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Abstract 

 

Pre-eclampsia is a pregnancy-related disorder characterised by high blood pressure, 

proteinuria and oedema. The aetiology of the disease is unclear but evidence suggests 

that endothelial dysfunction is central to the development of the maternal syndrome. 

Kinins are endogenous peptides released by the endothelium that contribute to the 

regulation of cardiovascular homeostasis by inducing vasodilation, fibrinolysis and 

angiogenesis. Given that pre-eclampsia is associated with reduced endothelium-

dependent relaxation, coagulation abnormalities and an angiogenic imbalance, it was 

hypothesised that alterations of kinin receptor-mediated responses may be involved in 

the pathogenesis of the condition.  

 

To investigate whether changes in kinin receptor activity are involved in the impairment 

of endothelium-dependent relaxation observed in pre-eclampsia, the effects of specific 

B2 and B1 receptor agonists and antagonists on myometrial vascular tone were tested on 

arteries from healthy pregnancy and pre-eclampsia. The results demonstrated that in 

addition to classical bradykinin B2 receptor-mediated relaxation, a subset of healthy 

patients exhibited nitric oxide-dependent relaxation to the B1 receptor agonist Lys-des-

Arg9-BK (LDABK) which could not be inhibited by either B1 or B2 receptor antagonists. 

Also, vessels that exhibited this novel response to LDABK were more sensitive to 

bradykinin. Furthermore, this study revealed that patients with pre-eclampsia had an 

attenuated response to both bradykinin and LDABK. Immunolocalisation and mRNA 

expression of the kinin receptors in the myometrium revealed no differences between 

healthy pregnancy and pre-eclampsia suggesting that disturbances of kinin receptor 

signalling rather than changes in receptor distribution or expression levels may be 

involved in the reduction of kinin-mediated responses in these patients.  

 

The role of kinins in mediating placental angiogenesis in healthy pregnancy and pre-

eclampsia was determined using the endothelial tube formation assay in primary human 

umbilical vein endothelial cells (HUVECs) isolated from healthy women and women 



 

 v 

with pre-eclampsia. B2 and B1 receptor agonists induced endothelial tube formation via a 

VEGF-dependent, nitric oxide-independent mechanism in healthy HUVECs cultured in 

normoxic conditions. HUVECs isolated from women with pre-eclampsia cultured under 

normoxia and HUVECs from healthy pregnancies cultured under hypoxia exhibited 

greater levels of angiogenic branching compared with healthy normoxic cells, but were 

unresponsive to bradykinin and LDABK.  Incubation of these cells with a VEGF 

receptor inhibitor reduced the elevated levels of tube formation indicating that this effect 

may be due to hypoxic upregulation of VEGF or an intrinsic difference in their 

angiogenic capacity. Further studies are required to determine the cause for the 

differences in angiogenic potential between healthy and pre-eclamptic cells and the 

impact this could have on placental vascular development and the pathogenesis of pre-

eclampsia.  
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1.0 Overview  

The human body undergoes vast physical and chemical changes during pregnancy in 

order to meet the demands of a growing fetus. The maternal systemic circulation and 

uteroplacental circulation must adapt in such a way to provide the baby with an adequate 

blood supply from which it gains the nutrients and oxygen required for survival. The 

vascular endothelium plays a significant role in regulating these changes by synthesising 

and secreting substances that alter blood pressure, vessel growth, haemostasis and 

inflammatory responses. Failure of sufficient vascular adaptation during pregnancy is 

thought to underlie diseases such as pre-eclampsia.  

 

Kinins are endogenous vasoactive peptides produced by the endothelium and play an 

important role in maintaining vascular homeostasis. However, the role of kinins in 

regulating vascular function in pregnancy and pre-eclampsia is not fully understood. The 

effect of kinins on specific areas of endothelial and vascular biology; vasomotor 

function, angiogenesis and fibrinolysis during normal pregnancy and pre-eclampsia is 

the subject of this thesis and the background is presented below. 

 

1.1 Kinins 

At the beginning of the 20th century researchers discovered that human urine was able to 

produce a hypotensive response in animals (Abelous and Bardier 1909). The substance 

responsible for this blood pressure reducing effect was kallikrein; an enzyme involved in 

the synthesis of kinins (Werle 1934). Subsequent experiments revealed that incubation 

of kallikrein with serum or trypsin caused the release of a peptide that produced a slow 

delayed contraction of the isolated guinea pig ileum and the authors named it bradykinin 

(kinin meaning movement and brady meaning slow) (Werle at al. 1934) (Rocha et al., 

1949). Since this discovery, many bradykinin-related peptides have been identified and 

the complexity of the kallikrein-kinin system, which includes the pathways involved in 

the production and metabolism of kinins is beginning to be understood.  

 

The kallikrein-kinin cascade consists of many components. Kallikreins are a group of 
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serine proteases which liberate kinins from their endogenous precursors known as 

kininogens. There are two types of kallikrein enzyme, one is present in plasma and 

releases bradykinin from high molecular weight kininogen and the other is found in 

tissue which releases Lys-bradykinin from low molecular weight kininogen (Bhoola et 

al., 1992; Campbell, 2001; Moreau et al., 2005) (Figure 1.1). This system is continually 

activated in vivo, the precise physiological stimuli and pathological initiators are not 

known but the level of kinins is kept at equilibrium by various tissue and plasma 

peptidases. Bradykinin and Lys-bradykinin are metabolised by 4 different 

metallopeptidases (Figure 1.1 & 1.2): angiotensin converting enzyme (ACE or Kininase 

II), neprilysin (NEP), aminopeptidase P (APP) and carboxypeptidase N (CPN or 

Kininase I) (Moreau et al., 2005). All of these enzymes render bradykinin and Lys-

bradykinin inactive apart from CPN which converts these peptides into des-Arg9-

bradykinin and Lys-des-Arg9-bradykinin, respectively. Des-Arg9-bradykinin is 

biologically active in rodents and Lys-des-Arg9-bradykinin (LDABK) is active in 

humans (Marceau et al., 1998). The metabolism of des-Arg9 kinins is different from 

bradykinin and Lys-bradykinin; ACE and NEP cleavage occurs at a much slower rate 

and with much less affinity than the removal of the C terminal portion from these 

peptides (Drapeau et al., 1991). Aminopeptidase N is the main enzyme involved in the 

breakdown of LDABK and aminopeptidase P metabolises des-Arg9-bradykinin (Fortin 

et al., 2005; Moreau et al., 2005) (Figure 1.2).   
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Figure 1.1 Schematic diagram of the kallikrein-kinin system showing the kinin 
precursors, enzymes involved in kinin production and peptidases responsible for their 
metabolism. HMW=high molecular weight, LMW=low molecular weight, 
CPN=carboxypeptidase N, ACE=angiotensin converting enzyme, NEP=neprilysin, 
APP=aminopeptidase P, APN=aminopeptidase N.  
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Figure 1.2  The main sites of peptidase cleavage of the amino acid bonds between the 
kinin peptides. CPN=carboxypeptidase N, ACE=angiotensin converting enzyme, 
NEP=neprilysin, APP=aminopeptidase P, APN=aminopeptidase N.  
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1.2 Kinin receptors  

Characterisation of the kinin receptors began in the 1970s using the isolated rabbit aorta. 

This work along with data obtained from binding assays led to the identification of two 

types of kinin receptor; B2 and B1 (Hall, 1992; Regoli et al., 1980; Regoli et al., 1977). 

These receptors belong to the G-protein coupled receptor (GPRC) family and the same 

cells can express both receptor subtypes; however, their pharmacological profiles, 

expression patterns and mechanisms of regulation differ enormously.    

 

1.2.1 B2 receptors 

B2 receptors consist of seven transmembrane-spanning domains with the N-terminus 

found outside the plasma membrane and the C-terminus inside the membrane (Blaukat, 

2003). They are constitutively expressed and are found on a wide variety of cell types 

including the vascular endothelium, vascular smooth muscle, uterine smooth muscle, 

fibroblasts, epithelial cells, nervous cells and tumour cells (Leeb-Lundberg et al., 2005). 

B2 receptors are activated by the endogenous kinins Lys-bradykinin and bradykinin, the 

des-Arg9 fragments of these peptides have a low potency at this receptor (Leeb-

Lundberg et al., 2005; Regoli et al., 1998). Receptor expression is mainly regulated 

through internalization and resensitisation (Prado et al., 2002). Desensitisation occurs 

during repeated or continuous agonist stimulation via phosphorylation of serine and 

threonine residues in the C-terminal tail. Phosphorylation of these amino acids results in 

internalisation of the receptor into plasma membrane caveolae making it inaccessible for 

ligand binding (de Weerd et al., 1997; Pizard et al., 1999). The receptors are 

endocytosed and rapidly recycled to the cell surface following a reduction in 

extracellular agonist concentration (Lamb et al., 2002; Munoz et al., 1993). This is the 

mechanism by which B2 receptors are self maintained, receptor down-regulation occurs 

to a limited degree although it has been observed in some cases of intense inflammation 

e.g. renal grafts undergoing acute rejection in humans (Naidoo et al., 1996). In addition, 

protease secretion by activated neutrophils during inflammatory conditions has been 

proposed to be another agonist-independent mechanism of B2 receptor down-regulation 

(Haddad et al., 2000; Marceau et al., 2002). Receptor up-regulation has not been widely 
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investigated although some studies report an increase in B2 receptor mRNA and protein 

by inflammatory cytokines such as IL-1β and TNFα (Haddad et al., 2000).   

 

1.2.2 B1 receptors  

B1 receptors share 36% homology with B2 receptors at the amino acid sequence level 

(Menke et al., 1994). In contrast to B2 receptors, B1 receptor expression is normally very 

low but can be up-regulated during tissue inflammation and injury (Calixto et al., 2004; 

Marceau et al., 1998). The endogenous ligand at the human B1 receptor is LDABK 

which is produced as a result of activation of the tissue kallikrein-kinin system and 

metabolism of Lys-bradykinin by carboxypeptidase N. Removal of the C terminal 

arginine from Lys-bradykinin confers its selectivity for the B1 receptor but reduces the 

affinity at the B2 receptor (Leeb-Lundberg et al., 2005).  

 

The inducible nature of the B1 receptor was first discovered when investigators observed 

a time-and protein synthesis-dependent increase in response to B1 receptor agonists in 

the rabbit aorta (Regoli et al., 1978). This was further potentiated by IL-1β and 

lipopolysaccharide suggesting that cytokine release may be involved in B1 receptor up-

regulation (Bouthillier et al., 1987; deBlois et al., 1991). There is now considerable 

evidence indicating that the transcriptional factor, nuclear factor κB (NF-κB), plays a 

role in the regulation of B1 receptor induction. NF-κB inhibitors are able to block B1 

receptor upregulation in vitro and in vivo (Campos et al., 1999; Phagoo et al., 2001; 

Sardi et al., 1999). In addition, a NF-κB binding site has been found on the B1 receptor 

promoter which is vital for receptor transcription following exposure to inflammatory 

agents (Ni et al., 1998).  

 

Unlike B2 receptors, B1 receptors are not susceptible to desensitisation. They do not have 

the serine and threonine residues in the C terminal tail that are important for triggering 

internalisation and they are not phosphorylated in the presence of agonists (Blaukat et 

al., 1996). The lack of densensitisation of this receptor may be an adaptive mechanism 

by which a sustained response to inflammatory stimuli is achieved.  
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1.3 Receptor signalling  

B2 and B1 receptors are coupled to Gαq proteins which are linked to the phospholipase C 

(PLC) second messenger system in cells (Blaukat, 2003) (Figure 1.3). Activation of PLC 

by G proteins leads to the generation of inositol 1-4-5 triphosphate (IP3) and 

diacylglycerol (DAG). These messengers induce calcium release from intracellular 

stores (Fasolato et al., 1988) and stimulate protein kinase C (PKC) translocation from 

the cytosol (Ross et al., 1997). Calcium activates endothelial nitric oxide synthase 

(eNOS) resulting in nitric oxide production and release from the endothelium (Busse et 

al., 1996). Kinin receptor stimulation can also result in activation of the mitogen 

activated protein kinase (MAPK) pathway (Liebmann, 2001) and phosphorylation of 

phospholipase A2 leading to the liberation of arachidonic acid from cellular membrane 

phospholipids and the production of prostaglandins (PGs) (Burch et al., 1987).  

 

Although B2 and B1 receptors activate many of the same signal transduction pathways, 

the duration of signalling by each receptor is different. B2 receptor stimulation leads to a 

transient increase in intracellular Ca2+ which is not dependent on extracellular Ca2+ 

concentrations. Conversely, B1 receptor activation is dependent on extracellular  Ca2+ 

and receptor activation elicits a sustained response (Mathis et al., 1996). These 

differences are probably due to the susceptibility of each receptor to desensitisation and 

internalisation. 
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Figure 1.3 Signalling pathways of the kinin receptors and the cellular second 
messengers released upon receptor activation. B1R= B1 receptor, B2R= B2 receptor, G= 
G-protein subunit, PLC= phospholipase C, DAG= diacylglycerol, IP3= inositol 1-4-5 
trisphosphate, PKC= protein kinase C, ER= endoplasmic reticulum, MAPK/ERK= 
mitogen activated protein kinase/ extracellular signal-regulated kinase, PLA2= 
phospholipase A2, eNOS= endothleial nitric oxide synthase, PGs= prostaglandins, NO= 
nitric oxide.  
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1.4 Functional importance of kinins in the vascular  system 

Kinins are produced by the endothelial cells in the vasculature and act in a paracrine 

manner, exerting their effects close to the site of synthesis and release (Mombouli et al., 

1995). The concentration of kinins measured in the circulation is below the threshold for 

biological activity (<3fmol/l) because these peptides have a very short half life due to 

rapid hydrolysis by plasma and tissue peptidases (Campbell, 2001). Most of the 

physiological effects of kinins are mediated by bradykinin and the B2 receptor, but, in 

pathological conditions the B1 receptor can be induced. In these situations it is thought 

that the des-Arg9 kinins may also contribute to the regulation of vascular homeostasis 

(McLean et al., 2000).  

 

Kinins produce a wide range of effects including vasodilation (Cherry et al., 1982; 

Cockcroft et al., 1994), fibrinolysis (Labinjoh et al., 2000), angiogenesis (Miura et al., 

2003), inhibition of platelet activation (Hasan et al., 1996), and increased vascular 

permeability (Schaeffer et al., 1993). They are generally considered to have a protective 

role within the vasculature but they are also important mediators of inflammation and 

pain (Couture et al., 2001). In this study the vasodilatory, angiogenic and fibrinolytic 

effects of kinins were investigated because they are particularly relevant to pre-

eclampsia. 

 

1.4.1 Kinin-induced vasodilation 

Kinins induce relaxation of vascular smooth muscle by stimulating the release of three 

different endothelium-derived mediators; nitric oxide (Furchgott, 1983), prostacyclin 

(Ignarro et al., 1987) and endothelium-derived hyperpolarising factor (EDHF) 

(Batenburg et al., 2004).  The contribution of each mediator to kinin induced 

vasodilation varies according to anatomical location and vessel size. Prostaglandin- 

mediated relaxation is dependent on whether the smooth muscle cells of particular 

vascular beds express the receptors for prostanoids (Mombouli et al., 1995). The 

influence of nitric oxide is greater in conduit vessels than in the resistance circulation, 

while EDHF responses increase as vessel size decreases (Shimokawa et al., 1996).  
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1.4.2 Role of kinins in blood pressure regulation  

Most of the blood pressure reducing effects of kinins are mediated via activation of the 

constitutive B2 receptor by the endogenous agonist bradykinin. In vivo studies in man 

have shown that bradykinin significantly increases the rate of blood flow when infused 

into the forearm circulation (Cockcroft et al., 1994). This vasodilatory effect is inhibited 

by administration of the B2 receptor antagonist HOE 140 (Cockcroft et al., 1994). 

However, B2 receptor antagonism has been shown to have little effect on resting blood 

pressure indicating that bradykinin does not play a significant role in maintaining 

peripheral vascular tone under normal physiological conditions (Groves et al., 1995). In 

addition, kininogen deficiency in humans is reported to have no severe clinical 

symptoms (Colman et al., 1975).  

 

Although bradykinin may not influence systemic vascular tone there is evidence 

suggesting it has important cardioprotective effects. Groves et al (1995) report that B2 

receptor antagonism reduces local vascular resistance and blood flow in the coronary 

circulation suggesting that bradykinin has a tonic vasodilator effect in the heart. 

Furthermore, genetic deletion of the B2 receptor in mice results in an increased 

sensitivity to the hypertensive effects of elevated salt intake (Madeddu et al., 1997) and 

increased responsiveness to the vasoconstrictors angiotensin II and vasopressin (Alfie et 

al., 1999; Cervenka et al., 2001).  

 

The B1 receptor agonist LDABK has been shown to induce vasodilation in human 

coronary arteries (Drummond et al., 1995) but there are little data regarding the effects 

of this kinin in other vascular beds. This is probably because the B1 receptor is expressed 

at low levels in healthy individuals and is only considered to mediate kinin responses in 

pathological conditions (McLean et al., 2000). It is believed that the B1 receptor may 

contribute to the regulation of vascular tone in inflammatory diseases or in cases where 

B2 receptor signalling is impaired. However, there are some data to suggest that the B1 

receptor may function when minimally expressed (Prado et al., 2002) and B1 receptor- 

mediated relaxation has been observed in several different healthy animal vessels 
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(Churchill et al., 1986; Pruneau et al., 1996; Ritter et al., 1989).  

 

Alterations in kinin receptor activation and function have been reported in patients with 

cardiovascular disease. Recent studies have shown that there is a significant association 

between B2 receptor polymorphisms and hypertension. A common genetic variant of the 

gene encoding the B2 receptor has been discovered which is accompanied with reduced 

receptor transcription (Gainer et al., 2000; Mukae et al., 1999). However, only a limited 

number of studies have investigated the relationship of this polymorphism with disease 

predisposition and more work needs to be carried out in this area to discover its 

prevalence and connection with other cardiovascular disorders. 

 

ACE inhibitors have been successfully used to treat cardiovascular disorders such as 

hypertension and congestive heart failure for many years. ACE catalyses the conversion 

of angiotensin I to the vasoconstrictor angiotensin II as well as inactivating bradykinin. 

Evidence suggests that the beneficial effects of ACE inhibitors are not only due to the 

reduction of circulating angiotensin II but are also attributed to the potentiation of 

endogenous bradykinin (Linz et al., 1995). Both animal and human studies have shown 

that administration of HOE 140 in subjects on ACE therapy reverses many of the 

favourable actions of the drug (Gainer et al., 1998; Yang et al., 2001).  

 

The B1 receptor has also been implicated in the positive impact of ACE inhibitor 

treatment in patients with heart failure (Witherow et al., 2001). Combined blockade of 

the B2 and the B1 receptors, but not B2 receptor inhibition alone, induced peripheral 

vasoconstriction in this study. These results indicate that B1 receptor-mediated relaxation 

may contribute to vasodilation in this endothelial dysfunctional state. B1 receptor 

activity may also be increased in patients with coronary heart disease because elevated 

expression of B1 receptors has been observed in the endothelial cells, smooth muscle 

cells and macrophages of atheromatous human blood vessels (Raidoo et al., 1997).  
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1.4.3 Fibrinolytic action of kinins  

Fibrinolysis is an endogenous process that protects the circulation from intravascular 

thrombus formation. Tissue plasminogen activator (t-PA) is a fibrinolytic factor that 

catalyses the conversion of plasminogen to plasmin leading to thrombus dissolution 

through fibrin degradation (Plow et al., 1991). t-PA is synthesised and stored in 

intracellular granules found within vascular endothelial cells (van den Eijnden-

Schrauwen et al., 1995). This is a prime location for quick action following initiation of 

clot formation.  

 

Substances known to trigger the release of t-PA include factors related to the coagulation 

cascade such as factor Xa and thrombin (Emeis, 1992). Bradykinin has also been shown 

to stimulate t-PA release in vivo (Brown et al., 1999). This effect was antagonised by the 

B2 receptor antagonist HOE 140 but not by NOS or cyclooxygenase blockade (Brown et 

al., 2000). The precise mechanism by which bradykinin induces t-PA release is not fully 

understood although G-protein signalling and calcium concentrations are thought to be 

important (van den Eijnden-Schrauwen et al., 1997).  It is postulated that bradykinin- 

induced release of t-PA may be an important negative feedback mechanism to reduce 

thrombus development during plaque rupture (Oliver et al., 2005).  

 

A reduction in t-PA release and/or activity is associated with cardiovascular disease and 

has been shown to be an important marker of endothelial function. Studies in 

hypertensive patients have shown that basal levels of t-PA are unaltered but agonist 

induced t-PA release is attenuated (Hrafnkelsdottir et al., 1998). Impaired bradykinin- 

induced t-PA release has also been reported in smokers (Pretorius et al., 2002) and 

treatment of endothelial cells with serum from these patients leads to a reduction in t-PA 

release indicating that blood borne factors may diminish the fibrinolytic capacity of the 

endothelium (Barua et al., 2002).  

 

 

 



 

 14 

1.4.4 Kinin-mediated angiogenesis  

Angiogenesis is the generation of new blood vessels from pre-existing vessels. The key 

steps involved in the angiogenic process are vasodilation, an increase in vascular 

permeability, activation of proteases and degradation of the basement membrane, 

endothelial cell proliferation, endothelial cell migration and the assembly of cells into 

tube like structures with a patent lumen (Carmeliet, 2003). The role of kinins in the 

modulation of angiogenesis has only recently emerged. Both receptors are known to 

mediate pro-angiogenic effects. The B2 receptor agonist bradykinin has been reported to 

influence vascular permeability (Ishihara et al., 2002), endothelial proliferation and tube 

formation (Miura et al., 2003). The B1 receptor is thought to mediate ischemia driven 

angiogenesis (Emanueli et al., 2001a). 

 

One of the first studies to suggest that kinins may be involved in vascular growth found 

increased expression of kallikrein and kinin receptors in angiogenic microvascular 

endothelial cells (Plendl et al., 2000). Other investigators discovered that kininogen 

deficient rats exhibit reduced angiogenesis (Colman, 2006). Data from studies of tumour 

development support the role of bradykinin in promoting vascular permeability during 

angiogenesis (Ishihara et al., 2002). Infusion of the B2 receptor antagonist HOE 140 into 

the vasculature during the early stages of tumour growth reduced capillary leakage 

measured by secretion of a dye from the tumour circulation. In addition, B2 receptor 

antagonism has been shown to reduce the growth of lung cancer in animal studies 

(Stewart et al., 2002). The proliferative effects of bradykinin have been shown in human 

coronary endothelial cells where bradykinin proved to be more potent than VEGF. 

However, only VEGF was able to stimulate migration of these cells (Emanueli et al., 

2001b; Miura et al., 2003).  

 

Bradykinin is also known to act in synergy with VEGF to stimulate tube formation in 

coronary endothelial cells (Miura et al., 2003). Bradykinin was shown to induce tube 

formation via transactivation of the VEGF receptor KDR/Flk-1 and the release of NO 

(Thuringer et al., 2002). In addition, bradykinin can induce VEGF release from cultured 
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cells via a B2 receptor / prostaglandin dependent mechanism (Knox et al., 2001) and has 

been shown to increase the expression of VEGF in stromal fibroblasts during the late 

phase of tumour growth (Ishihara et al., 2002). 

 

It has been well established that angiogenesis is essential for the repair of wounds and 

tissue damaged by ischemia (Carmeliet, 2000). Recent work demonstrates that the B1 

receptor may mediate angiogenic responses in ischemic conditions. This idea comes 

from data showing that B1 receptor knockout mice exhibit reduced post-ischemic limb 

recovery (Emanueli et al., 2002).  Upregulation of B1 receptor expression has also been 

found in the ischemic myocardium suggesting that B1 receptor signalling may evoke 

angiogenesis after myocardial infarction (Mazenot et al., 2001). The mechanism by 

which B1 receptor activation induces angiogenesis is thought to be through upregulation 

of endogenous fibroblast growth factor-2 via the NOS pathway (Parenti et al., 2001).  

 

1.5 Vascular changes during pregnancy 

The most marked circulatory changes noted in pregnant women are an increase in 

cardiac output and a decrease in blood pressure which declines during the first half of 

pregnancy and slowly increases to non-pregnant levels towards term (Carbillon et al., 

2000). The factors responsible for the increase in blood volume and reduction of 

systemic vascular resistance observed in pregnancy are not fully understood. It is 

thought that altered production of vasodilator and vasoconstrictor agents by the 

endothelial cells of the vasculature may play a role in inducing peripheral vasodilation 

(Poston et al., 1995).  

 

Evidence supporting this theory comes from in vivo studies demonstrating that pregnant 

women exhibit reduced responses to the pressor agents angiotensin II and vasopressin in 

the forearm compared to non-pregnant women (Gant et al., 1973). This reduction in 

sensitivity is thought to counteract the increased plasma levels of angiotensin II 

observed in pregnancy which occur as a result of activation of the renin-angiotensin-

aldosterone system (Abraham et al., 1994). However, the mechanism behind the 
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decreased reactivity to vasoconstrictors is unclear, it has been suggested that enhanced 

production of vasodilators may be involved (Poston et al., 1995).  

 

The contribution of kinins in mediating the enhanced vasodilation in pregnant women is 

not fully understood but some evidence suggests that bradykinin-mediated relaxation 

may be increased.  The in vivo vasodilatory responses to kinins during pregnancy have 

never been tested in humans but enhanced relaxation to bradykinin has been observed in 

vessels from pregnant rats (Learmont et al., 1996a). In addition, bradykinin-mediated 

vasodilation in myometrial vessels is greater in arteries from healthy pregnancies than in 

vessels from non-pregnant women (Knock et al., 1996). Furthermore, higher levels of B2 

receptor mRNA and protein during the early stages of gestation coincide with alterations 

in other vasoactive factors essential for maintenance of pregnancy suggesting that 

bradykinin may play an important role in regulating vascular function (Valdes et al., 

2001).  

 

Endothelium derived NO and PGI2 are known to mediate kinin responses and studies 

indicate the production of these second messengers may be enhanced in pregnancy. NO 

synthesis appears to be increased in pregnant animals because the levels of the second 

messenger cyclic guanosine monophosphate (cGMP), nitrate and nitrite in the plasma 

and urine are all reported to be higher than in non-pregnant animals (Conrad et al., 1993; 

Conrad et al., 1989). Data from human studies also show an increase in cGMP excretion 

and production of urinary nitric oxide metabolites during pregnancy (Kopp et al., 1977; 

Weiner et al., 1997). Up-regulation of PGI2 synthesis is also thought to occur because 

studies have shown that urinary excretion of enzymatic metabolites of PGI2 are elevated 

in the first trimester (Goodman et al., 1982). In addition, increased PGI2 production has 

been discovered in isolated localised vascular beds such as the uteroplacental circulation 

(Glance et al., 1985).  

 

Other vascular changes associated with pregnancy include alterations in the coagulation 

system. There is enhanced production of thrombotic factors by the endothelium such as 
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fibrinogen and vWF which is accompanied by a reduction in fibrinolysis (Cerneca et al., 

1997). Activation of the coagulation system is thought to protect the mother from 

excessive post-partum bleeding. The placenta and the myometrium are known to be 

main sources of fibrinolytic components during pregnancy (Uszynski et al., 2001). 

Maternal plasma levels of t-PA and its endogenous inhibitor PAI-1 significantly increase 

throughout gestation and are thought to control haemostasis in the uteroplacental 

circulation (Uszynski et al., 2001). However, little is known about the capacity of the 

endothelium to release t-PA in response to chemical or physiological stimuli during 

pregnancy. One group of investigators found that a proportion of healthy pregnant 

women exhibit impaired plasminogen activator release during exercise (Cash, 1971) but 

the effects of bradykinin on t-PA release has never been determined in pregnancy.  

 

1.6 Uteroplacental circulation 

The uteroplacental circulation is composed of the maternal uterine myometrial vessels, 

the spiral arteries and placental vessels which come into close contact within the 

intervillous space where gas and nutrient exchange occur (Figure 1.4). The maternal 

uterine vasculature expands considerably throughout pregnancy. Uteroplacental blood 

flow increases from around 1% of total cardiac output in non-pregnant women to around 

25% during pregnancy (Kliman, 2000). The number and size of uterine vessels increase 

to accommodate this huge rise in flow. In addition, the spiral arteries of the myometrium 

and decidua which supply blood to the intervillous space of the placenta are transformed 

into wide, low resistance channels to further aid efficient blood flow to the fetus 

(Pijnenborg et al., 2006). 

 

The maternal spiral arteries are converted from small muscular vessels into large flaccid 

channels by the invasion of cytotrophoblast cells of the placenta. These cells proliferate 

from the tips of anchoring placental villi and invade into the decidua and myometrium 

where they cluster around the spiral arteries and become embedded in the lumen (Lyall, 

2005). Once inside the blood vessels, the cytotrophoblasts replace the smooth muscle 

and endothelium with matrix-type fibrinoid creating a vessel that is unreactive to 
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vasoactive stimuli; thereby ensuring low resistance blood flow into the placenta 

(Chaddha et al., 2004). Examination of placental bed biopsies have shown that 

trophoblast invasion of the spiral arteries begins at around 8 weeks gestation and is 

complete by approximately 20 weeks (Lyall et al., 1999). However, up until 12 weeks 

the trophoblasts plug the spiral arteries to prevent high oxygen levels affecting fetal 

development (Hustin et al., 1987; Rodesch et al., 1992). 

 

1.6.1 Control of Placental Vascular Tone  

Local vasoactive factors produced by the endothelium of the placental vasculature are 

thought to play a major role in regulating placental tone because evidence suggests that 

these vessels are not autonomically innervated (Fox et al., 1990). Doppler ultrasound 

studies indicate a low resistance circulation within the placenta and control of blood 

flow is believed to occur within the stem villous arteries (McParland et al., 1988; 

Poston, 1997). The technique of in vitro placental perfusion has been widely used to 

characterise functional responses of vasoactive substances in the placenta. Bradykinin 

appears to have a vasoconstrictor effect in placenta which is opposite to its vasodilator 

action in other vascular beds. Concentrations of bradykinin that would normally induce 

relaxation in vessels from the systemic circulation (10-9–10-6M) have been shown to 

cause an increase in perfusion pressure when infused into the isolated placental lobe 

(Wilkes et al., 1988). Another study showed a biphasic effect with very low 

concentrations (10-20-10-14M) of bradykinin inducing relaxation and higher 

concentrations (10-10-10-6M) causing constriction (Amarnani et al., 1999).  

 

PGI2 and the NO donor sodium nitroprusside are able to relax pre-constricted isolated 

stem villous arteries and reduce pressure in the pre-constricted perfused placenta. 

However, despite the ability of the vasculature to respond to these vasodilators, isolated 

placental arteries do not relax in response to agonists such as bradykinin and 

acetycholine (Amarnani et al., 1999; Ong et al., 2002). Basal perfusion pressure has 

been reported to increase in placentas perfused with the nitric oxide synthase (NOS) 

inhibitor Nω-nitro-L-arginine (L-NOARG) but not with inhibitors of eicosanoid synthesis  
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                    Myometrium        Decidua        Intervillous Space  

 
Figure 1.4  Schematic diagram of the uteroplacental circulation. Maternal blood is 
directed towards the placenta via the uterine myometrial radial and spiral arteries which 
are transformed into wide channels at the decidual interface between the mother and 
fetus. Maternal blood within the intervillous space is separated from the fetal blood by a 
thin membrane surrounding the placental villi. Gas and nutrient exchange occur across 
this membrane. 
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(King et al., 1995). In addition, responses to the thromboxane mimetic U46619 have 

been shown to increase in the presence of NOS inhibitors (King et al., 1995). Taken 

together these data indicate that endogenous NO is involved in the maintenance of 

resting tone and the reduction of vasoconstrictor effects in the placenta. Shear stress is 

known to induce NO release from endothelial cells and this has been shown to occur in 

placental arteries, therefore, it is likely that flow-mediated vasodilation rather than 

agonist-dependent relaxation predominates in this circulation (Learmont et al., 1996b).  

 

1.6.2 Placental development and angiogenesis in pre gnancy 

Placental vascular growth begins at around 21 days and continues throughout gestation 

(Demir et al., 1989). Vasculogenesis occurs first which is followed by branching 

angiogenesis and then non-branching angiogenesis towards term (Charnock-Jones et al., 

2004; Geva et al., 2002). The growth factors VEGF, placental growth factor (PlGF) and 

Angiopoietin-1 and 2 have been shown to be critical for placental development. Animal 

studies demonstrate that deletion of the receptors for these growth factors (VEGFR-1, 

VEGFR-2, Tie1 and Tie2) results in impaired placental vasculogenesis and in utero 

death (Maynard et al., 2008).  

 

VEGF is known to initiate vasculogenesis and angiogenesis by inducing endothelial cell 

proliferation, migration and formation of tube-like structures whereas PlGF and the 

angiopoietins are involved in the maturation and stabilisation of new blood vessels 

(Geva et al., 2002). The expression patterns of VEGF and PlGF reflect the shift from 

branching to non-branching angiogenesis during placental development. VEGF is highly 

expressed in the first trimester of pregnancy when vasculogenesis and branching 

angiogenesis occurs and PlGF expression increases towards the end of pregnancy when 

growth is nearly complete (Castellucci et al., 2000; Torry et al., 2004). In addition, the 

soluble VEGF receptor inhibitor (sFlt-1) increases towards the end of pregnancy 

mirroring the gradual slowing of placental growth (Maynard et al., 2008).  
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The role of kinins in placental development has not been investigated. Kallikrein and the 

B2 receptor are known to be expressed by placental endothelial cells (Corthorn et al., 

2006) but the angiogenic effects of kinins in the placenta have never been tested. As 

discussed previously, kinins have been shown to regulate many different aspects of 

angiogenesis that are analogous to VEGF so could potentially play a similar role in the 

placenta. 

 

1.7 Pre-eclampsia  

Pre-eclampsia is a condition that affects around 3-5% of all pregnancies and is 

characterised by high blood pressure, proteinuria and oedema. It is the major cause of 

maternal death in the UK and is associated with an increased risk of fetal morbidity and 

mortality (CEMACH Report: Saving Mothers Lives 2003-2005). In severe cases women 

can experience epileptic-like grand mal convulsions, cerebral hemorrhage, lung oedema 

and liver hemorrhage and rupture. Increased systemic vascular resistance is the cause of 

rising blood pressure in patients with pre-eclampsia (Khalil et al., 2002) and impairment 

of the endothelial barrier in the kidney and increased capillary leakage causes 

glomerular endotheliosis and localised tissue swelling (Haller et al., 1998; Lafayette et 

al., 1998).  

 

Risk factors for pre-eclampsia include hypertension, obesity, diabetes, multi-fetal 

gestation, maternal age and a family history of pre-eclampsia (Dekker, 1999). In 

addition, pre-eclampsia is more common in nulliparous women and those who have 

already had pre-eclampsia in a previous pregnancy (Robillard et al., 1999; Sibai et al., 

1991). Furthermore, large cohort studies have shown that women with pre-eclampsia are 

more likely to develop hypertension, coronary artery disease and stroke in later life 

(Agatisa et al., 2004; Wilson et al., 2003). Currently there are no specific clinical tests 

for pre-eclampsia because the pathogenesis of the disease is unclear. Treatment at 

present is symptom relief using antihypertensives to lower the blood pressure and 

magnesium sulphate to treat eclampsia (convulsions). However, the only option in most 

cases is to deliver the baby because all symptoms of the disease disappear upon removal 
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of the placenta. 

 

1.8 Pathophysiology of pre-eclampsia 

The aetiology of pre-eclampsia is not known. A number of different theories have been 

proposed which centre around the idea that poor placentation leads to the release of 

factors that cause maternal multi-systemic dysfunction. The original hypothesis of a 

two-stage model of pre-eclampsia (Roberts et al., 2005) focuses on the placenta being 

the root cause of the disease. It is widely believed that inadequate trophoblast invasion 

of the maternal spiral arteries causes placental hypoxia and the release of toxic 

substances into the maternal circulation. These toxic factors are thought to induce an 

inflammatory response and damage the endothelial cells of the vasculature (VanWijk et 

al., 2000). However, it has been difficult to identify what these toxic factors are because 

numerous different maternal and placental biological mediators are altered in pre-

eclampsia. Current opinion is that the two stage model is oversimplified because the 

disease is very heterogeneous and there may be more than one cause. There is much 

variability between different patients who develop pre-eclampsia. For example; the 

clinical symptoms of the syndrome can appear early or late in gestation, some patients 

have very mild symptoms whereas other cases are very severe, intrauterine growth 

restriction is commonly associated with the condition but is not observed in all pre-

eclamptic pregnancies and alterations of disease markers and physical abnormalities 

related to the condition are different in different individuals. Thus, it is believed that the 

different manifestations of the disease depend on the contribution of both maternal and 

placental factors and it is the interaction between these factors that determine the 

pregnancy outcome (Roberts et al., 2008). 

 

1.8.1 Impaired trophoblast invasion 

Trophoblast invasion of the maternal spiral arteries is one of the key events in pregnancy 

because it connects the maternal and fetoplacental circulation. There is evidence 

indicating that this process is impaired in patients with pre-eclampsia. Histological 

analyses of placental bed biopsies show that trophoblast invasion is decreased or 
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‘shallow’ in patients with pre-eclampsia (Kliman, 2000). Shallow invasion is the term 

used when the cytotrophoblast cells only partially invade the maternal vessels and fail to 

penetrate deep into the myometrium. The vessels remain narrow and retain their 

muscular and endothelial cell layer. Other studies have reported that around 30-50% of 

spiral arteries escape remodelling altogether (Granger et al., 2001). The cause for 

reduced or absent invasion may be a consequence of defects in the invasive potential of 

the trophoblast cells or the environment they are trying to invade. During invasion, 

trophoblasts interact with the maternal cells via specific cell adhesion molecules and 

adopt a vascular phenotype while infiltrating the vasculature by expressing endothelial 

markers (Zhou et al., 1997b). They also produce matrix metalloproteases (MMPs) which 

are required to break down the extracellular matrix (Staun-Ram et al., 2005). Studies 

investigating the properties of trophoblast cells from pregnancies affected by pre-

eclampsia suggest that invasion may be impaired because the cells fail to undergo the 

switch to a vascular phenotype (Zhou et al., 1997a). Studies have also shown that 

trophoblast cells from women with pre-eclampsia produce less active MMP-9 than 

invading trophoblasts from healthy pregnancies (Merviel et al., 2004). 

 

Maternal decidual leukocytes are also known to regulate the depth of trophoblast 

invasion in pregnancy. The most abundant type of leukocyte present in the decidua is the 

uterine natural killer (uNK) cell (King, 2000). These cells differ from other peripheral 

blood NK cells because they secrete cytokines rather than cytotoxic mediators (Hanna et 

al., 2006). Trophoblast cells express human leukocyte antigen (HLA) class I molecules 

which interact with specific receptors on uNK cells (King et al., 2000). This interaction 

between uNK cells and trophoblast cells is thought to stimulate the production of 

cytokines, chemokines and angiogenic factors that are required for invasion (Hanna et 

al., 2006). Abnormal expression of trophoblast HLA antigens and uNK receptors has 

been reported in patients pre-eclampsia (Hiby et al., 2004). It has been demonstrated that 

some HLA antigens are more inhibitory to uNK cells than others. In addition, two forms 

of receptor are found on uNK cells which either activate or inhibit the uNK cell on 

which they are expressed. Studies have shown that there is a higher incidence of the 
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expression of these inhibitory HLA antigens and uNK receptors in patients with pre-

eclampsia (Hiby et al., 2004). It is thought that aberrant uNK cell activation may be 

involved in the failure of trophoblast invasion in these patients.  

 

Impaired trophoblast invasion is thought to lead to a reduction in placental perfusion and 

placental hypoxia (Fisher, 2004). This is supported by data obtained from studies 

measuring the doppler waveform in women during pregnancy. This method is used to 

assess the resistance in the placental circulation. In normal pregnancy where resistance is 

low the waveform indicates high blood flow in diastole. Some, but not all patients with 

pre-eclampsia exhibit an absence or reversal of end diastolic flow suggesting that there 

is inadequate perfusion of the placenta (North et al., 1994; Papageorghiou et al., 2002). 

In addition, in vitro placental perfusion studies indicate a reduction in blood flow in pre-

eclampsia because clearance of radioactive compounds is lower than in placentas from 

healthy pregnancies (Kaar et al., 1980). One of the difficulties with studying this disease 

is that there are no good animal models of pre-eclampsia mainly because of the 

difference in placentation between humans and other species (Kaufmann et al., 2003). 

Some studies have shown that reducing blood flow to the placenta in pregnant animals 

can induce pre-eclampsia like conditions (Khalil et al., 2002). However, extrapolation of 

data from invasion studies is complicated because of the variability in spiral artery 

transformation between different animals. 

 

There are other factors that could contribute to reduced perfusion and placental hypoxia 

as well as inadequate trophoblast invasion. These include atherosis and placental 

infarction which are frequently observed in placentas from women with pre-eclampsia 

(Salafia et al., 1995). Also, the rate at which oxygen is removed from the fetoplacental 

circulation could have an impact on oxygen levels (Kingdom et al., 1997). Impaired 

trophoblast invasion is unlikely to be the single factor responsible for triggering pre-

eclampsia because it is observed in other pregnancy complications such as essential 

hypertension, pregnancy induced hypertension and intrauterine growth restriction 

(Roberts et al., 2008).  
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The link between placental ischemia and the maternal problems in pre-eclampsia has 

been the focus of intense investigation for many years. Studies have shown serum from 

women with pre-eclmapsia reduces relaxation of isolated maternal blood vessels and 

alters NO and PGI2 production in endothelial cells (Ashworth et al., 1998; Baker et al., 

1995; de Groot et al., 1995). It has been suggested that oxidative stress in the placenta 

may result in the release of harmful reactive oxygen species which could be detrimental 

to the maternal vasculature. Indeed, markers of lipid peroxidation which increase when 

reactive oxygen species are not being eliminated are elevated in pre-eclampsia (Hubel et 

al., 1996). Lower levels of the antioxidant vitamins C and E have also been reported in 

maternal plasma (Mikhail et al., 1994). Furthermore, the antioxidant superoxide 

dismutase is also decreased in placentas from pregnancies affected by pre-eclampsia 

suggesting the endogenous antioxidant status of the placenta may be compromised 

(Wang et al., 1996). Syncitiotrophoblast microfragments (STBM) released by the 

placenta into the maternal circulation have also been proposed to have adverse effects. 

These membrane particles are normally found in the circulation in healthy pregnancy but 

their levels are significantly greater in pre-eclampsia (Chua et al., 1991).  STBM have 

been shown to reduce endothelium-dependent relaxation in some but not all in vitro 

studies (Cockell et al., 1997; Van Wijk et al., 2001). 

 

1.8.2 Endothelial dysfunction 

Endothelial dysfunction occurs when cells fail to perform their normal biological 

activities resulting in altered production of endothelium derived mediators and 

expression of pro-inflammatory adhesion molecules (Drexler et al., 1999). Abnormal 

functioning of the endothelium underlies many diseases including coronary artery 

disease, hypertension, heart failure and stroke (Le Brocq et al., 2008). The endothelium 

is involved in mediating many physiological changes associated with healthy pregnancy 

and several of the problems occurring in pre-eclampsia are regulated by endothelial 

cells. Therefore, it was suspected that altered vascular function may contribute to the 

pathogenesis of the disease. It is debated whether endothelial dysfunction is primary or 

secondary to disease development but evidence suggests that alterations of biological 
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markers are often found in the early stages of pregnancy before clinical symptoms 

appear (Friedman et al., 1995). In addition, the risk of developing pre-eclampsia during 

pregnancy is increased in patients with pre-existing microvascular disease (Roberts et 

al., 1993). This substantiates the idea that endothelial dysfunction is a cause rather than a 

consequence of the syndrome. 

 

Evidence of endothelial dysfunction is supported by data indicating an increased 

production/sensitivity to vasoconstrictors, reduced relaxation to vasodilators and a shift 

from an anti-thrombogenic endothelial surface to a pro-thrombogenic environment. In 

contrast to healthy pregnant patients who have reduced pressor responses, in vivo studies 

show that women with pre-eclampsia exhibit increased vasoconstriction when 

angiotensin II is infused into the forearm circulation (Shah, 2006). One group of 

investigators discovered that this increased sensitivity to angiotensin II may be attributed 

to the formation of angiotensin and bradykinin receptor heterodimers. Heterodimers 

have been found on platelets and omental vessels in pre-eclampsia but are absent in 

healthy patients (AbdAlla et al., 2001). These authors showed that formation of these 

heterodimers increased angiotensin receptor signalling via the intracellular bradykinin 

B2 receptor domain. Increases in other vasoconstrictor agents have also been reported; 

for example, endothelin-1 levels are higher in plasma from women with pre-eclampsia 

(Taylor et al., 1990) and thromboxane A2 levels are elevated in the plasma and urine of 

patients with the disease (Fitzgerald et al., 1990; Liu et al., 1998). 

 

In vitro studies using isolated vessels from the maternal circulation have demonstrated 

that functional responses to endothelium-dependent vasodilators are reduced in pre-

eclampsia. Bradykinin-mediated relaxation has frequently been used to assess 

endothelial function in pregnancy. Some studies report that bradykinin-mediated 

relaxation is lower in myometrial and omental arteries from women with pre-eclampsia 

compared to normotensive controls (Knock et al., 1996; Suzuki et al., 2000). 

Conversely, another study showed that acetycholine responses were attenuated patients 

with pre-eclampsia but bradykinin relaxation was unaffected (Pascoal et al., 1998). In 
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addition, other investigators found no difference in overall relaxation to bradykinin but 

discovered that NOS inhibition had a greater effect in vessels from women with pre-

eclampsia suggesting that EDHF responses were reduced in these patients (Ashworth et 

al., 1999; Kenny et al., 2002). These inconsistencies could be due to heterogeneity of 

endothelial dysfunction, differences between the agonists used to pre-contract the 

arteries in these studies or the methods used i.e. wire vs. pressure myography. 

Nevertheless, the effects of specific B2 and B1 receptor agonists have not been 

investigated in pregnancy. Alterations in kinin receptor mediated relaxation/expression 

may affect vascular tone in pre-eclampsia. 

 

It has been postulated that attenuated responses to bradykinin and other vasodilators in 

pre-eclampsia may be due to a reduction in NO synthesis or bioavailability. However the 

data regarding NO involvement in pre-eclampsia are variable. The levels of nitrate and 

nitrite measured in patients with pre-eclampsia are conflicting (Nobunaga et al., 1996; 

Smarason et al., 1997), which may be due to the inaccuracies associated with using these 

metabolites as a measure of NO production. Larger studies where dietary intake is 

controlled may be needed to gain more reliable results. Increased concentrations of 

asymmetric dimethylarginine, which is the endogenous inhibitor of NOS, have been 

found in pre-eclampsia (Fickling et al., 1993) suggesting that there may be reduced 

synthesis of NO. In contrast, nitrite levels increase in cultured endothelial cells treated 

with serum from patients with the disease (Lyall et al., 1996).  

 

Levels of PGI2, which are thought to increase in healthy pregnancy, are lower in pre-

eclampsia (Fitzgerald et al., 1987). This may contribute to the impaired relaxation that is 

observed in pre-eclampsia and could reduce the inhibitory effects that PGI2 has on 

platelet adhesion and aggregation (VanWijk et al., 2000). A decrease in PGI2 production 

affects the PGI2/thromboxane ratio because thromboxane levels increase if platelet 

aggregation occurs. Treatment of patients with low dose aspirin to combat the 

production of platelet derived thromboxane has proved to reduce the recurrence of pre-
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eclampsia in women who had a previous pregnancy affected by the disease CLASP 

(1994). 

 

Factors involved in coagulation and thrombosis are also altered in pre-eclampsia. 

Significantly higher levels of t-PA and PAI-1 are found in the maternal circulation 

compared to healthy pregnant patients. These levels are inversely correlated with 

fibrinogen suggesting that the endothelium is in a pro-coagulant state (Belo et al., 2002). 

There is also an imbalance of fibrinolytic components in placentas from women with 

pre-eclampsia. PAI-1 is increased while PAI-2 levels are decreased (Roes et al., 2002). 

This imbalance is believed to result in the fibrin deposition and placental infarction 

observed in diseased placentas contributing to reduced placental perfusion. Impairment 

of uteroplacental bradykinin-mediated t-PA release could also be involved in the 

development of coagulation abnormalities in pre-eclampsia but this has yet to be 

determined. 

 

1.8.3 Abnormalities in placental angiogenesis  

Morphological studies of placentas from patients with pre-eclampsia have revealed that 

the villous capillaries exhibit some structural abnormalities. Researchers have found an 

increase in vessel branching compared to placentas from healthy pregnancies (Mayhew 

et al., 2004). However, a few studies report that vessels are reduced in number, thinner 

and less branched (Mayhew et al., 2003). It is thought that these changes may be 

associated with IUGR rather than pre-eclampsia and the two groups had not been 

separated in these investigations. 

Studies examining the expression of angiogenic factors in placentas from women with 

pre-eclampsia have found higher levels of VEGF and lower levels of PlGF (Maynard et 

al., 2008). The endogenous inhibitor of VEGF, sFlt-1, has received much attention 

recently because levels of this soluble splice variant of VEGFR-1 are significantly 

elevated in the maternal circulation of women with pre-eclampsia. These elevations in 

sFlt-1 occur before the onset of clinical symptoms and have been considered as a 

potential marker of disease (Woolcock et al., 2008). Inhibition of VEGF with antibodies 
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used in cancer trials induces proteinuria and hypertension that is similar to the symptoms 

occurring in pre-eclampsia (Zhu et al., 2007). Furthermore, blockade of VEGF and PlGF 

produces pre-eclampsia like conditions in rats (Maynard et al., 2003). Together this 

evidence implies that derangements in angiogenesis may be associated with the 

pathogenesis of the disease. 

 

Placental ischemia may be the cause or result of an angiogenic imbalance in the 

placenta. Branching angiogenesis could be the placenta’s way of compensating for a 

reduction in oxygen concentration caused by inadequate trophoblast invasion. Hypoxia 

is known to trigger increases in VEGF receptor expression via activation of the 

transcription factor hypoxia inducible factor-1 (HIF-1) (Pugh et al., 2003). Indeed, 

increased levels of HIF-1 have been found in placentas from women with pre-eclampsia 

(Caniggia et al., 2002). This may result in increased branching angiogenesis that is 

observed in pre-eclampsia. In addition, hypoxia has been shown to induce increased 

placental capillarisation in guinea pigs (Kingdom et al., 2000).  

 

On the other hand, increased capillary growth is responsible for deformation of placental 

terminal villi (Mayhew et al., 2004). It is not known how this may affect their function 

but malformation could potentially affect perfusion of the placenta. Placental hypoxia 

has been shown to reduce trophoblast invasion in vitro (Genbacev et al., 1996) 

suggesting that factors contributing to hypoxia such as alterations in placental growth 

may affect spiral artery transformation.   

 

1.8.4 Inflammatory response 

Mild systemic inflammation occurs in healthy pregnancy indicated by leukocytosis and 

an increase in neutrophil, monocyte and lymphocyte activation (Barriga et al., 1994; 

Koumandakis et al., 1986; Smarason et al., 1986). Some evidence also suggests there is 

an increase in the circulating inflammatory cytokines IL-6 and TNFα (Austgulen et al., 

1994). This inflammatory response is evident in the first trimester of pregnancy and 

develops as gestation increases reaching a peak in the third trimester (Borzychowski et 
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al., 2006). The inflammatory reaction associated with healthy pregnancy is greatly 

exaggerated in pre-eclampsia. There are significant increases in the levels of TNFα and 

its circulating receptor P55 before clinical onset of disease (Vince et al., 1995).  

Concentrations of IL-1, IL-6 and IL-8 in pre-eclampsia have also been reported to 

increase above the level found in healthy patients (Greer et al., 1994; Stallmach et al., 

1995). 

 

The placenta has been the primary target in the search for factors inducing an elevated 

inflammatory response in pre-eclampsia. The trophoblast cells of the placenta are a 

potential source of inflammatory cytokine production and some studies have shown that 

placental ischemia can increase TNFα levels up to two fold (Conrad et al., 1997). TNFα 

is known to reduce endothelium-dependent relaxation and activates cell signalling 

pathways that can lead to the altered transcription of a variety of proteins (Conrad et al., 

1997). In contrast, other experiments have revealed no difference in the release of TNFα, 

IL-1α, IL-6 or IL-1β from placental explants in pre-eclampsia (Benyo et al., 2001). It is 

also thought that syncytiotrophoblast membrane particles may induce an inflammatory 

reaction in the maternal circulation (Redman et al., 2003).  

 

Endothelial activation is a component of vascular dysfunction and inflammation which 

are closely interlinked. Inflammatory stimuli are known to trigger changes in the 

expression of cell proteins such as soluble cell adhesion molecules. In pre-eclampsia, 

there is an increase in the expression of vascular cell adhesion molecule (sVCAM), E-

Selectin (sESelectin) and platelet/endothelial cell adhesion molecule (sPECAM) 

(Redman et al., 2003). These are common markers of endothelial activation and are 

required for neutrophil adhesion when injury or infection occur. Kinin receptor 

expression is also known to be modulated by inflammatory mediators, therefore, it might 

be expected that endothelial B2 or B1 receptor levels are altered in pre-eclampsia but this 

remains to be investigated. 
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1.9 Study Rationale 

Kinins are known to exert many beneficial cardiovascular effects including vasodilation, 

fibrinolysis and angiogenesis. Derangements in endothelium-dependent relaxation, the 

coagulation system and angiogenesis are associated with pre-eclampsia so the study of 

kinins in this disease is particularly relevant. A number of studies have reported an 

attenuation of bradykinin-mediated relaxation in isolated vessels from women pre-

eclampsia. However, the underlying cause for the differences in bradykinin-mediated 

responses between vessels from healthy pregnancies and pre-eclampsia are not fully 

understood. To date there have been no studies to assess the effects of selective B2 and 

B1 receptor agonists in healthy pregnancy or pre-eclampsia. It is postulated that in 

addition to impairments of B2 receptor responses, B1 receptor-mediated vascular effects 

may also be altered in pre-eclampsia. Up-regulation of B1 receptor expression/signalling 

may be observed because of the increase in inflammatory mediators associated with the 

disease. Alternatively, B1 receptor signalling may increase to compensate for a reduction 

in B2 receptor responses.  

 

1.10 Hypothesis and Aims 

The hypothesis of this research is that changes in kinin receptor activity, expression 

and/or function contribute to endothelial dysfunction and the pathogenesis of pre-

eclampsia. Specifically, it is postulated that alterations in B2 and/or B1 receptor-mediated 

relaxation in the maternal vasculature contributes to the increase in vascular resistance 

observed in pre-eclampsia. In addition, it is hypothesised that abnormalities of kinin 

induced t-PA release and angiogenesis in the placental circulation contribute to placental 

malfunction in pre-eclampsia.  

  

The aims of the study are: 

1. To examine the effects of selective B2 and B1 receptor agonists and antagonists on 

myometrial artery relaxation in vessels from healthy pregnancy and pre-eclampsia. This 

will be conducted using the technique of wire myography. In addition, the localisation 

and mRNA expression of B2 and B1 receptors in the myometrium will be determined.  
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2. To examine the effects of bradykinin on t-PA release in the placental circulation. This 

will be conducted using the technique of placental perfusion. The localisation and 

expression of B2 and B1 receptors in the placenta will also be examined.  

 

3. To examine the role of kinins in mediating placental angiogenesis. This will be 

conducted using the endothelial tube formation assay with primary placental endothelial 

cells isolated from healthy pregnant patients and women with pre-eclampsia. 
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2.1 Study Population 

Two groups of patients were recruited for this study: healthy pregnant women and 

women with pre-eclampsia. Healthy pregnant patients were defined as those who 

delivered at term (≥ 37 weeks gestation) with blood pressure <140/90 mmHg. Patients 

with pre-eclampsia were defined as those with blood pressures >140/90 mmHg 

(recorded on two occasions after 20 wks gestation in a previously normotensive women) 

and proteinuria (2+ dipstick or an albumin:creatinine ratio >30 mg/mmol). All patients 

were delivered by caesarean section; no patients had more than one previous caesarean 

section. No medication (except anaesthetic for the surgical procedure or antihypertensive 

for pre-eclampsia) was received by the patients. Subjects were excluded from the study 

if they had any clinically significant co-morbid disease other than pre-eclampsia and if 

they had experienced pregnancy-induced hypertension or pre-eclampsia in a previous 

pregnancy. All women gave written informed consent and the study was approved by 

the Lothian Research Ethics Committee (LREC04.S1103.40). 

 

2.2 Myometrial artery wire myography 

 

2.2.1 Introduction 

Wire myography is an in vitro technique used for the investigation of functional 

responses and vascular reactivity of isolated small resistance arteries under isometric 

conditions (Mulvany et al., 1977). Resistance arteries are vessels with a lumen smaller 

than 500 µm and are considered to be important in the maintenance and control of 

peripheral resistance (Mulvany, 1990). Regulation of tone in myometrial resistance 

arteries is of profound importance for the control of the blood supply to the placenta 

during pregnancy (Poston, 1997). This vascular bed is accessible for in vitro study in 

pregnancy as myometrial biopsies may be obtained at caesarean section. Studies using 

these vessels may provide an insight into the factors involved in the vascular adaptation 

to normal pregnancy and their alterations in pre-eclampsia. 
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2.2.2 Artery Preparation 

Myometrial biopsies (approximately 2 x 1 x 1cm) were taken after caesarean section 

from the upper margin of the transverse lower uterine incision. Specimens were placed 

in cold (4ºC) oxygenated physiological salt solution (PSS:119 mM NaCl, 4.7 mM KCl, 

2.5 mM CaCl2.2H2O, 1.17 mM MgSO4.7H2O, 25 mM NaHCO3, 1.18 mM KH2PO4, 

0.027 mM EDTA, 5.5 mM Glucose) and immediately transported to the laboratory. 

Resistance arteries (200-400 µm) were dissected from the surrounding tissue under a 

dissection microscope (WILD M32 Heerbrugg, Switzerland) and mounted in the organ 

baths of a four channel wire myograph (Danish Myotechnology 610M, Denmark. 2-4 

arteries were dissected from each sample depending on the size and orientation of the 

piece of myometrium. 2mm length arterial segments were mounted onto two wires (40 

µm diameter) gently inserted into the lumen of each vessel. The wires were attached to a 

force transducer and a micrometer to measure vessel tension. Data were recorded using 

MacLab 8 and Chart v3.4 software (AD Instruments, UK). After mounting, the arteries 

were allowed to equilibrate for 1 hr in the myograph baths containing PSS with no 

tension applied. The baths were maintained at 37ºC and bubbled with 95% O2 and 5% 

CO2 throughout the experiments. PSS was replaced every 15 min to preserve viability of 

the tissue. 

 

2.2.3 Normalisation 

Normalisation was performed in order to standardise the initial passive conditions 

(resting tension) under which the vessels were placed. This was to ensure that the 

physiological responses were assessed in a reliable and reproducible manner. The 

method used for normalisation was the length-tension curve procedure. After mounting 

and equilibration of the vessels, the jaws of the myograph were opened until the point 

where tension was first measureable. This was set as zero tension.  Following this, the 

vessels were repeatedly stretched 0.5mN at a time and their contractility was assessed in 

response to a high potassium salt solution (KPSS: 123.7 mM KCl, NaCl replaced by 

KCl in PSS). Each time KPSS was added to the bath, the vessel was allowed to 

equilibrate for 5 min, or until it had reached a plateau, and was then washed twice with 
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PSS to allow complete relaxation. This procedure was repeated until the vessels reached 

a peak of contractility. An optimum resting tension of 4.0mN (90% of the peak of 

contractility) was chosen after repeating the length-tension procedure with vessels from 

10 different healthy patients (Figure 2.1) and was used for all subsequent experiments. 

This resting tension is similar to that used in other myometrial artery studies (Allen et 

al., 1991; Ekstrom et al., 1991; Kublickiene et al., 1994). 

 

2.2.4 Viability of Tissue 

Tissue isolation and vessel mounting can damage the structure of the arteries so it was 

important to test the viability of the vessels at the start of each experiment. After 1 hr of 

equilibration, vessels were constricted with KPSS for 5 min and then washed with PSS 

to allow complete relaxation. This was repeated 3 times and if the vessel failed to 

contract more than the resting tension applied, the vessel was discarded. Vessels were 

also excluded from the study if they failed to relax >50% in response to the 

endothelium-dependent vasodilator bradykinin (10-6M) because this would indicate 

damage to the endothelium. 

 

Human vessels are prone to periodic rhythmic oscillations of tone but the exact cause is 

unclear. It is thought that it may be a mechanism involved in the regulation of local 

blood flow. In practical terms, vasomotion can make the interpretation of myography 

data very difficult, if vessels exhibited severe vasomotion (>50% of contraction) they 

were excluded from the study.  

 

2.2.5 Concentration-response studies  

Concentration-response curves are frequently used in pharmacological experiments to 

assess the contractile or relaxant responses of agonists. When the results are presented 

graphically, the logarithm of the drug concentration is plotted on the x axis and the 

vessel response is plotted on the y axis. Therefore, doses used during the study were 

chosen so that when they were converted to logarithms they were equally spaced. For 

example if the concentration range was 10-11-10-9 M then the following doses were 
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Figure 2.1 Results of the normalisation procedure showing the maximal contractile 
response of myometrial arteries to KPSS as tension applied to the vessel is increased. 
Data presented are mean ± S.E.M. n=10.  
 

 

 

 

 

 

 

 

 

 



 

 38 

given: 1x10-11M, 3x10-11M, 1x10-10M, 3x10-10M, 1x10-9M, 3x10-9M  . When converted to 

logarithms the values were -11.0, -10.5, -10.0, -9.0, -9.5. Doses were added one after the 

other with no washes in between and the subsequent dose was added as soon as the 

previous response had peaked (contraction) or levelled off (relaxation).  

2.2.6 Data analysis 

Vasodilator responses were calculated as a percentage of the contraction induced by 

U46619 (EC80). Vasoconstrictor responses were calculated as a percentage of the 

maximum contraction induced by KPSS. Data for vasodilator and vasoconstrictor 

responses are presented as the average response elicited in 2-4 myometrial vessels from 

the same patient. The negative log concentration (M) required to achieve 50% of the 

maximum response (pD2) was calculated by nonlinear regression analysis (GraphPad 

Prism 3.0). Two-way ANOVA was used to compare concentration-response curves 

before and after incubation with antagonists or inhibitors and between different groups 

of patients (GraphPag Prism 3.0). One-way ANOVA and student’s unpaired t-test were 

used to compare patient data, pD2 values, maximum responses (Emax) and U46619 pre-

constriction between different groups. Comparisons made between healthy patients and 

pre-eclamptic patients were carried out using data obtained from vessels incubated with 

cycloheximide.  All data are presented as means ± S.E.M; p< 0.05 was considered to be 

statistically significant.  

2.3 Umbilical vein myography  

Experiments testing the responses to the B2 and B1 receptor agonists bradykinin and 

Lys-des-Arg9-bradykinin (LDABK) respectively, in the presence and absence of the B2 

and B1 receptor antagonists HOE140 and Lys-Leu8-des-Arg9-bradykinin, respectively, 

were carried out in the human umbilical vein to confirm that the drugs used in this study 

were efficacious. The umbilical vein was chosen for this purpose because the responses 

to these drugs have previously been characterised in this tissue (Cruden et al., 2005) and 

samples of the umbilical cord were available for collection from the patients who 

consented to take part in this study. 10 cm of umbilical cord was excised from the 
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placenta immediately after delivery and placed in cold PSS. The umbilical vein was 

excised from the surrounding tissue under a dissecting microscope and 3mm width rings 

were mounted onto a fixed mount myograph (Danish Myotechnology 610M, Denmark). 

A resting tension of 19.62mN was applied as previously described (Sardi et al., 1997). 

Finally, cumulative concentration-response curves to the selective B2 and B1 receptor 

agonists (bradykinin [10-11-10-6 M] and LDABK [10-11-10-6 M], respectively) were 

constructed in the presence and absence of the B2 receptor antagonist (HOE 140 [10-

6M]) and the B1 receptor antagonist (Lys-leu8-des-Arg9-bradykinin [10-6M]). The vessels 

were not pre-constricted because both the B2 and B1 receptor agonists cause 

vasoconstriction rather than vasodilatation in the umbilical vein. All chemicals used in 

the myography studies were purchased from Sigma Aldrich, UK.   

 

Results from the umbilical vein experiments showed that bradykinin mediated- 

vasoconstriction was inhibited by the B2 receptor antagonist HOE 140 (Appendix 1a, 

p<0.0001, n=4), but not the B1 receptor antagonist Lys-leu8-des-Arg9-BK (Appendix 1 

b, p=0.06, n=4). LDABK-mediated vasoconstriction was inhibited by the B1 receptor 

antagonist Lys-leu8-des-Arg9-BK (Figure 2b, p<0.0001, n=4) but not the B2 receptor 

antagonist HOE 140 (Figure 2b, p=0.96, n=4). These findings are in agreement with 

previous studies (Cruden et al. 2005) and confirmed that these drugs were acting as 

expected.  

 

2.4 Immunohistochemistry 

 

2.4.1 The Avidin Biotin Complex (ABC) method 

Immunohistochemistry was performed using an indirect technique of staining known as 

the avidin biotin complex (ABC) method. This technique involves three layers: an 

unlabelled primary antibody which binds to antigens on the surface of the tissue, a 

secondary antibody conjugated to biotin which binds to the primary antibody and the 

enzyme horseradish peroxidase linked to avidin which binds to biotin on the secondary 

antibody. In order to visualise antibody binding, the enzyme horseradish peroxidase is 
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reacted with its substrate 3’3’diaminobenzidine (DAB) which produces brown staining 

wherever the primary and secondary antibodies are attached.   

 

2.4.2 Immunolocalisation of kinin receptors  

The ABC method was employed to determine B2 and B1 receptor localisation in the 

myometrium, placenta and umbilical cord. The antibody titres used for the 

immunohistochemical staining of the kinin receptors were chosen after completing some 

optimisation experiments in myometrial tissue using 4 different dilutions of the 

antibody; 1:50, 1:100, 1:200 and 1:500.  Optimum staining in the myometrium was 

observed with a titre of 1:100 for both receptor antibodies and was used for all 

subsequent experiments carried out using myometrial and placental tissue. Tissue 

sections of the human umbilical cord were used as a positive control for the 

immunohistochemistry studies. 

 

1 x 1 x 1cm biopsy specimens of myometrium, 2 x 2 x 2 cm of placenta and 2 cm length 

of umbilical cord were fixed in neutral buffered formalin immediately after delivery for 

24 hr, then dehydrated and embedded in paraffin wax. Samples of the placenta were 

taken from cotelydons situated mid-way between the area of umbilical cord insertion 

and the outer periphery of the placenta. Biopsies were extracted by cutting through the 

entire thickness of the placenta to ensure the samples included both chorionic plate and 

basal plate tissues. Serial sections (6 µm) of wax embedded tissue were cut and mounted 

on microscope slides (Superfrost Plus, VWR International, UK). The staining process 

was started with dewaxing the slides in xylene for 10 min. This was followed by 

rehydrating the tissue in 95%, 80%, and 70% ethanol for 20 sec and washing in tap 

water. Next, the tissue slides were heated in a pressure cooker in 0.1 M sodium citrate 

buffer for 5 min for antigen retrieval and cooled for 25 min at room temperature. 

Endogenous peroxidase was inactivated by incubation with 3% H2O2 (Sigma Aldrich, 

UK) for 30 min. Normal goat serum was then applied for 30 min to block non-specific 

binding of the secondary antibody. Endogenous biotin activity was also blocked using an 

avidin/biotin blocking kit (Vector Laboratories, UK) for 15 min each. Incubation with 
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affinity purified rabbit polyclonal primary antibodies specific for the human B2 (1:100 

dilution) and B1 (1:100 dilution) receptors (AbCam, UK) was carried out overnight at 

4ºC. Negative controls were incubated with normal goat serum instead of primary 

antibody. After this, sections were thoroughly washed with phosphate buffered saline 

(PBS) and incubated with a goat anti-rabbit biotinylated antibody (1:500 dilution; Dako, 

UK) for 30 min. This was followed by streptavidin-peroxidase complex (Vector 

Laboratories, UK) for 30 min and the enzyme-substrate reaction was observed using 

DAB (Vector Laboratories, UK). Sections were then counterstained with haematoxylin, 

dehydrated and coverslips mounted using pertex. Immunolocalisation of cytokeratin 

(trophoblast marker) using a polyclonal rabbit anti-human antibody (Autogen Bioclear, 

UK; 1:100 dilution) was determined using the same protocol as above in placental 

sections in order to identify the syncytiotrophoblast and extravillous trophoblast cells. 

Images of B2 receptor, B1 receptor and cytokeratin staining were captured using an 

Olympus AX70 Provis microscope and digital camera (Olympus Optical, UK). 

 

A semi-quantitative scoring method was used to compare the immunostaining intensity 

of the kinin receptors in the myometrium and placenta of samples from healthy 

pregnancies and samples from women with pre-eclampsia. A score of 0 to 3 was 

attributed to the immunostaining intensity as follows: 0, no staining; 1, weak; 2, 

moderate; 3, strong intensity.  

 

2.5 Kinin receptor mRNA expression in the myometriu m and placenta 

 

2.5.1 RNA isolation 

RNase-free techniques were used during handling of samples to ensure there was no 

contamination with RNase enzymes from the environment. Gloves were worn at all 

times and work surfaces were cleaned with RNaseZap (Ambion). Sterile plasticware was 

used and solutions were made using an autoclaved 0.1% solution of the RNase inhibitor 

diethyl pyrocarbonate (DEPC; Sigma, UK) in distilled water.    
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Total RNA was isolated from tissue using Trizol Reagent (Invitrogen Life 

Technologies,UK). Tissue (50-100mg) was homogenized in 1ml Trizol reagent using a 

tissue lyser (Qiagen, UK). Homogenized samples were allowed to incubate for 5 min at 

room temperature to allow complete dissociation of nucleoprotein complexes. This was 

followed by the addition of 0.2ml chloroform (Rathburn, UK) to the sample/trizol 

mixture in a phase lock tube (Eppendorf, UK). The tubes were shaken vigorously by 

hand for 15 sec and incubated at room temperature for 3 min. Samples were then 

centrifuged at 12000 x g for 10min at 4°C. After centrifugation the mixture separated 

into a solid phenol-chloroform phase and an aqueous colourless upper phase which was 

transferred into a fresh RNAse free tube. The RNA was precipitated from the aqueous 

phase by mixing with 0.5ml isopropyl alcohol and incubated at room temperature for 10 

min. After incubation with isopropyl alcohol the samples were centrifuged at 12000 x g 

for 10 min at 4°C. The supernatant was removed and the RNA precipitate was washed 

by vortexing with 1ml 75% ethanol. This was followed by centrifugation at 7500 x g for 

5 min at 4°C. The ethanol was removed from the tubes and the RNA pellets were 

allowed to air dry for 5min before redissolving the RNA in 30µl of DEPC treated water. 

 

2.5.2 Determination of RNA purity, integrity and yi eld 

 

2.5.2.1 Nanodrop 

The NanoDrop 1000D (NanoDrop Technologies) was used to determine the purity and 

concentration of RNA isolated from tissue and cells. The Nanodrop spectrophotometer 

measures the absorbance of RNA at 260 and 280nm. RNA has its maximum absorbance 

at 260nm and the 260/280nm ratio is used to assess the purity of the RNA isolated. 

Generally a ratio of 1.8-2.1 indicates pure RNA. The software also calculates the 

concentration of nucleic acid using the Beer-Lambert law which predicts a linear change 

in absorbance with concentration.  

 

2µl of RNA diluted in DEPC treated water were pipetted onto the measurement pedestal 

and the lid was closed to draw the sample into the measurement column. After 10s the 
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absorbance was read and the pedestal was wiped clean ready for the next sample. DEPC 

treated water was used as a blank.  

 

2.5.2.2 Denaturing agarose gel 

A common method used to assess the integrity of total RNA is to run an aliquot of the 

RNA sample on a denaturing agarose gel stained with ethidium bromide (Sigma Aldrich, 

UK). Intact total RNA run on a denaturing gel will have sharp, clear 28S and 18S RNA 

bands with the 28S band being twice as intense as the 18S band (Figure 2.2). 

 

A 1.2% agarose gel was made by dissolving 0.6g agarose (Bioline, UK) in 50ml DEPC- 

treated water which was microwaved for 30 sec. 1ml formaldehyde, 5ml 10 x MOPS-

EDTA sodium acetate buffer (Sigma, UK) and 4 µl ethidium bromide were added to the 

gel before pouring it into a gel tray to set. A mixture of 5µg of RNA diluted in a volume 

of 10ul, 2.5µl formaldehyde, 2.5µl 10 x MOPS-EDTA sodium acetate buffer and 10µl 

formamide (Sigma Aldrich, UK) was incubated at 65°C in a heating block for 15min to 

denature the RNA. 2µl of loading dye was added to each denatured sample and 18µl of 

the mixture was loaded into each well of the agarose gel. The gel was run in 1 x MOPS-

EDTA sodium acetate buffer at 80V for 60min. The bands on the gel were visualised 

under a UV light.  

 

2.5.3 Quantitative RT-PCR  

 

2.5.3.1 cDNA synthesis  

Random hexamer-primed cDNA was prepared using the Verso cDNA synthesis kit 

(Thermo Scientific, UK), which contains the RT Enhancer enzyme that degrades 

contaminating DNA during the reverse transcription step, eliminating the need for 

DNAse I treatment. 400ng RNA was heated to 70ºC for 5 min to remove secondary 

structure. This was reverse transcribed in the presence of 1X cDNA synthesis buffer, 

500µM each dNTP, 1 µl Verso™ Enzyme Mix, 400ng random hexamers and 1 µl RT 

enhancer in a volume of 20 µl. Two negative controls were used; one containing no  
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Figure 2.2 Image of myometrial RNA run on a denaturing agarose gel. The 18S and 
28S bands are clearly visible indicating good quality intact RNA.  
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RNA to verify that the PCR reagents were not contaminated with DNA and a second 

containing no enzyme to rule out genomic DNA contamination in the RNA. Samples 

were incubated at 42 ºC for 30 min and 99 ºC for 2 min in a thermal cycler (MJ 

Research, USA). cDNA was stored at -20 ºC until quantitative PCR was performed.  

 

2.5.3.2 Taqman ® Gene Expression Assay   

Quantitative PCR was performed with the ABI Prism 7500 Sequence Detection System 

(Applied Biosystems, UK). Expression of B2 and B1 receptor mRNA was determined 

using the Taqman ® Gene Expression Assay system (B2 receptor: Hs00176121_m1 and 

B1 receptor: Hs00664201_s1, Applied Biosystems) which contains predesigned gene- 

specific primers and probes. The expression level of B2 and B1 receptor mRNA was 

corrected using an internal control, 18S rRNA, and related to human endometrial 

expression levels. PCR was performed using 1.5 µl cDNA combined with 1x Taqman 

Universal PCR Mastermix, 1x primer/probe gene expression assay mix (0.9 µM primer, 

0.25 µM probe), 0.02 µM 18S primer and 0.08 µM 18S probe in a volume of 15 µl. 

Samples were run in duplicate in a 96 well MicroAmp optical reaction plate (Applied 

Biosystems) which was sealed with ABI prism adhesive optical cover (Applied 

Biosystems). 

 

2.5.3.2 Analysis of Results  

In quantitative PCR the amount of a specific amplified product is linked to fluorescent 

intensity using a fluorescent reporter molecule. The Taqman probe contains a reporter 

dye (6-FAM) and a non fluorescent quencher. During the reaction, cleavage of the probe 

by DNA polymerase separates the reporter dye and the quencher which results in 

increased fluorescence of the reporter. The amount of reporter dye generated during 

amplification relates directly to the amount of target gene expressed in the tissue. The 

first cycle at which the instrument can distinguish the fluorescence produced as being 

above the background signal is called the Ct or threshold cycle. The greater the amount 

of initial DNA template in the sample, the earlier the Ct value for that sample.  
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The first step in analyzing data is to set the baseline and threshold values. The baseline 

value refers to the background fluorescence in the reaction plate and was set a couple of 

cycles before the earliest amplification. The threshold value is the point at which an 

increase in signal is associated with an exponential increase of PCR product and was set 

in the linear phase of the exponential region of the amplification plot. 

 

The comparative Ct method was used to determine relative gene expression (Schefe et 

al., 2006). This method identifies changes in gene expression in a test sample relative to 

another reference sample (human endometrium). First, the ∆ CT was calculated by 

subtracting the Ct for the internal control gene (18S) from the Ct for the target gene. To 

compare this to the reference gene, the Ct for the reference sample was subtracted from 

the ∆ CT for the target sample which gives the ∆ ∆ CT value. The fold change in target 

gene expression was compared to the reference sample using an arithmetic formula: 2^(-

∆ ∆ Ct). Data are expressed as a fold difference relative to human endometrium. A 

student’s unpaired t-test was used to compare relative gene expression in samples of 

myometrium and placenta from healthy patients and patients with pre-eclampsia. 

 

2.6 Isolation, culture and characterisation of human um bilical vein 

endothelial cells (HUVECs) 

 

2.6.1 Isolation of HUVECs 

Umbilical cords (approx 10-15cm length) were excised from the placenta immediately 

after delivery and placed into cold sterile phosphate buffered saline. HUVECs were 

isolated from the umbilical cord according to a method developed by Jaffe et al (Jaffe et 

al., 1973). Glass cannulae were inserted into either end of the umbilical vein and secured 

with plastic ties. The vein was flushed with 50ml phosphate buffered saline (PBS; Sigma 

Aldrich, UK) at 37 ºC to clear all residual blood, followed by flushing with air to remove 

the PBS. 0.1% collagenase A (Roche Diagnostics, UK) dissolved in Dulbecco’s 

modified Eagles medium (DMEM; Sigma Aldrich, UK) was sterile filtered using 

0.22µm filters and warmed to 37 ºC. The warm collagenase solution was infused into the 
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vein and polythene tubing at either end of the glass cannulae was clamped shut with a 

haemostat. The umbilical cord, suspended at its ends, was placed in pre-warmed PBS 

and incubated at 37 ºC for 10min. Following incubation, the collagenase solution 

containing the endothelial cells was flushed from the cord twice with 30ml DMEM. This 

solution was collected in two sterile 50ml conical centrifuge tubes and the cells were 

pelleted by spinning at 1500rpm for 5min. The cell pellets were pooled, resuspended in 

15ml endothelial cell growth medium 2 (EGM-2; Lonza, UK) and added to a 75cm3 

sterile culture flask coated with 0.1% gelatin (Sigma Aldrich, UK).  

 

After a successful isolation small clusters of cells could be observed within 24hr of cell 

seeding (Figure 2.3 a). Within approximately two days the clusters joined together and 

the cells grew as a monolayer of polygonal, closely opposed cells with the typical 

‘cobblestone’ appearance of endothelial cells (Figure 2.3b). 

 

2.6.2 Culture Conditions 

Endothelial cells were incubated at 37 ºC, 5% CO2 in a humidified atmosphere and 

growth medium was replaced every 2 days. At 70-80% confluency cells were washed 

twice with 3ml HEPES buffered saline solution (Lonza,UK) and detached from the flask 

by incubating with 3ml trypsin/EDTA (Subculture reagent kit, Lonza, UK) for 5mins at 

room temperature. Cells were loosened from the flask by gentle rapping and the 

trypsin/EDTA was neutralised by adding 4ml trypsin neutralising solution (Lonza, UK). 

The cells were pelleted by spinning at 1500rpm for 5min and were divided into new 

75cm3 flasks using split ratios of 1:3. 

 

When the cells reached passage 2 they were cryopreserved until needed for future 

experiments. 15% Dimethyl Sulphoxide (Sigma Aldrich, UK) diluted in foetal calf 

serum (Gibco, UK) was used as a freezing medium. Cells from 1 flask were washed with 

HEPES buffered saline solution, detached using trypsin/EDTA, pelleted and  
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Figure 2.3 Cluster of human umbilical vein endothelial cells formed after 24hrs culture 
(a; x40 magnification) and a confluent monolayer of HUVECs at passage 2 (b; x20 
magnification).  
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resuspended in 3ml freezing medium. 1.5ml aliquots of the cells in the freezing medium 

were transferred to 2ml screw top cryogenic vials (Nunc, VWR International, UK) and 

placed into a polystyrene tray, wrapped in aluminium foil and stored in the freezer at -

80ºC overnight. The following day the vials were transferred to liquid nitrogen storage. 

When cells were removed from liquid nitrogen to use for experiments they were thawed 

very quickly by suspending in a 37°C water bath and resuspended in 10ml warm EGM-

2. Cells were pelleted, resuspended in fresh medium and plated into a 75cm3 flask. 

 

2.6.3 Cell Counting 

Cell counting was performed in all cell culture assays to ensure consistency of cell 

density between experiments. Following trypsinisation, the cells were pelleted by 

centrifugation at 1500 rpm for 5min and resuspended in 1ml of EGM-2. 10µl of cell 

suspension was added to 90µl of trypan blue (Gibco, UK) and mixed by gently pipetting 

up and down. 20µl of the trypan blue/ cell suspension mixture were placed in a glass 

haemocytometer and the number of live cells were counted in the 4 large corner squares. 

The number of cells per ml was calculated using the formula: 

 

cells/ml = number of cells counted x dilution factor x 104 

                                number of squares counted  

           

 

 

2.6.4 Characterisation of HUVECs 

The phenotype of the cells isolated from the umbilical cords were tested to confirm they 

were of endothelial origin and expressed the B2 and B1 kinin receptors. This was carried 

out using immunofluorescent staining and RT-PCR. In addition, cells were stained for α 

smooth muscle actin because damage of the umbilical cord prior to isolation (i.e. with 

haemostat) or prolonged collagenase treatment sometimes resulted in isolation of 

smooth muscle as well as endothelial cells. Fibroblast contamination in the HUVEC 

population was easy to recognise because the cells were spindle shaped and grew in 
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parallel arrays of overlapping layers with a whorling pattern unlike endothelial cells 

which do not grow on top of one another and are larger and rounder in shape. 

 

2.6.4.1 Immunofluorescent staining  

Mouse anti-human antibodies for the endothelial markers vWF (SNBTS, UK), CD31 

(Becton Dickinson, UK), CD144 (Santa Cruz Biotechnology, UK), and CD105 (Caltag, 

UK) were used confirm the phenotype of the cells isolated. Rabbit anti-human B2 and B1 

receptor antibodies (AbCam, UK) were used to confirm the presence of both types of 

kinin receptor in the cells and an α smooth muscle actin antibody (Sigma, UK) was used 

to prove that there were no smooth muscle cells present in the cell population. Slides of 

the umbilical vein (embedded in paraffin wax) were used as a positive control for α 

smooth muscle actin staining.  2 x 105 HUVECs were seeded onto glass bottom plates 

(MatTek, USA) pre-coated with 0.1% gelatin (Sigma, UK). Cells were grown in EGM-2 

(Lonza, UK) and were allowed to reach approximately 70% confluency before they were 

washed with phosphate buffered saline (PBS) and fixed for 10 min in cold methanol. 

Following this, they were washed once with cold PBS and then again with PBS at room 

temperature. All subsequent washes were carried out at room temperature. Next, a 

mixture of 10% normal goat serum (Vector Laboratories, UK), 1% bovine serum 

albumin (BSA; Sigma Aldrich, UK) and 0.2% Igepal (Sigma, UK) diluted in PBS was 

applied to the cells for 20 min at room temperature. The normal goat serum and BSA 

was used to block any non-specific binding of the secondary antibody and the Igepal 

was used to permeabilize the cells. After this, the cells were washed 3 times with PBS 

and the primary antibodies diluted 1:200 with normal goat serum and BSA without 

Igepal, were added and left to incubate overnight at 4°C. The following day, the cells 

were washed 3 times with PBS and a goat anti-mouse antibody conjugated with 

Alexafluor 488 (Dako, UK) diluted 1:200 was applied for 1 hour at room temperature. 

After another thorough wash with PBS the cells were counterstained with propidium 

iodide (Sigma Aldrich, UK) diluted 1:1000 for 10 min. Vectashield (Vector 

Laboratories, UK) and a coverslip was added to the wells which were covered in 
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aluminium foil and stored at 4°C until they were visualised on the confocal microscope 

(Zeiss).  

 

Results of the immunostaining revealed that HUVEC cells at passage 2 showed positive 

localisation of the endothelial markers CD31 (platelet endothelial adhesion molecule 

[PECAM-1]), CD144 (vascular endothelial cadherin) and CD105 (endoglin) at the 

surface of the cell membrane (Figure 2.4 a,b & c, respectively). Positive immunostaining 

of von Willebrand factor was observed in the Weibel-Palade bodies of the cells (Figure 

2.4 d). Cells were also positive for both the B2 and B1 kinin receptors (Figure 2.5 a & b). 

No α smooth muscle actin staining was observed in the cytoplasm or membrane of the 

cells but there was weak staining in the nucleus (Figure 2.6 a) which may be non-

specific. In contrast strong localisation of α smooth muscle actin was observed in the 

umbilical vein smooth muscle cells but not the endothelial cells (Figure 2.6 b). No 

immunostaining was seen in either negative control (Figure 2.6 c & d).  

 

2.6.4.2 Reverse Transcription Polymerase Chain Reac tion (RT-PCR) 

RNA was isolated from cells using Trizol reagent as described in section 2.5.1. Instead 

of homogenization, the cells were pelleted by centrifugation at 2500 rpm, resuspended in 

1ml Trizol per 5-10 x 106 cells and lysed by repetitive pipetting. 

 

1µg of total RNA was reversed transcribed into single-stranded cDNA in the presence of 

5mM MgCl2, 1X reverse transcription buffer (10mM Tris-HCl [pH 9.0 at 25°C], 50mM 

KCl, 0.1% TritonX-100), 1mM each dNTP, 1u/µl recombinant RNasin® ribonuclease 

inhibitor, 15u/µg AMV reverse transcriptase, and 0.5µg Oligo(dT)15 Primer (all reagents 

from Promega, UK) in a volume of 20µl. Two negative controls described in section 

2.5.3.1 were included. The reactions were carried out in a thermal cycler which 

incubated the samples at 42ºC for 30 min followed by a 5 min step at 99 ºC and then 10 

min at 4ºC. Samples were stored at -20 ºC until PCR reactions were performed. 
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Figure 2.4 Positive immunofluorescent staining (green) for the endothelial markers 
CD31 (a; PECAM-1), CD144 (b; VE-Cadherin), CD105 (c; endoglin) and von Willebrand 
factor (d) in HUVECs isolated from a healthy pregnant women (passage 2). Cell nuclei 
are stained red with propidium iodide. Negative control (e). Magnification x40 
 

  (a) 

 (c)   (d) 

 (e) 

  (b) 
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Figure 2.5 Positive immunofluorescent staining (green) for the B2 (a) and B1 (b) 
receptor in HUVECs isolated from a healthy pregnant women. Cell nuclei are stained 
red with propidium iodide. Negative control (c). Magnification x40 
 
 

 

  (b) 

  (c) 

  (a) 
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Figure 2.6 Negative immunofluorescent staining for the smooth muscle marker, α 
smooth muscle actin, in cultured HUVECs (a) and positive immunolocalisation (green) 
of α smooth muscle actin in the smooth muscle cells of the umbilical vein positive 
control (b) indicating a pure population of HUVECs were isolated. Cell nuclei are 
stained red with propidium iodide. Negative control for HUVEC (c) and umbilical vein 
(d). Magnification x40 
 

 

 

 

 

 

 

  (a)      (b) 

 (c)   (d) 
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PCR was performed using the TaqBead ™ Hot Start Polymerase kit (Promega) which 

increases amplification specificity by keeping the polymerase enzyme sequestered in 

paraffin wax until it is melted at 60ºC during the first cycle. This reduces the possibility 

of unwanted primer-dimer or non-specific priming which begins at room temperature.  

The cDNA which was synthesized during the RT reaction was diluted to 100µl with 

DEPC H20. 5µl of diluted cDNA was combined with 1.5 mM MgCl2, 1X thermophilic 

DNA polymerase reaction buffer, 0.2 mM each dNTP, 1mM forward primer and 1mM 

reverse primer (sequences shown in Table 1.1) and one TaqBead in a volume of 50 ul. 

Samples were incubated at 95 ºC for 45 sec followed by 35 cycles of 90 ºC for 45 sec, 

60 ºC or 56 ºC depending on primer (Table 1.1) for 30 sec, and 72 ºC for 90 sec in a 

thermal cycler. Finally, samples were placed at 72 ºC for 10 min. Samples were run on a 

1.2% agarose gel containing 10 µl ethidium bromide at 60V for 60 min. A 100 base-pair 

ladder (Promega) was used to identify products by their size. The bands on the gel were 

visualised under a UV light. 

 

Results of RT-PCR showed that the cells isolated from the umbilical vein expressed the 

endothelial markers CD31, endoglin and VEGFR-2 providing further confirmation that 

the cells isolated were endothelial cells (Figure 2.7).                                        

 

 

 

 

 

 

 

 

 

 

 

              



 

 56 

 
                                                                                   
Primer              Sequence                                                           Product Size (bp)                                                                           
 

CD31          Forward 5’-CAACGAGAAAATGTCAGA-3’                          259 
                   Reverse 5’-GGAGCCTTCCGTTCTAGAGT-3’ 
 
Endoglin     Forward 5’-CCCGCACCGATCCAGACCACTCCT-3’          193 
                   Reverse 5’-TGTCACCCCTGTCCTCTGCCTCAC-3’ 
 
VEGFR-2    Forward 5’-AGACTTTGAGCATGGAAG-3’                          312 
                   Reverse 5’-CCATTCCACCAAAAGATG-3’ 
 
Table 1.1 Primer sequences for the endothelial markers CD31, endoglin and VEGFR-2 

 

 

 

 

 

 

 
 
 
Figure 2.7  RT-PCR results for HUVEC mRNA from cells (passage 2) analysed for the 
endothelial markers CD31 (lane 1), endoglin (lane 4) and VEGFR-2 (lane 7). Cells were 
positive for all three endothelial markers and no bands were seen in the negative RT 
and H20 controls indicating that there were no contamination of the mRNA or primers. 
 
 
 
 
 

         L                  1   2   3   4    5   6   7   8   9    

  (b) 

Lane 1 CD31 Sample  
          2 CD31 -RT 
          3 CD31 H20 
          4 Endoglin Sample  
          5 Endoglin -RT 
          6 Endoglin H 20 
          7 VEGFR-2 Sample 
          8 VEFGR-2 -RT 
          9 VEGFR-2 H20 
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2.7 Effect of kinins on endothelial tube formation 

 

2.7.1 Introduction 

One of the most specific tests for angiogenesis is the measurement of the ability of 

endothelial cells to form three dimensional tubular structures. An in vitro method used 

for investigating endothelial tube growth is the endothelial tube-like structure (TLS) 

formation assay (Lawley et al., 1989).  This assay involves the use of a basement 

membrane matrix to promote endothelial tubulogenesis within 24hr of cell seeding. This 

method was chosen to investigate the effect of kinins on placental angiogenesis because 

it provided a rapid, easy to perform and quantitative assay using endothelial cells from 

the umbilical cord. 

 

2.7.2 Endothelial (TLS) formation assay 

Sterile, polystyrene 48 well cell culture plates (Nunc, VWR International, UK) were 

coated with 150 µl Matrigel/well (BD Biosciences, UK) and allowed to set for 60 min. 

HUVECs (1.8 x 104/well) resuspended in 0.5ml endothelial cell basal medium 

supplemented with ascorbic acid, GA-1000 and heparin (EGM-2 bullet kit, Lonza, UK) 

were seeded onto the matrigel. Drug treatments were added to the cell suspension prior 

to cell seeding. Plates were incubated for a maximum of 24hrs at 37 ºC, 5% CO2 in a 

humidified atmosphere.  

 

Images of the centre of each well were captured at 5, 8 and 24hrs using an inverted light 

microscope (Lietz Labovert; magnification x5) and Leica IM50 software. Adobe 

Photoshop software was used to analyse the images of endothelial TLS formation. The 

number of capillary connections or branch points between 2 or more endothelial cells 

per field of view were marked with a red dot and counted using a cell counter (Figure 

2.8). Experiments were performed in triplicate and an average of the total number of cell 

connections was calculated for each treatment. A triplicate of control wells containing 

untreated cells was included in every experiment. 
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Figure 2.8 Image of endothelial tubes formed 8hr after HUVEC cells were seeded onto 
matrigel. Red dots indicate connections counted between cells.  Magnification x20 
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2.7.3 Data Analysis 

Endothelial tube formation was quantified by counting the number of connections or 

branch points between cells (Figure 2.8). Each experiment was performed in triplicate 

and the average of the total number of connections was calculated for each treatment. 

The studies were repeated four times using cells from four different healthy patients and 

four patients with pre-eclampsia. The effect of agonists on endothelial tube formation in 

HUVECs isolated from healthy patients and patients with pre-eclampsia were compared 

to basal tube formation in untreated cells from the same patient using a student’s paired 

t-test. The influences of antagonists and inhibitors on endothelial tube formation were 

presented using data from cells cultured for 8 hr because this is the time point where 

proper connecting tubular structures were observed and the number of connections 

counted was greatest. These data were also compared using a student’s paired t-test.   

 

2.8 Statistical Power 

Statistical power calculations are an important part of designing a research study 

because adequate statistical power is needed for results to be meaningful. The power of a 

statistical test is defined as the probability that a test will reject the null hypothesis when 

the null hypothesis is false. As power increases, the chances of failing to reject a false 

null hypothesis (Type II error) decrease. Power calculations allow the researcher to 

determine the minimum sample size required for an experiment in order to accept the 

outcome of a statistical test with a particular level of confidence. Prospective 

calculations are carried out before an experiment to estimate the sample size needed for 

a study and retrospective calcuations are carried out to determine the power of results 

already attained. By convention, 80% power is an acceptable level of power and 

indicates that there is an 80% chance of finding a statistically significant effect (ie. 

p<0.05) if there is truly is an important difference between two groups in a study.  

 

Minitab 15 was used for the power calculations in this study. Four variables can be 

entered into this program: power, sample size, standard deviation and difference (or 

desired effect). For the prospective power calculations, data was entered for every 
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parameter apart from sample size. For the retrospective power calculations, data was 

entered for every parameter apart from power.  

 

Prospective power calculations were carried out for this study using data from previous 

publications. The number of samples required for the myography studies was calculated 

using the results from experiments performed by Knock et al., 1996. These authors 

found a significant difference between the bradykinin concentration-response curves 

constructed in maternal resistance arteries from healthy women and women with pre-

eclampsia. Using the pD2 values from this paper it was calculated that a sample size of 

10 would be required to detect a significant difference in vascular responses between 

vessels from healthy patients and patients with pre-eclampsia. For the angiogenesis 

study, the sample size was calculated from data published by Miura et al., 2005. These 

authors found a significant pro-angiogenic effect of bradykinin in coronary endothelial 

cells using the endothelial tube formation assay. Using the results from this paper it was 

calculated that a sample size of 3 would be required to detect a significant effect of 

bradykinin in this assay.  
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Investigation of the kinin receptor subtypes respon sible 
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3.1 Introduction  

Bradykinin is a potent endothelium-dependent vasodilator in a variety of vessels from 

healthy pregnant women, including myometrial arteries (Kenny et al., 2002; Knock et 

al., 1996), omental arteries (Suzuki et al., 2000) and vessels from subcutaneous fat 

(Luksha et al., 2004). Previous studies using isolated vessels from patients with pre-

eclmapsia have shown an impairment of endothelial relaxation in response to 

vasodilators such as prostacyclin (Suzuki et al., 2002), acetylcholine (McCarthy et al., 

1993) and bradykinin (Knock et al., 1996). Since this discovery many investigators have 

focused on examining the different mediators responsible for endothelium-dependent 

relaxation in normal pregnancy and pre-eclampsia in order to try to understand the 

underlying mechanisms behind the pathogenesis of this disease. Most of these studies 

have used bradykinin because it is considered to be more physiologically relevant than 

acetylcholine. Although bradykinin mediated relaxation is commonly used as an 

indicator of endothelial function in healthy pregnancy and pre-eclampsia, the 

contribution and activity of the two types of kinin receptor, B2 and B1 have not been 

determined. The following studies were conducted in order to discover if alterations of 

B2 and/or B1 receptor mediated relaxation are involved in the reduction of endothelium-

dependent relaxation that is associated with pre-eclampsia. 

 

3.2 Methods 

Dissection, mounting and initial setup of vessels for functional studies using the 

technique of wire myography were carried out as described in Chapter 2. Experimental 

protocols and the rationale behind each study is described below. 

 

3.2.1 Vessel pre-constriction 

In order to investigate the potential vasodilator responses induced by kinin receptor 

agonists the myometrial arteries were pre-constricted with the thromboxane mimetic 

U46619. This agonist was used because it is known to produce a stable contraction in 

myometrial arteries. A cumulative concentration-response curve to U46619 (10-9-10-6 M) 

was carried out and the concentration that gave 80% of the maximum response (EC80) 
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was chosen to pre-constrict the vessels during vasodilator studies.  

 

3.2.2 B2 and B 1 receptor agonist and antagonist studies 

For the kinin receptor agonist studies, concentration-response curves to the B2 and B1 

receptor agonists (bradykinin [10-11-10-6 M] and LDABK [10-11-10-6 M], respectively) 

were constructed in the presence and absence of the B2 receptor antagonist (HOE 140 

[10-6 M]) and the B1 receptor antagonists (Lys-leu8-des-Arg9-bradykinin [10-6 M]). Up to 

four vessels could be used in the myograph but due to the nature of human tissue work 

sometimes fewer vessels were dissected from the myometrium because of the size or 

orientation of the sample. This meant that not all of the combinations of agonists and 

antagonists could be tested in each patient. However, the responses to bradykinin and 

LDABK were tested in every vessel used for the study. The average response to the 

kinin receptor agonists was calculated from 2-4 vessels from each patient. The effects of 

the different antagonists or inhibitors were carried out in the same vessel from the same 

patient in which the agonist concentration-response curve had been carried out. 

Antagonists were added to the organ bath for 30 min prior to starting the concentration-

response curves. The drugs and concentrations used were chosen according to 

previously published pharmacological data (Hock et al., 1991; Knock et al., 1996; 

Menke et al., 1994; Sardi et al., 1997).  

 

3.2.3 Investigation of post-isolation receptor indu ction 

The B1 receptor is susceptible to upregulation following tissue isolation and in vitro 

incubation. This was originally discovered while looking at the effects of B1 receptor 

agonists on the isolated rabbit aorta (Regoli et al., 1978). The same phenomenon was 

observed in the human umbilical vein where the tissue became increasingly responsive 

to the B1 receptor agonist LDABK over a period of hours (Sardi et al., 1997). This effect 

was blocked by the protein synthesis inhibitor, cycloheximide (70 µM), indicating that 

upregulation of the LDABK response was due to de novo receptor protein synthesis. 

Therefore, the kinin receptor agonist studies were repeated in the presence of the protein 

synthesis inhibitor cycloheximide (70µM) to investigate whether kinin receptors were 
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induced in the myometrial vessels during the course of the myography experiments. 

Cycloheximide was added to the PSS prior to sample collection and was present 

throughout the studies. All experiments performed using vessels from patients with pre-

eclampsia were carried out in the presence of cycloheximide. 

3.2.4 Effect of nitric oxide synthase inhibition on  kinin mediated responses                                                                                                            

To determine whether the B2 and B1 receptor-mediated responses were nitric oxide 

mediated, the nitric oxide synthase inhibitor Nω-nitro-L-arginine methyl ester (L-NAME; 

2x10-4M) was added to the organ bath for 30 min prior to starting the concentration-

response curves.  Cumulative concentration-response curves to the B2 and B1 receptor 

agonists, with and without L-NAME, were carried out in the same vessel from the same 

patient and were undertaken as described above.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 65 

3.3 Results 

 

3.3.1 Patient Characteristics 

33 healthy pregnant women and 6 women with pre-eclampsia were recruited for this 

study. Characteristics of the patients are presented in Table 3.1. Healthy patient data was 

split into 3 groups based on the treatment applied to the vessels and the responses 

observed in the functional studies. Firstly, data were split into vessels which were treated 

with cycloheximide and those that were not. Vessels treated with cycloheximide were 

further sub-grouped according to whether they responded to the B1 receptor agonist 

LDABK (see section 3.3.2.4). These vessels were classified as LDABK responders or 

LDABK non-responders. Data for patients with pre-eclampsia were presented as one 

group. These vessels were all treated with cycloheximide and were all classed as 

LDABK non-responders. There were no significant differences in patient characteristics 

between cycloheximide treated and untreated vessels or between the healthy patient 

groups subsequently shown to respond differently in vascular studies. However, patients 

with pre-eclampsia had a lower gestational age at delivery (p<0.001) and a higher 

systolic and diastolic blood pressure compared to healthy pregnant women (Table 3.1, 

p<0.001). 

 

3.3.2 Investigation of myometrial responses in heal thy pregnancy 

 

3.3.2.1 Bradykinin (B 2 receptor agonist) mediated responses  

To determine the contribution that the B2 receptor makes to kinin-mediated responses in 

myometrial vessels, the B2 receptor agonist bradykinin was used. In vessels pre-

constricted with the thromboxane mimetic, U46619 (mean pre-constriction = 5.6 ± 0.8 

mN/mm, n=9), bradykinin (10-11-10-6M) produced a concentration-dependent relaxation 

of myometrial arteries reaching an average maximum relaxation of 95.9 ± 2.8 % at 3x10-

6 M (n=9). To discover whether bradykinin is a pure B2 agonist or acts partly via the B1 

receptor, the effects of specific B1 and B2 receptor antagonists were tested on 

bradykinin-mediated vasodilatation. The B1 receptor antagonist (Lys-leu8-des-Arg9-BK; 
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10-6 M) had no significant effect on bradykinin-mediated relaxation (Figure 3.1 (a), 

p=0.96). There were no alterations in the maximal response (p=0.79) or the sensitivity to 

bradykinin (p=0.82). 

 

In contrast, the B2 receptor antagonist (HOE 140; 10-6 M) caused a significant rightward 

shift of the concentration-response curve (Figure 3.1 (b), p<0.001). The sensitivity to 

bradykinin was significantly reduced in the presence of this antagonist (p=0.04) and the 

maximal response was slightly lower but not significantly altered (p=0.09). Control 

experiments performed to assess whether bradykinin concentration-response curves 

were reproducible in the same vessels in the absence of antagonists showed that there 

was no loss of sensitivity after repeated challenge with the B2 receptor agonist (Figure 

3.1 (c), p=0.10).  A summary of the maximal responses (Emax) and pD2 values observed 

in the presence and absence of antagonists are shown in Appendix 3. 

 

3.3.2.2 Effect of protein synthesis inhibition on b radykinin mediated 

relaxation 

To investigate whether the B2 receptor was sensitive to post-isolation receptor up-

regulation, the experiments in myometrial arteries were repeated in the presence of the 

protein synthesis inhibitor, cycloheximide. Cycloheximide had no effect on bradykinin 

mediated vasodilatation (Figure 3.2 (a), p=0.70) and no effect on the concentration-

response curve in the presence of the B1 receptor antagonist (Figure 3.2 (b), n=6, 

p=0.92). In contrast, the B2 receptor antagonist, HOE 140, had a greater inhibitory effect 

on relaxation in the presence of cycloheximide (Figure 3.2 (c), p<0.001) with a larger, 

more parallel rightward shift of the bradykinin concentration-response curve (p<0.001). 

The effects of cycloheximide on the Emax and pD2 values in the presence and absence of 

antagonists are presented in Appendix 3. 
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                                                                                      Healthy Pregnanc y                                                      Pre-eclampsia 
        
                                                 - Cycloheximide          + Cycloheximide              + Cycloheximide             + Cycloheximide 
 
                                                        LDABK                         LDABK                             LDABK                               LDABK 
                                                    Responders                 Responders                Non-Responders              Non-Responders             
                                                           (n=9)                           (n=13)                               (n=11)                                 (n=6) 
 
Gestational Age at Delivery           39.5 ± 0.3                       39.2 ± 0.1                         39.4 ± 0.3                           36.8 ± 1.4                  
(Wks)                              
 
Age (Yrs)                                       36.7 ± 1.4                       32.9 ± 1.1                         33.8 ± 1.2                           32.2 ± 3.0 
 
Body Mass Index (kg/m2)              24.2 ± 1.7                       26.7 ± 1.1                         26.3 ± 1.6                           27.7 ± 1.3        
 
Systolic Blood Pressure                117.9 ± 3.6                   111.7 ± 3.5                       114.1 ± 3.0                          144.8 ± 3.8           
(mmHg) 
 
Diastolic Blood Pressure               65.5 ± 4.3                        67.7 ± 1.7                         72.8 ± 2.3                           94.0 ± 1.2                                                                                                       
(mmHg) 
 
Parity  
(Primiparous/Multiparous)                     1/8                                  2/11                                    4/7                                      4/2  
                
Smoker/ Non Smoker                           0/9                                0/13                                   0/11                                    0/6 
 

Table 3.1 Demographic details of healthy patients (n= 33) and patients with pre-eclampsia (n=6) from whom vessels were taken 
for the myography studies. Data are grouped according to whether they were treated with cycloheximide and whether they 
responded to the B1 receptor agonist LDABK. Data presented are mean ± S.E.M



 

 68 

 

               

-11 -10 -9 -8 -7 -6 -5

0

25

50

75

100

Bradykinin

Bradykinin +
Lys-Leu8-des-Arg9-BK

Log Bradykinin Conc. (M)

%
 R

el
ax

at
io

n

 

              

-11 -10 -9 -8 -7 -6 -5

0

25

50

75

100

Bradykinin

Bradykinin
+ HOE 140

Log Bradykinin Conc. (M)

%
 R

el
ax

at
io

n

 

              

-11 -10 -9 -8 -7 -6 -5

0

25

50

75

100

1st Bradykinin CRC

2nd Bradykinin CRC

Log Bradykinin Conc. (M)

%
 R

el
ax

at
io

n

 

 (a) 

(b) 

] ns 

 ] *** 

 ] ns 

(c) 

Figure 3.1 Bradykinin concentration-response curves constructed in the presence 
and absence of kinin receptor antagonists in myometrial arteries (without 
cycloheximide treatment) from healthy pregnant women.  Bradykinin caused a 
concentration-dependent increase in relaxation that was not inhibited by the B1 
receptor antagonist, Lys-Leu8-des-Arg9-BK (a; [10-6M], n=6), but was significantly 
inhibited by the B2 receptor antagonist, HOE140 (b; [10-6M], n=6). Bradykinin 
concentration-response curves were reproducible in the absence antagonist (c; n=4). 
Data presented are mean ± S.E.M. *** p<0.001, ns= not significant (Two-way 
ANOVA). 
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Figure 3.2  Effect of cycloheximide treatment (70µM) on bradykinin concentration-responses 
in myometrial arteries from healthy pregnant women.  A comparison of bradykinin 
responses in cycloheximide treated (n=24) and untreated (n=9) myometrial vessels showed 
that protein synthesis inhibition had no effect on B2 receptor mediated-responses (a). In the 
presence of cycloheximide, the B1 receptor antagonist, Lys-Leu8-des-Arg9-BK (b; [10-6M], 
n=6) had no effect on bradykinin mediated relaxation but the B2 receptor antagonist, 
HOE140 (c; [10-6M], n=6) caused a significant parallel rightward shift of the bradykinin 
concentration-response curve. Responses are shown as mean ± S.E.M. *** p<0.001, ns= 
not significant (Two-way ANOVA). 
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3.3.2.3 LDABK (B 1 receptor agonist)-mediated responses 

To determine the contribution that the B1 receptor makes to kinin-mediated responses in 

myometrial vessels, the B1 receptor agonist, LDABK, was used. LDABK produced a 

biphasic response; at low concentrations (10-11-10-7M) it induced relaxation and at 

higher doses (10-7- 3x106 M) there was a loss of relaxation (Figure 3.3 (a)).  

 

3.3.2.4 Effect of protein synthesis inhibition on L DABK mediated 

responses 

Since previous studies in umbilical veins have demonstrated that the B1 receptor is 

upregulated during in vitro incubation (Sardi et al., 1997), the B1 agonist studies were 

repeated in the presence of cycloheximide to determine whether LDABK responses were 

due to receptor upregulation or native to myometrial vessels. Results indicated that in 

the presence of cycloheximide, vessels from some patients responded to this agonist 

(LDABK responders, n=13) and others did not (LDABK non-responders, n=11). A plot 

of the maximum responses observed upon stimulation with LDABK revealed two 

distinct groups within the population which have significantly different means (Figure 

3.3 (b), p<0.001). The concentration at which the maximum effect was observed varied 

between patients. In responders, the LDABK concentration-response curve was similar 

to vessels not treated with cycloheximide but in non-responders LDABK did not induce 

relaxation at any concentration used (Figure 3.3 (c)). LDABK-mediated effects were 

inter- rather than intra-patient specific and there were no significant differences in 

patient characteristics between those women whose vessels responded and those who did 

not (Table 3.1). Furthermore, LDABK responses were not inhibited by the B1 receptor 

antagonist (Lys-leu8-des-Arg9-BK, Figure 3.4 (a), p= 0.50) or the B2 receptor antagonist 

(HOE140, Figure 3.4 (b), p= 0.54).
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Figure 3.3  LDABK concentration-response curves constructed in myometrial arteries 
from healthy pregnant women in the presence and absence of cycloheximide (70µM). In 
the absence of cycloheximide, LDABK induced a biphasic response in all myometrial 
arteries (a; n=9). A plot of the maximum relaxation observed upon stimulation with 
LDABK in vessels treated with cycloheximide revealed two distinct groups within the 
population that had significantly different means (b; n=24). The concentration-response 
curves to LDABK in the vessels subsequently classed as LDABK responders (n=13) and 
non-responders (n=11) are shown (c). Responses are shown as mean ± S.E.M. *** 
p<0.001, (unpaired student’s t-test). 
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Figure 3.4 Effect of kinin receptor antagonists on LDABK responses in myometrial 
arteries classed as LDABK responders treated with cycloheximide (70µM). LDABK 
responses in myometrial arteries from healthy women were not inhibited by either the 
B1 receptor antagonist Lys-Leu8-des-Arg9-BK , (a; [10-6M], n=6), or the B2 receptor 
antagonist, HOE140, (b; [10-6M], n=6). Responses are shown as mean ± S.E.M. ns= 
not significant (Two-way ANOVA). 
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3.3.2.5 Effect of nitric oxide synthase inhibition on bradykinin and LDABK- 

mediated responses                                                                                  

To determine whether the B2 and B1 receptor mediated-responses were nitric oxide 

dependent, bradykinin and LDABK concentration-response curves were repeated in the 

presence of the nitric oxide synthase inhibitor (NOS) , L-NAME (2x10-4M). These 

studies were conducted in cycloheximide treated vessels. In the presence of L-NAME 

there was a significant reduction of bradykinin sensitivity (Figure 3.5 (a), p<0.001) and 

maximum relaxation (p=0.02). In addition, LDABK mediated responses were almost 

completely abolished by NOS inhibition (Figure 3.5 (b), p=0.01). The effects of L-

NAME on the Emax and pD2 values of bradykinin and LDABK concentration-response 

curves are presented in Appendix 4. 

3.3.2.6 Contractile effects of U46619  

U46619 concentration-response curves were not only used to determine the appropriate 

dose for vessel pre-constriction during vasodilator studies but were also used to 

investigate the contractile function of myometrial arteries. U46619 induced 

concentration-dependent vasoconstriction of myometrial arteries with the greatest effect 

observed at 10-6M.  Cycloheximide treatment had no effect on the sensitivity (p=0.15) or 

maximum response (p=0.57) observed upon stimulation with U46619 (Figure 3.6 (a)). In 

addition, protein synthesis inhibition no significant effects on the absolute tension 

recorded upon constriction with U46619 (Figure 3.6 (b), p=0.07). There were no 

significant differences between U46619 concentration-response curves constructed in 

LDABK responders and LDABK non-responders (Figure 3.6 (b), p=0.16). Furthermore, 

the absolute tension recorded upon constriction with U46619 was no different between 

LDABK responders and LDABK non-responders (Figure 3.7 (b), p=0.25). Emax and pD2 

values of U46619 concentration-response curves are presented in Appendix 5. 
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Figure 3.5 Effect of the nitric oxide synthase inhibitor L-NAME (2x10-4M) on bradykinin- 
and LDABK-mediated responses in myometrial arteries treated with cycloheximide 
(70µM) from healthy pregnant women. L-NAME significantly reduced bradykinin-
mediated relaxation (a; n=6) and almost abolished the response to LDABK in these 
arteries (b; n=6). Responses are shown as mean ± S.E.M. *** p<0.001 (Two-way 
ANOVA). 
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Figure 3.6 Concentration-dependent contraction to U46619 in cycloheximide treated 
(70µM) and untreated myometrial arteries from healthy pregnant women. U46619 data 
are presented as % of KPSS constriction (a) and absolute tension measured in mN/mm 
(b). A comparison of the U46619 concentration-response curves constructed in the 
presence (n=24) and absence (n=9) of cycloheximide revealed that protein synthesis 
inhibition had no effect on the contractile responses of myometrial vessels. Responses 
are shown as mean ± S.E.M. ns= not significant (Two-wayANOVA).
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Figure 3.7 Concentration-dependent contraction to U46619 in cycloheximide (70µM) 
treated myometrial vessels from healthy pregnant women classed as LDABK 
responders and LDABK non-responders. U46619 data are presented as % of KPSS 
constriction (a) and absolute tension measured in mN/mm (b). A comparison of the 
U46619 concentration-response curves constructed in vessels classed as LDABK 
responders (n=13) and LDABK non-responders (n=11) revealed that there were no 
differences in the contractile responses between these two groups. Responses are 
shown as mean ± S.E.M. ns= not significant (Two-wayANOVA) 
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3.3.2.7 Endothelium-independent relaxation 

The effect of an endothelium-independent vasodilator (Sodium nitroprusside [SNP]) on 

myometrial artery reactivity was tested in order to investigate whether differential 

responses to agonists were due to changes in smooth muscle function. SNP produced 

concentration-dependent relaxation of myometrial vessels with the maximum response 

observed at 10-5M. Cycloheximide treatment reduced the sensitivity of arteries to SNP 

resulting in a rightward shift of the concentration-response curve (Figure 3.8 (a), 

p=0.04). However, there were no significant differences in SNP-mediated relaxation 

between vessels classed as LDABK responders and LDABK non-responders (Figure 3.8 

(b), p=0.29). Emax and pD2 values of SNP concentration-response curves are presented in 

Appendix 5. 
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Figure 3.8 Sodium nitroprusside (SNP) concentration-response curves constructed in 
cycloheximide (70 µM) treated (n=9) and untreated (n=6) myometrial vessels and in 
vessels classed as LDABK responders (n=5) and LDABK non-responders (b, n=4). 
Cycloheximide treated vessels were significantly less responsive to SNP compared to 
untreated vessels (a) but there were no differences in SNP responses between vessels 
from healthy women classed as LDABK responders or non-responders (b). Responses 
are shown as mean ± S.E.M. * p<0.05 (Two-way ANOVA). 
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3.3.3 Investigation of myometrial responses in pre- eclampsia 

 

3.3.3.1 Bradykinin (B 2 receptor agonist) mediated responses  

Bradykinin (B2 agonist)-mediated relaxation was attenuated in vessels from patients 

with pre-eclampsia compared to healthy controls (Figure 3.9 (a), p<0.001) but there was 

no decrease in maximum relaxation (Emax=95.4 ± 5.1 %, n=6, vs. healthy vessels, 

Emax=99.2 ± 0.7 %, n=24, p=0.20). A comparison of the concentration-response curves 

from LDABK responders, LDABK non-responders and pre-eclampsia revealed the same 

attenuated response to bradykinin in vessels from healthy women classed as LDABK 

non-responders that is observed in vessels from pre-eclampsia when compared to 

LDABK responders (Figure 3.9 (b)). The vessels used for this study were all treated 

with cycloheximide. Bradykinin-mediated responses in pre-eclamptic vessels were 

inhibited by the B2 receptor antagonist HOE140 causing a rightward shift of the 

concentration-response curve (Figure 3.10 (a), p<0.001) (pD2=5.7 ± 0.1, n=6, vs. 

untreated vessels, pD2=7.8 ± 0.1, n=6). The B1 receptor antagonist Lys-leu8-des-Arg9-

BK had no effect on bradykinin responses (Figure 3.10 (b), p=0.98) (pD2=7.9 ± 0.3, 

n=6, vs. untreated vessels, pD2=7.8 ± 0.2, n=6, p=0.98). Emax and pD2 values for 

bradykinin concentration-response curves are presented in Appendix 6. 

 

3.3.3.2 LDABK (B 1 receptor agonist) mediated responses  

In contrast to normal pregnant tissue, none of the vessels from women with pre-

eclampsia relaxed when stimulated with LDABK (Figure 3.11 (a), Emax=16.0 ± 3.4, 

n=6). The maximum responses are displayed in Figure 3.11 (b) which clearly indicates 

that they fall into the same group as the healthy non-responders. Vessels from patients 

with pre-eclampsia were treated with cycloheximide. 
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Figure 3.9 Comparison of bradykinin-mediated relaxation in myometrial arteries treated 
with cycloheximide (70µM) from healthy women and women with pre-eclampsia. 
Vessels from women with pre-eclampsia (a; n=6) exhibited an attenuated response to 
bradykinin compared to vessels from healthy patients treated with cycloheximide (a; 
n=24). A comparison of bradykinin-mediated relaxation in vessels from healthy 
pregnancy classed as LDABK responders (c; n=13), LDABK non-responders (c; n=11) 
and bradykinin-mediated relaxation in vessels from women with pre-eclampsia (c; n=6) 
revealed the same attenuated response to bradykinin in LDABK non-responders that is 
observed in pre-eclampsia. Responses are shown as mean ± S.E.M. *** p<0.001 (Two-
way ANOVA). 
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Figure 3.10 Effect of kinin receptor antagonists on bradykinin-mediated relaxation in 
myometrial arteries treated with cycloheximide (70µM) from women with pre-eclampsia. 
Bradykinin-mediated relaxation in vessels from women with pre-eclampsia was not 
affected by the presence of the B1 receptor antagonist, Lys-Leu8-des-Arg9-BK, (a; [10-

6M], n=6) (a) but was significantly inhibited by the B2 receptor antagonist, HOE140, (b; 
[10-6M], n=6). Responses are shown as mean ± S.E.M. ns=not significant, ***p<0.001 
(Two-way ANOVA). 
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Figure 3.11  Concentration-response curves to LDABK in myometrial arteries treated 
with cycloheximide (70µM) from women with pre-eclampsia. Responses to LDABK in 
vessels from paients with pre-eclampsia (a; n=6) were similar to the responses 
observed in vessels from healthy pregnant women that were classed as LDABK non-
responders (a; n=11). A plot of the maximum relaxation observed upon stimulation with 
LDABK in vessels from women with pre-eclampsia shows that these vessels fall into the 
same group as the LDABK non-responders from healthy pregnancy (b; n=11). 
Responses are shown as mean ± S.E.M.  
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3.3.3.3 U46619 constrictor responses and endotheliu m-independent 
relaxation  
There were no significant differences between the U46619 concentration-response 

curves in healthy pregnancy and pre-eclampsia (Figure 3.12 (a), p=0.93). In addition, 

there were no significant differences observed in the absolute tension recorded upon 

constriction with U46619 in vessels from healthy women and women with pre-

eclampsia (Figure 3.12 (b), p=0.64).  Response to SNP, an endothelium-independent 

vasodilator, were not significantly different in vessels from women with pre-eclampsia 

compared to vessels from healthy pregnant patients (Figure 3.12 (b), p=0.55). The data 

used for these graphs and analyses were from vessels treated with cycloheximide.  Emax 

and pD2 values for U46619 and SNP concentration-response curves are presented in 

Appendix 6.  
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Figure 3.12  U44619 and sodium nitroprusside (SNP) concentration-response curves 
constructed in myometrial vessels treated with cycloheximide (70µM) from healthy 
pregnant women and women with pre-eclampsia. There were no significant differences 
in the contractile responses to U46619 (a), absolute tension recorded upon constriction 
with U46619 (b) or endothelium-independent relaxation (c) between the two patient 
groups studied. Responses are shown as mean ± S.E.M. ns= not significant (Two-way 
ANOVA). 
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3.4 Discussion 

 

3.4.1 Role of the B 2 receptor in kinin mediated relaxation of healthy 

myometrial arteries 

Bradykinin-induced vasodilatation in healthy myometrial arteries was mediated solely 

by the B2 receptor because blockade with HOE 140 but not Lys-Leu8-des-Arg9-

bradykinin inhibited vessel relaxation. This is consistent with previous data showing that 

bradykinin has a high affinity for the B2 receptor and a low affinity for the B1 receptor 

(Drouin et al., 1979; Regoli et al., 1980; Regoli et al., 1977). The magnitude of 

relaxation and pD2 values were similar to those seen in other functional studies using 

maternal resistance vessels from healthy pregnant women (Knock et al., 1996). The B2 

receptor is known to undergo rapid desensitisation after agonist stimulation due to 

phosphorylation and internalisation of the receptor (Prado et al., 2002). However, time 

control experiments revealed no change in the sensitivity to bradykinin after repeated 

challenge with the agonist. This has been observed by other investigators using 

subcutaneous fat arteries from pregnant women (Luksha et al., 2004). This may indicate 

that the time frame between the first and second concentration-response curve in these 

experiments was large enough to allow sufficient receptor recycling or vessels from 

pregnant women have adapted in such a way that makes them less sensitive to 

desensitisation.  

 

Bradykinin-mediated responses were unaltered in the presence of cycloheximide, 

however, changes in the concentration-response curves in the presence of the B2 receptor 

antagonist, HOE 140, were observed. Protein synthesis inhibition resulted in a greater 

more parallel shift of the bradykinin concentration-response curve, consistent with 

competitive antagonism. This is in contrast to the effect of HOE 140 in the absence of 

cycloheximide, where the antagonist produced less inhibition and a non-parallel shift of 

the curve suggesting that receptors stimulated by BK may be being synthesised during in 

vitro incubation that are not susceptible to blockade by HOE 140. This could represent 

synthesis of additional B2 receptors or of a non B1/B2 receptor. Previous studies 



 

 86 

examining the effects of cycloheximide on bradykinin-mediated responses have 

indicated that B2 receptors are not sensitive to in vitro upregulation (Regoli et al., 1978; 

Sardi et al., 1997), nevertheless, it has never been shown that this is the case in 

myometrial arteries and the use of cycloheximide in future experiments should be 

considered.  

 

3.4.2 Role of the B 1 receptor in kinin-mediated relaxation of healthy 

myometrial arteries 

LDABK is the only natural kinin known to have a sub-nanomolar affinity for the human 

B1 receptor (Marceau et al., 1998). Although B1 receptor expression is normally low in 

healthy tissue, its role in pregnancy and pre-eclampsia has not been investigated. Both 

pregnancy and pre-eclampsia are associated with a systemic inflammatory response and 

B1 receptor up regulation might have been anticipated. LDABK produced a biphasic 

response in myometrial arteries from healthy pregnant women. The relaxation observed 

upon stimulation of the vessel with lower concentrations of LDABK (10-11-10-7M) was 

likely due to activation of receptors on the endothelium because this response could be 

blocked by nitric oxide synthase inhibition. The loss of relaxation at higher 

concentrations of LDABK may have been due to tachyphylaxis, or alternatively, could 

be a result of smooth muscle receptor activation stimulating contraction of the blood 

vessel. 

 

In contrast to previous studies carried out in the umbilical vein (Sardi et al., 1997), the 

responses to the B1 receptor agonist were not abolished in all vessels incubated with 

cycloheximide. LDABK was able to produce relaxation of myometrial arteries in some 

healthy patients but not others. There were no significant differences in contractile 

responses between LDABK responders and non-responders, however, there was a hint 

from the graph of the SNP curves constructed in these vessels that non-responders may 

be less sensitive to SNP. Statistical analysis of these curves revealed no significant 

differences but retrospective power calcuations indicated that this experiment was 

underpowered and larger sample size (n=20) would be required to discover if there is 
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indeed a difference in endothelium independent relaxation between these two groups of 

patients.   

 

A recent study by Myers et al (Myers et al., 2006) looked at the effects of maternal 

characteristics on endothelium-dependent relaxation and found that factors such as 

smoking and BMI can influence vascular responses in myometrial arteries. There were 

no differences in maternal characteristics such as age, BMI, blood pressure, smoking 

status or parity between these patients but it is possible that other factors such as 

cardiovascular risk factors eg. cholesterol levels or genetic influences may have 

contributed to alterations in the vascular responses in this study.  

 

LDABK responses could not be inhibited by either B1 or B2 receptor antagonists which 

were shown to be effective in the human umbilical vein. This may indicate the 

involvement of a non B1/B2 receptor signalling pathway or an atypical form of kinin 

receptor present in myometrial but not umbilical vessels. However, some studies have 

shown that LDABK and Lys-Leu8-des-Arg9-bradykinin are susceptible to enzymatic 

breakdown in the isolated rabbit aorta (Fortin et al., 2005). Therefore, it may be possible 

that peptidase enzymes present in the myometrial vessels might affect the activity of the 

B1 receptor antagonist Lys-Leu8-des-Arg9-bradykinin or could account for the difference 

in LDABK responses in this study. Aminopeptidase N is the principal enzyme 

responsible for the inactivation of LDABK (Moreau et al., 2005) and is known to be 

present in the human placenta (Mizutani et al., 1993), however, it has never been 

established whether there are alterations in the levels of this peptidase in the 

myometrium or placenta in normal pregnancy and pre-eclampsia. Further experiments 

should be performed in the presence of peptidase inhibitors or a non-peptidic antagonist 

in order to discover if enzymatic degradation of these peptides is responsible for the 

differences in LDABK responses observed in this study. 
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3.4.3 Kinin receptor-mediated relaxation in pre-ecl ampsia 

Consistent with previous work (Ashworth et al., 1997; Knock et al., 1996; Svedas et al., 

2002; Wareing et al., 2004), myometrial arteries from women with pre-eclampsia were 

less responsive to bradykinin than arteries from healthy pregnant women. The rightward 

shift of the concentration-response curve suggests that there may be alterations of 

bradykinin receptor activity or signalling pathways in pre-eclampsia. In addition, this 

study has shown that bradykinin-induced relaxation in pre-eclampsia is mediated by the 

B2 receptor alone; neither the B1 receptor nor the non B1/B2 receptor is involved in 

bradykinin-mediated responses. The reduction in B2 receptor responses in pre-eclampsia 

may be due to alterations in EDHF responses (Kenny et al., 2002) or could reflect 

changes in receptor expression. AbDalla and colleagues (AbdAlla et al., 2001) have 

reported increased B2 receptor and Angiotensin II  heterodimerisation in pre-eclampsia 

but it is not known if this affects B2 receptor signalling.  

 

Interestingly, none of the arteries from patients with pre-eclampsia responded to the B1 

receptor agonist, suggesting that vessels from patients with pre-eclampsia and LDABK 

non-responding vessels from healthy patients share some functional or anatomical 

difference which alters their response to LDABK. Examination of the bradykinin 

responses in each group of patients revealed the same parallel shift of the dose-response 

curve in vessels from women with pre-eclampsia and LDABK non-responding vessels 

compared to LDABK responders which were more sensitive to bradykinin. Thus the 

presence of a response to LDABK corresponds with an increased sensitivity to 

bradykinin. Since vasoconstrictor responses were no different between any of the groups 

studied it seems the differences may lie in the endothelial function and/or smooth muscle 

function of these vessels. It is not known whether this may be due to disease related 

changes in receptor expression or signalling pathways that mediate responses to kinins 

or whether pre-eclampsia modifies the expression of kinin-destroying peptidases in the 

myometrial vasculature. There is a paucity of data regarding peptidase levels in pre-

eclampsia. Evidence suggests that dysregulation of aminopeptidase N is linked to the 

pathogenesis of hypertension in spontaneously hypertensive rats however its role in 
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humans has not been investigated (Danziger, 2008). An ACE insertion / deletion 

polymorphism has been associated with increased levels of ACE activity in pre-

eclampsia although the incidence of this polymorphism varies depending on the study 

population and geographical location (Gurdol et al., 2004).  

 

It should be noted that the number of experiments performed in vessels from women 

with pre-eclampsia (six) was lower than the target of ten that was required for adequate 

statistical power. Retrospective power calculations using the data collected from these 

experiments indicated that a sample size of 15 would be required for comparing 

bradykinin-mediated responses in this group of patients. However, a sample size of six 

was large enough to give adequate power for testing the differences in LDABK 

responses betweeen these patients.   

 

3.4.4 Bradykinin and LDABK mechanism of action  

B2 and B1 receptors are known to interact with the same G-proteins (Gi and Gq) and 

stimulate many of the same signalling pathways including activation of endothelial nitric 

oxide synthase to generate nitric oxide (Austin et al., 1997; Liao et al., 1993; Tsutsui et 

al., 2000). Previous studies using isolated maternal resistance arteries have shown that a 

large component of bradykinin-mediated relaxation is due to nitric oxide production 

(Knock et al., 1996; Luksha et al., 2004; Suzuki et al., 2000). Similarly, other vasoactive 

peptides, such as serotonin and thrombin (Hamilton et al., 1998; Moncada et al., 2006), 

activate eNOS. Therefore, the effects of L-NAME were tested on bradykinin and 

LDABK responses in order to determine if they were nitric oxide dependent. L-NAME 

reduced bradykinin-mediated relaxation by approximately 50% and the residual 

relaxation was most likely due to EDHF as described previously (Kenny et al., 2002; 

Luksha et al., 2004). Inhibition of eNOS almost completely abolished responses to the 

B1 agonist suggesting that LDABK responses may be attributed to activation of a 

signalling pathway that triggers the release of nitric oxide.  

 

The involvement of nitric oxide in endothelial dysfunction in pre-eclampsia is a 
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controversial topic with studies giving conflicting results. Levels of nitric oxide 

metabolites in serum from women with pre-eclampsia have been reported to be reduced 

in some studies (Seligman et al., 1994) and increased in others (Nobunaga et al., 1996; 

Smarason et al., 1997).  Evidence also suggests an increase of the endogenous inhibitor 

of NOS (asymmetric dimethyl arginine; ADMA) in pre-eclampsia (Fickling et al., 1993) 

leading to reduced bioavailability of nitric oxide. In contrast, higher levels of eNOS 

expression and nitric oxide metabolites were found in umbilical vessels from women 

with pre-eclampsia (Shaamash et al., 2001). However, if we are to believe the concept of 

nitric oxide deficiency in pre-eclampsia, it may explain why LDABK could not induce 

relaxation in vessels from patients with pre-eclampsia in our studies, but it cannot 

explain why some of the vessels from healthy women did not respond unless there was 

some unknown underlying vascular dysfunction in these patients. Further experiments 

should be carried out to reveal if there are any differences in myometrial artery NOS 

expression between these patients. 

 

3.4.5 Summary 

In conclusion, these studies demonstrate that bradykinin-induced relaxation is primarily 

due to activation of the B2 receptor and the release of NO. In addition, there are HOE 

140 resistant components of the bradykinin response that are upregulated during in vitro 

incubation but it is undetermined whether these are B2 receptors or another type of 

receptor that bradykinin can activate. For the first time this study has shown that the B1 

receptor agonist LDABK can elicit nitric oxide-dependent relaxation in myometrial 

arteries. Furthermore, LDABK responses were found in some patients but not others and 

can be upregulated in all vessels in vitro in the absence of protein synthesis inhibition. 

Interestingly, arteries from patients that responded to LDABK were more sensitive to 

bradykinin. In addition, I have discovered that vessels from women with pre-eclampsia 

lack a response to LDABK and have an attenuated response to bradykinin. It is not fully 

understood whether variability in responses to bradykinin and LDABK are due to 

differences in the expression of a non B1/B2 receptor or whether the myometrium is a 

rich source of peptidase enzymes that may alter the responses to kinin receptor agonists 
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and antagonists. Further studies using more stable peptides are required to determine the 

nature of this kinin response. In addition, the effects of LDABK should be tested in other 

pregnant/ non-pregnant vascular beds in order to discover if this response is specific to 

the myometrial circulation or pregnancy. These experiments may give a better insight 

into the potential importance of this kinin response in regulating vascular responses in 

normal pregnancy and pre-eclampsia.  
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Chapter 4 

 

 

Kinin receptor localisation and expression in the 

myometrium and placenta in healthy pregnancy and 

pre-eclampsia 
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4.1 Introduction 

In normal physiological conditions the B2 receptor is constitutively expressed and is 

found on a wide variety of cells types including smooth muscle cells and the 

endothelium. In contrast, B1 receptor expression is normally low but can be upregulated 

during inflammation. The results of the previous chapter demonstrate that B2 receptor- 

mediated relaxation is attenuated in pre-eclampsia. An explanation for this could be 

downregulation of B2 receptor expression in the myometrial arteries of these patients. 

Furthermore, given that both pregnancy and pre-eclampsia are associated with a 

systemic inflammatory response, alterations in B1 receptor expression might also be 

anticipated. Functional studies in Chapter 3 also suggested that a subset of healthy 

arteries exhibit reduced responses to B2 and B1 receptor agonists. Therefore, it was 

important to investigate whether the functional differences observed in vessels from 

healthy women and women with pre-eclampsia were due to alterations in myometrial 

kinin receptor expression levels. In addition, the role of kinins in the placenta has never 

been investigated, hence, B2 and B1 receptor localisation and expression in placentas 

from healthy patients and patients with pre-eclampsia was determined to discover if 

changes in kinin receptor expression in the placenta are associated with the disease. 

 

4.2 Methods 

The immunohistochemistry and real time PCR protocols used for determining the 

localisation and expression of kinin receptors are described in Chapter 2. The selection 

of patient samples and design of each study is described below.  

 

4.2.1 Kinin receptor localisation and expression in  the myometrium 

To investigate whether there were any differences in receptor distribution and/or 

expression in myometrial vessels from women with pre-eclampsia or healthy patients 

that responded differently in the functional studies (Chapter 3), samples of myometrium 

that were used for the myography experiments were split into two pieces (if enough 

tissue) after dissection and stored for immunohistochemistry and RNA extraction. Tissue 

could not be stored from every sample used in the myography studies because of 
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differences in sample size and/or orientation. The number of samples used for each 

study is shown in Table 4.1. 

 

4.2.2 Kinin receptor localisation and expression in  the placenta 

To determine if kinin receptor localisation and/or expression in the placenta was altered 

in pre-eclampsia 6 samples from each group were taken for analysis of receptor 

localisation by immunohistochemistry and 10 samples from each group were taken for 

RNA extraction.   

 

4.2.3 Data Analysis 

A semi-quantitative scoring method was used to compare the immunostaining intensity 

of the kinin receptors in the myometrium and placenta of samples from healthy 

pregnancy and pre-eclampsia. A score of 0 to 3 was attributed to the staining intensity as 

follows: 0 = no staining; 1 = weak; 2 = moderate; 3 = strong intensity. B2 and B1 

receptor mRNA expression is presented as a fold change in expression relative to a 

control sample of endometrial cDNA that was used for every experiment. Relative 

mRNA expression in each group was compared by student’s unpaired t-test and one-way 

ANOVA. Cycloheximide-treated samples were used for comparing healthy pregnancy to 

pre-eclampsia.  
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    Study           - Cycloheximide    + Cyclohexim ide    + Cycloheximide    + Cycloheximide 
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  Receptor  
Localisation 
 
 Receptor  
Expression 
 
 
 
Table 4.1 The number of myometrial samples used for studying receptor localisation 
and expression in the myometrium of healthy pregnant women and women with pre-
eclampsia. Samples from healthy patients were sub-grouped according to whether they 
were treated with cycloheximide and the responses elicited by the vessels taken from 
the samples in Chapter 3. 
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4.3 Results 

 

4.3.1 Basic morphology of the myometrium 

Hematoxylin and eosin staining was used to show the basic morphology of the 

myometrium. Cross sections of the tissue show that it is comprised of layers of uterine 

smooth muscle interspersed with myometrial arteries and veins (Figure 4.1). Myometrial 

arteries can be identified by their thick muscular walls which are intensely stained by 

eosin (pink) and are packed full of nuclei of the vascular smooth muscle cells which are 

stained by hematoxylin (blue). The blue stained nuclei of endothelial cells lining the 

arteries can also be observed. The veins are easy to distinguish from the arteries because 

they have thinner walls which do not stain with eosin and contain much fewer 

endothelial cells.  

 

4.3.2 B2 and B 1 receptor localisation in the myometrium in healthy  

pregnancy and pre-eclampsia  

B2 and B1 receptor immunostaining in the healthy myometrium revealed strong 

localisation of the B2 receptor in the uterine smooth muscle, vascular smooth muscle, 

and endothelium of the arteries and veins (Figure 4.2a). In contrast, B1 receptor 

immunostaining was weak in the uterine smooth muscle and vascular smooth muscle 

with little or no staining observed in the endothelium (Figure 4.2b).  

 

Positive immunostaining for both kinin receptors was observed in the umbilical vein 

which was chosen as a positive control for this study. The intensity of B2 receptor 

staining (Figure 4.3a) was stronger than that of the B1 receptor (Figure 4.3b) in the 

vascular smooth muscle and endothelium, however, B1 receptor immunostaining in this 

vessel appeared to be greater than that observed in the myometrial vasculature.  

 

To determine whether there were any differences in receptor localisation in myometrial 

vessels from healthy women that responded differently in the functional studies and in 

vessels from women with pre-eclampsia (Chapter 3), immunohistochemical staining of 
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myometrial samples treated with cycloheximide from patients classed as LDABK 

responders and LDABK non-responders was carried out. The number of samples used 

for this study were small so a firm conclusion cannot be drawn from these experiments 

but the preliminary findings suggest that there were no obvious striking differences in B2 

or B1 receptor immunoreactivity between LDABK responders (Figure 4.4 a & b), non-

responders (Figure 4.4 c & d)  and patients with pre-eclampsia (Figure 4.4 e & f). 

Furthermore, myometrial samples treated with the protein synthesis inhibitor 

cycloheximide from healthy women (Figure 4.4) did not appear to exhibit different B2 or 

B1 receptor staining compared to untreated samples (Figure 4.2). The scores of 

immunostaining intensity did not reveal any apparent differences between samples of 

myometrium from each of the patient groups studied (Table 4.2). 

 

4.3.3 B2 and B 1 receptor mRNA expression in the myometrium in heal thy 

pregnancy and pre-eclampsia 

Given that there were alterations in the response to B2 and B1 receptor agonists in the 

myometrial vessels from healthy pregnant women and patients with pre-eclampsia the 

receptor mRNA expression levels in the myometrium of these patients were examined. 

The results of this study showed that relative mRNA expression of the B2 receptor 

(Figure 4.5) was lower than that of the B1 (Figure 4.6) receptor. This does not imply that 

the B2 receptor levels in the myometrium were lower than the B1 receptor because the 

values correspond to relative gene expression rather than absolute levels of gene 

expression. Relative mRNA receptor expression was calculated as a fold change from 

kinin receptor expression in the endometrium. The level of B2 receptor expression in the 

endometrium was similar to that observed in the myometrium; hence, the relative 

expression values are low because there is a small fold change. Expression of the B1 

receptor in the endometrium was lower than that observed in the myometrium; hence, 

the relative expression values are higher because there is a larger fold change. This 

comparative method of data analysis was used because the aim of the study was to 

compare gene expression between the different patient groups, not to compare levels of 

B1 receptor expression to B2 receptor expression. 
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The real time PCR results revealed no significant differences in B2 or B1 receptor 

relative mRNA expression between healthy pregnancy and pre-eclampsia (Figure 4.5a 

and 4.6a, respectively). In addition, there were no differences in receptor expression 

between healthy patients classed as LDABK responders or LDABK non-responders 

(Figure 4.5b and 4.6b). There was a trend towards a decrease in B1 receptor relative 

mRNA expression in samples treated with cycloheximide however this did not reach 

significance (Figure 4.6b) and there was no change in B2 receptor relative mRNA 

expression in cycloheximide treated samples (Figure 4.5b).  

 

 

 

 

 

 

 

 

 

 

 

 



 

 99 

                

                

Figure 4.1 Section of myometrium stained with hematoxylin and eosin (x20 
magnification). A=artery, V=vein, VSM=vascular smooth muscle, E=endothelium, 
USM=uterine smooth muscle.  
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Figure 4.2 Example of the immunolocalisation of the B2 receptor (a), B1 receptor (b) 
and negative control (c) in the myometrium of a healthy pregnant women. A=artery, 
V=vein, VSM=vascular smooth muscle, E=endothelium, USM=uterine smooth muscle 
(x 20 magnification).  
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Figure 4.3 Example of the immunolocalisation of the B2 receptor (a) and B1 receptor (b) 
in the umbilical vein from a healthy pregnant women. VSM=vascular smooth muscle, 
E=endothelium. Negative controls are shown in right hand corner of each image. x20 
Magnification 
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Figure 4.4 Example of the immunolocalisation of the B2 receptor (left) and B1 receptor 
(right) in the myometrium of a healthy patient classed as a LDABK responder (a&b), 
healthy LDABK non-responder (c&d) and in the myometrium of a women with pre-
eclampsia (e&f). A=artery, V=vein, VSM=vascular smooth muscle, E=endothelium, 
USM=uterine smooth muscle (x 20 magnification).  
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-Cyclo LDABK  
Responder            
Sample A                            
Sample B                                      
Sample C                                                

Healthy Pregnancy  

B2 Receptor   

+Cyclo LDABK 
Responder                  
Sample A                                   
Sample B                                       
Sample C 

   Smooth Muscle     Endothelium  

B1 Receptor  

   Smooth Muscle      Endothelium  

+Cyclo LDABK 
Non-Responder             

Sample A                             
Sample B                               
Sample C 

Pre-eclampsia  

+Cyclo LDABK 
Non-Responder             

Sample A                             
Sample B                               
Sample C      
Sample D                      
Sample E                     
Sample F  

3   
3   
3 

3   
3   
3 

3   
3   
3 

3   
3   
3 

3   
3   
2 

3   
3   
3 

3   
3   
3   
2    
3    
3 

3   
2   
3   
3    
3    
3 

1   
1   
1   
1    
1    
1 

1   
1   
1 

1   
1   
1 

1   
1   
1 

0   
1   
0 

0   
1   
1 

0   
0   
1 

0   
0   
1        
1    
1    
0 

Table 4.2 Intensity scores of B2 and B1 receptor immunostaining in the smooth muscle and 
endothelium of myometrial blood vessels from healthy patients and patients with pre-
eclampsia. Scores were estimated semi-quantitatively by eye. 0 = no staining; 1 = weak; 2 = 
moderate; 3 = strong intensity. Samples were sub-grouped according to whether they were 
treated with cycloheximide and the responses elicited by the vessels taken from the samples 
in Chapter 3. Cyclo =cycloheximide.  
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Figure 4.5 Relative B2 receptor mRNA expression in myometrium samples from healthy 
pregnant women (n=14), women with pre-eclampsia (n=6) (a) and in myometrial 
samples from healthy patients classed as LDABK responders or non-responders (b) 
(n=6 [–cycloheximide LDABK responder], n=9 [+cycloheximide, LDABK responder], n=6 
[+cycloheximide, LDABK non-responder]). Data shown are mean ± S.E.M.  
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Figure 4.6 Relative B1 receptor mRNA expression in myometrium samples from healthy 
pregnant women (n=14), women with pre-eclampsia (n=6) (a) and in myometrial 
samples from healthy patients classed as LDABK responders or non-responders (b) 
(n=6 [–cycloheximide LDABK responder], n=9 [+cycloheximide, LDABK responder], n=6 
[+cycloheximide, LDABK non-responder]). Data shown are mean ± S.E.M.  
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4.3.4 Basic morphology of the placenta 

The placenta is mainly comprised of structures known as placental villi which contain 

the fetal blood vessels and can be observed in all of the histological sections. The vessels 

of large placental villi have distinct muscular walls and endothelium (Figure 4.7 a) 

whereas vessels in smaller villi can be identified by the presence of fetal blood cells 

within the lumen which stain dark pink. The outer layer of the placental villus is 

surrounded by syncytiotrophoblast cells which stain dark blue (Figure 4.7 b). Syncytial 

knots are seen in areas where the syncytiotrophoblast cells gather in clusters (Figure 4.6 

c). The interface between the placental villi and the maternal decidua is known as the 

basal plate (Figure 4.7 b). Dark blue extravillous trophoblast cells can be observed 

within this area (Figure 4.7 b). The placental villi are surrounded by maternal blood and 

fibrinoid matter which stains with eosin (Figure 4.7 c). The main histological differences 

noted in placentas from women with pre-eclampsia were considerably more syncytial 

knots surrounding the placental villi and basal plate (Figure 4.8 a & b) as well as large 

areas of fibrinoid matter (Figure 4.8 c) which were not observed in placentas from 

healthy women. 

 

4.3.5 B2 and B 1 receptor localisation in the placenta in healthy p regnancy 

and pre-eclampsia 

Intense B2 receptor staining was observed in the vascular smooth muscle and 

endothelium of blood vessels in large and small placental villi (Figure 4.9 a & b). The B2 

receptor was also localised to the syncytiotrophoblast cell layer (Figure 4.9 b) and the 

extravillous trophoblast cells in the basal plate (Figure 4.9 c). Syncitiotrophoblast and 

extravillous trophoblast cells were identified by positive staining for cytokeratin (Figure 

4.13). Positive immunostaining of the B1 receptor was observed in the vascular smooth 

muscle and endothelium of large blood vessels but little staining was observed in the 

smaller ones (Figure 4.10 a, b & c). Overall, B1 receptor staining was much less intense 

in the placental vasculature compared to the B2 receptor. Furthermore, no B1 receptor 

immunoreactivity was found in the syncytiotrophoblast cells and very weak staining was 

observed in the extravillous trophoblast (Figure 4.10 c).    
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There were no striking differences in kinin receptor staining between placentas from 

healthy pregnancies and women with pre-eclampsia (Figure 4.11 and 4.12). Intensity 

scoring of B2 and B1 receptor immunostaining in samples from healthy women and 

women with pre-eclampsia revealed no obvious differences between the two patient 

groups apart from weaker B1 receptor immunoreactivity in the extravillous trophoblast 

in some of the samples from women with pre-eclampsia (Table 4.3).  

 

4.3.6 B2 and B 1 receptor mRNA expression in the placenta in health y 

pregnancy and pre-eclampsia 

B2 and B1 receptor expression was analysed in order to determine whether alterations in 

kinin receptor levels in the placenta are associated with pre-eclampsia. Results indicated 

that there were no differences in B1 receptor expression between placentas from healthy 

women and women with pre-eclampsia (Figure 4.14 b) but there appeared a lower level 

of B2 receptor expression in pre-eclampsia although this did not reach significance 

(Figure 4.14 a).  
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Figure 4.7 Example of a section of a placenta from a healthy pregnancy stained with 
hematoxylin and eosin showing the placental villi (a), the basal plate (b) and areas of 
fibroid deposition (c). VSM=vascular smooth muscle, E=endothelium, VL=villi, BP=basal 
plate, ST=syncytiotrophoblast, EVT=extravillous trophoblast, SK=syncytial knot, 
F=fibrinoid, MB =maternal blood.  X10 magnification 
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Figure 4.8  Example of a section of placenta from a patient with pre-eclampsia stained 
with hematoxylin and eosin showing the placental villi (a), the basal plate (b) and areas of 
fibroid deposition (c). VSM=vascular smooth muscle, E=endothelium, VL=villi, BP=basal 
plate, ST=syncytiotrophoblast, EVT=extravillous trophoblast, SK=syncytial knot, 
F=fibroid. X10 magnification 
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 Figure 4.9 Example of the immunolocalisation of the B2 receptor in the placental villi 
(VL; [a] x10 and [b] x20 magnification) and basal plate (BP; [c] x20 magnification) of a 
placenta from a healthy pregnant women. VSM=vascular smooth muscle, 
E=endothelium, ST=syncytiotrophoblast and EVT=extravillous trophoblast. Negative 
controls are shown in the right hand corner of each image.  
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 Figure 4.10 Example of the immunolocalisation of the B1 receptor in the placental villi 
(VL; [a] x10 and [b] x20 magnification) and basal plate (BP; [c] x20 magnification) of a 
placenta from a healthy pregnant women. VSM=vascular smooth muscle, 
E=endothelium, ST=syncytiotrophoblast and EVT=extravillous trophoblast. Negative 
controls are shown in the right hand corner of each image.  
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(c) 

 Figure 4.11 Example of the immunolocalisation of the B2 receptor in the placental villi 
(VL; [a] x10 and [b] x20 magnification) and basal plate (BP; [c] x20 magnification) of a 
placenta from a women with pre-eclampsia. VSM=vascular smooth muscle, 
E=endothelium, ST=syncytiotrophoblast and EVT=extravillous trophoblast. Negative 
controls are shown in the right hand corner of each image.  
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Figure 4.12 Example of the immunolocalisation of the B1 receptor in the placental villi 
(VL; [a] x10 and [b] x20 magnification) and basal plate (BP; [c] x20 magnification) of a 
placenta from a women with pre-eclampsia. VSM=vascular smooth muscle, 
E=endothelium, ST=syncytiotrophoblast and EVT=extravillous trophoblast. Negative 
controls are shown in the right hand corner of each image.  
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Figure 4.13  Immunolocalisation of the trophoblast marker cytokeratin in the placental 
villi (VL) and basal plate (BP) of a placenta from a healthy women (x10 magnification) 
ST=syncytiotrophoblast and EVT=extravillous trophoblast. 
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Healthy Pregnancy  

Sample A             
Sample B              
Sample C             
Sample D               
Sample E             
Sample F 

 Pre-eclampsia 

 EC   VSM 

Sample A             
Sample B              
Sample C             
Sample D               
Sample E             
Sample F 

ST  EVT  EC  VSM ST EVT 

3                 
3                                             
3                                                                               
3                                    
3                                        
3 

3           
3                                             
3                                                                               
3                                    
3                                        
3 

3     
3                                             
3                                                                               
3                                    
3                                        
3 

3                                       
3                                             
3                                                                               
3                                    
3                                        
3 

  B2 Receptor   B1 Receptor  

3                                       
3                         
3                                                                               
3                                    
3                                        
3 

3                                       
2                   
3                                                                               
3                                    
3                                        
3 

3                                       
3             
3                                                                               
2                                    
3                                        
3 

3                                       
2       
3                                                                               
3                                    
3                                        
3 

2                                      
2                                             
2                                                                                
2                                  
2                                        
2 

2                                      
1       
2                                                                                
2                                  
2                                        
2 

1                                       
1                                             
1                                                                                
1                                  
1                                        
1 

1                                
1                                             
1                                                                                
1                                  
1                                        
1 

0                     
0                                             
0                                                                                
0                                
0                                      
0 

0          
0                                             
0                                                                                
0                                
0                                      
0 

1                                       
1                                             
1                                                                                
1                                
1                                      
1 

1                                       
0                                             
0                                                                                
1                                
1                                      
0 

Table 4.3 Intensity scores of B2 and B1 receptor immunostaining in the vascular smooth muscle (VSM) and 
endothelial cells (EC) of placental blood vessels, the syncytiotrophoblast (ST) and extravillous trophoblast 
(EVT) of placentas from healthy patients and patients with pre-eclampsia. Scores were estimated semi-
quantitatively by eye. 0 = no staining; 1 = weak; 2 = moderate; 3 = strong intensity. 
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Figure 4.14 Relative B2 receptor (a) and B1 receptor (b) mRNA expression in samples 
of placenta from healthy women and women with pre-eclampsia. Data are shown as 
mean ± S.E.M (n=10 per group). 
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4.4 Discussion 

 

4.4.1 Localisation and expression of B 2 and B 1 receptors in the 

myometrium 

Immunohistochemical staining for the kinin receptors in the myometrium revealed the 

presence of the B2 receptor on the uterine smooth muscle, endothelium and vascular 

smooth muscle of arteries. In contrast, weak staining of the B1 receptor was observed in 

the myometrial vessels and uterine smooth muscle. This is the first report of kinin 

receptor localisation in the myometrium and highlights the predominance of the B2 

receptor in the myometrial vasculature. This suggests that the B2 receptor may mediate 

the majority of kinin-related physiological effects in this circulation. These results are 

also consistent with the functional studies that indicate LDABK may not be producing 

its effects via activation of the B1 receptor. However, there are limitations to these 

findings because immunohistochemical staining was performed on tissue fixed before 

the vessels were used for in vitro study. Attempts to stain the vessels after they had been 

used for myography were unsuccessful because they had been distorted by stretching 

between the wires and had lost some of their endothelium while being removed from the 

organ bath. In order to investigate whether post-isolation receptor up-regulation is 

occurring while arteries are mounted on the myograph, samples of vessel or tissue could 

be incubated for the length of time taken to complete a myography protocol and used to 

determine if receptor localisation is altered during the functional experiments.  

 

The umbilical vein proved to be a good positive control for B2 receptor staining using 

these antibodies. However, the intensity of B1 receptor immunostaining in this tissue 

was considerably weaker than the B2 receptor and was therefore not as useful as a 

positive indicator of the presence of this kinin receptor sub-type. A sample of tissue 

incubated with TNFα or IL-1β may have been better to use as a control in these 

experiments because an increase in B1 receptor expression has been shown to occur in 

the presence of these inflammatory cytokines (Sardi et al. 1999).  
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One of the aims of this chapter was to discover if changes in kinin receptor localisation 

in the myometrial arteries was linked to the differential kinin-mediated responses 

observed between the different patient groups in the functional studies. It was not 

possible to draw any definitive conclusions from the results of these 

immunohistochemistry experiments because there was an insufficient number of 

samples to give adequate statistical power to the study.  The results from the small 

number of samples tested indicated that there were no apparent differences in B2 or B1 

receptor immunolocalisation in the myometrium from healthy patients compared to 

patients with pre-eclampsia. In addition, there were no striking differences observed 

between healthy patients classed as LDABK responders and patients classed as LDABK 

non-responders or between vessels treated with cycloheximide.  However, B2 receptor 

immunostaining in the myometrium was very strong making it difficult to judge the 

gradation in staining by eye. Quantification of receptor immunolocalisation may have 

been more accurate using a lower concentration of antibody and densitometry may be a 

better method to calculate the intensity of staining in this tissue. 

 

Results of the real time PCR experiments showed that there were no significant 

differences in relative mRNA B2 or B1 receptor expression between any of the patient 

groups studied. These findings also need to be interpreted with caution because whole 

pieces of myometrial tissue were used for RNA extraction rather than the individual 

vessels used for the myography experiments. The reason for this was because of the 

limited number of vessels per sample suitable for the myography studies; hence, all the 

vessels were used for this purpose. When using whole pieces of tissue, uterine smooth 

muscle RNA is extracted along with RNA from the vasculature. This could have altered 

the results as a large proportion of the myometrium consists of non vascular tissue. Also, 

vessels used in the myography studies had a longer period of time to undergo post- 

isolation receptor upregulation compared to tissue fixed or frozen immediately after 

dissection. Indeed there does appear to be a slightly higher level of B1 receptor mRNA 

expression in samples of myometrium not treated with cycloheximide that may have 

reached significance if the tissue had been left incubating for longer. These problems 
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could be addressed by analysing mRNA expression levels in isolated vessels after they 

had been used for myography although the small volume of tissue may make this 

difficult.  

 

4.4.2 Localisation and expression of B 2 and B 1 receptors in the placenta 

B2 receptor immunoreactivity was observed in the endothelium and smooth muscle of 

fetal blood vessels in large and small placental villi in addition to the 

syncytiotrophoblast layer and the extravillous trophoblast cells in the basal plate. This 

distribution indicates that B2 receptors may be involved in mediating many different 

aspects of placental function including control of placental vascular tone, syncitial 

permeability and trophoblast invasion of the maternal spiral arteries. B1 receptor staining 

was mainly localised to the endothelium and smooth muscle of large vessels of the 

placental villi with weak staining of the extravillous trophoblast and no staining 

observed in the syncytiotrophoblast. Its major role in the placenta may therefore be the 

regulation of vascular homeostasis.  

 

There were no striking differences in B2 or B1 receptor immunolocalisation or receptor 

expression observed in placentas from women with pre-eclampsia compared to placentas 

from healthy women. However, as mentioned previously, relatively few samples were 

used for this study and staining for the B2 receptor was also very intense. Optimisation 

of the antibody titre was carried out in the myometrium only; these experiments should 

be repeated in placental samples to gain better immunostaining results in this tissue.  

Only one other study has examined B2 receptor expression in the placentas from healthy 

women and women with pre-eclampsia, their results showed no differences in B2 

receptor staining in the vasculature or syncytiotrophoblast but they did find that the 

extravillous trophoblast cells stained more intensely in pre-eclampsia (Corthorn et al., 

2006). The reason that this was not observed in this study could have been due to 

different placental sampling techniques, antibodies used, staining protocols employed or 

severity of disease in the patients studied.  
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While there were no significant changes in placental kinin receptor expression observed 

in this study, it should be noted that the placentas from patients with pre-eclampsia did 

exhibit abnormalities that are commonly associated with the disease including a greater 

number of syncytial knots around the placental villi and large areas of fibrinoid 

deposition. Increased syncitial knot formation is frequently reported in placentas from 

patients with pre-eclampsia and is thought to be a result of hypoxia and oxidative stress 

(Heazell et al., 2007). Fibrinoid deposition occurs with placental ageing but is believed 

to be increased in pre-eclampsia because of an imbalance in pro- and anti-fibrinolytic 

factors in the placenta (Kanfer et al., 1996).  

 

4.4.3 Summary 

This study demonstrates that the B2 receptor is the predominant kinin receptor expressed 

in myometrial and placental tissue. The lack of strong immunostaining for the B1 

receptor fits with the hypothesis that LDABK responses in myometrial vessels may be 

mediated by a non B1/B2 receptor.  However, it is not possible to discount that kinin 

receptor expression in the individual arteries used for the myography studies may have 

been different from those analysed in the rest of the myometrial tissue or B1 receptor up-

regulation during in vitro incubation may account for the response elicited by LDABK. 

A larger sample size, more accurate quantification of staining and further optimization 

of the experimental protocol is required to discover if the differences in B2 and B1 

receptor-mediated responses observed between patients in the myometrial functional 

studies is associated with changes in receptor levels.   
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Chapter 5 

 

 

Investigation of the effects of hypoxia and  

pre-eclampsia on kinin-mediated placental 

angiogenesis 
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5.1 Introduction 

Recent studies have shown that there is altered expression of placental anti-angiogenic 

factors in pre-eclampsia including increased secretion of soluble Flt-1 and soluble 

endoglin which are thought to contribute to the pathogenesis of maternal endothelial 

dysfunction (Maynard et al., 2008). However, little is known about the effect of pre-

eclampsia on angiogenic proteins regulating placental vascular development. Kinins are 

important mediators of angiogenesis in the non-reproductive endothelium. Bradykinin 

induces capillary tube formation in coronary endothelial cells (Miura et al., 2003) and 

the B1 receptor has been shown to be essential for the development of new blood vessels 

during post-ischaemic healing (Emanueli et al., 2002). The role of bradykinin and 

LDABK in promoting angiogenesis in the placenta has never been explored. 

Furthermore, previous investigators have focused on mimicking the hypoxic conditions 

of pre-eclampsia by examining the effects they have on healthy cells, few studies have 

investigated the functional angiogenic capacity of primary fetoplacental endothelial cells 

from women with pre-eclampsia. Endothelial cells from the umbilical vein are relatively 

easy to isolate and culture and express both the B2 and B1 receptor. Therefore, HUVECs 

from healthy placentas and HUVECs from women with pre-eclampsia were used to 

investigate the effects of B2 and B1 receptor agonists on angiogenesis using the 

endothelial tube formation assay. In addition, the effects of hypoxia on in vitro 

angiogenesis were tested to mimic the in vivo environment cells would be subject to in 

pre-eclampsia. 

 

5.2 Methods 

Isolation and characterisation of the HUVECs used for this study is outlined in Chapter 

2 along with the protocol used for the TLS assay. Details of the specific experiments 

used to investigate the effect of kinins on endothelial tube formation are described 

below. 
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5.2.1 Kinin concentration-response and antagonist s tudy 

To investigate the effect of B2 and B1 receptor agonists on endothelial tube formation, 

concentration-response studies were conducted using the B2 receptor agonist bradykinin 

and the B1 receptor agonist LDABK. Four concentrations of agonist were used, 1x10-

11M, 1x10-9M, 1x10-7M and 1x10-5M. Effects of the B2 and B1 receptor antagonists 

(HOE 140 (10-6 M) and Lys-leu8-des-Arg9-bradykinin (10-6M), respectively) were tested 

in cells treated with submaximal concentrations of bradykinin (10-7M) and LDABK (10-

7M). In addition, the B2 and B1 receptor antagonists were added to untreated cells to 

investigate their influence on basal endothelial tube formation.  

 

5.2.2 Investigation of the effects of VEGF on endot helial tube formation 

VEGF was chosen as a positive control for this assay because it is known to be a potent 

angiogenic factor and has previously been shown to induce tube formation in HUVECs 

(Miura et al., 2003). Four concentrations of VEGF were used, 10ng/ml, 25ng/ml, 

50ng/ml and 100ng/ml.   

 

5.2.3 Influence of hypoxia on kinin-induced tube fo rmation 

Uteroplacental hypoxia is a feature of pre-eclampsia and has been implicated in the 

development of maternal endothelial dysfunction, thus, it was of interest to examine the 

effects of hypoxia on placental endothelial angiogenesis. In order to investigate the 

influence of a hypoxic environment on endothelial tube formation, the TLS formation 

assay was carried out in a hypoxia chamber (Coy Laboratories, USA) calibrated at 0.5% 

O2. Cells were incubated for 24hrs and images of tube formations were captured at 5, 8 

and 24hr. Culture plates were wrapped in parafilm during image capture to minimise the 

influence of atmospheric O2 on the experiment. 

 

5.2.4 Influence of VEGF and NOS inhibition on endot helial tube formation 

Transactivation of the VEGF receptor and stimulation of NOS is the mechanism by 

which bradykinin has been shown to mediate angiogenesis in other cell types other than 

HUVECs (Miura et al., 2003). Therefore, to dissect the mechanism of basal and kinin- 
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induced tube formation in placental endothelial cells from healthy women and women 

with pre-eclampsia, the effects of the VEGF tyrosine kinase inhibitor SU5416 (Sigma 

Aldrich; 300 nM) and the NOS inhibitor L-NAME (1 mM) were tested on untreated 

cells and cells stimulated with submaximal concentrations of BK (10-7 M) and LDABK 

(10-7 M). 

 

5.2.5 Data analysis 

Endothelial tube formation was quantified by counting the number of connections or 

branch points between cells (Chapter 2). Each experiment was performed in triplicate 

and the average of the total number of connections was calculated for each treatment. 

The studies were repeated four times using cells from four different healthy patients and 

four patients with pre-eclampsia. The effect of kinins and VEGF on endothelial tube 

formation in HUVECs isolated from healthy patients and patients with pre-eclampsia 

were compared to basal tube formation in untreated cells from the same patient using a 

students paired t-test. The influence of B1 and B2 receptor antagonists, a VEGF inhibitor 

and a NOS inhibitor on basal and kinin-induced tube formation are presented using data 

from cells cultured for 8 hr because this is the time point where proper connecting 

tubular structures were observed and the number of connections counted was greatest. 

These data were also compared using a students paired t-test.   
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5.3 Results 

 

5.3.1 Patient Characteristics 

4 healthy pregnant women and 4 women with pre-eclampsia were recruited for this 

study. Characteristics of the patients are presented in Table 5.1. No significant 

differences were found in maternal age, body mass index, parity or smoking status 

between the two groups of patients. However, pre-eclamptic patients had a higher 

systolic (p=0.03) and diastolic blood pressure (p=0.02) and lower gestational age 

(p=0.02).  

 

 

                                                  Healthy Pregnancy                     Pre-eclampsia 

 

 Gestational Age at Delivery              40.3 ± 0.7                               36.3 ± 1.1 
 (Wks)                                
 
  Age (Yrs)                                         32.0 ± 4.5                                28.5 ± 4.1 
 
  Body Mass Index (kg/m2)                26.0 ± 0.9                                27.3 ± 0.9 
 
  Systolic Blood Pressure                 115.0 ± 7.4                              142.8 ± 6.9 
  (mmHg) 
 
  Diastolic Blood Pressure                 65.5 ± 5.6                                94.3 ± 1.7 
  (mmHg) 
 
  Parity                                                    0/4                                            3/1 
  (Primiparous/Multiparous) 
 
  Smoker/Non-Smoker                            0/4                                            0/4 
 

  

Table 5.1 Demographic details of the healthy (n=4) patients and patients with pre-
eclampsia (n=4) from whom umbilical cords were taken for the isolation of HUVECs. 
Data are shown as mean ± S.E.M.  
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5.3.2 Basal tube formation in HUVECs from healthy p regnancies and from 

patients with pre-eclampsia  

HUVEC cells plated onto matrigel spontaneously changed morphology during a 24 hr 

time period (Figure 5.1 a). After 5 hr culture the cells appeared to have cytoplasmic 

extensions projecting out from them that connected to and merged with neighbouring 

cells. At 8 hr there were more connections between cells and the cytoplasmic extensions 

appeared to be more tube-like in structure with a central translucence indicative of 

lumen formation. By 24 hr the number of tube-like structures had decreased in number 

but the connections were longer and more mature.  

 

Basal (spontaneous) tube formation was higher in HUVECs from patients with pre-

eclampsia compared to healthy patients (Figure 5.1 b). Significantly more tubular 

connections were observed after 5 hr (Figure 5.1 b, 92 ± 4 versus cells from healthy 

pregnancy, 59 ± 6, n=4, p=0.006) and 8hr incubation (Figure 5.1 b, 96 ± 6 versus cells 

from healthy pregnancy, 62 ± 7.4, n=4, p=0.01). By 24hr, there was a trend towards 

reduced tube formation in cells from women with pre-eclampsia compared to cells from 

healthy patients but this did not reach significance  (Figure 5.1 b, 25 ± 8 vs cells from 

healthy pregnancy, 54 ± 13, n=4, p=0.09). 
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Figure 5.1  Basal endothelial tube formation after 5,8 and 24hr culture using HUVECs 
from healthy pregnancy and from women with pre-eclampsia (PE) (a). The number of 
connections counted after 5 & 8 hr culture on matrigel using HUVECs from patients with 
pre-eclampsia was greater than in cells from healthy pregnancies (b). Data are shown 
as mean ± S.E.M (n=4). * p<0.05, ** p<0.01 where data is significantly different from 
HUVEC cells from healthy pregnancies at that time point.  

 5hr    8hr   24hr 

     Healthy  

  PE 

  (a) 

  (b) 

    ** 
     * 
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5.3.3 Kinin-induced endothelial tube formation in H UVECs from healthy 
pregnancies and from patients with pre-eclampsia  
 
Studies conducted to examine the effects of B2 and B1 receptor agonists on tube 

formation revealed that both bradykinin and LDABK induced a dose-dependent (10-9-

10-5M) increase in the number of cellular connections after 5 and 8 hr culture in cells 

from healthy pregnancies (Figure 5.2 a & b). The maximum effect was observed after 

8hr incubation with 10-5M bradykinin and LDABK which resulted in the formation of 

130 ± 13 and 120 ± 7 connections respectively compared to 62 ± 7 connections in 

untreated cells (p<0.001, n=4). The lowest doses of bradykinin and LDABK (10-11M) 

did not alter tube formation at any time point (p=0.07 and p=0.13 respectively, n=4). By 

24 hr, neither bradykinin nor LDABK had an effect on tube formation apart from the 

highest dose (Figure 5.2 a & b).  

 

To determine whether the B2 or B1 receptor mediates bradykinin and LDABK induced 

tube formation, the effects of the B2 receptor antagonist HOE 140 and B1 receptor 

antagonist Lys-leu8-des-Arg9-BK were tested on kinin responses. The B2 receptor 

antagonist reduced tube formation induced by bradykinin (Figure 5.3, 65 ± 12 versus 

untreated cells, 97 ± 15, n=4, p=0.005) but did not alter the increase in connections 

observed by stimulation with LDABK (Figure 5.4, 98 ± 22 versus untreated cells, 86 ± 

14, n=4, p=0.35). Similarly, the B1 receptor antagonist inhibited LDABK induced tube 

formation (Figure 5.4, 56 ± 10 versus untreated cells, 86 ± 14, n=4, p=0.005) but had no 

effect on bradykinin responses (Figure 5.3, 100 ± 12 versus untreated cells, 97 ± 15, 

n=4, p=0.51). Neither of the B2 or B1 receptor antagonists affected basal tube formation 

(Figure 5.3, p=0.18 and p=0.21, respectively, n=4).   

 

To determine whether kinin-mediated tube formation differed in HUVECs from pre-

eclamptic pregnancies the concentration-response studies were repeated. Although there 

was a trend towards an increase in tube formation with both bradykinin and LDABK 

compared to untreated cells, this was not significant (Figure 5.5 a & b). 
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Figure 5.2 Effect of increasing doses of bradykinin (a) and LDABK (b) on endothelial 
tube formation after 5,8 and 24hr culture using HUVECs from healthy pregnancies (UN 
= untreated cells). Both kinin receptor antagonists induced a concentration-dependent 
increase in tube formation. Images on right hand side of each graph show the effect of 
the maximum dose (10-5M) of bradykinin (BK) and LDABK after 8hr culture. Data are 
shown as mean ± S.E.M (n=4). * p< 0.05  ** p< 0.01 *** p< 0.001 where data is 
significantly different from untreated cells at that time point. 
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Figure 5.3 Effect of kinin receptor antagonists on basal and bradykinin-induced tube 
formation using HUVECs from healthy pregnancies. The B1 receptor antagonist (Lys-
Leu8-DABK, [10-6M]) had no effect on bradykinin-induced tube formation but B2 receptor 
antagonist (HOE 140, [10-6M]) significantly reduced bradykinin-induced tube formation 
after 8 hr culture. Neither antagonist affected basal tube formation. Images on right 
hand side of the graph show the effect of the antagonists on bradykinin (BK) induced 
tube formation. Data are shown as mean ± S.E.M (n=4). ** p< 0.01 where data is 
significantly different from BK treatment in the absence of antagonists. 
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Figure 5.4 Effect of kinin receptor antagonists on basal and LDABK-induced tube 
formation using HUVECs from healthy pregnancies. The B1 receptor antagonist (Lys-
Leu8-DABK [10-6M]) significantly reduced LDABK-induced tube formation but the B2 
receptor antagonist (HOE 140, [10-6M]) had no effect on LDABK induced tube formation 
after 8 hr culture. Basal tube formation was not affected by either antagonist. Images on 
right hand side of the graph show the effect of the antagonists on LDABK-induced tube 
formation. Data are shown as mean ± S.E.M (n=4). ** p< 0.01 where data is 
significantly different from LDABK treatment in the absence of antagonists. 
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Figure 5.5  Effect of increasing doses of bradykinin (a) and LDABK (b) on endothelial 
tube formation after 5,8 and 24hr culture using HUVECs from patients with pre-
eclampsia (UN = untreated cells). Bradykinin and LDABK did not significantly increase 
tube formation above the elevated basal level of tube formation at any concentration or 
time point in cells from women with pre-eclampsia. Data are shown as mean ± S.E.M 
(n=4). 

    (a) 

    (b) 
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5.3.4 VEGF-induced tube formation in HUVECs from he althy pregnancies 

and from patients with pre-eclampsia 

HUVECs were treated with VEGF in order to determine the effect of the pro-angiogenic 

factor on tube formation. VEGF induced a concentration-dependent increase in tube 

formation in HUVECs from healthy pregnancies, reaching a maximum of 120 ± 12 

connections at 50ng/ml after 8hr incubation compared to 62 ± 7 in untreated cells 

(Figure 5.6 a, p<0.001). Doses above 50ng/ml did not produce any further increase in 

tube formation. The only significant effect of VEGF observed after 24 hr incubation was 

with the highest concentration used (100 ng/ml). In contrast, although there was an 

apparent concentration-dependent response to VEGF in cells from women with pre-

eclampsia, this did not reach significance (Figure 5.6 b). 

 
 
5.3.5 Influence of hypoxia on basal tube formation in HUVECs from healthy 

pregnancies and from patients with pre-eclampsia 

HUVECs were cultured at 0.5% O2 to study the effects of hypoxia on endothelial tube 

formation. Hypoxia increased basal levels of tube formation, after 5hr (Figure 5.7, 94 ± 

6 versus culture at 20% O2, 59 ± 7, n=4, p=0.007) and 8hr at 0.5% O2 (Figure 5.7, 98 ± 9 

versus culure at 20% O2, 62 ± 7, n=4, p=0.02). There was a trend towards a reduction of 

tube formation after 24hr culture at 0.5% O2 compared to 20% O2, but this did not reach 

significance. In contrast, hypoxia had no effect on basal tube formation in HUVECs 

from patients with pre-eclampsia (Figure 5.7).  
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Figure 5.6 Effect of increasing doses of VEGF on endothelial tube formation after 5,8 
and 24hr culture using HUVECs from healthy pregnancies (a) and from patients with 
pre-eclampsia (b). (UN = untreated cells). VEGF induced a concentration-dependent 
increase in tube formation after 5 & 8 hr culture. In contrast VEGF did not induce an 
increase in tube formation above the elevated basal levels in HUVECs from patients 
with pre-eclampsia. Images on right hand side of graph (a) show the maximal effect of 
VEGF after 8hr culture. Data are shown as mean ± S.E.M (n=4). * p< 0.05  ** p< 0.01 
*** p< 0.001 where data is significantly different from untreated cells at that time point. 
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Figure 5.7 Comparison of basal tube formation after 5, 8 and 24 hr culture at 20% O2 
and 0.5% O2 in HUVECs from healthy pregnancies and HUVECs from patients with 
pre-eclampsia (PE). Basal tube formation of HUVECs from healthy pregnancies 
cultured at 0.5% O2 was higher than those cultured at 20% O2. Basal tube formation 
in cells from patients with pre-eclampsia cultured at 20% O2 was no different from 
basal tube formation in cells cultured at 0.5% O2. Images below the graph show the 
effect of the change in oxygen tension on tube formation after 8hr culture. Data are 
shown as mean ± S.E.M (n=4). * p< 0.05  ** p< 0.01 where data is significantly 
different from cells cultured at 20% O2 from the same patient population. 
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5.3.6 Influence of hypoxia on kinin- and VEGF-induc ed tube formation in 

HUVECs from healthy pregnancies and from patients w ith pre-eclampsia  

To determine whether the pro-angiogenic effects of bradykinin, LDABK and VEGF 

were altered by hypoxia the concentration-response studies were repeated in cells 

cultured at 0.5% O2  (Figure 5.8 a, b & c). In contrast to previous experiments, no 

significant increases in tube formation were observed at any of the concentrations 

previously shown to have an effect in cells cultured at 20% O2. The degree of branching 

in the hypoxic cells remained at the elevated basal level in the presence of the highest 

doses of kinins and VEGF despite this being below the maximum effect observed upon 

stimulation with these angiogenic factors at 20% O2.  HUVECs from patients with pre-

eclampsia exhibited the same lack of response to the maximal effective concentrations 

of kinins and VEGF (Figure 5.9) in hypoxic conditions and 20% O2.  
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Figure 5.8 Effect of increasing doses of bradykinin (a), LDABK (b) and VEGF (c) on 
endothelial tube formation after 5,8 and 24hr culture in HUVECs from healthy 
pregnancies cultured at 0.5% O2 (UN = untreated cells). Kinins and VEGF did not 
induce tube formation in HUVECs cultured at 0.5% O2 at any concentration or time 
point tested. Data are shown as mean ± S.E.M (n=4).  
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Figure 5.9 Effect of bradykinin (a;10-5M), LDABK (b;10-5M) and VEGF (c;10ng/ml) on 
endothelial tube formation in HUVECs from patients with pre-eclampsia after 5,8 and 
24hr culture at 0.5% O2. (UN = untreated cells). Maximal concentrations of kinins and 
VEGF did not induce tube formation at any time point. Data are shown as mean ± 
S.E.M (n=4).  
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5.3.7 Effect of VEGF receptor inhibition and NOS in hibition on basal, kinin- 

induced and VEGF-induced tube formation in HUVECs  from healthy 

pregnancies 

To determine whether VEGF receptor activation or nitric oxide release is involved in 

kinin-mediated responses, the studies were repeated in the presence of the VEGF 

receptor tyrosine kinase inhibitor SU5416 and the NOS inhibitor L-NAME respectively. 

SU5416 completely abolished responses to bradykinin (Figure 5.10 a, 59 ± 9 versus 

untreated cells, 101 ± 8, n=4, p=0.001), LDABK (Figure 5.10 a, 71 ± 6 versus untreated 

cells, 90 ± 6, n=4, p=0.005) and VEGF (Figure 5.10 a , 59 ± 5 versus untreated cells, 

101 ± 8, n=4, p=0.001) but did not alter basal levels of tube formation (Figure 5.10 a, 

n=4, p=0.37). In contrast, the NOS inhibitor L-NAME had no effect on basal, bradykinin 

or LDAB- induced angiogenesis but significantly reduced the effect of VEGF (Figure 

5.15 b, 83 ± 10 connections versus untreated cells, 101 ± 8 connections, n=4, p=0.04). 

 

 
5.3.8 Effect of VEGF receptor and NOS inhibition on  basal tube formation 

in hypoxic cells and HUVECs from patients with pre- eclampsia  

To establish whether elevated levels of tube formation in hypoxic cells and HUVECs 

from patients with pre-eclampsia were due to an increase in VEGF receptor activation 

and/or nitric oxide production the effects of SU54126 and L-NAME were tested on basal 

tube formation in these cells. In contrast to HUVECs from healthy pregnancies cultured 

at 20% O2, hypoxic cells and cells from patients with pre-eclampsia exhibited 

significantly reduced levels of basal tube formation in the presence of the VEGF 

receptor inhibitor (Figure 5.11 a, 70 ± 7 versus untreated hypoxic cells, 98 ± 5, n=4, 

p=0.04 and Figure 5.11 b, 62 ± 7 versus untreated cells from patients with pre-

eclampsia, 100 ± 8, n=4, p=0.007). L-NAME had no significant effects on tube 

formation these cells (Figure 5.11 a & b, p=0.65 for hypoxic cells and p= 0.84 for cells 

from patients with pre-eclampsia, n=4).   
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Figure 5.10  Effect of a VEGF receptor inhibitor (a; SU5416 [3x10-7M]) and a NOS 
inhibitor (b; L-NAME [10-3M]) on bradykinin (10-7M), LDABK (10-7M) and VEGF 
(50ng/ml) induced tube formation in HUVECs from healthy pregnancies after 8hr 
culture. The VEGF receptor inhibitor reduced kinin and VEGF-induced tube 
formation. The NOS inhibitor reduced VEGF induced tube formation but had no 
effect on kinin-mediated responses (UN= untreated cells). Data are shown as mean 
± S.E.M (n=4). * p< 0.05  ** p< 0.01 and ***p < 0.001 where data is significantly 
different from cells cultured in the absence of the inhibitors. 
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Figure 5.11 Effect of a VEGF receptor inhibitor (a; SU5416 [3x10-7M]) and a NOS 
inhibitor (b; L-NAME [10-3M]) on basal tube formation in hypoxic cells (a) and cells from 
patients with pre-eclampsia (b) after 8hr culture. (UN= untreated cells). NOS inhibition 
had no effect on basal tube formation in either cell type but VEGF receptor inhibition 
reduced basal tube formation in both hypoxic cells and cells from women with pre-
eclampsia. Data are shown as mean ± S.E.M (n=4). * p< 0.05  ** p< 0.01 where data is 
significantly different from cells cultured in the absence of the inhibitors. 
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5.4 Discussion 

 

5.4.1 Basal angiogenic responses in HUVECs from hea lthy pregnancies 

and patients with pre-eclampsia 

Endothelial cells are known to undergo morphological differentiation into tube-like 

structures in vitro under growth factor deprived conditions. This process occurs at a very 

slow rate (4-6 weeks) because the cells have to produce and lay down an extracellular 

matrix before they form capillary networks (Maciag et al., 1982). Spontaneous tube 

formation in the TLS assay was accelerated because the cells were grown on a matrigel 

matrix which contains all of the major constituents of the basement membrane required 

for organisation of cells into capillary-like networks including laminin, collagen I, 

entactin, and heparan sulfate proteoglycan. 

 

Basal endothelial tube formation in HUVECs fluctuated during 24hr culture with an 

increase observed up to 8hr and a decrease towards 24hr. These changes were probably 

due to capillary tube remodelling rather then cell proliferation or death because during in 

vitro angiogenesis the cells are in a non-proliferative quiescent state (Stromblad et al., 

1996) and viability studies have indicated that apoptosis does not occur during tube 

formation (Kubota et al., 1988). In addition, time-lapse imaging studies have shown that 

established tubes undergo continuous transformation with new branches appearing or 

contracting into the parent vessel within a period as short as 12 hr (Folkman et al., 

1980). 

 

HUVECs isolated from women with pre-eclampsia exhibited greater levels of basal tube 

formation after 5 and 8hr culture on matrigel compared to cells from healthy 

pregnancies. This increase in angiogenic response in placental endothelial cells from 

women with pre-eclampsia has never been reported in vitro, although morphometric 

studies demonstrating an increase in branching angiogenesis in placentas from women 

with pre-eclampsia support these findings (Egbor et al., 2006; Kingdom et al., 1997). In 

addition, increased expression of nestin, a marker of angiogenesis, has been reported in 
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chorionic villi endothelial cells of placentas from patients with pre-eclampsia compared 

to placentas from healthy pregnancies (Hwang et al., 2007).  

 

The results from this study also showed a trend towards a decrease in basal tube 

formation in HUVECs from women with pre-eclampsia after 24hr culture, although, this 

was not statistically significant. Retrospective power calculations indicated that a sample 

size of 9 would be needed to prove that there was a true decline in tube formation after 

24hr in cells from women with pre-eclampsia. It would be interesting to perform these 

additional experiments to discover if cells from patients with pre-eclampsia do exhibit 

altered tube regression or tube maturation because these are both important steps in the 

angiogenic process.  

 

A recent in vitro study investigated the effects of soluble factors released by placental 

explants from patients with pre-eclampsia on endothelial tube formation in cells from 

healthy pregnancies. Exposure of cells to conditioned medium from placental explants 

resulted in incomplete and narrow tubular network formation when cells were cultured 

on matrigel. This was attributed to elevated levels of sFlt-1 released from placentas in 

pre-eclampsia (Ahmad et al., 2004). sFlt-1 is a potent anti-angiogenic factor generated 

by alternative splicing of the VEGF receptor-1 gene which binds to VEGF preventing it 

from activating its receptor. Serum levels of sFlt-1 are elevated in pre-eclampsia and 

often rise before clinical symptoms of the disease appear (Woolcock et al., 2008). Thus, 

endothelial cells in vivo are continually exposed to high levels of this anti-angiogenic 

factor in pre-eclampsia. Therefore, increased tube formation by HUVECs from patients 

with pre-eclampsia in vitro may occur because the cells have developed an enhanced 

capacity for angiogenesis in vivo to compensate for the inhibitory effects of s-Flt-1 

produced in pre-eclampsia. Further studies could investigate this by repeating the studies 

in the presence of plasma from women with pre-eclmapsia or recombinant s-Flt-1 to see 

if the enhanced angiogenic capacity of these cells is reversed when the cells are cultured 

in pre-eclampsia-like conditions. 
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5.4.2 Angiogenic effect of kinins in HUVECs from he althy pregnancies 

Bradykinin, via activation of the B2 receptor and LDABK, via activation of the B1 

receptor, induced similar concentration-dependent increases in tube formation in 

HUVECs from healthy pregnancies indicating both kinins may be involved in mediating 

angiogenic responses in the placenta. The mechanism of kinin induced angiogenesis in 

HUVECs appears to involve activation of the VEGF receptor because the tyrosine 

kinase receptor inhibitor SU5416 abolished responses to bradykinin and LDABK. 

Indeed, others have reported that B2 receptor stimulation by bradykinin leads to 

transactivation of the VEGF receptor KDR/Flk-1 via tyrosine kinase phosphorylation 

(Miura et al., 2003; Thuringer et al., 2002). However, bradykinin has also been shown to 

induce the release of VEGF from cells via a protein kinase C and prostanoid-dependent 

mechanism (Knox et al., 2001). It is not possible to tell whether bradykinin and LDABK 

are stimulating the VEGF receptor in HUVECs by G-protein coupled receptor 

transactivation or via release of VEGF without further experimentation. Measurement of 

VEGF protein in the cell culture media or tyrosine kinase phosphorylation of the 

receptor may help to reveal the mechanism of kinin-induced tube formation. 

 

Nitric oxide plays an important role in angiogenesis by increasing vascular permeability, 

endothelial cell proliferation and migration (Cooke et al., 2002; Fukumura et al., 2001). 

The angiogenic effects of bradykinin, LDABK and VEGF have been shown to involve 

nitric oxide synthase activation in a variety of cell types (Miura et al., 2003; 

Papapetropoulos et al., 1997; Parenti et al., 2001; Silvestre et al., 2001). In this study, 

NOS inhibition had no effect on kinin-induced tube formation but significantly reduced 

responses to VEGF. This suggests that nitric oxide is involved in VEGF receptor- 

mediated angiogenesis when stimulated by VEGF but occurs via different mechanism(s) 

when the receptor is stimulated by kinin receptor activation. This may be a prostacyclin 

mediated effect since VEGF is known to induce the release of prostanoids in addition to 

nitric oxide from endothelial cells (Wheeler-Jones et al., 1997).  It is possible that kinin 

receptor-mediated stimulation of the VEGF receptor involves preferential activation of 

VEGF signalling pathways that induce the release of prostaglandins eg. PLC/PKC 
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pathway. In contrast, VEGF-induced stimulation of the VEGF receptor may 

preferentially trigger the activation of the Akt/PKB pathway and the release of nitric 

oxide (Figure 4.12). 

 

5.4.3 Reduction of kinin- and VEGF-mediated angioge nesis in HUVECs 

from patients with pre-eclampsia 

Bradykinin, LDABK and VEGF did not induce a significant increase in tube formation 

in cells from women with pre-eclampsia although a trend towards a concentration-

dependent increase with each agonist was observed. Given that the basal level of tube 

formation was higher in cells from women with pre-eclampsia it is possible that no 

significant effects were observed upon stimulation with kinins and VEGF because the 

cells had reached their limit of tube formation in this particular assay. To test if space is 

limiting tube formation, fewer cells or larger wells could be used. Alternatively, real 

time PCR could be used to examine whether alterations of kinin and VEGF receptor 

expression levels could account for the lack of response. Furthermore, studies 

investigating the precise pathways involved in kinin and VEGF induced tube formation 

may also be required to determine whether signalling mechanisms are altered in these 

cells.  
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Figure 4.12 Schematic diagram of the hypothetical mechansims that may be involved in 
kinin- and VEGF-dependent activation of the VEGF signalling cascades triggered during in 
vitro endothelial tube formation. Kinin receptor-mediated activation of the VEGF signaling 
pathway may involve stimulation of VEGF release and extracellular activation of the VEGF 
receptor or could involve intracellular phosphorylation of the VEGF receptor resulting in the 
preferential release of prostaglandins (red pathway). VEGF receptor activation by VEGF 
may result in the preferential activation of the PI3K pathway and release of NO (blue 
pathway).    BK/LDABK=Bradykinin/Lys-des-Arg9-bradykinin, VEGF=Vascular Endothelial 
Growth Factor, VEGFR-2=Vascular Endothelial Growth Factor Receptor 2, B2/B1=Kinin 
B2/B1 receptor, PKC=Protein Kinase C, PG=Prostaglandin, PLC=Phospholipase C, 
PI3K=Phosphatidylinositol 3-Kinase, Akt/PKB=Protein Kinase B, eNOS=endothelial nitric 
oxide synthase, NO=nitric oxide, MAPK/ERK=Mitogen Activated Protein 
Kinase/Extracellular Signal-Regulated Kinase.  
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5.4.4 Effect of hypoxia on basal angiogenic respons es in HUVECs from 

healthy pregnancies and from patients with pre-ecla mpsia 

Healthy cells cultured in hypoxic conditions exhibited the same increased basal level of 

tube formation that was observed in cells from women with pre-eclampsia. This suggests 

that hypoxia may be the trigger for increased branching angiogenesis in HUVECs from 

women with pre-eclampsia. Interestingly, incubation of cells from women with pre-

eclampsia in the hypoxia chamber did not cause further stimulation of tube formation 

indicating that these cells have already adapted to the hypoxic environment in vivo.  

 

Low oxygen levels are known to stimulate blood vessel development during 

organogenesis, cancer, heart attack and stroke (Acker et al., 2003; Banai et al., 1994; 

Greenberg, 1998; Sainson et al., 2006). This is regulated by the transcription factor 

hypoxia inducible factor-1 (HIF-1) which is heterodimer consisting of two subunits, 

HIF-1α and HIF-1β. HIF-1β is constitutively expressed whereas HIF-1α only 

accumulates in low oxygen conditions where it dimerizes with HIF-1β in the nucleus 

and initiates the transcription of angiogenic factors such as VEGF (Pugh et al., 2003). In 

this study, inhibition of the VEGF receptor in hypoxic cells and cells from women with 

pre-eclampsia resulted in a decrease of basal tube formation, indicating that the 

difference in angiogenic response in these cells may be due to hypoxic up-regulation of 

VEGF via HIF-1.  

 

Overexpression of HIF-1α has been reported in placentas from pre-eclamptic women 

(Caniggia et al., 2002) but the evidence regarding VEGF levels in pre-eclampsia is 

inconclusive. Some studies have reported higher levels whereas others have reported 

lower levels of VEGF and it is thought that the inconsistencies may be associated with 

differences in the severity of hypertension (Mayhew et al., 2004). Future experiments 

could include the measurement of VEGF in the culture medium during tube formation, 

however, others in the lab have been unsuccessful possibly because the concentrations 

were below the limit of detection. Another approach would be to extract the mRNA 
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from the tubes and analyse it for the expression of VEGF and HIF-1α to determine if the 

enhanced angiogenic capacity of cells from women with pre-eclampsia is due to hypoxic 

up-regulation of VEGF or by a different mechanism. 

 

5.4.5 Effect of hypoxia on kinin- and VEGF-induced angiogenesis in 

HUVECs from healthy pregnancies and from patients w ith pre-eclampsia  

In contrast to healthy cells cultured at 20% O2, cells from healthy pregnancies and 

HUVECs from women with pre-eclampsia incubated in hypoxic conditions were 

unresponsive to bradykinin, LDABK and VEGF. These results imply that hypoxia may 

alter receptor expression or the level of secondary mediators involved in signal 

transduction of kinins and VEGF, however, as mentioned previously the absence of an 

increase in tube formation above the elevated basal level may reflect a limitation of the 

assay. Since the results show that increases in VEGF may be responsible for elevated 

basal tube formation in these cells, it seems unusual that they are unresponsive to VEGF 

stimulation. Therefore, it is more likely that these differences were observed because the 

cells had reached their maximum capacity for tube formation in this experiment. 

 
5.4.6 Study Limitations 

Although the TLS assay is a good model for the investigation of the mechanisms 

involved in the formation of tubular structures, it only represents part of the angiogenic 

process. There are several other important steps in the sprouting, branching and growth 

of new blood vessels which may be affected by kinins such as endothelial cell 

proliferation, degradation and invasion of the extracellular matrix. In addition, these 

studies were conducted using HUVECs which are macrovascular cells, it is possible that 

the microvascular cells of the placenta found in the blood vessels from the microvilli 

may behave differently. Furthermore, cells were grown in standard culture conditions 

(20% O2) which may be considered hyperoxic in relation to the in vivo situation. This 

could be said for most cell culture studies, however, it may be interesting to repeat some 

of these experiments at a lower oxygen concentration to mimic a more normoxic 

environment.  
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5.4.7 Summary  

In conclusion, these studies demonstrate that the endogenous B2 receptor and B1 receptor 

agonists bradykinin and LDABK respectively, can induce endothelial tube formation in 

HUVECs via a VEGF receptor-dependent, nitric oxide-independent mechanism. Basal 

tube formation in hypoxic cells and cells from women with pre-eclampsia is greater than 

in cells from healthy pregnancies and the increase in angiogenic response appears to be 

mediated by VEGF. However, it is not fully understood if this is due to hypoxia 

mediated up-regulation of VEGF in both cell types. Kinin and VEGF-induced tube 

formation is absent in hypoxic and pre-eclamptic cells but the cause for this difference in 

response is unknown. These results suggest that kinins may have the potential to play a 

role in placental development but further studies are required to investigate whether the 

lack of response to kinins in cells from women with is due to limitations of the assay or 

cellular changes related to hypoxia and pre-eclampsia.  
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The hypothesis tested in this PhD investigation was that alterations in B2 and/or B1 

receptor activity, localisation and expression in the myometrium and placenta contribute 

to the reduced endothelium-dependent relaxation and abnormalities of placental growth 

and fibrinolysis linked to pre-eclampsia. At the onset of this research it was postulated 

that in addition to alterations in B2 receptor signalling, B1 receptor-mediated responses 

may be different in vessels from women with pre-eclampsia because of the increase in 

inflammatory mediators associated with the disease. In order to address this hypothesis 

the functional responses to specific B2 and B1 receptor agonists were tested on isolated 

myometrial resistance arteries. The results from this study are supportive of previous 

studies which demonstrate an attenuated response to bradykinin in maternal resistance 

arteries from women with pre-eclampsia (Knock et al., 1996). In addition, this present 

study demonstrates that that B2 receptor localisation and expression are unaltered in the 

myometrium of women with pre-eclampsia. Together these data suggest that attenuated 

responses to bradykinin are likely to be due to abnormalities in receptor function 

(perhaps binding or affinity) or downstream signalling pathways rather than alterations 

in receptor levels.   

 

One of the most intriguing discoveries of this work was the response elicted by the B1 

receptor agonist, LDABK. LDABK induced relaxation in approximately 50% of arteries 

from healthy pregnancies and had no effect in vessels from patients with pre-eclampsia. 

This result was unexpected because it is thought that LDABK has minimal effects in 

vessels from healthy individuals and it was predicted that B1 receptor mediated 

responses might have been enhanced rather than attenuated in pre-eclampsia. What was 

even more surprising was that LDABK relaxation was not inhibited by B1 receptor 

antagonism leading to the speculation that LDABK may be able to activate a novel 

endothelial receptor.  

 

Recent studies have revealed that bradykinin may be the endogenous ligand for the 

orphan G-protein coupled receptor 100 and that this receptor may actually be another 

kinin receptor subtype (Boels et al., 2003). However, this study has not been accepted 
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by some experts who argue that the concentrations of bradykinin required to bind to and 

activate this receptor would not be found in vivo (Leeb-Lundberg, 2004).  However, it 

does raise the possibility that the responses elicited by LDABK in these in vitro studies 

could be mediated by a similar receptor.  

 

As previously discussed in Chapter 3 the B1 receptor antagonist used in this study may 

be susceptible to degradation by tissue peptidases and this could be the reason why it did 

not block the effects of LDABK in the myometrium. At the start of these studies, Lys-

Leu8-des-Arg9-BK was the most widely used commercially available selective B1 

receptor antagonist. The synthetic antagonists that were available such as des-Arg10-

HOE140 effectively block B1 receptor activity but have significant affinity at the B2 

receptor (Leeb-Lundberg et al., 2005). A new non-peptidic B1 receptor antagonist 

SSR240612 recently developed by Sanofi-Synthelabo has demonstrated resistance to 

peptidases. This could be used in future experiments to elucidate whether LDABK does 

have non B1/B2 receptor effects.   

 

The effect of LDABK in vessels from non-pregnant women should also be investigated 

because this may give further insight into the importance of this kinin in regulating 

vascular tone in pregnancy. If this response is specific to vessels from pregnant women 

then LDABK may contribute to the enhanced vasodilation observed in the maternal 

circulation during pregnancy. Whatever factor is responsible for a lack of response to 

LDABK in some of the healthy patients may be the same factor causing reduction in 

sensitivity to bradykinin and LDABK in pre-eclampsia. It would be interesting to find 

out if kinin responses may be predictive of later cardiovascular pathology in healthy 

non-responders and those women with pre-eclampsia.  

 

The next series of studies were designed to test the hypothesis that derangements in 

kinin-mediated responses in the placental vasculature contribute to placental malfunction 

in pre-eclampsia. Vascular dysfunction is a common feature of placenta from women 

with pre-eclampsia which exhibit many abnormalities including impaired trophoblast 
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invasion (Lyall, 2005), excessive fibrin deposition, infarcts (Salafia et al., 1995) and 

abnormal vessel growth (Mayhew et al., 2004). Therefore, the effect of kinins on 

placental t-PA release and angiogenesis were examined in order to discover if B2 and/or 

B1 receptor signalling plays an important role in maintaining placental vascular 

homeostasis. Current literature suggests that kinins have minimal effects on vascular 

tone in the placenta (Ong et al., 2002). However, this research has demonstrated that 

both receptors are expressed by the endothelial cells of the villous arteries and veins 

indicating that kinins may regulate other aspects of vascular function in this organ.  

 

Bradykinin has been shown to mediate t-PA release in the peripheral circulation in vivo 

(Brown et al., 1999) but its fibrinolytic effects have never been tested in the placenta. Ex 

vivo placental perfusion was used to investigate bradykinin-mediated t-PA release in 

isolated placental cotyledons. However, a number of technical difficulties were 

experienced with using this method. In addition, it took significant amount of time to set 

up the technique and a great number of experiments to gain the few results obtained on 

bradykinin-mediated placental t-PA release. These findings were largely inconclusive; 

therefore, the methods and results have not been presented as a main chapter but are 

presented in Appendix 2.  

 

Previous studies have shown that t-PA is expressed in placental vessels (Corthorn et al., 

2006) and t-PA antigen can be measured in umbilical plasma samples (Roes et al., 2002) 

so it was rational to hypothesise that bradykinin may induce the fibrinolytic factor in the 

placental circulation. However, infusion of bradykinin into the isolated placental 

cotelydon did not induce t-PA release from the placental vasculature in this study 

(Appendix 2). One possible explanation for this could be that bradykinin was broken 

down by peptidases during its passage through the placental lobe so it was unable to 

activate its receptors to stimulate t-PA release. Perhaps a better method for assessing t-

PA release from the placental endothelium would be to isolate endothelial cells from the 

placenta and examine the effects of bradykinin in culture. 
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The angiogenic effects of kinins were tested on umbilical vein endothelial cells using the 

endothelial tube formation assay. This study revealed that bradykinin and LDABK 

induced angiogenic responses that were mediated by activation of the B2 and B1 

receptors, respectively. In addition, these results demonstrated that kinin-induced tube 

formation in placental endothelial cells occurs via a VEGF receptor-dependent 

mechanism. Also, the magnitude of tube formation induced by kinins in this assay was 

similar to the response elicited by the vital placental growth factor VEGF suggesting that 

kinins may play a role in regulating placental angiogenesis. VEGF is thought to regulate 

branching angiogenesis during the early phases of placental growth because receptor 

expression is higher in the first and second trimester of pregnancy (Castellucci et al., 

2000). It would be intriguing to discover if kinin receptor expression follows a similar 

pattern during development. Future studies should also explore the effects of kinins in 

first and second trimester placental endothelial cells because the HUVECs used in this 

study were isolated from placentas collected at the end of gestation which may have a 

different angiogenic capacity compared to cells from placentas at an earlier gestation. 

 

The role of kinins in mediating angiogenesis in pre-eclampsia is not clear from this 

study. The results are difficult to interpret because the lack of angiogenic response to 

bradykinin and LDABK may have been due to limitations of the assay since basal tube 

formation was significantly higher cells from women with pre-eclmapsia compared to 

cells from healthy pregnancies. It was postulated that the increase in spontaneous 

angiogenesis in HUVECs from patients with pre-eclampsia may be due to hypoxic up-

regulation of VEGF. The results support this theory because healthy cells cultured in 

hypoxic conditions exhibited similar elevations in basal tube formation which could be 

reduced by VEGF receptor antagonism. Further experiments are required to determine 

the importance of this finding in relation to placental function in pre-eclampsia. 

Specifically, the question that needs to be addressed is whether the increased angiogenic 

response of cells from women with pre-eclampsia is a result of their removal from their 

anti-angiogenic in vivo environment or is due to intrinsic differences in the biology of 

these cells. Future studies should investigate whether application of soluble anti-
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angiogenic factors which are elevated in pre-eclampsia can reduce basal tube formation. 

In addition it would be worthwhile determining if and when the expression of 

angiogenic factors such as VEGF and kinins are altered in the endothelial cells from 

patients with pre-eclampsia in order to gain a better understanding of the significance of 

their increased angiogenic potential in the placenta. It is possible that kinins may play an 

important role in mediating angiogenesis in pre-eclampsia by providing an alternative 

pathway of activating the VEGF receptor signalling cascade if VEGF activity is reduced 

by sFlt-1 in conditions such as pre-eclampsia. 

 

A recent publication by Krankel and colleagues (Krankel et al., 2008) demonstrates the 

involvement of bradykinin in the recruitment of proangiogenic progenitor cells (EPCs) 

to sites of ischemia. EPCs are a cell population that circulate in the blood which have the 

potential to differentiate into mature endothelial cells and contribute to the formation of 

new blood vessels.  It was discovered that EPCs from B2 receptor deficient mice have a 

reduced ability to stimulate neovascularisation (Krankel et al., 2008). In addition, 

clinical studies showed that B2 receptor signalling is impaired in EPCs from patients 

with cardiovascular disease. Reduced numbers of circulating EPCs have been reported 

in patients with pre-eclampsia and their proliferative and vasculogenic capacities have 

also been shown to be impaired (Robb et al., 2007; Xia et al., 2007). It would be 

interesting to investigate the role of the B2 receptor in EPC recruitment and 

neovascularisation in the placenta because alterations in B2 receptor signalling in pre-

eclampsia may affect EPC function and vascular growth. 

 

Throughout this study the focus has been on the involvement of the kinin receptors in 

mediating vascular responses in pregnancy. However, if we are to fully understand the 

role of kinins in regulating uteroplacental function then further work should be 

conducted to investigate the kinin forming and degradation systems in this circulation. 

The activity of kinin degradation enzymes could greatly affect kinin responses and may 

explain some of the differences in myometrial relaxation observed between patients in 

this study. Plasma and tissue concentrations of bradykinin and LDABK cannot be 
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directly measured because of their short half life so analysis of the precursors and 

enzymes involved in the production of kinins may give some indication of their levels. A 

few studies suggest that high and low molecular weight kininogen in addition to plasma 

kallikrein are increased in pregnancy (Sugi et al., 2000). However, data regarding the 

generation of kinins in pre-eclampsia are limited, lower high molecular weight 

kininogen levels have been reported in patients with pre-eclampsia indicating that kinin 

production may be impaired (Vaziri et al., 1986) but a more detailed analysis of the 

pathways involved in bradykinin and LDABK synthesis may help to elucidate the role of 

these peptides in the pathogenesis of pre-eclampsia. 

 

The findings from this PhD research have proved that both B2 and B1 receptor agonists 

exert vasodilatory and angiogenic effects in the uteroplacental circulation in pregnancy. 

It also appears that impairments in both bradykinin and LDABK receptor function are 

associated with a reduction in endothelium-dependent relaxation in pre-eclampsia. The 

identification of a novel response to LDABK in myometrial vessels and the 

demonstration of a possible role of kinins in placental development has opened up new 

avenues for kinin research in pregnancy.  
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Appendix 1- B 2 and B 1 receptor agonist and antagonist responses in the  

                     human umbilical vein  
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Characterisation of the responses to the B2 and B1 receptor agonists and antagonists in the 
umbilical vein. Bradykinin mediated responses were not affected by the B1 receptor 
antagonist, Lys-leu8-des-Arg9-BK (a, 10-6M), but were significantly inhibited by the B2 receptor 
antagonist, HOE 140 (b, 10-6M). Conversely, LDABK-mediated responses were inhibited by 
the B1 receptor antagonist, Lys-leu8-des-Arg9-BK (c, 10-6M), but were not affected by the B2 
receptor antagonist, HOE 140 (d,10-6M). Responses are shown as mean ± S.E.M, n=4, *** 
p<0.0001, ns= not significant Two-way ANOVA. 
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Appendix 2- Fibrinolytic effects of bradykinin in t he isolated perfused                      

                     placenta  

 

Introduction  

Endogenous fibrinolysis protects the circulation from intravascular fibrin formation and 

thrombosis. Tissue plasminogen activator (t-PA) is a fibrinolytic factor released in 

response to clot formation by the endothelial cells of the vasculature (Oliver et al., 

2005). Bradykinin is a potent stimulator of t-PA in vitro (Emeis, 1983; Markwardt et al., 

1976) and in vivo (Brown et al., 1999) but its fibrinolytic effects have never been tested 

in the placenta. In fact, little is known about placental t-PA release and the regulation of 

fibrinolysis in this circulation. It is clear from studies in pre-eclampsia that there are 

disturbances of the coagulation system in the placenta because of excessive fibrin 

deposition and infarcts (Salafia et al., 1995). Therefore, the effects of bradykinin on 

placental t-PA release were examined in order to discover if there were impairments of 

t-PA secretion in pre-eclampsia.  

 

Methods 

 

Placental Perfusion 

The study of placental function in the human is difficult because of the inaccessibility of 

the organ in vivo. The placenta also shows the greatest variation in structure and function 

between the mammalian species, therefore, animal models are of little use. Dual in vitro 

perfusion of the maternal and fetal circulation in an isolated placental lobe is a technique 

that has been applied by researchers to examine placental transport, metabolism and 

vasomotor regulation. Although the placenta is a very complex organ and removal of the 

mother and fetus from the system will undoubtedly modify results, the method of 

placental perfusion is considered to closely resemble its performance in vivo and still 

retains many of its vital functions that are of interest to the investigator.  
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The experimental procedure and equipment used for perfusion has been modified and 

adjusted by many researchers to answer specific research questions. The following 

method described below was adapted from a technique used by Brownbill and 

colleagues at the Academic Unit of Child Health, University of Manchester (Brownbill 

et al., 2003). 

 

Preparation of perfusate solution 

2 litres of perfusate (modified Earle’s bicarbonate buffer) were prepared in the following 

stepwise manner in order to prevent Ca2PO4 precipitation occurring. All chemicals used 

for the buffer were from Sigma Aldrich unless otherwise stated. First 70g of dextran 

(average molecular weight 64-76 KDa) was dissolved in 1 litre of distilled water by 

stirring vigorously on a magnetic stirrer which creates a vortex to pull the dextran into 

solution. Next, 0.53g CaCl2.2H20 and 2g MgS04.7H20 were dissolved in 200ml distilled 

water and added to the dextran solution. Following this, 2g Glucose, 13.6g NaCl, 0.8g 

KCl, 0.282g NaH2PO4.2H20, 4.4g NaHCO3 and 2ml Heparin (5000u/ml; Dunlops, UK) 

were dissolved in 400ml distilled water before adding to the dextran solution. 2ml of 

402µM L-Arginine were added to the perfusate and the total volume was topped up to 

1.8 litre with distilled water. A 1% BSA stock solution (2g in 200ml) was prepared and 

both solutions were stored at 4 ºC for a maximum of 72 hr before use. 

 

Preparation of Perfusion equipment 

A diagram of the placental perfusion apparatus is shown in Figure 2.9. The solution of 

1% BSA was added to the perfusate and incubated in a water bath at 37ºC for 

approximately 1hr before the experiment started. The humidified chamber was also 

switched on to allow equilibration. The maternal and fetal circulations were flushed with 

perfusate ensuring no air bubbles were in the tubing and the pumps were calibrated to 

15ml/min for the maternal circulation and 6ml/min for the fetal circulation. Pressure 

tranducers were positioned at the height of where the cannulae entered the placenta and 

were calibrated using a sphygmomanometer before each experiment. These were 

attached to a PowerLab (AD Instruments, UK) and data were recorded using Chart 5.0 
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software (AD Instruments, UK). The mean hydrostatic pressure generated from maternal 

and fetal cannulae resistances alone were recorded and deducted from experimental 

calculated values. Oxygenators (OX-R, Living Systems Instrumentation, USA) were 

attached to the gas supplies ready for switching on when the perfusion started. The 

maternal circulation was gassed with 95% O2, 5%CO2 and the fetal circulation was 

gassed with 95% N2, 5%CO2.  

 

Cannulation and perfusion of the placenta 

Placentas from patients undergoing caesarean section were used rather than placentas 

from vaginal births because less damage to the decidual surface occurs during caesarean 

delivery. Cannulation and perfusion was performed in the theatre immediately after 

delivery of the placenta to prevent blood clotting. First, the decidual (maternal) surface 

of the placenta was inspected for least damaged areas using swabs to clean away the 

blood. Next, an artery and vein on the chorionic plate which corresponded to the most 

intact maternal lobule were cannulated and secured by tieing with sutures. The artery 

was slowly and gently flushed with a 20ml syringe full of perfusate until the blood 

flowing from the venous cannula began to clear. After this, the placental lobule to be 

perfused was clamped inside a perspex ring (designed and made by the University of 

Edinburgh) and the redundant parts of the placental tissue were removed by cutting 

around the ring. The isolated lobule was transported to the laboratory and fetal perfusion 

was commenced. After 5 min perfusion, the rate of fetal venous outflow was measured 

and if this was above 80% of fetal arterial inflow (6ml/min) the preparation was used for 

an experiment. Any preparations with poor venous return or obvious leakages were 

abandoned at this stage. Approximately 15 min after commencing fetal arterial perfusion 

the corresponding area on the maternal surface became visible as a paler region. The five 

maternal arterial cannulae were pushed 0.5-1.0 cm into the flesh of the maternal surface 

of the placenta and the maternal pump was started. The maternal effluent dripped out of 

the area around the lobule and was collected in a beaker below. The fluid was removed 

from the beaker inside the humidified chamber by a pump so that the door of the 

chamber did not have to be opened once the experiment had started.  
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Figure 2.9  Diagram of the placental perfusion apparatus 
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Effect of bradykinin on vascular tone and fibrinoly sis 

The effect of bradykinin on placental vascular tone (10-11-10-7M) was tested by infusing 

each concentration for 10 min without washing between doses. The effect of bradykinin 

on t-PA release in the placenta was carried out by infusing bradykinin (10-7M) for 10 

min. Samples of fetal and maternal venous exudate were collected into Stabilyte blood 

collection tubes (Biopool, UK) every minute during bradykinin infusion and every 5 min 

for 20 min after infusion was stopped. Samples were placed on ice until the experiment 

had finished and then were spun at 2500 rpm at 4ºC to remove the red blood cells. The 

supernatant was stored at -80 ºC in 1ml aliquots until it was freeze dried overnight. 

Freeze dried supernatant was reconstituted in 250µl water in order to concentrate any t-

PA present in the sample. An enzyme linked immunosorbent assay (ELISA) 

(Technoclone, Austria) was used to measure the levels of t-PA antigen and activity in 

the perfusate. This assay was performed according to the manufacturers instructions. 

Samples of concentrated perfusate (A) and perfusate spiked with 2.5 (B), 5 (C) and 

10ng/ml (D) t-PA were analysed to ensure that the increased viscosity and/or contents of 

the perfusate in the samples was not interfering with the ELISA. 

 

A viable placental perfusion preparation must have at least 80% fetal venous return in 

order to use for this type of experiment. Typically an experienced perfusionist will have 

a success rate of around 30%. For this study 30 experiments were performed in order to 

obtain the results for the 6 placental perfusion studies. There are a number of reasons 

why 80% venous return is often not achieved; there is damage to the placental cotelydon 

during delivery resulting in rupture of the blood vessels and leakage of perfusate, the 

time between delivery of the placenta and commencement of perfusion is long enough to 

allow clotting to occur or significant damage was caused during cannulation and 

suturing of the fetal arterial and venous cannulae. Due to the difficulties associated with 

this technique it was decided that the effects of bradykinin in healthy placentas would be 

tested first because it has been shown to have fibrinolytic effects in other vascular beds. 

If this was successful then the effects of LDABK and bradykinin would be tested in pre-

eclamptic placentas. 
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Results 

Bradykinin had no effect on placental vascular tone at any concentration infused (Figure 

1a; p>0.05, ANOVA, n=3). There was a slight increase in perfusion pressure at the 

highest dose infused (10-7M) however this was not significantly different from the 

baseline perfusion pressure (p=0.128, n=3). The levels of t-PA antigen (Figure 1b) and 

activity (Figure 1c) were almost undetectable in all of the samples tested. Bradykinin did 

not increase t-PA antigen or activity above baseline values during or after infusion. The 

levels of t-PA antigen and activity in the test samples (Figure 1b&c; A-D) were very 

close to the concentrations that were used to spike the perfusate.  
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Figure 1 . Effects of increasing doses of bradykinin on fetal perfusion pressure (a, 
n=3) and t-PA release (b&c, n=3). There were no detectable levels t-PA antigen (b, 
n=3) or activity (c, n=3) measured in the maternal and fetal perfusate after a 10 min 
infusion with10-7M bradykinin. Test samples were analysed to ensure that the 
perfusate solution did not interfere with the assay A=0 ng/ml, B=2.5ng/ml, 
C=5ng/ml, D=10ng/ml. 
 



 

 166 

Discussion  

 

Effect of bradykinin on placental vascular tone 

Bradykinin did not significantly alter perfusion pressure at any dose tested. This is in 

contrast to other investigators who found that bradykinin infusion at these concentrations 

caused vasoconstriction of fetal vasculature (Amarnani et al., 1999). The baseline 

pressures recorded during this study were similar to those reported in other perfusion 

studies so this could not account for these differences. However, one of the studies that 

reported a vasoconstrictor effect of bradykinin used bolus injections of the drug rather 

than using a continuous infusion (Wilkes et al., 1988). It is possible that a large 

concentrated dose, delivered with more speed than a continuous infusion may cause a 

greater effect.  It is also possible that a level of active tone is required before any 

responses to bradykinin are observed because another study that reported increases in 

perfusion pressure after bradykinin infusion had pre-constricted the vessels with the 

thromboxane mimetic U46619 (Amarnani et al.1999).  

 

Effect of bradykinin on placental t-PA release 

Infusion of bradykinin into the placental circulation did not result in the release of t-PA 

in this study. The concentration of t-PA found in human plasma is normally around 3-

10ng/ml (Oliver et al. 2005). Bradykinin (10-9M/min) infusion into the forearm 

circulation for 10 min has been shown to increase t-PA antigen levels from 3.6 ± 0.6 

ng/ml at baseline to 13.2 ± 4.4 ng/ml and activity from 1.5 ± 0.2 IU/ml at baseline to 8.5 

± 2.0 IU/ml (Labinjoh et al., 2000). Levels of t-PA in umbilical cord plasma are lower 

than that observed in the maternal circulation (0.95 vs. 5.1 ng/ml) (Roes et al., 2002). 

However the highest concentrations measured in this assay was 0.02 ng/ml indicating 

that bradykinin had no effect on placental t-PA release. The t-PA levels measured in the 

test samples prove that there was no adverse effect of the perfusion medium on the 

ELISA assay. It is also unlikely that a 10 min infusion period was too short because 

bradykinin induced t-PA release occurs during this time frame in the peripheral 
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circulation in vivo (Brown et al. 1999, Labinjoh et al. 2001) and t-PA release has been 

shown to occur within 5 min in isolated perfused rat hindlegs (Emeis, 1983).  

 

There could be a number of explanations why bradykinin did not induce t-PA release in 

the isolated perfused placenta. Firstly, bradykinin may not stimulate t-PA release from 

placental endothelial cells. It may be worth testing another stimulator of t-PA release 

such as substance P. It is also possible that bradykinin may have been broken down by 

endogenous peptidases such as ACE during its passage through the placenta, therefore 

reducing its potency. This could be investigated by pre-infusion of an ACE inhibitor to 

see if the effects of bradykinin are increased by reducing its metabolism. In addition, 

HUVECs have been shown to constitutively release t-PA (van den Eijnden- Schrauwen 

et al. 1995). This occurs via a different mechanism to acute agonist stimulated release 

which may be more prominent in the fetal circulation. These problems would need to be 

addressed before testing the fibrinolytic capacity of the pre-eclamptic placenta. It was 

due to these findings and the difficulty of this technique that no further experiments 

were performed.  
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Appendix 3 - E max and pD 2 values for bradykinin concentration-response curve s constructed in the presence               

                      and absence of kinin receptor  antagonists  

 

 
                                                                  - Cycloheximide                                           + Cycloheximide 
                                                      
                                                           Emax                             pD2                                             Emax                             pD2 
                                            
                                              -Anta g       +Antag      -Antag     +Antag      -Antag      +Antag      -Antag      +Antag  
 
    Lys-Leu 8-des-Arg 9-BK    94.7 ± 3.6    93.9 ± 3.0     8.1 ± 0.3     8.0 ± 0.2    98.7 ± 4.3    96.6 ± 2.6      8.3 ± 0.4     8.3 ± 0.6 
 
    HOE 140                               93.9 ± 3.9  70.9 ± 13.9    8.5 ± 0.5    6.9 ± 0.5*   100.0 ± 2.2 66.2 ± 13.7*   8.2 ± 0.4   5.9 ± 0.3**  

 
 

Emax and pD2 values for bradykinin concentration-response curves constructed in the presence and absence of the B1 receptor 

antagonist (Lys-Leu8-des-Arg9-BK) and B2 receptor antagonist (HOE140) in cycloheximide treated and untreated vessels. Data 

are mean ± S.E.M, n=6 per group. * p<0.05, ** p<0.01 where the value is significantly different to the value in the absence of the 

antagonist (t-test). 
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Appendix 4 - E max and pD 2 values for bradykinin and LDABK response  

                       curves constructed in the pr esence and absence of L-NAME  

 

 
                                                      - L-NAME                  + L-NAME                                     
                                                      
                                                 Emax             pD2                  Emax           pD2 
                                            
             Bradykinin              100.4 ± 2.4    8.1 ± 0.1   46.0 ± 19.1* 6.9 ± 0.4** * 
  
               LDABK                  61.2 ± 9.1        n/a           8.6 ± 7.9*        n/a 

 

Emax and pD2 values for bradykinin and LDABK response curves constructed in the 
presence and absence of L-NAME. Data are mean ± S.E.M, n=6 per group. * p<0.05, 
*** p<0.0001 where the value is significantly different to the value in the absence of L-
NAME (t-test). 
 

 

Appendix 5 - E max and pD 2 values for U46619 and SNP concentration-      

                      response curves constructed i n LDABK responders and  

                       LDABK non-responders in the presence and absence of  

                      cycloheximide.  

 

 
                      - Cycloheximide  +Cycloheximi de         LDABK                 LDABK                                                
                                                                                     Responder       N on-responder                                         
                                                      
                         Emax         pD2             Emax        pD2             Emax        pD2         Emax        pD2 
                                            
    U46619     131 ± 9.7  8.2 ± 0.2  137 ± 5.2  7.9 ± 0.1 134 ± 5. 1  8.0 ± 0.2 140 ± 9.9   7.8 ± 0.1 
 
      SNP       92.8 ± 3.2 7.6 ± 0.2 95.7 ± 1.7 6.9 ± 0.2*98.1 ± 1.9 7.3 ± 0.3  92.8 ± 2.4 6.6 ± 0.4                            

                                                                                                                                

Emax and pD2 values for U46619 and SNP concentration-response curves constructed in 
the presence and absence of cycloheximide, in LDABK responders and LDABK non-
responders. Data are mean ± S.E.M. * p<0.05, where the value is significantly different 
in cycloheximide treated vs. untreated vessels or LDABK responders vs. LDABK non-
responders (t-test). 
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Appendix 6 - E max and pD 2 values for bradykinin, U46619 and SNP      

                       concentration-response curve s constructed in vessels  

                       from healthy pregnancy and p re-eclampsia  

 

 
                                              Healthy Pregnancy       Pre-eclampsia                                    
                                                      
                                                 Emax             pD2                  Emax           pD2 
                                            
             Bradykinin               95.3 ± 5.1    8.3 ± 0.1     99.2 ± 0.8    7.8 ± 0. 1* 
  
               U46619                137.2 ± 5.2   7.9 ± 0.1     140 ± 10.1   8.0 ± 0.2 

 

          

Emax and pD2 values for bradykinin, U46619 and SNP concentration-response curves 
constructed in vessels from healthy pregnancy and pre-eclampsia. Data are mean ± 
S.E.M. * p<0.05, where value is significantly different from healthy pregnancy  (t-test). 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 

  SNP    95.7 ± 1.7   6.9 ± 0.2      97.3 ± 1.2   7.0 ± 0.2   
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