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Abstract 

 

During pregnancy, increased uterine blood-flow and efficient placental perfusion is 

essential for a successful outcome. Despite the essential role of these vascular beds, 

data on the physiological mechanisms involved in the maintenance of a high-flow / 

low resistance circulation within the uterus and placenta are limited. The need to fully 

understand the regulation of blood-flow within the uterine and feto-placental 

circulations is further highlighted by pathological pregnancies which are 

characterised by vascular dysfunction within these circulations. Oestrogen and 

insulin-like growth factor-I (IGF-I) levels increase during pregnancy and correlate with 

increased uterine blood flow. In vivo and in vitro studies of other vascular beds show 

that both 17-̝ oestradiol and IGF-I act as vasodilators.  However, surprisingly little is 

known of their vaso-active effects on human uterine and placental arteries. The aims 

of the studies described within this thesis, were to investigate, ex vivo, the possible 

roles of oestrogen and IGF-I in regulating human placental and uterine vascular beds 

in vivo.  

 

Placental chorionic plate arteries and myometrial demonstrated acute vasodilation in 

response to oestrogen. Vascular bed differences in ER-responsiveness were 

observed; vasodilation within myometrial arteries was elicited by both oestrogen 

receptors, ER̜ and ER̝, although activation of the latter receptor generated a 

greater response. In contrast, oestrogen-dependent acute vasodilation of placental 

arteries was via ER̝ alone. Furthermore, species differences, between human and 

rat arteries, were demonstrated in terms of ER-responsiveness. The predominant ER 

receptor within human arteries studied was ER̝, whilst rat arteries demonstrated a 

predominantly ER̜-mediated mechanism of oestrogen-induced vasodilation.  

 

The data presented suggests that within the uterine vascular bed, oestrogen-induced 

vasodilation involves both an endothelium-dependent and independent mechanism 

of action, whilst within the placenta, oestrogen-mediated vasodilation is endothelial-

independent. Indeed, data suggests that oestrogen influences the level of 

intracellular calcium of vascular smooth cells to induce vasodilation of placental 

arteries. 
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IGF-I did not have a vaso-active effect on chorionic plate arteries isolated from the 

placenta. However, uterine myometrial arteries exhibited reduced vaso-reactivity in 

the presence of IGF-I, demonstrated by a depressed response to the vasoconstrictor, 

U46619.  

 

Collectively, these data contribute towards a further understanding of the regulatory 

mechanisms of the uterine circulation, by identifying oestrogen and IGF-I as possible 

regulators of the uterine vasculature during pregnancy. Additionally, oestrogen may 

also have a role in controlling the feto-placental circulation.  In the future, targeting 

ERb may offer a therapeutic strategy for increasing uterine / placental perfusion in 

pregnancies complicated by vascular dysfunction. 
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1. Introduction. 

The successful outcome of a pregnancy is dependent upon several maternal 

adaptations including those which encompass the remodelling of the maternal 

vasculature to allow for increased blood-flow to the uterus and the inter-villous space 

of the underlying placenta (Mills et al., 2009). This will be discussed more thoroughly 

later in this chapter. Importantly, however, the maintenance of a high flow/low 

resistance circulation within the uterine and placental vasculature is essential in order 

to provide adequate nutrient and gaseous exchange to the developing fetus 

(Rebourcet et al., 1996; Tertrin-Clary et al., 1998).  

 

The impact of vascular dysfunction (failure to control blood vessel tone) in pregnancy 

is illustrated by many pathologies including intrauterine growth restriction, a 

complication where the fetus fails to reach its growth potential for gestational age. 

This condition is associated with increased in-vivo vascular resistance and in-vitro 

studies show excessive vasoconstriction to the thromboxane mimetic U46619 

(Wareing et al., 2006)   

 

The vasculature of the placenta lacks autonomic regulation and tone is therefore 

controlled by locally derived vaso-active substances (Benoit et al., 2008). Control of 

blood-flow within the uterus is also likely to be influenced by these locally produced 

substances. Two such hormonal factors are oestrogen and insulin like growth factor-I 

(IGF-I), which are able to elicit vaso-active effects in-vitro and in-vivo in other 

vascular beds (Tsukahara et al., 1994; Walsh et al., 1996) .  
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Discussed herein, are mechanisms by which vascular tone is regulated, and the 

possible mechanisms underlying the observed vasodilatory effects of oestrogen and 

IGF-I on vascular tone. The more specialised circumstances of the vascular 

adaptations during pregnancy, and the possible role of oestrogen and IGF-I in 

controlling vessels of the uterine- and feto-placental circulations will also be 

discussed. 

1.1 Vascular Structure and Function. 

The primary theme of this thesis concerns the factors which control maternal blood 

supply to the placenta and the control of blood vessel tone within the placenta. The 

following section will provide a description of the structure and function of arteries 

and comment further upon the maternal vasculature during pregnancy and the 

specialised circumstances by which placental blood-flow is regulated. 

 

The composition of an arterial vessel wall, in general, can be divided into to three 

layers. As shown in figure 1.1, the tunica intima is a monolayer of endothelial cells 

supported by the internal elastic lamina. The tunica media is composed of several 

layers of vascular smooth muscle cells which are supported by connective tissue 

known as the external elastic lamina. Finally the outer-layer, the tunica adventitia is a 

protective layer which consists mainly of fibroblasts, connective tissue, collagen, 

elastic fibres, and is controlled by the systemic system nerves (Pugsley and Tabrizchi 

2000). 
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It is the contractile state of the smooth muscle cells that determines the tone of the 

vessel (Pugsley and Tabrizchi 2000). 

 

 

 

Figure 1.1: Generalised Schematic diagram of an arterial wall: Lining the vessel is a 

monolayer of endothelial cells supported by an internal elastic lamina (tunica intima). 

Several layers of smooth muscle cells are well supported by the external elastic 

lamina, forming the tunica media. The adventitia forms the outer layer of the vessel 

wall (tunica adventitia).  

 

1.1.1 Vascular Smooth Muscle Cells and Tone. 

A prerequisite for initiating and maintaining smooth muscle contraction is the 

phosphorylation of the regulatory light chain of myosin II (MLC) (Huang and Wang 

2006). As shown in figure 1.2, intracellular calcium increases which then binds to 

calmodulin and phosphorylates myosin light chain kinase (MLCK). This activation 
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leads to the phosphorylation of serine-19 of MLC, which then binds to actin filaments 

and force contraction is developed. Contraction is inhibited by the dephosphorylation 

of MLC via myosin light chain phosphatase (MLCP) (Muranyi et al., 2005; Ark et al., 

2006). 

 

1.1.1.1 Calcium Influx, Release and Sensitisation of myofilaments. 

Smooth muscle contraction and hence vasoconstriction is dependent upon an 

increase in free cytosolic calcium (Ca2+) or sensitisation of the myosin filaments to 

calcium. Free cytosolic [Ca2+] is pre-dominantly increased through plasmalemmal 

calcium influx via voltage-dependent Ca2+ channels (VGCC) in the smooth muscle 

cell membrane.  Of the 6 different VGCCs in smooth muscle, the L-type VGCC is 

considered to be important in terms of calcium influx (Knot et al., 1996).  These 

channels are also believed to be involved in the regulation of basal tone of blood 

vessels (Moosmang et al., 2003).  The L-type calcium channel opens upon 

membrane depolarisation (via regulation of potassium (K+) and chloride (Cl ) ion 

channels (Nelson et al., 1995; Chipperfield and Harper 2000). 

 

Nonselective cation channels are also involved in calcium entry. Since these 

channels are permeable not only to monovalent cations but also to Ca2+, opening of 

these channels results in an increase in Ca2+ influx. Furthermore, opening of the 

nonselective cation channel depolarizes the membrane, which in-turn, activates the 

L-type Ca2+ channel and further increases Ca2+ influx (Kuriyama and Ohkuma 1995).  
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The sodium-calcium exchange pump has also been implicated in calcium influx and 

contraction in some types of smooth muscle (Ozaki et al., 1978; Iwamoto et al., 

1992). However reports are conflicting as to the role of sodium and calcium 

exchange in increasing intracellular calcium and contraction, perhaps due to species 

and vascular bed differences (Karaki et al., 1997). 

 

Free cytosolic calcium is also increased upon liberation of calcium from the 

sarcoplasmic reticulum (SR) via G-protein coupled receptor-activation of second 

messenger pathways. It is now understood that calcium release via liberation from 

the SR is perhaps only involved within the initial portion of agonist-induced 

contraction (McFadzean and Gibson 2002)). The importance of calcium release (in 

terms of contraction) varies depending upon species and vascular bed. For example, 

contractions in rat aorta are more dependent upon calcium release in comparison to 

bovine tail artery (Ashida et al., 1988). Depletion of SR Ca2+ also depolarizes the 

membrane by inhibiting the Ca2+-activated K+ channels(Ohta et al., 1995; Parekh and 

Penner 1997).  

 

Thromboxane A2, which is produced in platelets by the action of thromboxane-A 

synthase on prostaglandin H2, mediates vasoconstriction via this mechanism 

(McKenzie and Marley 2002) . U46619, a thromboxane mimetic, is used widely in 

functional studies(Wareing et al., 2002). 

 

The concept of a homogeneous elevation in smooth muscle cytoplasmic Ca2+ has 

now been reviewed since the discovery of local intracellular Ca2+ transients ( Ca2+ 
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sparks ) and propagating waves of Ca2+ (Cheng et al., 1993; Nelson et al., 1995).  

The former  are spatially restricted to 1-3 microns from the plasma membrane and 

are caused by the opening of ryanodine-sensitive Ca2+-release (RyR) channels in the 

SR (Karaki et al., 1997). It is generally accepted that Ca2+ sparks have an important 

role in setting basal arterial tone via a direct positive action of Ca2+-dependent K+ 

channels. Although spark activity is stochastic it can be regulated by contractile or 

relaxatory agonists and changes in cytosolic Ca2+ itself and, thereby, any intervention 

that increases Ca2+ spark activity is likely to lead to membrane hyperpolarisation and 

relaxation. In the presence of contractile agonist stimulation, it is notable that Ca2+ 

spark activity dissipates and, instead, intracellular Ca2+ elevations are observed 

throughout the cell. These, however, are non-homogeneous taking the form of waves 

of Ca2+ propagating tens of microns away from a site of initiation (Shaw et al., 2006).  

There is a likely contribution of plasmalemmal Ca2+ entry and SR Ca2+ release (via, 

most probably, both ryanodine-sensitive Ca2+-release and IP3-mediated Ca2+release) 

to Ca2+ waves and they are thought to determine the overall tone response to 

contractile stimulation (reviewed in Jaggar et al., (2000)). 

 

A further mechanism by which smooth muscle contraction occurs is via calcium 

sensitisation of the myofilaments. This phenomenon is described as an increase in 

contractile force for a given concentration of free intracellular Ca2+. Several pathways 

are involved in Ca2+ sensitisation including the Rho-kinase pathway which ultimately 

inhibits the dephosphorylation of myosin by in-activating myosin light chain 

phosphatase, thus increasing the force of contraction (Hudson et al., 2007). Human 

placental (Hemmings et al., 2006) and myometrial arteries (Hudson et al., 2007) 
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exhibit calcium sensitisation in the presence of U46619 as discussed in section 1.2.1. 

and 1.2.2.1.  

1.1.1.2 Calcium efflux. 

L-type calcium channels are closed upon membrane hyperpolarisation; for example, 

opening potassium channels increases efflux of potassium and hyperpolarizes the 

membrane potential, resulting in closure of voltage-dependent calcium channels and 

a decrease in intracellular calcium (White et al., 1995; Izhar et al., 2000). 

 

Broad voltage-dependent K+ (Kv) channels open in response to depolarisation of the 

membrane and cause K+ efflux - resulting in repolarisation of the membrane and the 

inhibition of smooth muscle contraction and hence constriction. Kv channels are 

believed to have a role in the maintenance of basal tone by limiting membrane 

depolarization and calcium entry via L-type calcium channels (Sobey 2001; 

Korovkina and England 2002). 

 

Large-conductance Ca2+-activated K+ (BKCa) channels are activated by changes in 

the intracellular Ca2+ concentration and membrane depolarisation. The efflux of K+ 

that results from BKCa channel activation can be used to counteract pressure- or 

chemical-induced depolarization and vasoconstriction (Brayden and Nelson 1992; 

Tanaka et al., 2004). They  are also believed to have role in myogenic tone of small 

arteries (Park et al., 2007).  

 

Inward rectifier K+ (Kir) channels contribute to the resting membrane potential and 

resting tone in small-diameter vascular smooth muscle (Park et al., 2007). Kir 
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channel activation also occurs in response to moderate increases in extracellular K+ 

to possibly cause vasodilation (Park et al., 2007).  

 

ATP-sensitive K+ (KATP) channels activation is associated within a 

pathophysiological response, including systemic arterial dilation during hypoxia (Daut 

et al., 1990; Brayden 2002), Indeed, the inhibition of KATP channels leads to 

impaired coronary and cerebral autoregulation  (Hong et al., 1994).  

 

 

Figure 1.2 Smooth muscle contraction is calcium dependent. Calcium (Ca2+) enters 

the cell or is released from intracellular calcium stores, sarcoplasmic reticulum (SR); 

it then binds to calmodulin (CaM) This complex phosphorylates myosin light chain 

kinase (MLCK) which in turn causes the phosphorylation of myosin light chain. This 

allows cross bridge cycling with actin filaments and force contraction. Myosin light 

chain phosphatase is able to de-phosphorylate MLC and inhibit contraction. 

 

1.1.2 The Endothelium and Vessel Tone. 

The endothelium is also important in the control of blood vessel tone. Endothelial 

cells produce numerous vaso-active substances (both vasoconstrictors and 

vasodilators) which influence the contractile state of the underlying smooth muscle 
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Endothelin is a well-defined vasoconstrictor produced from the endothelium; however 

the role of the endothelium in vasodilation is more prominent. Prostacyclin (PGI2),  

nitric oxide (NO)  and endothelium-derived hyerpolarizing factor (EDHF) 

(Mendelsohn 2000), are all well described vasodilators.  

 

PGI2 is produced from arachidonic acid by the action of the enzyme cyclooxygenase 

(COX) of which, to date, two forms have been identified (COX-1 and COX-2) 

(Simmons et al., 2004). COX-1 has been identified as the predominant isoform within 

the endothelium (Mitchell et al., 2006). PGI2 activates IP receptors on the VSMC 

which are G-protein-coupled to adenylyl cyclase and thereby elevate c-AMP (Mitchell 

and Warner, 2006).  

 

NO is produced from the transformation of L-arginine to L-citrulline which is catalysed 

by the enzyme nitric oxide synthase (NOS). Three isoforms of NOS exist, endothelial 

NOS (eNOS), inducible NOS (iNOS) and neuronal NOS (nNOS) (Orshal and Khalil 

2004).  

 

eNOS activation is dependent upon an increase in intracellular calcium which occurs 

due to agonist stimulation, (e.g. bradykinin (BDK)) or an increase in shear stress 

(where shear stress is defined as the force acting on a vessel wall due to laminar 

blood flow (Bevan and Laher 1991). In addition, eNOS is activated through 

phosphorylation (on ser1177) by mitogen activated phosphatase kinase (MAPK) and 

/ or Protein Kinase B/Akt pathways (Michell et al., 1999). Oestrogen and insulin-like 
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growth factor-I (IGF-I) activate these intra-cellular signaling molecules and this will be 

discussed more thoroughly later in this chapter. 

 

Vasodilation occurs as NO passes into the sub-endothelial space and diffuses into 

the underlying smooth muscle cells. NO subsequently binds to the haem group of 

soluble guanylate cyclase (GC). GC is then activated and catalyses the conversion of 

guanosine triphosphate (GTP) to 3 , 5-cyclic guanosine monophosphate (cGMP). 

cGMP has been reported to have several possible actions on smooth muscle.  It 

activates MLCP via PKG (cGMP-dependent protein kinase) which results in de-

phosphorylation of myosin light chain causing relaxation of the cell. cGMP also 

reduces the amount of calcium within the smooth muscle cell by inhibiting the 

opening of voltage-gated calcium channels from opening (Hartell et al., 2005). 

Endothelial derived hyperpolarizing factor (EDHF) mediated responses are 

considered to be endothelium-dependent relaxation responses that persist after 

blockade of PGI2 and NO synthesis (Luksha et al., 2009). One hypothesis by which 

EDHF acts involves activation of the Na+/K+-ATPase. Relaxations are initiated via a 

modest influx of potassium within the VSMC activating inwardly rectifying K+ 

channels which hyperpolarizes the membrane and causes the efflux of calcium 

(Kahonen et al., 1998). The molecular nature of EDHF is variable between arterial 

vessel types and species and other mechanisms also need to be considered 

including electrical communications occurring through gap junctions which provide a 

pathway for the passage between endothelial and smooth muscle cells of small 

water-soluble molecules (Griffith et al., 2004). Furthermore hydrogen peroxide (H2O2) 
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produced in the endothelium has been identified as an EDHF in human microvessels 

(Matoba et al., 2002). 

 

 

 

 

 

 

Figure 1.3 Nitric oxide (NO) generation and subsequent vasodilation. NO is a potent 

vasodilator produced from the conversion of L-arginine (L-arg) to L-citrulline (L-cit) by 

endothelial nitric oxide synthase (eNOS). NO causes the dephosphorylation of 

myosin light chain (MLC) in order to inhibit smooth muscle contraction. 

 

 

Endothelial-dependent vasodilation via NO release is the predominant mechanism of 

action in conduit arteries, however lower down the vascular tree, the role of EDHF 

increases in prominence (Shimokawa et al., 1996). Furthermore NO appears to 
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inhibit PGI2 and EDHF responses and the effects of these vasodilators is only evident 

upon inhibition of NO production (Nishikawa et al., 2000)..  Endothelial-dependent 

vasodilation mechanisms within the placental and uterine vasculature are discussed 

in section 1.2.1 and 1.2.2.1. 

1.2 The placenta and the maternal cardiovascular system. 

The primary function of the placenta is to provide sufficient nutrients and gases for 

fetal growth and development. To enable efficient exchange between mother and 

fetus, a high flow, low resistance circulation is required within the uterine and feto-

placental circulations (Mills et al., 2005). Given the essential role for a successful 

pregnancy outcome of the uterine and feto-placental circulations, a greater 

understanding of the physiology by which these systems are regulated is of benefit. 

 

1.2.1 Development and regulation of the placental vasculature. 

Post-fertilisation, a single division of the fertilized egg occurs to form a zygote.  

Division continues to form the morula (approximately 12-16 cells). The morula further 

to divides to form the blastocyst which can be divided into the trophoblast, which is 

destined to become the placenta, and embryoblast which develops into the fetus, 

umbilical cord and amnion (Khong, 2004).  

 

Upon implantation, the trophoblast proliferates into an outer layer of 

syncytiotrophoblast and a regenerative layer of cytotrophoblast. The chorionic plate 

of the placenta is formed by trophoblasts invading the syncytiotrophoblast resulting in 
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a relatively thicker syncytium and the appearance of vacuoles which form the 

lacunae system (Reynolds and Redmer 1995).  

 

Vascularisation of the embryo and placenta begins with primary villi developing from 

the cytotrophoblasts, penetrating the syncytium into the lacunar spaces (Demir et al., 

2007). These villi increase in length and diameter and form secondary villi with the 

invasion of a loose extra-embryonic mesenchyme through to the centre of the villi. At 

this stage the primary and secondary villi collectively make up the villous tree. 

Vasculogenesis of the villi occurs followed by branching angiogenesis (Kaufmann et 

al., 2004). 

 

Vasculogenesis is already evident at the tertiary villous stage as haemangioblasts 

form cords that eventually develop into endothelial tubes through enlargement of 

centrally located intracellular clefts. These tubes elongate and undergo lateral 

sprouting to produce stem vessels and primitive capillary networks during the first 

trimester; from weeks 10-25, these increase in density and complexity by branching 

angiogenesis - in which new vessels are created either by sprouting or by forming a 

longitudinal partition in the lumen of an existing vessel (Demir et al., 2007). 

 

The branching pattern of placental vessels follow both a dichotomous (one vessel 

branches into two comparable sized vessels) and monopodial pattern (one vessel 

which continues at the same diameter with vessels which branch from the side) 

(Gordon et al., 2007)(Figure 1.4).  
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DichotomousMonopodial

 

Figure 1.4 Branching pattern of human placental arteries. Arteries follow two types of 

branching. Monopodial branching is a single vessel which continues at the same 

diameter with vessels of smaller diameter branching off from the side. Dichotomous 

branching is a classical branching pattern, in which one vessel branches into two 

vessels of comparable size.  

 

In the third trimester, growth of the villous vasculature is characterised by non-

branching angiogenesis as endothelial cells in capillaries of the villi at the periphery 

of the placental tree proliferate and migrate to form long, poorly-branched loops. 

Central vessels expand and develop a surrounding stroma and form stem villi which 

connect the villous trees with the chorionic plate. Figure 1.5 shows the vascular 

system of a fully developed (term) placenta.  It is in the terminal regions of the 

chorionic villi that the majority of maternal/fetal exchange occurs (Gude et al., 2004).   

 

This study focuses on the vasculature of the chorionic plate where the umbilical 

arteries and veins branch (usually 6-8 generations) transversely over the entire 

chorionic plate with the arteries overlying the veins (Gordon et al., 2007) (See Figure 
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1.5). These arteries are believed to be important in the overall peripheral resistance 

of the placenta (Wareing et al., 2005). 
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Figure 1.5 The vasculature of the fully developed human placenta. The umbilical 

arteries (carries waste products and gases from the fetus) and vein (carries nutrients 

and oxygen to the fetus) meet the chorionic plate of the placenta and branch 

transversely over the entire chorionic plate. These vessels then branch into the 

intervillus space and form stem villi vessels. The terminal regions of the blood 

vessels are bathed in maternal blood received from the transformed arteries of the 

uterus. It is at these sites which maternal/fetal exchange occurs (adapted from 

www.southtexascollege.edu/nilsson).  

 

Placental vessels lack autonomic innervation and therefore tone and resistance are 

regulated by humorally or locally delivered vaso-active substances (Rebourcet et al., 

1996; Tertrin-Clary et al., 1998). Furthermore the structure of these vessels differs 
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somewhat to classical systemic blood vessels illustrated in Figure 1.1. It has been 

demonstrated that there is a lack of internal elastic lamina separating the endothelial 

and vascular smooth muscle cells. Additionally the organization of the smooth 

muscle cells is less uniform, with large gaps between the cells (Sweeney et al., 

2006).  

 

The mechanisms regulating blood-vessel tone within the placenta during normal 

pregnancy is limited.  Vasoconstriction of chorionic plate arteries has been 

demonstrated in response to a range of agonists, including thromboxane and 

endothelin (Wareing et al., 2002; Sand et al., 1998; Sand et al., 2005). Specific 

evidence for the involvement of L-type calcium channels in vasoconstriction has also 

been demonstrated (Jakoubek et al., 2006), however, vasodilation of chorionic plate 

arteries studied thus far, show little evidence of endothelial-dependent relaxation to 

the classic and well used vasodilators, bradykinin and acetylcholine (Buttery et al., 

1994; Kook et al., 1996; Ong et al., 2002). Histamine has been demonstrated to 

induce a tri-phasic response which resulted in what was determined to be 

endothelial-dependent significant relaxation (Mills et al., 2006). The use of sodium 

nitroprusside (an NO donor) in the study by Mills et al., (2006) demonstrated that the 

smooth muscle of these arteries was able to respond to NO. Furthermore the 

perfused placenta has demonstrated NO-mediate vasodilation (Myatt et al., 1991; 

Learmont and Poston 1996). Therefore discrepancies may arise from the chosen 

experimental technique.  
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Expression of both mRNA and protein of potassium channels (Kv and BKca channels) 

in human placental chorionic plate arteries has been described (Wareing et al., 2006; 

Corcoran et al., 2008). (Sand et al., 2006)Sand et al., (2006) have begun to delineate 

the role of potassium channels in placental artery tone. Indeed the Kv channel 

antagonist 4-aminopyridine (4-AP) elicited an increase in basal tone and an additive 

effect on endothelin-induced preconstruction, indicating a role of these channels in 

the maintenance of a low resistance circulation.  

 

Dysfunction in the control of chorionic plate arterial tone has been highlighted in 

intrauterine growth restriction (Wareing et al., 2006), discussed further in section 

1.2.3.). However, it is clear that before identifying therapeutic targets for use within a 

pathophysiological scenario, we must first develop a fuller understanding of the 

control of this vascular bed under normal physiological conditions.  

 

1.2.2 Maternal cardiovascular adaptations during pregnancy. 

Several maternal cardiovascular adaptations occur in order to provide increased 

blood-flow to the uterus, where a high flow/ low resistant uterine environment 

ensures efficient perfusion of the intervillous space of the underlying placenta (Myatt 

and Webster 2009).  

 

Cardiac output initially increases 22% by 8 weeks and by the third trimester (26 

weeks gestation) of pregnancy is 30 50% above pre-pregnancy levels. Ultimately, 

blood pressure decreases and during the third trimester the uterus receives 15-20% 

of cardiac output (Sladek et al., 1997).  
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Furthermore, enhanced NO (endothelial-mediated) vasodilation, reduced response to 

vasoconstrictors (Angiotension II and epinepherine) and increased flow mediated 

dilation are all typical adaptations of the maternal cardiovascular system during 

normal pregnancy (Davidge and McLaughlin 1992; Molnar and Hertelendy 1992; 

Crews et al., 1999). 

 

1.2.2.1 The Uterine Vasculature. 

During pregnancy there is very little change in uterine perfusion pressure, thus a 

substantial decrease in uterine vascular resistance must occur to facilitate increased 

blood flow (Palmer et al., 1992).  

 

Structural changes within the spiral arteries of the uterine myometrium occur at the 

site of placentation (Lyall 2005). Transformation of these arteries is initiated by 

invasion of the vessel lumen by extravillous trophoblasts. The majority of the smooth 

muscle and elastic lamina is replaced with fibroid material (Sheppard and Bonnar 

1974; Verkeste et al., 1998). As a result of invasion, these arteries become large 

conduit blood vessels which can accommodate the large increase in blood flow (Osol 

and Mandala 2009).  

 

However the main site of resistance is located upstream of these arteries, in the 

more proximal radial and arcuate arteries of the uterus (Mulvany and Aalkjaer 1990). 

These arteries also undergo structural changes. Internal circumference is increased 

and distensibility (Osol and Cipolla 1993) There is an observed alteration in length, 
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although it is unclear whether there is true growth of these vessels or whether the 

change in length is due to progressive straightening of coiled vessels (Osal and 

Mandala. 2009),. It is noteworthy that the structural adaptations of these arteries are 

not due to trophoblast invasion (Brosens 1977). 

 

Several studies have been begun to delineate the functional mechanism(s) by which 

the reduction in tone of these myometrial radial arteries occurs. An increase in the 

sensitivity to vasodilatory substances including acetylcholine (Kublickiene et al., 

1997) has been demonstrated but an increase in eNOS expression and / or activity 

within the vasculature is thought to be the main cause of the functional changes 

observed during pregnancy (Kublickiene et al., 1997).  However, data are limited as 

to the mechanisms by which eNOS expression and activity are increased though 

there are a plethora of possible candidates, including oestrogen and IGF-I, which 

may be responsible for reduced tone of these vessels.  

 

1.2.3 Uterine and feto-placental vascular tone in pathological pregnancies. 

Intrauterine growth restriction (IUGR) constitutes an important clinical problem 

associated with increased perinatal morbidity (Jansson and Powell 2006). IUGR is a 

condition where the fetus has failed to reach its growth potential and its birth weight 

falls below the 5th percentile (Bamberg and Kalache 2004).  

 

Disturbances in the development of the villous tree and pathological changes in the 

villous vascular system have also been linked to the pathogenesis of IUGR 

(Wienhard et al., 2002). 
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Vascular dysfunction during these pregnancies is also evident.  Doppler analysis of 

the umbilical artery indicate in-vivo increased resistance accompanied by either a 

lack of blood flow during diastole or a reversed end diastolic blood flow. In-vitro, 

enhanced vaso-constriction to the thromboxane mimetic U46619, has been 

demonstrated in chorionic plate arteries from placentas complicated by IUGR, 

highlighting in-adequate control of tone of these vessels (Wareing et al., 2006). 

 

Placental villous tissue from pregnancies complicated by IUGR, have been shown to 

have significantly lower eNOS expression compared to placentas from normal 

pregnancies (Schiessl et al., 2006).  As previously discussed, eNOS catalyses the 

conversion of L-arginine to L-citrulline to generate NO, a potent vasodilator. 

Decreased expression of this protein may contribute to increased feto-placental 

resistance during these pregnancies.   

 

IUGR is also associated with in vivo decreased uterine blood flow and increased 

resistance indicated by the presence of a diastolic notch, which during pregnancy is 

absent (Magness 1998). 

 

IUGR highlights the importance of adequate blood-flow to the developing fetus. The 

mechanisms underlying the control of blood-flow within the uterus (during pregnancy) 

and placenta during normal pregnancy, as previously discussed, are limited. It is the 

focus of this thesis to further investigate substances which may control vascular tone 

of these circulations. 
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1.3 Oestrogen.  

Oestrogens are steroid hormones of which three forms exist; oestrone, oestriol and 

17ß-oestradiol. Oestrogen biosynthesis occurs in gonads from cholesterol and 

androgen precursors, and in peripheral cells from the conversion of androgen 

precursors by aromatase (Ascenzi et al., 2006). In pre-menopausal women, 17ß-

oestradiol is the predominant circulating oestrogen and systemic concentrations 

range from around 370 pmol per litre in the follicular phase of menstruation to 2200 

pmol per litre at the time of ovulation (Mendelsohn and Karas 1999).  

 

Several tissues are recognised as important target sites for oestrogen action, 

including reproductive tissues (Gibson and Saunders 2012), bone (Riggs et al., 

2002), liver (Foryst-Ludwig and Kintscher 2010),  the brain (Cutter et al., 2003) and, 

of relevance to this study, the vasculature (White et al., 1995). 

 

It is well described that oestrogen has a cardio-protective effect through the 

prevention of atherosclerosis and response to injury (Baker et al., 2003), however 

oestrogen also has a direct effect on vasomotor tone by inducing vasodilation 

(Rosenfeld et al., 2002), and this will be discussed in more detail later in this chapter.  

1.3.1 Oestrogen Receptors. 

Oestrogen predominantly mediates its biological effects through interactions with its 

specific receptors ER̜ and ER̝. The two receptors are not products of alternate 

transcription sites of the same gene but are encoded by two distinct genes found on 

separate chromosomes (Taylor et al., 2010). Both receptors are organised into 

structurally and functionally distinct domains. Although overall the homology between 
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the two receptors is well conserved there are variations within the distinct domains 

(Figure 1.6) (Ascenzi et al., 2006). 

 

The A/B domain at the amino terminal contains the activation function 1 domain (AF-

1) which is a region of site specific phosphorylation by MAPK pathways in response 

to growth factors. The two receptors share 18% homology for this region, which leads 

to functional differences between the receptors (Mendelsohn and Karas 1999). The C 

domain is the central DNA binding Domain (DBD) and contains two zinc fingers 

which are highly conserved in all steroid receptors. This is the most highly conserved 

domain between the two receptors with 97% homology in this region. Within domain 

D is the hinge region and 30% homology is observed between the two receptors 

(Ascenzi et al., 2006). Domain E contains Ligand Binding Sites (LBS), also known as 

the hormone-binding domain (HBD), and the hormone dependent transcriptional 

activation function (AF-2). The two receptors share approximately 53% homology 

within this region. Ligand binding induces protease-resistant conformational changes 

in the receptor. This leads to the dissociation of heat shock proteins and exposes the 

dimerisation of AF-2 which influences the kinetics of the receptor interaction with 

oestrogen responsive elements (ERE). Domain F is a variable region and is 

proposed to be important in the differing responses of ligand interaction with the 

receptor. (Mendelsohn and Karas 1999; Koehler et al., 2005; Ascenzi et al., 2006; 

Jacob et al., 2006). 

 

ER̜ and ER̝ fall into the large family of nuclear receptors and by definition exert 

cellular effects by modulation of gene transcription. In this sense the receptors 
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function as ligand-dependent transcription factors (Gibson and Saunders 2012). 

Recent evidence has shown the existence of splice variants of ER̜ and ER̝. Splice 

variants of both receptors arise from deletions or insertions of exons, the end result is 

a non functional DBD and / or HBD regions (Deroo and Korach 2006). In addition, 

receptor-isoform variation between tissues and species has been noted however 

whether this variation has a physiological role in the actions of oestrogen remains 

unclear (Leung et al., 2006). 

 

The ligand binding cavity of oestrogen receptors is able to accommodate a wide 

range of structurally different compounds. Selective oestrogen receptor modulators 

(SERMs) are molecules that bind with high affinity to oestrogen receptors and, acting 

as agonists, mimic the effects of oestrogen (Silverman 2010).  Conversely, 

antagonists are molecules that bind with high affinity to oestrogen receptors, and 

block the effects of oestrogen. PPT, 1,3,5-tris(4-Hydroxyphenyl)-4-propyl-1H-

pyrazole, is an ER̜ selective agonist (Kraichely et al., 2000), DPN (2,3-bis(4-

hydroxyphenyl)-propionitrile) is a ER̝ agonist (Meyers et al.., 2001). These 

compounds have proved useful tools in determining the specific roles of individual 

receptors (Montgomery et al., 2003) . ER̜ is perhaps the stronger transactivator, 

however at high receptor concentrations this receptor (ER̜) self quenches and 

leaves ER̝ as the stronger transactivator (Hodges et al., 2000). Discussed more 

thoroughly within this chapter are the differential roles of the two receptors within the 

vasculature and their role in regulating vascular tone. 
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Figure 1.6: Oestrogen receptor organisation. The two receptors share 18% homology 

within the A / B domain which contains the activation function-1 (AF-1) domain. 

(C)The DNA binding domain (DBD) is highly conserved between the two receptors 

with 97% homology, (D) 30% homology of the hinge region (H), (E) 59% homology in 

the ligand binding domain (HBD) which also encompasses the activation function-2 

domain (AF-2) and 28% homology in the variable region (F). 

 

Research, thus far, has elucidated differential expression of the two classic ERs, 

within the cells of the vasculature. Indeed, within the human coronary artery, iliac 

artery, aorta and saphenous vein, ER̜ is predominantly expressed within endothelial 

cells whilst ER-̝ has a greater expression in vascular smooth muscle cells (Hodges 

et al., 2000). In contrast, ER̝ but not ER̜ is present in the endothelium of the 

endometrial vasculature (Critchley et al., 2001). Elucidation of the signal transduction 

mechanisms downstream of ER̜ and ER̝ to generate effector mechanism is an 

area of large interest and study (Orshal and Khalil 2004).  

 

1.3.2 Classical genomic mechanism of oestrogen action. 

Cellular responses to oestrogen are classically mediated via influencing transcription. 

As oestrogen is lypophilic, it readily diffuses through the plasma membrane and 

forms a complex with its specific receptor(s) located within the cytoplasm. Chaperone 

proteins, for example heat shock protein 90, dissociate from the receptor(s) upon 
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oestrogen binding and enables the ERs to translocate to the nucleus (McKenna et 

al., 1999)(McKenna et al., 1999).  

 

Within the nucleus the receptor-ligand complex forms receptor homo- or 

heterodimers which interact with oestrogen-responsive element (ERE), nucleotide 

sequences specifically recognised by oestrogen receptors, on target genes and 

initiates/inhibit transcription (Katzenellenbogen and Katzenellenbogen 2000; 

Matthews and Gustafsson 2003).  

 

Oestrogen is able to modulate vascular tone via genomic mechanisms which can be 

divided into those which act upon the endothelium (endothelial-dependent) and those 

which act upon the vascular smooth muscle (endothelial-independent). 

 

1.3.2.1 Endothelial-dependent vasodilation.  

Chronic exposure to oestrogen has been demonstrated to increase flow-mediated 

vasodilation and decrease myogenic tone (Douglas 2008; Gilligan et al., 

1994;Hashimoto et al., 1995). Several genes encoding proteins which are able to 

modulate vascular tone contain EREs within their promoter region, of particular 

interest are the following genes. 

 

The gene encoding eNOS contains multiple half-site palindromic sequences which 

form a functional oestrogen response element. As previously described, eNOS is a 

potent vasodilator. Endothelial cells which have been exposed to oestrogen, show an 
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increase in eNOS mRNA and protein expression from several vascular beds from 

various species including; rat aorta (Andersen et al., 1999), cerebral micro-vessels 

(Wellman et al., 1996)bovine aorta (Goetz et al., 1999); and fetal pulmonary 

endothelial cells (MacRitchie et al., 1997). The predominant oestrogen receptor 

involved in modulating NO expression and activity appears to be ER̜. This is evident 

from ER̜ null mice in which basal NO activity is compromised (Freay et al., 1997). 

Furthermore, impaired branchial endothelium-dependent relaxation is exhibited in a 

man with an ER̜ mutation (Mendelsohn 2000). 

 

Genes regulating reactive oxygen species (ROS) are also affected by oestrogen 

treatment. Reactive oxygen species are produced within blood vessels and cause 

vascular dysfunction by inactivating nitric oxide and inhibiting GC. Within a normal 

physiological state, a study by (O'Lone et al., 2007)), showed that ER̜ and ER̝-

dependent pathways regulate distinct and mainly mutually exclusive sets of genes. 

ER̜ down-regulated genes involved in the mitochondrial respiratory chain (MRC) 

complexes. The MRC is a major source of cellular ROS and therefore down-

regulation of its gene expression would decrease overall levels of ROS. Additionally, 

ER̜ mediates the down-regulation of cytochrome P450 2E1, which also produces 

reactive oxygen species. ER̜ dependent-pathways also increases the gene 

expression of ROS reducing proteins, including glutathione peroxidise 3 (O'Lone et 

al., 2007). 

 

Prostacyclin expression is increased in the uterine endothelium upon oestrogen 

treatment (Rupnow et al., 2002). Long-term treatment with oestrogen has increased 
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prostacyclin production in cultured rat aortic smooth muscle cells (Chang et al., 1980) 

and increased COX-1 expression has been observed in HUVECs and ovine fetal 

pulmonary artery cells upon long-term oestrogen treatment (Jun et al., 1998). 

 

It is also noteworthy that in humans, circulating ET-I is significantly lower in females 

than males (Treiber et al., 2002). Furthermore, vasoconstriction induced by an ETB 

receptor agonist is more pronounced in ovariectomised female rats than intact 

females, where only a mild constriction was observed (Tostes et al., 2000). Indeed, 

oestrogen has also been demonstrated to decrease the expression of the 

vasoconstrictor endothelin-1 in cultured HUVECs (Bilsel et al., 2000).  

 

Further studies have shown that the expression of the ̝1 subunit of BKca channels 

(Nagar et al., 2005) is increased by the long-term exposure of vascular smooth 

muscle cells from uterine arteries to oestrogen. As previously described these 

channels are expressed within the placenta (Wareing et al., 2006) and are important 

in-terms of calcium entry/efflux in vascular smooth muscle cells ((Nelson and Quayle, 

1995). 

 

1.3.2.2 Endothelial-independent vasodilation. 

Gene transcription within vascular smooth muscle cells is also influenced by long-

term oestrogen exposure. Endothelial denuded rat aortas demonstrated attenuated 

phenylephrine-induced constrictions, which was thought to be due to the increase in 

iNOS expression revealed by immunoflourescent studies (Binko and Majewski 1998). 

Indeed iNOS expression is decreased in ER̜ KO mice, not only indicating a direct 
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effect on the vascular smooth muscle but also elucidating the receptor involved 

(Rubanyi et al., 1997). 

1.3.3 Non-genomic oestrogen action. 

The hypothesis that all actions of oestrogen are through oestrogen receptors acting 

as transcription factors is an over-simplification. Oestrogen elicits effects independent 

of transcription. These effects have been seen to take place within minutes from 

exposure and in the presence of transcription inhibitors and are known as non-

genomic effects (Chen et al., 1999; Russell et al., 2000; Hisamoto and Bender 2005).  

 

The acute vasodilatory actions of oestrogen has suggested the concept of an 

oestrogen receptor(s) localized to the plasma membrane. Several groups have used 

cell-based approaches in localising ER̜, reviewed in (Ascenzi et al., 2006), and ER̝ 

(Chambliss and Shaul 2002; Chambliss and Shaul 2002), to the plasma membrane. 

Furthermore, ER̜/ER̝ KO mice fail to respond to oestrogen and show no evidence 

of receptor proteins intracellularly or on the plasma membrane (Pedram et al., 2006). 

Collectively this data suggests that the plasma membrane receptors originate from 

the same genes as their nuclear counterparts (Razandi et al., 2004; Pedram et al., 

2006). Palmitoylation and interaction with the scaffolding and signal orchestrating 

molecule caveolin-1 have been demonstrated to be involved in the mechanism by 

which ERs are localized to the plasma membrane. (Marino et al., 2006; Kim and 

Bender 2009). 

 

Investigating the existence of a novel oestrogen receptor(s) on the cell membrane 

has also received a large degree of interest. G-protein coupled receptors (GPCRs) 
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are defined as receptors that signal through heterotrimeric guanine nucleotide 

binding proteins to alter activity of effector proteins. During the 1990s a putative G-

protein coupled receptor, GPR30, was cloned which displayed little homology to 

other GPCRs and had no known ligand, and was therefore labelled as an orphan 

GPCR. In 2000, Filardo et al., demonstrated oestrogen activation of MAP Kinase in 

cells which inherently expressed GPR30. The localization of this receptor is 

somewhat controversial. It is now thought that GPR30 may in fact collaborate with 

ER̜ as part of a membrane associated complex in order to transmit and initiate 

signalling cascades downstream of ER̜ activation. Although GPCRs are classically 

localized to the cell membrane, and GPR30 has been reported to be expressed on 

the plasma membrane (Thomas et al., 2005; Funakoshi et al., 2006), other groups 

have localized this receptor to the endoplasmic reticulum (Otto et al., 2008; Revankar 

et al., 2005).  

 

1.3.3.1 Acute oestrogen-mediated vasodilation. 

Acute vasodilation upon oestrogen exposure has been observed both in-vivo and in-

vitro within several vascular beds and species (Tostes et al., 2003). Both ER̜ and 

ER̝ have been implicated in the acute vasodilation caused by oestrogen (Guo et al., 

2005). Additionally the GPR30 has been demonstrated in cause acute vasodilation of 

rat and mouse carotid artery (Haas et al., 2009). 

 

The mechanisms of acute oestrogen-induced vasodilation can again be divided into 

those which act upon the endothelium (endothelial dependent) and those which have 

a direct effect upon the smooth muscle (endothelial independent).  
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1.3.3.1.1 Endothelial-dependent vasodilation. 

Oestrogen can cause an increase in NO production via a mechanism independent of 

transcription and increased eNOS expression (Kim and Bender 2005). An increase in 

cGMP, the product of NO-stimulated guanylate cyclase can be detected in 

endothelial cells within 5 minutes of exposure to oestrogen (Hisamoto et al., 2001). 

Human internal mammary arteries exhibit acute NO-dependent oestrogen 

vasodilation (Nechmad et al., 1998), as well as rabbit coronary artery (Rieger et al., 

1990; Collins et al., 1993; Wellman et al., 1996) and rabbit femoral artery (Gisclard et 

al., 1988).  

 

Several mechanisms have be implicated in NO mediated Oestrogen-dependent 

vasodilation, these include;  

Phosphoinositide 3-kinase (PI3K): PI3K is a lipid kinase composed of an 85kDa 

regulatory subunit and an 110kDa catalytic subunit. PI3K mediates several cellular 

functions including cell growth, proliferation, differentiation, motility, survival and 

intracellular trafficking (Simoncini et al., 2002). Importantly for this study PI3K recruits 

Akt a serine / threonine kinase to the plasma membrane. Akt is then phosphorylated 

which in turn phosphorylates and activates eNOS (Levin 2002; Sata and Nagai 

2002). ER̜ interacts with the p85 subunit of PI3-kinase in a ligand-dependent 

manner (Azuma et al., 2004).  This interaction has been observed in cultured 

endothelial cells in a time-dependent manner (maximum binding at 20 minutes) 

which corresponded to increased eNOS activation. In these experiments eNOS 

activation was attenuated in the presence of wortmannin, a PI3K inhibitor. Human 
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umbilical vein endothelial cells (HUVECs), treated with oestrogen have also been 

shown to activate eNOS via PI3K (Florian et al., 2004). In vitro studies using mouse 

aortic rings showed oestrogen enhanced relaxations to acetylcholine (an 

endothelium-dependent vaso-dilatory substance). This enhancement was also 

inhibited by wortmannin. ER̜ is placed at the forefront of this mechanism of 

oestrogen action (Meyer el at., 2009). In transfection studies, in which ER̜ and ER̝ 

were individually transfected into cells, these signalling intermediaries (Akt /PI3K and 

eNOS) were only activated (phosphorylated) downstream of ER̜ alone (Hisamoto et 

al., 2001). This validated previous findings by Haynes (Haynes et al., 2000; 

Simoncini et al., 2002). Contrary to this however, later studies by  (Guo et al., 2005), 

who demonstrated PI3K activation and subsequent vasodilator responses to 

oestrogen were absent in ER̜ and ER̝ knock down animals. This implicates both 

receptors in endothelial-dependent oestrogen-regulation of vascular tone. Activation 

of GPR30 also induces NO-dependent vasodilation, as described in rat carotid 

arteries (Broughton et al., 2010). 

 

Mitogen activated protein kinase (MAPK): Oestrogen treatment of cultured fetal lamb 

pulmonary artery endothelial cells initiated eNOS activation via an increase in 

intracellular calcium activated by MAPK (Chen et al., 2004). Mouse carotid and 

femoral arteries have been shown to relax upon the administration of oestrogen via 

the MAPK pathway (Guo et al., 2005).  

 

In addition to nitric oxide induced vaso-dilation, oestrogen may also activate COX 

and increase prostacyclin (PGI2) production. Prostacyclin receptors in vascular 
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smooth muscle cells are activated followed by the activation adenylate cyclase (AC); 

collectively this increases the formation of cyclic adenosine monophosphate (cAMP). 

cAMP inhibits myosin light chain kinase and prevents myosin light chain 

phosphorylation and subsequently causes VSM relaxation (Orshal and Khalil 2004). 

 

1.3.3.1.2 Endothelial-independent vasodilation. 

Several in-vitro studies have indicated oestrogen has a direct action on vascular 

smooth muscle cells. Oestrogen-induced acute vasodilation of rabbit coronary 

arteries was equivocal upon denudation (Jiang et al., 1991). The same observation 

was also made in rat aorta. Endothelial-independent oestrogen-induced vasodilation 

of human coronary arteries have been demonstrated (Mugge et al., 1993; White et 

al., 1995).   

 

Functional experiments have provided evidence that calcium entry and/or release 

from the SR is modulated within VSMC by oestrogen. Oestrogen has been shown to 

act as a calcium antagonist by (i) attenuating calcium entry (Stice et al., 1987; Jiang 

et al., 1992); (ii) initiating calcium efflux, as demonstrated in porcine coronary arterial 

smooth muscle cells (Prakash et al., 1999); (iii) having an inhibitory effect on L-type 

calcium channels via direct interaction with the channel protein (Jiang et al., 1991; 

Freay et al., 1997; Kitazawa et al., 1997). 

 

Calcium-activated potassium channels, principally large-conductance BKCa channels, 

have been shown to contribute to the intracellular events responsible for oestrogen-
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induced uterine artery vasodilation (Nagar et al., 2005). In coronary arteries, 

exposure of oestrogen caused vasodilation by opening BKCa channels in a cGMP-

dependent mechanism. When these channels were blocked the effects of oestrogen 

were attenuated (White et al., 1995). 

 

MAPK is also implicated in oestrogen action directly on smooth muscle cells. In 

smooth muscle cells, MAPK causes the phosphorylation of caldesmon (CaM) (Adam 

and Hathaway. 1993) and an increase in the myofilament force sensitivity to calcium 

(Hori and Karaki, 1998). Oestrogen may inhibit this pathway and thereby further 

inhibit VSM contraction.  

The role of oestrogen receptors in terms of endothelial-independent vasodilation, is 

controversial. In ER̝ deficient mice, increased blood pressure and an increase in 

vascular contraction was seen. This observation was not seen in ER̜ knockout mice 

(Chandrasekar and Tanguay 2000). The role of ER̝ in controlling systemic blood 

pressure, although not fully understood, is in part by modulating endothelial-

independent vasodilation and potassium ion channel function in vascular smooth 

muscle cells. Additionally isolated vascular myocytes showed a decrease in outward 

current (Nagar et al., 2005). 

 

Contrary to these findings, oestrogen has been demonstrated to induce acute 

vasodilation in the presence of antagonists of the classical receptors. The conclusion 

from these experiments was that oestrogen prevented calcium uptake in a dose 

dependent manner and this correlated with relaxation of the vessel (Freay et al., 

1997). It was proposed that this response was mediated by changing the ion channel 
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properties of vascular smooth muscle cell membranes by possibly binding to the L-

type VGCC in smooth muscle membranes. 

 

Shaw et al., 2000, showed that in rat mesenteric and coronary arteries inhibition of 

nitric oxide synthase did not inhibit the effect (vasodilation) of 17̝ oestradiol. 

Furthermore in the presence of a receptor antagonist (tamoxifen), oestrogen was still 

able to induce dilation of these blood vessels. These results suggest that oestrogen 

may have a direct effect on the vascular smooth muscle cells which is non- genomic 

and non-receptor mediated. Indeed, the effect of oestrogen on ion channels was 

further validated by (Orshal and Khalil 2004), who found that oestrogen physically 

blocked calcium channels and therefore prevented its entry into the cell. 

1.3.4 Oestrogen and Pregnancy. 

Pregnancy is a physiological state of high oestrogen levels. The main physiological 

isoform of oestrogen, 17̝-oestradiol, rises to approximately 70nM (Mendelsohn and 

Karas 1999). Increased oestrogen levels during pregnancy influences the 

modification of the maternal systemic cardiovascular system. Indeed, in-vivo 

experiments have demonstrated increased maternal cardiac output and decreased 

systemic vascular resistance, a physiological state required for pregnancy as 

previously discussed, upon intravenous administration oestrogen in ovariectomised 

non-pregnant sheep (Magness and Rosenfeld 1988; Zhang et al., 2001). Oestrogen-

dependent vascular adaptations have also been shown in several other species 

including cows (Rosenfeld et al., 1996), rabbits and pigs  (Farhat et al., 1996). 
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The placenta is the principle site of oestradiol and oestrone synthesis in pregnancy. 

Intracrine regulation of oestrogenic activity occurs by the inter-conversion of oestrone 

and 17ß-oestradiol to control the availability of biologically active 17-ß oestradiol 

(Madsen et al., 2004). As previously discussed, there is to date, little evidence 

demonstrating reliable acute vasodilation or attenuation of constriction within the 

placental vascular bed.  Given the vasodilatory effects of oestrogen on vessels from 

other vascular beds, in addition to placental vessels relying entirely on locally derived 

vaso-active substances to regulate tone, it is possible therefore that oestrogen may 

have a role in the regulation of vascular tone of placental vessels. Moreover data 

generated could provide valuable information as to the general mechanisms of 

vascular control within the placenta. 

  

1.3.4.1 Oestrogen and Uterine Blood-Flow. 

The vascular effects of oestrogen are particularly prominent in the reproductive 

vasculature. Indeed, there is a plethora of evidence, from both in-vivo and in-vitro 

studies, which demonstrates oestrogen has a physiological role in up-regulating 

uterine blood flow during pregnancy (Magness 1998; Gibson et al., 2004).  

 

1.3.4.1.1 Genomic mechanisms of oestrogen action. 

Oestrogen-dependent vasodilation of the uterine artery is pre-dominantly endothelial- 

dependent. Several studies implicate the regulation and expression of eNOS as an 

important mediator of endothelium-dependent oestrogen-induced vasodilation of the 

uterine vasculature (Weiner et al., 1989; Sladek et al ., 1997; Bird et al., 2000).  
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Further studies have shown long-term oestrogen exposure of vascular smooth 

muscle cells from uterine arteries increases the expression of the ̝1 subunit of BKCa 

channels (Nagar et al., 2005). Alterations in the ̜:̝1 stoichiometry alone can alter 

the channels sensitivity/responsiveness to oestrogen. The role of other ion channels 

have been investigated but have not shown to be involved in oestrogen-induced 

uterine-hyperaemia. 

 

Additionally, oestrogen may influence the myogenic tone of blood vessels within the 

uterus. PKC is an important mediator of myogenic tone. Decreased tone during 

pregnancy has been associated attenuated PKC activity (Xiao et al., 2001; Zhang et 

al., 2006). Oestrogen, via genomic pathways, is able to down-regulate PKC (Zhang 

et al., 2006; Xiao et al., 2001) . Further evidence for this was seen when blockade of 

the ER receptors resulted in increased PKC mediated contractions (Xiao et al., 

2009). 

 

1.3.4.1.2 Acute oestrogen-dependent vasodilation. 

In-addition to the genomic influence upon eNOS, oestrogen-induced vasodilation of 

the uterine artery also involves the acute activation of eNOS via ERK2/1 pathway. 

Endothelium-derived hyperpolarizing factor (EDHF) is also an important vasodilator 

particularly within the uterus. Oestrogen enhances EDHF mediated vasodilation in 

the uterine artery (Burger et al., 2009).   
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As discussed, there are several lines of evidence which demonstrates oestrogen-

mediated endothelial-dependent vasodilation of the uterine artery. However, upon the 

inhibition of nitric oxide, oestrogen induced vasodilation is only attenuated 

approximately 60-70%, indicating a role of the vascular smooth muscle. Interestingly, 

a BKCa blocker, the observed oestrogen-induced increase in uterine blood flow is 

completely attenuated, suggesting direct action on the vascular smooth muscle cells 

(Rosenfeld et al., 2000).  

 

1.3.4.1.3 Expression of oestrogen receptors within the uterine vasculature.  

Oestrogen induced hyperaemia is in large part ER-mediated. Studies by (Magness et 

al., 2005), found that in the sheep uterine artery blockade of both ER̜ and ER̝ 

completely attenuated oestrogens effects. Uterine arterial endothelial and vascular 

smooth muscle cells express both isoforms (ER̜ and ER̝) of the oestrogen receptor 

(Chen et al., 2004). Furthermore, the differential expression of the two receptor 

isoforms may be an important factor in the overall biological response to oestrogen, 

particularly during pregnancy. Uterine artery endothelial cells isolated from pregnant 

ewes predominantly express ER̜, although ER̝ is also expressed. Ovariectomy of 

these animals reduces expression of ER̜ only. Co-culture with oestrogen and 

progesterone has shown an increase in the expression of ER̝, with no effect on ER̜ 

expression. However culturing these cells in oestrogen alone, increases the 

expression of ER̜ and not ER̝.   This observation suggests that ER̝ may have a 

role in regulating responsiveness to the vaso-active effects of exogenous and 

endogenous oestrogen levels (Byers et al., 2005).   
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Expression of  oestrogen receptors within the vasculature of the human placenta 

have not been described, although both isoforms are expressed within the 

vasculature of the sheep placenta where ER̝ is the predominantly expressed 

isoform (Byers et al., 2005). Both receptor isoforms are present within the umbilical 

artery and in-vitro studies have demonstrated that oestrogen induces acute 

vasodilation of these arteries (Farhat et al., 1996).  

 

To summarise, pregnancy is a physiological state of elevated systemic oestrogen 

levels. The placenta is a major source of oestrogen during pregnancy and oestrogen 

levels in the uterine environment are likely to be far higher than those measureable in 

the maternal systemic system. Oestrogen induces rapid vaso-dilation of vessels from 

various vascular beds, including the uterine artery, although evidence from human 

studies are lacking. This observation involves the classical transcription action of 

oestrogen but also the more recently described acute actions of oestrogen. The 

mechanisms by which these effects take place are two-fold; (i) Direct effects on 

smooth muscle cells. Changing the ion potential of the smooth muscle membrane 

and preventing calcium entry into smooth muscle cells thus inhibiting force 

contraction. (ii) Activation of eNOS. 

 

These mechanisms of oestrogen-mediated vasodilation are not exclusive to 

oestrogen. Indeed the signalling molecules involved in eNOS activation are also 

associated with growth factor-mediated vasodilation. Insulin-like growth factor-I is, 
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similar to oestrogen, abundant within the placenta and has also been demonstrated 

to regulate vascular tone.  

 

1.4 Insulin-like Growth Factor-I. 

Insulin like Growth Factor-I (IGF-I) is a 70 amino acid single polypeptide (Denley et 

al., 2005). IGF-I is the product of a single gene on chromosome 12 (Delafontaine et 

al., 2004). The protein is classified into 4 domains A, B, C, and D. The A and B 

domains share 50% homology to the A and B domains of insulin (Denley et al., 

2005). 

 

Circulating IGF-I is synthesized and released mainly by the liver (Conti et al., 2004). 

Growth Hormone (GH) binds with its corresponding receptor within the liver and 

stimulates expression and release of IGF-I, which has a high affinity for Insulin like 

Growth Factor Binding Proteins (IGFBPs). There are at least 7 known IGFBPs (1-7) 

(Conti et al., 2004) and have IGF binding sites at the N and C terminals. IGFBPs 

modulate IGF in two manners, they can be inhibitory and prevent IGF binding to the 

IGF-I receptor, or promote IGF-I action by delivery IGF to tissues. (Denley et al., 

2005) Different profiles of IGFBP secretion in vitro have been reported. It appears to 

depend on the species of origin and/or culture conditions in which the cells are being 

grown. Vascular smooth muscle cells (VSMC) from porcine aorta secrete IGFBP-2 

and 4, the same cells from a rat secrete IGFBP-4, -3 and-6. Human VSMC isolated 

from aorta, pulmonary artery and coronary artery synthesize IGFBP-2, -4 and -6 

(Standley et al., 1997; Hayford et al., 1998). 
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IGF-I primarily initiates its biological activities through its specific receptor, IGF-IR. 

IGF-IR is a transmembrane tyrosine kinase that is synthesized as a precursor which 

is consequently glycosylated on the extracellular regions, dimerized and transported 

to the golgi. Here it is proteolytically processed to yield 2̜ and 2̝ chains (Riedemann 

and Macaulay 2006). The major ligand binding determinants are located within the ̜ 

subunits, the intrinsic tyrosine kinase domain is located in the cytoplasmic portions of 

the ̝ subunits and is essential for its biological effects (Delafontaine et al., 2004; 

Denley et al., 2005). Several isoforms of IGF-IR exist which arise from splice variants 

and post-translational modifications. It is known that the isoforms differ in 

electrophoretic mobility, ligand binding properties and immuno-reactivity (Masnikosa 

et al., 2006). Ligand binding to the ̜ subunits of the receptor causes a 

conformational change which results in phosphorylation on tyrosine s 1131, 1135 and 

1136 Recruitment of specific docking intermediates follows which includes Insulin 

Receptor Substrate (IRS1). IRS1 has the role of a multi-site docking protein which 

binds SH2 domains i.e. binds to phosphorylated tyrosine residues within a protein of 

a variety of signalling molecules including PI3-K. This interaction is one mechanism 

responsible for the diverse downstream signalling mechanisms of IGF-I (Denley et 

al., 2005; Riedemann and Macaulay 2006).  

1.4.1 IGF-I and vascular tone. 

Vascular smooth muscle cells and the endothelium produce IGF-I where it exerts 

autocrine / paracrine effects. The synthesis of IGF-I from these cells is regulated by 

angiotensin II, insulin and mechanical factors (Walsh et al., 1996; Sowers 1997). 
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Additionally, these cells are target sites for IGF-I action as the expression of the type 

I receptor has been noted in both cell types (Standley et al., 1997). IGF-I is 

structurally similar to insulin, and as such is able to initiate similar biological functions 

(Sowers 1997). Focusing on vascular tone, insulin is a vasodilator (Hartell et al., 

2005).  

 

 In mice deficient of IGF-I an increase in mean arterial pressure is observed 

(Vecchione et al., 2001). Exposure to IGF-I reduces mean arterial pressure within 

rats (McRae et al., 2002). Human studies have shown IGF-I infusion increases 

cardiac output and stroke volume (Christ et al., 1999). 

 

The actions of IGF-I on the vasculature are more complex than those of insulin with 

the effects of IGF-I depending on species and vascular bed. For example there is an 

inhibition of contraction in femoral aortic and tail arteries when incubated with IGF-I 

but enhancement of contraction in mesenteric arteries (Walsh et al., 1996). An 

increase in intracellular calcium has been noted in rat mesentery arterial vascular 

smooth muscle cells upon IGF-I exposure. This effect was mediated by influencing 

membrane ion transporters (Touyz and Schiffrin 1997). 

 

The actions of IGF-I as a mediator of vascular tone is less well described in 

comparison to oestrogen and controversial. Focused herein are the described 

mechanisms of endothelial-dependent and independent IGF-I vasodilation.  
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1.4.1.1 Endothelial-dependent vasodilation. 

(Haylor et al., 1991), first described endothelial-dependent IGF-I vasodilation within 

the perfused rat kidney. IGF-I increased the perfusion rat of the rat kidney, upon 

administration of a nitric oxide synthase inhibitor, IGF-I vasodilation was abolished. 

IGF-I mediated vasodilation of the human forearm was further investigated. Inhibition 

of NOS reversed the effect of IGF-I ((Pendergrass et al., 1998; Fryburg and Barrett 

1999).  

 

1.4.1.2 Endothelial-independent vasodilation. 

Demonstrating mechanistic differences between vascular beds , intracellular calcium 

is reduced in vascular smooth muscle cells from rat aorta upon IGF-I exposure. The 

mechanism of action implicates Sodium- Potassium-ATPase (Na+-K+-ATPase) 

activity. Na+-K+-ATPase is an integral membrane transporter; it maintains the 

electrochemical potential by pumping sodium out of the cell and potassium into the 

cell. The sodium gradient generated by the pump, impacts on the activity of 

sodium/calcium exchangers. The exchangers, transport calcium from the cell and 

thus impacts on contractility and tone. Within an intact situation, IGF-I would 

therefore cause vasodilation (Standley et al., 1997).  

 

Vessel size characteristics also influence the mechanism IGF-I vaso-action. IGF-I -

mediated vasodilation of canine coronary micro-vessels whilst not entirely elucidated 

did not involved NO, cyclooxygenase, ATP-dependent K+ channels, or small or large 

KCa channels; hyperpolarisation, via other K+ channel(s) is the most likely mechanism 
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of action (Oltman et al., 2000). This mechanism of IGF-I action has also be 

demonstrated in human internal mammary artery (Izhar et al., 2000). 

1.4.2 IGF-I during pregnancy. 

 During pregnancy human placental growth hormone is released into the maternal 

circulation which stimulates increased production of maternal hepatic IGF-I (Fuglsand 

& Ovesen. 2006). Additionally, the placenta produces IGF-I locally (Van et al., 1996) 

thus levels in the maternal circulation increase from  100 ng/ml pre-pregnancy (Juul 

et al., 1994; Landin- Wilhelmsen et al., 1994) to  500 ng/ml at term (Westwood et 

al., 2001). The importance of IGF-I bioavailability for fetal growth is demonstrated in 

pathological pregnancies. IGF-I concentrations within umbilical cord sera are 

increased in large for gestational age fetuses, and decreased in small for gestational 

age fetuses and those which are growth restricted (Gibson et al., 2001). Additionally, 

placentas from pregnancies complicated by IUGR, a decrease in IGF-I expression 

has been observed (Randhawa and Cohen 2005). Furthermore, IGFBP-1, which 

inhibits the bioactivity of IGF, is increased in maternal sera during pregnancies 

complicated by IUGR. Indeed, transgenic studies have demonstrated in IGF-I knock-

out mice, fetal size is reduced by approximately 30% (Powell et al., 1993). 

Furthermore, in a rat experimental model of IUGR, over expression of placental IGF-I 

corrects fetal weight (Harkness et al., 2005). More profound evidence for a direct 

effect of IGF-I on fetal and post-natal growth has been demonstrated through the 

case-study of a human male which possessed a homozygous partial deletion of the 

IGF-I gene. Observed within this study was sever intra-uterine growth restriction 

which persisted throughout the post-natal period (Woods et al., 1996). 
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1.4.2.1 IGF-I and the uterine and feto-placental circulation. 

The influence of IGF-I upon fetal growth has in-part been attributed to increasing 

nutrient transfer across the placenta (Iwashita et al., 1992). However in-direct 

evidence of IGF-I regulation of the uterine and feto-placental circulations exist. 

Decreased umbilical blood-flow has been correlated with decrease in maternal IGF-I. 

Furthermore uterine pulsitility index is also negatively correlated with IGF-I 

concentrations (Schiessl et al., 2007).  

 

Further speculative evidence is drawn from local production of IGF-I within the 

placenta and vascular smooth muscle cells. Identifying IGF-I as a potentially 

important peptide in regulation of regional blood-flow (Walsh et al. 1996). As 

previously discussed it is these local factors which entirely control the vasculature of 

the placenta, coupled with high uterine IGF-I levels, high-lights IGF-I as a possible 

mediator of these circulations. 

 

1.6 Summary. 

In summary, fetal growth is dependent upon adequate exchange of nutrients and gas 

products between the maternal and fetal circulations. The maintenance of a high-

flow/low resistant uterine and placental circulations are therefore imperitive. The 

need to consider locally derived vaso-active substances within the uterus and 

placenta are particularly important considering within the placenta, which lacks 

autonomic regulation. There is, however also the need to consider the peripheral 

blood vessels within the uterus, in addition to vascular differences that may 
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contribute to organ-specific blood flow regulation in the metabolic matching of 

nutrient exchange at the inter-villous space.  

 

Oestrogen and IGF-I are known to be important in a number of cellular and tissue 

remodelling aspects of pregnancy adaptations. Furthermore it is clear that oestrogen 

and IGF-I possess potent vaso-active properties.  In spite of this, the vaso-active 

actions of oestrogen and IGF-I within the uterine and placental environment remain 

to be resolved.  

 

1.7 Hypothesis and aims. 

The aim of the studies described in this thesis was to investigate the hypothesis that 

oestrogen (via specific ERs) and IGF-I regulate the vaso-active properties of isolated 

human placental and myometrial arteries. 

 

 

¶ Oestrogen regulation of the placental circulation. 

The aim of this study was to determine the acute non-genomic vasodilatory effect of 

oestrogen on human placental chorionic plate arteries and to elucidate the role of the 

two classical nuclear receptors, ER̜ and ER̝,  and the novel oestrogen receptor, 

GPR30, in mediating any effect observed. 

 

¶ Oestrogen regulation of the uterine circulation. 

The aim of this study was to determine the acute vasodilatory effect of oestrogen on 

human myometrial arteries, 
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¶ IGF-I regulation of the uterine and feto-placental circulations. 

The aim of this study was to determine the vasodilatory effect of IGF-I on human 

myometrial and placental chorionic plate arteries, as well as to investigate possible 

mechanisms involved in any effect observed. 
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Chapter 2
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2.0 Methods. 

2.1 Sample Collection and Dissection. 

2.1.1 Human Samples. 

All human tissue was collected under the approval of Central Manchester Healthcare 

Trust ethics committee. Informed consent was obtained from all women before 

collection of tissue. Consent did not include the collection of demographic data. 

  

Normal pregnancy was defined as one in which the fetus was delivered between 38-

42 weeks of gestation and was within the tenth to the ninetieth centile range of 

weight. There was no evidence of maternal disease and maternal blood pressure 

was within normal ranges (90-135mmHg / 50-80mmHg)(Hermida et al., 2000).  

 

Whole placentae were obtained (N=66 (total number of placentae collected during for 

the study); n=6 (the number of different placentae used in each set of experiments)) 

within 30 minutes of vaginal or elective Caesarean (not in labour) delivery. Chorionic 

plate arteries were identified by following branches of the umbilical artery. Biopsies 

(approximately 4cm2) of placenta, which possessed chorionic plate arteries 500µm or 

less in diameter, were taken and placed directly into ice-cold physiological salt 

solution (PSS: NaCl 127.76 mM; NaHCO3 25 mM; KCl 4.69 mM; MgSO4 2.4 mM; 

CaCl2 1.2 mM, KH2PO4 1.1 8mM; EDTA 0.034mM; Glucose 6.05 mM) as previously 

described by Wareing et al., (2002). Small arteries (200-500 m̧) were identified 

under a stereomicroscope and dissected free from the surrounding connective tissue 

(mean diameter of arteries was 297±10.54). 
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Myometrial biopsies (N=30 (total number of biopsies collected throughout the study); 

n=6 (number of different biopsies used for individual sets of experiments)) were 

taken from women undergoing elective Caesarean section (not in labour) after a full-

term healthy pregnancy. Biopsies (approximately 1cm3)  were taken from the upper 

segment of the uterine incision and placed into tissue collection buffer (TCB: NaCl 

154mM; KCl 5.4mM; MgSO4.7H20 1.2mM; MOPS 10mM; glucose 5.5mM; 

CaCl2.2H20 1.6mM at pH 7.4.) (Sweeney et al., 2008). Small arteries (200-500 M̧) 

were identified under a stereomicroscope and dissected free from the surrounding 

connective tissue (mean arterial diameter was 215±7.96). 

 

2.1.2 Animal Samples. 

Adult male and virgin female Wister rats were housed 3 per cage. Female rats were 

time-mated and housed individually. Pregnancy was initially assumed by the loss of a 

mucosal cervical plug. Animals were allowed to feed and drink on demand up until 

the night before sacrifice. Adult male rats and female virgin and pregnant 

(approximately D19 of gestation, term=D21) rats were culled (N=36) by cervical 

dislocation according to UK Home Office Schedule 1 regulations. The body cavity 

was exposed and the mesentery and uterus (females only) of each animal was 

removed and placed in cold TCB until dissection. The main uterine artery and second 

order mesentery artery were identified under a stereomicroscope and dissected free 

from surrounding connective tissue. 
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2.2 Myography. 

Wire myography was used to facilitate functional studies of isolated small vessels 

(<500um). It has proved a robust and reproducible method for studying small artery 

function (Mulvany 1990).  

2.2.1 Mounting and normalisation. 

Human/rat arteries were cut into four rings approximately 2mm in length using a 

calibrated eyepiece micrometer. The four rings were mounted in separate chambers 

of a Danish myotechnologies 610M wire myograph (Figure 2.1). Two 40 m̧ steel 

wires were passed through the lumen of each vessel and attached via screws to two 

separate jaws which are fixtures in each chamber. A strain gauge, attached to one 

jaw of each myograph chamber, allows measurements of the isometric tension 

exerted circumferentially by the arterial segment(s).  This was extrapolated as mN of 

tension per mm length of vessel. A micrometer, which enables the vessel to be 

stretched, is attached to the opposite jaw. Vessels were bathed in 7ml PSS gassed 

with 5% O2 5% CO2 90% N2 (human placenta) or 5% CO2 95% air (human 

myometrial and all rat arteries) and maintained at a constant temperature of 37°C. 

Vessels were allowed to equilibrate for 20 minutes before normalisation. 
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Figure 2.1 Apparatus for isometric tension measurement.The wire myograph consists 

of a set of four baths placed onto a heat block, which enables the baths to be heated 

up to 37oC. Each bath has a supply of gas. Within the bath are a set of two 

detachable stainless steel jaws. One jaw is attached to a movable micrometer and as 

such can be adjusted in order to apply circumferential tension to the vessel. The 

second jaw is attached to a force transducer which measures isometric tension 

exerted circumferentially by the vessel as force and extrapolates this into mN/mm. 

The output is transmitted and recorded via myography software (Myodata, Danish 

Myotech, Aarhus, Denmark). One arterial ring is mounted in each bath. Four different 

experimental conditions can be monitored in a single experiment 

 

Vessel wall distension has been demonstrated to affect sensitivity to pharmacological 

agents (Nilsson and Sjoblom, 1985) and therefore determining the resting luminal 

diameter at which an arterial section should be set is crucial in wire myography. 

Classical normalisation was developed by Mulvany and Halpern (1977) using rat 

mesenteric arteries. They demonstrated that when vessels were stretched to 90% of 

the measured vessel diameter and subjected to the relevant transmural pressure 

(13.3kPa for rat mesentery arteries), the isometric response was maximized.  
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After a 20 minute equilibration period, the arteries in this study were stretched by 

100 m̧ and allowed to equilibrate for 2 minutes. Passive tension was recorded and 

the vessels were stretched a further 100 m̧. This procedure was repeated in at least 

three steps until the passive tension exceeded 5.1kPa  for human placental arteries 

(Wareing et al., 2002) and 13.3kPa for human myometrial arteries (Sweeney et al., 

2008) and all rat arteries (Mulvany et al., 1977). Data were collected and analysed 

using a normalization software package (Myodaq: Danish Myotechnologies, Aarhus, 

Denmark). This software uses the Laplace relationship to calculate the effective 

pressure of the vessel (Vessel tension expressed as active wall tension ( T̀ in 

mN/mm) can be transformed to active effective pressure ( T̀ / (diameter/2000) 

denoted by kPa). 

 

                                          Effective pressure = Wall tension x 2 

                                                                      Internal circumference 

 

Effective pressure is an estimate of the transmural pressure which is required to 

maintain the vessel in-situ at the same internal circumference and wall tension. The 

software package then constructs an exponential curve and fits the curve to the 

internal circumference data.  

The exponential curve was used to calculate the internal circumference required for a 

transmural pressure of 5.1kPa or 13.3kPa. Arteries were set to an internal 

circumference of 0.9 of L5.1kPa for placental arteries or 0.9 of L13.3kPa for 

myometrial arteries (Wareing et al., 2002).  
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2.2.2 Vaso-active agent solutions. 

All oestradiol solutions were freshly prepared at the beginning of each experiment as 

initial studies indicated that solutions stored either at room temperature or -20ºC 

were not as efficacious as freshly prepared solutions. All chemicals for these sets of 

experiments were obtained from Sigma Aldrich (Dorset, UK) or VWR (Leicestershire, 

UK) unless otherwise stated. 

 

U46619 (Calbiochem, Nottingham UK)  5mg of U46619 was dissolved in 1.427ml of 

diluent (100% ethanol and 927 ļ of 1mg/L NaCO3) to give stock solution of 10mM. 

U46619 is a thromboxane mimetic used to cause vasoconstriction. 

 

17-  ̝oestradiol: 27.24mg of 17-  ̝oestradiol was dissolved in 10ml of 100% ethanol to 

give a stock solution of 1M.   

17-  ̜oestradiol: 27.24mg of 17-  ̜oestradiol was dissolved in 10ml of 100% ethanol to 

give a stock solution of 1M. 17-  ̜oestradiol is a putatively inactive stereo-isomer of 

17-  ̝ oestradiol. Additionally, the binding affinity of 17-  ̜ oestradiol to oestrogen 

receptors, is approximately one third of that of 17-  ̝oestradiol (Vargas et al., 1989).  

 

PPT (1,3,5-tris(4-Hydroxyphenyl)-4-propyl-1H-pyrazole): 3.8mg of PPT was 

dissolved in 1ml of 100% ethanol to give a stock solution of 1M (Tocris, Bristol UK). 

PPT is a specific ER  ̜ agonist demonstrated to have a 410-fold binding affinity 

preference for ER  ̜compared to ER  ̝(Kraichely et al., 2000). 



73 

 

 

DPN (2,3-bis(4-hydroxyphenyl)-propionitrile): 2.4mg of DPN was dissolved in 1ml of 

100% ethanol to give a stock solution of 1M (Tocris, Bristol UK). DPN is a specific 

ER  ̝ agonist and exhibits a 70-fold binding affinity preference for ER  ̝ than ER  ̜

(Meyers et al., 2001). 

 

G1: 1.4mg of G1 was dissolved in 1ml of 100% ethanol to give a stock solution of 

1M.  G1 is a specific GPR30 agonist (Bologa et al., 2006). 

2.2.3 Assessment of Vessel Viability. 

After the normalization procedure, vessels were left to equilibrate for 20 minutes. 

Contractile function was assessed by exposing vessels to 7ml of a high potassium 

physiological salt solution (KPSS: NaCl 12.45mM; NaHCO3 25mM; KCl 120mM; 

MgSO4 2.4mM; CaCl 1.6mM; KH2PO4 1.18mM; EDTA 0.034mM; glucose 6.05mM) 

(Wareing et al., 2002). This is a vasoconstrictor and causes membrane 

depolarization of the smooth muscle cells, inducing an influx of calcium into the cell, 

resulting in vasoconstriction (See Chapter 1.1.1.1). After a stable constriction had 

been reached, the vessels were washed repeatedly with PSS until they relaxed to a 

stable baseline tension. Contractile function was further validated by exposing 

vessels to U46619 (1 M̧). U46619 is a thromboxane mimetic and used widely in 

placental vascular research (Wareing et al., 2002). Constrictions were left for at least 

20 minutes in order to plateau. Experiments were abandoned if one or more arteries 

did not respond to KPSS and U46619.  
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2.2.4 Experimental Protocols. 

2.2.4.1 Assessment of an acute hormonal vasodilatory effect. 

2.2.4.1.1  Acute oestrogenic vasodilatory effect. 

An incremental dose-response curve to oestradiol was performed on preconstricted 

arteries to determine the minimum and maximum dose at which exposure to 

oestradiol was able to induce significant vasodilation. Following a dose-response 

curve, single dose exposures were performed at doses which yielded the maximum 

and sub-maximum vasodilation to determine if single dose acute exposure elicited 

the same degree of vasodilation and was not as a consequence of chronic exposure 

to initial lower doses. Vessels were pre-constricted with U46619 (1 M̧). Once a 

stable constriction was achieved, incremental dose-response curves (0.01uM-30 M̧) 

to 17-  ̝ oestradiol, 17-  ̜oestradiol, PPT, DPN or G1 were performed (Shaw et al., 

2000; Shaw et al., 2001). Matched diluent (ethanol) and/ or time controls were 

performed in separate baths. Each dose was added at 5 minute intervals. Upon 

completion of the dose-response curve, vessels were washed repeatedly with PSS to 

return vessel tension to a stable baseline. U46619 (1 M̧)-stimulated constriction was 

repeated and allowed to plateau. Vessels were subsequently exposed to a single 

dose (30 M̧) of either 17-  ̝oestradiol, 17-  ̜oestradiol, PPT, DPN or G1 with matched 

diluent and/or time controls. Vessels were again washed out with PSS to a stable 

baseline. A final U46619 constriction was performed and once a stable constriction 

was established, vessels were exposed to a 10 M̧ dose of either 17- o̝estradiol, 17-

 ̜ oeastradiol, PPT, DPN or G1 again with matched diluent and/or time controls 

(Montgomery et al., 2003). 
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In two separate sets of experiments, the influence of NO and/or the endothelium on 

oestrogenic vasoactive responses was investigated:  

(i) human vessels were pre-incubated with a nitric oxide synthase inhibitor nitro-L-

arginine (LNNA:10 M̧ (Shiode et al., 1996)) for 20 minutes before pre-constriction; 

arteries which had not been exposed to LNNA were used as controls. Assessment of 

an intact and functional endothelium was confirmed in myometrial arteries at the 

beginning of the experiments by exposing vessels to the endothelial-dependent 

vasodilator bradykinin (BDK; 1 M̧ (Sweeney et al., 2008)) upon a stable constriction 

to the first dose of U46619. Vessels were deemed to have a functioning endothelium 

if vessel tone decreased by 70% following BDK exposure. After the experiment was 

completed, inhibition of nitric oxide synthase was ascertained by again exposing 

vessels to a single dose of BDK (1 M̧). Vessels which were exposed to LNNA should 

fail to dilate.  

 (ii) the vascular endothelium was disrupted by gentle rubbing of the arterial segment 

lumen with a hair before pre-constriction; intact arterial segments were used as 

controls. Disruption of the endothelium was confirmed in myometrial arteries at the 

beginning of each experiment by exposing vessels to the endothelial-dependent 

vasodilator BDK (BDK (1 M̧) upon a stable constriction to the first dose of U46619. 

Arteries in which the endothelium had been disrupted failed to dilate. After the 

experiment was completed, endothelium disruption was again confirmed by exposure 

to BDK (1 m̧). 

Real-time assessment of endothelial integrity / disruption of placental arteries could 

not be carried out as the agonist-mediated endothelial-dependent responsiveness of 



76 

 

these arteries is weak, and, as previously demonstrated (Buttery et al., 1994; 

Wareing et al., 2002), reproducible bradykinin-mediated vasodilation of these arteries 

was not achievable.  

In a further set of experiments, arteries were pre-incubated with the L-type calcium 

channel agonist BayK8644 (1 M̧) for 10 minutes before pre-constriction with U46619 

in order to assess the role of plasmalemmal Ca2+ entry in any oestrogenic vasoactive 

responses (Jiang et al., 2002). 

2.2.4.1.2.  Acute IGF-I vasodilatory effect. 

As IGF-I may act as a vasodilator or constrictor (Walsh et al 1996), both possible 

mechanisms of IGF-I action were investigated. To determine if IGF-I had an effect on 

basal tone, vessels were held at passive tension and exposed to different doses (10, 

50 and 100ng/ml (Vecchione et al., 2001)) of IGF-I for 10 minutes with matched time 

control. As IGF-I is dissolved in water, no diluent control was required. Arteries were 

then washed repeatedly (3x) with PSS. To determine if IGF-I had an effect on pre-

constricted arteries, vessels were constricted with U46619 (1 M̧) and upon reaching 

a stable constriction, exposed to different doses (10, 50 and 100ng/ml) of IGF-I for 20 

minutes 

 

2.2.4.2 Assessment of a hormonal effect upon vascular reactivity (oestrogen and 

IGF-I). 

 An incremental dose-response curve to U46619 (0.1nM 10 M̧) was performed on all 

vessels. Doses were added at 5 minute intervals. Upon completion, vessels were 
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repeatedly washed with PSS to a stable baseline. Upon reaching a stable baseline 

vessels were exposed to either:   

¶ 10ng/ml of IGF-I for 10, 20 and 60 minutes with matched time controls. 

¶ 50ng/ml, 100ng/ml or 500ng/ml of IGF-I for 10minutes with matched time  

      controls. 

¶ 10nM, 100nM or 500nM of 17-  ̝oestradiol for 60 minutes with matched  

       time controls. 

 

Following incubation, and still in the presence of IGF-I or 17-  ̝ oestradiol, a 

second dose-response curve to U46619 (0.1nM-10uM) was performed. 

 

2.2.4.4 Pemeabilisation and calcium sensitisation.  

The thromboxane mimetic U46619 induces vasoconstriction via a direct influence 

upon calcium entry into the cell, in addition to sensitisation of the smooth muscle 

myofilaments to a given concentration of calcium (Shaw et al., 2004).  

Permeabilisation experiments used -̜toxin (from staphylococcus aureus) to form 

pores in the cell membrane, which allows free movement of ions and solutes into and 

out of the cell. Receptor signalling and intracellular signal transduction however, are 

assumed to remain intact. The intracellular calcium is then controlled by bathing 

vessels in solution of known calcium concentration (pCa solutions). These 

experiments would determine if oestrogen influenced the degree of calcium 

sensitisation of these arteries. The protocol used for the permeabilisation of arteries 

was similar to that described by Wareing et al., (2005) and Hudson et al., (2007). 
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2.2.4.4.1 Protocol. 

Vessels were mounted on a wire myograph and held at passive tension at 24oC. A 

lower temperature was used in these experiments to limit the deterioration of tissue 

by minimising temperature- and calcium-dependent protease inhibition. Intact vessel 

viability was tested by exposing vessels to a high potassium solution (KPSS) to 

induce constriction, followed by relaxation in PSS and a subsequent U46619 (10-6M)-

induced constriction. Vessels were returned to a stable baseline and washed 3 times 

at 10 minutes intervals with a mock intracellular solution (G1: sodium creatine 

phosphate 10 mM; Na2ATP 5.2 mM; magnesium methanesulphonate 7.3 mM; 

potassium methane sulphonate, 74 mM; K2EGTA 1 mM buffered to pH 7.1 with 30 

mM of the chemical buffer PIPES and addition of KOH) which contained no calcium 

and was supplemented with EGTA in order to mimic an intracellular environment.  

 

Vessels were then permeabilised with an -̜toxin cocktail (pCa 6.7 supplemented 

with 500 U/mL -̜toxin plus 10 m̧ol/L A23187)  for 30 minutes. A 25 ļ droplet of the 

-̜toxin cocktail was placed on the vessel and during incubation, tension was 

continually monitored. After this time the cocktail was removed by washing the 

vessels twice at 10 minute intervals with G1 solution followed by 2 washes at 10 

minute intervals with a pCa9 solution ([Ca2+]i=0.001 M̧; sodium creatine phosphate, 

10mM; Na2ATP, 5.2 mM; magnesium methane sulfonate, 7.3mM, potassium 

methane sulfonate, 74mM; K2EGTA 1mM; PIPES, 30mM; pH7.1 with KOH). 

Permeabilisation was assessed by exposing vessels to a high calcium solution 

(pCa4.5 ([Ca2+]i=31.5 M̧)). If the permeabilisation procedure was successful, this 

would cause an influx of calcium into the smooth muscle cell and thus constriction of 
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the artery. This also tests the contractile capacity of the permeabilised vessel to 

maximal activating calcium. Upon a constriction, the high calcium solution was 

washed out with two, ten minute G1 washes followed by two, ten minute pCa9 

washes.  

 

Vessels were exposed to a sub-maximal calcium activating solution (pCa6.7 

([Ca2+]i=0.2 M̧)) in addition to GTP (10 M̧) which activates the G proteins and 

stimulates the small G-protein RhoA. Once a stable constriction was achieved 

vessels were exposed to the thromboxane mimetic U46619 (1 M̧). Any additional 

constriction seen after this point was due to sensitisation of the contractile filaments 

to the sub-maximal activating Ca2+ by the presence of the agonist  hence it is 

described as agonist-mediated Ca2+-sensitisation. The experiment was completed by 

exposure to a maximal dose (30 M̧) of either 17-  ̝oestradiol, PPT or DPN upon a 

stable constriction. 

 

2.2.5 Statistical Analysis and Data Presentation. 

Vessel tension expressed as active wall tension ( T̀ in mN/mm) was transformed to 

active effective pressure ( T̀ / (diameter/2000)) denoted by kPa. This is a method 

which allows the standardisation of variations in diameter between individual vessels. 

For example, a 200 M̧ artery may show a smaller constriction in mN/mm compared 

to a 500 M̧ artery, but upon standardisation the active effective pressure should be 

equivalent. Myodata 2.02 and GraphPad Prism 3.03 were used to analyse data. 

Relaxations are expressed as a percentage of the U44619 constriction. All data failed 

normal distribution analysis, therefore for statistical purposes, data from the dose-
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response curves were Arcsine transformed to fit a normal distribution and then 

analysed using a two-Way ANOVA followed by bonferroni post-test, p<0.05 was 

deemed significant. Graphical representation of these data, and the figures given 

within the text are however, raw data values. For single dose-responses all data were 

analysed using the non-parametric comparison Kruskal-Wallis test, again p<0.05 was 

taken to be significant. Dose-response data, transformed to fit a normal distribution 

are expressed as mean ± S.E.M. Single dose exposure data are expressed as 

median and inter-quartile range (IQR) as they remain non-parametric. Drug 

concentrations are expressed as log[M]. 

   

2.33 Quantitative Reverse Transcription Real-Time Polymerase Chain Reaction 

(QRT-PCR). 

Chorionic plate and myometrial artery gene expression was analysed by QRT-PCR 

as previously described (Corcoran et al., 2008; Hudson et al., 2007).  

 

2.3.1 RNA Extraction. 

RNA was extracted from chorionic plate and myometrial arteries by using the 

Absolutely RNA MiniPrep Kit (Stratagene, CA USA) according to manufacturer s 

instructions. The kit contains a lysis buffer that includes guanidine thiocyanate to lyse 

the cells and prevent RNA degradation by RNases. 

2.3.1.1 Human placental chorionic plate arteries and myometrial arteries. 

Whole placentae and myometrial biopsies were obtained and arteries identified as 

previously described (Section 2.1.1) Single vessels were snap frozen in a 

RNA/RNase free eppendorf and stored at -80ºC for analysis. Upon beginning the 
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RNA extraction, vessels were homogenised on ice in glass tissue grinders (Kontes 

Glass Company, Vineland, NJ) in the lysis buffer (20 ļ buffer per 5mg tissue) 

 

2.3.2 RNA Quantification. 

RNA was quantified using the QUANT IT RiboGreen kit (Molecular Probes). 

RiboGreen is an ultra sensitive fluorescent nucleic acid stain for quantifying RNA in 

solution. The method uses only 1 ļ of RNA and is calculated using a standard curve 

generated from ribosomal RNA (16S and 28S) provided in the kit serially diluted in 

water (50 0.39ng/ ļ). A fresh working solution of 1:200 RiboGreen was prepared for 

every run of the assay. RNA from the samples was diluted 1:200 (1 ļ RNA + 199 ļ 

water). 50 ļ of diluted RNA (samples and standards) was added to 50 ļ of the 

working solution of RiboGreen and analysed in 30 ļ triplicates. Reactions were 

placed in a Stratagene MX3000P cycler and incubated at 25ºC for 2 mins. Following 

incubation, the reactions were excited at 480nm and RiboGreen fluorescent data 

collected. Figure 2.2 shows a typical standard curve obtained from the reaction. The 

average absorbance of the standard samples were calculated and used to create a 

line plot (blue line) of absorbance (nm) against RNA concentration (ng/ ļ). A linear 

regression line (black line) was formed and from the equation of the line, the RNA 

concentration of the unknown samples was calculated from the average absorbance 

value obtained for those samples. 
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Figure 2.2: Representative line plot for RiboGreen analyses: RiboGreen assay was 

performed to determine the RNA concentration within HUVEC and placental 

chorionic plate artery preparations. A linear regression line was fitted to the line plot 

and from the equation of that line and the absorbency of the samples, the RNA was 

quantified 

 

2.3.3 cDNA synthesis. 

Complementary DNA was synthesised using the Stratagene First Strand synthesis kit 

according to manufacturers  instructions. 100ng of total RNA from each sample was 

used as a template and incubated with random primers and water for 5 minutes at 

65oC followed by 25oC for 10 minutes. First strand synthesis buffer, dNTPs and the 

reverse transcriptase enzyme were added to a total reaction volume of 50 ļ. 

Reactions were incubated at 42oC for 60 minutes followed by 72oC for 15 minutes 

and ramped down to and held at 25oC. 

 

 

 

 

Standard 

Concentrations  

Linear Regression Line 
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Controls: 

Calibrator: 100ng of human reference RNA (Stratagene) was also reverse 

transcribed in quadruplicate. This sample was used as an internal reference and also 

to indicate errors formed due to variability in the efficiencies of the cDNA synthesis 

reactions.  

 

Standard Curve Samples: 5 ģ of total human reference RNA (Stratagene) was 

reverse transcribed. Serial dilutions of the resultant cDNA formed the standard curve 

at the final QPCR stage. 

 

No Template Control: This was a negative control in which water was used to 

substitute for RNA. 

 

No RT Control: This was also a negative control in which RNA was present but water 

was used to substitute for the reverse transcriptase enzyme. 

 

2.3.4 Real Time Quantitative PCR. 

All reactions were performed using the MX3000P (Stratagene) with MxPro software 

(Stratagene) and Brilliant SYBR Green PCR kit (Stratagene). SYBR Green has a 

high affinity to the minor groove of double stranded DNA (dsDNA). In the unbound 

state the dye exhibits little fluorescence; however, when bound to dsDNA and excited 

at 484nm, fluorescence emission at 521nm is detected. Fluorescence at 521nm is 

quantified within each reaction following the completion of the annealing step for 

every cycle. A passive reference dye (ROX) was included in all reactions. The 
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excitation of the reference dye is 584nm with the emission being 612nm. 

Fluorescence from the reference dye does not change during cycling but provides a 

baseline to which the samples are normalized, compensating for slight volume 

differences in reaction tubes.  All samples were run in triplicate alongside a standard 

curve of known amounts of cDNA (100ng  0.78ng) calculated from serial dilution of 

the 5µg reverse transcribed human reference RNA. For each 25 ļ reaction the 

following reagents were added: 

cDNA (1:10) - 10 ļ 

SYBR Green Mastermix -  12.5 ļ 

Forward Primer (100nM)  0.75 ļ 

Reverse Primer (100nM)  0.75 ļ 

Water: 0.625 ļ 

ROX (1:500): 0.37 ļGene-specific cDNA amplification primers were designed for 

SYBR Green reaction optimisation using Beacon Designer software (PREMIER 

Biosoft Internationl, CA, USA). Table 2.1 lists the primer sets for the genes of 

interest.   
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Table 2.1 Sense and anti sense primer sequences encoding ER ,̜ ER ,̝ and IGF-IR.   

 

The QPCR optimised cycling conditions were as follows: 

Initial Denaturation: 95ºC  10 minutes for one cycle, followed by 40 cycles 

Denaturation: 95ºC - 30 secs  

Annealing: 55oC  60 secs                             

Extension: 72ºC - 30 secs 

Melt curve analysis (dissociation curve) was performed after PCR cycling. The 

reactions were cooled to 55oC for 30 secs; the temperature was then slowly 

increased to 95oC with a ramp rate of 0.2oC /sec whilst continually collecting 

fluorescence data. The change in fluorescence is very little until the temperature 

reaches that of the melting temperature of the PCR product; this is determined by the 

length and GC content of the product.  The software plots the rate of change of the 

Gene (accession number) 

 

Primer Sequences 

ER̜ (nm_000125) Sense: gct gct ggc tac atc                         

Anti Sense:  agg act cgg tgg ata tgg 

 

ER̝ (nm_001040275) Sense: ata ctt tcc tcc tat gta gac               

Anti Sense: tgt gat aac tgg cga tgg             

 

IGF-IR (nm_000875) Sense: gaa gga gga ggc tga ata c 

Anti Sense: ggt cgg tga tgt tgt agg 
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relative fluorescence units with time on the Y-axis versus the temperature on the X-

axis.  A peak denotes the melting temperature of the product. A single peak on the 

dissociation curve indicated specific primer annealing and the generation of one 

product.  

2.4 Cell Culture. 

Human umbilical vein endothelial cells (HUVECs) were taken from storage in liquid 

nitrogen and thawed at 37ºC. Cells were then added to 10 mls of sterile warm media 

(50% DMEM (Cambrex, USA), 50% F12 (Cambrex), 10% Fetal Calf Serum 

(Invitrogen, Paisley UK), 20ng/nl FGF (Pepro-Tech, London UK), 10ng/nl EGF 

(Pepro-Tech), 1% Penicillin / Streptomycin (Sigma, Poole UK) and centrifuged at 

1200rpm for 7 minutes. 

 

The supernatant was discarded and the pellet (containing the cells) was re-

suspended in warmed media. Cells were seeded at 250 000 cells per 15mls of media 

in T75 flasks all of which had been pre incubated at 37ºC with attachment factor 

(TCS Cellworks, Buckingham UK) for 1 hour. The attachment factor was decanted 

from the flasks, sterile filtered and kept for future use. Cells were incubated at 37ºC, 

in 20% oxygen until confluent (approximately 5 days). Media was changed every 48 

hours. Cells were passaged by removing the media and washing twice in warmed 

sterile phosphate buffered saline (PBS). Cells were exposed to trypsin-EDTA for 

approximately 2minutes at 37ºC. Trypsin-EDTA solution (containing cells) was 

removed from the flask. Cells were counted using a haemocytometer and centrifuged 

at 1200rpm for 7 minutes. The supernatant was discarded and the pellet was re-
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suspended in warmed sterile media. Cells were seeded at 250,000 cells per 15mls 

media in a T75 flask.  

2.5 SDS-PAGE and Western Blotting. 

2.5.1 IGF-I treatment and collection of Cultured Cells. 

At passage six and when confluent, cells were exposed to a single dose of IGF-I 

(10ng/ml) for 20 minutes (Matthews et al., 2008). At this time, the IGF-I was removed 

and the cells were washed three times in warm sterile PBS. Cells were scraped in 

200 ļ of lysis Buffer (Tris-HCl, 50mM pH7.7, 1% IGEPAL, 0.25% sodium-

deoxycholate, NaCl 150mM, EDTA 1mM, PMSF 1mM, Na3VO4 1mM, 1mM NaF, 

and1 ģ/ml Protease Inhibitor cocktail). The cells in the lysis buffer were decanted. 

Using a light microscope the flask was checked to ensure cells had been released 

and collected. If a large number of cells remained attached to the flask, the 

procedure was repeated with the same buffer. Lysed cells were centrifuged at 

16,400g for 10 minutes at 4oC. The supernatant was decanted and stored at -80oC 

for future analysis.  

 

2.5.2 Protein Assay. 

The protein concentration of all samples was determined using the BioRad Dc 

Protein Assay (BioRad, Hemel Hampstead UK), a Lowry based assay. A standard 

curve was prepared using bovine serum albumin (1.6mg/ml  0.1mg/ml) dissolved in 

lysis buffer. Using a 96 well plate, 5 ļ of the individual standards and samples were 

pipetted into individual wells. All samples and standards were analysed in 

quadruplicate. To all samples, 25 ļ of working reagent was added (20 ļ Reagent S 
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per 1ml of Reagent A) followed by 200 ļ of reagent B and incubated at room 

temperature for 15 minutes. Absorbance (750nm) was measured using a Versamax 

spectrophotometer. The average absorbance of the standard samples were 

calculated and used to create a line plot of absorbance (nm) against protein 

concentration (Figure 2.3). A linear regression line was formed and from the equation 

of the line, the protein concentration of the unknown samples was calculated from the 

average absorbance value obtained. 2X Laemmli Buffer (4% SDS, 20% glycerol, 

10% 2-mercaptoethanol, 0.004% bromophenol blue, 0.125M Tris-HCL, pH 6.8) was 

added to the samples in a 1:1 ratio and heated at 100°C for 10 mins. This denatures 

any secondary structures and also adds a negative charge to proteins. 
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Figure 2.3: A representative line plot of absorbance against protein concentration. 

Bovine serum albumin was used to generate a standard curve of known protein 

concentration (1.6  0.1mg/ml) (blue line). From the equation of the linear regression 

line (pink line) the protein concentration of the unknown samples was calculated, 

where Y denotes the absorbance and X the protein concentration. 

 

2.5.3 SDS Electrophoresis and Western Blotting. 

SDS electrophoresis was performed using a mini protean III electrophoresis system 

(BioRad laboratories: Hemel Hempstead, UK). A 1.5mm thick discontinuous 

polyacrylamide gel system was used consisting of a 4% stacking gel (0.1% SDS, 

0.05% ammonium persulfate, 1:2000 N,N,N ,N-tetramethylethlyenediamine 

[TEMED], 0.125M Tris HCL, pH 6.8) and 10% separating gel (0.1% SDS, 0.05% 

ammonium persulfate, 1:2000 TEMED (w/v), 0.375M Tris-HCl, pH8.8).  

 

Cell lysates were loaded onto the gel (5  30mg) and electrophoresed in running 

buffer (25mM Trisbase; 192mM Glycine; 3.5mM SDS and pH8.0) at 100 volts for 1.5 

hours. Electrophoretic transfer of proteins to a methanol-activated polyvinylidene 
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fluoride (PVDF) membrane was performed for 90minutes at 100volts, in transfer 

buffer (25mM Tris; 193mM glycine; 20% methanol pH8.3). The membranes were 

subsequently blocked in 3% non fat dried milk in Tris Buffered Saline-Tween ((TBS-

T) 0.5M Tris Base; 9% NaCl; 0.5% Tween 20 pH 7.6) for 1 hr at room temperature, 

and incubated at 4oC overnight in 1% non fat dried milk TBS-Tween with primary 

antibodies (refer to Table 2.1 for antibody information). After the incubation with 

primary antibodies, membranes were washed in TBS-T 6 times for 5 minutes and 

then incubated with the corresponding species-specific horse raddish peroxidase 

(HRP) conjugated secondary antibody (1:1250) in 1% non fat dried milk TBS-T 

solution for 90 minutes at room temperature. Membranes were washed in TBS-T 6 

times for 5 minutes and incubated with an enhanced chemiluminescent substrate 

(ECL; Supersignal West Pico Chemiluminescent Substrate, Pierce, Rockford, IL) and 

visualised on CLXposure film (Pierce).  
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anti-IGF-I receptor Santa Cruz (California, USA) Rabbit 1:1000 

anti-pIGF-I receptor BioSource (Nivelles, Belguim) Rabbit 1:750 

anti-MAPK  Cell Signalling (Massachusetts, 

USA) 

Rabbit 1:1000 

anti-pMAPK Cell Signalling  (Massachusetts, 

USA) 

Rabbit 1:500 

anti-AKT Cell Signalling (Massachusetts, 

USA) 

Rabbit 1:750 

anti-pAKT Cell Signalling (Massachusetts, 

USA) 

Rabbit 1:500 

anti-eNOS BD Bioscience (Oxford, UK) Rabbit 1:1000 

anti-peNOS BD Bioscience  (Oxford, UK) Rabbit 1:500 

20Anti-mouse Dako (Ely, UK) Goat 1:1250 

20 Anti-Rabbit Dako (Ely, UK) Goat 1:1250 

 

Table 2.2: Antibodies used in western blotting showing source, host species and 

optimised dilution. 
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Chapter 3 
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3.0 Oestrogen regulation of the human placental vasculature. 

3.1 Introduction. 

Efficient placental perfusion is necessary to provide the developing fetus with 

sufficient nutrients and gases. As such, a high-flow / low-resistance circulation within 

the feto-placental circulation must exist (Myatt 1992). The vasculature of the placenta 

lacks autonomic regulation and tone is controlled by locally derived and humoral 

vaso-active substances (Rebourcet et al., 1996; Tertrin-Clary et al., 1998) . Small 

chorionic plate arteries have the size characteristics of resistance vessels and are 

likely to contribute to determining placental blood flow and resistance (Wareing et al., 

2002). Vasoconstriction of these arteries has been demonstrated in response to a 

range of agonists including thromboxane and endothelin (Lynch-Salamon et al., 

1992; Wareing et al., 2002; Sanderson et al., 2006) . However, vasodilation in 

response to endothelial-dependent agonists including acetylcholine, bradykinin and 

histamine remains controversial (Ong et al., 2002; Mills et al., 2007; Taylor and 

Maloney 2010). The physiological mechanisms regulating blood-flow within the 

placenta thus requires further clarification. 

 

Pregnancy is a physiological state of increased maternal oestrogen levels in addition 

to steroidogenesis within the placenta (Mendelsohn and Karas 1999). Oestrogen has 

emerged as a potent vasodilator within the systemic system and evidence suggests 

that oestrogen has a direct vasodilatory effect within the uterus during pregnancy 

(Magness 1998; Gibson et al., 2004). However, the vaso-active properties of 

oestrogen have not been investigated within the human placenta. 
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Oestrogen classically acts via its two receptors ER  ̜and ER .̝ These receptors are 

part of the family of nuclear receptors and classically initiate transcription (Razandi et 

al., 1999). Oestrogen has however, demonstrated acute vasodilatory actions which 

are independent of effects on transcription (Chen et al., 1999; Russell et al., 2000; 

Hisamoto and Bender 2005). Moreover, these acute actions have led to a debate 

about whether oestrogen receptors are localised on the cell membrane. Indeed a 

novel oestrogen receptor (GPR30) has been identified and localised to the cell 

membrane (Thomas et al., 2005).  

 

Several mechanisms of acute oestrogen-dependent vasodilation have been 

described and can be sub-divided into endothelial-dependent or independent (Chen 

et al., 1999; Russell et al., 2000; Hisamoto and Bender 2005). The pre-dominant 

endothelial-dependent mechanism is via the activation of eNOS, which produces NO. 

This response is pre-dominantly mediated via ER  ̜(Meyer et al., 2009). Endothelial-

independent mechanisms are less clearly understood, but are thought to involve ER  ̝

(Chandrasekar and Tanguay 2000). Oestrogen has been shown to interact with ion 

channels to reduce the level of intracellular calcium and attenuate vasoconstriction 

(Nagar et al., 2005). 

 

It is reasonable to suggest, considering the vaso-active properties of oestrogen, 

coupled with local production of oestrogen within the placenta, and the vasculature of 

the placenta relying upon locally derived vaso-active substances, that oestrogen may 

regulate blood-vessel tone within the placenta.   
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3.2 Hypothesis. 

Oestrogen acutely regulates human placental chorionic plate artery tone in vitro in an 

ER-dependent manner. 

 

3.2.1 Aims. 

The aims of this chapter are therefore: 

1. To determine the effect of oestrogen upon both passive tone and reactivity of 

human placental chorionic plate arteries. This will be evaluated by both acute 

exposure to17-  ̝oestradiol and by determining the ability of 17-  ̝oestradiol to 

attenuate the actions of vasoconstrictors. 

 

2. To determine the role of each of the oestrogen receptors in the acute 

response to oestrogen. This will be determined by using specific oestrogen 

receptor modulators.  

 

3. To elucidate the endothelial dependent and/or independent mechanisms of 

oestrogen-induced vasodilation. This will be determined predominantly by 

inhibiting nitric oxide synthase or by physical abrasion of the endothelium.  

 

3.3 Methods. 

Placentae were collected (after informed consent and with LREC approval) at the 

end of normal term pregnancies. Chorionic plate arteries were dissected, cut into 
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3mm rings and mounted on a wire myograph as described in section 2.3.1. Following 

normalisation (2.3.1) and assessment of vessel viability (2.3.3), the oestrogenic effect 

upon vascular reactivity and tone was investigated as previously described (2.2.4.1 

and 2.2.4.2).  

 

3.3.1 Assessment of oestrogenic effect upon vascular reactivity. 

Oestrogen, as discussed, has be shown to both reduce vascular reactivity (i.e. a 

depressed response to vasoconstrictors) and induce acute vasodilation via different 

signal pathways (Lahm et al., 2008). To study the ability of oestrogen in maintaining 

a low resistant placental circulation, incremental dose response curves to U46619 

(0.1nM-10 M̧) were performed pre and post 60 minute exposure to 17-  ̝oestradiol 

(10, 100 and 500nM) with matched time control. 

 

3.3.2 Assessment of an acute oestrogenic vasodilatory effect. 

 Arteries were pre-constricted with U46619 (1µM) and exposed to incremental doses 

(0.05  30 M̧), or single sub-maximal (10 M̧) and maximal doses (30 m̧) of 17-  ̝

oestradiol, 17-  ̜ oestradiol (a putatively in-active stereo-isomer), the ER  ̜ agonist, 

propylpyrazoletriyl (PPT), the  ER  ̝agonist, diarylpropionitrile (DPN) or the GPR30 

agonist G1.  

 

In further sets of experiments to assess the role of the endothelium in response to 

oestrogen, arteries were either pre-incubated with the nitric oxide synthase inhibitor 

LNNA (10µM), or BayK8644 (1µM) or the endothelium of arteries were physically 

abraded before constricting with U46619. In experiments to assess the role of 
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calcium in mediating the response to oestrogen, arteries were permeabilised with an 

-̜toxin cocktail and bathed in a sub-maximal calcium solution (pCa6.7) followed by 

further contraction with 1 M̧ U46619. Upon reaching a stable constriction, vessels 

were exposed to a single dose (30 M̧) of 17-  ̝oestradiol, PPT or DPN with matched 

time controls. 

3.4 Results. 

3.4.1 Oestrogen receptor expression. 

The expression of the transcript for oestrogen receptors ER  ̜ and ER  ̝ within 

chorionic plate arteries was determined by using QRT-PCR as described in Chapter 

2. All experimental criteria for a successful and reproducible reaction were met. The 

standard curve generated an efficiency of 101.99% for ER  ̜and spanned a Ct range 

of 22.01  29.8. ER -̝specific primers had a standard curve with an efficiency of 

102.99% and spanned a Ct range of 22.14 - 29.96. The dissociation curves for ER  ̜

and  ̝ each had one clean peak of Tm 79.60C and 83oC respectively; the same 

melting temperature was present for standard curve samples, calibrator samples, 

and chorionic plate arterial cDNA. This indicates one amplification product for all 

samples. There was no evidence of amplification in any of the negative controls (no 

RT enzyme, no template control from the RT reaction, no template control in the 

QPCR reaction). All sample triplicates fell within a 1Ct difference. The calibrator 

samples for ER  ̜and ER  ̝had Ct values of 25.43±0.11 and 28.67±0.15 respectively.  

Median expression of ER  ̜(Ct value 25.41±0.21) and ER  ̝(Ct value 25.32±0.02) in 

chorionic plate arteries relative to the calibrator was 98.9% (IQR 8.49-10.69, n=6 
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placentae) and 873% (IQR 9.49  6.98, n=6 placentae) respectively. Data are 

summarized in Figure 3.1. 

 

These results suggest that as the transcript for the classical oestrogen receptors can 

be detected within chorionic plate arteries, these arteries are indeed potential target 

sites for the action of oestrogens. 



99 

 

 

 

 

 

 

 

 

Figure 3.1 mRNA expression of the two classical  oestrogen receptors (ER ̜ and 

ER )̝ in human placental chorionic plate arteries. Scatter plots showing expression 

relative to the calibrator sample (100ng human reference RNA) of 6 chorionic plate 

arterial samples each analysed in triplicate. Line indicates the median. 
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3.4.2 Effect of oestrogen upon placental vascular reactivity.  

Lahm et al., (2008), demonstrated that oestrogen was involved in attenuating 

agonist-induced vasoconstriction and reversing hypoxia induced pulmonary 

vasoconstriction. Therefore to determine the ability of oestrogen to alter the vaso-

reactivity of human placental chorionic plate arteries i.e. provide a low resistance 

circulation, an incremental dose-response curve to U46619 (0.1nM  10 M̧) was 

performed pre- and post-oestrogen exposure. Representative raw data are shown in 

Figure 3.2. The data are summarised in Figure 3.3 

 

Artery tone was significantly reduced after exposure to 17-  ̝oestradiol (Figure 3.3). 

The response to U46619 did not alter in time control arteries and as a consequence, 

the observed effect in experimental arteries was as a direct effect of the hormone 

and not due to time.  There was no effect upon the U46619 dose-response curves 

after incubation with 10nM 17-  ̝ oestradiol. Exposure to 100nM 17-  ̝ oestradiol 

significantly reduced pre-constricted tension at U46619 doses of 70nM 

(7.58±1.70kPA to 2.70±1.12kPa), 100nM (9.19±1.66kPa to 4.39±1.5kPa) and 300nM 

(11.08±1.9kPa to 7.7±1.9kPa) with no observed effect at maximal dose (10 M̧) of 

U46619. Incubation with 500nM 17-  ̝oestradiol also caused a reduction in U46619-

induced tone. Statistical significance was achieved from 70nM (6.89±1.96kPa versus 

1.85±0.74kPa) and was maintained throughout the dose-response curve to the 

maximal dose of 10 M̧ (11.60±2.98kPa versus 8.58±2.37 kPa). 
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Oestrogen may therefore regulate the vasculature of placenta by altering the 

reactivity of arteries and cause a depressed response to vasoconstrictors. The ability 

of oestrogen to alter vascular tone via direct vasodilation was investigated. 



102 

 

 

U46619 (10-10ς10-5 M) U46619 (10-10ς10-5 M) 

10 mins

2
k
P

a

17- o̡est(5x10-7 M)

A

 
U46619 (10-10ς10-5 M) U46619 (10-10ς10-5 M) 

10 mins

2
k
P

a

B

 

 

Figure 3.2 Representative wire myography raw tracings of the effect of 17-  ̝

oestradiol on U46619 induced tone of human term placental chorionic plate arteries. 

An increase in active effective pressure demonstrates vessel constriction. A U46619 

dose response curve (0.1nM-10 M̧) was performed on all arteries. Doses were 

added at 5 minute intervals as indicated by the staircase annotation. (A) Upon 

completion of the first U46619 dose-response curve, the vessel was washed with 

PSS and returned to baseline tension. The vessel was then exposed to 500nM of 17-
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 ̝oestradiol for 60 minutes followed by a second U46619 dose response curve. (B) 

Matched time control vessel which had not been exposed to 17-  ̝oestradiol. 
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Figure 3.3 17-  ̝ oestradiol causes a reduction in U46619 -induced tone of human 

placental chorionic plate arteries in vitro.  Arteries were exposed to a U46619 dose-

response curves (10-10M  10-5M) pre and post 60 minute incubation with 17-  ̝

oestradiol (10, 100 and 500nM). (A) Pre-incubation with 10nM of 17-  ̝oestradiol, (B) 

Pre-incubation with 100nM 17-  ̝ oestradiol, (C) Pre-incubation with 500nM 17-  ̝

oestradiol, (D) Matched time control which did not receive oestradiol treatment. Data 

are represented as mean± s.e.m change in active effective pressure (kPa), n=6 

placentae. * p<0.05 two-way ANOVA with Bonferroni post-hoc test compared to pre-

exposure dose response curve. 

A B 

C D 

A B 

C D 
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3.4.3 Acute Exposure to 17-  ̝oestradiol. 

The ability of oestrogen to maintain a low resistant circulation and induce acute 

vasodilation in response to constriction was investigated in pre-constricted human 

placental chorionic plate arteries was investigated. The ability of chorionic plate 

arteries to vasodilate is of particular importance as aberrant placental blood-flow and 

oxygenation is associated with pathological pregnancies (Soleymanlou et al., 2005). 

Arteries were pre-constricted using U46619 and exposed to incremental doses of 17-

 ̝oestradiol, 17-  ̜oestradiol (non-physiological stereo-isomer of 17-  ̝oestradiol) with 

matched diluent and time controls. A typical raw tracing from these experiments is 

demonstrated in Figure 3.4 and the data are summarized in Figure 3.5 

 

Time and diluent (ethanol) controls maintained constriction throughout the 

experiment and therefore arterial tone was not influenced by these factors. 

Significant acute vasodilation was achieved when vessels were exposed to 1 M̧ to 

30 M̧ 17-  ̝oestradiol (75.8±7.1% and 41.7±1.1% respectively of U46619 maximum 

constriction) compared with diluent and time controls (Figure 3.5). 

 

Arteries were additionally exposed to single maximal (30 M̧) and sub-maximal 

(10 M̧) doses of 17-  ̝ and 17-  ̜ oestradiol. This was to determine that the 

vasodilations observed in the previous experiments were as a consequence of 

exposure to the dose at which statistical significance was seen and not a cumulative 

effect of earlier exposure to a lower dose of oestrogen. Upon completion of the 

oestrogen dose-response curve arteries were washed with PSS and returned to 

stable baseline tension. Arteries were then pre-constricted with U46619 (1 M̧) and 
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exposed to a single dose (30 M̧) of 17-  ̝oestradiol or 17-  ̜oestradiol with matched 

diluent and time controls. Finally arteries were returned to base-line and pre-

constricted with U46619 (1uM) and exposed to a sub-maximal dose of either agonist 

with matched time and diluent controls.   

 

There was no significant difference between the first and subsequent U46619 

constrictions for all conditions (17-  ̝ oest; 98.7±3.57% of 1st U46619 maximum 

constriction), therefore the previously observed reduction in vascular reactivity occurs 

upon the removal of oestrogen. 17-  ̝ oestradiol exposure resulted in a significant 

reduction in tone at 30 M̧ and 10 M̧ (median 48.03, IQR 41.27-55.25 and median 

53.30, IQR 46.68-63.20 respectively; p<0.05 Kruskal-Wallis) compared to time and 

diluent controls. Relaxations observed mimicked those achieved during the dose-

response curve, therefore confirming an acute response. At the maximal dose of 17-

 ̜ oestradiol (30 M̧), significant relaxation was evident (median 83.15, IQR 76.39-

89.50); in comparison 10 M̧ exposure did not result in a significant reduction in tone 

(Figure 3.6).  

 

These data have determined that oestrogen is able to have a direct vasodilatory 

action on human placental chorionic plate arteries and so the role of the each 

oestrogen receptor in mediating this effect was investigated. 
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Figure 3.4 Representative wire myography tracings of the effects of 17-  ̝oestradiol 

on the tone of human placental chorionic plate arteries. An increase in active 

effective pressure (kPa) demonstrates constriction of the artery segment. Arteries 

were pre-constricted with 1 M̧ U46619 and upon a stable constriction exposed to 

incremental doses of 17-  ̝oestradiol (0.05-30 M̧) (A) or an equal volume of diluent 

(B) at five minute intervals.  

A 

B 
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Figure 3.5 17-  ̝oestradiol causes acute relaxation of human placental chorionic plate 

arteries in vitro. Arteries were pre-constricted with the thromboxane mimetic U46619 

(1 M̧). Following a stable constriction in all 4 vessel preparations, 1 vessel was used 

as a time control (TC) and therefore received no further treatment. The remaining 

vessel preparations were exposed to incremental doses (0.05-30µM) of 17-  ̜

oestradiol, 17-  ̝ oestradiol or diluent control at 5 minute intervals. Data are 

represented as a percentage of the U46619 induced maximum tone. Constriction 

was maintained in the time and diluent controls. Significant relaxation (n=6 

placentae,*p<0.05 two-way ANOVA Bonferroni post hoc test) was achieved with 17-  ̝

oestradiol (1  30 M̧). 
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Figure 3.6  Acute single dose oestrogen-dependent vasodilation of human placental 

chorionic plate arteries. Arteries were pre-constricted with U46619 (1 M̧). Following a 

stable constriction in all 4 vessel preparations, 1 vessel was used as a time control 

(TC) and therefore received no further treatment. The remaining vessel preparations 

were exposed to incremental doses (0.05-30µM) of 17-  ̜oestradiol, 17-  ̝oestradiol 

or diluent control at 5 minute intervals. Data are represented as a percentage of the 

U46619 induced maximum tone. Constriction was maintained in the time and diluent 

controls. Significant relaxation from time controls (n=6 placentae,*p<0.05 two-way 

ANOVA Bonferroni post hoc test) was achieved with 17-  ̝oestradiol (1  30µM). 17-  ̜

oestradiol induced significant relaxation only at 30µM. 
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3.4.4 The role of oestrogen receptors in oestrogen induced vasodilation.  

3.4.4.1 The role of the novel oestrogen receptor GPR30 in oestrogen-induced 

vasodilation. 

The novel membrane oestrogen receptor, GPR30, has been implicated in the acute 

actions of oestrogen (Lindsey et al., 2011). Data so far have shown acute 

vasodilation of human placental chorionic plate arteries upon oestrogen exposure, 

therefore this receptor is a potential candidate for oestrogen-mediated vasodilation 

within this vascular bed.  Pre-constricted arteries were exposed to incremental doses 

of 17-  ̝ oestradiol or the GPR30 agonist, G1, with matched time controls. As 

previously demonstrated, 17-  ̝ oestradiol induced a significant vasodilation from 

1 M̧-30 M̧ compared to time controls (82.99±7.18%  43.8±2.06% of U46619 

maximum constriction). Pre-constricted arteries exposed to G1 maintained 

constriction and therefore G1 did not significantly alter arterial tone (100±0.02% 

(0.05 M̧)  99.8 ± 0.01% (30 M̧)) of U46619 maximum constriction) (Figure 3.7). 

 

Oestrogen-dependent acute vasodilation of placental chorionic plate arteries, within 

this experimental setting does not appear to involve activation of GPR30. The role of 

the classical oestrogen receptors was then investigated. 

  

A 

B 
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Figure 3.7 Oestrogen-dependent vasodilation of human placental chorionic plate 

arteries is not mediated by the novel oestrogen receptor GPR30 in vitro. Arteries 

were pre-constricted with the thromboxane mimetic U46619 (1µM). Following a 

stable constriction in all 3 vessel preparations, 1 vessel was used as a time control 

(TC) and therefore received no further treatment. The remaining vessel preparations 

were exposed to incremental doses (0.05-30µM) of 17-  ̝ oestradiol or the GPR30 

agonist G1, at 5 minute intervals. Data are represented as a percentage of the 

U46619 induced maximum tone. Constriction was maintained in the time controls. 

Significant relaxation from time control arteries (n=6 placentae, *p<0.05 arcsine 

transformed two-way ANOVA, Bonferroni post-hoc test) was achieved with 17-  ̝

oestradiol. G1 had no direct vasodilatory effect. 
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 3.4.4.2 The role of ER  ̜ versus ER  ̝in oestrogen-induced vasodilation. 

Selective oestrogen receptor modulators (SERMs) were used in order to investigate 

the specific roles of the two classical oestrogen receptors (ER  ̜ and ER )̝ in 

oestrogen-dependent vasodilation of human placental chorionic plate arteries. 

Arteries were pre-constricted with U46619 (1 M̧) and exposed to incremental doses 

of 17-  ̝oestradiol, the selective ER  ̜agonist (PPT), the selective ER  ̝agonist (DPN) 

or matched time controls. Demonstrated in Figure 3.8 is a typical raw tracing from 

these experiments and the data are summarised in Figure 3.9. 

 

Time controls again maintained constriction, whereas the steroidal agents reduced 

tone thereby confirming a direct effect of these agents. Diluent controls were not 

carried out in these experiments as the diluent had been previously deemed to have 

no effect upon vessel tone (Figure 3.5). Significant vasodilation was again achieved 

with 1-30 M̧ 17-  ̝ oestradiol. PPT did not alter pre-constriction (99.83±99.83% 

(0.05 M̧)  97.5±1.7% (30 M̧)) of U46619 maximum constriction), therefore 

suggesting that ER  ̜is not involved in the acute oestrogen-dependent vasodilation of 

placental chorionic plate arteries. The ER  ̝ agonist, DPN, induced significant 

relaxation from 2 M̧-30 M̧ (72±7.05% and 47.6±6.53% respectively of U46619 

maximum constriction) similar to the vasodilation seen with 17-  ̝oestradiol. 

 

The acute nature of ER -̝induced vasodilation of these arteries was confirmed by 

exposure to single maximal and sub-maximal doses. Pre-constricted arteries were 

exposed to a single dose of 30 M̧ or 10 M̧ of 17-  ̝oestradiol, DPN and PPT with 

matched time controls (Figure 3.10). Time controls maintained constriction and 
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therefore time did not influence arterial tone.  17-  ̝ oestradiol induced significant 

relaxation at 30 or 10 M̧, comparable with previous results (median 51.50, IQR 

39.22-73.15 and median 61, IQR 51-81 respectively). DPN also induced significant 

relaxation at 30 and 10 M̧ (median 44, IQR 42.17-62.50 and median 83, IQR 69.45-

87.23 respectively). PPT again did not reduce arterial tone. Additionally, there was no 

significant difference in active effect pressure between the first and subsequent 

constrictions after exposure to 17-  ̝ oestradiol, DPN and in the matched time 

controls. However, following the initial PPT exposure there was a step-wise 

significant attenuation of further constrictions. This is apparent from the data in the 

raw trace (Figure 3.8). 

 

In summary, these data point to a prominent role of ER  ̝ in the acute oestrogen-

induced vasodilation of human placental chorionic plate arteries  This study will now 

begin to elucidate the mechanism of oestrogen-mediated vasodilation in-terms of 

actions on the endothelium (endothelial-dependent) or vascular smooth muscle 

(endothelial-independent). 
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Figure 3.8 Representative wire myography trace of the effects of 17-  ̝ oestradiol, 

DPN, and PPT on human term placental chorionic plate arterial tone. An increase in 

tension shows the vessel constricting and vice versa. Vessels were pre-constricted 

with 1 M̧ U46619 and exposed to incremental doses (0.05-30 M̧) of 17-  ̝oestradiol 

(A) the ER  ̝agonist, DPN (B), the ER  ̜agonist PPT (C), with matched time controls 

(D). Vessels were then washed and returned to baseline tension. Vessels were 

constricted a second time to U46619 (1 M̧) and exposed to a single maximum dose 

of 17-  ̝ oestradiol, DPN or PPT (30mM). Upon completion and when returned to 

baseline tension, vessels were again constricted using U46619, once a stable 

constriction was achieved, vessels were then exposed to a 10 M̧ dose of 17-  ̝

oestradiol, DPN or PPT with matched time controls.  
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Figure 3.9 17-  ̝oestradiol induced relaxation of human placental chorionic plate arteries 

is via ER  ̝in vitro. Arteries were pre-constricted with the thromboxane mimetic U46619 

(1µM). Following a stable constriction in all 4 vessel preparations, 1 vessel was used as 

a time control (TC) and therefore received no further treatment. The remaining vessel 

preparations were exposed to incremental doses (0.05-30 M̧) of 17-  ̝ oestradiol, the 

ER  ̜agonist PPT, or the ER  ̝agonist DPN, at 5 minute intervals. Data are represented 

as a percentage of the U46619 induced maximum tone. Constriction was maintained in 

the time controls. Significant relaxation from time controls (n=6, *p<0.05 arcsine 

transformed two-way ANOVA, Bonferroni post-hoc test) was achieved with 17-  ̝

oestradiol and DPN from 1 30 M̧ and 2-30 M̧ respectively. PPT had no direct 

vasodilatory effect. 
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Figure 3.10 Acute sub-maximal and maximal single dose vasodilation of human placental 

chorionic plate arteries by 17-  ̝oestradiol and DPN. Arteries were pre-constricted with U46619 

(1 M̧). Following a stable constriction in all 4 vessel preparations, Vessel preparations were 

exposed to single doses (10 M̧ and 30 M̧) of 17-  ̝oestradiol, the ER  ̜agonist PPT, the ER  ̝

agonist DPN with a matched time control (TC). Data are represented as a percentage of U46619 

induced maximum tone. Scatter plots show the individual experimental results, the median is 

indicated by the line. Constriction was maintained in the time control. Significant relaxation from 

time controls (*) was achieved with 17-  ̝oestradiol and DPN (p<0.05) at 10 M̧ (A) and 30 M̧ 

(B). Significant relaxation was not achieved with either dose of PPT. 

A 

B 
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3.4.5 The role of the endothelium in oestrogen induced vasodilation. 

3.4.5.1 The role of nitric oxide. 

In many vascular beds, a prominent and best studied mechanism of oestrogen-dependent 

vasodilation is via the activation of endothelial nitric oxide synthase (eNOS) which in turn 

generates nitric oxide. Consequently, this mechanism of oestrogen action was investigated in 

human placental chorionic plate arteries. Arteries were pre-incubated with a nitric oxide synthase 

inhibitor (LNNA:10 M̧), pre-constricted with U46619 (1 M̧) and then exposed to incremental 

doses (0.05-30 M̧) of 17-  ̝oestradiol or the ER  ̝agonist DPN with matched controls which had 

not been pre-incubated with LNNA. Time controls and diluent controls were not included in these 

experiments as they had previously been demonstrated not to influence the experimental 

outcome. 

 

 Significant vasodilation was achieved upon exposure to 1 M̧-30 M̧ 17-  ̝ oestradiol, and this 

was not altered in the presence of LNNA (84.2±3.4%  56.7±3.5% of U46619 constriction versus 

82.6±7.6%  56.62±11.06% of U46619 constriction respectively).The ER ̝agonist, DPN induced 

significant vasodilation from 2 M̧-30 M̧, consistent with previous results. This effect was not 

inhibited in the presence of LNNA (78.67±8.40%  47.13±10.35% of U46619 constriction versus 

47.13±10.35%  53.87±12.47% of U46619 constriction respectively). These data, summarised 

in Figure 3.11, suggest that oestrogen-dependent vasodilation of human placental chorionic 

plate arteries within this study is not via nitric oxide. It is noteworthy that within these 

experiments, the successful inhibition of eNOS was not confirmed; the reasons for which are 

discussed in section 3.5. 
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Figure 3.11 Inhibition of NOS does not alter 17-  ̝ oestradiol- or DPN-dependent 

vasodilation of human placental chorionic plate arteries in vitro. Arteries were pre-

incubated with the NOS inhibitor LNNA (1 m̧) for 20 minutes. Arteries were pre-

constricted with U46619 (1 M̧). Following a stable constriction in all 4 vessel 

preparations, arteries were exposed to incremental doses (0.05-30 M̧) 17-  ̝oestradiol 

or the ER  ̝ agonist DPN with matched controls that were not exposed to LNNA. 

Vasodilation induced by 17-  ̝oestradiol and DPN was not significantly attenuated in the 

presence of LNNA (n=6, p>0.05 two-way ANOVA). 

 

Figure 3.11 Inhibition of NOS does not alter 17-̝ oestradiol- or DPN-dependent 

vasodilation of human placental chorionic plate arteries in vitro. Arteries were pre-

incubated with the NOS inhibitor LNNA (1̧M) for 20 minutes. Arteries were pre-

constricted with U46619 (1̧M). Following a stable constriction in all 4 vessel 

preparations, arteries were exposed to incremental doses (0.05-30̧M) 17-̝ oestradiol 

or the ER̝ agonist DPN with matched controls that were not exposed to LNNA. 

Vasodilation induced by 17-̝ oestradiol and DPN was not significantly attenuated in the 

presence of LNNA. 
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3.4.5.2 Disruption of a functional endothelium.  

The possibility that oestrogen may act directly on vascular smooth muscle cells in order to 

initiate vasodilation was investigated by physical abrasion of the endothelium of human placental 

chorionic plate arteries. The vasodilation of arteries with an intact, presumably functional 

endothelium were, compared to those in which the endothelium was assumed to be functionally 

disrupted by physical abrasion. Importantly, the function and/or disruption of the endothelium 

was not assessed within these experiments and this potential limitation is discussed further in 

section 3.5.3. 

 

As expected, 17-  ̝oestradiol induced significant relaxation from 1-30 M̧ in intact arteries (n=6; 

p< 0.05, two-way ANOVA, bonferroni post-hoc test). Vasodilation was not significantly 

attenuated following physical abrasion of the endothelium when compared with intact vessels 

(82.04±3.10%  39.83±3.44% versus 81.01±5.443% - 43±1.86% of U46619 constriction 

respectively). Similarly, disruption of the endothelium did not significantly attenuate DPN-induced 

vasodilation compared with intact arteries (2 -̧30 M̧; 86.67±2.85%  45.63±6.04% versus 

86.33±8.76%  44.48±2.56% of U46619 constriction respectively) (Figure 3.12). 

 

Collectively these data suggest that oestradiol-mediated vasodilations of placental chorionic 

plate arteries, predominantly via ER ,̝ observed within these studies is endothelial-independent.    
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Figure 3.12 Disruption of the vascular endothelium does not alter 17-  ̝ oestradiol- or DPN-

dependent vasodilation of human placental chorionic plate arteries in vitro. The vascular 

endothelium was physically abraded (denuded). Arteries were pre-constricted with U46619 

(1 M̧). Following a stable constriction in all 4 vessel preparations, arteries were exposed to 

incremental doses (0.05-30 M̧) 17-  ̝ oestradiol or the ER  ̝ agonist DPN with matched intact 

arterial controls.  Vasodilation induced by 17-  ̝ oestradiol and DPN was not significantly 

attenuated in arteries presumed to lack an intact endothelium (n=6, p>0.05, two-way ANOVA). 

Figure 3.12 Disruption of the vascular endothelium does not alter 17-  ̝oestradiol- or DPN-dependent vasodilation of 

human placental chorionic plate arteries in vitro. The vascular endothelium was physically abraded (denuded). 

Arteries were pre-constricted with U46619 (1 M̧). Following a stable constriction in all 4 vessel preparations, 

arteries were exposed to incremental doses (0.05-30 M̧) 17-  ̝ oestradiol or the ER  ̝ agonist DPN with matched 

intact arterial controls.  Vasodilation induced by 17-  ̝ oestradiol and DPN was not significantly attenuated in the 

absence of an intact endothelium.. 

Figure 3.12 Disruption of the vascular endothelium does not alter 17-  ̝ oestradiol- or DPN-

dependent vasodilation of human placental chorionic plate arteries in vitro. The vascular 

endothelium was physically abraded. Arteries were pre-constricted with U46619 (1 M̧). 

Following a stable constriction in all 4 vessel preparations, arteries were exposed to 

incremental doses (0.05-30 M̧) 17-  ̝oestradiol or the ER  ̝agonist DPN with matched intact 

arterial controls.  Vasodilation induced by 17-  ̝ oestradiol and DPN was not significantly 

attenuated in the absence of an intact endothelium (n=6, p>0.05, two-way ANOVA) 
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3.4.6 Oestrogen action upon the vascular smooth muscle. 

3.4.6.1 Calcium sensitisation. 

Human chorionic plate arteries underwent cell permeabilisation in order to control the level of 

intracellular calcium. As previously described, the thromboxane mimetic, U46619 initiates arterial 

constriction via increasing intracellular calcium in addition to stimulating calcium sensitisation 

pathways. Calcium sensitisation is a phenomenon whereby smooth muscle contraction occurs 

with little or no rise in the already present free intracellular calcium. Therefore, at a given 

concentration of activating calcium, a greater force contraction is seen due to agonist-mediated 

calcium sensitisation than would be observed by constriction due to changes in membrane 

potential alone.  

 

After successful permeabilisation, denoted by a constriction to a high calcium activating solution 

(pCa4.5), vessels were pre-constricted with a sub-maximal activating calcium solution (pCa6.7) 

followed by 1 M̧ U46619. Further constriction upon exposure to U46619 demonstrates calcium 

sensitisation. Upon a stable U46619 constriction, arteries were exposed to a single dose (30 m̧) 

of 17-  ̝oestradiol, the ER  ̝agonist DPN or the ER  ̜agonist PPT and compared with matched 

time controls. Although calcium sensitisation was evident (Figure 3.13), neither 17-  ̝oestradiol, 

DPN nor PPT altered the constriction induced by agonist-dependent calcium sensitisation 

(99.78±1.23, 98.24±0.45 and 100.02±3.15 % U46618 maximum constriction). Data are 

summarised in Figure 3.14.  
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Therefore the mechanism(s) involved in the previously observed ER  ̝ mediated oestrogen-

dependent vasodilation of intact arteries does not involve the inhibition of calcium sensitisation 

pathways within the vascular smooth cells initially stimulated by the thromboxane mimetic 

U46619. Having determined that oestrogen does not alter the calcium sensitivity of the 

contractile filaments, the ability of oestrogen to inhibit calcium influx was indirectly investigated. 
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Figure 3.13 Oestrogen-dependent vasodilation of human placental chorionic plate arteries does 

not involve the inhibition of calcium sensitisation. Arteries were permeabilised with an -̜toxin 

cocktail. Permeabilisation was confirmed by exposure to a high calcium solution (pCa4.5) to 

induce vasoconstriction. Vessels were returned to baseline tension and subsequently 

constricted with a sub-maximal calcium solution (pCa6.7). Upon a stable constriction, arteries 

were further constricted with 1 M̧ U46619. The additional increase in tone observed at this point 

was entirely due to calcium sensitisation within the vascular smooth muscle cells. 1 vessel was 

used as a time control and therefore received no further treatments. The remaining vessels were 

exposed to a single dose (30 M̧) of 17-  ̝oestradiol, the ER  ̜agonist PPT or the ER  ̝agonist. 

Neither agonist induced vasodilation. 
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Figure 3.14 Human placental chorionic plate arteries upon calcium sensitisation do not 

vasodilate in response to oestrogen. Arteries were permeabilised with an -̜toxin cocktail and 

subsequently constricted with a sub-maximal calcium solution (pCa6.7). Upon a stable 

constriction, arteries were further constricted with 1 M̧ U46619. Vessels were exposed to a 

single dose (30 M̧) of 17-  ̝oestradiol, the ER  ̜agonist PPT or the ER  ̝agonist with matched 

time control (TC). Neither agonist induced vasodilation (n=6, p>0.05, two-way ANOVA). 

 

Single 30µM Dose 
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3.4.6.2 Oestrogen action in the presence of calcium entry modulation. 

 Oestrogen has been demonstrated to act as a calcium antagonist by attenuating calcium entry 

via an inhibitory effect on L-type calcium channels and initiating calcium efflux (Jiang et al., 

1992). The inhibitory effect of oestrogen upon L-type calcium channels was indirectly 

investigated in human placental chorionic plate arteries. Arteries were pre-incubated with 

BayK8644 (an L-type calcium channel agonist) before constriction by U46619 and dilation using 

17-  ̝ oestradiol or DPN. Demonstrated in Figure 3.15 is a typical raw tracing from this set of 

experiments.  

 

A tri-phasic response in artery tone was observed in response to BayK8644; there was an initial 

increase in tone, followed by a plateau in constriction which was then reduced over time. The 

maximum constriction induced by U46619 was not altered in the presence of Bayk8644 

(101.9±2.35% of U46619 maximum constriction). Significant vasodilation was achieved upon 

exposure to 1 M̧-30 M̧ 17-  ̝ oestradiol consistent with previous results; however in the 

presence of BayK8644, oestrogen-induced vasodilation was significantly increased (76.00±7.04 

%  41.72±1.10% versus 67.70±6.41%  14.64±4.19% of maximum U46619 constriction). In the 

presence of BayK8644, DPN induced significant vasodilation from 0.6 M̧-30 M̧ (78.41±7.638% - 

17.70±3.278). These data are summarised in Figure 3.16. 

 

Therefore, these data suggest that, the mechanism(s) involved in the previously observed ER -̝

mediated oestrogen-dependent vasodilation of placental chorionic plate arteries are indeed 
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endothelial-independent and involve the inhibition of L-type calcium channels to restrict calcium 

entry into the vascular smooth muscle cells.  
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Figure 3.15 Representative wire myography trace of the effects of 17-  ̝oestradiol and DPN on human term placental chorionic plate 

arterial tone in the presence of BayK8644 in vitro. An increase in tension shows the vessel constricting. Vessels were pre-incubated 

with the L-type calcium channel agonist BayK8644 prior to constriction with 1 M̧ U46619. Upon a stable constriction vessels were 

exposed to incremental doses (0.05-30 m̧) of 17-  ̝oestradiol or the ER  ̝agonist DPN with a matched control which had not been 

pre-incubated with BayK8644. 



 

-8 -7 -6 -5 -4
0

50

100 17-b oest +BayK

DPN+BayK

17-b oest

BayK

*

%
 U

4
6
6
1
9
 m

a
x
im

u
m

c
o

n
s
tr

ic
ti

o
n

*

*
*

 

Figure 3.16 BayK8644 significantly increases 17-  ̝ oestradiol- or DPN-dependent 

vasodilation of human placental chorionic plate arteries. Upon pre-constriction 

arteries were exposed to incremental doses (0.05-30 M̧) of 17-  ̝ oestradiol or the 

ER  ̝agonist DPN in the presence of the L-type calcium channel agonist BayK8644 

with matched controls. Significant vasodilation induced by 17-  ̝ oestradiol was 

increased in presence of BayK (n=6, p<0.05, two-way ANOVA Bonferroni post-hoc 

test). 
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3.5 Discussion 

Throughout pregnancy, the placenta facilitates the exchange of nutrients and gases 

between the maternal and fetal circulations. A normal pregnancy outcome is 

dependent upon sufficient exchange, which in turn is dependent upon a high-flow / 

low resistant circulation within the placenta (Fox and Khong 1990). Despite the 

essential role of the placenta during pregnancy, the mechanisms responsible for feto-

placental blood-flow are poorly understood and require further elucidation. The aim of 

the present study was to investigate the hypothesis that oestrogen, an important 

regulator of vascular tone within other vascular beds, alters the vaso-reactivity and 

tone of the placental vasculature.  

Consistent with previous data from other vascular beds (Shaw et al., 2000), these 

results demonstrated that oestrogen attenuated the response of chorionic plate 

arteries, to the vaso-constrictor U46619. These data suggest that oestrogen may 

influence vaso-reactivity within the feto-placental circulation and contribute towards 

establishing a low-resistant circulation within this vascular bed. The mechanism by 

which oestrogen is able to attenuate the response to U46619 has not been 

elucidated within this study. Indeed it has not been confirmed whether this 

mechanism is acute in nature or whether transcription has been influenced. However, 

considering the timeframe of these experiments, is it likely that effects on 

transcription are initiated but protein expression is unlikely to have been influenced. 

Exposing arteries for a shorter period of time and/or in the presence of transcription 

inhibitors would begin to confirm a non-genomic effect and will be discussed further 

in chapter 6.  



131 

 

This study has however focused on the acute vasodilatory actions of oestrogen. The 

data presented indicate that, oestrogen does indeed have an acute vasodilatory 

effect on human chorionic plate arterial reactivity. 

3.5.1 The concentration quandary? 

Maternal systemic levels of oestrogen during pregnancy rise to approximately 70nM 

(Mendelsohn and Karas 1999), therefore the concentrations used within this study 

could be interpreted as supra-physiological. Furthermore significant relaxation was 

observed with 30 M̧ of the in-active stereo-isomer 17-  ̜ oestradiol. Consequently, 

relaxations at this concentration cannot be interpreted as anything other than 

pharmacological. Whilst micro-molar concentrations have a far greater potential to 

initiate non-specific effects, the absolute concentration of circulating free and bound 

oestrogen cannot be reliably estimated and those already reported may far 

underestimate local levels of the hormone within the placenta. The reasons for this 

include, accumulation of the hormone within cells (Pardridge 1986); local production 

of oestrogen within the placenta (Takeyama et al., 1998), as well as the vascular 

smooth muscle (Harada 1998). It is feasible to suggest that these vessels are 

exposed to far higher concentrations than those detectable within maternal and 

umbilical blood samples.  Cell culture techniques in which oestrogen actions have 

been investigated use far lower concentrations than those used within this study. It 

noteworthy that wire myography involves using intact tissue, which is a composition 

of many cell types in which diffusion through these cells must first occur. Within the 

cell culture system a monolayer of phenotypically similar cells are used in which 
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diffusion is likely to be less obstructed and in which binding sites are easily 

accessible.  

3.5.2 Receptor-mediated oestrogen-dependent vasodilation 

To understand the mechanism(s) by which oestrogen may (in-vivo) induce 

vasodilation and contribute towards a low resistant feto-placental circulation, the role 

of oestrogen receptors was investigated. Previous research has demonstrated that in 

particular vascular beds, oestrogen predominantly acts via one of the classical 

receptors, ER  ̜or ER  ̝ (Montgomery et al., 2003). The current study suggests that 

oestrogen-dependent vasodilation within the placental vascular bed is via ER .̝ 

 

The selective oestrogen receptor modulator PPT has been shown to have a 410-fold 

binding affinity preference for the ER  ̜compared to the ER  ̝ receptor (Kraichely et 

al., 2000) and DPN exhibits a 70-fold binding affinity preference for ER  ̝ than ER  ̜

(Meyers et al., 2001).   

 

Montgomery et al., (2003), first described differential ER responsiveness in male rat 

mesenteric arteries. It was demonstrated that PPT induced a significantly greater 

relaxation than DPN, indicating that oestrogen preferentially acts via ER  ̜within the 

rat mesentery to initiate vasodilation.  Indeed, there is a plethora of evidence which 

places ER  ̜at the forefront of acute oestrogen-dependent vasodilation of animal and 

human arteries (Al Zubair et al., 2005; Bolego et al., 2005; Cruz et al., 2006).  

 

The results within this study, which demonstrated that activation of ER  ̜had no direct 

effect on pre-constriction are contrary to the Montgomery et al., (2003) study.  
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Furthermore the acute vasodilation induced by oestrogen within these studies was 

via activation of ER .̝ However Al Zubair et al., (2005), demonstrated vascular bed 

differences in terms of oestrogen receptor specific responses. Al Zubair et al., (2005), 

demonstrated that, in agreement with the Montgomery et al., (2003) study, the ER  ̜

agonist PPT was more potent than DPN, the ER  ̝agonist, within mesenteric arteries, 

however oestrogen-vasodilation of aorta was preferentially via ER .̝ 

 

There are several variations between the current study and the Montgomery et al., 

(2003) study, including the species and vascular bed used.  These will be addressed 

in the next chapter. However of note, and consistent with the Montgomery et al., 

(2003) study, is that subsequent contraction after PPT exposure produced 

significantly reduced constrictions suggesting that activation of ER  ̝may account for 

acute vasodilation, and that activation of ER  ̜ is possibly responsible for the 

diminished response to vasoconstrictors within the placenta.  

 

Oestrogen may therefore, regulate feto-placental blood flow via two ER mechanisms. 

Within this study a depressed response to U46619 was seen after pre-exposure to 

oestrogen. It was not investigated which receptor was responsible for this effect; 

however given these results it is likely that this effect would be seen after PPT 

exposure. Indeed 17-  ̝oestradiol attenuated U46619 vasoconstriction was shown to 

be ER  ̜mediated in porcine epicardial arteries (Traupe et al., 2007). Furthermore, 

Lahm et al., 2008, demonstrated ER  ̜and ER  ̝ specific effects. They showed that 

activation of ER̜ primarily attenuated agonist-induced vasoconstriction. ER-  ̝
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however was involved in reversing hypoxia induced pulmonary vasoconstriction.  A 

similar situation may occur in the placenta. 

 

The physiological significance of any ER  ̜ initiated attenuation of contraction within 

the placenta remains elusive. However, the possibility that this response may be of a 

consequence of PPT acting as a competitive agonist of the thromboxane receptor by 

which U46619 initiates constriction must be considered. Pre-constricting arteries with 

a vasoconstrictor which acts via a different mechanism would go some way towards 

determining this mechanism of PPT action. There are several well used non-

thromboxane compounds which induce vasoconstriction in-vitro (e.g., phenylephrine 

and endothelin-1). Human placental chorionic plate arteries have, to date, failed to 

exhibit reliable constrictions when in the presence of phenylephrine (Wareing et al., 

2002).  Endothelin-1 however has proved a reliable non-thromboxane vasoconstrictor 

within the placenta and therefore is a possible candidate for these proposed 

experiments (Sanderson et al., 2006). 

 

Vascular actions of oestrogen downstream of ER  ̝are less well described, but have 

been demonstrated (Nagar et al., 2005). Activation of the newly described oestrogen 

receptor GPR-30 had no effect on tone of these arteries and is therefore unlikely to 

be important in terms of tone within this vascular bed. It is imperative in fully 

determining the actions of ER  ̝within the placental vasculature to comprehensively 

characterise the expression of both ER  ̜and ER .̝ Although not conducted within the 

current study these data may indeed delineate that the preferential ER -̝mediated 
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actions of oestrogen within the placenta resides within the relative abundancies of 

ER  ̜and ER  ̝receptors.  

 

3.5.3 The role of the endothelium. 

Oestrogen-dependent vasodilation via ER  ̝ of chorionic plate arteries was 

demonstrated to be endothelial-independent in this study. Chorionic plate arteries 

studied thus far, show little evidence of endothelial-dependent relaxation to the 

classic and well used vasodilators, bradykinin and acetylcholine (Buttery et al., 1994; 

Kook et al., 1996; Ong et al., 2002). Histamine has been demonstrated to induce a 

tri-phasic response which resulted in what was determined to be endothelial-

dependent significant relaxation (Mills et al., 2007). A sub-maximal dose (EC50) of 

U46619 was however used to constrict arteries. Chorionic plate arteries pre-

constricted with a maximal dose of U46619, as used in this study, failed to respond to 

histamine. However, Mills et al., (2006), illustrated that the signalling mechanisms 

needed for the vascular smooth muscle cells to be influenced by NO are present by 

demonstrating vasodilation in response to sodium nitroprusside, which is a nitric 

oxide donor. The lack of an endothelial response within chorionic plate arteries is 

therefore not due to inadequate expression of signalling molecules within the smooth 

muscle. The reason for a poor endothelial response within chorionic plate arteries 

could however, be due to the structure of the vessels. To date there is no evidence of 

an internal elastic lamina. Although this may suggest that signalling between the two 

cell layers (endothelial and smooth muscle) would proceed without the need to 

overcome the physical obstacle of a fibrillar space,  the large gaps between the 

smooth muscle cells may account for a lack of co-operative propagation of any 
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endothelial-originating vasodilatory signal (Sweeney et al., 2006). When considering 

the reliable vasodilations of these arteries upon oestrogen (and DPN) exposure, it is 

perhaps not surprising that mechanism of action has proved to be endothelial-

independent.  

 

A further consideration must be made to the experimental limitations due to the lack 

of a known endothelial-dependent vasodilator within this vascular bed. 

Experimentally, it is usual to first determine the presence of a functional endothelium 

by exposing vessels to an endothelial-dependent vasodilator before then inhibiting 

NO  or comparing the endothelial-dependent vasodilation of an intact artery versus 

that of an artery in which the endothelium had been physically abraded (Hudson et 

al., 2007). As an endothelial-dependent vasodilator of the placental vasculature has 

not yet been described, this assessment of endothelial integrity and or the inhibition 

of NO could not be established. The results of these experiments thus assume 

endothelial abrasion or NO-inhibition. Data published by Corcoran et al., (2008) show 

that ER  ̜mRNA expression is altered upon endothelial abrasion. This experimental 

technique may prove useful in ascertaining the integrity of the endothelium when 

considering endothelial or VSMC markers including CD34 and smooth muscle -̜

actin 

 

A well studied aspect of oestrogen-induced endothelial-dependent vasodilation is the 

initiation of nitric oxide downstream of ER  ̜(Ong and Grimes 2002). As this receptor 

does not influence pre-constriction in these experiments it is perhaps understandable 



137 

 

that oestrogen does not induce vasodilation of placental chorionic plate arteries via 

an endothelial-dependent mechanism within this study. 

 

Research, thus far, has elucidated differential expression of the two classic ERs 

within the vasculature. Indeed, within the human coronary artery, iliac artery, aorta 

and saphenous vein ER  ̜ is predominantly expressed within endothelial cells whilst 

ER-  ̝ has a greater expression in vascular smooth muscle cells (Hodges et al., 

2000). Localisation of the two classical ERs has not been characterised within the 

current, and is crucial in explaining the receptor differences observed from the 

functional studies of human placental chorionic plate arteries. With the consideration 

that ER  ̝ is pre-dominantly expressed in the VSMC of other human blood vessels 

and data from this study has demonstrated that ER  ̝is the pre-dominant receptor in 

mediating oestrogen-induced acute vasodilation of chorionic plate arteries, it may be 

likely that this receptor isoform is indeed preferentially expressed within the smooth 

muscle cells of these arteries. Furthermore considering the receptor preferentially 

involved in NO-mediated oestrogen induced vasodilation is ER ,̜ in addition to 

reliable NO  mediated vasodilation of placental arteries not yet being observed - an 

endothelial-independent mechanism may therefore be expected.   

  

Stem villi vessels and the perfused placenta model have exhibited more reliable 

endothelial-dependent vasodilation (Learmont et al., 1996; Amarnani et al., 1999). 

This poses the question that vessel subtype may also influence the experimental 

outcome, although the size characteristics of stem villi vessels and those used from 
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the chorionic plate are both comparable and are both likely to influence resistance 

within the placenta.  

 

In comparison, a few previous studies have observed endothelial-independent 

oestrogen-induced vasodilation. As previously discussed, smooth muscle contraction 

is dependent upon an increase in, or sensitisation to, intracellular calcium. U46619 

used to pre-contract arteries causes a constriction by both mechanisms.  

 

3.5.4 The role of the vascular smooth muscle 

This study has addressed whether the observed vasodilation upon oestrogen 

exposure is via oestrogen acting as a calcium antagonist and/or through the inhibition 

of calcium sensitisation pathways. Previous studies have demonstrated that 

oestrogen does not alter the sensitivity of smooth muscle cells towards calcium (Han 

et al., 1995). This study also demonstrated that in permeabilised chorionic plate 

arteries and during calcium sensitized constrictions, oestrogen did not alter tone. 

However, in the presence of BayK (L-type calcium channel agonist) oestrogen 

vasodilation was enhanced. BayK alone induced a transient constriction; however the 

maximal constriction to U46619 was not altered. These data mimic those observed 

by Jiang et al., (1992) and indicate that oestrogen has an inhibitory effect on L-type 

calcium channels. Although a matched comparison could not be made, data 

suggests that ER -̝ induced vasodilation was also enhanced in the presence of 

BayK, further establishing a role for ER  ̝within the human placental vasculature. 
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Freay et al., (1997) posed the question that oestrogen could possibly bind to the L-

type VGCC in smooth muscle membranes and prevent calcium uptake to inhibit 

contraction. However the experiments by Freay et al., (1997) were in the presence of 

receptor antagonist and these actions of oestrogen were deemed ER-independent 

(Nagar et al., 2005). 

 

In coronary arteries, exposure of oestrogen caused vasodilation by opening BKCa 

channels in a cGMP-dependent mechanism. When these channels were blocked, the 

effects of oestrogen were attenuated (White et al., 1995). BKCa channels are known 

to be expressed within in human placental chorionic plate arteries (Corcoran et al., 

2008; Wareing et al., 2006)  oestrogen may therefore act via these channels to 

initiate calcium efflux.  

 

It is also noteworthy that a larger degree of oestrogen-dependent vasodilation was 

achieved in the presence of BayK. U46619 induced vaso-constriction has been 

demonstrated to be due to both calcium entry and calcium sensitisation (Shaw et al., 

2004) and exposing vessels to 1 M̧ of U46619 maximally constricts arteries. Arteries 

therefore do not have the capacity to constrict further. BayK however, would allow 

more calcium to enter the cell, hence reducing the amount of constriction due to 

calcium sensitisation. As a larger degree of the constriction would be due to calcium 

entry, oestrogen would then be able to evoke a greater response.  
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3.5.5 Summary 

In summary, oestrogen induces a dose-dependent reduction in vasoreactivity and 

acute vasodilation of human placental chorionic plate arteries. The mechanism of 

action involves activation of ER  ̝and is endothelial-independent. Indeed oestrogen 

acts as upon restricting the influx / initiating the efflux of calcium within the vascular 

smooth muscle. These data contribute to further understanding the physiology of the 

normal placenta. 
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Chapter 4
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4.0 Oestrogen regulation within the uterine vasculature. 

4.1 Introduction. 

Throughout pregnancy, uterine blood-flow increases to allow for efficient placental 

perfusion  a pre-requisite for a successful pregnancy outcome (Sladek et al., 1997).    

The vasculature of the uterus undergoes extensive remodelling at both a structural 

and physiological level (decreased resistance) to facilitate increased blood-flow 

(Magness 1991). Pregnancy-associated remodelling (increased diameter and loss of 

contractile function) of spiral arteries (at the site of implantation) eliminates the 

functional role of these arteries in the overall resistance of the uterus - the small 

myometrial radial arteries are therefore suggested to be important in the regulation of 

peripheral vascular resistance of the uterus (Kublickiene et al., 1997). Indeed, 

vascular reactivity of these arteries is altered during pregnancy; a depressed 

response to vasoconstrictors and a potentiated response to vasodilators circulating 

within the uterine environment is observed. Data are limited as to the mechanisms 

involved in these physiological adaptations (Kublickiene et al., 1997). However, 

oestrogen has been identified as a possible mediator of these responses during 

pregnancy (Lucca et al., 2000).  

 

There is a plethora of evidence which demonstrates oestrogen-dependent 

vasodilation of the main uterine artery (Magness 1998; Gibson et al., 2004). Animal 

studies have elucidated thus far that oestrogen-induced uterine hyperaemia 

(increased blood-flow) is oestrogen receptor mediated, although the specific 

oestrogen receptor involved has not been identified (Magness et al., 2005) . Human 
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studies, however, are lacking and given the predominant ER  ̝ effect within the 

human placental vasculature witnessed in the preceding chapter, this part of the 

study has focused on the specific role of oestrogen receptors in oestrogen-induced 

vasodilation of small myometrial radial arteries.   

 

4.2 Hypothesis. 

The proposal underpinning this part of the study, therefore, is also that oestrogen 

acutely regulates human myometrial artery tone in vitro in an ER-dependent manner. 

 

4.2.1 Aims. 

The aims of this chapter are thus: 

1. To determine the role of oestrogen receptors in the acute vasodilation of 

human myometrial arteries. This will be determined by using specific 

oestrogen receptor modulators.  

 

2. To elucidate the endothelial-dependent and/or independent mechanisms of 

oestrogen-induced human myometrial artery vasodilation. This will be 

determined by inhibiting nitric oxide synthase and by physical abrasion of the 

endothelium.  

 

The experiments to address aims 1 and 2 demonstrated that myometrial and 

placental arteries responded differently to oestradiol (and the respective ERs) and as 

the myometrial response was different to that reported in the literature, a third aim - 

to investigate the significance of these differences - became necessary. 
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3. To investigate organ-specific and gender-specific differences in oestrogen 

receptor responsiveness within the rat vasculature. This will be determined by 

using specific oestrogen receptor modulators upon male and female (non-

pregnant and pregnant) rat vasculature.   

 

4.3 Methods. 

Myometrial biopsies were collected (after informed consent and with LREC approval) 

at the end of normal term pregnancies from women undergoing elective caesarean 

section. Adult male rats and female virgin and pregnant (approximately D19 of 

gestation) rats were culled by cervical dislocation according to UK Home Office 

Schedule 1 regulations. The mesentery and uterus (females only) were collected. 

Arteries were dissected, cut into 3mm rings and mounted on a wire myograph as 

described in section 2.3.1. Following normalisation (Section 2.3.1) and assessment 

of vessel viability (Section 2.3.3) the oestrogenic effect upon vascular reactivity and 

tone was investigated as previously described (Sections 2.2.4.1 and 2.2.4.2). In brief: 

4.3.1 Assessment of an acute oestrogenic vasodilatory effect of human myometrial 

arteries. 

Arteries were pre-constricted with U46619 (1µM) and exposed to incremental doses 

(0.05  30 M̧), or single sub-maximal (10 M̧) and maximal doses (30 m̧) of 17-  ̝

oestradiol, 17-  ̜ oestradiol (a putatively in-active stereo-isomer), the ER  ̜ agonist, 

Propylpyrazoletriyl (PPT), the ER  ̝agonist, Diarylpropionitrile (DPN). In further sets 

of experiments to investigate the role of the endothelium in oestrogen-induced 
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vasodilation, arteries were pre-incubated with the nitric oxide synthase inhibitor (1µM) 

or the endothelium was physically abraded.  

4.3.2 Assessment of organ/gender-specific differential ER responsiveness of rat 

arteries. 

Arteries were pre-constricted with U46619 (1µM) and exposed to incremental doses 

(0.05  30 M̧ of 17-  ̝oestradiol, the ER  ̜agonist, Propylpyrazoletriyl (PPT), the ER  ̝

agonist, Diarylpropionitrile (DPN). 

 

4.4 Results. 

4.4.1 Expression of the classical  oestrogen receptors ER ̜and ER  ̝in human 

myometrial arteries. 

The expression of the transcript for oestrogen receptors ER  ̜and ER  ̝within human 

(pregnant) myometrial arteries was determined by using QRT-PCR as described in 

Chapter 2. All experimental criteria for a successful and reproducible reaction were 

met. The standard curve generated for ER  ̜ had an efficiency of 107.89% and 

spanned a Ct range of 21.8  29.8.  ER  ̝specific primers had a standard curve with a 

102.99% efficiency and spanned a Ct range of 22.14-29.96. The dissociation curves 

for ER  ̜and ER  ̝each had one clean peak of Tm 79.60C and 83oC respectively; the 

same melting temperatures were present for standard curve samples, calibrator 

samples, and myometrial artery cDNA. This indicates one amplification product for all 

samples. There was no evidence of amplification in any of the negative controls (no 

RT enzyme, no template control from the RT reaction, no template control in the 

QPCR reaction).  All sample triplicates fell within a 1Ct difference.  The calibrator 

samples for ER  ̜and ER  ̝had Ct values of 25.57±0.21 and 28.67±0.15 respectively.   


































































































































































































