly inhibited by cGMP [723]. In non-pregnant HPMCs, Cilostamide and a 

selective PDE5 inhibitor, Zaprinast, both resulted in approximately a 20% significant 

reduction in cAMP activity [719]. These experiments suggest that PDE3 and PDE5 

activity declines in human term pregnancy, but it is also possible that the coupling of 

these PDEs to G𝛼s/AC is reduced at advancing gestations. In later studies however, 

the use of an alternative selective PDE5 inhibitor Sildenafil was found to relax human 

pregnant myometrium in a cGMP-independent manner, which was understood to likely 

occur via the activation of potassium channels [724]. High doses of the inhibitor were 

required however to elicit a significant relaxatory response which may therefore have 

affected the activity of other PDEs [725]. The function of cGMP-sensitive PDEs in 

pregnancy needs further exploration. As previously discussed, PDE4 inhibitors have 

demonstrated the most promising effects as uterine tocolytics in the management of 

PTL whilst displaying additional potent anti-inflammatory properties [615, 710, 711]. 
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However, due to their adverse maternal and fetal side effects [411], their use in 

combination with other utero-selective agonists requires future investigation. The 

combined effects of inhibiting more than one PDE was not explored in the TNL 

HPMCs. In other cells, the synergistic effects of multiple PDEs have been recognised 

to collectively regulate several cell signalling pathways concerned in specific disease 

pathogenesis and as such the development of drugs which only target individual PDEs 

may therefore not be as effective in generating the full desired clinical effect [713]. For 

example, dual selective PDE3-PDE4 inhibitors have been trialled in the management 

of asthma and COPD which demonstrate combined broncho-dilatory and anti-

inflammatory benefits [726, 727]. Similarly, dual PDE4-PDE7 inhibitors have also been 

found to synergistically supress the pro-inflammatory phenotype in asthma and COPD 

[728]. 

 

Less is known about the functional roles of PDE7 and PDE8. PDE7 was first identified 

in 1993 encompassing two isoforms, PDE7A and PDE7B, and are ubiquitously 

expressed in immune and pro-inflammatory cells [729, 730]. The development of 

selective PDE7 inhibitors has provided a new approach in the treatment of several 

neurological and inflammatory diseases, demonstrating enhanced protection of 

dopaminergic neurons, and dampening neuroinflammatory cell activation in several 

conditions such as Alzheimer’s disease, Parkinson’s, multiple sclerosis, and spinal 

cord injury [731-735]. PDE7 may therefore be a promising drug target to explore in the 

management of PTL given that labour is associated with a significant pro-inflammatory 

process [376, 388, 389]. It has been established that cAMP-dependant PKA reduces 

the expression of pro-inflammatory cytokines and inflammation related genes, such 

as NFκB and AP-1, functioning as a potent immune transcription modulator and anti-

inflammatory agent during pregnancy [596-598]. As such, PDE7 inhibition may 

enhance these cAMP effects in the myometrium.  

There are very few selective PDE8 inhibitors currently available due to the limited 

understanding of the physiological role of PDE8 in the majority of cell types. Recently 

in airway SMCs however, PDE8 inhibition was found significantly increase basal 

cAMP levels to a greater extent than rolipram, indicating its strong involvement in the 

modulation of cAMP signalling and potential therapeutic value in airway diseases such 

as COPD and asthma [736]. In addition, the use of an alternative novel PDE8 inhibitor 

developed by Pfizer revealed the significant association of PDE8 in the suppression 
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of effector T-cell function and their adhesion to endothelial cells [737]. Similarly in 

murine splenocytes, PDE8 inhibition hindered the chemotaxis of activated 

lymphocytes [738]. Given the increased resident and infiltrating immune cells in the 

human myometrium during advancing gestations and in the onset of labour [392], the 

involvement and contribution of both PDE7 and PDE8 requires further exploration.  

 

Alternative methods used to examine the functional phenotype of individual PDE 

isoforms recognised to be critically involved in cAMP compartmentalisation is through 

the insertion of isoform point mutations, which generates catalytically inactive PDEs 

[520]. A dominant negative effect has been implemented whereby overexpression of 

a catalytically inert mutant PDE displaces the active PDE from a specific binding site, 

resulting in the subsequent disruption of the local cAMP nanodomain [739]. This 

technique has established how individual PDE isoforms from the same PDE subfamily 

can shape local cAMP gradients [739]. Baillie et al. overexpressed the catalytically 

inactive mutant PDE4D5-D556A in cardiomyocytes and determined that this PDE 

isoform was critically involved in regulating the phosphorylation of the ß2-AR by PKA, 

switching its coupling from G𝛼s to G𝛼i through its preferential association with ß-

arrestin [740]. ß-arrestin is a scaffold protein recruited following the phosphorylation 

of the ß2-AR, which binds to and blocks G𝛼s-coupled signalling thus redirecting it 

through G𝛼i, and consequently initiating receptor internalisation [741]. In addition to 

the development of PDE point mutants, small interfering RNA (siRNA)-mediated 

knockdown studies have previously been conducted to also explore the activity of 

individual PDE isoforms. Lynch et al. confirmed that knockdown of the PDE4D5 

isoform only augmented isoprenaline-stimulated PKA phosphorylation of the ß2-AR 

and consequently switched GPR coupling to G𝛼i in HEK-293 cells [742]. 

 

5.4.3 PDE Regulation of the cAMP Pools Generated to Isoproterenol and PGE2 
in Term Pregnancy  
 

The study progressed to investigating the contribution of PDE2, 4 and 8 in the 

hydrolysis of the cAMP pools generated following each agonist at the two subcellular 

sites. These PDEs were selected due to the limitations on sample numbers. The 

HPMCs were stimulated initially with either isoproterenol or PGE2 after which the 
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respective PDE inhibitors were applied. No significant differences in the localisation or 

regulation of the cAMP response by PDE2, 4 of 8 were observed following 

isoproterenol (Fig.5.9A&C). For PGE2-treated cells however, PDEs were clearly 

compartmentalised and differentially affecting the two compartments (Fig.5.9B&D). 

PDE2 was found to be preferentially regulating the cAMP pools generated in the 

cytosol, although patient numbers were low (Fig.5.10D). This was similar for PDE4, 

which was also largely localised to hydrolysing the cAMP signals in the cytosol 

following PGE2 (Fig.5.10E). For PDE8 however, there was almost no regulation of the 

cAMP response in the cytosol with its activity found to be significantly confined to the 

plasmalemma (Fig.5.10F). In airway SMCs, the inhibition of PDE8 increased the 

cAMP signals generated following ß2-AR stimulation using isoproterenol but 

interestingly had no effect following PGE2 [736]. PDE8 was found to co-localise with 

the ß2-AR only at lipid rafts using fractionated cells and immunoblotting techniques 

[736]. This is not consistent with the current findings in the HPMCs whereby PDE8 

inhibition enhanced PGE2-generated cAMP signals at the plasmalemma (Fig.5.10F). 

However, the different effects of PDE8 inhibition on cAMP signalling following the 

stimulation of the ß2-AR and EP2 receptor may in fact be organ specific. These 

findings further support the compartmentalisation of cAMP and the distinctive 

regulation of each cAMP pool by PDEs, particularly following PGE2 stimulation in TNL 

HPMCs. In cardiomyocytes, localised PDEs have been found to restrict the activity of 

cAMP effectors without disturbing other compartments, thus facilitating cell signalling 

specificity and function [517]. In the TNL HPMCs, PDE8 activity was exclusively 

concentrated at the plasmalemma, regulating the cAMP signals generated to PGE2 

(Fig.5.10F). It is possible that PDE8 localisation is mediated by the anchoring protein 

AKAP79 facilitating the formation of a PDE-PKA signalosome which directly 

modulates this plasmalemma compartment without affecting other cellular cAMP 

domains. These experiments provide only preliminary evidence for this hypothetical 

concept, however.  

 

5.4.4 Changes in cAMP Compartments and Receptor Expression in the Onset 
of Term Labour 
 

A strong body of data supports the significant involvement of cAMP in modulating 

myometrial contractility, either through direct activation of specific ion channels such 
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as BKCa [35], or by stimulating the mechanisms which increase the efflux of 

intracellular Ca2+ [136, 743, 744]. Indirect cAMP-dependant mechanisms include PKA-

mediated phosphorylation of ion channels e.g. KATP [36, 209] or downstream targets 

which initiate uterine contractility including MLCK [88], and other key CAPs [11, 360]. 

The relative expression of GPCRs, their receptor coupling and subsequent stimulation 

by endogenous agonists have also been identified to regulate uterine activity by 

promoting either a contractile or relaxed phenotype depending on the signalling 

pathway activated [431].  

 

OTR, for example, has demonstrated a dual role in stimulating myometrial contractility 

through differential coupling with different G-proteins, facilitating the regulation of 

distinct pro-labour cellular processes. Activation of the OTR triggers intracellular 

calcium release via G𝛼q/11-dependant signalling by stimulating PLC𝛽 which hydrolyses 

IP3 and DAG, consequently augmenting myometrial contractility [745]. OTR has also 

recently been found to couple to G𝛼i initiating pro-inflammatory signalling cascades in 

human amnion cells [746]. The CRH receptor 1 similarly demonstrates distinctive G-

protein coupling during pregnancy and labour to activate different signalling pathways. 

In pregnancy, CRH induces cAMP production via a G𝛼s/AC pathway, whereas in the 

onset of labour CRH associates with G𝛼q and G𝛼i resulting in the activation of PLC-

IP3-Ca2+ signalling [747]. This study explored specific GPCRs acting via a G𝛼s-

dependant/AC pathway which are recognised to promote myometrial relaxation in 

pregnancy. The contribution of both the 𝛽2-AR and prostaglandin receptor, were 

investigated in stimulating cAMP production in TNL HPMCs. The cAMP pools 

generated by the respective receptor agonists, isoproterenol and PGE2 were 

elucidated at distinct sub-cellular compartments as previously discussed. This chapter 

subsequently intended to define the changes which occur in these compartments in 

the onset of term labour. The study therefore progressed from using term no labour 

HPMCs to term early labour, which was defined by a cervical dilatation of <3 cm in the 

presence of regular contractions [393]. It is essential that the cellular processes which 

regulate normal labour are fully understood in order to determine how these are altered 

in abnormal labour.  
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Firstly, it was found that very low levels of cAMP were generated in both compartments 

following isoproterenol administration in the TEaL HPMCs (Fig.5.11A). For PGE2-

treated cells however, significant differences in the cAMP production were detected, 

in that higher cAMP FRET-changes were attained in the cytosol compared to 

considerably lower levels at the plasmalemma (Fig.5.11B). A likely explanation for 

these compartmental differences was due to the distinct regulation of the cAMP 

signals by PDEs. PDEs were clearly shielding the cAMP responses to isoproterenol 

at both compartments, predominantly so at the cytosol (Fig.5.12A&C). The opposite 

was seen for PGE2, whereby PDEs were strongly regulating the cAMP pools at the 

plasmalemma with only minimal activity in the cytosol (Fig.5.12B&D). The differing 

regulation of cAMP by PDEs at the individual subcellular sites confirms that cAMP 

signalling is compartmentalised in the TEaL HPMCs. This pattern of PDE localisation 

was similar to the findings in term no labour cells but even more prominent in TEaL.  

 

In both term pregnant and labouring HPMCs, it was clear that the responses to 

isoproterenol were considerably less than those generated following PGE2. As 

discussed in the preceding chapter, the hTERT-HM cells (a cell line generated from 

non-pregnant myometrium) produced significantly higher FRET-changes to 

isoproterenol. Chen et al. previously demonstrated that stimulation of the 𝛽-ARs 

resulted in cAMP-dependant relaxation of myometrial tissue to a much greater extent 

in non-pregnant rats than in pregnancy [748]. One explanation for this could be due to 

the altered expression and coupling of GPCRs in pregnancy and at advancing 

gestations, which influences the activity of the consequent signal transduction 

pathway. Blesson et al. detected an up-regulation of the EP1 and EP3 receptors 

following E2 and P4 treatment in rats, which couple to G𝛼i thus inhibiting AC activity, 

and this was suggested to occur in pregnancy due to the high circulating levels of the 

steroid hormones [749]. In non-pregnant myometrium however, this strong hormonal 

control is reduced. An alternative reason for these differences in the agonist responses 

could also be explained by the autocrine effects of the PG pathway which have been 

observed in HPMCs. During pregnancy, COX2 levels progressively increase towards 

term, peaking at the onset of labour [459]. Chen et al. determined that differing cAMP 

agonists also increased COX-2 expression and activity in TNL HPMCs via a mitogen-

activated kinase-dependant (MAPK) system, whilst also acting as a positive feedback 

modulator of PG synthesis at term, further increasing COX-2 expression [750]. As 
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such, it is plausible that the basal levels of PGs are already elevated in TNL samples 

and therefore following PGE2 treatment, cAMP production may initiate a feedforward 

system in stimulating further PG synthesis.  

 

The next key finding in this study were the differences detected in local cAMP levels 

between TNL and early labour samples following each agonist. There was a relative 

reduction in the cAMP pools generated in response to isoproterenol both in the cytosol 

and at the plasmalemma in the TEaL HMPCs compared to TNL (Fig.5.13A&C). A 

possible explanation for the lack of significance of these differences could be due to 

the marked interpatient variability which was observed to isoproterenol in the TNL 

HPMCs. Interestingly, all of the early labour samples generated low levels of cAMP 

with mean FRET-changes of less than 20% of the maximum response in both 

compartments (Fig.5.13A&C). For the PGE2-treated cells, there were no discernible 

differences in the FRET-changes generated in the cytosol with relatively comparable 

cAMP levels (Fig.5.13B). At the plasmalemma however, a significantly lower amount 

of cAMP was generated in the TEaL HPMCs compared to TNL samples (Fig.5.13D). 

It is important to note that due to the difficulties of obtaining early labour myometrial 

samples and challenges with FRET imaging experiments, the patient numbers are low 

for HPMCs expressing the plasmalemma sensor.  

To investigate these differences in the responses to the two agonists at the onset of 

labour, the mRNA and protein levels of the ß2-AR, EP2 receptor and PDE4B were 

studied. One explanation for the reduction in the amount of cAMP generated by 

isoproterenol at the two compartments could be a reduction in the expression of the 

ß2-AR in the onset of labour. There was a significant reduction in the mRNA levels of 

the ß2-AR compared to TNL, which was associated with a non-significant decline in 

ß2-AR protein levels (Fig.5.14). As mentioned, due to the substantial variation in the 

ß2-AR levels in the TNL protein samples, this decrease did not reach significance. In 

comparison, PGE2 generated a smaller cAMP pool at the plasmalemma in TEaL 

samples compared to TNL which could be due to the observed reduction in protein 

levels of the EP2 receptor (Fig.5.15B). 

 

Finally, the role of PDEs in the reduced agonist response with the onset of labour was 

studied both by assessing changes in mRNA levels and PDE function. In human 

pulmonary SMCs, prolonged exposure to ß2 agonists results in receptor 
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desensitisation and impairment of ß2-AR signalling, augmenting pro-asthmatic 

changes in airway SM function [751]. This was attributed to an up-regulation of PDE4 

activity as a result of a switch to PKA-dependant Gi-βγ signalling, thus inducing ERK 

1/2 activation which phosphorylates CREB and ATF1 TFs to induce PDE4D5 

transcription [751, 752]. In the current study using human myometrial SMCs, treatment 

with isoproterenol was not prolonged. Yulia et al. identified a significant reduction in 

PDE4B mRNA and protein levels but this was specifically for established labour 

samples in comparison to TEaL for mRNA or TNL for protein [43]. There were however 

no consistent changes in PDE4B levels between the TNL and TEaL samples in the 

present study (Fig.5.17). In the TEaL samples, there was a substantial variation in the 

mRNA levels of PDE4B however  (Fig.5.17), as previously found by Yulia et al. [43]. 

 

This study also corroborated the previously identified changes in the cAMP effectors 

and OTR in the onset of term early labour [43]. These findings confirmed the early 

labour SMC phenotype in the present study to be similar to prior studies. It has been 

established that a down-regulation in PKAR2𝛼 occurs, in association with an increase 

in Epac1, contributing to an up-regulation in OTR expression [43]. The catalytic subunit 

of PKA in TEaL samples was investigated, however there were no discernible changes 

in the protein levels of PKAc compared to TNL (Fig.5.18). There was an increase in 

trend in Epac1 protein (Fig.5.19), but the sample size of the TEaL samples was not 

sufficient to attain significance. AKAP79 mRNA levels however significantly decreased 

in the TEaL samples (Fig.5.20A). AKAP79 has a high binding affinity for PKAR2𝛼, 

likely reflecting an associated down-regulation [44]. In agreement with Yulia et al., a 

significant increase in OTR was also found in the TEaL samples compared to TNL 

(Fig.5.21) [43].  

Several studies have examined the expression of individual GPCRs during pregnancy 

and labour in association with the subsequent changes in cAMP signalling. Europe-

Finner et al. detected a down-regulation in G𝛼s and G𝛼s-coupled AC activity in the 

onset of term labour [573]. Importantly however, the stage of labour of when the 

myometrial sample was obtained was not clearly defined. This study also uncovered 

that there was increased coupling of PGE2 with G𝛼s at term compared to non-

pregnant and labouring samples [573]. This may further explain the considerably 

higher cAMP responses generated following PGE2 in the TNL HPMCs compared to 
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isoproterenol. Notable changes in the expression levels of the ß2-AR have also been 

identified with the onset of labour, in accordance with this study. Chanrachakul et al. 

found a two-fold decrease in the protein levels of the ß2-AR in labouring human 

myometrium compared to pregnant no labour and non-pregnant tissue [694]. These 

samples were however obtained from women in established labour, when cervical 

dilatation was >3cm, in contrast to the present study. Similarly, the non-pregnant 

myometrial samples were taken in a different region from the upper segment of the 

uterus, which may affect their comparisons to pregnancy and labour. Litime et al. 

similarly showed a reduction in isoproterenol-stimulated AC activity at term in 

comparison preterm human myometrium [593]. This was assumed to be due to 

reduced coupling of the ß2-AR with G𝛼s/AC at advancing gestations [593]. The 

molecular mechanisms responsible for this were subsequently investigated in term 

pregnant rats using isoproterenol treatment for 1 or 76 hours, the findings of which 

implied that this uncoupling was likely due to a reduction in ß2-AR expression [753]. 

An associated up-regulation of G𝛼i protein was also observed in the myometrial 

membranes but interestingly there were no significant changes in G𝛼s expression 

[753]. Previous studies investigating the myocardium have also identified an up-

regulation of G𝛼i following the use of ß-AR agonists [754]. These findings do however 

conflict with those from Europe-Finner et al. who determined a marked down-

regulation in G𝛼s [573]. It is not possible to infer the activity of G𝛼s from these findings 

which specifically investigate the mRNA and protein levels. Importantly, the two 

studies were conducted in different species, rats, and humans, and so the results are 

difficult to compare. Similarly, the methods used to isolate the myometrial membranes 

vary between studies and could have affected the receptor expression levels.  

Certainly, prolonged or repeated exposure to ß-agonists has been found to result in 

receptor desensitisation [704]. A down-regulation in the receptor density of the ß2-AR 

has been observed in radioligand binding studies during early clinical trials using 

terbutaline, hexoprenaline and fenoterol in the management of threatened PTL [703, 

755]. Alternative mechanisms for receptor desensitisation include altered coupling of 

the ß-AR to G𝛼s subsequently affecting the responsiveness of AC, or receptor 

internalisation [756]. The role of cytokines in ß-AR hypo-responsiveness has 

previously been investigated in asthma cell models [757-759]. In human airway SMCs, 

IL1ß treatment has been found to increase COX-2 expression and PG synthesis, 
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diminishing the responsiveness of the cells to ß-agonists, and reducing isoproterenol’s 

ability to decrease cell stiffness [759, 760]. Further studies in mice determined that 

pre-treatment with PGE2 also mimicked the aforementioned effects of IL1ß [761]. 

Laporte et al. confirmed that specific COX-2 inhibitors abolished the effects of IL1ß in 

firstly attenuating isoproterenol-induced relaxation and secondly increasing the cAMP 

response [762]. The mechanism responsible for ß-AR hypo-responsiveness in airway 

SMCs has therefore been attributed to IL1ß-induced PGE2 production via COX2 

resulting in increased cAMP production, subsequently activating PKA which results in 

the phosphorylation and uncoupling of the ß2-AR from Gs leading to receptor 

desensitisation [762]. 

 

As previously mentioned, PGE2 induces the activation of four distinct GPCR subtypes 

EP1-4, all of which are present in the human myometrium [692, 763]. Each subtype 

couples to an individual heterotrimeric G-protein thus mediating a diverse array of 

physiological effects in the cell. EP2 and 4 have been identified to activate G𝛼s, 

increasing intracellular cAMP levels thus promoting uterine relaxation [686, 764]. In 

contrast, EP1 and 3 couple with G𝛼q/11 and G𝛼i inducing myometrial contractions via 

PLC/IP3-mediated Ca2+ increase, whilst decreasing cAMP levels [688-690]. The 

transcript levels of EP1-4 were studied in the TEaL and TNL samples. A significant 

decrease in the mRNA levels of EP4 were observed in the TEaL samples, and similarly 

for EP1 (Fig.5.16A&D). There were no significant differences in EP2 mRNA 

(Fig.5.16B). Finally, a significant increase in EP3 mRNA levels were observed in TEaL 

compared to TNL samples (Fig.5.16C). Arulkumaran et al. investigated the effects of 

specific EP receptor antagonists on term contracting myometrial tissue strips and 

determined that EP3 was in fact the predominant receptor subtype mediating PGE2-

induced myometrial contractility [57]. These findings are consistent with the observed 

up-regulation of EP3 in the TEaL samples in this study (Fig.5.16C). Recent evidence 

has also presented a functional switch in the EP2 receptor/G-protein coupling in the 

onset of term labour. It is well recognised that EP2 couples with G𝛼s stimulating 

uterine quiescence via a cAMP-dependent pathway [764]. However, Kandola et al. 

determined that EP2 additionally activates an alternative signalling pathway in term 

pregnancy through coupling with G𝛼q/11, thus generating a pro-labour and pro-

inflammatory contractile phenotype [685]. This was identified to be the predominant 
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EP2 transduction pathway in the onset of labour [685]. These findings may potentially 

explain the indifference in the transcript levels of EP2 as expression studies are not 

reflective of receptor activity. EP4 has not however been found to induce COX-2 pro-

inflammatory signalling unlike EP2, primarily promoting a relaxatory phenotype [750].  

 

5.5 Chapter Conclusion  
 

This chapter dissects the compartmentalisation of specific PDEs in regulating cAMP 

in term pregnancy which were found to be differentially active at the two subcellular 

sites. The expression and activity of the novel PDEs 7 and 8 were also identified in 

the human myometrium, with PDE8 demonstrating agonist-specific subcellular 

compartmentalisation of cAMP signals. In the onset of term early labour, 

compartmental differences were observed in the cAMP pools generated following 

agonist stimulation due to distinct PDE regulation. Additionally, a reduction in the 

cAMP signals was observed in the onset of term labour following isoproterenol and 

PGE2 compared to pregnancy consistent with a reduction in the ß2-AR and EP2 

receptor levels.  

 

Future work will aim to increase the patient numbers for the TNL samples and progress 

to investigating the involvement and localisation of individual PDEs in defined 

functional compartments in non-pregnant, and labouring samples both at term and 

preterm gestations. A detailed characterisation of the PDE-cAMP dynamics at a sub-

cellular level in the human myometrium will facilitate the development of utero-

selective drug targets with a high degree of pharmacological precision, which could 

be used in the management of PTL as potential tocolytic agents. 

  



 278 

Chapter 6 
 

Final Summary & Discussion 
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Chapter 6. Final Summary and Discussion 

 

6.1 Principal Literature Summary  
 

A multitude of endocrine and immune stimuli have been identified to interact to 

promote myometrial activation and the subsequent onset of myometrial contractions 

at term. The myometrium is primed towards the end of pregnancy through specific 

changes in the endocrine system, which include increasing CRH and E2 levels, an 

increase in the ratio of PRA:PRB leading to a loss of responsiveness to P4 and a 

‘functional progesterone withdrawal’ [52, 62, 68, 765]. CRH, E2 and PRA induce key 

mediators of pro-inflammatory gene expression such as NF-κB and AP-1 enhancing 

the transcription of cytokines, chemokines, and CAPs including Cx43, OTR and PGs 

[62, 64, 79, 80, 389, 393, 579]. An inflammatory phenotype of the uterus, cervix and 

gestational membranes has been strongly associated with labour, characterised by a 

significant influx of adhesion molecules, and an up-regulation of chemokines, and pro-

inflammatory cytokines [389, 390]. Myometrial inflammation has more recently 

however been identified to occur as a consequence of the onset of term labour [393]. 

Physiological stretch during fetal maturation has also been found to increase the 

expression of pro-inflammatory cytokines, and CAPs such as COX-2, Cx43 and OTR 

[400-403]. Finally, with advancing gestations the activity of the pivotal cAMP/PKA 

pathway and certain associated signalling components declines [43, 559][573]. cAMP 

subsequently acts via Epac1 contributing to the final common pathway of parturition 

through increasing OTR expression [43]. During pregnancy however, cAMP promotes 

myometrial relaxation in a PKA-dependent pathway via several mechanisms including 

the activation of BKCa channels [35], enhancing the anti-inflammatory effects of P4 [73] 

and through the inhibition of OTR [85, 86]. The combination of these aforementioned 

pathways promotes the increased sensitivity of the myometrium to uterotonics and the 

transition from uterine quiescence to the initiation of uterine contractility at term [75]. 

 

Fundamental electro-mechanical factors are also implicated in the generation of 

myometrial contractions at term. The resting membrane potential of myometrial SMCs 

becomes more depolarised towards the end of pregnancy through complex changes 

in ion channel activity, in particular a down-regulation in BKca channels [149, 156, 157]. 
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This leads to the subsequent generation of APs further depolarising the membrane 

and resulting in the activation of L-type Ca2+ channels [168, 171]. An increase in [Ca]i 

is pivotal to the initiation of myometrial contractions through the activation of actin-

myosin crossbridge cycling and SMC shortening [127, 141, 142, 156]. Gap junctions 

composed of Cx43 facilitate multi-cellular conductance pathways for electrical 

coupling across myometrial SMCs for the propagation of APs [333, 345, 365]. The low 

expression of Cx43 during pregnancy is primarily regulated by the increased levels of 

steroid hormones, however at term an up-regulation of gap junctions occurs due to an 

increase in the PRA:PRB ratio initiating Cx43 transcription and its forward trafficking 

to the plasma membrane [68, 74, 346, 353]. APs can only travel relatively short 

distances however resulting in the excitation of localised myometrial tissue [322]. 

Subsequent to these findings, the AP mechano-transduction model has been recently 

suggested [59]. It proposes that increased gap junction formation at term enhances 

the cellular-electrical connectivity at multiple regions of the myometrium which is 

adequate to raise the global myometrial intrauterine pressure and subsequent uterine 

wall tension, thus mechanically stimulating the synchronisation of contractions across 

the whole uterus [60, 61].  

The cAMP system has previously been identified as a viable therapeutic target in the 

management of PTB following the successful use of beta-mimetics [441]. However, 

these drugs are not utero-selective and cause adverse maternal side effects [440]. 

Recent advancements in FRET imaging and targeted FRET reporters have elucidated 

the spatial and temporal confinement of cAMP signals in other cell types with 

unprecedented resolution [37, 510, 520]. This has led to a refined understanding of 

the organisation of the compartmentalised cAMP network at distinct subcellular sites, 

the regulation of the individual cAMP signalosomes and the functional significance of 

local cAMP pools [520]. The disruption of compartmentalised cAMP signalling has 

been strongly linked with the development of cardiac diseases such as heart failure 

[549, 550]. The use of FRET imaging has facilitated the unique ability to generate a 

topographical map of cAMP signalling at the subcellular level. By establishing where 

cAMP is acting in the cell, the associated specific GPCRs responsible for the activation 

of localised cAMP signals, the regulation of individual cAMP pools by PDEs and the 

unique effector proteins activated which initiate downstream signalling molecules it 

may be possible to identify potential therapeutic targets that can be actioned via local 

manipulation of cAMP levels [542].   
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6.1.1 Summary of Results  
 

Below is a summary of the key findings from this thesis and details are provided on 

whether the data attained supported the proposed hypotheses for each chapter.  

 

6.1.1.1 Chapter 3: 
 

Hypothesis 1: The myometrial cAMP signalling pathway is different in women 

who deliver preterm compared to those delivering at term. Supported. 

 

The experimental data in this chapter overall support the hypothesis and present 

differences in the mRNA and protein levels of key components of the cAMP signalling 

pathway in the phenotypically distinct forms of PTL compared to the changes seen in 

term early labour compared to PTNL. At a protein level, G𝛼s increased in CA-PTL 

whereas there was no change at TeAL. PDE4B protein increased in CA- and I-PTL, 

while no change was seen in TEaL. As in TEaL, CREB protein levels decreased in 

CA- and T-PTL whereas phospho-CREB levels were unchanged in the PTL groups 

but a decline in trend was seen in TEaL. Consistent with the lack of continuity in the 

changes in the cAMP synthetic components across the PTL groups, the tissue levels 

of cAMP were unaltered. This is different to term pregnancy where a decrease in cAMP 

was observed in early labour. Finally, the expression of specific cAMP-responsive 

genes was found to be unchanged in CA- and I-PTL but 4 out of the 5 cAMP down-

regulated genes were increased in T-PTL, similar to term. Notably, the changes in the 

cAMP effector pathway in the three forms of PTL were in fact comparable to those 

seen in the onset of TEaL. Principally, a decrease in PKAR2𝛼 protein was seen in CA- 

and T-PTL as seen in TEaL, with a decline in trend in I-PTL. There was also a 

significant increase in Epac1 protein in CA- and I-PTL with an increase in trend in T-

PTL comparable to TEaL.  

 

Hypothesis 2: Each form of PTL is associated with distinct changes in the 

cAMP-effector pathway and subsequent OTR expression. Unsupported.  

 

As mentioned, similar changes were observed in the cAMP effector pathway in all 

forms of PTL. For CA-PTL samples, PKAR2𝛼 mRNA and protein levels declined and 
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Epac1 protein increased. In I-PTL, PKAR2𝛼 protein also tended to decrease, and the 

protein levels of Epac1 increased.  Finally in T-PTL samples, PKAR2𝛼 declined at a 

protein level with an increasing trend in Epac1. Only in T-PTL did the mRNA and 

protein levels of OTR increase, remaining unchanged in CA- and I-PTL. These findings 

therefore do not support this hypothesis as the variations in effector predominance 

were common to all forms of PTL. However, there was an associated increase in OTR 

expression only in T-PTL.  

 

6.1.1.2 Chapter 4: 
 

Hypothesis 1: The cAMP response to specific agonists is similar in hTERT-

HM cells and HPMCs. Unsupported. 
 
The results from the FRET imaging experiments in this chapter did not support this 

hypothesis. In summary, there were striking disparities in the responses to 

isoproterenol and PGE2 between the two cell types. Primarily, stimulation of the 𝜷2-

AR produced negligible cAMP pools in HPMCs at both compartments, but substantial 

FRET-changes were detected in response to isoproterenol in the hTERT-HM cells. 

Secondly, the HPMCs were found to be more sensitive to PGE2 in generating 

substantially larger cAMP responses at the distinct subcellular sites compared to the 

hTERT-HM cells, particularly so at the plasmalemma. This was found to be 

predominantly due to the differing regulation by PDEs at the two compartments. 

Furthermore, the kinetics of the cAMP signals following isoproterenol and PGE2 were 

unique in each cell type, with striking differences in the rate of cAMP production and 

degradation. 

 

Hypothesis 2: HPMCs maintain their gene expression and phenotype during 

sub-culture. Unsupported. 

 

It was determined that the HPMCs could not be expanded and used at later passages 

due to significant changes in the cAMP responses to isoproterenol and alterations in 

key labour associated genes and cAMP signalling components with passage. Firstly, 

the cAMP signals generated to isoproterenol significantly increased after passage 0, 
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particularly in the cytosol. This was in association with a reduction in PDE activity at 

subsequent passages, corroborated at the mRNA level with a trend to decline for 

PDE4B protein. The 𝛽2-AR however opposingly decreased. Secondly, AKAP79 

protein levels decreased by passage 4 and OTR mRNA levels increased. Due to these 

findings, it was therefore concluded that the HPMCs would be used at passage 0.  

 

Hypothesis 3: cAMP activity is compartmentalised in distinct subcellular 

domains in human myometrial cells. Supported.  

 

This was the principal hypothesis which formed the basis of this chapter. It was the 

fundamental question that was considered for using FRET-imaging and targeted 

FRET reporters in human myometrial cells. There were several key findings 

supporting of this hypothesis. In both hTERT-HM cells and HPMCs, cAMP activity was 

found to be compartmentalised at distinct subcellular sites with differing regulation by 

PDEs in the cytosol and plasmalemma. In further studies using HPMCs, the pools of 

cAMP generated following isoproterenol and PGE2 were discovered to be 

independent from each other, with the activation of the distinct signalling pathways 

differentially affecting the two compartments. Additionally, the responses to the two 

agonists displayed differing cAMP kinetics, further supporting the existence of 

compartmentalised cAMP signalling in human myometrial cells.  

 

6.1.1.3 Chapter 5: 
 

Hypothesis 1: PDE4 is a predominant PDE in term no labour HPMCs. 

Supported.  

 

The mRNA data presented in this chapter were consistent with this hypothesis in that 

the transcript levels of isoforms PDE4A, PDE4B and PDE4C were found to be most 

abundantly expressed in TNL myometrial tissue. However, in FRET-imaging 

experiments, the use of rolipram did not produce significantly higher FRET changes in 

comparison to other PDE inhibitors at the cytosol or plasmalemma.  

 

Hypothesis 2: PDE activity is compartmentalised in TNL HPMCs. Supported. 
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At both basal conditions and following stimulation with PGE2, PDE activity was found 

to be compartmentalised in hydrolysing the cAMP pools produced at the distinct 

subcellular sites. With no prior agonist stimulation, the PDEs were predominately 

acting at the plasmalemma. Following PGE2, PDEs 2, 4 and 8 differentially affected 

the cAMP signals at the two compartments. PDE2 and PDE4 were found to 

preferentially regulate the cAMP signals generated at the cytosol following PGE2. For 

PDE8 however, negligible levels of activity were detected in the cytosol, with its activity 

significantly restricted to the plasmalemma.  

 

Hypothesis 3: The cAMP content generated by beta agonists is reduced in 

term early labour compared to no labour. Supported. 

 

Experiments investigating the changes in the cAMP pools produced following 

isoproterenol in the onset of labour supported this hypothesis. There was a non-

significant decline in the amount of cAMP generated at each compartment compared 

to TNL, which almost reached significance in the cytosol. This was in association with 

a decrease in ß2-AR mRNA and a non-significant decrease in the protein levels.    

 

6.2 Novel Findings and Implications  
 

There were several original research findings obtained in the course of this project.  

 

The first study was unique in its approach of examining the cAMP effector system in 

different phenotypes of PTL and the associated changes in OTR expression, the data 

from which has recently been published [563]. Similar changes were observed in TEaL 

in the expression levels of PKAR2𝛼 protein in CA- and T-PTL, with a decline in trend 

in I-PTL. There was also an increase in Epac1 protein in CA- and I-PTL and an 

increasing trend in T-PTL, as seen in TEaL. An associated increase in OTR mRNA 

and protein levels was only observed in T-PTL. These findings indicate that the cAMP 

signalling system is clearly involved in the final common pathway of labour, particularly 

in regulating OTR expression in T-PTL. The observed molecular switch in cAMP 

effector predominance at the onset of both preterm and term labour also implied the 

potential for subcellular compartmentalisation of cAMP activation in myometrial SMCs. 

Other notable changes supported this hypothesis in that AKAP79 protein declined in 
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CA-PTL and PDE4B protein increased in CA- and I-PTL, further indicating the likely 

existence of localised cAMP compartments which change at the onset of distinct 

phenotypes of PTL. These novel findings inspired the subsequent establishment of 

the FRET imaging work. Further experimental study may identify potential therapeutic 

targets in the cAMP signalling pathway which can be selectively modulated to control 

the mechanisms which regulate myometrial contractility. 

 

The next chapter confirmed the existence of subcellular cAMP compartmentalisation 

in a myometrial cell line (hTERT-HM) and HPMCs. This study is the first of its kind to 

use FRET imaging and targeted FRET reporters in myometrial SMCs to determine 

this novel finding in the human myometrium. Due to substantial disparities identified 

between the hTERT-HM cells and HPMCs, the predominant body of data was attained 

from the primary cells. These differences comprised of strikingly disparate responses 

generated to isoproterenol and PGE2 between the two cell types at the distinct 

subcellular sites, including the amplitude and kinetics of the cAMP signals generated 

at each domain and their differing regulation by PDEs. Another noteworthy novel 

finding in this study was the significant inter-patient variability in the responses to 

isoproterenol and between subcellular sites for each patient, further corroborating the 

presence of compartmentalised cAMP pools. Furthermore, the protein levels of the 

𝛽2-AR in the HPMCs also demonstrated substantial variations between patients. This 

discovery agrees with the literature substantiating the previously recognised limited 

efficacy of betamimetics [697, 698]. This study concluded that the HPMCs could not 

be expanded and used at later passages for FRET imaging due to the marked 

increase in the responses to isoproterenol after P0 in association with a reduction in 

PDE activity and expression of PDE4B. There were also significant changes in the 

expression levels of AKAP79 and OTR with passage which supported the decision to 

only use the HPMCs at passage 0 for imaging.  

 

The third results chapter demonstrated that in term pregnancy PDEs were 

compartmentalised in HPMCs and differentially affected the two subcellular 

compartments. PDE7 and PDE8 were also identified as unique PDEs in the human 

myometrium, the expression or activity of which has not been demonstrated before. In 

addition, activation of the PG signalling pathway specifically revealed that distinct 

PDEs were preferentially regulating specific compartments. It also presented unique 
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compartmentalised differences in the cAMP signals generated to isoproterenol and 

PGE2 in the onset of term labour due to the distinct regulation by PDEs at each 

subcellular site. In support of the literature, a localised reduction in cAMP production 

was observed in the onset of term labour compared to term pregnancy following the 

activation of both the ß2-AR and EP2 receptor.  

 

6.3 Limitations 
 

There were various limiting factors encountered in each of the above studies. In 

Chapter 3, the myometrial tissue biopsies were grouped into pre-defined categories 

with strict inclusion for the stage of labour from when they were obtained and the 

clinical presentation. This was to ensure that the samples were representative of each 

group to produce reliable and reproducible results. Overall, the demographic 

characteristics were evaluated to be appropriately balanced, except for ethnicity and 

BMI whereby the majority of patients were either White British or White Other with a 

BMI of less than 25. Altered myometrial contractility has been observed in women with 

a higher BMI [231]. Furthermore, a UK based study determined that certain ethnic 

groups such as Black and Asian women have shorter gestational lengths compared 

to White Europeans [50]. Therefore, the potential genetic differences within ethnic 

groups and effects of high BMI may differentially influence the signalling pathways 

investigated and are not accounted for in this study. This was difficult to control due to 

the sample collection taking place at one hospital in a specific geographical area and 

as such the generalisability of the findings to the general population is uncertain. 

Another potential weakness of this chapter is the definition used for early labour 

samples. Early labour is defined as a cervical dilatation of less than 3cms with 3-4 

contractions in a 10-minute interval [393]. This is a clinical diagnosis, and therefore 

the dilatation measurement will be subjective between clinicians conducting 

examinations. Similarly, the number of contractions is monitored using a 

tocodynamometer, which indirectly measures intrauterine pressure through the 

abdominal wall tension produced during contractions but does not give any indication 

on the strength of contractions. This again is dependent upon correct positioning of 

the device and can be susceptible to inference from maternal movements [766].  

FRET imaging and the use of targeted FRET sensors had not been trialled before 

using human myometrial cells. The optimisation of this technique therefore took a 
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significant amount of time during the first year of experimental study and presented 

several challenges which limited the development of this project. The methods used 

to express the FRET sensors in the primary cells proved more technically difficult than 

for the hTERT-HM cell line. As such, initial experiments were conducted using the 

hTERT-HM cells. However, once successful trials were achieved using HPMCs, it was 

determined that the two cell types presented strikingly different responses and so the 

study progressed to using HPMCs only. This meant that there were small sample sizes 

for the hTERT-HM cells which is a significant limitation of these experiments.  

 

As discussed in Chapter 4, considerable optimisation of the cell isolation methods was 

required to increase the number of primary myometrial cells seeded per coverslip and 

minimise the presence of red blood cells. It was found that the primary cells would 

clump together on the coverslip despite sufficient dispersion in solution which 

occasionally hindered the imaging of single cells. Similarly, a uniform expression of 

the sensors in all the cells on the coverslip was not always achieved due to the nature 

of primary cells and this occasionally limited the analysis of multiple cells. To minimise 

photobleaching of the cells, acquisition frequencies were set at 8 seconds. The 

responses to agonist stimulation, particularly following PGE2, were found to be 

remarkably sustained with spontaneous changes observed before a stable baseline 

was established and as such the experiments lasted up to one hour or even 90 

minutes. This presented tremendous time limitations as it was important to image the 

cells within a particular time frame. Despite striving to ensure that a minimum of 3 

coverslips per patient per experimental condition was performed, this was not always 

possible due to time restrictions from lengthy experiments, the technical and practical 

challenges of FRET imaging, in addition to the availability of sufficient cell numbers 

per coverslip. This meant that there were differences in the number of cells analysed 

per patient that may contribute to data variability. As such the decision was made to 

pool the data from several patients as there was occasionally insufficient data to 

analyse patients independently for certain experimental conditions. The disadvantage 

of pooling data means that information on individual patient variability may however 

be lost. 

 

Another important consideration was that the cAMP signal may vary depending upon 

the cell cycle stage. A dynamic centrosomal microdomain modulated by PDE4D has 
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been identified in CHO cells whereby the concentrations of cAMP changed during 

progression of the cell cycle [767]. This study did not however have the capacity to 

investigate cAMP changes through the cell cycle and as such there will be variability 

between cells. The sensitivity of the primary cells to the microenvironmental conditions 

during FRET imaging experiments was not thoroughly investigated due to time 

restrictions. For example, the effects of pH changes on basal cAMP levels. It has been 

recognised that an acidic pH influences the activation of PKA in skeletal muscle cells 

[133]. Similarly, an acidic pH of less than 7 has been found to eradicate spontaneous 

contractions in pregnant myometrial tissue strips [140]. An average resting pH of 7.14 

was determined in over 50 myometrial tissue samples [140]. Throughout FRET 

experiments, the bathing of the cell coverslips in a custom buffer solution formulated 

at a pH of 7.2 were consistently stable in their appearance and response to agonist 

stimulation with minimal drift in fluorescence observed.  

 

Finally, there were limited early labour samples due to the significant difficulties with 

obtaining them. The study’s inclusion criteria for early labour samples were Caesarean 

sections performed for women who were contracting with a breech presentation or for 

fetal distress. In the latter instance, the Caesarean section cannot be delayed. If there 

is a presumed threat to the baby, the decision time to delivery must be within 30 

minutes or earlier. Often clinicians did not have time to communicate with the research 

team that a sample may be available. In addition, in these situations women can be 

very frightened and as such they are understandably not willing to consent for a 

myometrial biopsy for research purposes. In addition, the sample collection and 

processing occurred at two different locations and so regularly ensuring that the 

clinicians were aware of the research need for early labour samples was challenging. 

Often due to the stressful nature of emergency Caesarean sections or the high activity 

on the labour ward, samples were also not always obtained. This in combination with 

the technical challenges of FRET imaging and varied cell yields meant that the sample 

size for the term early labour samples was limited.  
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6.4 Future Work  
 

There are several research areas which will be explored following the preliminary 

findings from this project. First and foremost, an increased sample size is essential for 

the term early labour samples in investigating the responses to agonist stimulation for 

comparison to term no labour. This is also required for the experiments examining 

PDE activity and their localisation at term pregnancy, with the aim to extend this study 

to dissecting the changes in PDEs in the onset of term labour.   

 

The following projects will be considered:  

 

1. To define in further detail the individual components of the cAMP effector 

pathways in the human myometrium and how these change with the onset of 

term labour.  

 

qPCR and Western Blotting techniques will be performed using myometrial tissue 

samples to identify the subsets of PKA, Epac, AKAPs, PDE isoforms and 

phosphatases in the human myometrium and determine if they change at different 

gestational time points or in the onset of labour. Immuno-purification studies will also 

be performed to establish the specific composition of proteins which form cAMP 

signalosomes, which will include PKA, Epac, AKAP79, specific PDE isoforms and 𝛽-

arrestin. Mass Spectroscopy will subsequently be conducted to identify the protein-

protein interactions of the signalosomes and their binding partner profiles. These 

findings will be validated by qPCR and Western Blotting. In identifying the specific 

AKAP which controls the localisation of each cAMP effector and their regulation by 

individual PDEs will uncover how each effector isoform is situated in the intracellular 

cAMP gradients of HPMCs to promote or impede their activation. High-resolution 

microscopy in combination with proximity ligation assays will be utilised to elucidate 

the localisation of the protein-protein signalosome interactions at distinct subcellular 

structures. Other proteomic techniques which will be considered for use to explore the 

cAMP signal transduction changes in the onset of labour include Reverse Phase 

Protein arrays.  
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2. To determine the mechanisms responsible for the changes in cAMP effector 

expression.  

 

After establishing the detailed protein composition of the cAMP effector system and 

the changes which occur in the onset of labour, the regulation of these changes in 

expression will subsequently be explored. Transcription factor (TF) assays will be 

used to determine the expression of key TFs which are activated or repressed during 

pregnancy and labour. The subsequent binding sites of the identified TFs in the 

promoter regions of key effector molecules will be elucidated using Chromatin 

Immunoprecipitation sequencing (ChIP-Seq) technology. This will help identify which 

TFs may influence the expression of labour associated genes. The study aims to also 

distinguish any alterations in the binding of TFs to the target gene promoters in the 

onset of labour. In addition, this technique may elucidate the upstream modulators 

which activate the identified TFs to subsequently bind to target cAMP effectors. 

  

3. To develop a detailed map of the organisation of subcellular cAMP compartments 

associated with distinct cellular structures in the human myometrium and how 

these change with the onset of labour. 

 

Only two cAMP sensors were used to quantify the local compartmentalised cAMP 

pools in the HPMCs, the cytosolic sensor Epac-SH187 and the AKAP79-CUTie sensor 

targeted to the plasmalemma. Several other FRET sensors have been generated 

which are localised to the same or different subcellular compartments. These include 

a panel of alternative CUTie based reporters including cytosolic CUTie, MyrPalm 

Cutie, nuclear CUTie, and CUTie targeted to the SR. Other targeted sensors were 

designed which give a direct readout of PKA activity, termed AKAR. Epac-based FRET 

constructs have also been developed which measure Epac activation. Given the 

extensive array of FRET sensors available, alternative novel versions of these sensors 

can be genetically modified once the specific individual cAMP signalosome 

components are elucidated in the HPMCs. Other GPCR agonists which generate 

cAMP will also be trialled to examine alternative labour-associated signalling 

pathways, their influence on the identified distinct cAMP pools and how they change 

with the onset of labour. The effects of alternative GPCR agonists on gene expression 

will be determined through qPCR and western blotting combined with immuno-
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purification studies to assess the changes in the signalosomes. These studies will 

dissect which compartment is primarily responsible for the regulation of uterine 

contractility.  

 

The activity of individual PDEs at the distinct subcellular sites will be explored further 

in the HPMCs expressing alternative FRET reporters using PDE family-selective 

inhibitors. The regulation of agonist specific cAMP production by PDEs at different 

stages of pregnancy and in labour will also be assessed. PDEs tightly regulate and 

shape the cAMP gradients through their unique interactions with cAMP effectors, 

membrane-bound proteins and other key signalling components [713]. As such, any 

disruptions to these PDE-protein interactions can aberrantly affect the regulation of 

the cAMP compartments and alter the subsequent signalling pathways resulting in 

disease [542, 768]. Family selective PDE inhibitors have considerable disadvantages 

in the fact that they affect the global cellular activity of a specific subset of PDEs 

instead of individual pools, resulting in undesirable side effects therapeutically [542]. 

The novel development of cell-permeable peptide disruptors has enabled the mapping 

of individual PDE-protein interactions of cAMP signalosomes and facilitated the 

selective targeting of distinctive PDE isoforms [768, 769]. This technique will be used 

to assess the important interactions between PDEs and AKAPs or cAMP effectors in 

HPMCs and how alterations in their binding may lead to a dysregulation in PDE activity 

affecting the localised cAMP gradient.  

 

The aforementioned studies will endeavour to generate a defined map of the 

myometrial subcellular cAMP compartments in the human myometrium and define the 

precise changes in the cAMP effector pathways with the onset of labour, including the 

regulatory mechanisms involved. In characterising the composition of the individual 

proteins which form the cAMP signalosomes and how alterations in their binding 

partners affect cell function may elucidate potential drug targets to inhibit the signalling 

pathways activated in PTL.  
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7.1 Appendices 
 
Appendix 1. 1: Individual and mean time values to isoproterenol and PGE2 treatment in hTERT-
HM cells and HPMCs. 
Kinetic profile analyses of the individual and mean time values for the responses to isoproterenol and 

PGE2 in hTERT-HM cells and HPMCs 

 
 

(secs) 
 

 
H187 iso 

 

 
H187 PGE2 

 
AKAP79 iso 

 
AKAP79 PGE2 

 
Time to peak 

 
 

 
164.2 

 

 
582.4 

 
207.5 

 
393.2 

 
Time to 50% 

peak 
 

 
67 
 

 
62.8 

 
57.5 

 
88 

 
Time to plateau 

 
 

 
x 

 
x 

 
x 

 
x 

 
Time to 50% 

plateau 
 

 
x 

 
x 
 

 
x 

 
x 

 
Appendix table 1. 1: Mean time values following 1 nM isoproterenol and 1 μM PGE2 at the cytosol 

and plasmalemma in HPMCs.  

 

 
(secs) 

 

 
H187 iso 

 

 
H187 PGE2 

 
AKAP79 iso 

 
AKAP79 PGE2 

 
Time to peak 
 
 

 
41.4 

 

 
45.9 

 

 
163.6 

 

 
46.8 

 
Time to 50% 
peak 
 

 
14.6 

 

 
14.9 

 

 
52.4 

 

 
18.7 

 
Time to plateau 
 
 

 
194.3 

 

 
165.0 

 

 
x 
 

 
132.7 

 
Time to 50% 
plateau 
 

 
40.9 

 

 
27.1 

 

 
x 
 

 
69.7 

 
Appendix table 1. 2: Mean time values following 1 nM isoproterenol and 1 μM PGE2 at the cytosol 

and plasmalemma in hTERT-HM cells. 
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Cell 

 

 
Time to peak 

 

 
Time to 50% 

peak 
 

 
Time to plateau 

 

 
Time to 50% 

plateau 
 

1 110 40   
2 119 20   
3 80 20   
4 131 50   
5 85 42.5   
6 80 21   
7 260 100   
8 410 224   
9 290 150   
10 60 30   
11 181 40   

 
Appendix table 1. 3: Individual time values following 1 nM isoproterenol at the cytosol in HPMCs.  

 
 

Cell 
 

 
Time to peak 

 

 
Time to 50% 

peak 
 

 
Time to plateau 

 

 
Time to 50% 

plateau 
 

1 400 50   
2 No reaction  n/a   
3 No reaction  n/a   
4 No reaction  n/a   
5 No reaction  n/a   
6 No reaction  n/a   
7 80 40   
8 50 20   
9 300 120   
10 No reaction  n/a   

 
Appendix table 1. 4: Individual time values following 1 nM isoproterenol at the plasmalemma in 

HPMCs.  
 

 
Cell 

 

 
Time to peak 

 

 
Time to 50% 

peak 
 

 
Time to plateau 

 

 
Time to 50% 

plateau 
 

1 1110 64   
2 1009 54   
3 680 30   
4 740 59   
5 43 18   
6 1030 69   
7 380 30   
8 600 360   
9 470 30   
10 340 29   
11 470 22   
12 349 21   
13 350 30   

 
Appendix table 1. 5: Individual time values following 1 μM PGE2 at the cytosol in HPMCs. 
 



 340 

 
Cell 

 

 
Time to peak 

 

 
Time to 50% 

peak 
 

 
Time to plateau 

 

 
Time to 50% 

plateau 
 

1 380 90   
2 120 20   
3 210 60   
4 400 69   
5 620 290   
6 285 35   
7 280 50   
8 590 100   
9 350 70   
10 520 93   
11 570 91   

 
Appendix table 1. 6: Individual time values following 1 μM PGE2 at the plasmalemma in HPMCs.  

 
 

Cell 
 

 
Time to peak 

 

 
Time to 50% 

peak 
 

 
Time to plateau 

 

 
Time to 50% 

plateau 
 

1 49 14 218 56 
2 37 7 210 37 
3 50 18 209 70 
4 50 19 219 56 
5 26 10 233 27 
6 27 11 231 25 
7 43 12 214 50 
8 32 10 225 29 
9 35 15 145 28 
10 49 19 172 36 
11 49 19 90 41 
12 50 21 165 36 

 
Appendix table 1. 7: Individual time values following 1 nM isoproterenol at the cytosol in hTERT-HM 

cells.  

 
 

Cell 
 

 
Time to peak 

 

 
Time to 50% 

peak 
 

 
Time to plateau 

 

 
Time to 50% 

plateau 
 

1 265 105   
2 265 100   
3 250 70   
4 190 38   
5 55 10   
6 55 18   
7 65 26   

 
Appendix table 1. 8: Individual time values following 1 nM isoproterenol at the plasmalemma in hTERT-

HM cells. 
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Cell 

 

 
Time to peak 

 

 
Time to 50% 

peak 
 

 
Time to plateau 

 

 
Time to 50% 

plateau 
 

1 56 21 113 35 
2 38 10 192 6 
3 33 12 216 n/a 
4 44 15 125 39 
5 33 11 184 16 
6 52 11 190 23 
7 52 11 189 17 
8 45 17 150 30 
9 58 12 n/a n/a 
10 62 14 n/a n/a 
11 50 19 69 27 
12 45 26 204 37 
13 44 16 160 29 
14 46 17 152 23 
15 39 10 169 42 
16 23 12 204 11 
17 49 21 189 28 
18 49 15 151 16 
19 76 27 n/a n/a 
20 62 18 n/a n/a 
21 49 12 171 19 
22 40 12 126 28 
23 40 12 164 63 
24 30 10 174 30 
25 32 12 173 23 

 
Appendix table 1. 9: Individual time values following 1 μM PGE2 at the cytosol in hTERT-HM cells. 

 
 

Cell 
 

 
Time to peak 

 

 
Time to 50% 

peak 
 

 
Time to plateau 

 

 
Time to 50% 

plateau 
 

1 55 25 95 45 
2 50 18 115 50 
3 55 13 130 60 
4 No reaction  n/a n/a n/a 
5 No reaction n/a n/a n/a 
6 No reaction n/a n/a n/a 
7 32 9 101 91 
8 34 20 190 90 
9 55 27 165 82 

 
Appendix table 1. 10: Individual time values following 1 μM PGE2 at the plasmalemma in hTERT-HM 

cells. 
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(secs) 

 

 
H187 iso 

 

 
H187 PGE2 

 
AKAP79 iso 

 
AKAP79 PGE2 

 
Time to peak 

 
 

 
206.5 

 

 
248.3 

 
166.8 

 
377.7 

 
Time to 50% 

peak 
 

 
81.2 

 

 
35.9 

 
48.1 

 
103.2 

 
Time to plateau 

 
 

 
192.5 

 

 
393.2 

 
116.2 

 
224.4 

 
Time to 50% 

plateau 
 

 
82.1 

 

 
141.8 

 

 
62.7 

 
142.8 

 
Appendix table 1. 11: Mean time values following 1 μM isoproterenol and 30 nM PGE2 at the cytosol 

and plasmalemma in HPMCs. 

 
 

Patient   
 

 
Time to peak 

 

 
Time to 50% 

peak 
 

 
Time to plateau 

 

 
Time to 50% 

plateau 
 

AV36 161.5 115 50 34 
AV39 300 230 n/a n/a 
AV40 181 50 243.8 112.5 
AV41 196.3 28 102.5 42 
AV42 97 50 74.5 15.5 
AV43 56 25.5 229 85.5 
AV47 298 145.6 166.7 80.3 
AV48 310 115.7 550 220 

 
Appendix table 1. 12: Mean individual patient time values following 1 μM isoproterenol at the cytosol 

in HPMCs. 

 
 

Patient   
 

 
Time to peak 

 

 
Time to 50% 

peak 
 

 
Time to plateau 

 

 
Time to 50% 

plateau 
 

AV36 150 30 140 86 
AV37 234.2 41.2 145 80 
AV40 95.5 35.5 80 49 
AV41 223.3 68 n/a n/a 
AV43 74 20 51 12 
AV48 209.7 46.3 n/a n/a 
AV49 71 27.8 110 62.5 

 
Appendix table 1. 13: Mean individual patient time values following 1 μM isoproterenol at the 

plasmalemma in HPMCs. 
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Patient   

 

 
Time to peak 

 

 
Time to 50% 

peak 
 

 
Time to plateau 

 

 
Time to 50% 

plateau 
 

AV41 167.8 40 419.8 159.8 
AV42 136 38 212.5 70 
AV43 163.3 33 340 130 
AV47 263.4 34.9 465.8 147 
AV48 439.3 39.5 284 142 
AV49 193.6 29.4 475 170 

 
Appendix table 1. 14: Mean individual patient time values following 30 nM PGE2 at the cytosol in 

HPMCs 

 

 
Patient   

 

 
Time to peak 

 

 
Time to 50% 

peak 
 

 
Time to plateau 

 

 
Time to 50% 

plateau 
 

AV41 180 59.5 n/a n/a 
AV42 315 55 80 40 
AV43 380 157.5 n/a n/a 
AV47 375 82.5 330 170 
AV48 326.7 75 n/a n/a 
AV49 224.7 58.7 141 69 
AV50 175.3 69 360 221 
AV51 173.7 77.3 211 114 
AV56 751.4 280 n/a n/a 

 
Appendix table 1. 15: Mean individual patient time values following 30 nM PGE2 at the plasmalemma 

in HPMCs. 
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Appendix 1. 2: Participant Information Sheet and Consent Form  
 
10/H0801/45                                                                                                                    20th June 2019      Version 4 

 
OBSTETRICS AND GYNAECOLOGY, 

CHELSEA AND WESTMINSTER HOSPITAL, 
369 FULHAM ROAD,  
LONDON SW10 9NH. 

 

The preterm labour study (PREMS): patient information and consent form 1  
We would like to invite you to take part in our research study. Before you decide we would like you to understand why 

the research is being done and what it would involve for you. One of our team will go through the information sheet 

with you and answer any questions you have. We’d suggest this should take about 15-20 minute. Ask us if there is 

anything that is not clear. 

What is the purpose of the study? 

Our study is about investigating the differing pathways in preterm labour i.e., labour before 37 weeks.  Preterm labour 

may be caused by infection, early separation of the placenta (placental abruption), excessive stretching of the womb 

(multiple pregnancy or excessive fluid around the baby), or in some cases the cause is unknown or idiopathic. 

In order to find out how these pathway or mechanisms occur in each of the causes of preterm labour we plan to study 

if there are any potential predictive markers in your blood, vagina, and urine. We also plan to study the way the cells 

in the placenta and womb behave at the time of preterm labour and also during labour at term. We will then compare 

both groups. In order to do this, we may require from you on admission a blood sample, urine sample and a vaginal 

swab. After you have given birth to your baby, we will collect samples from the placenta as well as a sample of the 

umbilical cord blood.  If you require a caesarean birth, then we may take a small biopsy of the womb from the area in 

which the incision was made to birth your baby and/or from the area beneath where your placenta was attached to the 

womb. 

We also want to study if there are differences in the microbiome of the baby depending on the type of preterm birth 

and we plan to use a stool sample from your baby to determine if this is true.  

Why have I been invited? 

You have been invited because you are currently pregnant. 

Do I have to take part? 

It is up to you to decide to join the study. We will describe the study and go through this information sheet. If you agree 

to take part, we will then ask you to sign a consent form. You are free to withdraw at any time, without giving a reason. 

This would not affect the standard of care you receive. If you withdraw from the study, we will destroy all your 

identifiable samples, but we will need to use the data collected up to your withdrawal. 

What will happen to me if I take part? 
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Once you have read the information leaflet, your midwife or doctor will confirm your willingness to participate at your 

next routine antenatal appointment. This will take approximately 10 minutes and should not delay your appointment 

time. 

If you are admitted to the antenatal or labour ward before your antenatal appointment, you can confirm your 

willingness to participate with the doctor or midwife caring for you. 

When you are admitted either for your planned caesarean birth or in labour (either preterm or term) the team caring for 

you may take a swab from the vagina during your examination to determine if you are in labour or not.  The swab will 

be used to measure the amount of a substance called fibronectin which is routinely done to predict if women are 

experiencing contractions.  At the time of your caesarean birth the obstetrician will take a small sample of the womb 

(0.5 by 2.0cm) from the edge of the incision already made after delivery of your baby.  We may also take small samples 

(5mm) of the lining of the womb where your placenta was attached to the uterus. We would also collect samples of the 

placenta and its membranes. These samples will then be analysed in our laboratory. 

What are the possible risks of taking part? 

Taking these samples will not put you at any increased risk and does not lengthen the operating time.  

What are the possible benefits of taking part? 

It is unlikely that this study will help you but the information we get from this study will help us to understand the 

different mechanisms of preterm labour and hopefully prevent it from happening to other pregnant women. 

What if there is a problem? 

If you have a concern about any aspect of this study, you should ask to speak to the researchers who will do their best 

to answer your questions.  

Will my taking part in the study be kept confidential and what will happen to the samples taken? 

All the information collected on you will be treated as confidential and only the study personnel will have access to 

your details. The samples taken will be given a study ID and stored in a freezer at -80 degrees. The samples will then 

be analysed in our laboratory. The samples will not be stored for future use in other studies. 

Who has reviewed the study? 

All research in the NHS is looked at by independent group of people, called a Research Ethics Committee, to protect 

your interests. This study has been reviewed and given favourable opinion by the Brompton and Harefield Research 

Ethics Committee. 

Further information and contact details 

If you would like more information, please call the research team on 07754498474. 
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10/H0801/45                                                                                                                    20th June 2019      Version 4 
 

OBSTETRICS AND GYNAECOLOGY, 
CHELSEA AND WESTMINSTER HOSPITAL, 

369 FULHAM ROAD,  
LONDON SW10 9NH. 

 

Preterm labour study/Consent Form 
Patient ID number:    

 

1. I confirm that I have read and understand the information sheet dated 20th June 
2019  
(Version 4) for the above study. I have had the opportunity to consider the  

information, ask questions and have had these answered satisfactorily. 

 

2. I understand that my participation is voluntary and that I am free to withdraw at 
anytime  
without giving any reason, without my medical care or legal rights being affected. 

 

3. I understand that relevant sections of my medical notes and data collected 
during the  
study may be looked at by individuals from the NHS trust, where it is relevant to me  

taking part in this research. I give permission for these individuals to have access to my records. 

 

4. I give consent for the following samples to be taken at the time of delivery:  
Biopsies of the muscle of the womb from the area of the incision  

 

Biopsies of the womb from the area in which the placenta was attached to the womb 

 

Biopsies of a piece of placenta and membranes.  

 

5. I give consent to blood from the umbilical cord to be taken and stool 
sample from baby 
 

6. I give consent for blood, urine, and vaginal swab to be taken at the time of 
delivery  

 

7. I agree to take part in the above study 

Please initial boxes 
where applicable 
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Name of Patient                        Date                                               Signature 
 
 
Name of person taking             Date                                                Signature 
  
When completed: 1 for participant; 1 for researcher site file; 1 (original) to be kept in medical notes. 
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