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Abstract 

Pregnancy involves a physiological series of actions which necessitate a 
coordinated transformation involving numerous organ systems. The human placenta 
supports and protects the growing fetus by facilitating an adequate oxygen and 
selective nutrient transfer to the fetus whilst functioning as a selective barrier. This 
notably vascularised fetal organ lacks neuronal innervation, therefore the regulation of 
the blood flow is adjusted via released vasoactive mediators within the local 
microcirculation. The role of adenosine 5’-triphosphate (ATP) and associated 
nucleotides in the control of systemic vascular tone has attracted much attention over 
the past few decades. However, few studies have assessed the role of purines at the 
level of the fetoplacental circulation. Here, extracellular nucleotides and their 
corresponding receptors may act as paracrine and autocrine signals in regulating the 
microvascular contractility of the low resistance placental blood vessels, potentially 
involving the P2X7-NLRP3-IL-1β pathway. The hypothesis of this investigation was 
that purinergic receptor agonists as well as danger associated molecular patterns 
(DAMPs) such as D-glucose and pathogen associated molecular patterns (PAMPs) 
for instance lipopolysaccharide (LPS) regulate the blood flow at the level of the 
chorionic plate and stem villous vasculature of the human placenta via their interaction 
with the endothelial and smooth muscle cells. This process is mainly achieved by 
involving the P2X7 receptor in the autoregulation of the blood flow and vessel tone 
which is altered by DAMPs, PAMPs and inflammation.  

Human placental collected after written informed consent, from healthy 
pregnancies (N) and those complicated by preeclampsia (PE) and gestational 
diabetes mellitus (GDM) were used. All healthy and GDM were from elective 
Caesarean section at term (≥37 weeks). PE placenta samples fell within 33 and 39 
weeks of gestation. The P2X7 receptor, Nod-like receptor protein-3 (NLRP3) 
inflammasome and procaspase-1 protein expression levels in stem villous artery 
lysates (N=8, PE=8 patients) were assessed using western blotting. No statistically 
significant differences in the relative P2X7 receptor levels were found between the two 
study groups using a Mann Whitney test (P=0.3823). The relative NLRP3 
inflammasome levels did not significantly differ between the two study groups in the 
case of both 74kDa isoform (unpaired T-test) and 92kDa isoform (Mann Whitney test). 
The relative procaspase-1 levels between healthy and PE groups did not significantly 
differ (P=0.8785); Mann Whitney test. Chorionic plate artery (CPA), stem villous artery 
(SVA) and trophoblast tissue originating from N=10 healthy patients were incubated 
with RPMI media (control) with added antibiotics (4h), 10mM ATP (4h), 10μg/mL LPS 
(3.5h) + 10mM ATP (0.5h) and 10μg/mL LPS (3.5h) + 300μM 3’-O-(4-Benzoyl)benzoyl 
ATP (BzATP) (0.5h) and the released levels of IL-1β, IL-6 and IL-18 were measured 
using enzyme-linked immunosorbent assay. LPS+ATP condition induced the highest 
secretion of IL-1β in all tissue types studied. There were no statistically significant 
differences in IL-18 levels between control vs. ATP, control vs LPS+ATP and control 
vs LPS+BzATP in CPA, SVA and trophoblast tissue. The P2X7 receptor protein 
expression (N=3) in trophoblast tissue lysates incubated with 0, 5.5, 10, 20 and 30mM 
D-glucose for 4 and 48 hours was also assessed using western blotting. No statistically 
significant differences in P2X7 receptor levels were found between the 0h control and 
the D-glucose different concentrations at both timepoints using Dunnett’s T3 multiple 
comparison tests. IL-1β release also showed no statistically significant differences 
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between the D-glucose groups (Dunn’s multiple comparison tests). However, the 
measured LDH levels in the same media were notably decreased in 20mM and 30mM 
D-glucose subgroups at 48 hours and showed multiple statistically significant 
differences between 5.5mM vs. 20mM (*P=0.0101), 5.5mM vs. 30mM (*P=0.0254) 
and between 0mM vs. 20mM (*P=0.0395) D-glucose treated trophoblast tissue using 
the same statistical test. 

The functional responses of resistance sized CPA’s (≤520μm) were 
investigated using wire myography. The vasoactive effects of ATP (10-5M to 10-2M) in 
the presence and absence of the P2X7 receptor antagonist A740003 (10-6M) were 
investigated using resistance chorionic plate arteries (n=5) originating from N=5 
placental samples. ATP gave rise to spontaneous concentration-dependent 
vasoconstriction responses in the absence of A740003. Addition of A740003 with 
subsequent ATP stimulation elicited a notably downward shifted concentration 
response curve implying a marked loss of ATP efficacy. The exogenous application of 
BzATP on isolated CPA’s originating from healthy patients elicited a weak 
vasoconstriction response characterised by a particularly low efficacy of less than 25% 
of the U46619 standard. The absence of robust and reproducible responses to BzATP 
of isolated human placental chorionic plate arteries are due to the lack of involvement 
of the P2X7 receptor in the contractility of these blood vessels.  

This study also provides evidence of a completely established in vitro model of 
a human chorionic vessel via the formation of a human umbilical vein endothelial cells 
(HUVEC) monolayer on transwell membrane inserts for the duration of 48 hours post-
seeding followed by the coculture of HUVEC with chorionic plate artery smooth muscle 
cells (CPA-SMC) for a further 26 hours prior to the start of the permeability assay. The 
permeability data highlighted that CPA-SMC’s do not significantly alter the tightness 
of the bilayer compared to monoculture of HUVEC cells during all timepoints of the 
tracer leakage assay. 

The P2X7 receptor and CD31 immunolocalization in placental villous tissue 
originating from N=12 healthy and N=6 diet managed GDM patients was investigated 
using immunohistochemistry. There was a significant downregulation of the P2X7 
receptor surface expression in GDM vascular profiles (double labelled with CD31) 
compared to normal (**P=0.0063); Mann-Whitney test. The correlation between P2X7 
downregulation and the endothelial monolayer permeability remains to be elucidated.  

In conclusion, these studies suggest that extracellular ATP may act on various 
P2X receptors giving rise to a local constriction of superficial placental blood vessels 
denoting that circulating nucleotides are particularly involved in the regulation of the 
feto-placental blood flow. These results suggest that the CPA-SMC’s were unable to 
induce a notable alteration in the vascular permeability levels of established HUVEC 
monolayers which may denote that during the coculture of both primary cell types, a 
limited EC-SMC cross talk regarding vascular permeability took place. Further in vitro 
studies are necessary to fully understand the complicated interplay between isolated 
primary cells in co-culture conditions and to elucidate the potential involvement of 
multiple purinergic signalling pathways in the regulation of the human placental barrier 
function including the role of the P2X7 receptor in controlling the vascular permeability 
at the level of the chorionic plate arteries.  
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Abbreviations 
• 8-SPT 8-(p-sulfophenyl)theophylline 
• A1 adenosine receptor 
• A2 adenosine receptor 
• A2A adenosine receptor 
• A2B adenosine receptor 
• ACTH adrenocorticotropic hormone 
• ADP adenosine 5'-diphosphate 
• ADPβF adenosine 5'-O-(2-fluoro)-diphosphate 
• ADPβS adenosine 5'-O-(2-thio)-diphosphate 
• AEP active effective pressure 
• AIM2 absent in melanoma 2 
• AMP adenosine monophosphate 
• AMPK adenosine monophosphate stimulated protein kinase 
• APNEA N-[2-(4-aminophenil)ethyl]adenosine 
• ATP adenosine 5'-triphosphate 
• ATPyS adenosine 5'-O-(3-thyotriphosphate) 
• AP alkaline phosphatase 
• BMI body mass index 
• BREC bovine retinal endothelial cells 
• BzATP 3'-O-(4-benzoyl)benzoyl adenosine 5'-triphosphate 
• Ca2+ calcium ion 
• cAMP cyclic adenosine monophosphate 
• CD-73 Ecto-5’-nucleotidase 
• CGS21680 carbon modified N-ethylcarboxamidoadenosine analogue 
• CHO Chinese hamster ovary 
• CNS central nervous system 
• CO cardiac output 
• CPA coronary plate artery 
• CPA's coronary plate arteries 
• CRF corticotropin releasing factor 
• CSAIDs Cytokine suppressive anti-inflammatory drugs 
• CSC 8-(3-chlorostyryl)caffeine 
• CXCR4 receptor for cytokines involved in chemotaxis 
• CYP1 Cytochrome P450 family 1  
• CYP1A1 Cytochrome P450 family 1 subfamily A member 1 
• CYP1B1 Cytochrome P450 family 1 subfamily B member 1 
• DAMP's Danger-associated molecular patterns 
• DMSO Dimethyl sulfoxide 
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• DPMA N6-(2(3,5-dimethoxyphenyl)-2-(2-methylphenyl)ethyl)-adenosine 
• DPSPX 1,3-dipropyl-8-sulfophenylxanthine 
• eATP extracellular adenosine 5'-triphosphate 
• DRG dorsal root ganglion 
• EC50 50% maximal effective concentration 
• EC80 80% maximal effective concentration 
• EC90 90% maximal effective concentration 
• EC's endothelial cells 
• EDHF endothelium derived hyperpolarising factor 
• EGF epidermal growth factor 
• EMT epithelial mesenchymal transition 
• E-

NTPDases ectonucleotidase 5'-triphosphate diphosphohydrolases 
• EV's extracellular vesicles 
• EVT extravillous trophoblast 
• EVTs extravillous trophoblasts 
• FGF fibroblast growth factor 
• GnRH gonadotropin releasing hormone 
• GRK2 G protein coupled receptor kinase 2 
• hCG human chorionic gonadotropin 
• HSP heat shock protein 
• hGH human growth hormone 
• hGH-V human growth hormone V 
• HLA human leukocyte antigen 
• HLA-C human leukocyte antigen-C 
• HLA-E human leukocyte antigen-E 
• HLA-G human leukocyte antigen-G 
• HDGF hepatoma derived growth factor 
• HMC-1 human mast cell line  
• HPA hypothalamic pituitary adrenal 
• hPL human placental lactogen 
• HPV hypoxic pulmonary vasoconstriction 
• HUVEC human umbilical vein endothelial cell 

• I-ABOPX 
3-(3-iodo-4-aminobenzyl)-8-(4-oxyacetate)phenyl-1-
propylxanthine 

• IB-MECA 
6-carboxymethyl-5,9-dihydro-9-methyl-2-phenyl-[1,2,4]-
triazolo[5,1-a][2,7]naphthydrine 

• IGF-1 insulin like growth factor 1 
• IGF-2 insulin like growth factor 2 
• IL17 interleukin-17 
• IL1α interleukin-1α 
• IL1β interleukin-1β 
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• IL-6 interleukin-6 
• IL-1β interleukin-1β 
• IP3 inositol 1,4,5-triphosphate 
• IUGR intrauterine growth restriction 
• K+ potassium ion 
• KAR's killer activatory receptors 
• KIR's killer inhibitory receptors 
• KPSS high potassium physiological solution 
• lgG immunoglobulin G 
• LH luteinizing hormone 
• MCP-1 monocyte chemoattractant protein-1 
• MHC major histocompatibility complex 
• MI medically indicated 
• mRNA messenger ribonucleic acid 
• MSU monosodium urate 
• NA noradrenaline 
• NADPH nicotinamide adenine dinucleotide phosphate 
• NECA N-ethylcarboxamidoadenosine 
• NG-108-15 neuroblastoma x glioma hybrid cell line 
• NKG2 natural killer cell group 2 
• NO nitric oxide 
• NOS nitric oxide synthase 
• PAMP's pathogen-associated molecular patterns 
• PE Preeclampsia 
• PKC protein kinase C 
• PLA2 phospholipase A2 
• PLC phospholipase C 
• PRR pattern recognition receptor 
• pO2 partial pressure of oxygen 
• pCO2 partial pressure of carbon dioxide 
• PPADS pyridoxalphosphate-6-azophenyl-2',4'-disulfonic acid 
• PSS physiological salt solution 
• PTB preterm birth 
• RBL-2H3 rat basophilic leukemia mast cell line 
• ROS reactive oxygen species 
• SMC's smooth muscle cells 
• STBM's syncytiotrophoblast microparticles 
• STZ Streptozotocin 
• tcf-DNA total cell-free deoxyribonucleic acid 
• TLR Toll-like receptor 
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• TM transmembrane  
• UDP uridine 5'-diphosphate 
• uNK uterine natural killer 
• Up4A uridine adenosine tetraphosphate 
• UTP uridine 5'-triphosphate 
• WHO World Health Organisation 
• VEGF vascular endothelial growth factor 
• VSM vascular smooth muscle 

• ZM241385 
4-(2-[7-amino-2-(2-furyl)[1,2,4]-triazolo [2,3-⍺] [1,3,5] triazin-5-yl-
amino]ethyl)phenol 
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1.1 The human placenta  

Pregnancy is a physiological process which involves a synchronised 

physiological adjustment of various maternal organ systems [1]. Mammalian 

pregnancy relies on the placenta which is a transient organ originating from the fetus. 

The term ‘’placenta’’ derives from the Greek word ‘’plakoenta’’ which means a flat 

object [2]. In humans, the entire development of the placenta and fetus starts after 

attachment and interstitial implantation of the blastocyst into the endometrial mucosa 

[3]. This process can be subdivided into two main stages: firstly, proximal apposition 

and secondly adherence of the trophoblast cells forming the blastocyst to the epithelial 

cells present on the surface of the endometrial parenchyma. This attachment phase 

gives rise to multiple structural adjustments at the level of both endometrial epithelium 

and the surrounding stromal tissue, which in turn elicits the formation of the maternal 

constituent of the placenta [4]. In terms of its function, the organ acts as a selective 

barrier and gatekeeper between the mother and the fetus, as well as the only site of 

gas and nutrient exchange between the two.  

The macroscopic characteristics of the delivered human placenta highlight in the 

majority of cases a circular to elliptical, discoid flat organ. The typical diameter of the 

placenta is 22 cm with a regular thickness in the epicentre of the organ of 2.5 cm and 

a common weight of approximately 470g [5]. The umbilical cord insertion point and the 

placental aspect are considered as important structural characteristics. In most cases, 

the umbilical cord attaches to the fetal side of the placenta in a central point, but there 

are exceptions such as eccentric, marginal, velamentous or vasa previa. The umbilical 

vein transfers oxygenated blood towards the fetus while the two umbilical arteries carry 

deoxygenated blood towards the maternal circulation. The placental shape can also 

display multiple abnormal variations such as placenta duplex, placenta zonaria, 
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placenta bilobata, placenta succenturiata or placenta membranacea. The fetal surface 

which reveals the amniotic cavity possesses a shiny aspect due to the undamaged 

amniotic epithelial lining and exposes the chorionic plate along with the chorionic 

vessels [5]. The chorionic arteries and veins divide in a star-like arrangement from the 

point of the umbilical cord insertion towards the placental margin. At the point of 

chorionic arterial and venous crossing, the branches of arteries generally overlap the 

veins at a location closer to the amnion. In the proximity of chorionic vessels with an 

increased internal diameter, the chorionic plate displays an opaque presentation due 

to a significant accumulation of collagen fibers. The surface area of the chorionic plate 

situated in between the chorionic vessels generally possesses a translucent 

appearance, highlighted by a distinct lilac colour as the intervillous maternal blood 

shines through. The chorionic plate gives rise to approximately 60 to 70 villous stems, 

with each one further subdividing into a single villous tree [5]. The maternal surface of 

the placenta is particularly opaque and exposes the basal plate which consists of a 

blend of decidual and trophoblastic cells which are directly exposed to the maternal 

blood. A partial arrangement of placental septa projecting towards the intervillous 

territory separate the basal plate into 10 to 40 relatively raised areas termed maternal 

cotyledons [5]. [Figure 1 shows the anatomy of human term placenta on both fetal (A) 

and maternal (B) sides, as well as the umbilical cord (C). Figure 2 shows a scheme 

replicating the anatomical structure of the human term placenta in cross section by 

highlighting the key architecture of the fetal and maternal surfaces of the organ. Figure 

3 denotes the branching of the placental villous tree, from the point of umbilical 

insertion into the chorionic plate to the end of the terminal villi. Figures 4 and 5 indicate 

the angioarchitecture of the mature intermediate villous and terminal villi.]  
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Figure 1. This figure highlights the anatomy of a newly delivered mature human term 
placenta A. Shows the fetal surface of the placenta with the slightly eccentric insertion 
of the umbilical cord and the branching of the chorionic plate arteries (opaque 
presentation) and chorionic plate veins (dark lilac aspect) B. Highlights the maternal 
surface of the placenta partitioned into 12 maternal cotyledons of variable size 
(emphasized in pale yellow) which are separated by a discontinued network of 
indentations C. Indicates the appearance of the umbilical cord by pointing out its two 
umbilical arteries, one umbilical vein and the Wharton’s jelly. The original images in 
this figure were acquired by Paul Fodor.  
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Figure 2. This scheme shows the anatomy of the: A. pregnant mother with the 
developing fetus before parturition B. fully grown fetus and the placenta with the 
umbilical cord C. human term placenta in cross-section highlighting the chorionic plate, 
basal plate and the intervillous space. The chorionic villi accommodating the fetal 
blood vessels emerge from the chorionic plate and project towards the intervillous 
space. This region contains the maternal blood entering the placenta via the spiral 
arteries and collected back into the maternal circulation through the endometrial veins. 
This figure has been hand drawn by Paul Fodor using Autodesk SketchBook software 
version 8.7.0.  
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Figure 3. This scheme shows the morphology of the placental villous structures of the 
human term placenta in cross section. The emerging branches of the mature villous 
tree float free into the maternal blood lacunae in discrete maternal lakes. These 
ramifications consist of a stem villous which branches to form a mature intermediate 
villous and ultimately giving rise to the terminal villi. The syncytiotrophoblast layer 
covers the surface of the villous tree which separates the fetal and the maternal blood. 
This figure has been hand drawn by Paul Fodor using Autodesk SketchBook software 
version 8.7.0.   
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Figure 4. This scheme highlights the vascularisation of a mature intermediate villous 
possessing numerous side branches described as terminal villi. The most peripheral 
bifurcations of the stem villi branch or extend to form the mature intermediate villi. 
These villi give rise to one or two small arterioles usually consisting of only endothelial 
cells with the occasional surrounding of smooth muscle cells. The peripheral ends of 
the arterioles continue to form the capillaries via a marked decrease in their internal 
diameter and the absence of smooth muscle cells. Furthermore, the mature 
intermediate villi branch to form one or two venules positioned more superficially in 
the villous stroma compared to the arterioles which are situated particularly central. 
The postcapillary venule does not possess any smooth muscle cells and their structure 
is almost entirely surrounded by pericytes. This figure has been hand drawn by Paul 
Fodor using Autodesk SketchBook software version 8.7.0. 
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Figure 5. This scheme shows the distribution of the fetal vessels in an accumulation 
of terminal villi originating from a completely developed mature intermediate villous. 
The remarkably intricate coil organisation of the terminal fetal capillaries possesses 
the property of being serially connected to adjacent capillary loops. The fetal blood 
exiting a terminal arteriole and arriving at the terminal capillaries ordinarily flows 
through the capillary coils of 3-5 terminal villi ahead of gaining access to the 
postcapillary venule. Distinct dilatations termed sinusoids significantly decrease the 
blood flow impedance. Blue colour signifies arteries or arterioles; dark lilac colour 
denotes fetal villous capillaries and sinusoids; red colour suggests fetal veins and 
venules. This figure has been hand drawn by Paul Fodor using Autodesk SketchBook 
software version 8.7.0. 
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1.1.1  Placental development  

During the course of every gestation period, the placenta and the correlated 

extraembryonic covering layers originate from the zygote, therefore possess the 

equivalent genetic profile of the developing fetus. The fertilised ovum evolves into the 

blastocyst during the first five days postconception. The blastocyst consists of three 

main structures: the embryonic inner cell mass, a cavity containing fluid and the 

trophectoderm, which is part of the surface of the blastocyst and later during the 

pregnancy becomes the placenta [2,6]. The trophectoderm evolves to form the 

trophoblast which constitutes the outermost coating of the placenta, as well as giving 

rise to a discrete invasive population of extravillous trophoblast cells. The 

extraembryonic mesoderm generates the villous foundation of the developing 

placenta, consisting of the extensive vascular ramifications, fibroblasts and 

macrophage cells [7]. The trophectoderm bilayer is composed of two main types of 

trophoblasts: the cytotrophoblast stem cells and their evolved and fused form 

establishing the syncytial layer called the syncytiotrophoblast. This covering is a fully 

differentiated tissue and its proliferation is accomplished via the merging and 

unification of the fundamental mononuclear predecessor cytotrophoblast cells residing 

on the basement membrane. The indicated coupling process is particularly intricate 

and has not been fully elucidated yet, although it may potentially require the withdrawal 

of the cytotrophoblast cells from the cell cycle, the development of multiple gap 

junctions with the adjacent syncytiotrophoblast tissue, as well as the release of 

phosphatidylserine into the extracellular space [8,9].  

At the beginning of pregnancy, the blastocyst becomes anchored to the 

maternal decidua and at about 10 to 12 days after conception, the structure becomes 

surrounded by a layer of syncytiotrophoblasts [10]. For the duration of pregnancy, the 
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syncytiotrophoblast layer is always covered with blood originating from the mother. 

Twelve days after implantation, the cytotrophoblasts divide and invade into the lacunar 

zone [11]. Usually, about two days after the penetration, these cells may divide laterally 

to cover the perilacunar space to give rise to the well-known cytotrophoblastic shell [2]. 

These changes in the early development of the implanted embryo arise in hypoxic 

circumstances with a partial pressure of oxygen of less than 15mmHg, which in turn 

stimulates cell division [12]. The oxygen tension must be tightly regulated in order to 

give rise to a normal placenta and pregnancy. On the other side, the cytotrophoblasts 

escaping the shell evolve to form the extravillous trophoblasts (EVTs). These cells are 

highly predominant for the course of the first trimester of the gestation period and 

originate from the apex of the anchoring villi connecting the chorionic villi to the 

endometrium [7]. Their aim is to bind the maternal decidua to the placenta and to 

remodel the lumens of the spiral arteries  using a mechanism characteristic of the 

epithelial-mesenchymal transition (EMT) [7,13–15]. This transformation requires a 

gradual decrease of smooth muscle cell population located at the level of the spiral 

arteries potentially via a programmed cell death mechanism or differentiation and their 

substitution with a passive, vaguely defined fibrinoid coating [16,17]. In this case, the 

cellular signalling pathways involved have not been fully elucidated yet, although a 

few groups have suggested a potential early stage endocrine priming succeeded by a 

follow-up stage entirely reliant on the participation of the extravillous trophoblast cells 

[18,19]. Inadequate remodelling of the spiral arteries has been strongly associated with 

preeclampsia, as the developing insufficient perfusion leads to oxidative stress and in 

turn the secretion of angiogenic mediators and pro-inflammatory cytokines from the 

syncytiotrophoblast layer, ultimately activating the endothelium of the pregnant mother 

[20].  
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The interstitial extravillous trophoblasts invade both the decidua, as well as the 

inner maternal myometrium with the aim to remodel approximately 100-150 spiral 

arteries [21]. Usually between 10-12 weeks of pregnancy, the EVT plugs start to deplete 

which gives rise to a well oxygenated utero-placental vasculature. This process 

continues until about week 20 to 22 during pregnancy in the myometrial part of the 

maternal vessels, giving rise to an increased-flow, low-resistance circulation which 

guides the maternal blood to the intervillous space [22–24]. At about week 24 during the 

gestation period, a change between conductance stem villi to gas and nutrient 

exchange terminal villi is taking place. This change is marked by the development of 

villi covered with a thin layer of syncytiotrophoblast called vasculo-syncytial membrane 

[25]. As a result, this transformation facilitates the transport of oxygen and carbon 

dioxide between the mother and the fetus. During the third trimester, the synthesis of 

terminal villi happens exponentially. The placental growth is also dominated by a rise 

in non-branching blood vessel formation of the mature intermediate villi [26].  

1.1.2  Cardiovascular adaptations to human pregnancy  

Many significant adjustments occur in the maternal cardiovascular system 

during pregnancy, particularly at about week 12-16 of the gestation period. Some of 

these changes cause an increase in size of the uterus, resulting in the diaphragm 

being pushed towards the cranial direction and a displacement of the heart upwards 

and laterally. According to Abbas and colleagues (2005), pregnancy is characterised 

by a high volume and a low-resistance state, which is dominated by an increase of 

22% in cardiac output (CO) before 8 weeks of gestation [27]. The CO gradually 

increases for the duration of pregnancy, reaching a plateau phase (30-40% elevation) 

by the end of the second trimester. This rise is dominated mainly by an increase in the 

stroke output (30%) and to some extent by the elevation of the heart rate by 10-15 
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beats every minute [28]. For the duration of pregnancy, the myocardial contractility is 

elevated, which is strongly related to the elongated myocardial muscle fibres. Towards 

the end of the pregnancy, the cardiac output starts to decline when the mother lies in 

a supine position. This is due to the compression of inferior vena cava by the expanded 

uterus, which interferes with the venous return to the heart [29].  

During the gestation period, a marked vasorelaxation effect takes place, 

especially in the systemic blood vessels as well as the maternal kidneys [30]. These 

changes start from approximately 5 weeks of pregnancy and support the formation of 

the uteroplacental vasculature [31]. Towards the end of the first trimester of pregnancy, 

the vasorelaxation of the kidneys gives rise to a 50% elevation in the renal plasma 

flow, as well as the glomerular filtration rate, resulting in a reduction of serum urea, 

creatinine and uric acid levels [32].  

1.1.3  The development of the human placental vasculature   

Angiogenesis and vasculogenesis are decisive when it comes to physiological 

development of the human placenta. The mechanism involved in vasculogenesis is 

accomplished by the de novo synthesis of blood vessels, which originates from 

mesenchymal stem cells.  Following differentiation of these stem cells, they give rise 

to hemangiogenic stem cells, which can further differentiate into hemangioblastic stem 

cells and finally resulting in the generation of angioblastic cells. According to Arroyo 

and Winn (2008), these cells finally evolve to give rise to endothelial cells [33]. On the 

other side, angiogenesis is a process by which additional vessels are generated from 

the existing ones [34].  

One of the most important characteristics of the fetal and maternal vascular 

systems is they do not connect. In humans, although the evolution of the vasculature 

is tightly coordinated, the process happens independently [33,35]. The growth of the 
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placental vasculature starts during the early stages of the gestation and is maintained 

for the duration of pregnancy. This growth is characterised by a significant elevation 

in the rate of blood flow to different parts of the placenta, in both the umbilical and 

uterine vasculature. The purpose of this rise is to accomplish the constant growth of 

metabolic requirement of the developing fetus [36].  

Branching angiogenesis usually starts at day 21 post implantation and is 

marked by a gradual increase of the villous vasculature. This period is also dominated 

by an expansion of the fetal capillaries [36]. After 6 weeks of fetal development, basal 

lamina starts to grow in the placental capillaries, giving rise to a web-like anastomosis 

of the capillaries inside the functional tissue of tinier villi. However, in the bigger villi, 

most of the capillaries are positioned at a superficial level, just under the trophoblast 

coating the villous surface [37].  

The 15th week of gestation marks a significant change of the principal enlarged 

villi in terms of the tunica adventitia which fuses, giving rise to a fibrosed functional 

mesh right in the middle of the villous [36]. The non-branching angiogenesis occurs 

approximately from week 26 of fetal development and is marked by a vascular 

angiogenesis change dominated by the generation of the specialised villi responsible 

for the gas transfer.  

1.1.4  Regulation of blood vascular permeability in the 

human placenta  

The barrier created by the human placenta represents a complicated and 

constantly changing environment which supports the transfer of various solutes, 

hormone production as well as creating a wall for the purposes of guarding the fetus 

and the mother for the duration of the gestation period [38]. Furthermore, the placental 
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barrier comprises of a delicate coating with multiple nuclei termed syncytiotrophoblast 

accompanied by fetal capillary endothelial cells and also a fluctuating number of 

cytotrophoblasts, proteins of extracellular matrix and various immune cells [39,40]. The 

integrated syncytiotrophoblast barrier is in direct contact with the maternal blood and 

the fetal capillaries in particular the endothelial cells comprising them delimitate the 

blood vessels inside the chorionic villi that hold the blood originating from the fetus 

and sit embedded in the mesoderm [39,40]. Similar to other healthy barriers around the 

human body, the placental barrier has an important clinical usefulness to the extent of 

regulating the transfer of crucial nutrients and also to allow or prevent the passage of 

various drugs or compounds from the circulation of the mother into the fetus.  

Some of the cellular processes participating in the trans-syncytiotrophoblastic 

exchange comprise of: passive diffusion that is regulated by Fick’s law and could 

happen to nearly any substances with a molecular weight not exceeding 500 Da and 

facilitated diffusion happening in cases of passive movement through the 

syncytiotrophoblast layer according to a concentration gradient with the help of 

molecular carriers such as FATPs in the case of fatty acids or GLUTs promoting the 

transport of glucose. Other methods of movement include active transport which 

happens in an opposite direction to the concentration gradient needing energy which 

may be provided via hydrolysis of adenosine 5’-triphosphate for instance Ca2+, protons 

[41,42] or using co-transporters for instance sodium coupled neutral amino acid 

transporter (SNAT) family for moving amino acids across the trophoblast barrier [43]. 

Further cellular mechanisms include pinocytosis and phagocytosis in its multiple kinds 

[44] granting the ability to the syncytiotrophoblast to engulf and transport 

macromolecules via different processes. An excellent representative case is the 

transport of low density lipoprotein through receptor-moderated endocytosis [45]. 
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Furthermore, transcytosis which is a separate cellular system of receptor-moderated 

endocytosis enables the movement of high molecular weight molecules for instance 

maternal IgG [46] from the apical to the basal membrane of the syncytiotrophoblast 

finally releasing the immunoglobulin into the fetal circulation.  

1.1.5  Resistance arteries in the human placenta  

The regulation of vascular tone present in the fetoplacental interphase has not 

been fully understood yet. As the placenta lacks innervation [47], the fetoplacental 

vascular tone is thought to be regulated by either paracrine or autocrine vasoactive 

substances or by alterations in the villous resistance circulation of the intrinsic smooth 

muscle tone [48,49]. Therefore, the physiological pattern of blood flow through the 

fetoplacental circulation could be deeply disturbed in the case of various pathological 

conditions. Moreover, very little is known about which locally synthetized substances 

are crucial for regulating the vascular tone of the placental vasculature [50,51].  

It is very important to distinguish the resistance arteries of the placenta with the 

passive conduit-type arteries. Although for wire myography purposes of studying the 

functional aspect of resistance arteries from the placenta, different journal articles 

have set an independent cut off value for the diameter of the isolated vessels, there 

are two main considerations to be analysed [52].  

The umbilical arteries branch to give rise to chorionic plate arteries (CPA’s) on 

the fetal side of the placenta. Nugent and colleagues (2013) have described these 

arteries as possessing attributes of a resistance circulation, with an internal diameter 

of less than 300 µm [51]. They are thought to be involved in the modulation of vascular 

tone particularly in the fetoplacental circulation. A similar internal diameter 

characterising a resistance vein from the chorionic plate has been stated in another 

study by Cabrera and colleagues in 2016 highlighting the optimal diameter for 
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isometric force measurements was 310 µM [47]. Many other studies have addressed 

the resistance circulation from the coronary plate of the placenta as isolating arteries 

with an internal diameter of less than 500 µM [50,53,54]. In another study, the chorionic 

plate arteries were defined as having an internal diameter of less than 400 µM [55]. 

Therefore, although the range of the internal diameter varies, for the purposes of 

isometric tension assessments, most of the CPA’s have been classed as less than 

approximately 500µM in diameter. 

Another way of defining these resistance arteries which only few studies have 

considered was the location of CPA’s on the fetal part of the placenta. To expand on 

this, Ali and colleagues (2014) have stated that in the isolation of the coronary plate 

arteries, the fourth order branch of the main umbilical artery was used in the study [53]. 

This further classification of a resistance artery was very important for the inclusion-

exclusion criteria of studying the isometric force measurements of CPA’s.   

1.1.6  Structure of blood vessel walls  

The wall of blood vessels is composed of three different layers which surround 

the main cavity containing the blood called the vessel lumen. The first innermost layer 

is called tunica intima. The most important feature of this layer is that it contains the 

endothelium. This is a simple squamous epithelium in direct contact with blood. Its flat 

cells come in direct contact with each other forming a smooth surface resulting in a 

reduced friction as blood passes through the lumen of the vessel [56].  

The middle layer is called tunica media and is composed of mainly smooth 

muscle cells (SMCs) arranged in a circular way and elastin. In order to regulate the 

body’s needs, either vasoconstriction (decrease in the lumen diameter due to the 

contraction of smooth muscle cells) or vasodilation (increase in the lumen diameter as 

a result of relaxation of SMCs) can be elicited [57].  



Chapter 1 – Introduction 
 

 34 

Lastly, the outermost layer of the blood vessel is called tunica adventitia. This 

layer consists of lightly woven collagen fibers with the purpose of supporting and 

strengthening the vessel. The tunica adventitia is in direct contact with nerve fibers 

[58].  

1.1.7  Mechanisms of blood flow regulation in the placenta  

The maintenance of vascular tone at the interphase between the mother and 

the fetus is not known [49]. A decisive regulator of vascular tone giving rise to 

vasodilation or in other words tissue reperfusion of most organs is tissue hypoxia. 

However, an exception to this is the lung, where similarly to the fetoplacental 

vasculature, the vascular resistance is reduced.  As a result, the link between oxygen 

delivery to tissue and blood flow resistance is achieved in the lung by hypoxic 

pulmonary vasoconstriction (HPV) [54].  

A crucial physiological mediator which induces vasorelaxation in the human 

fetoplacental blood vessels is nitric oxide [59]. Furthermore, nitric oxide signalling is 

fundamental for the control of a suitable blood perfusion to the developing fetus for the 

course of the gestation period. Karuse et al, (2013) have shown that decreased nitric 

oxide production is closely linked to fetal growth restriction [60]. Beside nitric oxide, 

other important vasorelaxant mediators acting at the level of the umbilical vessels, the 

chorionic plate and villous vasculature are PGI2 and adrenomedullin, with endothelin-

1 mainly vasodilating the umbilical blood vessels and atrial natriuretic peptide 

possessing a vasorelaxant property at the level of the villous tree [61–64].  

HPV acts by activating the vascular smooth muscle (VSM) in conjunction with 

the endothelium in the absence of any neuronal signalling. Also, HPV response can 

be initiated in isolated smooth muscle cells originating from the pulmonary arteries via 

the activation of Ca2+ activated and voltage-dependent K+ channels [65]. As a point of 
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view of endothelium activation involved in this process, hypoxia is detected in 

pulmonary arteries via the action of endothelin-1 and nitric oxide (NO) [66,67].  

A matching mechanism of action in response to hypoxia has been proposed in 

the fetoplacental interphase in humans giving rise to vasoconstriction. To expand on 

this, it has been postulated that the general understanding of the management of 

vascular tone in the fetal side of the placenta (chorionic plate) has been generated 

particularly from isolated and perfused cotyledons originating from this organ [54]. It 

has been reported that using perfusion myography studies, by decreasing the pO2, a 

slight vasoconstriction was initiated in vessels isolated from the chorionic plate as 

compared to a reduction of pCO2 or pH. An increased vasoconstriction response has 

been noted in ring-mounted chorionic plate vessels with a wider diameter (more than 

1mm) which may suggest that the constriction response could be dependent on the 

size of the blood vessel when it comes to reducing the pO2 [54,68,69]. In other words, the 

hypoxic stress applied to the perfused cotyledons could be crucial, as fetal-acidosis 

and hypoxia do not elicit vasoconstriction when compared to hypoxia of the pregnant 

mother [54].  

The work undertaken by Hampl and colleagues in 2002 highlights that the 

fetoplacental vasoconstriction elicited by hypoxia could be also initiated by a change 

in the voltage dependent K+ channels [69].  

1.1.8  Pregnancy related disorders  

1.1.8.1 Gestational diabetes mellitus 

Gestational diabetes mellitus (GDM) is nowadays the most frequent pregnancy 

disorder and the preponderance of undetected elevated blood glucose and also overt 

diabetes especially in adolescent females is rising [70]. Some of the principal GDM risk 

causes include obese or overweight mother, family history of type 2 diabetes, previous 
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history of gestational diabetes, increased maternal age during the gestation period 

and maternal ethnicity [71]. In terms of diagnosis of the disorder, an oral glucose 

tolerance test (OGTT) is usually undertaken, although a non-fasting glucose challenge 

test is performed in a few areas of the world to pre-evaluate patients prior to performing 

a complete OGTT [72]. The principal treatments for gestational diabetes mellitus are 

elevated physical exercise and dietary adjustment with insulin being used in cases 

where physiological glucose levels are not obtained [73]. In a few regions around the 

world, oral hypoglycaemic compounds are also prescribed namely metformin and 

glibenclamide [74]. The management of GDM enhances pregnancy outcomes via 

decreasing supplementary fetal development and adipose tissue as well as gestation-

connected high blood pressure diseases [75]. Furthermore, gestational diabetes 

mellitus elevates the predisposition to lasting complications for instance defective 

glucose turnover, cardiovascular disease and obesity taking place in both mother and 

child [76,77].  

1.1.8.2 Preeclampsia (PE)  

Preeclampsia has been considered one of the most important health problems 

related to human pregnancy [78]. The condition is described by maternal hypertension, 

endothelial cell dysfunction, decreased utero-placental blood flow, elevated platelet 

aggregation accompanied by proteinuria and sometimes edema [79]. Moreover, the 

disorder has been characterised by a failure in chronological spiral artery remodelling 

in the early stages of pregnancy [80,81]. It has been also pointed out that the 

replacement of smooth muscle and vascular endothelial cells by fetal trophoblasts is 

prevented, which in turn causes a non-adequate gas and nutrient exchange between 

the mother and the fetus [82]. Some of the risk factors associated with PE include the 

following: a history of the condition, advanced maternal age, first pregnancy, obesity 
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or even hypertension. Preeclampsia is diagnosed by an elevated resting blood 

pressure with increased proteins in the urine. The systolic pressure is ≥140 mmHg 

and the diastolic pressure should be ≥90mmHg. Proteinuria is accepted as ≥0.3g of 

protein in a 24 hours urine sample or 3+ protein when using a urine dipstick [83]. Lastly, 

the only treatment of preeclampsia is fetus delivery. Also, it is important to treat the 

hypertension aspect of the disease with different β-blockers or calcium channel 

blockers [83].  

 Figure 6 highlights the possible role of adenosine 5’-triphosphate to the 

pathogenesis of preeclampsia by showing the anatomical structure of the placenta in 

cross-section and by emphasizing the potential stimulation of the purinergic P2X7 

receptor present on the endothelial and immune cells by the nucleotide, which may 

ultimately result in endothelial cell dysfunction [84–86]. Figure 7 shows the anatomy of 

the placental villous tree in cross section, as well as the release of danger associated 

molecular patterns for instance syncytiotrophoblast microparticles (STBM’s), 

extracellular vesicles (EV’s) and total cell-free deoxyribonucleic acid (tcf-DNA) into the 

extracellular space in the case of preeclamptic patients, potentially resulting in 

endothelial and immune cell activation [87–89].  
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Figure 6. This scheme shows the potential mechanism of ATP involvement in the 
pathogenesis of preeclampsia A. Pregnant mother with the growing fetus B. Fully 
developed fetus and the placenta with the umbilical cord C. Human term placenta 
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highlighting the key angioarchitecture of the chorionic plate and the mature villous tree 
D. Extracellular adenosine 5’-triphosphate is capable of stimulating the endothelial 
cells present in the fetal or maternal blood vessels, as well as activating circulating 
neutrophils, T-lymphocytes and monocytes. Elevated circulating levels of eATP could 
arise due to the action of other danger associated molecular patterns being released 
into the maternal blood vessels for instance syncytiotrophoblast microparticles 
(STBM’s), extracellular vehicles (EV's) and monosodium urate (MSU) crystals, which 
could further circulate into the systemic vasculature promoting the release of pro-
inflammatory mediators for the duration of pregnancy. The stimulation of the P2X7 
receptors expressed on the endothelial cells gives rise to the release of interleukin-6 
(IL-6), monocyte chemoattractant protein-1 (MCP-1), vascular cell adhesion molecule-
1, IL-8 and intracellular adhesion molecule-1. Extracellular ATP also activates 
granulocytes and monocytes resulting in the excretion of reactive oxygen species 
(ROS), IL-6, macrophage inflammatory protein 2-α and IL-1β. This nucleotide also 
stimulates the P2X7 receptor present on T-lymphocytes resulting in the differentiation 
of Th17 cells and the release of interferon-γ in the extracellular space. E. Severe 
endothelial cell dysfunction in the glomerulus accompanied by significant changes in 
terms of podocyte associated protein levels in the kidney gives rise to glomerular 
endotheliosis, proteinuria, edema and renal insufficiency which are strongly 
associated with the pathogenesis of preeclampsia. Therefore, in preeclamptic 
patients, extracellular ATP stimulation of endothelial and circulating immune cells 
could further encourage the establishment of a pro-inflammatory state during the 
gestation period. This figure has been hand drawn by Paul Fodor using Autodesk 
SketchBook software version 8.7.0. The scheme in panel D has been taken from 
Spaans et al (2014) [85].  
 

 
Figure 7. This scheme shows the anatomical cross-sectional structure of the 
intermediate and terminal villi in the context of pre-eclampsia. Due to persistent 
elevated blood pressure in the circulation of the mother, syncytiotrophoblast 
microparticles (STBM), extracellular vesicles (EV) and total cell-free deoxyribonucleic 
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acid (tcf-DNA) become released into the maternal circulation from the 
syncytiotrophoblast layer covering the terminal villi. These extracellular debris travels 
through the circulation of the mother causing the release of ATP from stimulated 
endothelial cells as well as monocytes particularly at the level of the feto-maternal 
interface. In the case of preeclamptic patients, STBM particles are able to stimulate 
platelets, which further causes the release vast quantities of adenosine 5’-triphosphate 
that activates the P2X7 receptor expressed on multiple types of immune cells, 
ultimately giving rise to uncontrolled assembly of the pyrin domain-containing protein 
3 (NLRP3) inflammasome and the release of pro-inflammatory cytokines. This figure 
has been hand drawn by Paul Fodor using Autodesk SketchBook software version 
8.7.0 and is adapted from Sargent et al (2006) [89]. 
 
1.1.8.3 Intrauterine growth restriction (IUGR)  

IUGR is characterised by the inability of the fetus to accomplish its complete 

growth capability. The condition influences about 9% of all pregnancies. Intrauterine 

growth restriction is the second principal cause of fetal mortality after pre-term birth [90]. 

Furthermore, excluding the perinatal complications, the newborns are thought to be at 

a high risk of acquiring both developmental or chronic neurological diseases for 

example systemic hypertension, stroke, coronary heart disease or even non-insulin 

dependent diabetes mellitus.  

The mechanisms by which IUGR arises in the pregnant women are poorly 

understood, although some of the potential risk factors involved in the generation of 

the disorder have been elucidated for example: malnutrition, tobacco, alcohol, 

maternal diseases (renal insufficiency, systemic arterial hypertension) [90].  

The aetiology of IUGR is relatively vague with an emphasis to a maternal, fetal 

or even placental origin. The disease is strongly dominated by placental insufficiency, 

a term that describes a malfunction of the fetal-maternal interface exchange of 

nutrients and gasses [91]. In terms of treatment of the disease, there is currently no 

effective way of preventing or treating the disease. However, there are approaches to 

decrease the risk factors of IUGR by trying to alter the mother’s health behaviour. 
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1.1.9 Endothelial adhesion molecules in diabetes  

Occludin is a tight junctional mediator which has been proved to be significantly 

reduced in the paracellular junctions particularly in streptozotocin (STZ)-induced 

diabetic rats in the retinal endothelial cells, the results corresponding also with 

elevated periods of leakiness [92]. In primary bovine retinal endothelial cells (BREC), 

vascular endothelial growth factor encouraged occludin phosphorylation.  

However, chemical inhibitors of protein kinase C family of serine-threonine 

kinases action have blocked the VEGF-induced elevation of occludin phosphorylation 

which was evaluated by 2D gel electrophoresis analysis and also partly blocked in the 

monolayer permeability assessed with 70-kDa dextran [93]. Moreover, matrix 

metalloproteases (MMPs) are catalysts belonging to the endopeptidase classification 

which are participating in the cleavage of extracellular receptors. MMP-9 and MMP-2 

function and expression are especially elevated in diabetes and their participation in 

the deterioration of occludin in cultured BREC’s has also been documented [94]. 

Furthermore, a study by Babawale and colleagues in 2000 has demonstrated that 

occludin expression is decreased in large conduit blood vessels belonging to the 

placenta notably in gestational diabetic patients [95].  

Endothelial cells (EC’s) belonging to the retina of STZ-induced diabetic rats 

present a reduction of vascular endothelial cadherin expression, which is inversely 

proportional with vascular leakiness [96]. The study also suggested this phenomenon 

happens as a result of an elevated expression of MMP’s, which interact with VE-

cadherin from the extracellular compartment. Furthermore, in blood vessels originating 

from type 1 diabetic placental specimens, endothelial cells possess a change in 

junctional occupancy of important adhesion factors for instance β-catenin and VE-

cadherin in more than 50% of the vasculature [97]. In addition, this study further showed 
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that perivascular cells and the endothelium have elevated levels of vascular 

endothelium growth factor – A and that the fetoplacental blood vessels express an 

elevated permeability to big macromolecules (76kDa) which are even higher in 

molecular weight than circulating albumin. This study also confirmed using western 

blotting that the decrease in expression of β-catenin and VE-cadherin was as a result 

of phosphorylation and not due to a decrease of junctional proteins [97].  

A further research study presented data on measurable quantities of vascular 

endothelium growth factor from 210 specimens of ocular fluid taken from 164 patients 

subjected to intraocular surgery [98]. A high preponderance was found in 69 positive 

VEGF fluids out of 136 samples originating from subjects with diabetic retinopathy, 29 

of 38 fluids from volunteers with neovascularisation of the iris and 3 of 4 samples from 

volunteers with ischemic obstruction of the central retinal vein, suggesting that VEGF 

is a crucial component regulating active intraocular neovascularisation [98]. Moreover, 

beside the retina, vascular endothelial growth factor and its corresponding receptors 

have been suggested to be elevated in the renal glomeruli originating from 

streptozotocin-caused diabetic rats [99]. Also, another study confirmed the presence of 

elevated concentrations of VEGF specifically in the microvessels originating from the 

cochlea belonging to STZ-induced diabetic rats [100]. The elevated concentration of 

vascular endothelial growth factor in the placenta is further supported by high vascular 

permeability and also modifications in junctional proteins [95,97].  

Further studies have suggested that elevated angiogenesis present in the 

fetoplacental vasculature can be found in a lot of cases of human type 1 diabetic 

placental samples [97,101–103]. Moreover, one of these studies from Mayhew undertaken 

in 2002 has highlighted using stereological results that even in appropriately-managed 

type 1 diabetic placental samples, there was an elevated angiogenesis which 



Chapter 1 – Introduction 
 

 43 

happened largely via mechanisms of lengthwise development [97,102]. Vascular 

endothelial growth factor-A concentrations have also been found in placental samples 

originating from type 1 diabetic patients, with VEGF being located in the trophoblast 

layer found in intermediate and terminal stem villi tissue, as well as the endothelium 

compared to healthy pregnancies where it is located only on the terminal villous tissue 

[97]. As a mechanism of action point of view, in vitro angiogenesis taking place in the 

endothelial cells originating from the umbilical cord and the human placenta has been 

correlated with external inclusion of vascular endothelial growth factor and modified 

turnover of β-catenin and VE-cadherin [104,105].  

Furthermore, hyperglycaemia in the maternal and potentially fetal circulation 

may have a significant effect on the mechanisms involved in the control of placental 

vascular permeability. When considering diabetes as a metabolic disorder per se, the 

elevation of glucose in the circulation gives rise to numerous consequences affecting 

the adjacent blood vessel wall and the surrounding tissues. Increased blood glucose 

concentrations have been proposed to have a straightforward consequence on the 

vasculature favouring, encouraging and supporting inflammation [106,107], angiogenesis 

[108,109], constriction [110,111], coagulation [110,112,113] and permeability [114,115].  

Another cause supporting the malfunction of the placental circulation is 

increased insulin concentrations in the fetal vasculature. This happens during the 

second and third trimesters of the gestation period when the insulin receptor becomes 

expressed on the luminal area belonging to the capillaries of the fetus  [116,117].  
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1.1.10  The human placental endothelium  

The endothelium plays a key role in vascular physiology by coordinating 

vasomotor tone, modulating cellular exchange of nutrients, regulation of pro- and anti-

coagulant factors and angiogenesis. It is important to point out that the endothelial 

cells could change their phenotype in accordance with their location in the human 

body, highlighting the heterogeneity of these cells. When it comes to the placenta, as 

an interesting fact, the vascular endothelium grows to a size of 550 km in length or it 

could cover a surface of 15 m2 just before the labour [118]. Surprisingly, at the level of 

the stem villous and chorionic plate vessels, it has been pointed out that the gene 

expression profile is different between arterial and venous endothelial cells. To expand 

on this, placental venous endothelial cells have been shown to express genes linked 

to lipid metabolism. As a result, these endothelial cells could have a phenotype which 

is directly involved in the increased nutrient carriage to the fetus.  

On the other side, microarray data suggests that the genes associated with 

placental arterial endothelial cells are closely related to signal transduction and further 

molecular cascade events linked to vascular endothelial growth factor A (VEGF) 

signalling [118].  

The fetal endothelium and the external syncytial barrier play a crucial role in 

providing a continuous resistance to the movement of hydrophilic substances in a 

bilateral manner from the mother to the fetus. As a result, the integrity of the feto-

maternal endothelial barrier has a pivotal importance when it comes to fetal 

development [119]. The human placental barrier is a structure composed of multiple 

layers consisting of basal membrane, endothelial cells (EC), cytotrophoblasts and 

syncytiotrophoblasts for the duration of the first trimester of pregnancy. As the 

gestation period progresses, the placental barrier of the mature placenta becomes 
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composed of EC, basal membrane and the syncytiotrophoblast [120]. Furthermore, the 

transport across the placental barrier is regulated by passive diffusion, facilitated 

diffusion, pinocytosis and active transport [121].  

The endothelium of the human placenta is continuous and has well-defined cell-

cell junctions preventing the motion of large molecular weight hydrophilic compounds 

(>65 kDa) alongside the paracellular junction [122,123]. Furthermore, adherens junctions 

are considered key modulators of paracellular permeability, particularly in the 

capillaries of the placenta, as well as transmembrane adhesion substances for 

instance vascular endothelial (VE)- cadherin. Elevated paracellular permeability may 

result via the phosphorylation of VE-cadherin that gives rise to breakage of the 

homophylic binding. This process leads to a loss in terms of interaction to peri-

junctional actin followed by movement across the endothelial cells of adherens 

junction domains and finally giving rise to elevated growth of paracellular cleft size. 

Moreover, binding of VEGF-A to VEGFR2 has been demonstrated to increase the 

phosphorylation of VE-Cadherin at position Tyr-731 and Tyr-685 giving rise to 

elevated permeability to hydrophilic substances [124].  

The human placenta possesses the pro-angiogenic and pro-permeability 

VEGF-A165a and also the anti-angiogenic VEGF-A165b, as well as placental growth 

factor (PIGF) and their corresponding receptors namely VEGFR2, VEGFR1, 

neuropilin-1 and also soluble Flt-1 (sFlt-1). In terms of growth factors secreted by this 

organ, there is a differential expression during the gestation period and also in 

pregnancies with complications. The most elevated expression of vascular endothelial 

growth factor A takes place during the first trimester of the pregnancy when de novo 

synthesis of placental vessels happens [125]. Also, a high expression of VEGF-A in the 

final trimester is predominantly found in the terminal villi close to the fetal capillaries 
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where the feto-maternal exchange takes place [126]. Furthermore, in pregnancies 

complicated by gestational diabetes for example, increased expression of VEGF-A 

accompanied by a deficit in the levels of junctional VE-cadherin and elevated vascular 

permeability have been reported [97]. On the other hand, in the case of pre-eclamptic 

patients, an emphasis has been placed on trophoblast derived factors, potentially 

syncytiotrophoblast microparticles having an impact on decreasing the function of the 

placental barrier and modifying the VE-cadherin localisation in vitro [127]. When it 

comes to VEGF-A165b, the antiangiogenic splice variant expression in term placental 

samples has been considerably lower with reference to total VEGF levels. 

Furthermore, in pre-eclamptic patients, VEGF-A165b expression has been shown to be 

further decreased [128]. However, the implication of VEGF splice variants in the 

adjustment placental vascular permeability has not yet been identified.  

1.2 Overview of purinergic receptors  

Purinergic signalling defined as nucleotides acting as signalling mediators 

outside of cells was initially suggested by Burnstock in 1972 [129]. In spite of this, the 

notion was not widely acknowledged prior to the early 1990’s after which multiple 

pyrimidine and purine receptor subclasses were cloned and vigorously described 

comprising of 4 subtypes of P1 (adenosine) receptors, 7 subtypes of P2X ion channel 

pores and 8 subtypes of P2Y purinoceptors that are G-protein coupled [130]. Initial 

research was primarily focused on the pharmacology, biochemistry and physiology of 

purinergic signalling [131]. Adenosine 5’triphosphate (ATP) is a cotransmitter alongside 

other signalling mediators at the level of the central and peripheral nervous systems. 

Furthermore, purines are important extracellular transmitters which have a crucial 

influence on non-neuronal cells for instance inflammatory, secretory, endocrine, 

exocrine, immune, musculo-skeletal and epithelial cells [132]. Purinergic signalling is 
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fast in neuro-transmission and -modulation and also prolonged in migration, 

differentiation, apoptosis, proliferation and healing [133].  

Adenosine regulates its responses via binding to 4 G-protein-coupled receptors 

(AR) namely A1, A2A, A2B and A3 which are present at the level of multiple tissues and 

cell types [134]. The expression of adenosine receptors has been illustrated for instance 

in the cerebral cortex by inspecting the targeted antagonism of adenosine-induced 

cyclic adenosine monophosphate build-up initiated by methylxanthines such as 

theophylline and caffeine [135]. The knowledge that adenosine receptors are involved 

in the pathophysiology of multiple human disorders have motivated scientists to 

investigate new compounds acting on the P1 purinoceptors [136]. Ongoing research 

gave rise to the discovery of multiple crucial compounds for instance antagonists, 

agonists or partial agonists, enzyme modulators and allosteric enhancers that possess 

numerous properties [137]. However, there are only few commercially available 

clinically approved adenosinergic compounds that have been discovered due to the 

intricacy of adenosine receptor signalling pathways. Beside adenosine, some AR-

mediated compounds on the market include an A2A adenosine receptor agonist 

(Regadenoson) that is administrated during imaging of the coronary artery but also an 

A2A adenosine receptor antagonist used in the therapy of Parkinson’s disorder that is 

solely prescribed in Japan namely Istradefylline. Furthermore, a particular attention 

has been allocated to investigating the discovery of novel A3 adenosine receptor 

agonists which have demonstrated promising capabilities in the treatment of important 

disorders such as autoimmune conditions and cancer [134].  

The expression of adenosine receptors varies in different tissues with 

intracellular actions depending on the effector coupling. All 4 adenosine receptors 

have been thoroughly characterised, cloned and pharmacologically investigated. 
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These purinoceptors possess a shared structure containing a principal domain that 

spans the plasmalemma 7 times in which each helix is between 20-27 amino acids 

long and connected by 3 extracellular and 3 intracellular domains [138]. The N-terminus 

located at the level of the extracellular space comprises of one or more glycosylation 

sites and the carboxyl terminus positioned in the intracellular space contains sites for 

palmitoylation and phosphorylation therefore possessing an important function in 

cellular mechanisms involving internalisation and desensitization [139].  

Adenosine receptors are expressed at the level of the cardiovascular, nervous, 

gastrointestinal, respiratory, immune and urogenital systems but also in joints, eyes, 

bone and skin [137] – a vast distribution which suggests their complex implication in the 

regulation of cardiac, neuronal, renal and metabolic systems [140]. Every single 

adenosine receptor is uniquely distributed in various tissues and cells and may give 

rise to physiological effects that are mediated through certain secondary signalling 

mediators as illustrated in table 1 and figure 8. Moreover, A1 and A3 adenosine 

receptor signals are arbitrated via Gi and Go subclasses of G protein family which 

result in a decrease in adenylate cyclase action and cyclic adenosine monophosphate 

abundance. On the other hand, A2A and A2B adenosine receptors are linked to Gs 

proteins which activate adenylate cyclase and elevate cyclic adenosine 

monophosphate levels giving rise to the stimulation of multiple regulators [139].  
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Figure 8. This figure shows some of the physiological functions of adenosine via its 
binding to A1, A2A, A2B and A3 adenosine receptors. The purine nucleoside acts as a 
critical local tissue function regulator by stimulating adenosine receptors which gives 
rise to a diminished inflammation and oxygen requirement, elevated oxygen perfusion 
and blood vessel synthesis from existing vasculature but also ischemic 
preconditioning. The circulating agonists which stimulate P2X and P2Y receptors are 
also illustrated. This figure was taken from Borea et al (2018) [141] and now includes 
the P2X and P2Y receptors showed in Ralevic and Dunn (2015) [142] (hand drawn by 
Paul Fodor using Microsoft PowerPoint software version 16.53).  
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 The established 7 mammalian receptor subcategories (P2X1-7) constitute 

cationic pores gated by adenosine 5’-triphosphate. Three subunits give rise to a 

receptor pore with each subunit being formed of a polypeptide chain comprising of 2 

membrane spanning domains (TM1 and TM2), an N-terminus, a C-terminus both 

positioned intracellularly and a substantial extracellular domain which extends 70Å 

above the membrane plane. The agonist-binding site is positioned at the cross-section 

of 2 adjacent subunits. The intracellular region expands less compared to the 

extracellular region and comprises of the “cytoplasmic cap” which is a particularly 

convoluted domain that contains multiple β-sheets. An exception is the P2X7 receptor 

which possesses 2 supplementary regions at the C-terminal end namely the cysteine-

rich C-cys terminal and the cytoplasmic ballast [143]. There are currently no available 

selective agonists acting at P2X receptor subcategories, however medicinal chemistry 

provided a plethora of subtype-selective antagonists accompanied by negative and 

positive allosteric modulators [144,145]. Furthermore, selective antagonists as well as 

knockout mice have aided to determine the implication of P2X receptors in various 

disorders for instance hearing loss (P2X2), male infertility (P2X1), pain (P2X3), 

inflammatory bone decay (P2X5), neuropathic pain (P2X4) and lastly defective 

immune responses (P2X7) [146].  

 In terms of the general structure of P2X purinoceptors, there are 27 high-

resolution P2X receptor conformations which have been elucidated over the last 10 

years all sourced from truncated subunits, with the exception of the P2X7 receptor for 

which the entire-length conformation has been determined [146].  

 The mammalian P2X receptors give rise to heterotrimeric or homotrimeric 

pores with individual channels hosting 3 adenosine 5’-triphosphate binding pockets. 

Table 2 outlines the pharmacological (antagonist and agonist potencies) and 
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molecular attributes of all 7 P2X receptor subcategories. Adenosine 5’-triphosphate 

has considerable different potencies at each of the purinergic P2X receptor 

subcategories. The nucleotide is active at concentrations from low micromolar to 

under micromolar spectrum, with the P2X7 receptor being a special case which 

necessitates adenosine 5’-triphosphate levels in the hundred micromolar spectrum for 

stimulation [146].  

 In terms of P2X receptor agonists, ATPγS and 2-Methylthio-ATP possess a 

pharmacological signature comparable to adenosine 5’-triphosphate with both ATP 

analogues being more metabolically stable. Moreover, α,β-Methylene adenosine 5’-

triphosphate is particularly potent at P2X1 and P2X3 purinoceptors and has a slightly 

lower potency at P2X4 receptors, with a further decreased potency at the P2X7 

receptor. Also, β,γ-methylene adenosine 5’-triphosphate is particularly potent at P2X1 

receptor and has lower potencies at all other P2X receptor subtypes. Furthermore, 

2’(3’)-O-(4-benzoylbenzoyl) adenosine 5’-triphosphate (BzATP) is occasionally 

characterised as a P2X7 receptor selective agonist. However, the compound is the 

most potent at P2X1 receptors and then at P2X3 receptors. In spite of this, as the 

compound is ten times more potent than ATP at the P2X7 purinoceptor, it is commonly 

applied to stimulate the cationic channel in order to prevent elevated, cytotoxic levels 

of adenosine 5’-triphosphate [146].  

 Considering non-selective P2X receptor antagonists, a few fairly potent 

compounds include Reactive blue 2, suramin, PPADS and iso-PPADS. Furthermore, 

the ATP analogue TNP-ATP is particularly potent (with decreased nanomolar IC50 

values) at P2X3 and P2X1 receptors and has a low potency at P2X4 and P2X2 

receptors [147]. Obrecht and colleagues (2019) have highlighted that aurintricarboxylic 
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acid is a potent suppressor of nucleases by non-competitively blocking both P2X3 and 

P2X1 purinoceptors [148].  

 In the case of positive allosteric modulators of P2X purinoceptors, ivermectin a 

central nervous system penetrant macrocyclic lactone has been utilised in both human 

and veterinary medicine as an anti-parasitic compound that binds to multiple ion pores 

as well as functioning as an positive allosteric modulator at P2X4 purinoceptors at 

concentrations ranging from 100nM up to 3μM [149,150]. Moreover, at 3μM the 

compound is active at human P2X7 receptors but not rat and mouse [151]. Also, 

MRS2219 is a selective potentiator of ATP-induced reactions at the level of 

recombinant P2X1 receptors (EC50 of 5.9μM) present in Xenopus laevis oocytes [152]. 

A further compound acting at the P2X2 receptor as a positive allosteric modulator 

(EC50 = 489nM) is PSB-10129 which gives rise to an elevation of approximately 3-fold 

in the maximal adenosine 5’-triphosphate-elicited current [153].  
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 In total, 8 G-protein coupled P2Y purinoceptor subtypes may become 

stimulated by circulating mononucleotides for instance adenosine 5’-diphosphate, 

adenosine 5’-triphosphate, uridine diphosphate or uridine triphosphate, by 

dinucleotides for instance diadenosine tetraphosphate or diuridine tetraphosphate and 

by nucleotide sugars for instance uridine 5’-diphosphoglucose [154]. Selective 

antagonists and agonists are crucial in investigating the function of P2Y purinoceptor 

subcategories from the perspective of physiology and pathophysiology [155]. For each 

of the P2Y purinoceptors, the structure-function connection was established with a 

high degree of accuracy via chemical approaches. In the majority of investigations, 

recombinant receptor proteins were utilized in the assessment of the acquired data 

[154]. Table 3 highlights the properties of human P2Y purinoceptors and principal 

agonist and antagonist compounds.  

 Important phylogenetic investigations and consequential characterisation of the 

developmental history of the G-protein coupled receptor (GPCR) superfamily showed 

multiple crucial divisions of GPCR’s namely the adhesion/secretin-, rhodopsin- and 

glutamate-like metabotropic receptor subclasses [156]. Taking into consideration the 

amino acid arrangement correlations, P2Y purinoceptors are part of the rhodopsin-like 

receptor division, particularly to the δ subclass within this division. Furthermore, the δ 

subclass does not comprise only of the P2Y purinoceptors but also of 

hydroxycarboxylic acids, lipids and peptides [154].  

 The phylogenetic connection of P2Y purinoceptors subclassifies them into 2 

main subdivisions which are closely related to their favoured G protein pairing. The 

first group includes P2Y1, P2Y2, P2Y4, P2Y6 and P2Y11 purinoceptors which are Gq-

paired P2Y1 receptor-like and the second group includes P2Y12, P2Y13 and P2Y14 

purinoceptors which are Gi-paired P2Y12 receptor-like [154].  
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 The cellular origins of nucleotide agonists acting at the level of P2Y 

purinoceptors consist of endocytosis, lysis during cellular injury, co-transmission and 

excretion via pannexin 1 hemichannels [157]. Furthermore, the individual P2Y 

purinoceptors are corelated with numerous G proteins as well as signalling cascades 

(as it was demonstrated in the case of the P2Y1 purinoceptor) which comprise of both 

G protein- dependent and -independent for instance β-arrestin pathways [158]. A few 

of these P2Y purinoceptors are further linked to G12/13 (P2Y2 and P2Y6) or Gs (P2Y11) 

proteins. Moreover, the P2Y purinoceptors coordinate mitogen-activated protein 

kinase signalling cascades and therefore may influence cell division and metabolism 

[159].   

 Structural investigations of P2Y purinoceptors have provided substantial 

advances in the pharmacology field over the last decade. During 2014 and 2015, 5 

configurations of 2 important receptors namely P2Y1 and P2Y12 from 2 subfamilies 

were resolved [160–162]. These configurations via which the purinoceptors are visualised 

interacting with various compounds that alter their chemical composition and binding 

location give crucial observations into compound identification and stimulation of P2Y 

purinoceptors [154].  

 The P2Y purinoceptors are expressed in the brain particularly in the 

vasculature, glial cells and neurons. Furthermore, endothelial P2Y1, P2Y2, P2Y4 and 

P2Y6 purinoceptors give rise to vasorelaxation. However, smooth muscle P2Y2, P2Y4 

and P2Y6 purinoceptor stimulation results in vasocontraction. In the case of the 

pancreas, P2Y1 and P2Y6 purinoceptors activate while P2Y13 receptors supress 

insulin release. Antagonists of P2Y12 purinoceptors prevent the formation of blood 

clots. Furthermore, P2Y receptor agonists usually promote inflammation while 

antagonists could subsequently ameliorate inflammatory disorders [154].  
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1.3 The dual control of human vascular tone by endothelial 

cells and perivascular nerves  

Over the last few decades, the vascular tone was understood to be regulated via 

two opposing mechanisms specifically by sympathetic noradrenergic nerves, 

possessing the property to constrict blood vessels and by parasympathetic cholinergic 

nerves (although most blood vessels do not possess this innervation) with the main 

function implicated in vasorelaxation. Nevertheless, following the identification of 

important advancements in terms of cotransmission by Burnstock in 1976 [163], and 

about endothelium-derived relaxing factor(s) by Furchgott in 1984 [164], a better 

understanding of the dual management of vascular tone by multiple mediators 

released from endothelial cells and cotransmitters released from perivascular nerves 

was established [165–170]. Furthermore, endothelium-dependent vasorelaxation is 

primarily achieved via fluctuations in Ca2+ levels inside the endothelial cells as a result 

of a mechanical perturbation for instance plasmalemma elongation or shear pressure 

or intracellular agonists such as adenosine 5’-triphosphate, bradykinin or reactive 

oxygen species [171]. One crucial process of cell-cell interaction is regulated by the 

liberation of autocrine or paracrine messengers. In this case, prostaglandins, nitric 

oxide and adenosine 5’-triphosphate are particularly acknowledged as paracrine or 

autocrine mediators which are involved in multiple roles that regulate vascular function 

such as maintenance of vasomotor tone, platelet accumulation, smooth muscle 

growth, leucocyte infiltration and vascular permeability [172].  

Figure 9 shows the involvement of purines and pyrimidines in the management 

of vascular tone via the involvement of P2 purinoceptors.  
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Figure 9. This figure highlights the dual control of human vascular tone in a schematic 
fashion showing the purinergic signalling pathways involved in the initiation of 
vasodilation or vasoconstriction. This figure has been taken from Burnstock (2006) 
and slightly modified (hand drawn by Paul Fodor using Microsoft PowerPoint software 
version 16.53) [173]. The endothelial cells are the main contributors of vasorelaxation, 
along with the release of multiple endothelial cell vasodilator mediators for instance 
nitric oxide (NO), prostacyclin (PGI2) or endothelium derived hyperpolarising factor 
(EDHF) which prevent platelets to adhere to the tunica intima layer. The A2A and A2B 
receptors are expressed on both endothelial and smooth muscle cells. Adenosine may 
become released from multiple sources including the endothelial cells as well as the 
red blood cells, with shear stress and low oxygen levels being well known activators 
of these cells. Purinergic P2Y and P2X1 receptors located at the level of the smooth 
muscle membrane play an important role in the initiation of vasoconstriction. Injured 
endothelial cells promote the adherence and accumulation of platelets at the site of 
damage and further promote the platelet release of adenosine 5’-triphosphate and 
adenosine 5’-diphosphate which cause vasoconstriction. Perivascular sympathetic 
nerves located at the level of tunica adventitia simultaneously release in the 
extracellular space ATP, noradrenaline (NA) and neuropeptide Y (NPY) which have 
the capacity to stimulate P2X1, α1 and NPY receptors expressed on the smooth 
muscle to give rise to vasoconstriction. 
 

The feasibility that adenosine 5’-triphosphate (ATP) was released in tandem with 

noradrenaline from the sympathetic nerves located at the level of the portal vein in 

rabbits was proposed in the late 1970’s by Che Su [174], followed by the recognition of 

two main classes of purine receptors [175]. Later on, in 1989, P2 receptors were found 

localised on vascular endothelial cells as well as smooth muscle cells [176]. Towards 

the early 1990’s, the release of adenosine 5’-triphosphate from endothelial cells under 
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the exposure of multiple fluctuations of blood flow and decreased levels of oxygen has 

been shown by Bodin and colleagues [177]. Further conceptual advances were later 

proposed related to the process of ATP translocation from vascular endothelial cells 

via vesicular exocytosis [178–180] but also through connexin 43 hemichannels [181–183].  

Ectonucleotidases are ectoenzymes present on the plasmalemma of cells and 

have an important function of detecting changes in the extracellular levels of 

nucleosides and nucleotides [184–186]. These enzymes consist of ectonucleotidase 5’-

triphosphate diphosphohydrolases (E-NTPDases) for instance E-NTPDase1 or in 

other words CD39 which has a main function of hydrolysing nucleoside di- and tri-

phosphates present at the level of plasma membrane of smooth muscle and 

endothelial cells [187]. Another important ectonucleotidase is E-NTPDase2 also called 

CD39L1 which is mainly located on the abluminal side of blood vessels with the main 

function of hydrolysing nucleoside triphosphates. Moreover, alkaline phosphatases 

and ecto-5’-nucleotidases for instance CD73 are involved in the conversion of AMP to 

adenosine in the extracellular space. Also, the concentration of nucleotides outside 

cells and their stimulation of purine receptors positioned on the membrane of cells is 

tightly regulated in terms of release towards the extracellular space and hydrolysis by 

ectonucleotidases [188]. Figure 10 highlights the extracellular metabolism of ATP to 

adenosine along with their corresponding vasoactive and inflammatory effects.  
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Figure 10. This scheme highlights the adenosine 5’-triphosphate and adenosine 
metabolism in vivo. Cellular injury causes the release of ATP outside of cells which in 
turn is hydrolysed giving rise to adenosine 5’-diphosphate, adenosine monophosphate 
as well as adenosine via ectonucleotidases CD39, CD73 and alkaline phosphatase 
(AP). Adenosine is then metabolised to inosine and water via adenosine deaminase 
(ADA). This figure has been hand drawn by Paul Fodor using Microsoft PowerPoint 
software version 16.53 and is taken from Spaans et al (2014) [85].  
 
1.3.1  Endothelial cells involvement in the management of 

vascular tone  

Vascular endothelial cells possess purinergic P1 and P2 receptors. These cells 

are able to release purines which may further stimulate these receptors and could 

regulate the extracellular concentrations of liberated nucleotides via the activity of 

ectonucleotidases present on their membrane [189]. One of the most important roles of 

endothelial cells is the regulation of vasodilation by opposing the vasoconstrictor 

effects of ATP and noradrenaline secreted from perivascular sympathetic nerves [190]. 

Furthermore, beside the involvement of endothelial cells in autocrine stimulation by 

purines, these cells also interact with nucleosides and nucleotides secreted from blood 

cells or even myocytes under the stimulation of multiple factors, which may activate 

purinergic P2 receptors and ultimately giving rise to vasodilation [191].  
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Some important purinergic receptors present on the membrane of the human 

endothelial cells are A2A and A2B for adenosine and also P2Y1, P2Y2 and P2X4 [192]. 

The stimulation of endothelial cells via purines gives rise to the secretion of nitric oxide 

(NO), prostacyclin (PGI2) and also endothelium-derived hyperpolarizing factor (EDHF) 

which in turn elicits a decrease in platelet accumulation and ultimately the relaxation 

of the vasculature [193–196].  

Adenosine 5’-triphosphate is secreted from isolated primary endothelial cells 

under alterations of blood flow which also implicates shear stress [197–199] and also 

under activation via hypotonic test [200]. The adsorption by endothelial cells of 

adenosine and its metabolism leading to the synthesis of adenosine 5’-triphosphate 

was characterised in the late 1970’s [176], accompanied by the secretion of ATP from 

neutrophil elastase [201]. The physiological importance of adenosine 5’-triphosphate 

secreted by endothelial cells under the influence of shear pressure is to stimulate 

purinergic P2 receptors, ultimately giving rise to a change in the territorial or potentially 

systemic contractility, especially in terms of vasorelaxation [202]. Secreted ATP into the 

extracellular space can also stimulate endothelial cells to further release adenosine 

5’-triphosphate through local signalling by further managing an integrated endothelial 

cell feedback at the level of P2X4 and P2Y receptors [197,203]. The coordinated process 

of the secretion of adenosine 5’-triphosphate from endothelial cells has not been 

elucidated yet. In the early 2000’s, a study revealed that the mechanism of ATP 

secretion from vascular endothelial cells was achieved via vesicles [178]. Approximately 

10 years later, further research revealed that pannexin 1 and connexin channels also 

contribute to the secretion of adenosine 5’-triphosphate [204,205]. A further study 

published by Yamamoto and colleagues in 2011 has shown that caveolin-1 

knockdown with siRNA prevented the confined secretion of adenosine 5’-triphosphate 
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from endothelial cells and that multiple Ca2+ pulsations at caveolae sites in vascular 

endothelial cells were initiated by the liberation of ATP from these cells [206]. Moreover, 

ATP is an exceptionally potent constrictor especially at the level of small diameter 

blood vessels and is mainly synthetized by the endothelium with the function to 

principally stimulate purinergic P2X1 receptors located on the surface of smooth 

muscle cells [207,208]. In another study, a further suggested endothelium synthetized 

vasoconstricting mediator released from isolated endothelial cells of human dermal 

microvessels was uridine adenosine tetraphosphate (Up4A) [209]. The ectonucleotidase 

CD73 which is involved in the hydrolysis of adenosine monophosphate (AMP) giving 

rise to adenosine, is mainly localised on the membrane of endothelial cells with 

interferon-α promoting an increase in the expression of the enzyme, ultimately giving 

rise to adenosine synthesis especially in human umbilical vein endothelial cells [210,211].  

1.3.1.1 P1 - Adenosine receptors  

Two of the most important functions of adenosine are firstly to impede the 

release of sympathetic neurotransmitters through mechanisms involving receptors 

located in the prejunctional space [212] and secondly in vasorelaxation through 

interactions with smooth muscle and also endothelial cells [213,214]. These events result 

in an elevation in perfusion, especially towards tissue found in an ischaemic state or 

depleted of oxygen. Currently, all purinergic P1 receptors corresponding to adenosine 

such as A1, A2A, A2B and A3 have been localised at the level of the smooth muscle and 

endothelial cells with an elevated preponderance of A2A and A2B receptors [141]. Early 

studies in the 1990’s have shown that the secretion of nitric oxide from endothelial 

cells gave rise to a potent vasorelaxation outcome which complemented the response 

of adenosine especially in humans at the site of the iliac artery [215,216]. Furthermore, 
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the purinergic A2A and A2B receptors have been comprehensively characterised in 

endothelial cells isolated from the human aorta [217].  

Beside the fundamental function of adenosine in the vasorelaxation response 

under the influence of low levels of oxygen, a further study has suggested a potential 

involvement of the purine in the initiation of angiogenesis when a significant restriction 

of blood supply occurs to various tissues. In this case, the newly formed vasculature 

allows the delivery of elevated levels of oxygen to inadequately perfused blood vessels 

[218]. Another investigation by Feoktistov and colleagues in 2002 has also revealed that 

adenosine A2B receptors present on the surface of isolated human microvascular 

endothelial cells were able to alter the presence of extracellular angiogenic mediators 

[219]. Moreover, the stimulation of A2B receptors localised on primary retinal endothelial 

cells elevates the synthesis of vascular endothelial growth factor (VEGF) alone and 

also via exposure to low levels of oxygen and further promote cell growth [220,221]. Due 

to the fact that adenosine A2B receptors play a crucial function in regulating the 

vascular tone, a further study has shown that decreased oxygen supply may influence 

the abundance of adenosine receptors in endothelial cells of human origin by 

encouraging a change in the presence of purinergic A2A to A2B receptors [222]. Another 

study has also highlighted dissimilarities among human small and large size blood 

vessel endothelium reactions to β adrenergic and adenosine receptors under the 

influence of decreased levels of oxygen [223].  

 Circulating adenosine has been proposed to possess properties against the 

formation of blood clots especially at the level of the vascular endothelium by 

stimulating A2A and A3 receptors and in turn supressing the endothelial cell tissue 

mediator levels notably via mechanisms involving hypoxia and the development of 

atherosclerotic plaques, which are strongly related to elevated concentrations of 
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purines [224,225]. Cytokines can also influence the presence of A2A and A2B receptors in 

endothelial cells of human blood vessels [226,227]. The importance of A2A receptors 

expressed on endothelial cells has been extensively documented in a study by Thakur 

and colleagues in 2010 where the authors have suggested that the adenosine receptor 

plays a crucial role in the release of reactive oxygen species under the influence of 

angiotensin II, but also the involvement in regulating redox signalling pathways [228]. 

Additionally, the synthesis of adenosine is significantly restricted by white blood cells 

which can attach to the vascular endothelial cells and further impair the their 

permeability role via a CD73-reliant signalling pathway [229,230].  

 Adenosine has also been shown to mediate the function of endothelial 

progenitor cells [231,232]. This control is achieved by increasing the expression of 

CXCR4 receptor for cytokines involved in chemotaxis and also via activating their 

enrolment in the infarcted heart thereby supporting restoration [233]. A further study 

published in 2012 also revealed that A2A and A3 receptors play an important role in the 

movement of primary endothelial progenitor cells  [232].  

1.3.1.2 P2X receptors  

A study published by Ray and colleagues in 2002 has highlighted that 

purinergic P2X1, P2X4, P2X7 and P2Y2 receptors have been localised at a tissue level 

on human radial and internal mammary arteries, as well as on the saphenous vein 

particularly on the endothelium, with a high preponderance of P2X4 receptors present 

in the vein relative to the arteries [234]. A similar study investigated the preponderance 

of P2 receptors in human umbilical vein endothelial cells (HUVEC) and human 

mammary arteries and showed that P2X1 receptor was highly expressed on the 

smooth muscle and that P2X4, P2Y1 and P2Y11 receptors were present with an 

increased preponderance on the endothelial cells [235]. In this case, the group has also 
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presented evidence that the purinergic P2Y2 and P2Y6 receptors were also localised 

with a decreased preponderance in both endothelial and smooth muscle cells. 

Moreover, P2X4 and P2X5 receptors have been localised at the level of the human 

pulmonary and coronary arteries, aorta and also human umbilical vein endothelial cells 

[200,236,237]. P2X4 and P2X6 receptors have been shown to be locally expressed at the 

sites of paracellular overlapping regions of HUVEC cells and have been proposed to 

accompany CD144, which has been described as an important transmembrane 

adhesion mediator [238]. Currently, the role of endothelial purinergic P2X receptors has 

not been elucidated yet. The P2X4 receptor has been characterised in great detail 

compared to all other subtypes of P2X receptors as having an important role in the 

regulation of vasorelaxation from the perspective of functioning as 

mechanotransducers under the exposure of adenosine 5’-triphosphate originating 

from the endothelium [239,240]. Yamamoto and colleagues in 2006 have demonstrated 

that a knockout (KO) of the P2X4 receptor in mice gives rise to a significantly reduced 

vasorelaxation reaction of the endothelium to sheer stress, accompanied a 

considerable decrease in nitric oxide synthesis and an elevated blood pressure [239]. 

Moreover, P2X4 receptor knockout in isolated human umbilical vein endothelial cells 

has been shown to regulate adenosine 5’-triphosphate generated Ca2+ entry into the 

primary cells [241].  

A minimum of 7 P2rx7-/- mouse models have been created and highlight 

deficiency in cytokine liberation towards the extracellular space, immune function and 

diminished neuropathic and inflammatory pain [146]. The removal of P2rx7 is 

advantageous in multiple inflammatory disorders. Moreover, changes in bone 

composition (P2rx7tm1Gab) and an anti-depressant-like characterisation (P2rx7tm1Lex) 

have been described. A floxed humanised P2X7 receptor knock-in mouse 
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(P2rx7tm1.1(P2RX7)Jde) highlighted an atypical sleep cycle following hP2X7R removal [146]. 

Although important information has emerged based on early studies involving knock-

out models, a few limitations have to be taken into account: P2rx7tm1Ipch and 

P2rx7tm1Gab mice possess different splice variants and incomplete receptor transcripts. 

As an example, the P2X7k variant present in the P2rx7tm1Ipch mouse is functional and 

particularly expressed in T cells [242]. There are no studies on P2rx7 KO mice that have 

characterised the pregnancy phenotype in these mice. However, P2rx7 knockout mice 

under various genetic background are affected by glucose intolerance, elevated 

glucose levels, defective beta cells activity under the exposure to a high-sucrose diet 

[243], but also exhibit pathophysiological adipose tissue distribution [244].  

On the contrary, assessments of isolated HUVEC cells in terms of UTP- and 

ATP-generated Ca2+ movement, as well as nitric oxide synthesis and membrane 

hyperpolarisation did not establish any functional role of P2X receptors, concluding 

that the purinergic P2Y2 isoform was responsible for the corresponding cellular actions 

mediating vasorelaxation [245]. Human umbilical vein endothelial cells exposed to 

changes in laminar flow highlighted a gradual decrease of mRNA expression starting 

after 60 minutes to the point of declining to 60% at 24 hours [246]. A study published by 

Wilson and colleagues in 2007 has shown that under the influence of an inflammatory 

microenvironment, the expression of purinergic P2X4 and P2X7 receptors by HUVEC 

cells significantly increased [247]. In this case, the stimulation of purinergic P2X7 

receptors gave rise to an elevation of multiple subtypes of the potent interleukin type 

1 cytokines, ultimately altering the equilibrium between anti- and pro-inflammatory 

mediators responsible in establishing the physiological function of the vasculature [247]. 

Also, interferon-γ mediated elevation in P2RX4 gene expression has been described 

in HUVEC and microvascular endothelial cells by Tang and colleagues in 2008 [248]. 
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Moreover, a study by Ray et al (2002) presented evidence that the expression of the 

purinergic P2X4 receptor was considerably elevated in the human saphenous vein 

relative to internal mammary and radial arteries [234]. The authors concluded that the 

for the purposes of coronary bypass operation, the potential vein grafts were highly 

vulnerable to generating a built-up of plaque inside the blood vessels [234]. 

1.3.1.3 P2Y receptors  

The majority of blood vessels possess on the membrane of the endothelium 

cells two important purinergic receptors namely P2Y1 stimulated by ATP and ADP and 

P2Y2 stimulated by ATP and UTP, with a few vessels also expressing P2Y4 receptors 

stimulated by UTP and P2Y6 receptors stimulated by UDP [235,249]. The stimulation of 

P2Y receptors expressed on the surface of the endothelium gives rise to an elevation 

in intracellular Ca2+, causing a secretion of PGI2, NO and EDHF, with the last two 

generating a vasorelaxation effect via P2Y1, P2Y2 and P2Y4 purinergic receptors 

[189,195,250]. In the case of PGI2, the endothelium-reliant vasodilation consequences vary 

according to the purinergic receptor isoform and to the kind of blood vessel [251]. The 

nitric oxide and prostacyclin released from the endothelial cells prohibit platelet 

aggregation [252]. On the other side, adenosine 5’-diphosphate and adenosine 5’-

triphosphate may activate the secretion of von Willebrand factor from endothelial cells 

in vitro potentially encouraging homeostasis [253–255]. Additionally, the stimulation of 

purinergic P2Y2 receptors present on the surface of endothelial cells of the human 

coronary artery was demonstrated to elevate the synthesis of tissue factor (an 

important mediator of the physiological blood coagulation pathway) in the intracellular 

milieu [256,257]. As a result, beside the crucial straightforward actions of ATP and ADP 

in stimulating purinergic P2Y1, P2Y12 and P2X1 receptors to facilitate platelet 

aggregation, at the level of purinergic receptors expressed on the endothelium, the 
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activity of nucleotides and nucleosides may also give rise to anti- or pro-coagulant 

outcomes [258–260].  

The process of nitric oxide secretion from the endothelium under the influence 

of adenosine 5’-triphosphate could implicate the Ca2+ stimulated Cl- channels [250,261]. 

The greatly preserved sensor of decreased intracellular ATP concentrations namely 

adenosine monophosphate stimulated protein kinase (AMPK) could also participate in 

this mechanism by controlling the energy involved in maintaining a homeostatic 

equilibrium and is stimulated during particular challenging cellular demands for 

instance decreased oxygen levels or elevated concentrations of glucose [262]. This 

process leads to an accelerated secretion of adenosine 5’-triphosphate into the 

extracellular space especially from harmed tissues, platelets or even endothelial cells 

[263]. A study published by da Silva and colleagues (2006) has highlighted that UTP, 

ADP and ATP gives rise to phosphorylation and stimulation of AMPK in human 

umbilical vein endothelial cells through P2Y1, P2Y2 and potentially P2Y4 [264]. 

Adenosine 5’-triphosphate stimulation of purinergic P2Y receptors especially in the 

aortic endothelial cells generates a continuous stimulation of phospholipase D which 

is closely associated with protein kinase C [265]. Da Silva and colleagues (2009) have 

presented evidence that extracellular nucleotide-dependent nitric oxide synthase 

activation via purinergic P2Y1, P2Y2 and potentially P2Y4 receptors is protein kinase 

C-δ type and Ca2+ mediated, also further proposing that the signalling cascade could 

play a crucial role in the development of novel curative solutions for endothelial cell 

malfunction [266].  

Furthermore, the activity of endothelial cells in maintaining physiological 

permeability levels has been shown to be mediated by adenosine 5’-triphosphate 

present in the extracellular space via stimulation of myosin light chain phosphatase 
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[267]. Also, β-nicotinamide adenine dinucleotide plays an important role in maintaining 

a healthy permeability activity of isolated primary pulmonary artery endothelial cells 

via P2Y1, P2Y11 purinoceptors, cyclic adenosine monophosphate (cAMP)- stimulated 

protein kinase A and also cAMP mediated signalling pathway EPAC1/Rap1/Rac1 

involved in cytoskeleton readjustment [268].  

Purinergic receptors namely P2Y2, P2Y4 and P2Y6 expressed at the level of the 

smooth muscle cells possess a key role in vasoconstriction [154]. Furthermore, P2Y12 

receptors are expressed in the rat capillary endothelial cells [269]. However, other 

authors have presented evidence that the P2Y12 receptor is expressed on the smooth 

muscle cells, potentially being involved in generating vasoconstriction as well as 

smooth muscle cell expansion in the course of atherosclerosis [270]. P2Y receptors are 

crucial in regulating vascular responses to injury in the case of restenosis [271] and 

atherosclerosis [272]. P2Y purinoceptors give rise to Ca2+ signals in vascular smooth 

muscle cells resulting in vasoconstriction, however the function of various P2Y 

subdivisions has not been fully elucidated yet [273].  

1.4 The human P2X7 receptor  

Abnormal placental development represents the principal pathophysiology in 

most disorders associated with the gestation period for instance preeclampsia 

(regarded as the most important cause of fetal and maternal mortality at a global level), 

recurrent miscarriage, fetal growth restriction and stillbirth [274,275]. From a cellular 

perspective, it has been indicated that preeclampsia  and preterm birth [276] are caused 

by the stimulation of the P2X7 receptor [275]. The activation of this purinoceptor present 

on the surface of the placental cells [277] involves multiple signalling pathways which 

contribute to the pathogenesis of preeclampsia giving rise to necrosis, apoptosis [278] 

and inflammation via the assembly of the NLRP3 inflammasome and stimulation of 
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caspase-1 [279]. Since adenosine 5’-triphosphate is liberated into the extracellular 

space from endothelial cells under the influence of multiple stimuli such as 

inflammation, ischemia or hypoxia, it is anticipated that the nucleotide receptors 

especially P2X7 may be involved in adjusting the blood flow of the human placenta 

chorionic plate arteries through smooth muscle and endothelial cell mechanisms [280]. 

As the human placenta and umbilical vessels are unique in that they do not possess 

innervation [281], this process may take place in healthy and complicated pregnancies 

such as pre-eclamptic cases where the extracellular levels of ATP may increase up to 

3-fold [282,283].  The NLRP3 inflammasome is assembled via the action of toxins such 

as lipopolysaccharide (LPS) activation of toll-like receptors (TLR’s) [284]. A well-

described mechanism connecting TLR’s with the NLRP3 inflammasome involves the 

P2X7 receptor which was demonstrated to be localised and functional in cord blood 

mononuclear cells [285]. Although TLR4 gives rise to elevated synthesis of mRNA for 

pro-IL-1β, the processing of the pro-inflammatory cytokine to its mature and releasable 

form IL-1β is dependent on the K+ exit from cells – a function which is undertaken by 

the P2X7 receptor [286]. Although multiple investigations have highlighted the 

connection between TLR4 and LPS resulting in pro-inflammatory cytokine liberation 

into the extracellular space, the activation with ATP further elevates IL-1β exit from 

cells via the P2X7 purinoceptor, a mechanism that could be the missing element of 

further understanding preterm birth.  

1.4.1  Structure and function of the P2X7 receptor  

The P2RX7 gene encodes for the P2X7 receptor which is part of the P2X 

receptor sub-class of trimeric ligand-gated ion pores of which there are 7 separate 

channels (P2X1-7) [287,288]. From the entire family of purinergic P2X receptors, the 

human P2X7 monomeric subunit is composed of 595 amino acids [289]. The stimulation 
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with adenosine 5’-triphosphate of the P2X7 receptor enables the transmigration of 

Na+, K+ and Ca2+ through the membrane of cells [290–292]. On the other side, extended 

activation of P2X7 receptor with ATP gives rise to the establishment of a dilated pore 

through which organic ions may enter the cell [293–295]. The function of 

ectonucleotidases is to breakdown nucleotides for instance adenosine 5’-triphosphate 

and in turn to mediate the levels and the period of accessibility of extracellular agonists 

acting at the P2 purinoceptors [184,296]. As a result, the P2X7 receptor may solely 

become stimulated following cellular damage, infection, during elevation of 

extracellular adenosine 5’-triphosphate (eATP) in tumour environment or potentially 

when the expression of these enzymes becomes decreased [297,298].  

1.4.2 Distribution of the P2X7 receptor  

In the mammalian body, the purinergic P2X7 receptor is broadly expressed 

[132,299]. Initial studies highlighted that P2X7 was located on the surface of multiple cell 

types of hematopoietic lineage for instance macrophages, monocytes, dendritic cells, 

lymphocytes, mast cells, eosinophils, erythrocytes and osteoclasts [300,301]. 

Furthermore, emerging evidence suggests that the purinoceptor is also present on 

other variety of cells for instance fibroblasts, epithelial cells as well as osteoblasts [302]. 

Also, the P2X7 receptor is expressed by cells in the CNS and PNS such as astrocytes, 

oligodendrocytes, Schwann cells as well as microglia [303,304]. This receptor is also 

expressed in a few neuronal populations located in the hypothalamus, cerebellum, 

spinal cord and lastly substantia nigra [297,305,306].  

The presence of the P2X7 receptor has been noted in both the smooth muscle 

and endothelium in the majority of the systemic venous and arterial vasculature in 

animal and human tissues [307–309]. The P2X7 distribution was reported as increased 

in the retinal microvasculature of a rat model of type 1 diabetes mellitus supporting an 
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elevated permeability of the microvasculature [310]. However, in human retinal 

endothelial cells, the P2X7 receptor stimulation gave rise to endothelial apoptosis [311].  

 Also, surgical elongation of saphenous veins of human origin used for coronary 

artery bypass grafts gave rise to P2X7 receptor stimulation, programmed cell death 

and ultimately abnormal vascular function [312]. The stimulation of this purinoceptor 

gives rise to vasoconstriction of the renal and retinal microvasculature and of 

increased internal diameter veins which in turn may cause elevated systemic vascular 

resistance [307,313–315]. Furthermore, the P2X7 receptor antagonism augmented 

endothelium-dependent vasodilation and in the aorta lowered vasoconstriction 

reactions to phenylephrine [316]. A further model evaluating the injury caused by 

vascular surgical elongation highlighted that the P2X7 receptor stimulation decreased 

endothelium-dependent vasodilation via lowered nitric oxide synthesis [317].  

On the contrary, other studies have proposed that the P2X7 receptor 

stimulation could also be involved in vasorelaxation. P2X7 receptor stimulation of 

endothelial cells originating from murine mesenteric artery gave rise to elevated nitric 

oxide synthesis [318]. Furthermore, P2X7-dependent reaction to lipopolysaccharides 

has been shown to generate hyporeactivity of the thoracic aorta in mice resulting in 

P2X7-arbitrated low blood pressure in an IL-1β and nitric oxide dependent process 

[319,320].  

Roberts and colleagues (2007) have highlighted that in first trimester (8-12 

weeks’ gestation) and term (38-41 weeks’ gestation) human placental villous tissue, 

the P2X7 receptor expression at an mRNA level was particularly weak [321]. Also, the 

same study has shown that the P2X7 receptor expression at a protein level in the first 

trimester and term placental villous samples was often weak and not consistently 

detected [321]. The same study has also presented immunohistochemistry data 
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highlighting that the localisation of the P2X7 receptor in the first trimester and term 

villous placental tissue was predominantly intracellularly in association with the nuclei 

with minimal diffuse staining in the cytoplasm and a more intense staining in term 

tissue compared to the first trimester tissue especially at the level of the 

syncytiotrophoblast layer [321]. Another investigation has also highlighted that the P2X7 

receptor was detected consistently in the protein extracted from isolated 

cytotrophoblast cells from term placental villous tissue using western blotting, with the 

P2X7 receptor products detected at approximately 145kDa [277].  

Even if the P2X7 receptor is expressed in a variety of mammalian cells, its 

presence on various cells within whole tissues has not been elucidated yet.  

1.4.3  The permeability of the P2X7 receptor  

The purinergic P2X7 receptor was initially termed the P2Z receptor and is 

involved in regulating cellular permeability following the exposure to adenosine 5’-

triphosphate [322]. This capability of the receptor following stimulation has been 

thoroughly investigated over the last few decades. This receptor is frequently capable 

of permeabilizing cells by allowing the passage of organic cations for instance YO-

PRO-12+, ethidium+ as well as N-methyl-D-glucamine+ through the membrane of cells 

[323–325]. Furthermore, organic anions for instance carboxyfluorescein as well as lucifer 

yellow could penetrate through the plasmalemma potentially via a similar 

permeabilization route [326–328]. Ongoing studies have attempted to investigate if this 

P2X7 receptor property of allowing increased anion and cation entry is due to an 

intrinsic capability of the purinoceptor or potentially via association with a certain 

protein. Multiple investigations have revealed that the exclusive distinguishing 

carboxyl-group terminal of P2X7 receptor is vital in the establishment of the dilated 

channel [329]. Moreover, the truncation of this receptor supresses the entry of dyes 
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without compromising ion currents passing through the pore [290,291,329,330]. In this case, 

an important leap in comprehending this process came with the discovery of pannexin-

1 (Panx1) as a potential hemichannel participating in dye entry into the cytosol [295,331]. 

However, subsequent investigations showed that Panx1 was unlikely to contribute to 

the establishment of a P2X7 macropore [332–334]. On the other side, patch clamp traces 

of biphasic P2X7 receptor currents indicate the possibility of a macropore formation, 

as the majority of current that enters the cell is facilitated through a complementary 

permeability signalling cascade [335,336].   

1.4.4  Gating of the P2X7 receptor  

The interaction between ligand-gated ion pores and their corresponding 

agonists gives rise to the initiation of a signal at the domain of the protein associated 

with closing and opening of the pore, ultimately enabling ion transfer to take place 

across the membrane of cells. The P2X7 receptor has a trimeric arrangement having 

three nucleotide binding pockets, with domains from two separate monomers forming 

the area which is responsible for compound interaction [143,337,338]. In total, the P2X7 

receptor has six helical membrane spanning regions with the second one (TM2) 

belonging to an individual P2X7 monomer potentially assembling together giving rise 

to a channel that allows the transmembrane crossing of ions [322,338]. Following 

transmembrane domain 2 motion and the dilation of the pore, current can pass through 

with an inward and outward direction governed via the difference in electrical potential 

between inside and outside of the cells. Once the ligand interacts with the purinergic 

receptor and the rotation of the transmembrane domains occurs, mono- or bi-phasic 

currents may be determined via whole cell patch clamp technique [335,336,339]. 

Moreover, single channel traces of P2X7 pore were also determined using Xenopus 

laevis oocytes with pore conductance ranging from 9 up to 13 pS [340].  



Chapter 1 – Introduction 
 

 76 

1.4.5  P2X7 receptor-dependent signalling pathways  

1.4.5.1  The release of cytokines  

Beside the release of two important cytokines under the stimulation of the P2X7 

receptor namely IL-1β and IL-18, this purinoceptor has been shown to stimulate the 

secretion of other crucial mediators for instance IL-1 receptor antagonist, IL-1α as well 

as IL-36α [243,341–343] highlighting the crucial importance of this receptor in the release 

of IL-1 type of pro-inflammatory cytokines. A novel study addressed the signalling 

pathway supporting the NLR family pyrin domain containing 3 (NLRP3) inflammasome 

stimulation as well as IL-1β release via multiple initiators and highlighted that 

potassium efflux may strongly stimulate the multimeric aggregate [344].   

1.4.5.2  Reactive oxygen species formation  

The synthesis of reactive oxygen species (ROS) following adenosine 5’-

triphosphate stimulation of purinergic P2X7 receptor has been thoroughly documented 

especially in microglia, macrophages, erythrocytes and submandibular gland cells [345–

351]. Stimulation of nicotinamide adenine dinucleotide phosphate (NADPH) oxidase 2 

via purinergic P2X7 receptors has been a frequent characteristic established in each 

of the cell classes investigated. Emerging studies suggest that a possible stimulation 

of P2X7 receptor via adenosine 5’-triphosphate may similarly elevate the levels of 

mitochondrial ROS [352,353]. A signalling pathway outcome due to elevated synthesis 

of reactive oxygen species originating from cells of myeloid origin is the stimulation of 

the NLR family pyrin domain containing 3 inflammasome complex and ultimately the 

release of IL-1β [243,354]. On the other side, emerging evidence also suggests that in 

macrophages which are bone marrow-derived, the reactive oxygen species do not 

influence NLRP3 assembly [344].  
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1.4.5.3  Protease stimulation and release 

Stimulation of purinergic P2X7 receptor gives rise to multiple cell membrane-

associated modifications for instance the release of small particles as well as 

exosomes, membrane swelling, the establishment of multinucleated cells, partial 

presentation to phosphatidylserine and lastly stimulation of metalloproteases present 

on the membrane of cells, ultimately giving rise to breakdown of membrane-bound 

mediators [305,355,356]. Novel studies have determined multiple mediators embedded on 

the membrane of cells that may be released into the extracellular space following the 

stimulation of the P2X7 receptor for instance the adhesion mediator CD44, CXCL16, 

IL-6 receptor, CD62L or in other words L-Selectin, soluble amyloid precursor protein, 

CD27 and lastly CD23 also known as the low-affinity IgE receptor [357–363].  

1.4.5.4  Prostaglandin release  

In murine macrophages, the stimulation of the P2X7 receptor gives rise to an 

elevation in the levels of multiple prostanoids for instance thromboxane B2, 

prostaglandin E2 (PGE2) as well as leukotriene B4 [364,365]. The function of 

phospholipases is to regulate the hydrolysis of phospholipids giving rise to arachidonic 

acid, a signalling cascade which has been shown to be tightly modulated by the 

activation of the P2X7 receptor via stimulating of the intracellular phospholipase A2 

[363,366], as well as phospholipase D and calcium independent phospholipase A2 

analogues [367]. Following this stimulation of the purinergic receptor, arachidonic acid 

is further converted by prostaglandin E synthases and cyclooxygenase to the mediator 

PGE2 [364]. This prostaglandin which is one of the end products of this signalling 

cascade mediated by the P2X7 receptor has crucial functions in pain, elevated 

temperature as well as inflammation [364,368].  
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1.5 The role of P2X7 receptor in inflammation  

The P2X7 receptor is considered as a crucial proinflammatory protein [288,356,369]. 

Following the stimulation of this receptor, multiple chemokines as well as cytokines 

are released from a variety of cells of which IL-1β has attracted the most attention [370]. 

The release process of IL-1β which is the active form of the proinflammatory cytokine 

is governed by a two-step mechanism starting with the stimulation of a Toll-like 

receptor (TLR) which facilitates the transcription of the IL-1β gene and encouraging 

the built-up of pro-IL-1β (inactive form) in the cytosol, followed by the second step 

which is the stimulation of the NLRP3 multimeric complex ultimately resulting in the 

conversion of pro-IL-1β to its active form IL-1β [371]. This maturation giving rise to the 

biologically active form of the pro-inflammatory cytokine is strongly associated to its 

release from cells as a follow up mechanism which has not been fully understood yet 

[372]. The activation of P2X7 receptor significantly encourages the aggregation and 

stimulation of the NLRP3 multimeric complex [373,374]. A further study by Munoz-Planillo 

and colleagues (2013) has proposed that a decline of the local intracellular potassium 

levels may constitute the connection between the P2X7 receptor stimulation and the 

activation of the NLRP3 inflammasome [344]. As a result, by convention, the stimulation 

of the P2X7 macropore might not be crucial in supporting the assembly of this 

multimeric aggregate as different ion species can cross the membrane of cells 

following the activation of the P2X7 receptor [329]. The stimulation of the P2X7 receptor 

at delimitated cellular membrane regions may potentially favour the initiation of an 

accentuated local potassium depletion without a prolonged and particularly alarming 

distress of the established intracellular homeostasis [375].  
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1.5.1  The inflammasome 

All inflammasomes possess a common architecture comprised of an elemental 

domain namely the pattern recognition receptor (PRR) (usually a NOD-like receptor), 

procaspase-1 and the apoptosis-mediated speck-like protein including a CARD (ASC; 

or in other words PYCARD) that anchors at the N-tail a pyrin (PYD) block and at the 

C-terminal a CARD domain [376,377]. The current ASC arrangement promotes similar 

interactions with further CARD or PYD domains belonging to other proteins which are 

essential for the aggregation of the inflammasome via associations between 

procaspase 1 and NLRs [376,378].  

1.5.1.1  Types of inflammasomes  

The NLRP1 inflammasome or in other words NALP1 is one of the initial 

multimeric aggregates which was identified and comprises of NLRP1, caspase-1, ASC 

and likely caspase-5 [379,380]. This inflammasome is unique in the sense that it 

comprises of a FIIND (function to find) terminal that can be subjected to self-cleavage 

for the purposes of enhancing its role during inflammation [381].  

The NLRC4 also termed IPAF inflammasome contains an elemental CARD 

terminal which can associate straightforwardly with procaspase-1 [382,383]. The 

bacterial flagellins belonging to gram-negative subcategory containing type IV or type 

III release mechanisms for instance Shigella flexneri and Salmonella typhimurium are 

the principal activators of this multimeric complex [382,384–386]. A study published by 

Suzuki and colleagues (2007) has highlighted that the stimulation of NLRC4 does not 

depend on flagellin, suggesting that multiple compounds of bacterial origin may 

participate in mechanisms that are less well understood in activating NLRC4 [387].  

The NLRP3 (Cryopyrin, NALP3 or CIAS) inflammasome is a special multimeric 

complex due to its intrinsic capability to react to multiple stimuli which are not restricted 
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solely to microbial traces such as pathogen-associated molecular patterns (PAMPs) 

[284,388] but rather also being activated by glucose [389], monosodium urate [390] or even 

extracellular adenosine 5’-triphosphate [284,391]. In order to deliver its physiological role, 

this inflammasome promotes the formation of PYD-PYD interactions between its PYD 

terminal and the PYD domain of ASC [392].   

The non-NLR AIM2 or in other words absent in melanoma 2 (AIM2) 

inflammasome contains a HIN 200 (hematopoietic interferon-stimulated nuclear 

proteins containing a 200 amino-acid terminal) domain positioned at the C-terminal of 

the multimeric complex [393–395]. This HIN aggregate binds to the PYD domain 

belonging to ASC in order to exert the physiological function of this inflammasome 

[393,396]. The AIM2 complex is also able to recognise double stranded deoxyribonucleic 

acid present in the intracellular space as it has been shown in a study published by 

Hornung and colleagues (2009) [397,398].  

1.5.1.2 The assembly of inflammasomes  

The typical stages involved in the aggregation of the majority of inflammasomes 

start with a suitable stimulus that encourages a modification which promotes 

adenosine 5’-triphosphate-mediated synthesis of the same nucleotide [399]. Following 

this stimulation, the PYD terminal belonging to inflammasomes such as AIM-2, NLRP3 

or NLRP1 binds to ASC (which contains a CARD domain) for the purposes of 

accumulating cytoplasmic resident procaspase-1 monomers via CARD-CARD 

interactions [400,401]. This process results in a fully assembled inflammasome that is 

involved in the autoproteolysis of procaspase-1 into its active form (caspase-1) which 

further facilitates the conversion of pro-IL-1β into its biologically active form IL-1β 

[400,402]. A study by Lu and colleagues (2014) has highlighted a reciprocal signalling 

cascade with regards to the aggregation of both AIM2 and NLRP3 multimeric 
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complexes via a pathway implicating the relocation to the nucleus of PYD terminals of 

caspase-1, ASC and CARD [403]. In this case, the authors suggest that both PYD and 

CARD domains of inflammasomes give rise to filamentous structures [403]. Figure 11 

highlights the process by which the NLRP3 inflammasome becomes primed and 

activated in a 2-step mechanism, which ultimately results in the release of the 

biologically active IL-1β and IL-18 in the extracellular space.  

 

Figure 11. This scheme highlights some of the mechanisms involved in the assembly 
of the NLRP3 inflammasome. The activation of this multimeric protein involves two 
main processes. This figure has been hand drawn by Paul Fodor using Microsoft 
PowerPoint software version 16.53 and is taken from from Guo et al (2015) [404]. The 
first step is marked by lipopolysaccharide activation of the TLR4 receptor which acts 
as a stimulator of the NF-kB, giving rise to increased expression of NLRP3 as well as 
IL-1β, ultimately resulting in elevated synthesis of the NLRP3 protein. The priming of 
NLRP3 also promotes its deubiquitination. Also, prior to inflammasome assembly, an 
adaptor mediator of the multiprotein signalling complex namely ASC (the adaptor 
molecule apoptosis-associated speck-like protein containing a CARD) is subjected to 
phosphorylation and ubiquitination. Following the priming of NLRP3 inflammasome, 
the second step, namely the activation of the canonical NLRP3 requires a 
recognizable signal in order to promote its intracellular assembly. Some of these 
signals include relocation of NLRP3 to the mitochondria, intracellular release of 
mitochondrial reactive oxygen species, mitochondrial DNA or cardiolipin, K+ release 
into the extracellular space via ion pores or cathepsin release into the intracellular 
environment following lysosomal destabilisation. The assembled NLRP3 
inflammasome promotes the autoproteolytic activation of pro-caspase-1 into its active 
form caspase-1, which in turn catalyses the conversion of pro-IL-1β and pro-IL-18 into 
their mature forms namely IL-1β and IL-18, resulting in their release into the 
extracellular space. 
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1.5.1.3  Inflammasomes in early and term pregnancy  

The isolation of human first trimester cytotrophoblasts, decidual endothelial and 

stromal cells and their stimulation with lipopolysaccharide (LPS) has revealed the 

presence of various inflammasomes during the early stages of the gestation period 

highlighted via the transcription of NLRP3, NLRC1, NLRP1, PYCARD, IL-1β and 

caspase-1 genes originating from these primary cells [405]. This study showed that LPS 

increased the mRNA levels especially of IL-1β and caspase-1 and also of the NLRP3 

inflammasome out of the three NOD-like receptor family multimeric complexes tested, 

suggesting that lipopolysaccharide plays an important role in supporting the release 

of IL-1β originating from decidual stromal cells and cytotrophoblasts and not 

endothelial cells  [405]. Furthermore, this investigation by Pontillo and colleagues (2013) 

highlights the importance of decidual stromal cells in supporting the function of innate 

immunity and the synthesis of pro-inflammatory cytokines, as well as the production 

of mature IL-1β originating from isolated cytotrophoblast cells, implying that the human 

placenta is strongly implicated in the regulation and release of pro-inflammatory 

cytokines [405].  

In the case of inflammasomes in term pregnancy, a recent study has highlighted 

that isolated fetal membranes with undamaged amnion and chorion layers have been 

shown to possess substantial mRNA levels of all 10 human toll like receptors (TLR’s) 

as well as NLRP3, NLRP1, ASC and lastly caspase-1 [406]. Moreover, this investigation 

has also presented data suggesting that in isolated fetal membranes, the 

concentration of biologically active IL-1β was particularly elevated following the 

activation with PAMPs such as peptidoglycan, lipopolysaccharide and flagellin [406].  

A considerable number of studies investigating the potential involvement in 

inflammation of isolated fetal membranes acquired before or following the onset of 
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unplanned commencement of parturition have suggested a possible role of these 

tissues in the regulation of inflammasome assembly due to the presence of elevated 

mRNA levels of caspase-1 [407,408]. Moreover, similar findings have also been reported 

in the human myometrium [407]. In addition, the culture of myometrial explants or fetal 

membranes has highlighted that lipopolysaccharide activation gives rise to a release 

of IL-1β into the media which was significantly accentuated via the exposure to 

nigericin and adenosine 5’-triphosphate, with the released levels of the pro-

inflammatory cytokine also being mediated via carbenoxolone which is an antagonist 

acting at the P2X7 and pannexin-1 hemichannel [407]. These results are further 

supported by a study published in 2008 highlighting that adenosine 5’-triphosphate 

encourages the release of IL-1β via the stimulation of the P2X7 receptor in human 

cord blood white blood cells originating from labouring and non-labouring patients [285]. 

The concentration of the natural agonist adenosine 5’-triphosphate considered as a 

“danger” mediator which acts at the purinergic P2X7 receptor in vivo is extremely well 

managed even if elevated eATP levels (in the region of mM) are required in order to 

stimulate the P2X7 receptor [409]. During pregnancy, especially in the uterus, an 

increased adenosine 5’-triphosphate concentration may originate from endothelial 

cells present in either human umbilical vein or arteries [180,410] or potentially from sheer 

stress caused by myometrial contractions [411]. In another study, the presence of the 

P2X7 receptor in the rat myometrium became significantly elevated before the onset 

of parturition and also in an animal model simulating preterm birth, the mRNA and 

protein levels of the P2X7 receptor became between 18 to 22 times higher at day 19 

during pregnancy, suggesting a recognisable potential involvement of the receptor in 

stimulating multiple signalling pathways involved in inflammation [412].  
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1.5.2  The P2X7 receptor involvement in DAMPs and PAMPs 

associated switch for the initiation of immune responses  

Atmospheric and self-derived microparticle hazards activate the innate 

immunity via the association of NLRP3 multimeric complex, ultimately triggering the 

conversion of the inactive pro-IL-1β to the biologically active form of the pro-

inflammatory cytokine IL-1β [413]. There are a considerable number of studies which 

have shown that the P2X7-NLRP3-IL-1β signalling pathway consists of two parts, the 

first one mainly involved in the production of pro-IL-1β due to transcriptional 

stimulation and the second one being involved in NLRP3 multimeric complex 

oligomerisation, caspase-1 self-stimulation and caspase-1 mediated conversion of 

pro-IL-1β into its active form IL-1β [414,415]. The second part of this signalling cascade 

may also become activated via pathogen-associated molecular patterns or in other 

words PAMPs, toxins or danger-associated molecular patterns also known as 

DAMPs[416].  

Danger-associated molecular patterns or in other words DAMPs or alarmins 

[417] are non-microbial “damage” mediators which are released from the cytosol 

following exposure to mechanical disturbance [417–419] and give rise to a sterile 

inflammatory response via the intracellular assembly of inflammasomes [420,421].  

DAMPs can arise from toxic waste present in the atmosphere for instance 

asbestos or silica [422,423], but also from vaccines containing adjuvants for instance 

aluminum salt (Alum) [424] or from intrinsic homeostasis disturbances for instance 

elevated cholesterol [425], glucose [389], biglycan [426], adenosine 5’-triphosphate [284], β-

amyloid protein [427] or even monosodium urate (MSU) [390,424] . Other important 

DAMPs include HMGB1 (a nuclear protein which interacts with nucleosomes and 

further facilitates DNA bending) [428,429], S100 proteins (functioning as intracellular Ca2+ 
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sensors) [430], hepatoma derived growth factor (HDGF) (involved in proliferation 

migration of multiple cell types including smooth muscle cells) [431,432] and heat shock 

proteins (HSP’s) (which play a regulatory function in the folding of proteins) [433,434].  

There are multiple suggested processes that can potentially activate the 

NLRP3 multimeric complex for instance membrane disturbance such as soluble 

adenosine 5’-triphosphate, as well as bacterial toxins or cytoplasmic engulfing of 

crystal fragments (e.g. MSU) via phagocytosis [435,436]. Moreover, bacterial toxins or 

extracellular adenosine 5’-triphosphate gives rise to an accentuated potassium exit 

from cells and the establishment of pannexin-1 hemichannels which are both 

necessary in the stimulation of this inflammasome [437,438]. The internalisation of 

particles for instance monosodium urate or silica has been shown to give rise to 

lysosomal rupture and in turn leakage of the protease cathepsin B towards the 

intracellular space which further regulates the stimulation of ROS [423,427,439].  

Further research investigating the extracellular adenosine 5’-triphosphate 

release from activated cells and the initiation and follow-up of the purinergic cascade 

of events leading the stimulation of the NLRP3 multimeric complex could constitute a 

significant leap forward in terms of elucidating the cellular signalling pathways involved 

in the regulation of innate and potentially adaptive immunity [440]. Activation of cells 

gives rise to adenosine 5’-triphosphate release and in turn stimulation of multiple 

purinoceptors such as P2Y and P2X located on the membrane (autocrine stimulation) 

or present on the plasmalemma of nearby cells (paracrine stimulation), resulting in a 

tight coordination of cellular signalling pathways especially from an immunological 

point of view [441]. The majority of cells are capable of liberating in the extracellular 

space various nucleotides, although the signalling pathways involved in the 

accomplishment of this process are vaguely known especially in the case of non-
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excitable cells such as endothelial cells [442–444]. In the case of cellular malfunction, an 

increased level of adenosine 5’-triphosphate originating from cells subjected to 

substantial injury is liberated towards the extracellular compartment and serves as a 

danger-associated molecular pattern stimulus, encouraging the onset of inflammation 

via binding to the P2X7 purinoceptor and in turn stimulating the intracellular assembly 

of NLRP3 multimeric complex [445,446].  

A further study has demonstrated that microparticles for instance silica and 

aluminum or even endogenous microcrystals such as MSU are able to stimulate an 

effective liberation of adenosine 5’-triphosphate towards the extracellular space 

especially in the case of isolated human macrophages potentially via the stimulation 

of pannexin pores and the P2X7 receptor [447]. Additionally, this study has also shown 

that primed isolated murine macrophages which have been exposed to crystals 

strongly encourage the conversion of pro-IL-1β to its active form IL-1β via the 

participation of a purinergic receptor signalling cascade [447].  

Generally, one of the principal dangers faced by resident defence mechanisms 

originates from organisms which possess exclusive motifs that are not expressed in 

eukaryotes also known as pathogen-associated molecular patterns or in other words 

PAMPs [448–450]. In order to cope with this permanent dynamic exposure to micro-

pathogens, multiple types of PRR’s are localised on the membrane of cells, in the 

intracellular compartment or even released into the extracellular space and have the 

capacity to identify PAMPs [451,452]. A good example in this case is the human TLR 

family which comprises of 10 receptors (Toll-like receptor 1-10) that are able to identify 

a variety of danger signals for instance LPS [453], peptidoglycan, lipoteichoic acid [454] 

bacterial flagellin [455], bacterial unmethylated CpG motifs [456] and many more. These 

exogenous PAMPs can be identified by cells belonging to both innate and adaptive 
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immune systems via various TLR’s that in turn can stimulate multiple signalling 

cascades with the NF-kB pathway being a pivotal one [417,457]. In the case in which 

these signals gain entry into the intracellular space, the microorganisms are faced with 

another layer of protection being recognised by NOD-like receptors or in other words 

NLRs [458–460]. In total, there are 22 human NLR genes which have been classified [461]. 

From a structural point of view, these NLR’s are composed of three main domains 

namely a principal nucleotide-binding and oligomerisation domain (NOD) which is also 

named NACHT, a zone composed of leucine-reach repeats (LRR) positioned at the 

C-terminal and lastly a N-terminal region specialised in protein-protein interactions 

[462,463]. Overall, both PAMPs and DAMPs give rise to the commencement of multiple 

inflammatory signalling pathways which ultimately result in the release of regulators 

that favour the onset of inflammation via the assembly of inflammasomes.  

1.6  The role of nucleotides in human placental vascular 

tone regulation  

The human placenta as well as the single umbilical vein and two umbilical 

arteries actively participate in the adjustment of blood flow and in the regulation of 

nutrient and fluid transfer between the mother and the fetus but also in the synthesis 

of steroid hormones [464]. A recent study has shown that an elevation in adenosine 

levels present in plasma of pregnant women could be due to not only to the stimulation 

of platelets, but also as a result of an elevation of 5’-nucleotidase action for the 

duration of the gestation period [465]. Long term exposure to theophylline or caffeine 

during the course of gestation supresses the adenosine A1 receptor activity especially 

in the brain of the mother and the fetus [466,467]. Moreover, another study has revealed 

that the human placenta expresses binding domains with typical attributes 

corresponding to a type of adenosine receptor, most likely the A2 purinoceptor [468]. A 
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potential mechanism of adenosine adsorption has been described in the context of the 

human placenta and also its conversion to other mediators taking place inside and 

outside of cells [469]. In this context, the transport of the nucleotide at the level of the 

syncytiotrophoblast on both apical and basal surfaces has been extensively described, 

with dipyridamole strongly supressing its bidirectional transport, denoting a crucial 

function of the placenta in mediating the physiological effects of adenosine during 

pregnancy [470]. Also, adenosine gave rise to vasorelaxation in ring preparations 

belonging to human chorionic arteries as well as veins which have been previously 

constricted using a high potassium physiological solution, with the pharmacological 

evaluation highlighting a potential participation of A1 and possibly A2 adenosine 

receptors [471]. A further study highlighted that in ovine fetal placental blood vessels, 

this nucleotide gives rise to a vasocontraction effect succeeded by a vasorelaxation 

response [472,473].  

Adenosine 5’-triphosphate has been shown to give rise to vasocontraction of the 

human fetoplacental blood vessels potentially through stimulating purinergic P2X 

receptors and adenosine highlighted a decreased sensitivity especially in placental 

cotyledons, potentially due to a marked reduction of its corresponding receptors 

following a prolonged exposure to the nucleotide at the time of parturition [474,475].  

 A prolonged quantification of adenosine 5’-triphosphate using human perfused 

placenta samples which have been subjected to ischemia has been carried out ex vivo 

using 31P-nuclear magnetic resonance spectroscopy, with results highlighting that 

following 4 hours of ischemic exposure, the levels of adenosine 5’-triphosphate 

declined by 85% from control values but following reperfusion, the nucleotide 

concentration significantly raised [476]. Moreover, adenosine 5’-triphsphate and uridine 

5’-triphosphate possess the capacity to encourage the elevation of intracellular 
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calcium levels in primary cells isolated from placental samples, potentially via the 

participation of P2Y2 and P2Y4 purinoceptors [477].  

 A further study investigating the function of human purinergic P2 receptor 

subcategories in perfused placental cotyledons has highlighted that adenosine 5’-

triphosphate and α,β-methylene adenosine 5’-triphosphate dependent vasoactive 

property (potentially mediated via vascular smooth muscle) did not favour the 

establishment of a desensitization effect and also was not susceptible to blocking via 

pyridoxalphosphate-6-azophenyl-2’,4’-disulfonic acid, suggesting that the P2X1 

purinoceptor might not be involved in the development of a contractile event [478]. This 

study has also showed that adenosine 5’-triphosphate and uridine 5’-triphosphate act 

via purinergic P2Y2 and P2Y4 receptors present on the smooth muscle in order to 

regulate a contractile effect of the placental blood vessels and that adenosine 

5’triphosphate acts at P2Y1 purinoceptors in order to give rise to the relaxation of blood 

vessels via the synthesis of nitric oxide [478].  

 Considerable levels of mRNA corresponding to multiple purinergic receptors 

such as P2X1, P2X4, P2X5, P2X6 and P2X7 have been found especially on the 

smooth muscle layer of the chorionic blood vessels of the human placenta, as well as 

the umbilical vein and arteries and, overall, the investigation concluded that the 

circulating nucleotides play an important function in mediating the blood flow between 

the mother and the fetus [479]. Another study has suggested that adenosine has the 

potential to constrict human chorionic blood vessels in the case of the perfused 

cotyledon, mainly through activating A2B purinoceptors via the production of a 

stimulating agent acting at a thromboxane receptor or the synthesis of a prostanoid 

[473]. Also, the same study has suggested that human adenosine A3 receptors may 

play an important role in the vasorelaxation of placental chorionic arteries via 
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regulating the function of smooth muscle [473]. Human purinergic P2 receptors 

especially P2X4, P2X7 and P2Y2 subcategories have been identified at an mRNA as 

well as protein level in isolated placental villous tissue in both early (first trimester) and 

late pregnancy (term) [480]. This study also presented fluorescent calcium imaging data 

highlighting that uridine 5’-triphosphate, adenosine 5’-triphosphate, as well as 2’(3’)-

O-(4-benzoyl benzoyl) adenosine 5’-triphosphate have led to an accentuated increase 

in intracellular calcium especially in late pregnancy [480]. Furthermore, another study 

by Roberts and colleagues published (2006) has shown that cytotrophoblast cells 

express functionally active P2X4, P2X7, P2Y2 and P2Y6 purinoceptors which, under 

stimulation, may increase the intracellular calcium concentration, ultimately regulating 

the metabolism of the syncytiotrophoblast layer as well as the transfer of various ion 

species between the mother and the fetus [277]. Buvinic and colleagues (2006) have 

also shown that human purinergic P2Y1 and P2Y2 receptor expression varies in the 

vasculature of the placenta, with 6 to 8 times higher levels in placental chorionic and 

cotyledon vasculature compared to the umbilical cord [481]. In this case, the authors 

further suggested that P2Y1 and P2Y2 receptors were mainly expressed on the smooth 

muscle cells in the cord and the chorionic vasculature, accompanied by a comparable 

expression level on both smooth muscle and endothelial cells in the cotyledon region 

of the human placenta [481]. Moreover, further evidence suggests that P2X1, P2X4 and 

P2X7 receptors are also expressed in the human chorionic plate vasculature, 

especially on the surface of the smooth muscle cells [479].  

 

 



Chapter 1 – Introduction 
 

 91 

1.7 Hypothesis and aims  

The hypothesis of this study was that purinergic receptor agonists as well as 

DAMPs and PAMPs regulate the blood flow of the chorionic plate and stem villous 

vasculature of the human placenta given their known role in vasoconstriction and 

vasorelaxation. This process is mainly achieved by involving the P2X7 receptor in the 

autoregulation of blood flow and vessel tone, which is perturbed by DAMPs, PAMPs 

and inflammation especially in the case of healthy and pregnancies complicated by 

pre-eclampsia or gestational diabetes mellitus.  

The principal objectives of this study were to:  

• Investigate the mechanisms of pro-inflammatory cytokine release from isolated 

placental tissues under the influence of DAMPs, PAMPs and purinergic receptor 

agonists and antagonists 

• Determine the expression levels of the P2X7 receptor using western blotting in 

placental chorionic plate arteries, stem villous arteries, trophoblast tissue and 

myometrium in healthy and pregnancies complicated by pre-eclampsia.  

• Explore the P2X7 receptor expression in isolated vascular smooth muscle cells 

originating from the placental chorionic plate arteries of healthy human subjects 

• Investigate the protein and mRNA levels of P2X7, Caspase-1 and NLRP3 

inflammasome in stem villous arteries   

• Evaluate the P2X7 receptor expression in isolated sections of human placental 

villous tissue at the level of the syncytiotrophoblast and fetal capillaries in healthy 

and diet managed gestational diabetes mellitus patients.  

• Study the involvement of the P2X7 receptor playing a functional role in the 

regulation of vascular smooth muscle cell contractility of human placenta 

chorionic plate arteries using wire myography  
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• Fabricate an accurate and reproducible in vitro cell co-culture model using 

primary human umbilical vascular endothelial cells (HUVEC) and freshly isolated 

placental chorionic plate artery smooth muscle cells (CPA-SMC). 

• To characterise the surface antigenic profiling of human placenta chorionic plate 

artery smooth muscle cells originating from healthy and gestational diabetes 

mellitus placental samples using cell surface markers characteristic of human 

multipotent mesenchymal stem cells.  
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2.1 Patient recruitment 

Human placental samples, myometrial and blood samples were obtained from 

subjects attending the Department of Obstetrics and Gynaecology, Royal Derby 

Hospital, Derby, United Kingdom. Ethical approval for the investigation was received 

from the Derbyshire Research Ethics Committee (Ref: 09/H0401/90) [482].  

Similarly, entire human placental samples have been acquired via the 

Department of Obstetrics and Gynaecology at The University Hospital, Queen’s 

Medical Centre, Nottingham, United Kingdom and with the permission from the 

Nottingham University Hospitals, NHS Trust, U.K. Ethical authorization was granted 

via the NHS Health Research Authority UK (Ref. 14/SC/1194) [483]. This study had the 

approval of the East Midland Nottingham 2 – Health Research Authority (Ref: 

OG010101) [484].  

All work described has been undertaken in accordance with The Code of Ethics 

of the World Medical Association (Declaration of Helsinki) [119,484] and all patients 

provided fully informed, written consent prior to the collection of placental, myometrial 

and blood samples before undergoing elective or emergency lower segment 

caesarean section. All volunteers included in the investigation delivered via caesarean 

section [482].  

2.2  Inclusion and exclusion criteria  

The inclusion criteria of the study established that following informed written 

consent, healthy patients undergoing elective caesarean section at term gestation 

(>37 weeks) were eligible to enter in the study. All mothers had to be between 17 and 

49 years old. This inclusion criteria are based on previously published studies [485–487]. 

Patients eligible into the inclusion criteria had to be non-smokers and included 

healthy volunteers, gestational diabetic mellitus subjects (oral 75g glucose tolerance 



Chapter 2 – Materials and methods 
 

 95 

test) managed with diet, metformin or insulin and type 1 diabetic volunteers who have 

become pregnant after the diagnosis. This eligibility criteria is based on two studies 

namely Razak et al (2018) [488] and Villota et al (2021) [484].  Also, placental samples 

originating from pregnancies complicated by preeclampsia (gestational age range 33-

39 weeks), intrauterine growth restriction (gestational age range 34-36 weeks) and 

oligohydramnios were eligible to enter the study. The intrauterine growth restricted 

group consisted of clinically suggested cesarean section for childbirth of a small-for-

gestational age new-born with a birth weight under the 10th centile with reference to 

regional hospital personalised resource tables [489]. Also, the preeclampsia group was 

comprised of clinically indicated cesarean section in women which have been 

diagnosed with hypertension (>140/90 mmHg) and proteinuria (>0.3g/24h) either of 

late (>34 weeks) or early (<34weeks) onset. The inclusion criteria for pre-eclamptic 

and intrauterine growth restriction pregnancy cases is based on a study published by 

Pearson et al (2010) [489].  

The treatment administered for the duration of the pregnancy period was 

controlled in conformity with approved protocols. All subjects proceeded with their 

insulin management for appropriate glucose regulation. Also, in order to be eligible for 

the study, all patients had to be hemodynamically stable (systolic blood pressure of 

more than 100mm Hg with a pulse of less than 110 beats per minute). Further suitable 

subjects included those with previous elective caesarean section, breech presentation 

and also maternal request.  

The exclusion criteria for the study contains patients with underlying pregnancy 

complications such as meconium staining, cases of microvascular complications 

(retinopathy, nephropathy), renal or cardiac disorders and other conditions that may 

compromise patient health [484]. Also, further exclusion criteria from the study are 
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karyotypic abnormalities including confined placental mosaicism, syndromic disorders 

or birth anomalies (i.e. Silver-Russell Syndrome), placental abnormalities (such as 

low-lying placentas and abnormally invasive placentas, with the exception of 

velamentous umbilical cord insertion and placenta previa), maternal chronic illnesses 

(acquired immune deficiency syndrome, endocrinological, hepatitis) and Rh disease. 

Exclusion criteria also comprises of patients unable to give informed consent, placenta 

accreta / percreta / increta and subjects that have taken alcohol in the last 24 hours.  

2.3 Human tissue collection  

After the patient provided informed consent and the follow up contact from the 

midwife that the consented subject has given birth and the placenta sample has been 

checked with the umbilical cord clamped being ready for collection, all placental 

specimens were transported to the laboratory within 20 minutes of delivery.  Once the 

placenta sample has been weighed and the umbilical cord clamped next to the 

chorionic plate and placed in sterile 0.9% (w/v) NaCl (aq.) supplemented with 100 

units/mL penicillin and 100μg/mL streptomycin up to 24 hours until further 

experiments, the placenta was further processed according to the experimental needs. 

The tissue collection is based studies published by Pearson et al (2009) [490] and 

Maneta et al (2015) [491] with the modification that the physiological salt solution in the 

current study contains 3.2mM CaCl2 and 6.05mM D-Glucose.   

After finishing collecting all placental biopsies and isolating the human umbilical 

vein endothelial cells, the leftover placental tissue and separated umbilical cord were 

both placed in a clinical waste bag with the patient information sicker on it and returned 

on the same day to the labour suite. The remaining returned samples were kept at 40C 

for a further 48 hours just in case the health of the new-born becomes unstable, and 

the pathologist requests a further placental or umbilical cord biopsy test.  
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In the case when the human umbilical vein endothelial cells were isolated 24 

hours after the collection of the placenta sample, the cord was similarly placed in a 

clinical waste bag and kept at 40C until disposed of accordingly. Circa 10-20ml of cord 

blood was obtained from the umbilical vein right after placenta collection, added into 

sterile heparinized tubes (BD vacutainer LH PSTTM II) and carefully shaken in order to 

avoid the formation of coagulation. Maternal peripheral blood samples (approximately 

10mL) were obtained from the median cubital vein by a registered midwife from 

pregnant mothers during appointments at the antenatal clinic and added to sterile 

heparinized tubes (BD vacutainer LH PSTTM II) after transport to the laboratory prior 

to commencement of peripheral blood mononuclear cells (PBMC) isolation [491]. 

Furthermore, myometrial biopsies of circa 2cm3 were obtained from the area superior 

to the transverse incision performed during the elective lower segment caesarean 

section. The myometrial specimens were placed in physiological salt solution (PSS; 

119mM NaCl, 4.69mM KCl, 2.4mM MgSO4, 25mM NaHCO3, 1.17mM KH2PO4, 

6.05mM D-Glucose, 3.2mM CaCl2, pH 7.4), transported to the laboratory, thoroughly 

washed in PSS, immediately snap frozen in liquid nitrogen and stored at -800C until 

processed [53]. The number of placental samples used in each experiment is stated 

individually in each section. 

2.4 Isolation of placental arteries  

After transport of placental samples to the laboratory, the amnion was gently 

dethatched from the surface of the chorionic plate which resulted in the exposure of 

the vast chorionic plate blood vessel network. Following identification of the two 

umbilical arteries, the chorionic plate arteries were recognised by inspecting the point 

of umbilical cord insertion into the chorionic plate and tracing the branches of the 

smaller internal diameter resistance size arteries across the fetal surface of the 
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placenta. In this case, the first order CPA was considered the blood vessel which 

branched from the umbilical artery immediately after the point of umbilical cord 

insertion into the chorionic plate. At the level of the 2nd and 4th order branches of the 

chorionic plate artery, an incision into the tissue was undertaken and arteries were 

dissected with the adjacent connective tissue. CPA’s were immediately depleted of 

the surrounding connective tissue via fine dissection prior to the start of the wire 

myography experiments. Three independent biopsies were collected from an 

individual placenta sample. The chorionic plate artery branching towards the maternal 

surface of the human placenta was used as a reference point for the purposes of 

recognising the emerging stem villous arteries (SVA). In this case, SVA’s were isolated 

by gently scraping away the surrounding villous tissue via the rounded edge of a pair 

of forceps and using fine scissors [53]. The isolation of placental arteries is based on 

the following studies: Sander et al (2019) [482] and Tayyba et al (2014) [53].   

2.5 Wire myography  

Following the removal of all connective tissue, the chorionic plate arteries were 

transferred to PSS (119mM NaCl, 4.69mM KCl, 2.4mM MgSO4, 25mM NaHCO3, 

1.17mM KH2PO4, 6.05mM D-Glucose, 3.2mM CaCl2, pH 7.4). Each individual blood 

vessel segment (2mm) was mounted on the wire myograph (M610, DMT, Aarhus, 

Denmark) by passing a 49μm tungsten wire through the lumen and securing the blood 

vessel on the force transducer using two screws. A second wire was passed through 

the lumen of the CPA and connected to the opposite myograph jaw. The other 

adjacent isolated CPA segments were also mounted and left to equilibrate at 370C 

prior to normalisation. In this case, the effective pressure was calculated for all four 

CPA rings and normalised to an effective pressure of 5.1kPa and set at an internal 

circumference of 0.9*IC5.1kPa. The chosen 5.1kPa pressure was used to duplicate the 
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transmural pressure reported across the intervillous space of the human placenta. 

CPA’s were preconstricted with the thromboxane A2 mimetic U46619 (10-10M to 

3.3*10-6M) (Tocris, 1932) and responses to endothelium independent vasodilators 

namely riluzole (Sigma-Aldrich, R116) and sodium nitroprusside (SNP) (Sigma-

Aldrich, 228710) were assessed. U46619 was reconstituted with physiological salt 

solution and the stock concentration was 10-2M (solution A). Using PSS, U46619 

solution A was further diluted to obtain the following concentrations: 10-4M (solution 

B), 10-6M (solution C) and 10-8M (solution D). The stock U46619 solution A (aliquoted 

into 10μL) was frozen at -200C and solution B, C and D were prepared fresh each day. 

SNP was prepared fresh each day using distilled water to produce a stock 

concentration of 10-2M (solution A). Using PSS, SNP solution A was further diluted to 

obtain the following concentrations: 10-4M (solution B) and 10-6M (solution C). Riluzole 

was prepared using dimethyl sulfoxide (DMSO) to obtain a stock concentration of 10-

2M (solution A). The riluzole stock solution A (aliquoted into 10μL) was frozen at -200C. 

Using PSS, riluzole stock solution A was further diluted to obtain the following 

concentrations: 10-4M (solution B) and 10-6M (solution C). Riluzole solution B and C 

were prepared fresh each day. Following preparation, PSS, 60mM KPSS and 123mM 

KPSS was stored at 40C for a period of up to 4 weeks. 

Pharmacologically, the P2X7 receptor necessitates higher adenosine 5’-

triphosphate concentrations for its stimulation, with an EC50 ≥ 100μM which is 

approximately 100-fold greater compared to other P2X receptors and 2,3-O-(4-

benzoylbenzoyl)-ATP (BzATP) is circa 30-fold more potent than ATP at the P2X7 

receptor [492] (with a low micromolar EC50) [493] whereas at other P2X receptors it is 

less potent [494]. Another study has highlighted an ATP EC50 at the P2X7 receptor of 

approximately 0.3-1mM at physiological concentrations of calcium and magnesium 
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[242]. This elevated concentration of adenosine 5’-triphosphate is not frequently 

expressed in healthy tissues. Despite this, at sites of cellular injury, inflammation, 

phagocytic degranulation and necrosis, the circulating adenosine 5’-triphosphate 

concentration may rise to circa mM levels stimulating the P2X7 receptor. As a result, 

the purinoceptor is recognised to respond to “danger” signals [495]. The P2X7 receptor 

antagonist A740003 IC50 is 0.040μM at the human P2X7 receptor [493]. The U46619 

EC50 has been reported at 28nM in human placenta chorionic plate arteries [54]. The 

SNP IC50 in human placenta stem villous arteries has been reported at 5.8*10-8M [482]. 

In chorionic plate arteries a log EC50 for SNP was determined at -5.5 in a study 

published by Ali et al (2014) [53]. Similarly, in human placenta chorionic plate arteries, 

the same study has highlighted a log EC50 for riluzole calculated at -6.6 [53].  

The tissue baths were constantly perfused with 2% O2, 5% CO2 and 93% N2 

(BOC special gas, British Oxygen Company, UK) to mimic placental conditions at term 

and kept at 370C. Experiments were initiated with either a cumulative concentration 

response curve to U46619 (10-10M - 3.3*10-6M) or with an initial contraction to the 

thromboxane A2 mimetic (3.3*10-6M) which served as a viability control. Furthermore, 

an initial contraction to 60mM KPSS was also used in a few wire myography 

experiments as a viability control. The vasoactive effects of the investigated 

compounds were expressed as a percentage of this contraction or as stated in 

individual figures presented in chapter 4.3.  For the purposes of investigating the 

vasorelaxant effects, riluzole or SNP were added in increasing concentrations 

immediately after the initial U46619 contraction. The thromboxane A2 agonist was 

selected due to its reproducible vasoconstrictor properties at the level of the placental 

arteries. In the case of investigating the contractile properties of a compound, the 

commencing cumulative U46619 concentration in the bath was washed out with PSS 
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and the CPA’s were left to equilibrate to baseline tension prior to adding incremental 

concentrations of ATP or BzATP.  

ATP was prepared using PSS to obtain a stock concentration of 10-1M (solution 

A) at a pH of 7.4. The ATP stock solution A (aliquoted into 1mL) was frozen at -800C. 

Using PSS, ATP stock solution A was further diluted to obtain the following 

concentrations: 10-3M (solution B) and 10-5M (solution C). ATP solution B and C were 

prepared fresh every day. BzATP was prepared using PSS to obtain a stock 

concentration of 10-2M (solution A). The BzATP stock solution A (aliquoted into 10μL) 

was frozen at -200C. Using PSS, BzATP stock solution A was further diluted to 10-4M 

(solution B) and 10-6M (solution C). BzATP solution B and C were prepared fresh each 

day.  

All experiments were accomplished with a final contraction to either increasing 

cumulative concentrations of U46619 (10-10M – 3.3*10-7M), a single U46619 

concentration (3.3*10-7M), 60mM KPSS or 123mM KPSS to validate blood vessel 

viability. The effects of purinergic receptor agonists (adenosine 5’-triphosphate; ATP, 

Benzoylbenzoyl-ATP; BzATP) were assessed by applying increasing cumulative or 

non-cumulative concentrations to the bath, in the presence and absence of the 

selective P2X7 receptor antagonist A740003 (10-6M) (Tocris, 3701) as well as various 

concentrations (30, 40, 50 and 70mM) of high potassium physiological salt solution 

(KPSS). A740003 was prepared using DMSO to obtain a stock concentration of 10-3M 

(aliquoted into 100μL) and frozen at -200C. Each vasoactive modulator was added 

directly to the bath and the CPA vessels were incubated with A740003 for either 15 or 

30 minutes prior to the application of cumulative concentrations of ATP. The baseline 

tension of all four CPA preparations was assessed pre- and 5-30 minutes post-

application of each compound. Some wire myography experiments contained one 
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CPA preparation to which no compounds were added and was used as a time control, 

or in other cases the vehicle control dimethyl sulfoxide (DMSO) was only added to 

distinguish specific compound-induced vasoactive effects. The concentration of 

compounds used in this study were based on previously published studies from our 

laboratories and from the wider literature [53,482]. The wire myography protocol used in 

the current study is based on Sander et al (2019) [482] and Tayyba et al (2014) [53] with 

the modification that the arteries were perfused with 2% O2, 5%CO2 and 93%N2 

compared to 5%O2, 5%CO2 and 90%N2 as highlighted in Tayyba et al (2014) [53].  

2.5.1 Data analysis 

The acquired wire myography data (using LabChart Pro software, version 

8.1.6) was transformed from tension to active effective pressure (AEP) for the 

purposes of taking into account the blood vessel size. AEP was determined using 

Laplace’s equation by dividing the acquired active tension (mN/mm) measurements 

with the radius of the blood vessel (mm). The effects are presented in AEP as a 

percentage of the maximal AEP obtained with an initial contraction to 3.3*10-7M 

(unless otherwise stated) U46619 or to 60mM KPSS. A nonlinear curve fit was 

undertaken using GraphPad Prism software (version 8.2.1, La Jolla, USA) for the 

purposes of calculating EC50, EC80, EC90 and IC50 of a concentration response curve. 

A nonlinear regression fit (three-parameter logistic equation) was used in order to fit 

all concentration response curves. EC50 is the concentration of a compound that elicits 

half-maximal response. EC80 is defined as the concentration of a compound that 

produces a 80% response of the maximum possible response for that ligand. EC90 

refers to the concentration of a compound which produces a 90% response of the 

maximum possible response for that ligand. IC50 is the concentration of an inhibitor 

where the response is diminished by half. Rmax is maximal relaxation. The agonist 
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vasoactive responses were measured as increases above the established baseline. 

Data are expressed as mean±S.E.M. and analysed using the following statistical 

tests”: Shapiro Wilk normality test, a two-way ANOVA test using Geisser-Greenhouse 

correction and Sidak’s multiple comparison tests, Tukey’s multiple comparison tests, 

unpaired two-tailed T-test with Welch’s correction, two-tailed paired T-test and Brown-

Forsythe ANOVA test with Dunnett’s T3 multiple comparison tests. A value of P<0.05 

was taken to suggest a statistically significant difference [53,482]. The data analysis of 

wire myography is based on Sander et al (2019) [482] and Tayyba et al (2014) [53].  

2.6 Western blotting  

Western blotting protocol is based on Maneta et al (2015) [491], Pearson et al 

(2009) [490] and Warren et al (2008) [285].  

2.6.1  Collection of placental tissue and PBMC cells 

Villous tissue (referred in the current investigation as trophoblast tissue), 

chorionic plate artery, stem villous artery and choriodecidua were collected from either 

healthy or preeclamptic placental samples, washed multiple times in physiological salt 

solution (PSS) to remove any traces of the remaining blood and immediately snap-

frozen in liquid nitrogen, followed by storing the samples at -800C until processed. In 

this case, villous core tissue was gently separated by sterile dissection from different 

cotyledons excluding chorionic and basal plates. Choriodecidua was obtained about 

2-3 cm from the placental disc by manually separating the amnion with forceps. The 

trophoblast tissue collected which was further subjected to D-glucose stimulation 

(chapter 3.3.5) was vigorously washed in D-glucose free PSS immediately after 

collection. However, on one occasion trophoblast tissue and stem villous artery were 

collected from a healthy placenta sample, washed thoroughly in PSS and directly 

homogenised without snap-freezing in liquid nitrogen and storing the tissue at -800C. 
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In this case, following homogenisation, the protein determination of the tissue 

homogenates (second supernatant fraction) was carried out during the same day of 

the placenta collection, while the second pellet fraction was left overnight at 40C in 

solubilization buffer prior to evaluating the protein content of the preparation on the 

following day (western blotting data highlighted in chapter 3.2.2). Following isolation 

of peripheral blood mononuclear cells (PBMC) from the maternal blood originating 

from two healthy patients, the primary cells were stored at -800C until the 

homogenisation process took place [491] .  

2.6.2  Control tissue and cells 

Patients undergoing elective caesarean section were also consented for 

myometrium biopsies as highlighted in chapter 2.3. In this case, myometrium tissue 

(second pellet fraction) was used as a positive control for the P2X7 receptor protein 

expression. Similarly, cord blood mononuclear cells isolated from the umbilical vein of 

a placenta sample originating from a gestational diabetic patient were stimulated with 

10μg/mL LPS (3.5h) + 300μM BzATP (0.5h) and the second supernatant fraction used 

as a positive control for the NLRP3 inflammasome protein expression levels.  

2.6.3  Tissue and primary cell homogenisation  

All homogenisation and solubilization buffers were initially prepared and kept 

cold at all times. All tissue samples were taken from the -800C freezer and maintained 

chilled on ice at all times. The mechanical homogenisation was the most suitable 

method of homogenising stiff muscle tissue for instance myometrium which is 

generally challenging to homogenise via only cutting the tissue using a scalpel blade. 

During the fractionation of the isolated tissue, an increased amount of heat is generally 

produced which may denature the proteins of interest present in the tissue lysate. 
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Therefore, a particular attention was allocated to keep all buffers and tissue cold at all 

times during the homogenisation process [285,491].  

2.6.3.1 Homogenisation of human tissue using the Ultra 

turrax method  

The human tissue was removed from -800C tubes and deposited on a glass 

petri dish which was rested on ice in order to maintain the biopsies cold at all times. A 

22-gauge scalpel blade (which was continuously maintained cold) was used to cut the 

biopsies into multiple reduced size fragments. 500mg of the freshly dissected small 

tissue pieces (wet weight) were transferred to a 14mL BD Falcon round bottom tube 

containing 2.5mL homogenisation buffer using a 3mL plastic Pasteur pipette. The 

composition of the homogenisation buffer (HB) consisted of sucrose (300mM), Tris 

base (25mM), ethylenediaminetetraacetic acid (EDTA) (1mM), monothioglycerol 

(10mM), tween 20 (0.1% v/v), 1/500 protease inhibitors and 1/100 phosphatase 

inhibitors (Sigma-Aldrich, Poole, UK) at a pH of 7.4. The HB was supplemented with 

protease and phosphatase inhibitors for the purposes of supporting protein integrity. 

The main benefit of working with a round bottom tube was that the tip of the 

homogeniser remained in direct proximity with the small tissue pieces at all stages of 

the fractionation process. The tube with tissue was placed on a polystyrene box 

containing ice. The tip of the Ultra Turrax T25 tissue homogeniser (Janke and Kunkel 

IKA-Labortechnik, Germany) (referred in the current investigation as Ultra turrax 

homogenisation method) was then placed into the tube and turned on and off at 

intervals of 30 seconds for the purposes of enabling the tissue sample to cool prior to 

further homogenisation of the biopsy. The process was repeated to the point where 

no visible tissue fragments were present in the suspension. The remaining tissue 

samples were individually homogenised using the same methodology. After all tissue 
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samples were adequately homogenised, all cold suspensions were split into 2 x 1.5mL 

Eppendorf tubes followed by spinning the samples at 1400g for 10 minutes at 40C in 

order to eliminate any small tissue fragments. The resulting supernatant (first 

supernatant) was transferred to a new 1.5mL tube and the emerging pellet (first pellet) 

was discarded since it contained tissue debris. The first supernatant was further 

centrifuged at 14000g (EBA 12R, Hettich) for 60 minutes at 40C. The resulting 

supernatant (second supernatant) contained the cytosolic fraction of cells and the 

emerging pellet (second pellet) comprised of the cell membranous fraction. The 

second supernatant was transferred to a clean 1.5mL Eppendorf tube and placed at -

800C until further processed. 416μL of solubilisation buffer (SB) (20mM Tris base, 

120mM NaCl, 10mM EDTA, 50mM KCl, 2.5% (v/v) Igepal, 2mM DTT, 1/500 protease 

inhibitors and 1/100 phosphatase inhibitors, pH 7.5) was added to the second pellet 

which was thoroughly vortexed and the tubes left overnight at 40C. On the following 

day, the second pellet was further vortexed and sonicated using an Ultra-Turrax 

sonicator (USC100T, VWR) for 15 minutes on ice. The resulting suspension was 

centrifuged at 1000g for 10 minutes at 40C which resulted in the second solubilised 

pellet (referred in the current study as second pellet) and in an insoluble pellet fraction 

which was discarded. The second pellet was placed at -800C until further processed. 

Figure 12 shows a visual scheme highlighting the steps of the tissue homogenisation 

process using the Ultra Turrax method [285,491].  
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Figure 12. This scheme shows the process of homogenising human tissue using the 
Ultra turrax homogenisation method. This figure has been created by Paul Fodor using 
Microsoft PowerPoint software version 16.53. 
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2.6.3.2 Homogenisation of tissue using the Lysing matrix D 

ceramic spheres method  

Tissue samples were also homogenised using a similar method as described 

in chapter 2.6.3.1. but with minor changes. 100mg of freshly dissected small tissue 

fragments (CPA, SVA, trophoblast, myometrium; wet weight) were transferred into a 

2mL Eppendorf tube containing Lysing matrix D 1.4mm ceramic spheres (MP 

Biomedicals, 116913100) and 0.5mL HB. The tube with tissue was then placed in a 

polystyrene box containing ice and the procedure repeated with the remaining tissue 

biopsies. Following this, all tissue samples were placed inside the benchtop 

homogeniser (MP Biomedicals Fast Prep 24 Classic) and processed at 6m/s for 40 

seconds. The biopsies were then removed from the homogeniser and placed on ice 

for 5 minutes to cool down. In total, the tissue samples were homogenised 3 times 

using the same benchtop homogeniser settings with all biopsies being placed on ice 

in between the processing cycles. From this point, a similar processing protocol was 

used for all tissue samples as presented in chapter 2.6.3.1 and in the case of 

solubilizing the second pellet fraction, only 166.6μL SB was used. A schematic 

representation of the homogenisation of tissue using the Lysing matrix D ceramic 

spheres is presented in figure 13. The advantage of this homogenisation method 

compared to the Ultra turrax method is that multiple (up to 24) tissue biopsies can be 

fractionated at the same time [285,491,496].  
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Figure 13. This scheme shows the process of homogenising human tissue using the 
Lysing matrix D ceramic spheres homogenisation method. This figure has been 
created by Paul Fodor using Microsoft PowerPoint software version 16.53. 
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2.6.3.3 Homogenisation of primary cells  

A similar fractionation protocol as described in chapter 2.6.3.1 was applied in 

the case of isolated primary cells (peripheral blood mononuclear cells - PBMC) but 

with subtle modifications. Following isolation, the cells were taken out from the -800C 

freezer and 300μL of homogenisation buffer which consisted of sucrose (320mM), Tris 

base (10mM), KCl (50mM), EDTA (1mM), Igepal (0.5% v/v), 1/500 protease inhibitors 

and 1/100 phosphatase inhibitors, pH 7.8 was added to the cell pellet. Following this, 

the cells were thoroughly vortexed and disrupted by passing them through a 21 g 

needle for 25 times. The suspension was then vortexed and sonicated using an Ultra-

Turrax sonicator (USC100T, VWR) for 15 minutes on ice. The primary cells were again 

disrupted by passing them through a 21 g needle for 25 times. The cell lysates were 

spun at 1300g for 5 minutes at 40C and the resulting first supernatant was again 

centrifuged at 14000g for 60 minutes at 40C. The emerging second supernatant was 

transferred into a clean 1.5mL Eppendorf tube and then stored at -800C until further 

processed. In this case, emerging second pellet was discarded. Figure 14 highlights 

the process involved in the homogenisation of primary cells [285,491].  
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Figure 14. This scheme shows the homogenisation method for isolated primary cells. 
This figure has been created by Paul Fodor using Microsoft PowerPoint software 
version 16.53. 
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2.6.4  Protein determination  

The protein content of second supernatant and second pellets originating from 

the human tissue and primary cell lysates was measured using the bicinchoninic acid 

(BCA) assay. Bovine serum albumin (BSA) protein standards were constructed at 

known concentrations of 0, 0.05, 0.1, 0.2, 0.4, 0.6, 0.8 and 1mg/mL using a BSA stock 

solution at a concentration of 10mg/mL diluted in 0.9% (w/v) NaCl (aq). Following this, 

10μL of test samples (which have been diluted in 0.9% (w/v) NaCl (aq) accordingly) 

and protein standards were added to a 96 well plate in duplicate followed by the 

addition of 200μL of freshly prepared BCA working solution i.e. BCA with 2% (v/v) 

Copper sulphate (CuSO4). The 96 well plate was incubated at 370C for 30 minutes 

with gentle shaking. The plate was read using a spectrophotometer at 562nm with a 

Thermo plate reader (MultiSkan Spectrum and SkanIt software v. 2.2). The protein 

concentration of unknown samples (mg/mL) was calculated based on a straight-line 

equation (y=mx+c) which was obtained by plotting the known concentration of BSA 

protein against the average absorbance values and by taking into account the test 

sample dilution factor. Following this, the western blotting samples were prepared by 

diluting the determined protein content of samples to the desired western blot 

concentration (e.g. 40μg/10μL) with Laemmli loading buffer (BioRad, Hemel 

Hempstead, UK, 161-0737) supplemented with 2% (v/v) β-mercaptoethanol (M6250, 

Sigma Aldrich) (50μL β-mercaptoethanol for every 950μL loading buffer). Western 

blotting sample aliquots were prepared (100μL) for each specimen in order to prevent 

freeze-thaw cycles and were stored at -800C until used [285,491].  
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2.6.5  IgG immunodepletion from trophoblast, SVA and 

myometrium tissue 

Immunoprecipitation buffer (IP) was firstly prepared which consisted of Tris 

base (50mM), NaCl (150mM), EDTA (1mM), ethylene glycol tetraacetic acid (EGTA) 

(0.2mM) SDS (0.1%), Sodium Deoxycholate (0.3% w/v), 1/500 protease inhibitors and 

1/100 phosphatase inhibitors, pH 7.5. 50μL of anti-human IgG (whole molecule)-

agarose antibody developed in goat (Sigma, A3543) was added to a 0.5mL Eppendorf 

tube containing 200μL of ice-cold IP buffer. The tubes were thoroughly vortexed and 

spun at 1500RPM for 10 minutes at 40C (EBA 12R Hettich). The resulting supernatant 

was discarded and 200μL of fresh IP buffer was added to the agarose pellet. The 

tubes were again vortexed and centrifuged at the same parameters and the resulting 

supernatant discarded. In total there were three cycles of centrifugation and removal 

of supernatants. 150μL second supernatant or second pellet at a concentration of 

13.3mg/mL (samples for IgG immunodepletion protocol were prepared following BCA 

assay protein measurement) was added to the emerging washed agarose pellet and 

the samples were left at 40C for 2 hours with gentle agitation. Following this, the tubes 

were spun again at 1500RPM for 10 min at 40C. The resulting supernatant (containing 

the protein samples which have been immunodepleted of IgG) was kept and subjected 

to a further BCA assay protein measurement prior to western blotting sample 

preparation and the emerging pellet discarded.  Figure 15 highlights the process 

involved in the IgG immunodepletion of the placental and myometrium tissue lysates.  
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Figure 15. This scheme highlights the IgG immunodepletion method of trophoblast, 
SVA and myometrium tissue lysates. This figure has been created by Paul Fodor using 
Microsoft PowerPoint software version 16.53. 
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2.6.6  SDS PAGE Electrophoresis and electroblotting 

Sodium Dodecyl Sulphate Polyacrylamide Gel Electrophoresis (SDS-PAGE) 

was used as a method of separating the proteins according to their molecular weight 

and charge. In the present study, 7%, 10% and 15% (wt/vol) hand casted 

polyacrylamide gels were prepared (composition presented in appendix 7) and used 

for an adequate separation of small (Procaspase-1), medium (P2X7 receptor) and 

large size (NOD-like receptor protein 3 - NLRP3 inflammasome) proteins with a 

running buffer containing 0.025mM Tris base (pH 8.3), 0.192mM glycine, 0.1% (w/v) 

SDS. Similarly, 15 well 10% Mini-Protean TGX precast gels (Bio-Rad, catalogue 

number 4561036) were also used in the study. All tissue and cell western blotting 

samples were removed from -800C, denatured by boiling at 800C for 5 minutes 

(Techne, Dri-Block® Heater, DB-2D) and rested on ice. Each western blotting sample 

was then loaded into the polyacrylamide gel (15μL/15-well polyacrylamide gel or 

30μL/10-well polyacrylamide gel). 5μL of precision plus protein Kaleidoscope 

Prestained protein standard (10-250kDa) was loaded into each gel to survey the 

migration of proteins (BioRad, 1610375). The same protein amount of tissue and cells 

was loaded into each gel as indicated in Chapter 3 unless otherwise stated (validation 

experiments to determine the optimal protein load into the gel or confirmation of no 

P2X7 receptor specific bands in the second supernatant of tissue and cells). The 

proteins were resolved for 50-60 minutes at 40mA (20mA for each polyacrylamide 

gel). Following this, the proteins were transferred on to the nitrocellulose membrane 

(0.45μm pore size, BioRad, 1620094) by electroblotting using a Bio-Rad Miniprotean 

3 wet blot system (165-3301, Bio-Rad) for either 1 hour at 100V at 40C (for the 

purposes of further evaluating the P2X7 receptor and Procaspase-1 protein 

expression levels, unless otherwise stated) or for 1.5 hours at 100V at 40C (for further 
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investigating the NLRP3 inflammasome protein expression levels). The transfer buffer 

composition was 25mM Tris, 192mM Glycine, 20% (v/v) Methanol, pH 8.3. After this, 

all proteins were visualised using Ponceau S red solution (Sigma-Aldrich, Poole, UK, 

P7170)  (0.1% w/v Ponceau, 5% v/v acetic acid) to evaluate the success of the 

transfer. The Ponceau S red solution was washed with Tris Buffered Saline (TBS) (pH 

7.4) with 0.1% (v/v) Tween 20 (TBS-T) for 5 minutes. Also, in some cases, the 

polyacrylamide gels were stained with Coomassie G-250 stain (Simply Blue safe stain, 

Thermo Fisher, LC6065) for visualising the resolved proteins which have not 

transferred to the nitrocellulose membrane [285,491].  

2.6.7  Blocking, control peptide blocking and antibody 

application  

The nitrocellulose membrane was blocked with 5% (w/v) non-fat dry milk Marvel 

(Lincolnshire, UK) diluted in TBS-T for 1.5 hours at room temperature with gentle 

shaking. Following this, the blots were washed 6 times for 10 minutes each (gentle 

shaking) with TBS-T prior to adding the primary antibodies (see figure legend for 

dilutions) which were diluted in 3% w/v Marvel milk/TBS-T. Following addition of the 

primary antibody, the nitrocellulose membranes were left at 40C overnight with gentle 

agitation.  

The corresponding blocking peptide of the rabbit polyclonal IgG anti P2X7 

receptor antibody (Alomone Labs, BLP-PR004) was incubated at a concentration of 

1μg peptide per 1μg of primary antibody (Alomone Labs, APR-004) at room 

temperature for 30 minutes with gentle shaking prior to addition to the nitrocellulose 

membrane [285,491].  
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2.6.8  β Actin measurement  

Following the detection of each target protein, the same nitrocellulose paper 

was used for the purposes of evaluating the levels of the loading control protein β 

Actin. All immunoblots were stripped using a mild antibody stripping solution (ReBlot 

Plus Mild Antibody Stripping Solution 10X, Millipore, 2502) according to the 

manufacturer’s instructions for 10 minutes. The solution was washed with TBS-T for 

10 minutes and the nitrocellulose membrane blocked with 5% (w/v) Marvel milk 

dissolved in TBS-T for 90 minutes at room temperature. The immunoblots were 

washed 6 times for 10 minutes each with TBS-T, prior to the application of the primary 

β-Actin antibody (Abcam, Ab8227) diluted at either 1:2500 or 1:8000 in 3% (w/v) 

marvel milk/TBS-T and left overnight at 40C with gentle snaking to check for equal 

loading. This also facilitated quantitation of the protein density of all human tissue and 

cell types studied to recognise any variations in the density of expression [285,491].  

2.6.9  Secondary antibody and data analysis  

Following the removal of the unbound primary antibody from the nitrocellulose 

membranes using 6 washes (10 minutes each) of TBS-T, the immunoblots were 

incubated with the secondary antibodies (see figure legend for dilutions) which were 

conjugated to alkaline phosphatase (AP) and diluted in 3% (w/v) marvel milk/TBS-T 

for 90 minutes at room temperature. Following this, all western blots were washed 6 

times (10 minutes each) using TBS-T, followed by 2 washes (10 minutes each) with 

TBS. The immunoblots were then developed using the enhanced chemiluminescent 

(ECL) detection system Immun-StarTM AP substrate Pack (BioRad, 170-5012). 2.5mL 

substrate was combined with 50μL enhancer and the mix added evenly to the 

nitrocellulose membrane which was protected from light. Following 10 minutes, the 

immunoblots were visualised using a ChemiDocTM MP imaging system (version 4.2.1) 
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and all micrographs acquired analysed using Image Lab software (version 6.0.1). The 

control immunoblots corresponding to the P2X7 receptor and P2X7 receptor + 

Blocking peptide were examined alongside, and each nitrocellulose membrane was 

exposed for less than 10 minutes, with the exception of the NLRP3 inflammasome 

immunoblot presented in figure 12 which was exposed for 15 minutes. Using Image 

Lab software, the total band intensities were quantified via subtracting the levels of the 

background staining and the approximate molecular weight for each of the protein 

bands identified was evaluated. GraphPad Prism software (version 8.2.1) was used to 

analyse all western blotting data [285,491].  

2.7 Stimulation of trophoblast tissue with D-glucose  

Firstly, 500μL of glucose free media (RPMI 1640, Thermo Fisher, 11879020) 

supplemented with 100 units/mL penicillin and 100μg/mL streptomycin and varying 

concentrations of D-Glucose (0, 5.5, 10, 20 and 30mM) was added to a 24 well plate. 

Secondly, trophoblast tissue (100mg wet tissue) originating from healthy patients was 

added in individual wells of the 24 well plate which was incubated at 370C for 4 or 48 

hours. Following this, the trophoblast tissue was collected in individual 1.5mL 

Eppendorf tubes corresponding to each of the experimental conditions and snap-

frozen in liquid nitrogen prior to storage at -800C until further processed. Similarly, the 

tissue culture media was collected in individual 1.5mL Eppendorf tubes corresponding 

to each D-glucose treatment and placed in the -800C freezer until required. Also, 

trophoblast tissue biopsies (100mg) were snap frozen in liquid nitrogen immediately 

after placenta collection (t=0) and stored at -800C until processed i.e. not subjected to 

D-glucose stimulation and referred in the current studies as frozen control. The relative 

P2X7 receptor protein expression levels were assessed using the homogenised 

(Lysing matrix D ceramic spheres method) trophoblast tissue which was D-glucose 
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stimulated or not incubated with D-glucose (0mM). Also, myometrium tissue (second 

pellet) was used as a positive control for the P2X7 receptor protein expression levels. 

D-glucose was prepared using distilled water and 5 stock concentrations were 

prepared separately (0mM, 5.5mM, 10mM, 20mM and 30mM) comprising of a volume 

of 50mL. Each of the stock concentrations were sterilised using a 0.2μm pore size 

filter and stored at 40C for a period of up to 14 days.  

The chosen concentration of D-glucose was based on two studies namely 

Koenen et al (2011) [497] and Zhou et al (2010) [389].  

The same D-glucose stimulation of trophoblast tissue protocol was applied in a 

complementary study with a minor modification. Here, 500μL of glucose free media 

(RPMI 1640, Thermo Fisher, 11879020) supplemented with 100 units/mL penicillin, 

100μg/mL streptomycin (Thermo Fisher, 15140122), 10% (v/v) fetal bovine serum 

(Sigma Aldrich, F9665) and varying concentrations of D-Glucose (0, 5.5 and 30mM) 

was used. In this case, 100mg of trophoblast (wet) tissue was incubated for 4 or 24 

hours and the relative P2X7 receptor protein expression levels assessed using 

western blotting.  

The tissue culture media was further used to assess the levels of released IL-1β 

and lactate dehydrogenase (LDH) at 4 or 48 hours. Moreover, interleukin-1β levels 

were measured in the second supernatant fraction of trophoblast tissue lysates 

originating from two healthy patients using a commercially available IL-1β DuoSet 

enzyme-linked immunosorbent assay (ELISA) kit (R&D Systems, DY201) for the 

purposes of assessing the cytosolic expression levels of the mature IL-1β prior to 

release into the extracellular space.  

The same methodology was used in a similar experiment where the trophoblast 

(wet) tissue (100mg) was collected from 3 healthy patients and incubated for 4 or 48 
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hours with D-glucose (Sigma Aldrich, G7021) supplemented RPMI 1640 media 

(Thermo Fisher, 11879020) at concentrations of 0, 5.5, 10, 20 and 30mM in the 

presence and absence of cell lysis solution (LDH-Cytotoxicity Assay Kit II, Abcam, 

Ab65393) for the purposes of measuring the released lactate dehydrogenase (LDH) 

levels in the tissue culture media. In this case, 2 wells of the 24 well plate contained 

no trophoblast tissue but just 0mM D-glucose in the absence of the cell lysis solution 

which were used as background control for the purposes of analysing the released 

LDH levels.  

2.7.1  Stimulation of CPA, SVA and trophoblast tissue with 

LPS, ATP and BzATP  

Isolated trophoblast (wet) tissue (100mg) originating from 10 healthy patients 

was stimulated with RPMI 1640 media (Thermo Fisher, 11885084) supplemented with 

100 units/mL penicillin and 100μg/mL streptomycin (control) (4h), ATP (10mM) for 4 

hours, LPS (10μg/mL) (3.5 hours) +ATP (10mM) (0.5 hours) and LPS (10μg/mL) (3.5 

hours) +BzATP (300μM) (0.5 hours). ATP was sourced from Sigma Aldrich (A6419), 

LPS was obtained from Sigma Aldrich (L2630) and BzATP was sourced from Sigma 

Aldrich (B6396). 500μL of the corresponding media was placed in 24 well plates and 

100mg of trophoblast tissue was added to each well. The plate was initially incubated 

under humidified conditions at 370C in 5%CO2/95%air for 3.5 hours. At this timepoint, 

ATP and BzATP were added to the corresponding wells and the plate further 

incubated at 370C (5%CO2/95%air) for another 30 minutes. At the timepoint of 4 hours, 

the trophoblast tissue was collected and snap-frozen in liquid nitrogen followed by 

storing the tissue at -800C until further processed. Similarly, at the same timepoint, 

tissue culture media was collected placed in -800C until required. ATP was prepared 

using PSS at a stock concentration of 1M with the pH adjusted to 7.4 and stored in 
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aliquots of 10μL at -200C until required. Similarly, BzATP was prepared using PSS at 

a stock concentration of 30mM and stored in aliquots of 10μL at -200C until required. 

LPS was prepared using RPMI 1640 media (Thermo Fisher, 21875034) at a stock 

concentration of 1mg/mL and stored in aliquots of 5μL at -200C until required.   

A similar stimulation protocol was used in the case of CPA and SVA tissue. 

Trophoblast tissue originating from 3 healthy patients was then removed from -800C 

and homogenised using the Lysing matrix D ceramic spheres for the purposes of 

evaluating the relative NLRP3 inflammasome protein expression levels in the second 

supernatant fraction of the tissue lysate. Furthermore, the tissue culture media of 

control and stimulated CPA, SVA and trophoblast tissue originating from 10 healthy 

patients was used to measure the levels of released IL-1β, IL-6 and IL-18 using 

commercially available ELISA kits (R&D Systems, USA, DY201, DY206 and DY119) 

[285,491]. In this case, the protocol used in the stimulation of CPA, SVA and trophoblast 

tissue with LPS, ATP and BzATP was based on two studies namely Maneta et al 

(2015) and Warren et al (2008), with few modifications in terms of the concentrations 

of compounds used LPS (10μg/mL) compared to 1μg/mL [491], ATP (10mM) compared 

to 5mM [285] and BzATP (300μM) compared to 200nM [491].  

2.8 Isolation of PBMC  

Mononuclear cells were isolated from peripheral blood (PBMC) using 

Histopaque® density gradient medium (Sigma Aldrich, 10771). Eight mL of heparinized 

cord blood were diluted with 8mL of RPMI 1640 medium (Thermo Fisher, 21875034) 

supplemented with 5mM L-glutamine (Invitrogen, Paisley, Scotland, 25030081), 100 

units/mL penicillin and 100μg/mL streptomycin (Thermo Fisher, 15140122). Following 

this, 8mL of diluted blood was carefully added to 15mL of Histopaque® - 1077 medium 

and the tubes spun at 400g for 30 minutes at room temperature (acceleration 3, 
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deceleration 3) (Thermo Fisher, SL 16R Centrifuge). After this, the cloudy middle layer 

comprising of white blood cells was collected into a clean 15mL falcon tube, RPMI 

1640 media was added up to 15mL and the tube spun at 300g for 10 min at room 

temperature (acceleration 9, deceleration 9). The supernatant was discarded and 15 

mL of RPMI 1640 media was added to the white blood cell pellet followed by 

centrifugation at 300g for 10 minutes at room temperature (acceleration 9, 

deceleration 9). The supernatant was removed, and the resulting pellet was 

resuspended in 1mL RPMI 1640 media. The primary cells were counted using TC20 

automatic cell counter (BioRad, 1450102) and the viability of the purified cell 

population was investigated using trypan blue (BioRad, 1450021). In total there were 

two maternal blood samples which have been used to isolate PBMC. The second 

supernatant of homogenised PBMC cells was used to evaluate the relative P2X7 

receptor protein expression levels.  

The protocol for the isolation of PBMC was based on Maneta et al (2015) [491] 

and Warren et al (2008) [285].  

2.9 Enzyme linked immunosorbent assay (ELISA) 

IL-1β, IL-6 and IL-18 concentration in the tissue culture media of unstimulated 

(control) and stimulated (ATP, LPS+ATP and LPS+BzATP) CPA, SVA and trophoblast 

tissue originating from 10 healthy placental samples was measured using 

commercially available enzyme-linked immunosorbent assay DuoSet (ELISA) kits 

(R&D Systems, USA, IL-1β – catalogue number DY201, IL-6 catalogue number 

DY206 and IL-18 catalogue number DY119). ELISAs were performed according to the 

manufacturer’s instructions. The optical absorbance was read at 450nm and 570nm 

with a Thermo plate reader (MultiSkan Spectrum and SkanIt software, version 2.2). 

The concentration of all three interleukins was determined from standard curves and 
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analysed using Dunn’s multiple comparison tests (GraphPad Prism, Version 8.2.1) 

[285,491].  

2.10 Lactate dehydrogenase (LDH) assay 

The levels of lactate dehydrogenase (LDH) which have been released into the 

tissue culture media from D-Glucose stimulated (0, 5.5, 10, 20 and 30mM) trophoblast 

tissue after 4 and 48 hours of challenge originating from 4 healthy placental samples 

were measured using two commercially available kits (Abcam, AB102526 and 

AB65393) according to the manufacturer’s instructions. The optical absorbance was 

read at 450nm with a Thermo plate reader (MultiSkan Spectrum and SkanIt software 

v. 2.2). The released LDH levels measured using AB102526 kit were calculated from 

a standard curve. In the case of measuring the released LDH levels using AB65393 

kit, since the quantification of plasma membrane damage took place after the tissue 

stimulation, there was no high and low control for determining the cytotoxicity (%) 

levels. Therefore, the experiment was repeated, and D-glucose stimulated (0, 5.5, 10, 

20 and 30mM) trophoblast tissue (originating from 3 healthy placental samples) for 4 

and 48 hours was incubated in the presence and absence of the cell lysis solution. 

The low control (minimal LDH release) was 5.5mM D-Glucose stimulated trophoblast 

tissue without cell lysis, the high control (maximal LDH release) was 5.5mM D-Glucose 

stimulated trophoblast tissue with cell lysis and the background control was 0mM D-

glucose media with no tissue and no cell lysis. In the analysis of data, each timepoint 

(4 and 48 hours) possessed its own high and a low control. All data was analysed 

using GraphPad Prism (version 8.2.1) [498].  
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2.11 Confocal and wide field microscopy 

Chorionic plate artery smooth muscle cells which have been isolated via the 

explant method were cultured on glass coverslips (placed in a 24 well plate) in 

Dulbecco’s Modified Eagle Medium (DMEM) (Thermo Fisher, 11885084) 

supplemented with 10% (v/v) heat inactivated FBS, 100 units/mL penicillin and 

100μg/mL streptomycin until approximately 70% confluent. Following removal of 

media, the cells were washed twice with 1mL phosphate buffered saline (PBS; Sigma 

Aldrich, SKU806522) at room temperature for 5 minutes with gentle shaking. The 

primary cells were fixed using 4% (w/v) paraformaldehyde (PFA; Sigma Aldrich, 

P6148) (pH 7.4) for 5 minutes at 40C.  PFA was carefully aspirated, and the coverslips 

washed 3 times with 1mL PBS at room temperature for 5 minutes with gentle shaking. 

The cells were incubated for 5 minutes at room temperature with 500μL 0.5% (v/v) 

Igepal (Sigma Aldrich, I8896)/PBS, followed by three washes with 1mL PBS at room 

temperature for 5 minutes with gentle shaking. The primary cells were then incubated 

with 500μL 3% BSA (Sigma Aldrich, A6043)/1%Glycine (w/v) (Sigma Aldrich, SKU-

G2879) in phosphate buffered saline (w/v) for 15 minutes at room temperature. 

Following this, the cells were washed three times with PBS at room temperature for 5 

minutes with gentle shaking. Blocking was undertaken using 250μL of 20% goat serum 

(v/v) (Sigma Aldrich, G9023) in PBS for 30 minutes at room temperature with gentle 

shaking. The blocking solution was removed, and the cells incubated with primary 

antibodies against the P2X7 receptor, α-Actin, CD31, Vimentin and NLRP3 

inflammasome (P2X7 Primary antibody, Alomone Labs, APR004, 1:600 dilution, 

primary antibody for α smooth muscle actin was rabbit monoclonal [E184] to α smooth 

muscle actin, 1:500, Abcam, AB32575, NLRP3 primary antibody, Novus, NBP2-

12446, 1:20 dilution, Vimentin primary antibody, Dako, M0725, 1:20, CD31 primary 
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antibody, Abcam Ab28364, 1:20 dilution) and left overnight at 40C with subtle shaking. 

A secondary antibody control was also used where the primary antibody against the 

P2X7 receptor and vimentin were omitted. Following aspiration of the primary 

antibody, the primary cells were washed 3 times with 1mL PBS at room temperature 

for 5 minutes with gentle shaking. The cells were coated with the corresponding 

secondary antibodies (anti-rabbit IgG (whole molecule) FITC antibody produced in 

goat, 1:100 dilution, Sigma, F9887) for 30 minutes in a dark environment with subtle 

shaking. The secondary antibody was removed, and the cells were washed 3 times 

with 1mL PBS at room temperature for 5 minutes with the 24 well plate containing the 

coverslips covered with aluminium foil. The coverslip with cells was mounted on a 

microscope slide using Vectashield HardSet anti fade mounting medium with DAPI 

(H1500, Vector Laboratories). An exception to this was the cells stained for the P2X7 

receptor, vimentin and NLRP3 inflammasome (Figure 78 and 79) where 500μL of 

100μg/mL DAPI (Thermo Fisher, 62248) in PBS was added to the cells for 5 minutes 

with gentle shaking and the 24 well plate covered with aluminium foil. The cells were 

then washed 3 times with PBS at room temperature with gentle shaking with the 

primary cells protected from light. In this case, the cells were then mounted on a 

microscope slide using Vectashield antifade mounting medium (H1000, Vector 

Laboratories). Mounted slides were positioned face down on a slide stage and 

analysed using Zeiss LSM880 confocal laser scanning microscope (Carl Zeiss, 

Germany) and Zen 2009 software for multichannel acquisition and image processing. 

Micrographs were acquired using three laser lines in single scans for the purposes of 

diminishing any overlap across the fluorescein isothiocyanate (FITC), 

tetramethylrhodamine (TRITC) and 4’,6-diamidino-2-phenylindole (DAPI) channels. In 

this case, the pinhole diameter used in all confocal imaging was 1 airy unit. An 
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ultraviolet laser was used to inspect DAPI immunofluorescence (372nm excitation, 

385nm emission), an agon laser was used to visualise FITC (488nm excitation, 505-

530nm emission) and a Helium laser was used to assess TRITC immunofluorescence 

(546nm excitation, 560nm emission). Furthermore, the immunofluorescence 

characteristics a few of the cell preparations were visualised using Zeiss LSM Exciter 

widefield microscope [53,499,500]. The immunofluorescence protocol was based on 

Maneta et al (2015) [491] and Warren et al (2008) [285].  

2.12 mRNA analysis and RT-qPCR 

Total RNA was extracted from stem villous arteries (50mg frozen tissue) 

originating from 2 healthy and 2 preeclamptic placental samples using mechanical 

disruption. The tissue was added to Lysing Matrix D ceramic spheres (MP 

Biomedicals, Santa Ana, CA, USA, 116913100) and homogenised in 2mL tubes 

containing 600μL Buffer RLT (RNeasy Mini kit, QIAGEN, UK, 74104) (10mL RLT 

Buffer + 100μL β-mercaptoethanol). The SVA’s were homogenised using MP Fast-

Prep-24 homogeniser (MP Biomedicals) at 6m/s for 40 seconds for 3 cycles with the 

tubes rested on ice in between each cycle. The samples were spun at 12000g for 3 

min at 40C and RNA extraction was undertaken according to the manufacturer’s 

protocol. The RNA was cleared from genomic DNA using an RNase-Free DNase set 

(QUIAGEN, 79254) according to the instructions provided from the manufacturer. The 

total RNA extracted was finally eluted in RNase-free water. The purity and quantity of 

extracted total RNA was evaluated using a Nanodrop ND-1000 spectrophotometer 

(Thermo Fisher Scientific, USA) via absorbance ratio measurements of A260/A280. The 

integrity of extracted RNA was assessed using 1% (w/v) agarose gel electrophoresis 

which highlighted clear 18S and 28S rRNA bands.  
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First strand complementary DNA (cDNA) was synthetised from RNA using a 

High-capacity cDNA RT kit (Thermo Fisher, USA) according to the instructions 

provided by the manufacturer. Every reverse transcription reaction was undertaken in 

a 20μL final volume which comprised of 10μL RNA at a concentration of 120ng/μL 

(1200 ng/μL totRNA) with the incubations undertaken in duplicate, one containing the 

reverse transcription enzyme (+RT) and one where the reverse transcriptase is 

substituted with water (-RT). Using the synthetised cDNA as template, quantitative 

polymerase chain reactions were undertaken in a total volume of 20μL for the 

purposes of evaluating the expression levels of 3 target and 3 reference genes. All 

assays were undertaken in triplicate and were accompanied by a no-template and 

negative control using the CFX Connect Real-Time PCR Detection system (BioRad). 

The evaluated genes were sequence-specific Taq-Man® probes consisting of an 

oligonucleotide labelled with a quencher and a fluorescent dye. A master mix was 

produced for each target and reference genes studied using TaqMan® listed Assays-

on-Demand probes (Life Technologies, Thermo Fisher Scientific). The quantitative 

polymerase chain reactions were undertaken in 20μL final volume consisting of 2μL 

complementary DNA and 18μL master mix using a qPCR schedule comprising of 40 

cycles of 950C (10 minutes), 950C (15 seconds) and 600C for 1 minute. The target 

genes were P2RX7, NLRP3 and Caspase-1. The reference genes were HPRT-1, 

CYC-1 and TOP-1. The TaqMan® probes were purchased from Thermo Fisher 

Scientific: NLRP3 (Hs00918082_m1), P2RX7 (Hs00175721_m1), Caspase-1 

(Hs00354836_m1), HPRT-1 (Hs02800695_m1), TOP-1 (Hs00243257_m1), CYC-1 

(Hs00357717_m1). The PCR efficiency of the P2X7 and NLRP3 assays was 

investigated using a five-point 5-fold dilution series of complementary DNA which was 
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run using the above-mentioned conventional qPCR methodology and calculated from 

the slopes of the standard curves using equation 1:  

𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 = *10
!"

#$%&'- ∗ 100 																																															(1) 

Equation 1. This equation highlights the method of calculating the qPCR efficiency of 

P2X7 and NLRP3 TaqMan® assays.  

 Quantification of P2X7, NLRP3 and Caspase-1 gene expression levels was 

undertaken in accordance with Minimum Information for Publication of Quantitative 

Real-Time PCR Experiments (MIQE) guidelines relative to the geometric mean of the 

reference genes HPRT-1, CYC-1 and TOP-1 using GenEx software (Version 7, MultiD 

Analysis, Göteborg, Sweden) [496,498]. The RT-qPCR protocol is based on Ofinran et al 

(2016) [496].  

2.13 Dissociation of human placental vascular smooth 

muscle cells originating from chorionic plate artery (CPA) 

Segments of chorionic plate artery were dissected, placed in a 1.5mL Eppendorf 

tube and incubated for 20 minutes at 350C and 800RPM (Eppendorf Thermomixer 

Comfort) with papain (1mg/mL) (Sigma-Aldrich, P4762) and dithiothreitol (DTT) 

(0.2mg/mL) (Sigma-Aldrich, D0632). Papain was prepared fresh each day using PSS 

at a stock concentration of 1mg/mL. Also, DTT was prepared fresh each day using 

PSS at a stock concentration of 0.2mg/mL. The 1.5mL Eppendorf tube containing the 

tissue was centrifuged at 1200RPM for 2 minutes at room temperature (EBA 12R, 

Hettich). The supernatant was discarded, and the tissue was subjected to a second 

incubation of 7 minutes at 350C in collagenase type 1A (1mg/mL) (Sigma-Aldrich, 

C9891). Similarly, collagenase type 1A was prepared fresh each day using PSS at a 

stock concentration of 1mg/mL. The 1.5mL Eppendorf tube containing the tissue was 
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centrifuged at 1200RPM for 2 minutes and the supernatant was discarded. This step 

was repeated for a total of 3 times. The disrupted tissue was resuspended in 500μL 

of DMEM (Thermo Fisher, 11885084) supplemented with 100 units/mL penicillin, 

100μg/mL streptomycin and 10% (v/v) FBS, triturated and the cell suspension was 

plated on glass coverslips. Papain, DTT and collagenase type 1A were prepared in 

physiological salt solution buffer with the following composition: 119mM NaCl, 4.69mM 

KCl, 2.4mM MgSO4, 25mM NaHCO3, 1.17mM KH2PO4, pH 7.4. The cells were 

cultured until approximately 70% confluent in fixed in acetone (Sigma Aldrich, 

179124): methanol (Sigma Aldrich, 322415) (1:1 ratio). A similar 

immunocytochemistry protocol was used as described in chapter 2.11 with a minor 

change in that the cells were blocked immediately after fixation. The smooth muscle 

cells were stained for the P2X7 receptor, Vimentin, CD31 and α-Actin. A secondary 

antibody control was also used where the primary antibody against the P2X7 receptor 

was omitted (in this case the isolated SMC were cultured on a collagen type 1 coated 

coverslip). The protocol of isolation of CPA-SMC is based on Brereton et al (2013) [501] 

with the following modifications in the concentration of compounds used: DTT 

(0.2mg/mL) compared to 1mg/mL [501] and beside collagenase type 1A (used at the 

same concentration of 1mg/mL), the authors have also used collagenase type F 

(1mg/mL) [501]. Also, the concentration of some of the compounds of physiological salt 

solution was different as the authors have used (in mM): 120 NaCl, 25 NaHCO3, 4.2 

KCl, 0.6 KH2PO4, 1.2 MgCl2, 11 Glucose; pH 7.4 [501].  
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2.14 Isolation and culture of chorionic plate artery smooth 

muscle cells (CPA-SMC) from term healthy, gestational and 

type 1 diabetes mellitus human placenta samples 

The isolation process of chorionic plate artery explants was undertaken in a 

sterile Class II biosafety cabinet using appropriate aseptic techniques. The smooth 

muscle cells were cultured from human placental chorionic plate artery explants. 

Isolated chorionic plate tissue fragments were added to Hanks Balanced Salt Solution 

(HBSS) (Thermo Fisher, 14175046) supplemented with 100 units/mL penicillin, 

100μg/mL streptomycin and 10mM HEPES (Sigma Aldrich, H3537-100mL) which was 

warmed prior to collection of the placenta sample. The newly dissected chorionic plate 

arteries were cut along the segment of the artery for the purposes of revealing the 

lumen and 1cm3 fragments were gently positioned with the endothelial cells facing 

down on a 24 well plate. After placing 1 piece in each well of the plate, warm DMEM 

low glucose (Thermo Fisher Scientific, 11885084) supplemented with 100 units/mL 

penicillin, 100μg/mL streptomycin and 10% (v/v) FBS was added to all wells of the 24 

well plate. The culture plate was placed in an incubator at 370C which was supplied 

with 5%CO2/95%air. After 24 hours, the media was carefully changed with 1mL DMEM 

+ 100 units/mL penicillin + 100μg/mL streptomycin and 10% (v/v) FBS. The media was 

replaced at every 2-3 days. After approximately 23-30 days, the primary cells were 

serum starved for 24 hours with DMEM + 100 units/mL penicillin + 100μg/mL 

streptomycin for the purposes of removing any proliferating endothelial and fibroblast 

cells. The isolated smooth muscle cells were then passaged into a T-25 tissue culture 

flask by aspirating the culture media, washing the cells once with HBSS (to adequately 

remove the remaining FBS in the flask) and incubating the cells with 0.125% (v/v) 
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Trypsin ethylenediaminetetraacetic acid (Trypsin-EDTA; Sigma Aldrich, T3924) for 

approximately 2 minutes at 370C. The 12 well plate was gently tapped to encourage 

primary cell detachment from plastic. Fetal bovine serum was added to each well and 

the cells were relocated in a 15mL universal tube which was spun at 130g for 5 minutes 

at room temperature. Following this, the supernatant was aspirated, and the cells 

washed for a second time in HBSS supplemented with 100 units/mL penicillin, 

100μg/mL streptomycin and 10mM HEPES for the purposes of removing remaining 

Trypsin-EDTA. The primary cell pellet was lastly resuspended in 5mL DMEM 

supplemented with 100 units/mL penicillin, 100μg/mL streptomycin and 10% (v/v) FBS 

and added to the T-25 flask [502]. This SMC isolation protocol is taken from Leik et al 

(2004) with a slight modification in that the primary cells were washed in HBSS without 

Nystatin (50 U/mL) as indicated by Leik and colleagues [502].  

In terms of isolating the smooth muscle cells from the chorionic plate arteries 

of the human term placental samples, an advantage of the tissue explant method is 

that it yields to a high number of isolated cells that may be either passaged further, 

frozen in liquid nitrogen or even used directly for immunocytochemistry, 

immunophenotyping or permeability experiments. A further benefit of this isolation 

technique is that it gives rise to a single population of cells as shown from the 

immunophenotypic data presented in chapter 5.3.1.6 that are positive for CD73, 

CD105, CD90 and negative for CD45, CD34, CD14, CD11b, CD19 and HLA-DR. 

However, the disadvantage of this technique is that it takes approximately 3-4 

weeks for the cells to grow and reach a full confluency in the 6,12, or 24 well tissue 

culture plates. Special care must be taken when changing the media not to disturb the 

attached explants (as less cells will grow in the case if the explant becomes 
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disconnected) which might give rise to a more time-consuming procedure, especially 

when having to replace it in multiple 24 well plates.  

A graphical representation of the CPA-SMC isolation technique is presented in 

the figure 16: 

 

Figure 16. This scheme shows a generic summary of the isolation process of human 
placenta CPA-SMC cells. The chorionic plate explants are excised and placed with 
the endothelium facing down on a 24 well plate. Following several media changes and 
serum starvation for 24 hours the smooth muscle cells are further sub-cultured into 
T25 and T75 flasks before the start of further in vitro studies for instance 
immunocytochemistry, immunophenotyping or permeability studies. This figure has 
been hand drawn by Paul Fodor using Autodesk SketchBook software version 8.7.0.  
 

A further disadvantage of this smooth muscle cell isolation technique is the 

significant time spent at the beginning of the isolation in dissecting the arteries from 

the chorionic plate, preparing them into a flat surface and facing them with the 

endothelium touching the plastic of the tissue culture plates. This is due to the small 

explants that are approximately 1-2mm3 in diameter involving a meticulous dexterity 

and taking into account 5 explants per well of a 6 well-plate. Also, all dissection 

instruments have to be autoclaved individually to avoid a potential contamination.  
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Another important advantage of this human smooth muscle cell isolation 

technique is that it does not involve special equipment or any digestion enzymes or 

reducing agents. This easy to follow and cost-effective isolation technique to retrieve 

the chorionic plate artery smooth muscle cells presents many advantages not only for 

the purposes of undertaking immuno-expression studies but also as a point of view of 

potentially using the cells for further in vitro functional investigations such as 

constructing a reliable chorionic blood vessel. This will contribute greatly to our 

understanding of placental vascular function and may be useful for further 

complementary studies. 

2.15 Calculation of primary smooth muscle cells population 

doubling time  

The doubling time of the human placenta chorionic plate artery smooth muscle 

cells is strongly linked with the advancement of the cell culture proliferation in terms of 

average time lapsed for a cell to get through all phases of the cell cycle and is usually 

approximated with counts of the cell population over a period of several days.   

According to the American Type Culture Collection (ATCC), the cell population 

doubling time or in other words the period needed for cultured cells to double in 

number may be determined as follows:  

𝐷𝑇 = !∗#$	(')

#$	)!"!#
*
     (2) 

Equation 2. This equation highlights the method of calculating the doubling time of 
the smooth muscle cells depending on the number of seeded and harvested cells and 
the time for the cells to grow to full confluency.  DT represents the doubling time (days), 
T denotes the incubation time (days), Xb suggests the cell number at the start of the 
culture incubation time and Xe is the cell number at the end of culture incubation time.  
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On the other side, this equation does not take into account the lag phase i.e. 

the period between seeding the cells and the start of cell growth, which may account 

from a few hours to potentially many days according to the cell classification. As a 

result, the estimation may highlight a declined growth trajectory, which may give rise 

to an abnormal elevated population doubling time.  

As this cell proliferation parameter is characterised by the mean time of a cell 

population to double in number during the straight exponential growth stage, overall, 

the determination of the doubling time should account for the cell number measured 

for instance every day for a long enough period in order to observe lag, log and 

stationary proliferation phases of the cell-renewal curve. As a result, by plotting time 

versus the number of cells counted and determining the doubling time using data from 

the exponential growth phase of the cells, a more accurate and realistic representation 

of this parameter may be obtained.  

Also, the equation used in calculating the doubling time of the chorionic plate 

artery smooth muscle cells does not take into account the plateau growth phase when 

the cells become confluent due to the fact that the sub-culturing period was 

subjectively determined when the confluency of the cells reached a percentage 

greater than 80%.  

Moreover, when calculating the doubling time of primary cells, the viability of 

seeded and harvested cells should also be taken into account by using an exclusion 

dye for mammalian cells which have grown in monolayer culture conditions such as 

trypan blue.  
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2.16  Surveying the expression of human placenta smooth 

muscle cell myofilamentous protein α-smooth muscle actin  

Isolated human placenta chorionic plate artery smooth muscle cells originating 

from a healthy volunteer (N15072019) were grown in a T75 flask until passage 2 

followed by sub-culturing and seeding 1x104 cells/1.12cm2 directly on membrane 

inserts (12mm diameter, 0.4μm pore size polyethylene terephthalate membrane 

material; Corning, 3460). CPA-SMC’s were left to grow on inserts for 13 days with 

media change (DMEM-low glucose+ 10% (v/v) FBS+100units/mL penicillin and 

100μg/mL streptomycin) every 2 days in both apical and basal compartments of the 

transwell system. This experiment was primarily undertaken for the purposes of 

investigating the barrier integrity created by the smooth muscle cells using 

permeability studies. Following this preliminary experiment to initially establish a 

reliable chorionic vessel in vitro, the cells were further subjected to 

immunocytochemistry for α-smooth muscle actin using the methodology presented in 

figure 25. The primary antibody for α smooth muscle actin was rabbit monoclonal 

[E184] to α smooth muscle actin, 1:500 dilution, Abcam, AB32575. The secondary 

antibody was anti-rabbit IgG (whole molecule) FITC antibody produced in goat, 1:100 

dilution, Sigma, F9887 [285,491]. The immunocytochemistry protocol is taken from 

Ebrahim and Leach (2015) [503] and Leach et al (2004) [97].  
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2.17 Stimulation of CPA-SMC with ATP, BzATP and A740003 

CPA-SMC cells (3*104; passage 2) which have been isolated from a healthy 

placenta sample (T3027) using the tissue explant method were seeded on glass 

coverslips and cultured until 70% confluent. The primary cells were then stimulated 

with ATP, BzATP and A740003 as highlighted in table 4. ATP, BzATP and A740003 

solvents and concentration of stock solutions are presented in chapter 2.5. The cells 

were then stained for the P2X7 receptor using the protocol highlighted in chapter 2.11. 

The coverslip with cells was mounted on a microscope slide using Vectashield 

HardSet anti fade mounting medium with DAPI (H1500, Vector Laboratories). Bright 

field micrographs were also acquired in this case. All images were acquired using 

Zeiss LSM Exciter widefield microscope. Following image acquisition, a pre-

determined electronic grid was placed over each of the P2X7 receptor fluorescent 

micrographs (acquired using the FITC channel) and the mean fluorescence intensity 

(MFI) levels were quantified using systematic random sampling in every third 

consecutive square, resulting in 29 overall MFI levels obtained for each picture 

acquired using ImageJ software version 1.52q. The MFI data was analysed using 

GraphPad Prism software (version 8.2.1.). 
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CPA-SMC stimulations 
4 hours 

DMEM low glucose (control) 
Control + 0.1% DMSO 

Control + 1μM A740003 
1μM ATP 

10μM ATP  
100μM ATP  
1mM ATP 
5mM ATP 

10mM ATP 
3.5 hours + 0.5 hours 

Control + 1μM ATP 
Control + 10μM ATP 
Control + 100μM ATP 
Control + 1mM ATP 
Control + 5mM ATP 
Control + 10mM ATP 

1μM A740003 + 1μM ATP 
1μM A740003 + 10μM ATP 
1μM A740003 + 100μM ATP 
1μM A740003 + 1mM ATP 
1μM A740003 + 5mM ATP 
1μM A740003 + 10mM ATP 

Control + 1μM BzATP 
Control + 10μM BzATP 
Control + 300μM BzATP 

1μM A740003 + 1μM BzATP 
1μM A740003 + 10μM BzATP 
1μM A740003 + 300μM BzATP 

 
Table 4. This table highlights the concentration of compounds used to stimulate the 
CPA-SMC cells as well as the period of stimulation.  
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2.18 Immunohistochemistry  

The P2X7 receptor and CD31 immunolocalisation has been investigated in 

isolated human placental villous tissue samples originating from 12 healthy volunteers 

and 6 diet controlled gestational diabetic patients, as well as in isolated chorionic plate 

arteries originating from 2 placental samples of healthy patients. Placental villous 

biopsies and chorionic plate arteries were acquired from three quadrants, midway 

between the point of umbilical cord insertion into the chorionic plate and the placental 

rim. Fresh placental villous tissue was fixed in 4% (w/v) paraformaldehyde (Sigma 

Aldrich, P6148) (exception CPA which was fixed in 1% (w/v) paraformaldehyde), 

frozen in nitrogen-cooled isopentane (Sigma Aldrich, 78-78-4) and stored at -800C 

until required. One randomly chosen block (from a total of ten different blocks) per 

placenta sample was cryo-sectioned using Leica CM 3050S cryostat (Leica 

Biosystems) and two sections (10μm thick) were acquired at different depths. Cryo-

sections were air dried and washed in 0.1M PBS (Thermo Fisher Scientific, BR0014G) 

/ 0.1% (w/v) BSA (Sigma Aldrich, A9418) prior to permeabilization with 0.15% (v/v) 

Triton X-100 (Sigma Aldrich, X100) in 0.1% (w/v) BSA/PBS for 10 minutes. Following 

this, the cryosections were washed 3 times (10 minutes each) in 0.1% (w/v) BSA/PBS 

and blocked with 5% (v/v) normal human serum (Sigma Aldrich, S1) in 0.1% (w/v) 

BSA/PBS for 30 minutes at room temperature. Sections were incubated overnight at 

40C with rabbit polyclonal IgG anti-human P2X7 receptor antibody (Alomone Labs, 

APR004, 1:50 dilution) and mouse monoclonal IgG1 [JC/70A] anti-human CD31 

antibody (Abcam, Ab9498, 1μg/mL) diluted in 5% (v/v) normal human serum in 0.1% 

(w/v) BSA/PBS. A secondary antibody control was also undertaken where the primary 

antibody against the P2X7 receptor and CD31 were omitted. After this, the cryo-

sections were washed 3 times (10 minutes each) with 0.1% (w/v) BSA/PBS and the 
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sections incubated for 1 hour at 370C with anti-rabbit IgG (whole molecule) FITC 

antibody produced in goat (Sigma Aldrich, F9887, 1:100 dilution) and anti-mouse IgG 

(whole-molecule) TRITC antibody produced in goat (Sigma Aldrich, T5393, 1:50 

dilution). The cryo-sections were washed 3 times (10 min each) with 0.1% (w/v) 

BSA/PBS in the dark, followed by 1 wash (10 minutes) with 0.1M PBS and lastly, 1 

wash (5 minutes) with distilled water before to mounting with Vectashield® antifade 

mounting medium (Vector Laboratories, H1000). Seven images (obtained by 

systematic random sampling of entire sections) from both FITC and TRITC channels 

were acquired per block from random fields of view using a Nikon Coolpix 995 camera 

(Nikon, U.K.) ensuring all P2X7 receptor and CD31 positive placental villi microvessels 

were counted. The image files were renamed to ensure anonymity of the study group. 

Once counting has been finished, the files were unblinded to undertake the statistical 

analysis. Similarly, the P2X7 receptor positive syncytiotrophoblast profiles were also 

counted and the fluorescence intensity levels rated in a scale starting with 0 (least 

intense), 1, 2, 3 and 4 (most intense). All images were analysed using ImageJ (version 

1.52q) and GraphPad Prism software (version 8.2.1.). A similar protocol was used in 

the case of isolated chorionic plate arteries originating from 2 healthy patients which 

were transversally cryosectioned and stained for the P2X7 receptor and CD31 [483,503]. 

The immunohistochemistry protocol is taken from Ebrahim and Leach (2015) [503] and 

Pang et al (2017) [119].  
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2.19 Human umbilical vein endothelial cells isolation  

HUVEC cells were isolated from freshly collected term umbilical cords using 

the 0.1% (w/v) collagenase type II (Thermo Fisher Scientific, 17101015) flushing 

method. The cells were grown up to passage 5 in T25 or T75 flasks which were coated 

with 1% (w/v) gelatin (Sigma Aldrich, G9391-100g) in complete endothelial cell 

medium M199 (Thermo Fisher, 22340-020) supplemented with 20% (v/v) FBS (Sigma 

Aldrich, F9665) + heparin sodium salt (50μg/mL; Sigma Aldrich, H3149-100KU) + 

endothelial cell growth supplement (75μg/mL; Sigma Aldrich, E2759-15mg) + penicillin 

(100U/mL) + streptomycin (100μg/mL) (Thermo Fisher Scientific, 11536481) under 

humidified conditions at 370C and 5%CO2/95%air . A schematic representation of the 

HUVEC isolation technique is presented in figure 17 which highlights the overall 

process after the freshly umbilical cords were received into the primary cell culture 

laboratory. The HUVEC isolation protocol is taken from Jaffe et al (1973) [504], Ebrahim 

and Leach (2015) [503] and Pang et al (2017) [119].  

 

Figure 17. This scheme summarizes the isolation technique of HUVEC cells from the 
umbilical cord of healthy patients using the 0.1% (w/v) collagenase type II (dissolved 
in M199 medium supplemented with 100 U/mL penicillin and 100μg/mL streptomycin) 
flushing method. This figure has been hand drawn by Paul Fodor using Microsoft 
PowerPoint software version 16.53 and has been adapted from Marin et al (2001) [505].  
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When it comes to isolation of HUVEC cells, one of the advantages of using the 

current technique is the rapidity of obtaining the cells and also the elevated number of 

endothelial cells isolated, which is in usually in the range between 1-2 million cells per 

umbilical cord. A further advantage of this technique is that the umbilical cord could 

be kept in 0.9% (w/v) NaCl (aq.) supplemented with 100units/mL penicillin and 

100μg/mL streptomycin for up to 24 hours if the HUVEC isolation technique needs to 

be postponed. Also, even if the umbilical cord length is significantly reduced after the 

elective caesarean section surgery, the current method of HUVEC isolation may be 

used even with umbilical cords which are more than 10cm long. A further advantage 

of this cost-effective isolation protocol is that the endothelial cell population obtained 

resembles a similar cobblestone morphology characterised by the formation of large 

size dark nuclei across the entire monolayer formed which are present even in the 

following sub-cultures. Moreover, this method does not require any sophisticated 

equipment and, after obtaining a confluent cell culture flask at P0, the isolated high 

viability sub-cultured cells may be used straight away for further in vitro experiments. 

In terms of disadvantages of this isolation protocol, a high dexterity and focus is 

needed during the suturing process of the umbilical vein with the 3-way stopcock 

attached, as the umbilical cord is particularly slippery which makes the procedure 

sometimes lengthier and, if the cord is not clamped at the end before the collection of 

the placenta sample, the umbilical vein may collapse making it more difficult to insert 

the stopcock into the lumen of the vein. Moreover, particular attention must be paid 

when using the 2/0-gauge sterile surgical suture, firstly not to puncture the umbilical 

arteries as the surgical slip tie is undertaken around the stopcock and secondly, an 

increased focus must be allocated not to overtighten it around the umbilical vein to cut 

it, as the 0.1% (w/v) collagenase type II solution might leak during the flushing process. 
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Another disadvantage of this isolation protocol is that if the 3-way stopcock is not 

sutured tightly to the umbilical cord, there is the possibility of leakage of the 0.1% (w/v) 

collagenase type II with the isolated endothelial cells into the class 2 biological safety 

cabinet during the flushing of the enzyme into the umbilical vein.  

2.20 Calculation of HUVEC cells population doubling time  

According to the American Type Culture Collection (ATCC) formula for 

calculating the cell population doubling time (shown in equation 2), the human 

umbilical vein endothelial cells doubling period depends on three main variables: 

incubation time, number of cells seeded at the beginning and number of cells 

harvested at the end of culture incubation time. However, this equation does not take 

into account the lag and the stationary phases of the HUVEC growth curve in culture 

conditions, which might result in a less steep proliferation curve, giving rise to an 

abnormal elevated population doubling time. As a result, the cells should be counted 

on a daily basis for the purposes of determining the HUVEC cell doubling time only 

during the exponential growth phase. 

2.21 Permeability studies  

2.21.1 Initial transwell cell culture studies to investigate the 

adherence capability of CPA-SMC and HUVEC on polyester 

membrane inserts  

In the initial phases of the construction of the in vitro co-culture model with the 

human placenta chorionic plate artery smooth muscle cells and the human umbilical 

vein endothelial cells, preliminary experiments involved the optimisation of the primary 

cell seeding density on two types of membrane inserts with characteristics presented 

in table 5. 
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 Product number 
 3460 3413 

Brand Corning Corning 
Plate format 12-well 24-well 
Plate colour Clear Clear 
Well Bottom Flat Flat 

Well Bottom Colour Clear Clear 
Well Shape Round Round 

Cell Growth Area 1.12cm2 0.33cm2 
Recommended 

Medium Well Volume 1.5mL 0.6mL 
Recommended 

Medium Insert Volume 0.5mL 0.1mL 

Surface Treatment TC-Treated TC-Treated 
Sterile Yes Yes 

Membrane Material Polyethylene terephthalate (PET) Polycarbonate 
Membrane Pore Size 0.4µm 0.4µm 
Membrane Thickness 10µm 10µm 

Nominal Pore Density 4x106 pores per cm2 1x108 pores per 
cm2 

Membrane Diameter 12mm 6.5 mm 
Lids included Yes Yes 

 
Table 5. This table highlights the characteristics of the two main types of transwell 
membrane inserts used in all of the in vitro culture studies involving HUVEC and CPA-
SMC cells for the purposes of establishing a reliable chorionic vessel system. The 
information regarding the transwell membrane inserts has been obtained from the 
Corning website available at: <<https://www.corning.com/emea/en.html>> 
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2.21.2 Investigating the capability of 3x104 chorionic plate 

artery smooth muscle cells to adhere to 6.5mm transwell 

with 0.4μm pore size polycarbonate membrane inserts  

Following successful isolation and growth of CPA-SMC’s, an optimised seeding 

density of these cells on polycarbonate membrane inserts had to be established.   

3x104 viable CPA-SMC cells were seeded on 6.5mm membrane diameter 

0.4μm pore size polycarbonate transwell inserts. Figure 18 shows the experimental 

design in which the smooth muscle cells were seeded on the transwell membrane 

insert.  

 
 
Figure 18. This scheme highlights the structure of the transwell system with the 
chorionic plate artery smooth muscle cells originating from a gestational diabetic 
patient at passage 3 (GDM 26.07.2019) seeded on the 0.4μm membrane pore size 
insert. FBS denotes fetal bovine serum, P/S penicillin/streptomycin, DMEM 
Dulbecco’s modified eagle medium. This figure has been hand drawn by Paul Fodor 
using Microsoft PowerPoint software version 16.53.  
 
 The primary smooth muscle cells were monitored for a period of 24 hours to 

investigate the capability to adhere to the inserts and to observe the morphology of 

the cells by acquiring images using an inverted microscope.  
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2.21.3 Optimisation of CPA-SMC seeding density on 6.5mm 

diameter polycarbonate transwell polyester inserts  

As the cell seeding density of 3x104 CPA-SMC per 0.33cm2 of polycarbonate 

membrane insert was too high due to the formation of calcification nodules within 24 

hours post seeding, further experiments aimed at determining the optimal seeding 

density of these cells on the same inserts. This was undertaken by choosing a range 

of primary cell seeding densities (1x103, 3x103, 5x103, 1x104, 1.5x104 and 2x104 CPA-

SMC’s) and monitoring the cells (GDM26072019, P3) over a period of 120 hours post-

seeding to investigate the growth pattern and monolayer forming capability of smooth 

muscle cells in a transwell system. Images with the human placenta chorionic plate 

artery smooth muscle cells were acquired at multiple timepoints specifically at seeding 

(0 hours), 24 hours, 48 hours and 120 hours to examine the morphology of all adhered 

cells to the polycarbonate inserts and to determine the optimal cell culture period until 

a monolayer was formed. This was undertaken for the purposes of further co-culturing 

the CPA-SMC with HUVEC cells on the same polycarbonate insert and to determine 

the timepoint at which the HUVEC cells could have been potentially seeded above the 

adhered CPA-SMC.  

2.21.4 Optimisation of HUVEC seeding density on 6.5mm 

diameter transwell polyester inserts  

In a similar way, the optimal seeding density of HUVEC cells (N21082019, P4) 

was investigated by placing 1x103, 3x103, 5x103, 1x104, 1.5x104 and 2x104 endothelial 

cells on 1% gelatin (Sigma Aldrich, G9391) coated 6.5mm diameter polycarbonate 

inserts (Figure 19). Images with the endothelial cell morphology and confluence were 

taken at the seeding point (0 hours), 24, 48 and 72 hours during the primary cell 
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proliferation phase. Also, at the timepoint of 48 hours after seeding the HUVEC with 

the cell densities of 1x104, 1.5x104 and 2x104 per membrane insert, 1x104 CPA-SMC’s 

(N15072019, P3) were placed on top of the adhered endothelial cells. This was 

undertaken for the purposes of investigating the capability of primary smooth muscle 

cells to be co-cultured with HUVEC cells in an in vitro transwell system. HUVEC cells 

with densities of 1x103, 3x103, 5x103 were not able to form a monolayer at 48 hours 

post seeding in the 6.5mm diameter insert, therefore CPA-SMC’s were not seeded 

above these cultured endothelial cells at 48 hours. 

 
 
Figure 19. This scheme shows the experimental design for optimising the cell seeding 
density of HUVEC and SMC in 6.5mm diameter transwell insert with 0.4μm pore size 
polycarbonate membrane inserts. Images were acquired at 0, 24 and 48 hours (A-C) 
as shown in the timescale 1 to investigate the morphology of HUVEC cells seeded at 
various cell densities (1%gelatin+1x103 HUVEC, 1%gelatin+3x103 HUVEC and 
1%gelatin+5x103 HUVEC) on polycarbonate membrane inserts. Similarly, images 
were obtained at 0, 24, 48 and 72 hours (D-F) as highlighted in timescale 2 for the 
purposes of evaluating the appearance of HUVEC cells which were seeded at different 
cell densities (1%gelatin+1x104 HUVEC, 1%gelatin+1.5x104 HUVEC and 
1%gelatin+2x104 HUVEC) on polycarbonate membrane inserts. In this case, the 
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HUVEC cells were left to grow for 48 hours on the inserts and at this timepoint, 1x104 
CPA-SMC’s were seeded on top of the proliferating HUVEC cells. The co-culture was 
left to grow for another 24 hours and further images were taken to evaluate the 
morphology of both cell types. CPA-SMC cells are represented by a blue elipse, 
HUVEC cells are highlighted with a grey square and 1% gelatin layer is illustrated as 
a green box. This figure has been hand drawn by Paul Fodor using Microsoft 
PowerPoint software version 16.53.  
 
2.21.5 Investigating the capacity of 1x105 HUVEC cells to 

adhere to 12mm membrane diameter 0.4μm pore size 

polyethylene terephthalate (PET) membrane inserts  

1x105 viable HUVEC cells were seeded on 12mm membrane diameter 0.4μm 

pore size polyethylene terephthalate transwell inserts. Figure 20 highlights the 

experimental design in which the primary endothelial cells were seeded on the PET 

membrane insert with the characteristics presented in table 5.  

 

Figure 20. This scheme highlights the structure of the transwell system with the 
human umbilical vein endothelial cells seeded on 1% (w/v) gelatinised 12mm 
membrane diameter 0.4μm pore size polyethylene terephthalate membrane inserts 
originating from a healthy patient at passage 4 (N09112019). This figure has been 
hand drawn by Paul Fodor using Microsoft PowerPoint software version 16.53.  
 
 The complete media in which the endothelial cells were cultured was M199 

(Thermo Fisher, 22340020) supplemented with 20% fetal bovine serum (Sigma 

Aldrich, F9665), heparin sodium salt (50μg/mL) (Sigma Aldrich, H3149), endothelial 

cell growth factor supplement (75μg/mL) (Sigma Aldrich, E2759), penicillin (100U/mL) 

and streptomycin (100μg/mL) (Sigma, P0781). When compared with the 6.5mm 

Apical Chamber (0.5mL complete 
endothelial cell medium)

Basal Chamber (1.5mL complete 
endothelial cell medium)

HUVEC cells
N09112019 P4
1% Gelatin
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diameter membrane inserts, in the current case, the volume of the culture media in 

the apical chamber was 0.5mL and in the basal chamber was 1.5mL.  

 The proliferation of HUVEC cells was monitored for a period of 48 hours by 

observing the morphology and adherence property of the cells to the polyethylene 

terephthalate membrane insert. Using an inverted microscope, images were acquired 

just after seeding the cells on the membrane inserts (0 hours) and also at 48 hours.  

2.21.6 Characterisation of CPA-SMC phenotype cultured in 

HUVEC media  

Further validation experiments aimed to determine if human placenta chorionic 

plate artery smooth muscle cells were able to proliferate in complete endothelial cell 

medium used for the growth of HUVEC cells, specifically M199 supplemented with 

20% (v/v) fetal bovine serum, heparin sodium salt (50μg/mL), endothelial cell growth 

factor supplement (75μg/mL), penicillin (100units/mL) and streptomycin (100μg/mL). 

CPA explants originating from a healthy patient (N15072019) were placed in a 24 well 

plate and the SMC’s were grown until confluency. Following detachment of the 

chorionic plate artery explants from the 24 well plate after 13 days of culture and serum 

starving the cells for 24 hours, the media of confluent CPA-SMC cells was replaced 

with complete endothelial cell medium. The morphology of the smooth muscle cells 

was surveyed for a further 120 hours by acquiring images using an inverted 

microscope. This was undertaken firstly for the purposes investigating if the primary 

cells were able to proliferate and survive in complete endothelial cell media and 

secondly to evaluate the potential of co-culturing the CPA-SMC’s with HUVEC cells 

using a single type of media. 
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2.21.7 Preliminary permeability studies to investigate the 

barrier integrity of cultured human CPA-SMC and HUVEC on 

transwell polyester membrane inserts  

Initial phases related to the establishment of experimental conditions suitable 

for the permeability experiments in terms of co-culturing the CPA-SMC’s with HUVEC 

cells involved selecting a suitable cell seeding density for the primary cells, as well as 

characterising multiple transwell mono- or co-culture cellular arrangements. This was 

undertaken for the purposes of investigating the barrier integrity properties created by 

these human cells using macromolecular permeability assays involving fluorescein 

isothiocyanate dextran (70kDa) as a tracer (Sigma Aldrich, FD70-250mg).  

In total there were 8 preliminary experimental conditions (figure 21) involving 

mono- or co-culture of the primary cells as highlighted in figure 21. 1x104 CPA-SMC’s 

(N15072019, P3) were grown on 12mm diameter transwell with 0.4μm pore size 

polyethylene terephthalate membrane inserts in DMEM low glucose (Thermo Fisher 

Scientific, 11885084) supplemented with 10% (v/v) FBS and penicillin (100U/mL) and 

streptomycin (100μg/mL) for 11 days with media change every 2 days. At this 

timepoint, 1% gelatin was added above empty or confluent CPA-SMC transwell inserts 

and left for 30 minutes. Following this, 1x104 HUVEC cells (N21082019 P5) were 

seeded on empty or above 1%gelatin inserts with the apical and basal media being 

replaced with complete endothelial cell growth medium comprising of M199 

supplemented with 20% (v/v) fetal bovine serum (FBS), heparin sodium salt 

(50μg/mL), endothelial cell growth factor supplement (75μg/mL), penicillin (100U/mL) 

and streptomycin (100μg/mL). The primary cells were left to grow for a further 48 

hours. At day 13, the preliminary permeability experiment was undertaken followed by 
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the fixation of the primary cells in 4% (w/v) paraformaldehyde and further 

immunocytochemistry staining for α smooth muscle actin (Chapter 2.16 – antibody 

dilutions and chapter 2.21.10 – immunocytochemistry protocol).  

 

Figure 21. This scheme (A-H) shows eight mono- and co-culture in vitro preliminary 
conditions involving CPA-SMC’s and HUVEC cells grown on 12mm diameter 0.4μm 
pore size polyethylene terephthalate membrane inserts. The timescale in terms of 
seeding the cells on the inserts highlights that 1x104 CPA-SMC’s were seeded first 
and left to grow for 264 hours as shown in transwells E-H. After 11 days following 
seeding of CPA-SMC’s, 1% gelatin was added above empty (wells B and C) or CPA-
SMC confluent transwells as represented in wells F and G. Also, at the same timepoint 
of 11 days, 1x104 HUVEC cells were also seeded on empty (well D), above 1% (w/v) 
gelatin as shown in well C, on top of 1% (w/v) gelatin + 1x104 CPA-SMC’s as 
highlighted in well G and directly on confluent CPA-SMC cells as presented in well H. 
The cells were left to grow for a further 48 hours. At day 13, the permeability assay 
was run followed by fixation of cells in 4% (w/v) paraformaldehyde and further 
immunostaining for α smooth muscle actin. CPA-SMC are represented by a blue 
circle, HUVEC are illustrated as a grey box and 1%gelatin is highlighted by a green 
box. This figure has been hand drawn by Paul Fodor using Microsoft PowerPoint 
software version 16.53.  
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2.21.8 Characterising the optimised cell culture conditions 

of HUVEC and CPA-SMC for undertaking permeability and 

endothelial junction formation studies 

Following initial validation experiments investigating the properties of CPA-

SMC and HUVEC cells to adhere, proliferate and to give rise to the monolayer 

formation on 0.4μm pore size PET membrane inserts, the experimental conditions for 

producing the optimised in vitro co-culture model contributing to the current knowledge 

of placental vascular function were established (figure 23). The efficacy of the model 

was further tested by evaluating the capacity of endothelial junction formation and 

barrier integrity, as illustrated in figure 23. Using a transwell system comprised of 

12mm diameter, 0.4μm pore size polyethylene terephthalate membrane inserts, 6x104 

HUVEC cells were seeded on 1% gelatin coated inserts and left to grow in an incubator 

in humidified conditions for 48 hours at 370C in 5%CO2/95% air. Once the endothelial 

cells became confluent, 1*104 CPA-SMC’s were seeded on top of the HUVEC 

monolayer and further monitored (Figure 22 and figure 24, panel D). After 26 hours of 

coculture, albumin-FITC (1mg/mL) (Sigma Aldrich, A9771) was introduced into the 

apical chamber followed by the collection of media from the basal chamber at every 

30 minutes for up to 2 hours. Co-cultures were then immunostained for VE-Cadherin 

using the immunocytochemistry protocol described in chapter 2.21.10. The growth 

media chosen for the purposes of culturing the primary endothelial cells on transwell 

membrane inserts until the point of confluence was M199 low glucose supplemented 

with 20% FBS, endothelial cell growth factor supplement (75μg/mL), heparin sodium 

salt (50μg/mL), penicillin (100U/mL) and streptomycin (100μg/mL). After the primary 

smooth muscle cells were seeded above confluent HUVEC cells, the co-culture media 
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chosen was the same as complete endothelial cell media but without heparin sodium 

salt as it inhibits the proliferation of the smooth muscle cells (highlighted in figure 23, 

panels C and D) [119,484].  

The protocol of permeability studies is adapted from Pang et al (2017) [119] and 

Villota et al (2021) [484] in that the current study used 6x104 HUVEC cells compared to 

5x103 HUVEC [119] and the tracer was Albumin-FITC compared to FITC-conjugated 

dextran [484]. 

 

Figure 22. This scheme shows the characteristics of the transwell system model used 
in assessing the capacity of endothelial junction formation and barrier integrity formed 
by the mono- or co-culture of 1x104 CPA-SMC’s and 6x104 HUVEC cells. This figure 
has been hand drawn by Paul Fodor using Microsoft PowerPoint software version 
16.53.  
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Figure 23. This scheme (A-L) illustrates the process of constructing the in vitro co-
culture model using human placental chorionic plate artery smooth muscle cells and 
human umbilical vein endothelial cells and the follow-up permeability and 
immunostaining studies for CD144. This figure has been hand drawn by Paul Fodor 
using Microsoft PowerPoint software version 16.53.  
 
2.21.9 Tracer leakage permeability studies of HUVEC and 

CPA-SMC  

In total, there were N=4 permeability experiments performed using isolated 

primary cells originating from 7 different healthy patients as shown in table 6. There 

were three inbuilt experimental repeats (transwell assays) per experiment. After the 

permeability assays were run, all monolayers were immediately fixed in 4% 

paraformaldehyde and the primary cells immunostained for CD144 (figure 23, panels 

I-L and figure 25).  
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Permeability 
experiment 

CPA-SMC 
sample 

Passage of CPA-
SMC cells 

HUVEC 
sample 

Passage of 
HUVEC cells 

First N17092019 P2 N10072019 P2 
Second N05122019 P1 N05122019 P3 
Third N18092019 P3 N21082019 P3 

Fourth N11112019 P3 N12082019 P3 

Table 6. This table shows the patient sample numbers and the passage of human 
placenta chorionic plate artery smooth muscle cells (CPA-SMC) and human umbilical 
vein endothelial cells (HUVEC) used in all four permeability and the follow-up 
immunocytochemistry experiments.  
 
 In terms of analysing all data from the permeability results, standard curves 

were created in each of the four experiments in order to interpolate unknown albumin-

FITC concentration values in the basal compartment of the transwell system based on 

their corresponding fluorescence intensities (arbitrary units) obtained from 

SpectraMax M2e microplate reader (Molecular Devices). In order to achieve this, a 5-

point standard curve was created using known concentrations of the albumin-FITC (0, 

5, 15, 25 and 50μg/mL) tracer and measuring their corresponding fluorescence 

intensity values. A scatter plot was created using Graph Pad Prism (version 8.2.1) 

containing data from the standard curves with X-axis representing albumin-FITC 

concentration values measured in μg/mL and Y-axis denoting fluorescence arbitrary 

units (A.U.). In total, there were 3 standard curves created from all tracer leakage 

experiments as the third and fourth permeability assays were performed together in a 

96-well plate which had a common standard curve (figure 24). A linear regression 

trendline was created for each of the standard curves with the corresponding equation 

used in determining the concentration of the unknown fluorescence intensities as 

shown in figure 24. In this case, the R2 values for each linear regression trendlines are 

also presented. All unknown fluorescence values obtained from the four permeability 

experiments fell within the middle range of the standard curve with no fluorescence 

intensities falling below the minimum corresponding tracer concentration value of 
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0μg/mL or above the maximum matching tracer concentration value of 50μg/mL 

[119,484].  

 

Figure 24. This graph highlights the linear regression best fit plotted 5-point standard 
curves corresponding to all permeability experiments with their R2 and first-order 
equations. X-axis shows the concentration of the tracer (μg/mL) and Y-axis denotes 
the fluorescence intensity values (arbitrary units).  
 

Permeability data of all four experiments highlights the tracer leakage in 3 main 

assay conditions i.e. 1%Gelatin (Control), 1% Gelatin + HUVEC and 1% Gelatin + 

HUVEC + CPA-SMC. From all 4 tracer leakage assays, in the first permeability 

experiment, a control condition (1% gelatin) was undertaken (triplicate) for the 

purposes of investigating the potential effects of the heterogenous mixture of high 

average molecular masses water-soluble proteins present in collagen on the 

fluorescein isothiocyanate-conjugated albumin leakage from the apical to the basal 

compartment of the transwell system, but also to serve as a reference point relative to 
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all other experimental conditions. Table 7 summarises the assay conditions used in all 

4 permeability investigations and the length of each of the tracer leakage experiments.  

 Furthermore, on one occasion as highlighted in the second permeability 

experiment (Table 7), the length of the 120 minutes standard assay was further 

increased by one hour to explore the efficacy of the in vitro model of human chorionic 

vessel and to assess the potential of the co-culture barrier to reach a higher 

permeability when compared to the monoculture of primary endothelial cells.  

  Experimental conditions 
Permeability 
experiment 

Length of permeability 
experiment (hours) 1% Gelatin 1% Gelatin 

+ HUVEC 
1%Gelatin + 

HUVEC+ CPA-SMC 
First 2 Yes Yes Yes 

Second 3 No Yes Yes 
Third 2 No Yes Yes 

Fourth 2 No Yes Yes 
 
Table 7. This table highlights for each of the four permeability experiments the duration 
of the assay and the experimental conditions used in the generation of the mono- and 
co-culture of human placenta chorionic plate artery smooth muscle cells (CPA-SMC) 
and human umbilical vein endothelial cells (HUVEC).  
 
2.21.10 Post-permeability studies of endothelial junctional 

integrity  

Following the completion of the permeability study, all membrane inserts of 

control, monoculture and coculture conditions were fixed in 4% (w/v) 

paraformaldehyde (Sigma Aldrich, P6148) and the cells immunostained for VE-

cadherin. Figure 25 summarises the methodology used in the immunocytochemistry 

studies in terms of fixation, requisite washes, permeabilization, blocking, incubations 

with primary and secondary antibody and mounting of insert membranes on 

microscope slides (modified from [119,483]). All 0.4μm pore size polyethylene 

terephthalate membrane inserts with primary cells (triplicate) from the first permeability 

experiment (control, monoculture, coculture) were immunostained for VE-cadherin for 
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the purposes of investigating the efficacy of the co-culture model by evaluating the 

capacity of endothelial junction formation from the perspective of paracellular 

permeability. A no primary antibody control transwell insert staining for VE-Cadherin 

was undertaken by replacing it with 5% (v/v) normal human serum diluted in 0.1% 

(w/v) BSA/PBS. Transwell inserts were incubated at 40C overnight with primary 

antibody against VE-Cadherin (purified mouse IgG1 anti human monoclonal antibody 

(BD Biosciences, 555661) used at a concentration of 5μg/mL. Secondary antibody 

(anti mouse IgG whole-molecule FITC antibody produced in goat, 10μg/mL, Sigma, 

F0257) was added the following day for 1 hour at 370C. Images were acquired using 

Nikon fluorescence microscope and NIS elements F3.0. The immunocytochemistry 

protocol is adapted from Ebrahim and Leach (2015) [503] in that the primary cells were 

fixed with 4% paraformaldehyde instead of 1% paraformaldehyde [503] and the 

secondary antibody was incubated with the primary cells for 1 hour compared to 2 

hours [503]. 
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Figure 25. This scheme (panels A-P) highlights the methodology used in 
immunostaining for VE-Cadherin of primary cells seeded on the polyethylene 
terephthalate (PET) transwell membrane inserts as a permeability follow-up study for 
the purposes of investigating the capacity of endothelial junction formation in the 
monolayer of human umbilical vein endothelial cells. The primary cells were washed 
3 times with Dulbecco’s phosphate buffered saline (DPBS; Sigma Aldrich, D8537) and 
fixed in 4% (w/v) paraformaldehyde (Sigma Aldrich, P6148) for 30 minutes. Three 
further washes with 0.1% (w/v) BSA/PBS were undertaken followed by permeabilizing 
the primary cells with 0.15% (v/v) triton X-100 diluted in 0.1% (w/v) BSA/PBS for 10 
minutes. PET inserts were washed again in 0.1% (w/v) BSA/PBS followed by blocking 
with 5% (v/v) normal human serum in 0.1% (w/v) BSA/PBS for 30 minutes. The 
polyethylene terephthalate membranes were dethatched from the insert and were 
incubated overnight at 40C with VE-Cadherin primary antibody (mouse anti human 
CD144, 5μg/mL, BD Pharmingen, 555661). A no primary antibody control was also 
performed by replacing it with 5% (v/v) normal human serum in 0.1% (w/v) BSA/PBS. 
The following day, inserts were washed 3 times in 0.1% (w/v) BSA/PBS followed by 
incubation with secondary antibody for 1 hour at 370C (anti mouse IgG whole-molecule 
FITC antibody produced in goat, 10μg/mL, Sigma, F0257). Three last requisite washes 
were performed using 0.1% (w/v) BSA/PBS for 10 minutes each and the PET inserts 
were mounted on a microscope slide using vectashield antifade mounting medium 
(Vector Laboratories, H1000). This figure has been hand drawn by Paul Fodor using 
Microsoft PowerPoint software version 16.53. 
 

Due to the fact that in the majority of micrographs taken there was a 

considerable level of background staining possibly caused by the formation of 

albumin-FITC aggregates, all of the membrane inserts originating from the first 

permeability experiment were un-mounted and re-washed again. This procedure was 
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undertaken for the purposes of eliminating the non-specific background staining which 

was noticed in most fields of view when the inserts were examined microscopically for 

the presence of VE-Cadherin junction integrity. The membrane inserts were washed 

3 times with 0.1% (w/v) BSA/PBS for 10 minutes and permeabilized again with 0.15% 

(v/v) Trition X-100 in 0.1% (w/v) BSA/PBS for 3 minutes. Inserts were washed with 

0.1% (w/v) BSA/PBS for 10 minutes and re-mounted again on microscope slides using 

vectashield antifade mounting medium. 

Following the second permeability experiment comprising of 

1%gelatin+HUVEC and 1%gelatin+HUVEC+CPA-SMC culture conditions, a similar 

immunostaining protocol for VE-Cadherin junctions was performed with all transwell 

membrane inserts. Six fluorescence micrographs showing immunolocalization of VE-

Cadherin were acquired for each of the triplicate permeability transwell assay 

membrane inserts of the monoculture or coculture conditions. In order to further 

investigate the origin of the non-specific background staining, one of the aims of the 

third and fourth permeability experiments was to replace the albumin-FITC tracer with 

unconjugated bovine serum albumin (Sigma Aldrich, A9771) in the apical chamber of 

the transwell system at the same concentration of 1mg/mL. 

In this case, before the start of the permeability assay, BSA was added to the 

apical compartment and was left for 2 hours. The 1% (w/v) gelatin+HUVEC and 1% 

(w/v) gelatin+HUVEC+CPA-SMC primary cultures were then immunostained for VE-

Cadherin and α smooth muscle actin using the protocol highlighted in figure 25. The 

primary antibody for VE-Cadherin was mouse anti human CD144, 1:100 dilution, BD 

Pharmingen, catalogue number 555661 and for α smooth muscle actin was rabbit 

monoclonal [E184] to α smooth muscle actin, 1:500 dilution, Abcam, AB32575. The 

secondary antibodies were anti-rabbit IgG (whole molecule) FITC antibody produced 
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in goat, 1:100 dilution, Sigma, F9887 and anti-mouse IgG (whole molecule) TRITC 

antibody produced in goat, 1:20 dilution, Sigma, T5393.  

2.21.11 Investigating the potential membrane double 

labelling of isolated primary cells with PKH26 and PKH67 for 

studying the properties of trans-endothelial migration of 

CPA-SMC across HUVEC monolayers  

Due to the fact that the human placenta chorionic plate artery smooth muscle 

cells co-express specific surface antigens that are characteristic to mesenchymal stem 

cells such as CD105, CD73 and CD90 and the absence of hematopoietic lineage 

markers for example CD45, CD34, CD14, CD11b, CD79α and HLA-DR, the potential 

transendothelial migration capacity of these primary cells was tested across 

established HUVEC monolayers on transwell polyethylene terephthalate membrane 

inserts.   

Alongside the third and fourth permeability experiments, the same primary cells 

as highlighted in table 6 were seeded on separate 1% (w/v) gelatinised membrane 

inserts. 6x104 HUVEC cells were labelled with a green fluorescent dye PKH67 

according to the instructions provided by the manufacturer (Sigma-Aldrich, 

PKH67GL), seeded on 0.4μm pore size PET membrane inserts and left to grow for 48 

hours. At this point, 1x104 CPA-SMC cells were labelled with a red fluorescent dye 

PKH26 using the protocol suggested by the manufacturer (Sigma-Aldrich, PKH26GL), 

seeded above established HUVEC monolayers and left to grow for a further 24 hours. 

After this period, monocultures of HUVEC and cocultures of HUVEC with CPA-SMC 

were fixed in 4% (w/v) paraformaldehyde, washed 3 times with 0.1% (w/v) BSA/PBS 

and mounted on microscope slides using vectashield antifade mounting medium 
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(Vector Laboratories, H1000). The labelling with PKH26 fluorescent dye of CPA-SMC 

cells is adapted from Ebrahim and Leach (2015) in that the isolated smooth muscle 

cells were stained with PKH26 compared to Wharton’s Jelly Mesenchymal Stem Cells 

(WJ-MSC) which were stained with the same fluorescent dye [503].  

2.22 Immunophenotyping of isolated human primary 

smooth muscle cells originating from the chorionic plate 

artery  

Human placental vascular smooth muscle cells represent an important cellular 

constituent which supports the functional and architectural stability of the vasculature. 

Over the last four decades, the description of smooth muscle cells both in vitro and in 

vivo has been considered particularly demanding because of the property of these 

cells to differentiate or potentially de-differentiate under the activation of various 

factors. In the case of the current isolated chorionic plate artery smooth muscle cells, 

the principle of de-differentiating is further supported by the presence of specific stem 

cell markers on the surface of the isolated human placental cells. The International 

Society for Cellular Therapy (ISCT) has suggested that the phenotype of multipotent 

mesenchymal stem cells to possess as a minimum the cell surface co-expression of 

the proteins CD73, CD105 and CD90 (≥95% positive) and not expressing the 

hematopoietic lineage markers CD34, CD14, CD45, CD11b, CD19, CD79-α and HLA-

DR (≤2% positive). Following successful isolation, the primary smooth muscle cells 

were passaged at 80% confluency and phenotypically characterised using flow 

cytometry. The surface antigenic profiling of isolated human placenta chorionic plate 

artery smooth muscle cells was performed using BD FACSCantoTM II cell analyser 

(BD Biosciences). 1x104 CPA-SMC’s were stained with saturating concentrations of 
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fluorochrome conjugated antibodies (table 8) according to the manufacturer 

instructions (BD Stemflow hMSC Analysis Kit, BD Biosciences, 562245). Data 

analysis was performed using Kaluza Software Version 2.1 and GraphPad Prism 

version 8.2.1. The isolated human placenta chorionic plate artery smooth muscle cells 

that were immunophenotyped originated from 4 healthy and 4 gestational diabetic 

placental samples. Overall, three immunophenotyping experiments were undertaken. 

Figure 26-28 highlight the controls used to set up the flow cytometer (i.e. 

compensation) in the first, second and third immunophenotyping experiments using 

FITC mouse anti human CD90, PE mouse anti human CD44, Per-CP-Cy-5.5 mouse 

anti human CD105 and APC mouse anti human CD73 antibodies. 
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Figure 26. This figure (panels A-P) highlights the compensation control from the first 
immunophenotyping experiment for the purposes of setting up the flow cytometer. 
A,E,I,M show ungated cells, B,F,J,N denote gated cells, C,G,K,O highlight scatter 
plots of CD90, CD44, CD105 and CD73 with their corresponding cell counts presented 
in D,H,L,P. 
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Figure 27. This figure (panels A-P) highlights the compensation control from the 
second immunophenotyping experiment for the purposes of setting up the flow 
cytometer. A,E,I,M show ungated cells, B,F,J,N denote gated cells, C,G,K,O highlight 
scatter plots of CD90, CD44, CD105 and CD73 with their corresponding cell counts 
presented in D,H,L,P. 
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Figure 28. This figure (panels A-P) highlights the compensation control from the third 
immunophenotyping experiment for the purposes of setting up the flow cytometer. 
A,E,I,M show ungated cells, B,F,J,N denote gated cells, C,G,K,O highlight scatter 
plots of CD90, CD44, CD105 and CD73 with their corresponding cell counts presented 
in D,H,L,P. 
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Vial Contents  Purpose  

hMSC Positive Cocktail 

CD90 FITC (Clone: 5E10) 
Cocktail to positively 

identify hMSCs 
CD105 PerCP-Cy5.5 

(Clone: 266) 
CD73 APC (Clone: AD2) 

hMSC Positive Isotype 
Control Cocktail 

mIgG1, κ FITC (Clone: X40) Corresponding Isotype 
Control for hMSC 
Positive Cocktail 

mIgG1, κ PerCP-Cy5.5 
(Clone: X40) 

mIgG1, κ APC (Clone: X40) 

PE hMSC Negative 
Cocktail 

CD34 PE (Clone:581) 

Cocktail to identify 
potential contaminants 

CD11b PE (Clone: ICRF44) 
CD19 PE (Clone: HIB19) 
CD45 PE (Clone: HI30) 

HLA-DR PE (Clone: G46-6) 

PE hMSC Negative 
Isotype Control Cocktail 

mIgG1, κ PE (Clone: X40) Corresponding isotype 
control for PE hMSC 

Negative Cocktail 
mIgG2a, κ PE (Clone:G155-

178) 
FITC Mouse Anti-

human CD90 CD90 FITC (Clone: 5E10) Compensation control 

PE Mouse Anti-Human 
CD44 CD44 PE (Clone: G44-26) 

Compensation 
control/MSC positive 

drop-in 
PerCP-Cy™5.5 Mouse 

Anti-Human CD105 
CD105 PerCP-Cy™5.5 

(Clone: 266) Compensation control 

APC Mouse Anti-
Human CD73 CD73 APC (Clone:AD2) Compensation control 

PE Mouse IgG2b, κ 
Isotype Control mIgG2b, κ (Clone: 27-35) 

Corresponding Isotype 
Control for PE Mouse 

Anti-Human CD44, when 
used as a drop in 

 
Table 8. This table shows the description of the components of BD Stemflow hMSC 
Analysis Kit in terms of antibodies used in the immunophenotypic characterisation of 
stem cells and their corresponding experimental purpose. The information regarding 
the human MSC Analysis Kit has been obtained from the BD Biosciences website 
available at: <<https://www.bdbiosciences.com/en-eu/products/reagents/flow-
cytometry-reagents/research-reagents/panels-multicolor-cocktails-ruo/human-msc-
analysis-kit.562245>> 
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3.1 Introduction 

3.1.1  P2X7 receptor involvement in the pathogenesis of 

type 2 diabetes from a microvascular complication point of 

view  

Adenosine 5’-triphosphate may be liberated towards the extracellular milieu not 

only from apoptotic or wounded cells, but also from healthy cells under low oxygen 

levels, mechanical injury, vesicular release or through the activation of membrane 

transport receptors. This important extracellular signalling molecule may connect with 

two important subfamilies of the P2 purinoceptors: ligand-gated ion channels (P2X) 

and G-protein-coupled (P2Y). The activation of the P2X7 receptor gives rise to a trans-

membrane flux of K+, Na+ and Ca2+ ions with sustained stimulation by dilating a pore 

permitting the flow of large molecules (>900Da) [506].  

The P2X7 receptor is particularly prone to polymorphisms, is vastly spread and 

is implicated in many cellular roles. Some of these include involvement in certain 

immune reactions, as well as in specific inflammatory mechanisms (potentially being 

in charge with the assembly of the NLRP3 inflammasome and IL-1β release) and also 

in neoplastic changes [507–509]. Type 2 diabetes is a syndrome caused by numerous 

components and has a complicated pathogenesis that takes into account many organs 

as well as tissues which involves a complicated interaction of genetic susceptibility 

and many environmental factors [510]. Some of the characteristics of the disorder are 

hyperglycemia accompanied by abnormal clearance of free fatty acids and platelet 

over-reactivity, endothelial cell malfunction, low grade inflammation and oxidative 

stress, with many affecting the vasculature barrier. Novel studies have shown that the 
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P2X7 receptor participates in β cell activity, insulin release [511,512] and also in diabetes-

related macro- or even microvascular aggravations [513,514].  

As a result, the P2X7 purinoceptor could be a key modulator in the initiation of 

pathogenesis as well as possibly treatment of type 2 diabetes with an elevated clinical 

importance as a result of its dangerous widespread developing prevalence. On the 

other hand, the involvement of the P2X7 receptor in type 2 diabetes has not been fully 

elucidated yet. A study undertaken by Giacovazzo and colleagues (2018) has 

highlighted the fact that the P2X7 receptor null mice (P2X7 knockout) express to some 

extent a glucose intolerance profile with storage of triglycerides in other locations 

around the body other than adipose tissues and also possess an elevated body weight 

highlighting that the absence of the P2X7 receptor elevates the susceptibility of mice 

to insulin resistance [515]. However, other studies have shown that the absence of the 

P2X7 may protect the liver and also kidney from elevated fat diet-supported damage, 

resulting in decreased inflammation, fibrosis and ultimately lipid build-up [516,517].  

A further study carried out by Vieira and colleagues (2016) has highlighted that 

using an inhibitor of the P2X7 receptor termed bright blue G as well as knockout of the 

same receptor may inhibit streptozocin-generated diabetes [518]. On the other side, the 

P2X7 receptor overexpression gives rise to unfavourable consequences when it 

comes to diabetic neuropathy, retinopathy and nephropathy [493,514,519]. Similarly, 

prevented stimulation of the same purinergic receptor signalling cascade especially in 

type 1 diabetes mellitus can influence the function of osteoblasts and in turn may affect 

bone metabolism [520,521]. In the case in which the metabolism of glucose is perturbed, 

elevated levels of extracellular adenosine 5’-triphosphate may activate the adipose 

tissue and pancreatic macrophages, enabling the P2X7 receptor to stimulate the 

NLRP3 inflammasome resulting in β-cell apoptosis and insulin resistance [391].  
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3.1.2 P2X and P2Y receptor expression in the human 

placenta 

A study by Roberts and colleagues (2006) has highlighted that isolated 

cytotrophoblast cells possess at an mRNA level P2X1, P2X2, P2X4, P2X7, P2Y1, 

P2Y2, P2Y4, P2Y6 and P2Y11 receptors at two stages of differentiation namely 18 hours 

where the majority of cytotrophoblast cells are mononuclear and 66 hours where the 

primary placental cells are multinucleate and resemble the syncytiotrophoblast in situ 

[277]. The same study has also shown using western blotting that the P2X4 receptor is 

expressed at a protein level in cytotrophoblast cells at both 18 and 66 hours during 

the differentiation process which has resulted in a strong band at approximately 65kDa 

[277]. Similarly, the P2X7 receptor was shown to be expressed at a protein level in 

cytotrophoblast cells via the detection of a product of circa 145kDa at both stages of 

differentiation. The P2Y2 receptor was also expressed at a protein level in 

cytotrophoblast cells via the detection of a specific band at circa 65kDa in four of the 

six mononucleated and four of the six polynucleated cytotrophoblast cell preparations  

[277]. The P2Y4 receptor was not present at a protein level in cytotrophoblast cells at 

either 18 or 66 hours of culture. Lastly, the same study has shown that the P2Y6 

receptor was weakly expressed at a protein level in cytotrophoblast cells which have 

been cultured for 18 or 66 hours via the detection of a band at approximately 110kDa 

[277].  

Another study by Roberts et al (2007) has highlighted that the P2X4, P2X7 and 

P2Y2 receptors were weakly expressed at an mRNA level in isolated villous tissue 

from first trimester (9-11 weeks of gestation) or term (38-41 weeks of gestation) 

placental specimens [321]. However, the same study has also provided evidence that 

a strong signal corresponding to the P2Y4 receptor was present at an mRNA level in 
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the same tissue type [321]. Also, the investigation by Roberts and colleagues (2007) 

has illustrated that the P2X4 receptor expression at a protein level was detected in 

immunoblots at approximately 69kDa in both first trimester and term placental samples 

investigated [321]. The same study highlighted a particularly weak and not consistently 

detected P2X7 receptor expression at a protein level in villous tissue originating from 

both first trimester and term placental specimens [321]. Furthermore, P2Y2 protein 

product band was identified at approximately 65kDa in the same specimens and P2Y4 

receptor products were not identified in any of the placenta samples investigated from 

both first trimester and term groups [321]. This investigation by Roberts and colleagues 

(2007) also presented data on localisation of the purinergic P2X4, P2X7, P2Y2 and 

P2Y4 receptors in villous tissue originating from first trimester and term placenta 

samples using immunohistochemistry and revealed that the P2X4 receptor was 

localised at the level of the syncytiotrophoblast layer in first trimester tissue and on the 

microvillus membrane and basal membrane in term placenta samples [321]. In this 

study, the P2X7 receptor was generally expressed at an intracellular level in 

conjunction with the nuclei with decreased levels of staining in the cytoplasm. The 

P2X7 receptor staining was also present at the level of the syncytiotrophoblast, 

particularly in term tissue compared to the first trimester specimens. The P2Y2 

receptor was immunolocalised on both syncytiotrophoblast membranes with a more 

prominent staining in term placental samples compared to first trimester. P2Y4 

receptor protein staining was not identified in any of the placental tissues studied [321].  

 Perfused human placental cotyledon has been shown to vasoconstrict under 

the exposure of α,β-meATP, βγ-methylene ATP and adenosine 5’-triphosphate and 

vasorelaxation through P2Y receptor-dependent nitric oxide liberation into the 

extracellular space from endothelial cells has also been demonstrated [475,522]. The 
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purinergic P2X1, P2X4, P2X5, P2X6 and P2X7 receptors have been found at an 

mRNA level in in the smooth muscle of chorionic and umbilical arteries and veins along 

with mRNA for P2Y1, P2Y2 and P2Y6 purinoceptors expressed particularly on the 

endothelium of these blood vessels, emphasizing the function of the circulating 

nucleotides in the mediation of the blood flow at the level of the fetal circulation [522,523]. 

A study by Buvinic and colleagues (2006) has presented evidence that the P2Y1 and 

P2Y2 receptors are differentially expressed in the human placental vascular tree in 

terms of an increase between 6- to 8- fold from the umbilical cord to the chorionic or 

cotyledon blood vessels [481]. These two purinergic receptors are localised at the level 

of the smooth muscle in the chorionic and umbilical cord blood vessels and are 

expressed on both smooth muscle and endothelial cells in the cotyledon blood 

vessels. A study by Valdecantos et al (2003) has presented evidence that the P2X1, 

P2X4 and P2X7 receptors are expressed in human chorionic blood vessels particularly 

in the smooth muscle layer [479].  

 Pre-eclampsia is described by disturbed fetal development, proteinuria and 

increased maternal blood pressure. The start of the pathophysiology of pre-eclampsia 

has been proposed to involve abnormal trophoblast invasion giving rise to decreased 

circulating oxygen levels in the placenta, which in turn promote the liberation into the 

extracellular space of adenosine 5’-triphosphate that is eventually metabolised by 

ectonucleotidases to adenosine [524]. In the human placenta, this condition has been 

shown to cause post-translational modifications of the P2X4 receptor where elevated 

liberation of adenosine 5’-triphosphate into the extracellular space takes place. This 

process is due to low circulating oxygen levels accompanied by oxidative stress which 

in turn lead to the activation of the P2X4 purinoceptor therefore regulating the placental 

cell homeostasis [525].  
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 This chapter presents novel data on the P2X7 receptor protein expression 

levels in the human placenta chorionic plate artery, stem villous artery, villous tissue 

and myometrium. The presence of the P2X7 receptor at a protein level in stem villous 

arteries has not been studied yet, hence this chapter helps to fill in this gap into the 

literature. Also, the P2X7 receptor has only been shown to be expressed at an mRNA 

level in chorionic plate arteries by Valdecantos et al (2003) [479], but not at a protein 

level using western blotting, hence this chapter addresses this gap by presenting 

western blotting data of the purinergic receptor expression in these human placenta 

blood vessels. The protein expression of the P2X7 receptor in human myometrium 

has been demonstrated before in a study by Maneta et al (2015) [491] and was used in 

the current investigation as a positive control for the purinergic receptor in P2X7 

receptor western blots. Furthermore, villous tissue has been shown to express the 

P2X7 receptor at a tissue level using immunohistochemistry from term placental 

samples in a study by Roberts et al (2007) [480], with the authors also presenting data 

on the relatively weak expression of the purinergic receptor at an mRNA and protein 

level in the same tissue type. However, the purinoceptor has never been shown to be 

consistently expressed at a protein level in villous tissue using western blotting via the 

detection of expected protein product bands, hence this chapter has addressed this 

gap in the current knowledge. Although the study by Roberts et al (2007) [480] has 

found that the P2X7 receptor was expressed in villous tissue in association with 

syncytiotrophoblast nuclei, the authors did not rate the fluorescence intensity levels of 

the P2X7 receptor positive syncytiotrophoblast profiles using systematic random 

sampling and did not investigate the expression of the purinoceptor at the level of the 

fetal vessels. Since no other studies have assessed these objectives, the current 

investigation has addressed these gaps into the literature by providing 



Chapter 3 – The expression of P2X7 receptor in the vasculature of human placenta 
 

 174 

immunohistochemistry data on the expression of the P2X7 receptor in human 

placental villous tissue originating from both healthy and diet managed gestational 

diabetic pregnancies.  

 Although at the choriodecidua level, the NLRP3 inflammasome has been 

shown to be expressed at an mRNA level in a study by Bryant et al (2017) [526] which 

have also described the expression of the multimeric protein at an tissue level using 

immunohistochemistry, the protein expression level assessed using western blotting 

of the NLRP3 inflammasome in 4th order chorionic plate arteries, stem villous arteries 

and choriodecidua tissue has not been elucidated yet, hence this chapter helps to fill 

in the gap into the literature.  

 The NLRP3 inflammasome has been shown to be expressed at a protein level 

in isolated primary trophoblast cells which have been cultured in normoxia conditions 

for 3 days using western blotting [527]. Another study by Stødle et al (2018) has 

presented data on released IL-1β from LPS-primed cultured chorionic villi explants 

under the stimulation of cholesterol crystals and uric acid crystals [528]. Also, a study 

by Yang et al (2020) has highlighted that the NLRP3 inflammasome is expressed at a 

protein level in human placental villous tissue originating from healthy and 

pregnancies complicated by pre-eclampsia [529]. However, no studies have assessed 

the NLRP3 inflammasome protein expression levels in isolated placental villous tissue 

using western blotting under the priming with LPS and stimulation with ATP (acting as 

a danger associated molecular pattern) or BzATP (compound used for activation of 

the P2X7 receptor), hence the current investigation helps to fill in the gap into the 

literature.  

 The current study also provides novel data on the protein expression levels of 

the P2X7 receptor in D-glucose (acting as a danger associated molecular pattern) 
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stimulated human placental villous tissue for a period of 4, 24 or 48 hours using 

western blotting. Furthermore, this study provides further novel data on the protein 

expression levels of the P2X7 receptor, NLRP3 inflammasome and pro-caspase-1 in 

stem villous arteries of healthy compared to pregnancies complicated by pre-

eclampsia.  

 Although a study by Maneta et al (2015) [491] has shown that the cord blood 

mononuclear cells and placental blood mononuclear cells originating from labouring 

and non-labouring women incubated with LPS and BzATP gave rise to elevated levels 

of IL-1β liberation into the extracellular space, no studies have investigated the pro-

inflammatory cytokine (IL-1β, IL-6 and IL-18) release from villous tissue originating 

from healthy placental samples under the stimulation of LPS, ATP or BzATP, hence 

the current study fills in this gap in the literature. The current investigation also 

provides novel data on the expression of the P2X7 receptor in isolated human placenta 

chorionic plate artery smooth muscle cells which have been isolated using either the 

tissue explant or enzymatic digestion methods. Lastly, the current investigation has 

identified a novel optimised method for the immunodelpletion of IgG from villous tissue, 

SVA and myometrium.  
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3.2 Hypothesis and aims 

The hypothesis of this study was that the P2X7 receptor, NLRP3 inflammasome 

and pro-caspase-1 protein expression levels in the human placenta stem villous 

arteries is higher in pregnancies complicated by pre-eclampsia compared to healthy 

patients.  

Aims:  

• To investigate the protein expression levels of the NLRP3 inflammasome 

in the second supernatant fraction of human placenta 4th order chorionic 

plate artery, stem villous artery and choriodecidua tissue lysates using 

western blotting 

• To assess the protein expression levels of the P2X7 receptor in the second 

pellet and second supernatant fraction of human placenta chorionic plate 

artery, stem villous artery, villous tissue and myometrium tissue in lysates 

which have been immunodepleted of IgG or not immunodepleted of IgG 

using western blotting  

• To investigate the protein expression levels of the NLRP3 inflammasome 

in the second supernatant fraction of control, ATP, LPS+ATP and 

LPS+BzATP stimulated human placenta villous tissue lysates using 

western blotting 

• To determine the protein expression levels of the P2X7 receptor in the 

second pellet fraction of D-glucose stimulated human placenta villous 

tissue lysates using western blotting and to assess the released lactate 

dehydrogenase and IL-1β levels in the culture media following 4 or 48 hours 

of D-glucose stimulation along with the IL-1β levels in the second 
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supernatant of the villous tissue lysates at the same timepoints using 

western blotting  

• To compare the protein expression levels of the P2X7 receptor, NLRP3 

inflammasome and pro-caspase-1 originating from human placenta stem 

villous arteries in healthy and pre-eclamptic placental samples using 

western blotting  

• To investigate the mRNA expression level of the P2X7 receptor, NLRP3 

inflammasome and caspase-1 in stem villous arteries originating from 

healthy and pre-eclamptic placental samples using RT-qPCR 

• To assess the released levels of IL-1β, IL-6 and IL-18 in villous tissue which 

has been stimulated with control, ATP, LPS+ATP and LPS+BzATP 

originating from healthy placental samples using ELISA 

• To evaluate the immunolocalization of the P2X7 receptor in isolated human 

placenta chorionic plate artery smooth muscle cells which have been 

isolated either via the tissue explant or enzymatic digestion method using 

immunocytochemistry 

• To characterise the distribution of the P2X7 receptor in isolated human 

placenta chorionic plate artery smooth muscle cells which have been 

stimulated with ATP, BzATP and A740003 using immunocytochemistry 

• To describe the immunohistochemical expression of the P2X7 receptor in 

isolated sections of human placental villous tissue originating from healthy 

and diet managed gestational diabetic samples at the level of the 

syncytiotrophoblast and fetal capillaries  
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• To investigate the immunohistochemical expression of the P2X7 receptor 

in isolated sections of human placental chorionic plate arteries from healthy 

patients at the level of the smooth muscle and the endothelium  

3.3 Results 

The methods used in this results chapter have been described in chapter 2.6-

2.14 and chapter 2.17. The expected band size for the P2X7 receptor is approximately 

70kDa.  

3.3.1  Two P2X7 receptor bands were identified at 

approximately 74kDa and circa 97kDa in the second pellet 

of CPA, SVA and trophoblast tissue lysates  

Two bands were detected at approximately 74kDa and circa 97kDa in the 

second pellet (membrane protein fraction) of CPA, SVA and trophoblast tissue lysates 

originating from a healthy placenta sample as highlighted in figure 29, panel A (green 

boxes). No P2X7 receptor specific bands were detected in the second supernatant 

fraction of the same CPA, SVA and trophoblast tissue lysates. Less intense bands 

were observed in the same immunoblot at circa 152kDa, approximately 62kDa and 

about 52kDa particularly in the second pellet fraction (figure 29, panel A, red boxes) 

which were due to the non-specific binding of the P2X7 receptor primary antibody as 

suggested from the P2X7 receptor secondary antibody control immunoblot presented 

in figure 31, panel A where no bands were detected. The P2X7 receptor protein 

specificity was confirmed using the P2X7 receptor specific blocking peptide on a 

separate blot using the same tissue lysates as highlighted in figure 30, panel A (green 

boxes). Here, all bands disappeared after the preincubation with the antigenic peptide. 



Chapter 3 – The expression of P2X7 receptor in the vasculature of human placenta 
 

 179 

The Ponceau S staining of all three immunoblots presented in figures 29-31 

highlighted equal protein loading.  

 As a result, two P2X7 receptor specific protein products were identified at 

approximately 74kDa and 97kDa in the second pellet fraction (membrane protein 

fraction) of human placenta chorionic plate arteries, stem villous arteries and villous 

tissue lysates using western blotting.  
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Figure 29. This figure shows the P2X7 receptor expression (panel A, green boxes, 
73kDa and 97kDa isoforms) in the second supernatant and the second pellet fractions 
of CPA, SVA and trophoblast tissue lysates originating from a placenta sample of a 
healthy patient (T2929) and in myometrium (healthy patient, T2025). The protein 
bands highlighted with red boxes (152kDa, 62kDa and 52kDa) denote non-specific 
binding of the P2X7 receptor primary antibody. Myometrium was used as a positive 
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control for the P2X7 receptor B. The immunoblot was stripped and then reblotted with 
β actin for loading control (red box). The β actin protein expression level in the second 
pellet (membrane) fraction of myometrium tissue lysate sample originating from 
patient T2025 shown in the last western blot lane has degraded, hence no band was 
detected C. Ponceau S staining of the nitrocellulose membrane prior to 
immunoblotting for the P2X7 receptor D. Relative P2X7 receptor protein expression 
levels (74kDa and 97kDa isoforms) normalised to β actin. Data are expressed as mean 
± SEM. Each well was loaded with 40μg of total protein. Antibodies used: P2X7 
primary antibody (Rabbit polyclonal IgG, Alomone Labs, APR-004) at a dilution of 
1:600, P2X7 secondary antibody (Polyclonal goat anti rabbit immunoglobulins alkaline 
phosphatase, Dako, D0487) at a dilution of 1:1000, β actin primary antibody (rabbit 
polyclonal IgG, Abcam, Ab8227) at a dilution of 1:8000 and β actin secondary antibody 
(Polyclonal goat anti rabbit immunoglobulins alkaline phosphatase, Dako, D0487) at 
a dilution of 1:1000. In this case, all tissue samples were homogenised using lysing 
matrix D ceramic spheres and IgG was immunodepleted from protein lysates using a 
well-established immunoprecipitation protocol involving anti-human IgG (whole 
molecule)-agarose antibody developed in goat (Sigma, A3543).   
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Figure 30. Immunoblot highlighting that the bands corresponding to the molecular 
weight of the native P2X7 receptor (highlighted with green boxes) disappeared after 
pre-adsorption of the P2X7 receptor primary antibody with a control peptide antigen 
equivalent to the amino acid residues 576-595 of the intracellular C-terminus of the 
P2X7 receptor (negative control). In this study, the second supernatant and second 
pellet fractions of fourth order CPA, SVA and choriodecidua tissue lysates was used 
originating from a placenta sample of a healthy patient (T2929) as well as myometrium 
tissue originating from a healthy patient (T2025). The protein bands highlighted with 
red boxes (137kDa, 59kDa and 48kDa) denote non-specific binding of the primary 
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antibody. B. The immunoblot was stripped and then reblotted with β actin for loading 
control (red box). The β actin protein expression level in the second pellet (membrane) 
fraction of myometrium tissue lysate originating from patient T2025 shown in the last 
western blot lane has degraded, hence no band was detected C. Ponceau S staining 
of the nitrocellulose membrane prior to immunoblotting for the P2X7 receptor. Each 
well was loaded with 40μg of total protein. Antibodies used: P2X7 primary antibody 
(Rabbit polyclonal IgG, Alomone Labs, APR-004) at a dilution of 1:600, P2X7 
secondary antibody (Polyclonal goat anti rabbit immunoglobulins alkaline 
phosphatase, Dako, D0487) at a dilution of 1:1000, β actin primary antibody (rabbit 
polyclonal IgG, Abcam, Ab8227) at a dilution of 1:8000 and β actin secondary antibody 
(Polyclonal goat anti rabbit immunoglobulins alkaline phosphatase, Dako, D0487) at 
a dilution of 1:1000. In this case, all tissue samples were homogenised using lysing 
matrix D ceramic spheres and IgG was immunodepleted from protein lysates using a 
well-established immunoprecipitation protocol involving anti-human IgG (whole 
molecule)-agarose antibody developed in goat (Sigma, A3543). In this case, the 
transfer of the resolved proteins from the polyacrylamide gel to the nitrocellulose 
membrane did not work very well, therefore fewer proteins have transferred to the 
nitrocellulose membrane which gave rise to a less intense β-actin staining. 
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Figure 31. Immunoblot highlighting the P2X7 receptor secondary antibody control 
where the primary antibody corresponding to the purinergic receptor has been 
replaced with 3% marvel milk/TBST as presented in panel A. In this study, the second 
supernatant and second pellet fractions of fourth order CPA, SVA and choriodecidua 
tissue lysates was used originating from a placenta sample of a healthy patient 
(T2929) as well as myometrium tissue originating from a healthy patient (T2025) B. 
The immunoblot was stripped and then reblotted with β actin for loading control (red 
box) C. Ponceau S staining of the nitrocellulose membrane corresponding to the P2X7 
receptor secondary antibody control. Each well was loaded with 40μg of total protein. 
Antibodies used: P2X7 receptor secondary antibody (Polyclonal goat anti rabbit 
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immunoglobulins alkaline phosphatase, Dako, D0487) at a dilution of 1:1000, β actin 
primary antibody (rabbit polyclonal IgG, Abcam, Ab8227) at a dilution of 1:8000 and β 
actin secondary antibody (Polyclonal goat anti rabbit immunoglobulins alkaline 
phosphatase, Dako, D0487) at a dilution of 1:1000. In this case, all tissue samples 
were homogenised using lysing matrix D ceramic spheres and IgG was 
immunodepleted from protein lysates using a well-established immunoprecipitation 
protocol involving anti-human IgG (whole molecule)-agarose antibody developed in 
goat (Sigma, A3543).  
 
3.3.2  P2X7 receptor specific bands were identified in the 

second pellet fraction of SVA, trophoblast tissue and 

myometrium tissue lysates which have been successfully 

immunodepleted of IgG originating from 3 healthy placental 

samples 

A strong signal corresponding to the P2X7 receptor was identified in the second 

pellet fraction of trophoblast tissue (approximately 79kDa), SVA (circa 80kDa) and 

myometrium tissue (about 78kDa) lysates originating from N=3 healthy placental 

samples as highlighted by the red box in figure 33 (panel A), figure 36 (panel A) and 

figure 39 (panel A). All P2X7 receptor protein specificity was confirmed using the P2X7 

specific blocking peptide which caused the disappearance of the 78-80kDa bands in 

the second pellet fraction of all placental tissue types studied as illustrated by the red 

box in figure 33 (panel D), figure 36 (panel D) and figure 39 (panel D). 

Immunodepletion of IgG successfully removed the intense band at approximately 48-

49kDa in the P2X7 receptor immunoblots (in the absence and presence of the blocking 

peptide) using the second pellet fraction of trophoblast tissue, SVA and myometrium 

tissue lysates as highlighted by the green box presented in figure 33 (panels A and 

D), figure 36 (panels A and D) and figure 39 (panels A and D). The P2X7 receptor 

western blots (with and without the blocking peptide) showed the presence of a strong 
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band at approximately 48-49kDa using the second pellet fraction of the same tissue 

lysates which have not been immunodepleted of IgG as indicated by the violet boxes 

in figures 33, 36 and 39. Similarly, a strong signal was observed at approximately 

60kDa in the P2X7 receptor immunoblots using the second pellet fraction of the 

trophoblast tissue, SVA and myometrium tissue lysates, which was due to the non-

specific binding of the P2X7 receptor primary antibody as suggested from the P2X7 

receptor secondary antibody control immunoblot presented in figure 43 (panel A). No 

statistically significant differences were found between the relative P2X7 receptor 

protein expression levels of non-immunodepleted and IgG immunodepleted second 

pellet fraction of SVA (Dunnett T3 multiple comparison tests) and myometrium tissue 

(Dunn’s multiple comparison tests) lysates which have been homogenised using either 

the ultra turrax method or lysing matrix D ceramic spheres as presented in figure 37 

(panel A) and figure 40 (panel A). However, a statistically significant difference was 

found in the relative P2X7 receptor protein expression levels between non-

immunodepleted and IgG immunodepleted second pellet fraction of trophoblast tissue 

lysates obtained via the ultra turrax method using an unpaired T-test (*P=0.0398) as 

illustrated in figure 34 (panel A). No statistically significant differences were found 

between the relative IgG (heavy chain) protein expression levels of non-

immunodepleted and IgG immunodepleted second pellet fraction of SVA (Dunnett’s 

T3 multiple comparisons test) and myometrium tissue (Dunn’s multiple comparisons 

test) lysates which have been homogenised using either the ultra turrax method or 

lysing matrix D ceramic spheres as illustrated in figure 37 (panel B) and figure 40 

(panel B). However, there was a statistically significant difference (*P=0.0184; 

Dunnett’s T3 multiple comparisons test) in the relative IgG heavy chain protein 

expression levels between non-immunodepleted (Lysing matrix D homogenised) and 
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IgG immunodepleted (ultra turrax homogenised) second pellet fraction of trophoblast 

tissue lysates as presented in figure 34 (panel B).   

No P2X7 receptor specific bands were observed in the second supernatant 

fraction of trophoblast tissue, SVA and myometrium tissue lysates originating from 

N=3 healthy placental samples as highlighted by the red box in figure 32 (panel A), 

figure 35 (panel A) and figure 38 (panel A). Immunodepletion of IgG successfully 

removed a strong signal at approximately 46-49kDa in the P2X7 receptor immunoblots 

using the second supernatant fraction of trophoblast tissue, SVA and myometrium 

tissue lysates as illustrated by the green boxes in figures 32, 35 and 38. An intense 

band was observed at 46-49kDa in the P2X7 receptor western blots using the second 

supernatant fraction of the same tissue lysates which have not been immunodepleted 

of IgG as indicated by the violet boxes in figures 32, 35 and 38. Furthermore, an 

intense band was also observed at approximately 58kDa in the same P2X7 receptor 

immunoblots which was due to the non-specific binding of the P2X7 receptor primary 

antibody as suggested from the P2X7 receptor secondary antibody control immunoblot 

presented in figure 43 (panel A). No statistically significant differences in the relative 

IgG (heavy chain, approximately 46-49kDa) protein expression levels were found 

between non-immunodepleted and IgG immunodepleted second supernatant fraction 

of trophoblast tissue (Dunnett’s T3 multiple comparisons test), SVA (Dunn’s multiple 

comparisons test) and myometrium tissue (Dunnett’s T3 multiple comparisons test) 

lysates which have been homogenised using either the ultra turrax method or lysing 

matrix D ceramic spheres as illustrated in figure 32 (panel D), figure 35 (panel D) and 

figure 38 (panel D).  

No P2X7 receptor specific bands were observed in immunoblots using the 

second supernatant fraction of trophoblast tissue and SVA lysates which have been 
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either stored at -800C prior to homogenisation or homogenised using the lysing matrix 

D ceramic spheres immediately after the collection of the placental samples as 

highlighted by the red box in figure 41 (panel A) and figure 42 (panel B). In this case, 

immunodepletion of IgG resulted in the absence of a strong signal at approximately 

47-50kDa in the P2X7 receptor immunoblots using the second supernatant fraction of 

trophoblast tissue and SVA lysates as illustrated by the green box in figure 41 (panel 

A) and figure 42 (panel A). However, the P2X7 receptor western blots showed the 

presence of an intense signal at circa 47-50kDa using the second supernatant fraction 

of the same tissue lysates which have not been immunodepleted of IgG as indicated 

by the violet box in figure 41 (panel A) and figure 42 (panel A). An intense band was 

observed in the P2X7 receptor immunoblots using the same second supernatant of 

SVA (58kDa) and trophoblast tissue (59kDa) lysates which was due to the non-specific 

binding of the P2X7 receptor primary antibody as suggested from the P2X7 receptor 

secondary antibody control immunoblot presented in figure 43 (panel A). Figure 41 

(panel D) and figure 42 (panel D) highlight the relative IgG (heavy chain) expression 

levels in the second supernatant of trophoblast tissue and SVA lysates which have 

been either stored at -800C prior to homogenisation or homogenised using lysing 

matrix D ceramic spheres immediately after the collection of the placenta sample.  

No bands were detected in the immunoblot corresponding to the P2X7 receptor 

secondary antibody control using the second pellet fraction of trophoblast tissue, SVA 

and myometrium tissue lysates originating from 3 healthy placental samples which 

have been either non-immunodepleted or IgG immunodepleted as highlighted in figure 

43 (panel A). The ponceau S staining of all immunoblots presented in figures 32-33, 

35-36, 38-39 and 41-43 highlighted equal protein loading.  
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 As a result, protein products corresponding to the P2X7 receptor were identified 

in the second pellet fraction (membrane protein fraction) of human placenta villous 

tissue (approximately 79kDa), SVA (circa 80kDa) and myometrium (approximately 

78kDa) tissue lysates which were successfully immunodepleted of IgG (resulting in 

the removal of an intense band at circa 48-49kDa in all immunoblots) or not 

immunodepleted of IgG. Furthermore, no P2X7 receptor specific bands were detected 

in the second supernatant fraction (containing the cytoplasmic fraction) of the same 

tissue lysates.  
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Figure 32. This figure shows the P2X7 receptor protein expression levels (panel A, 
red box) in the second supernatant of trophoblast tissue lysate originating from three 
placental samples of healthy patients (T2944, T2945, T2946). In this case, the tissue 
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samples were homogenised using either the ultra turrax method (as highlighted in 
panel D, red bars) or using lysing matrix D ceramic spheres (as presented in panel D, 
blue bars). The tissue lysates were either IgG immunodepleted using a well-
established immunoprecipitation protocol involving anti-human IgG (whole molecule)-
agarose antibody developed in goat (Sigma, A3543) as illustrated in panel A (green 
boxes) or not IgG immunodepleted (panel A, violet boxes). Each well was loaded with 
40μg of total protein. B. The immunoblot was stripped and then reblotted with β actin 
for loading control (red box). The green boxes highlight the absence of IgG and the 
violet boxes denote the presence of IgG in the trophoblast tissue lysates. C. Ponceau 
S staining of the nitrocellulose membrane prior to immunoblotting for the P2X7 
receptor D. Graph highlighting the relative IgG heavy chain levels normalised to β actin 
in trophoblast tissue lysates which have been either depleted or non-depleted of 
immunoglobulin G. Data are expressed as mean ± SEM. Antibodies used: P2X7 
primary antibody (Rabbit polyclonal IgG, Alomone Labs, APR-004) at a dilution of 
1:600, P2X7 secondary antibody (Polyclonal goat anti rabbit immunoglobulins alkaline 
phosphatase, Dako, D0487) at a dilution of 1:1000, β actin primary antibody (rabbit 
polyclonal IgG, Abcam, Ab8227) at a dilution of 1:8000 and β actin secondary antibody 
(Polyclonal goat anti rabbit immunoglobulins alkaline phosphatase, Dako, D0487) at 
a dilution of 1:1000. 
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Figure 33. This figure shows the P2X7 receptor protein expression levels (panel A, 
red box) in the second pellet fraction of trophoblast tissue lysates originating from three 
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placental samples of healthy patients (T2944, T2945, T2946). The tissue samples 
were homogenised using either the ultra turrax method or using lysing matrix D 
ceramic spheres. The tissue lysates were either IgG immunodepleted using a well-
established immunoprecipitation protocol involving anti-human IgG (whole molecule)-
agarose antibody developed in goat (Sigma, A3543) as illustrated in panel A (green 
box) or not IgG immunodepleted (panel A, violet boxes). Each well was loaded with 
40μg of total protein B. The immunoblot was stripped and then reblotted with β actin 
for loading control (red box) C. Ponceau S staining of the nitrocellulose membrane 
prior to immunoblotting for the P2X7 receptor D. Immunoblot highlighting that the 
bands corresponding to the molecular weight of native P2X7 receptor (red box) 
disappeared after pre-adsorption of the P2X7 primary antibody with a blocking peptide 
equivalent to the amino acid residues 576-595 of the intracellular C-terminus of the 
P2X7 receptor (negative control). The green box highlights the absence of the 48kDa 
band in tissue lysates which have been immunodepleted of IgG and the violet boxes 
denote the presence of the 48kDa band in tissue lysates which have not been 
immunodepleted of IgG E. The immunoblot presented in panel D was stripped and 
then reblotted with β actin for loading control (red box) F. Ponceau S staining of 
nitrocellulose membrane prior to immunoblotting for the P2X7 receptor with blocking 
peptide. Antibodies used: P2X7 primary antibody (Rabbit polyclonal IgG, Alomone 
Labs, APR-004) at a dilution of 1:600, P2X7 secondary antibody (Polyclonal goat anti 
rabbit immunoglobulins alkaline phosphatase, Dako, D0487) at a dilution of 1:1000, β 
actin primary antibody (rabbit polyclonal IgG, Abcam, Ab8227) at a dilution of 1:8000 
and β actin secondary antibody (Polyclonal goat anti rabbit immunoglobulins alkaline 
phosphatase, Dako, D0487) at a dilution of 1:1000. 
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Figure 34. These graphs highlight the relative P2X7 receptor protein expression levels 
(panel A) and IgG heavy chain levels (panel B) normalised to β actin in trophoblast 
tissue lysates (second pellet) which have been either depleted or non-depleted of 
immunoglobulin G. The tissue was homogenised using either the ultra turrax method 
(red bars) or using lysing matrix D ceramic spheres (blue bars). Data are expressed 
as mean ± SEM. *P≤0.05, **P≤0.01, ***P≤0.001, ****P≤0.0001.  
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Figure 35. This figure shows the relative P2X7 receptor protein expression levels 
(panel A, red box) in the second supernatant fraction of stem villous artery (SVA) 
originating from three placental samples of healthy patients (T2944, T2945, T2946). 
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In this case, the tissue samples were homogenised using either the ultra turrax method 
(as highlighted in panel D, red bars) or using lysing matrix D ceramic spheres (as 
presented in panel D, blue bars). The tissue lysates were either IgG immunodepleted 
using a well-established immunoprecipitation protocol involving anti-human IgG 
(whole molecule)-agarose antibody developed in goat (Sigma, A3543) as illustrated in 
panel A (green boxes) or not IgG immunodepleted (panel A, violet boxes). Each well 
was loaded with 40μg of total protein. B. The immunoblot was stripped and then 
reblotted with β actin for loading control (red box). The green boxes highlight the 
absence of IgG and the violet boxes denote the presence of IgG in the stem villous 
artery lysates. C. Ponceau S staining of nitrocellulose membrane prior to 
immunoblotting for the P2X7 receptor D. Graph highlighting the relative IgG heavy 
chain protein expression levels normalised to β actin in stem villous artery lysates 
which have been either depleted or non-depleted of immunoglobulin G. Data are 
expressed as mean ± SEM. Antibodies used: P2X7 primary antibody (Rabbit 
polyclonal IgG, Alomone Labs, APR-004) at a dilution of 1:600, P2X7 secondary 
antibody (Polyclonal goat anti rabbit immunoglobulins alkaline phosphatase, Dako, 
D0487) at a dilution of 1:1000, β actin primary antibody (rabbit polyclonal IgG, Abcam, 
Ab8227) at a dilution of 1:8000 and β actin secondary antibody (Polyclonal goat anti 
rabbit immunoglobulins alkaline phosphatase, Dako, D0487) at a dilution of 1:1000. 



Chapter 3 – The expression of P2X7 receptor in the vasculature of human placenta 
 

 197 

 
 
Figure 36. This figure shows the P2X7 receptor protein expression levels (panel A, 
red box) in the second pellet fraction of stem villous artery (SVA) lysates originating 
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from three placental samples of healthy patients (T2944, T2945, T2946). The tissue 
samples were homogenised using either the ultra turrax method or using lysing matrix 
D ceramic spheres. The tissue lysates were either IgG immunodepleted using a well-
established immunoprecipitation protocol involving anti-human IgG (whole molecule)-
agarose antibody developed in goat (Sigma, A3543) as illustrated in panel A (green 
box) or not IgG immunodepleted (panel A, violet boxes). Each well was loaded with 
40μg of total protein B. The immunoblot was stripped and then reblotted with β actin 
for loading control (red box) C. Ponceau S staining of nitrocellulose membrane prior 
to immunoblotting for the P2X7 receptor D. Immunoblot highlighting that the bands 
corresponding to the molecular weight of native P2X7 receptor (red box) disappeared 
after pre-adsorption of the P2X7 primary antibody with a blocking peptide equivalent 
to the amino acid residues 576-595 of the intracellular C-terminus of the P2X7 receptor 
(negative control). The green box highlights the absence of the 48kDa band in tissue 
lysates which have been immunodepleted of IgG and the violet boxes denote the 
presence of the 48kDa band in tissue lysates which have not been immunodepleted 
of IgG E. The immunoblot presented in panel D was stripped and then reblotted with 
β actin for loading control (red box) F. Ponceau S staining of the nitrocellulose 
membrane prior to immunoblotting for the P2X7 receptor with blocking peptide. 
Antibodies used: P2X7 primary antibody (Rabbit polyclonal IgG, Alomone Labs, APR-
004) at a dilution of 1:600, P2X7 secondary antibody (Polyclonal goat anti rabbit 
immunoglobulins alkaline phosphatase, Dako, D0487) at a dilution of 1:1000, β actin 
primary antibody (rabbit polyclonal IgG, Abcam, Ab8227) at a dilution of 1:8000 and β 
actin secondary antibody (Polyclonal goat anti rabbit immunoglobulins alkaline 
phosphatase, Dako, D0487) at a dilution of 1:1000. 
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Figure 37. These graphs highlight the P2X7 receptor protein expression levels (panel 
A) and IgG heavy chain levels (panel B) normalised to β actin in stem villous artery 
lysates (second pellet fraction) which have been either depleted or non-depleted of 
immunoglobulin G. The tissue was homogenised using either the ultra turrax method 
(red bars) or using lysing matrix D ceramic spheres (blue bars). Data are expressed 
as mean ± SEM. 
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Figure 38. This figure shows the P2X7 receptor protein expression levels (panel A, 
red box) in the second supernatant fraction of myometrium tissue lysates originating 
from three placental samples of healthy patients (T1964, T1992 and T2041). In this 
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case, the tissue samples were homogenised using either the ultra turrax method (as 
highlighted in panel D, red bars) or using lysing matrix D ceramic spheres (as 
presented in panel D, blue bars). The tissue lysates were either IgG immunodepleted 
using a well-established immunoprecipitation protocol involving anti-human IgG 
(whole molecule)-agarose antibody developed in goat (Sigma, A3543) as illustrated in 
panel A (green boxes) or not IgG immunodepleted (panel A, violet boxes). Each well 
was loaded with 40μg of total protein. Myometrium was used as a positive control for 
the P2X7 receptor B. The immunoblot was stripped and then reblotted with β actin for 
loading control (red box). The green boxes highlight the absence of IgG and the violet 
boxes denote the presence of IgG in the myometrium tissue lysates. C. Ponceau S 
staining of nitrocellulose membrane prior to immunoblotting for the P2X7 receptor D. 
Graph highlighting the relative IgG heavy chain levels normalised to β actin in 
myometrium tissue lysates which have been either depleted or non-depleted of 
immunoglobulin G. Data are expressed as mean ± SEM. Antibodies used: P2X7 
primary antibody (Rabbit polyclonal IgG, Alomone Labs, APR-004) at a dilution of 
1:600, P2X7 secondary antibody (Polyclonal goat anti rabbit immunoglobulins alkaline 
phosphatase, Dako, D0487) at a dilution of 1:1000, β actin primary antibody (rabbit 
polyclonal IgG, Abcam, Ab8227) at a dilution of 1:8000 and β actin secondary antibody 
(Polyclonal goat anti rabbit immunoglobulins alkaline phosphatase, Dako, D0487) at 
a dilution of 1:1000. 
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Figure 39. This figure shows the P2X7 receptor protein expression levels (panel A, 
red box) in the second pellet fraction of myometrium tissue lysates originating from 
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three placental samples of healthy patients (T1964, T1992 and T2041). The tissue 
samples were homogenised using either the ultra turrax method or using lysing matrix 
D ceramic spheres. The tissue lysates were either IgG immunodepleted using a well-
established immunoprecipitation protocol involving anti-human IgG (whole molecule)-
agarose antibody developed in goat (Sigma, A3543) as illustrated in panel A (green 
box) or not IgG immunodepleted (panel A, violet boxes). Each well was loaded with 
40μg of total protein. Myometrium was used as a positive control for the P2X7 receptor 
B. The immunoblot was stripped and then reblotted with β actin for loading control (red 
box) C. Ponceau S staining of the nitrocellulose membrane prior to immunoblotting for 
the P2X7 receptor D. Immunoblot highlighting that the bands corresponding to the 
molecular weight of native P2X7 receptor (red box) disappeared after pre-adsorption 
of the P2X7 primary antibody with a blocking peptide equivalent to the amino acid 
residues 576-595 of the intracellular C-terminus of the P2X7 receptor (negative 
control). The green box highlights the absence of the 49kDa band in tissue lysates 
which have been immunodepleted of IgG and the violet boxes denote the presence of 
the 49kDa band in tissue lysates which have not been immunodepleted of IgG E. The 
immunoblot presented in panel D was stripped and then reblotted with β actin for 
loading control (red box) F. Ponceau S staining of nitrocellulose membrane prior to 
immunoblotting for the P2X7 receptor with blocking peptide. Antibodies used: P2X7 
primary antibody (Rabbit polyclonal IgG, Alomone Labs, APR-004) at a dilution of 
1:600, P2X7 secondary antibody (Polyclonal goat anti rabbit immunoglobulins alkaline 
phosphatase, Dako, D0487) at a dilution of 1:1000, β actin primary antibody (rabbit 
polyclonal IgG, Abcam, Ab8227) at a dilution of 1:8000 and β actin secondary antibody 
(Polyclonal goat anti rabbit immunoglobulins alkaline phosphatase, Dako, D0487) at 
a dilution of 1:1000. 
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Figure 40. These graphs highlight the P2X7 receptor protein expression levels (panel 
A) and IgG heavy chain levels (panel B) normalised to β actin in myometrium tissue 
lysates (second pellet fraction) which have been either depleted or non-depleted of 
immunoglobulin G. The tissue was homogenised using either the ultra turrax method 
(red bars) or using lysing matrix D ceramic spheres (blue bars). Data are expressed 
as mean ± SEM. 
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Figure 41. This figure shows the P2X7 receptor protein expression levels (panel A, 
red box) in the second supernatant of trophoblast tissue lysates originating from three 
placental samples of healthy patients (T2942, T2930, T2944). In this case, all tissue 
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samples were homogenised using lysing matrix D ceramic spheres. The tissue lysates 
were either IgG immunodepleted using a well-established immunoprecipitation 
protocol involving anti-human IgG (whole molecule)-agarose antibody developed in 
goat (Sigma, A3543) as illustrated in panel A (green box) or not IgG immunodepleted 
(panel A, violet box). Each well was loaded with 40μg of total protein. B. The 
immunoblot was stripped and then reblotted with β actin for loading control (red box). 
C. Ponceau S staining of the nitrocellulose membrane prior to immunoblotting for the 
P2X7 receptor D. Graph highlighting the relative IgG heavy chain levels normalised to 
β actin in trophoblast tissue lysates which have been either depleted or non-depleted 
of immunoglobulin G. The homogenised trophoblast tissue used in these studies was 
either non-frozen (blue bars) or snap frozen in liquid nitrogen immediately after 
collection and stored at -800C until processed (red bars). Data are expressed as mean 
± SEM. Antibodies used: P2X7 primary antibody (Rabbit polyclonal IgG, Alomone 
Labs, APR-004) at a dilution of 1:600, P2X7 secondary antibody (Polyclonal goat anti 
rabbit immunoglobulins alkaline phosphatase, Dako, D0487) at a dilution of 1:1000, β 
actin primary antibody (rabbit polyclonal IgG, Abcam, Ab8227) at a dilution of 1:8000 
and β actin secondary antibody (Polyclonal goat anti rabbit immunoglobulins alkaline 
phosphatase, Dako, D0487) at a dilution of 1:1000. 
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Figure 42. This figure shows the P2X7 receptor protein expression levels (panel A, 
red box) in the second supernatant fraction of stem villous artery tissue lysates 
originating from three placental samples of healthy patients (T2942, T2930, T2944). 



Chapter 3 – The expression of P2X7 receptor in the vasculature of human placenta 
 

 208 

In this case, all tissue samples were homogenised using lysing matrix D ceramic 
spheres. The tissue lysates were either IgG immunodepleted using a well-established 
immunoprecipitation protocol involving anti-human IgG (whole molecule)-agarose 
antibody developed in goat (Sigma, A3543) as illustrated in panel A (green box) or not 
IgG immunodepleted (panel A, violet box). Each well was loaded with 40μg of total 
protein. B. The immunoblot was stripped and then reblotted with β actin for loading 
control (red box). C. Ponceau S staining of the nitrocellulose membrane prior to 
immunoblotting for the P2X7 receptor D. Graph highlighting the relative IgG heavy 
chain levels normalised to β actin in stem villous artery tissue lysates which have been 
either depleted or non-depleted of immunoglobulin G. The homogenised trophoblast 
tissue used in these studies was either non-frozen (blue bars) or snap frozen in liquid 
nitrogen immediately after collection and stored at -800C until processed (red bars). 
Data are expressed as mean ± SEM. Antibodies used: P2X7 primary antibody (Rabbit 
polyclonal IgG, Alomone Labs, APR-004) at a dilution of 1:600, P2X7 secondary 
antibody (Polyclonal goat anti rabbit immunoglobulins alkaline phosphatase, Dako, 
D0487) at a dilution of 1:1000, β actin primary antibody (rabbit polyclonal IgG, Abcam, 
Ab8227) at a dilution of 1:8000 and β actin secondary antibody (Polyclonal goat anti 
rabbit immunoglobulins alkaline phosphatase, Dako, D0487) at a dilution of 1:1000. 
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Figure 43. Immunoblot highlighting the P2X7 receptor secondary antibody control 
where the primary antibody corresponding to the purinergic receptor has been 
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replaced with 3% (w/v) marvel milk/TBS-T as presented in panel A. In this study, the 
second pellet of trophoblast tissue and SVA was used originating from three placental 
samples of healthy patients (T2944, T2945, T2946) as well as myometrium tissue 
originating from three healthy patients (T1964, T1992 and T2041). The tissue samples 
were homogenised using either the ultra turrax method or using lysing matrix D 
ceramic spheres. The tissue lysates were either IgG immunodepleted using a well-
established immunoprecipitation protocol involving anti-human IgG (whole molecule)-
agarose antibody developed in goat (Sigma, A3543) or not IgG immunodepleted B. 
The immunoblot was stripped and then reblotted with β actin for loading control (red 
box) C. Ponceau S staining of the nitrocellulose membrane corresponding to the 
secondary antibody control. Each well was loaded with 40μg of total protein. 
Antibodies used: P2X7 secondary antibody (Polyclonal goat anti rabbit 
immunoglobulins alkaline phosphatase, Dako, D0487) at a dilution of 1:1000, β actin 
primary antibody (rabbit polyclonal IgG, Abcam, Ab8227) at a dilution of 1:8000 and β 
actin secondary antibody (Polyclonal goat anti rabbit immunoglobulins alkaline 
phosphatase, Dako, D0487) at a dilution of 1:1000.  
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3.3.3 The NLRP3 inflammasome expression in the second 

supernatant of fourth order CPA, SVA and choriodecidua 

tissue lysates highlighted the presence of 4 isoforms at 

approximately 79kDa, 107kDa, 171kDa and 222kDa  

NLRP3 inflammasome products were detected in two western blots at a 

molecular weight of approximately 118kDa (figure 44, panel A) and circa 107kDa 

(figure 45, panel A) in the second supernatant of fourth order CPA, SVA and 

choriodecidua tissue lysates originating from three placental samples of healthy 

patients. In both western blots, the fourth order CPA possessed the highest relative 

protein expression levels of the NLRP3 inflammasome compared to SVA and 

choriodecidua as highlighted in figure 44, panel D and figure 45, panel D. A Shapiro-

Wilk test of the relative NLRP3 inflammasome levels presented in figure 44 and figure 

45 highlighted that all data was normally distributed. No statistically significant 

differences of the relative NLRP3 inflammasome protein expression levels (figure 44) 

were found across all tissue types using a Brown-Forsythe ANOVA test (P=0.4928) 

and Dunnett’s T3 multiple comparisons test. Similarly, the same tests highlighted no 

statistically significant differences in NLRP3 inflammasome expression levels between 

all placental tissues studied in the western blot presented in figure 45. In both NLRP3 

inflammasome western blots presented in figure 44 and 45, a strong signal was 

detected at approximately 52kDa (figure 44) and circa 49kDa (figure 45) which was 

due to the non-specific binding of the NLRP3 inflammasome secondary antibody (anti-

rabbit IgG (whole molecule), F(ab’)2 fragment - alkaline phosphatase antibody 

produced in goat, Sigma, A3937) as suggested from the immunoblot presented in 

figure 46, panel D. Furthermore, a faint band was also detected in the NLRP3 
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immunoblot illustrated in figure 45 at a molecular weight of circa 58kDa which was 

also due to the non-specific binding of the same NLRP3 secondary antibody. The 

ponceau S staining presented in figure 44 (panel C) and figure 45 (panel C) highlight 

equal protein loading.   

 A further investigation of the NLRP3 western blot illustrated in figure 45 which 

involved cutting of the nitrocellulose membrane in two parts (figure 46, panel A) and 

subjecting again the 75-250kDa strip to chemiluminescent western blot detection for 

the NLRP3 inflammasome (figure 46, panel B) revealed the presence of 3 isoforms of 

approximately 79kDa, 107kDa and 222kDa. In this case, the protein expression levels 

of all three NLRP3 inflammasome isoforms in fourth order CPA, SVA and 

choriodecidua originating from N=3 placental samples of healthy patients (figure 46, 

panel C) were subjected to a Shapiro-Wilk test which highlighted that all data was 

normally distributed with the exception of the 79kDa isoform in the choriodecidua 

subgroup (*P=0.0307). A Kruskal-Wallis test (*P=0.0162) with Dunn’s multiple 

comparison tests highlighted no statistically significant differences between the fourth 

order CPA, SVA and choriodecidua tissue types in each of NLRP3 inflammasome 

isoform subgroups. Here, the 107kDa NLRP3 inflammasome isoform possessed the 

highest protein expression level in all three placental tissue types studied compared 

to the 79kDa and 222kDa inflammasome isoforms (figure 46, panel C). 

 The immunoblot of NLRP3 inflammasome secondary antibody control 

illustrated in figure 46 (panel D) highlighted the presence of one intense band of an 

approximate size of 49kDa and a faint band of circa 57kDa in all second supernatants 

of fourth order CPA, SVA and choriodecidua tissue lysates originating from three 

placental samples of healthy patients. In this case, the ponceau S staining of the 

nitrocellulose membrane showed equal protein loading (figure 46, panel E).  
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 The NLRP3 inflammasome protein expression levels in 10-60μg of total protein 

per well (second supernatant) of fourth order CPA lysate originating from a placenta 

sample of a healthy patient is presented in two western blots (figure 47 and figure 48). 

In this case, no protein bands corresponding to the NLRP3 inflammasome were 

detected in one of the western blots (figure 47). However, a faint signal was identified 

at approximately 104kDa in the remaining NLRP3 western blot as shown in figure 48 

(panel A). An additional analysis of the NLRP3 immunoblot presented in figure 48 

which implicated the cutting of nitrocellulose membrane in two segments (figure 48, 

panel E) and subjecting again the 100-250kDa part to chemiluminescent detection for 

the relative NLRP3 inflammasome protein expression levels showed the presence of 

two isoforms of approximately 104kDa and 171kDa (figure 48, panel F). The relative 

NLRP3 inflammasome protein expression levels in 10-60μg of total protein per well of 

fourth order CPA lysate are illustrated in figure 48, panels D and G. A faint signal was 

observed in the NLRP3 inflammasome western blot presented in figure 47 (panel A) 

possessing a molecular weight of approximately 50kDa which was due to the non-

specific binding of the NLRP3 inflammasome secondary antibody (anti-rabbit IgG 

(whole molecule), F(ab’)2 fragment - alkaline phosphatase antibody produced in goat, 

Sigma, A3937) as indicated from the immunoblot presented in figure 46, panel D. 

Similarly, a strong signal was detected in the NLRP3 immunoblot presented in figure 

48 (panel A) at approximately 49kDa, accompanied by a smaller, less intense band 

observed at circa 45kDa which was also due to the non-specific binding of another 

NLRP3 inflammasome secondary antibody (Polyclonal goat anti rabbit 

immunoglobulins alkaline phosphatase, Dako, D0487) as shown from the western blot 

illustrated in figure 50, panel A. Furthermore, the densitometric analyses of β-Actin 

protein expression levels illustrated in figure 47 (panel E) and figure 49 (panel A) show 
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the linear range of sample loading corresponding to the standard curve elicited using 

the fourth order CPA tissue lysates. In this case, the optimal amount of total protein 

load for the purposes of semi-quantifying β-Actin (loading control) levels falling within 

the linear range was between 20-40μg per well (figure 47, panel E and figure 49, panel 

A). Similarly, the densitometric analyses of the NLRP3 inflammasome protein 

expression levels are also presented in figure 49 (panel B) for both 104kDa and 

171kDa isoforms. In this case, the optimal amount of total protein load for the purposes 

of NLRP3 inflammasome semi-quantification was determined at 20-40μg per well 

(figure 49, panel B). In this case, the ponceau S staining presented in figure 47 (panel 

C and D) and figure 48 (panel C) showed a successful transfer of the resolved proteins 

from the 10% polyacrylamide gels to the nitrocellulose membranes. 

The immunoblot highlighting the NLRP3 inflammasome secondary antibody 

control presented in figure 50 showed the presence of 2 faint bands of an approximate 

size of 43kDa and 51kDa in all second supernatants of fourth order CPA, SVA and 

choriodecidua tissue lysates originating from two placental samples of healthy 

patients. The ponceau S staining of the nitrocellulose membrane showed equal protein 

loading (figure 50, panel C).  

 As a result, in the second supernatant (containing the cytoplasmic fraction) of 

fourth order CPA, SVA and choriodecidua tissue lysates, four NLRP3 inflammasome 

isoforms have been detected at the molecular weight of approximately 79kDa, 

107kDa, 171kDa and 222kDa.   
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Figure 44. This figure shows the NLRP3 inflammasome protein expression levels 
(panel A, red box) in the second supernatant of fourth order CPA, SVA and 
choriodecidua tissue lysates originating from three placental samples of healthy 
patients (T2823, T2818 and T2817). The protein bands highlighted with the green 
(52kDa) box correspond to non-specific binding of the NLRP3 inflammasome 
secondary antibody B. The immunoblot was stripped and then reblotted with β actin 
for loading control (red box) C. Ponceau S staining of the nitrocellulose membrane 
prior to the commencement of immunoblotting for the NLRP3 inflammasome D. 
Relative NLRP3 inflammasome protein expression levels (118kDa isoform) 
normalised to β actin. Data are expressed as mean ± SEM. Each well was loaded with 
40μg of total protein. Antibodies used: NLRP3 primary antibody (rabbit polyclonal IgG, 
Abcam, Ab91413) at a dilution of 1:300, NLRP3 secondary antibody (anti-rabbit IgG 
(whole molecule), F(ab’)2 fragment - alkaline phosphatase antibody produced in goat, 
Sigma, A3937) at a dilution of 1:30000, β actin primary antibody (rabbit polyclonal IgG, 
Abcam, Ab8227) at a dilution of 1:2500 and β actin secondary antibody (Anti-rabbit 
IgG (whole molecule), F(ab’)2, fragment – alkaline phosphatase antibody produced in 
goat – Sigma, A3937) at a dilution of 1:30000.  
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Figure 45. This figure shows the NLRP3 inflammasome protein expression levels 
(panel A, red box) from a repeated western blotting experiment using the second 
supernatant of fourth order CPA, SVA and choriodecidua tissue lysates originating 
from three placental samples of healthy patients (T2823, T2818 and T2817). The 
protein bands highlighted with blue (58kDa) and violet (49kDa) boxes denote non-
specific binding of the NLRP3 secondary antibody B. The immunoblot was stripped 
and then reblotted with β actin for loading control (red box) C. Ponceau S staining of 
the nitrocellulose membrane prior to immunoblotting for the NLRP3 inflammasome D. 
Relative NLRP3 inflammasome protein expression levels (107kDa isoform) 
normalised to β actin. Data are expressed as mean ± SEM. Each well was loaded with 
40μg of total protein. Antibodies used: NLRP3 primary antibody (rabbit polyclonal IgG, 
Abcam, Ab91413) at a dilution of 1:300, NLRP3 secondary antibody (anti-rabbit IgG 
(whole molecule), F(ab’)2 fragment - alkaline phosphatase antibody produced in goat, 
Sigma, A3937) at a dilution of 1:30000, β actin primary antibody (rabbit polyclonal IgG, 
Abcam, Ab8227) at a dilution of 1:2500 and β actin secondary antibody (Anti-rabbit 
IgG (whole molecule), F(ab’)2, fragment – alkaline phosphatase antibody produced in 
goat – Sigma, A3937) at a dilution of 1:30000. 
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Figure 46. This figure shows the NLRP3 inflammasome protein expression levels in 
the second supernatant of fourth order CPA, SVA and choriodecidua tissue lysates 
originating from three placental samples of healthy patients (T2823, T2818 and 
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T2817) where the NLRP3 inflammasome immunoblot presented in figure 45 was cut 
in half (panel A) and the 75-250kDa strip was further subjected to chemiluminescent 
western blot detection of other NLRP3 inflammasome isoforms as presented in panel 
B. The proteins highlighted with blue (approximately 222kDa), red (circa 107kDa) and 
green (about 79kDa) boxes suggest three NLRP3 inflammasome isoforms that have 
been detected C. Relative NLRP3 inflammasome protein expression levels (222kDa, 
107kDa and 79kDa isoforms) normalised to β actin. Data are expressed as mean ± 
SEM D. Immunoblot highlighting the NLRP3 inflammasome secondary antibody 
control where the primary antibody corresponding to the multimeric protein has been 
replaced with 3% marvel milk/TBS-T. The protein bands highlighted with blue 
(approximately 57kDa) and violet (circa 49kDa) boxes denote non-specific binding of 
the secondary antibody E. Ponceau S staining of the nitrocellulose membrane 
corresponding to the NLRP3 inflammasome secondary antibody control. Each well 
was loaded with 40μg of total protein. The artifacts present on the Ponceau S staining 
of the nitrocellulose membrane and on the immunoblot corresponding to the NLRP3 
inflammasome secondary antibody control are due to air bubbles present between the 
polyacrylamide gel and the nitrocellulose membrane. Antibodies used: NLRP3 primary 
antibody (rabbit polyclonal IgG, Abcam, Ab91413) at a dilution of 1:300, NLRP3 
secondary antibody (anti-rabbit IgG (whole molecule), F(ab’)2 fragment - alkaline 
phosphatase antibody produced in goat, Sigma, A3937) at a dilution of 1:30000, β 
actin primary antibody (rabbit polyclonal IgG, Abcam, Ab8227) at a dilution of 1:2500 
and β actin secondary antibody (Anti-rabbit IgG (whole molecule), F(ab’)2, fragment – 
alkaline phosphatase antibody produced in goat – Sigma, A3937) at a dilution of 
1:30000. 
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Figure 47. This figure shows the NLRP3 inflammasome protein expression levels in 
second supernatant of fourth order CPA lysate originating from a placenta sample of 
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a healthy patient (T2823) A. Western blot of chorionic plate artery homogenate with 
10-60μg of total protein loaded per well probing for the NLRP3 inflammasome protein 
expression levels. The protein bands highlighted with the red box (50kDa) denote non-
specific binding of the NLRP3 inflammasome secondary antibody B. Adjacent western 
blot of CPA homogenate with 10-60μg of total protein loaded per well probing for β 
actin (red box) C. Ponceau S staining of the nitrocellulose membrane prior to 
immunoblotting for the NLRP3 inflammasome D. Ponceau S staining of adjacent 
nitrocellulose membrane prior to immunoblotting for β actin E. Graph highlighting the 
relative signal intensity of β actin protein bands using total protein (10-60μg per well) 
originating from the second supernatant of the CPA lysate. Red box highlights the 
optimal load (20-40μg total protein per well) for loading control protein detection. 
Antibodies used: NLRP3 primary antibody (rabbit polyclonal IgG, Abcam, Ab91413) at 
a dilution of 1:300, NLRP3 secondary antibody (anti-rabbit IgG (whole molecule), 
F(ab’)2 fragment - alkaline phosphatase antibody produced in goat, Sigma, A3937) at 
a dilution of 1:30000, β actin primary antibody (rabbit polyclonal IgG, Abcam, Ab8227) 
at a dilution of 1:2500 and β actin secondary antibody (Anti-rabbit IgG (whole 
molecule), F(ab’)2, fragment – alkaline phosphatase antibody produced in goat – 
Sigma, A3937) at a dilution of 1:30000. O.D. denotes optical density. In this case, the 
resolved proteins were transferred to the nitrocellulose membrane for a period of 90 
minutes.  
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Figure 48. This figure highlights the NLRP3 inflammasome protein expression levels 
(panel A, violet box, approximately 104kDa isoform) in the second supernatant of 
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fourth order CPA originating from a placenta sample of a healthy patient (T2823). The 
protein bands highlighted with the red (approximately 49kDa) and green (circa 45kDa) 
boxes denote the non-specific binding of the NLRP3 inflammasome secondary 
antibody. In this case, the total protein loaded ranged from 10-60μg per well B. The 
immunoblot was stripped and then reblotted with β actin for loading control (red box) 
C. Ponceau S staining of the nitrocellulose membrane prior to immunoblotting for the 
NLRP3 inflammasome D. Relative NLRP3 inflammasome protein expression levels 
(approximately 104kDa isoform) normalised to β actin. Data are expressed as mean 
± SEM E. The NLRP3 inflammasome immunoblot presented in panel A was then cut 
in half and the 100-250kDa strip was further subjected to chemiluminescent western 
blot detection for the NLRP3 inflammasome isoforms as presented in panel F. The 
proteins highlighted with violet boxes (approximately 171kDa and circa 104kDa) 
suggest two NLRP3 inflammasome isoforms have been detected G. Relative NLRP3 
inflammasome levels (approximately 171kDa isoform) normalised to β actin. Data are 
expressed as mean ± SEM. Antibodies used: NLRP3 primary antibody (rabbit 
polyclonal IgG, Abcam, Ab91413) at a dilution of 1:200, NLRP3 secondary antibody 
(Polyclonal goat anti rabbit immunoglobulins alkaline phosphatase, Dako, D0487) at 
a dilution of 1:1000, β actin primary antibody (rabbit polyclonal IgG, Abcam, Ab8227) 
at a dilution of 1:2500 and β actin secondary antibody (Polyclonal goat anti rabbit 
immunoglobulins alkaline phosphatase, Dako, D0487) at a dilution of 1:1000. In this 
case, the resolved proteins were transferred to the nitrocellulose membrane for a 
period of 90 minutes. 
 

 
 
Figure 49. Densitometry analyses of β actin and NLRP3 inflammasome optical density 
values corresponding to the nitrocellulose membrane presented in figure 48 A. Graph 
highlighting the relative signal intensity of β actin protein bands using total protein (10-
60μg per well) originating from the second supernatant of the CPA lysate. Red box 
highlights the optimal load (20-40μg total protein per well) for loading control protein 
detection B. Graph showing the relative signal intensity of NLRP3 inflammasome 
protein bands (approximately 104kDa and circa 171kDa isoforms) using a total protein 
amount between 10-60μg. Black arrows show the optimal load (40-60μg total protein 
per well) for NLRP3 inflammasome detection. Data are expressed as mean ± SEM. 
O.D. denotes optical density.  
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Figure 50. This figure highlights the western blot of NLRP3 inflammasome secondary 
antibody control where the primary antibody corresponding to the NLRP3 
inflammasome has been replaced with 3% (w/v) marvel milk/TBS-T (panel A). In this 
study, the second supernatant of fourth order CPA, SVA and choriodecidua was used 
originating from two placental samples of healthy patients (T2817 and T2818). Each 
well was loaded with 40μg of total protein. The protein bands highlighted with red 
(approximately 51kDa) and green (circa 43kDa) boxes denote non-specific binding of 
the NLRP3 inflammasome secondary antibody B. The immunoblot was stripped and 
then reblotted with β actin for loading control (red box) C. Ponceau S staining of the 
nitrocellulose membrane corresponding to the NLRP3 inflammasome secondary 
antibody control. Each well was loaded with 40μg of total protein. Antibodies used: 
NLRP3 secondary antibody (Polyclonal goat anti rabbit immunoglobulins alkaline 
phosphatase, Dako, D0487) at a dilution of 1:1000, β actin primary antibody (rabbit 
polyclonal IgG, Abcam, Ab8227) at a dilution of 1:2500 and β actin secondary antibody 
(Polyclonal goat anti rabbit immunoglobulins alkaline phosphatase, Dako, D0487) at 
a dilution of 1:1000. In this case, the resolved proteins were transferred to the 
nitrocellulose membrane for a period of 90 minutes.  
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3.3.4  Stimulated human trophoblast tissue with ATP, 

LPS+ATP and LPS+BzATP does not significantly alter the 

relative protein expression levels of three NLRP3 

inflammasome isoforms  

The relative protein expression levels of three (approximately 78kDa, circa 

92kDa and about 131kDa) NLRP3 inflammasome isoforms in stimulated trophoblast 

tissue with 10mM ATP, 10μg/mL LPS+10mM ATP and 10μg/mL LPS+300μM BzATP 

originating from 3 healthy placental samples are presented in figure 51. The 

trophoblast tissue stimulation with ATP, LPS+ATP and LPS+BzATP did not 

significantly alter the relative protein expression levels of each of the approximately 

circa 78kDa (blue box), about 92kDa (green box) and approximately 131kDa (brown 

box) NLRP3 inflammasome isoforms (Dunnett’s T3 multiple comparison tests) relative 

to control (RPMI 1640 media low glucose supplemented with antibiotics) as 

highlighted in figure 51 (panels D and E). In this case, the NLRP3 inflammasome 

immunoblot showed the presence of intense bands at approximately 78kDa in each of 

the stimulated and unstimulated trophoblast tissue lysates (second supernatant 

fraction) as highlighted by the blue box in figure 51 (panel A). The ponceau S staining 

of all immunoblots presented in figure 51 showed equal protein loading.  

As a result, the stimulation of human placental villous tissue with ATP, 

LPS+ATP or LPS+BzATP does not significantly alter the NLRP3 inflammasome 

protein expression levels of the identified 78kDa, 92kDa or 131kDa isoforms found in 

the second supernatant fraction (containing the cytoplasmic fraction) of the placental 

tissue lysates.   
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Figure 51. This figure shows the NLRP3 inflammasome protein expression levels 
(panel A, approximately 131kDa isoform- brown box, circa 92kDa isoform- green box 
and about 78kDa isoform- blue box) in the second supernatant fraction of trophoblast 
tissue lysates originating from three placental samples of healthy patients (T2888, 
T2893 and T2895). The trophoblast tissue was stimulated as follows: RPMI 1640 
media+100 units/mL penicillin and 100μg/mL streptomycin for 4 hours, ATP (10mM) 
for 4 hours, LPS (10μg/mL) (3.5 hours) +ATP (10mM) (0.5 hours) and LPS (10μg/mL) 
(3.5 hours) +BzATP (300μM) (0.5 hours). Following stimulation, the trophoblast tissue 
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was immediately snap frozen in liquid nitrogen and stored at -800C until processed. In 
this case, all tissue samples were homogenised using lysing matrix D ceramic spheres 
and all tissue lysates were IgG immunodepleted using a well-established 
immunoprecipitation protocol involving anti-human IgG (whole molecule)-agarose 
antibody developed in goat (Sigma, A3543). The proteins were resolved using a 10% 
hand casted polyacrylamide gel. The resolved proteins were transferred to the 
nitrocellulose membrane for a period of 90 minutes. Each well was loaded with 60μg 
of total protein B. The immunoblot was stripped and then reblotted with β actin for 
loading control (red box) C. Ponceau S staining of the nitrocellulose membrane prior 
to immunoblotting for the NLRP3 inflammasome D. Graph highlighting the relative 
NLRP3 inflammasome protein expression levels normalised to β actin (approximately 
78kDa isoform) in trophoblast tissue lysates which have been stimulated with PAMP’s 
(LPS), DAMP’s (ATP) and the selective P2X receptor agonist (BzATP) E. Graph 
showing the relative NLRP3 inflammasome protein expression levels normalised to β 
actin (circa 92kDa and about 131kDa isoforms) in stimulated trophoblast tissue 
lysates. Data are expressed as mean ± SEM. Antibodies used: NLRP3 primary 
antibody (rabbit polyclonal IgG, Abcam, Ab91413) at a dilution of 1:200, NLRP3 
secondary antibody (Polyclonal goat anti rabbit immunoglobulins alkaline 
phosphatase, Dako, D0487) at a dilution of 1:1000, β actin primary antibody (rabbit 
polyclonal IgG, Abcam, Ab8227) at a dilution of 1:8000 and β actin secondary antibody 
(Polyclonal goat anti rabbit immunoglobulins alkaline phosphatase, Dako, D0487) at 
a dilution of 1:1000. LPS denotes lipopolysaccharide, ATP indicates adenosine 5’-
triphosphate and BzATP stands for 2′(3′)-O-(4-Benzoylbenzoyl) adenosine 5′-
triphosphate.  
 
3.3.5  D-glucose stimulation of trophoblast tissue for 4, 24 

and 48 hours does not significantly alter the relative P2X7 

receptor protein expression levels     

The relative P2X7 receptor protein expression levels in the second pellet 

fraction of trophoblast tissue (N=3 healthy placental samples) which was stimulated 

with RPMI 1640 media supplemented with antibiotics and either 0, 5.5, 10, 20 or 30mM 

D-glucose for 4 or 48 hours are presented in figures 52-54. A strong signal was 

observed at approximately 78kDa in all three P2X7 receptor immunoblots as illustrated 

by the blue box in figures 52-54. An intense band was also detected at circa 78kDa in 

the second pellet fraction of myometrium tissue lysate which was used as a positive 

control for the P2X7 receptor. All D-glucose stimulations (0, 5.5, 10, 20 or 30mM) of 

trophoblast tissue for 4 or 48 hours did not significantly change the relative P2X7 
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receptor protein expression levels compared to control (0 hours) as highlighted in 

figure 55. Similarly, the relative P2X7 receptor protein expression levels in trophoblast 

tissue (second pellet fraction) stimulated with RPMI 1640 media supplemented with 

100U/mL penicillin, 100μg/mL streptomycin, 10% (v/v) FBS and either 0, 5.5 or 30mM 

D-glucose for 4 or 24 hours originating from three healthy placental samples are 

presented in figures 58-60. An intense band was detected at circa 76kDa in all three 

P2X7 receptor western blots as indicated by the blue box in figures 58-60. Positive 

control (myometrium) also gave a single band at approximately 76kDa. There were no 

statistically significant differences (Dunn’s multiple comparisons test) in the relative 

P2X7 receptor protein expression levels between 0, 5.5 or 30mM D-glucose treated 

trophoblast tissue at both 4 or 24 hours relative to control (0 hours) (Figure 61). 

Ponceau S staining highlighted equal protein loading (figures 52-54 and 58-60).  

Released IL-1β levels measured in the culture media of trophoblast tissue 

which was stimulated with D-glucose (0, 5.5, 10, 20 or 30mM) for 4 hours or 48 hours 

originating from four healthy placental samples (T2959, T2956, T2957 and T2960) are 

presented in figure 56 (panel A). Dunn’s multiple comparison tests revealed no 

statistically significant differences in released IL-1β levels between all D-glucose 

stimulated trophoblast tissue at both 4 or 48 hours. Released IL-1β levels were also 

measured in the culture media and in the second supernatant fraction of D-glucose 

stimulated (0, 5.5, 10, 20 or 30mM) trophoblast tissue lysate for 4 or 48 hours 

originating from two healthy placental samples as highlighted in figure 56 (panel B).  

The lactate dehydrogenase (LDH) levels which have been released in the 

culture media from D-glucose stimulated (0, 5.5, 10, 20 or 30mM) trophoblast tissue 

for 4 or 48 hours originating from 4 healthy placental samples (T2959, T2956, T2957 

and T2960) measured using LDH assay kit (Abcam, AB102526) are presented in 
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figure 56 (panel C). Multiple statistically significant differences in released LDH levels 

at 48 hours were found using Dunn’s multiple comparison tests between 0mM vs. 

20mM D-glucose (*P=0.0395), 5.5mM vs. 20mM D-glucose (*P=0.0101) and 5.5mM 

vs. 30mM D-glucose (*P=0.0254) as highlighted in figure 56 (panel C). Furthermore, 

the released LDH levels in the same culture media measured using a different kit (LDH 

cytotoxicity assay kit II; Abcam, AB65393) are presented in figure 56 (panel D). Dunn’s 

multiple comparison test highlighted the presence of multiple statistically significant 

differences in released LDH levels in the culture media at 48 hours between 0mM vs. 

20mM D-glucose (*P=0.0101), 0mM vs. 30mM D-glucose (**P=0.0080), 5.5mM vs. 

20mM D-glucose (*P=0.0203) and 5.5mM vs. 30mM D-glucose (*P=0.0161) as 

illustrated in figure 56 (panel D).  

Figure 57 shows the levels of LDH which have been released in the culture 

media from D-glucose stimulated (0, 5.5, 10, 20 or 30mM) trophoblast tissue for 4 

hours (panel A) or 48 hours (panel B) in the presence and absence of cell lysis solution 

originating from 3 healthy placental samples. Two statistically significant differences 

were found at 48 hours between 5.5mM vs. 20mM D-glucose (*P=0.0448) and 10mM 

vs. 20mM D-glucose (*P=0.0136) treated trophoblast tissue in the absence of cell lysis 

solution using an unpaired t-test (figure 57).  

As a result, the P2X7 receptor protein expression levels identified in the second 

pellet fraction (membrane protein fraction) of human placental villous tissue lysates 

were not significantly altered compared to control in D-glucose stimulated (0, 5.5, 10, 

20 and 30mM) villous tissue for 4 or 48 hours assessed using western blotting. Also, 

the P2X7 receptor protein expression levels assessed in the second pellet fraction of 

villous tissue were not significantly altered compared to control in D-glucose 

stimulated (0, 5,5 and 30mM) villous tissue for 4 or 24 hours assessed using western 
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blotting. Furthermore, no statistically significant differences were found in released IL-

1β levels between D-glucose stimulated villous tissue at both 4 hours and 48 hours. 

However, there was multiple statistically significant differences were found in released 

LDH levels between 0mM vs. 20mM D-glucose (*P=0.0395), 5.5mM vs. 20mM D-

glucose (*P=0.0101) and 5.5mM vs. 30mM D-glucose (*P=0.0254) at 48 hours using 

Dunn’s multiple comparison tests.  
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Figure 52. This figure shows the P2X7 receptor protein expression levels (panel A, 
blue box) in the second pellet fraction of trophoblast tissue lysate originating from a 
placenta sample of a healthy patient (T2959) and myometrium tissue lysate originating 
from a healthy volunteer (T1992). In this case, the isolated trophoblast tissue was 
stimulated with D-glucose at a concentration of 0mM, 5.5mM, 10mM, 20mM or 30mM 
for either 4 hours or 48 hours in the presence of RPMI 1640 media supplemented with 
100U/mL penicillin, 100μg/mL streptomycin without fetal bovine serum (FBS). FC 
(frozen control) denotes that the trophoblast tissue biopsies were snap frozen in liquid 
nitrogen immediately after collection and stored at -800C until processed i.e. not 
subjected to D-glucose stimulation. All tissue samples were homogenised using lysing 
matrix D ceramic spheres with the exception of myometrium tissue which has been 
homogenised using the ultra turrax method. Each well was loaded with 40μg of total 
protein. Myometrium was used as a positive control (PC) for the P2X7 receptor and 
was the only tissue type to have been subjected to IgG immunodepletion using a well-
established immunoprecipitation protocol involving anti-human IgG (whole molecule)-
agarose antibody developed in goat (Sigma, A3543) B. The immunoblot was stripped 
and then reblotted with β actin for loading control (red box) C. Ponceau S staining of 
the nitrocellulose membrane prior to immunoblotting for the P2X7 receptor. Antibodies 
used: P2X7 primary antibody (Rabbit polyclonal IgG, Alomone Labs, APR-004) at a 
dilution of 1:600, P2X7 secondary antibody (Polyclonal goat anti rabbit 
immunoglobulins alkaline phosphatase, Dako, D0487) at a dilution of 1:1000, β actin 
primary antibody (rabbit polyclonal IgG, Abcam, Ab8227) at a dilution of 1:8000 and β 
actin secondary antibody (Polyclonal goat anti rabbit immunoglobulins alkaline 
phosphatase, Dako, D0487) at a dilution of 1:1000.  
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Figure 53. This figure shows the P2X7 receptor protein expression levels (panel A, 
blue box) in the second pellet fraction of trophoblast tissue lysate originating from a 
placenta sample of a healthy patient (T2956) and myometrium tissue lysate originating 
from a healthy volunteer (T1992). In this case, the isolated trophoblast tissue was 
stimulated with D-glucose at a concentration of 0mM, 5.5mM, 10mM, 20mM or 30mM 
for either 4 hours or 48 hours in the presence of RPMI 1640 media supplemented with 
100U/mL penicillin, 100μg/mL streptomycin without fetal bovine serum (FBS). FC 
(frozen control) denotes that the trophoblast tissue biopsies were snap frozen in liquid 
nitrogen immediately after collection and stored at -800C until processed i.e. not 
subjected to D-glucose stimulation. All tissue samples were homogenised using lysing 
matrix D ceramic spheres with the exception of myometrium tissue which has been 
homogenised using the ultra turrax method. Each well was loaded with 40μg of total 
protein. Myometrium was used as a positive control (PC) for the P2X7 receptor and 
was the only tissue type to have been subjected to IgG immunodepletion using a well-
established immunoprecipitation protocol involving anti-human IgG (whole molecule)-
agarose antibody developed in goat (Sigma, A3543) B. The immunoblot was stripped 
and then reblotted with β actin for loading control (red box) C. Ponceau S staining of 
the nitrocellulose membrane prior to immunoblotting for the P2X7 receptor. Antibodies 
used: P2X7 primary antibody (Rabbit polyclonal IgG, Alomone Labs, APR-004) at a 
dilution of 1:600, P2X7 secondary antibody (Polyclonal goat anti rabbit 
immunoglobulins alkaline phosphatase, Dako, D0487) at a dilution of 1:1000, β actin 
primary antibody (rabbit polyclonal IgG, Abcam, Ab8227) at a dilution of 1:8000 and β 
actin secondary antibody (Polyclonal goat anti rabbit immunoglobulins alkaline 
phosphatase, Dako, D0487) at a dilution of 1:1000. 
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Figure 54. This figure shows the P2X7 receptor protein expression levels (panel A, 
blue box) in the second pellet fraction of trophoblast tissue lysate originating from a 
placenta sample of a healthy patient (T2957) and myometrium tissue lysate originating 
from a healthy volunteer (T1992). In this case, the isolated trophoblast tissue was 
stimulated with D-glucose at a concentration of 0mM, 5.5mM, 10mM, 20mM or 30mM 
for either 4 hours or 48 hours in the presence of RPMI 1640 media supplemented with 
100U/mL penicillin, 100μg/mL streptomycin without fetal bovine serum (FBS). FC 
(frozen control) denotes that the trophoblast tissue biopsies were snap frozen in liquid 
nitrogen immediately after collection and stored at -800C until processed i.e. not 
subjected to D-glucose stimulation. All tissue samples were homogenised using lysing 
matrix D ceramic spheres with the exception of myometrium tissue which has been 
homogenised using the ultra turrax method. Each well was loaded with 40μg of total 
protein. Myometrium was used as a positive control (PC) for the P2X7 receptor and 
was the only tissue type to have been subjected to IgG immunodepletion using a well-
established immunoprecipitation protocol involving anti-human IgG (whole molecule)-
agarose antibody developed in goat (Sigma, A3543) B. The immunoblot was stripped 
and then reblotted with β actin for loading control (red box) C. Ponceau S staining of 
the nitrocellulose membrane prior to immunoblotting for the P2X7 receptor. Antibodies 
used: P2X7 primary antibody (Rabbit polyclonal IgG, Alomone Labs, APR-004) at a 
dilution of 1:600, P2X7 secondary antibody (Polyclonal goat anti rabbit 
immunoglobulins alkaline phosphatase, Dako, D0487) at a dilution of 1:1000, β actin 
primary antibody (rabbit polyclonal IgG, Abcam, Ab8227) at a dilution of 1:8000 and β 
actin secondary antibody (Polyclonal goat anti rabbit immunoglobulins alkaline 
phosphatase, Dako, D0487) at a dilution of 1:1000. 
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Figure 55. Graph highlighting the relative P2X7 receptor (78kDa band) protein 
expression levels normalised to β actin in trophoblast tissue lysates originating from 
N=3 placental samples of healthy patients (T2959, T2956 and T2957) which have 
been stimulated with D-glucose at a concentration of 0mM, 5.5mM, 10mM, 20mM or 
30mM for either 4 hours or 48 hours in the presence of RPMI 1640 media without FBS. 
FC (frozen control) denotes that the trophoblast tissue biopsies were snap frozen in 
liquid nitrogen immediately after collection and stored at -800C until processed i.e. not 
subjected to D-glucose stimulation. Data are expressed as mean ± SEM. 
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Figure 56. This figure shows the levels of IL-1β and lactate dehydrogenase (LDH) 
which have been released in the culture media from D-glucose stimulated (0, 5.5, 10, 
20 or 30mM) trophoblast tissue for 4- or 48-hours A. Released IL-1β levels measured 
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in the culture media of trophoblast tissue which has been stimulated with D-glucose 
(0, 5.5, 10, 20 or 30mM) for 4 hours (red bars) or 48 hours (blue bars) originating from 
four healthy placental samples (T2959, T2956, T2957 and T2960) B. IL-1β levels 
measured in the culture media and in the second supernatant of D-glucose stimulated 
(0, 5.5, 10, 20 or 30mM) trophoblast tissue lysate for 4 or 48 hours originating from 
two healthy placental samples (T2959 and T2956) C. Released LDH levels measured 
in the culture media of D-glucose stimulated (0, 5.5, 10, 20 or 30mM) trophoblast 
tissue for 4 or 48 hours originating from 4 healthy placental samples (T2959, T2956, 
T2957 and T2960) using LDH assay kit (Abcam, AB102526) D. Released LDH levels 
measured in the culture media of D-glucose stimulated (0, 5.5, 10, 20 or 30mM) 
trophoblast tissue for 4 or 48 hours originating from 4 healthy placental samples 
(T2959, T2956, T2957 and T2960) using LDH cytotoxicity assay kit II (Abcam, 
AB65393). Data are expressed as mean ± SEM. * P≤0.05, ** P≤0.01, *** P≤0.001, **** 
P≤0.0001. 
 

 
 
Figure 57. This figure shows the levels of lactate dehydrogenase (LDH) which have 
been released in the culture media from D-glucose stimulated (0, 5.5, 10, 20 or 30mM) 
trophoblast tissue for 4 hours (panel A) or 48 hours (panel B) in the presence (red 
bars) or absence (blue bars) of cell lysis solution originating from 3 healthy placental 
samples (T3025, T3026, T3027). The lactate dehydrogenase levels were measured 
using LDH cytotoxicity assay kit II (Abcam, AB65393). Data are expressed as mean ± 
SEM. * P≤0.05, ** P≤0.01, *** P≤0.001, **** P≤0.0001. Cytotoxicity (%) was calculated 
using the low control (5.5mM D-glucose with no cell lysis) and the high control (5.5mM 
D-glucose with cell lysis; discontinued line).  
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Figure 58. This figure shows the P2X7 receptor protein expression levels (panel A, 
blue box) in the second pellet fraction of trophoblast tissue lysate originating from a 
placenta sample of a healthy patient (T2970) and myometrium tissue lysate originating 
from a healthy volunteer (T1992). In this case, the isolated trophoblast tissue was 
stimulated with D-glucose at a concentration of 0mM, 5.5mM or 30mM for either 4 
hours or 24 hours in the presence of RPMI 1640 media supplemented with 100U/mL 
penicillin, 100μg/mL streptomycin and 10% (v/v) fetal bovine serum (FBS). FC (frozen 
control) denotes that the trophoblast tissue biopsies were snap frozen in liquid nitrogen 
immediately after collection and stored at -800C until processed i.e. not subjected to 
D-glucose stimulation. All tissue samples were homogenised using lysing matrix D 
ceramic spheres with the exception of myometrium tissue which has been 
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homogenised using the ultra turrax method. Each well was loaded with 40μg of total 
protein. Myometrium was used as a positive control (PC) for the P2X7 receptor and 
was the only tissue type to have been subjected to IgG immunodepletion using a well-
established immunoprecipitation protocol involving anti-human IgG (whole molecule)-
agarose antibody developed in goat (Sigma, A3543) B. The immunoblot was stripped 
and then reblotted with β actin for loading control (red box) C. Ponceau S staining of 
the nitrocellulose membrane prior to immunoblotting for the P2X7 receptor. Antibodies 
used: P2X7 primary antibody (Rabbit polyclonal IgG, Alomone Labs, APR-004) at a 
dilution of 1:600, P2X7 secondary antibody (Polyclonal goat anti rabbit 
immunoglobulins alkaline phosphatase, Dako, D0487) at a dilution of 1:1000, β actin 
primary antibody (rabbit polyclonal IgG, Abcam, Ab8227) at a dilution of 1:8000 and β 
actin secondary antibody (Polyclonal goat anti rabbit immunoglobulins alkaline 
phosphatase, Dako, D0487) at a dilution of 1:1000. 
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Figure 59. This figure shows the P2X7 receptor protein expression levels (panel A, 
blue box) in the second pellet fraction of trophoblast tissue lysate originating from a 
placenta sample of a healthy patient (T2971) and myometrium tissue lysate originating 
from a healthy volunteer (T2041). In this case, the isolated trophoblast tissue was 
stimulated with D-glucose at a concentration of 0mM, 5.5mM or 30mM for either 4 
hours or 24 hours in the presence of RPMI 1640 media supplemented with 100U/mL 
penicillin, 100μg/mL streptomycin and 10% (v/v) fetal bovine serum. FC (frozen 
control) denotes that the trophoblast tissue biopsies were snap frozen in liquid nitrogen 
immediately after collection and stored at -800C until processed i.e. not subjected to 
D-glucose stimulation. All tissue samples were homogenised using lysing matrix D 
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ceramic spheres with the exception of myometrium tissue which has been 
homogenised using the ultra turrax method. Each well was loaded with 40μg of total 
protein. Myometrium was used as a positive control (PC) for the P2X7 receptor and 
was the only tissue type to have been subjected to IgG immunodepletion using a well-
established immunoprecipitation protocol involving anti-human IgG (whole molecule)-
agarose antibody developed in goat (Sigma, A3543) B. The immunoblot was stripped 
and then reblotted with β actin for loading control (red box) C. Ponceau S staining of 
the nitrocellulose membrane prior to immunoblotting for the P2X7 receptor. Antibodies 
used: P2X7 primary antibody (Rabbit polyclonal IgG, Alomone Labs, APR-004) at a 
dilution of 1:600, P2X7 secondary antibody (Polyclonal goat anti rabbit 
immunoglobulins alkaline phosphatase, Dako, D0487) at a dilution of 1:1000, β actin 
primary antibody (rabbit polyclonal IgG, Abcam, Ab8227) at a dilution of 1:8000 and β 
actin secondary antibody (Polyclonal goat anti rabbit immunoglobulins alkaline 
phosphatase, Dako, D0487) at a dilution of 1:1000. 
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Figure 60. This figure shows the P2X7 receptor protein expression levels (panel A, 
blue box) in the second pellet fraction of trophoblast tissue lysate originating from a 
placenta sample of a healthy patient (T2972) and myometrium tissue lysate originating 
from a healthy volunteer (T2041). In this case, the isolated trophoblast tissue was 
stimulated with D-glucose at a concentration of 0mM, 5.5mM or 30mM for either 4 
hours or 24 hours in the presence of RPMI 1640 media supplemented with 100U/mL 
penicillin, 100μg/mL streptomycin and 10% (v/v) fetal bovine serum. FC (frozen 
control) denotes that the trophoblast tissue biopsies were snap frozen in liquid nitrogen 
immediately after collection and stored at -800C until processed i.e. not subjected to 
D-glucose stimulation. All tissue samples were homogenised using lysing matrix D 
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ceramic spheres with the exception of myometrium tissue which has been 
homogenised using the ultra turrax method. Each well was loaded with 40μg of total 
protein. Myometrium was used as a positive control (PC) for the P2X7 receptor and 
was the only tissue type to have been subjected to IgG immunodepletion using a well-
established immunoprecipitation protocol involving anti-human IgG (whole molecule)-
agarose antibody developed in goat (Sigma, A3543) B. The immunoblot was stripped 
and then reblotted with β actin for loading control (red box). The β actin protein 
expression level in the second pellet (membrane) fraction of myometrium tissue lysate 
sample originating from patient T2041 shown in the last western blot lane has 
degraded, hence no band was detected C. Ponceau S staining of the nitrocellulose 
membrane prior to immunoblotting for the P2X7 receptor. Antibodies used: P2X7 
primary antibody (Rabbit polyclonal IgG, Alomone Labs, APR-004) at a dilution of 
1:600, P2X7 secondary antibody (Polyclonal goat anti rabbit immunoglobulins alkaline 
phosphatase, Dako, D0487) at a dilution of 1:1000, β actin primary antibody (rabbit 
polyclonal IgG, Abcam, Ab8227) at a dilution of 1:8000 and β actin secondary antibody 
(Polyclonal goat anti rabbit immunoglobulins alkaline phosphatase, Dako, D0487) at 
a dilution of 1:1000. 
 

 
 
Figure 61. Graph highlighting the relative P2X7 receptor protein expression levels 
normalised to β actin (approximately 76kDa band) in trophoblast tissue lysates 
originating from N=3 placental samples of healthy patients (T2970, T2971, T2972) 
which have been stimulated with D-glucose at a concentration of 0mM, 5.5mM or 
30mM for either 4 hours or 24 hours in the presence of RPMI 1640 media 
supplemented with 100U/mL penicillin, 100μg/mL streptomycin and 10% (v/v) FBS. 
FC (frozen control) denotes that the trophoblast tissue biopsies were snap frozen in 
liquid nitrogen immediately after collection and stored at -800C until processed i.e. not 
subjected to D-glucose stimulation. Data are expressed as mean ± SEM. 
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3.3.6  The relative P2X7 receptor, NLRP3 inflammasome and 

procaspase-1 protein expression levels in stem villous 

artery do not significantly alter between healthy (N=8) and 

preeclamptic (N=8) placental samples 

The relative protein expression levels of two (approximately 74kDa and 92kDa) 

NLRP3 inflammasome isoforms in stem villous arteries originating from 8 healthy and 

8 preeclamptic placental samples are presented in figures 62-63. Two bands were 

detected at circa 74kDa (green box) and approximately 92kDa (blue box) in the second 

supernatant fraction of SVA lysates of both healthy and preeclamptic placental 

samples. A strong signal at approximately 49kDa was detected in the NLRP3 

inflammasome immunoblots which was due to the non-specific binding of the NLRP3 

inflammasome secondary antibody as suggested from figure 50 (panel A). There were 

no statistically significant differences (P=0.4521; Unpaired T-test) in the relative 

NLRP3 inflammasome protein expression levels of the approximately 74kDa isoform 

between stem villous artery lysates of healthy and preeclamptic placental samples as 

highlighted in figure 66 (panel A). Similarly, in the case of the approximately 92kDa 

NLRP3 inflammasome isoform, no statistically significant differences were observed 

(P=0.8785; Mann-Whitney test) between the stem villous artery lysates of healthy and 

preeclamptic placental samples (figure 66, panel A).  

The relative P2X7 receptor protein expression levels in the second pellet 

fraction of SVA lysates originating from 8 healthy and 8 preeclamptic placental 

samples are presented in figures 64-65. A strong signal was detected at approximately 

79kDa in both P2X7 receptor immunoblots as illustrated by the blue box in figures 64-

65. An intense band was also detected at circa 79kDa in the second pellet fraction of 
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myometrium tissue lysate which was used as a positive control for the P2X7 receptor. 

All P2X7 receptor protein specificity was confirmed using the P2X7 receptor specific 

blocking peptide which caused the disappearance of the approximately 79kDa band 

in the same SVA lysates (second pellet fraction) originating from N=8 healthy and N=8 

preeclamptic placental samples as illustrated by the blue box in figures 67-68. There 

were no statistically significant differences (P=0.3823; Mann Whitney test) in the 

relative P2X7 receptor protein expression levels between stem villous artery lysates 

of healthy and preeclamptic placental samples as highlighted in figure 66 (panel B).  

The relative procaspase-1 protein expression levels in the second supernatant 

fraction of the stem villous artery lysates originating from N=8 healthy and N=8 

preeclamptic placental samples are illustrated in figure 69-70. A strong signal was 

detected at approximately 47kDa in both procaspase-1 immunoblots as illustrated by 

the green box in figure 69 (panel A) and figure 70 (panel A). There were no statistically 

significant differences (P=0.8785, Mann-Whitney test) in the relative procaspase-1 

expression levels between SVA lysates (second supernatant fraction) originating from 

healthy and preeclamptic placental samples as presented in figure 71.  

Coomassie-Brilliant blue staining of the 10% and 15% hand casted 

polyacrylamide gels following the transfer of the resolved proteins from the gels to the 

nitrocellulose membranes showed the presence of multiple bands particularly between 

50kDa-250kDa as highlighted in figures 62-65 (panel D) and figures 67-70 (panel D). 

Ponceau S staining of the nitrocellulose membranes showed equal protein loading as 

illustrated in figures 62-65 (panel C) and figures 67-70 (panel C). As a result, no 

statistically significant differences were found in P2X7 receptor, NLRP3 

inflammasome and pro-caspase-1 protein expression levels in SVA’s between healthy 

and pre-eclamptic patients assessed using western blotting.  
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Table 9 highlights the clinical characteristics of the N=8 normotensive and N=8 

pre-eclamptic patients that had placental stem villous arteries samples used for 

investigating the relative P2X7 receptor, NLRP3 inflammasome and pro-caspase-1 

protein expression levels using western blotting.  
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The maternal age (years) of normotensive patients was 30.38±5.181 and of 

pre-eclamptic patients was 29.38±4.719 expressed as mean±SD. Also, the gestational 

age (weeks) of the normotensive patients was 39.11±0.182 and of pre-eclamptic 

patients was 35.26±1.682 expressed as mean±SD. A Shapiro-Wilk test highlighted 

that all maternal age data was normally distributed. Furthermore, the same statistical 

test also showed that all gestational age data was normally distributed with the 

exception of the healthy patients (*P=0.0214). An unpaired two-tailed T-test with 

Welch’s correction was undertaken between the maternal age of normotensive and 

pre-eclamptic patients which highlighted no statistically significant differences 

between the two groups (P=0.6926). However, a two-tailed Mann Whitney test 

between the gestational age normotensive and pre-eclamptic patients highlighted a 

statistically significant difference between the two groups (**P=0.0025).  
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Figure 62. This figure shows the NLRP3 inflammasome protein expression levels 
(panel A, approximately 92kDa isoform- blue box and circa 74kDa isoform- green box) 
in the second supernatant fraction of stem villous artery lysates originating from four 
placental samples of healthy patients (T910, T952, T928 and T962) and four placental 
samples of preeclamptic patients (T997, T860, T853 and T738). Following collection, 
the stem villous artery tissue was immediately snap frozen in liquid nitrogen and stored 
at -800C until processed. All tissue samples were homogenised using the ultra turrax 
method and all tissue lysates were IgG immunodepleted using a well-established 
immunoprecipitation protocol involving anti-human IgG (whole molecule)-agarose 
antibody developed in goat (Sigma, A3543). The proteins were resolved using a 10% 
hand casted polyacrylamide gel. The resolved proteins were transferred to the 
nitrocellulose membrane for a period of 90 minutes. Each well was loaded with 40μg 
of total protein B. The immunoblot was stripped and then reblotted with β actin for 
loading control (red box) C. Ponceau S staining of the nitrocellulose membrane prior 
to immunoblotting for the NLRP3 inflammasome D. Coomassie blue staining of the 
10% gel following the transfer of proteins to the nitrocellulose membrane. Antibodies 
used: NLRP3 primary antibody (rabbit polyclonal IgG, Abcam, Ab91413) at a dilution 
of 1:200, NLRP3 secondary antibody (Polyclonal goat anti rabbit immunoglobulins 
alkaline phosphatase, Dako, D0487) at a dilution of 1:1000, β actin primary antibody 
(rabbit polyclonal IgG, Abcam, Ab8227) at a dilution of 1:8000 and β actin secondary 
antibody (Polyclonal goat anti rabbit immunoglobulins alkaline phosphatase, Dako, 
D0487) at a dilution of 1:1000.  
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Figure 63. This figure shows the NLRP3 inflammasome protein expression levels 
(panel A, approximately 92kDa isoform- blue box and circa 74kDa isoform- green box) 
in the second supernatant fraction of stem villous artery lysates originating from four 
placental samples of healthy patients (T927, T829, T840 and T1469) and four 
placental samples of preeclamptic patients (T994, T1269, T1609 and T1145). 
Following collection, the stem villous artery tissue was immediately snap frozen in 
liquid nitrogen and stored at -800C until processed. All tissue samples were 
homogenised using the ultra turrax method and all tissue lysates were IgG 
immunodepleted using a well-established immunoprecipitation protocol involving anti-
human IgG (whole molecule)-agarose antibody developed in goat (Sigma, A3543). 
The proteins were resolved using a 10% hand casted polyacrylamide gel. The 
resolved proteins were transferred to the nitrocellulose membrane for a period of 90 
minutes. Each well was loaded with 40μg of total protein B. The immunoblot was 
stripped and then reblotted with β actin for loading control (red box) C. Ponceau S 
staining of the nitrocellulose membrane prior to immunoblotting for the NLRP3 
inflammasome D. Coomassie blue staining of the 10% gel following the transfer of 
proteins to the nitrocellulose membrane. Antibodies used: NLRP3 primary antibody 
(rabbit polyclonal IgG, Abcam, Ab91413) at a dilution of 1:200, NLRP3 secondary 
antibody (Polyclonal goat anti rabbit immunoglobulins alkaline phosphatase, Dako, 
D0487) at a dilution of 1:1000, β actin primary antibody (rabbit polyclonal IgG, Abcam, 
Ab8227) at a dilution of 1:8000 and β actin secondary antibody (Polyclonal goat anti 
rabbit immunoglobulins alkaline phosphatase, Dako, D0487) at a dilution of 1:1000. 
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Figure 64. This figure shows the P2X7 receptor protein expression levels (panel A, 
approximately 79kDa band -blue box) in the second pellet fraction of stem villous 
artery lysates originating from four placental samples of healthy patients (T910, T952, 
T928 and T962) and four placental samples of preeclamptic patients (T997, T860, 
T853 and T738) as well as myometrium tissue lysate originating from a healthy 
volunteer (T1992). PC (positive control) for the P2X7 receptor used in these studies 
was myometrium. Following collection, the stem villous artery tissue was immediately 
snap frozen in liquid nitrogen and stored at -800C until processed. All tissue samples 
were homogenised using the ultra turrax method and all tissue lysates were IgG 
immunodepleted using a well-established immunoprecipitation protocol involving anti-
human IgG (whole molecule)-agarose antibody developed in goat (Sigma, A3543). 
The proteins were resolved using a 10% hand casted polyacrylamide gel. The 
resolved proteins were transferred to the nitrocellulose membrane for a period of 60 
minutes. Each well was loaded with 20μg of total protein B. The immunoblot was 
stripped and then reblotted with β actin for loading control (red box) C. Ponceau S 
staining of the nitrocellulose membrane prior to immunoblotting for the P2X7 receptor 
D. Coomassie blue staining of the 10% gel following the transfer of proteins to the 
nitrocellulose membrane. Antibodies used: P2X7 primary antibody (Rabbit polyclonal 
IgG, Alomone Labs, APR-004) at a dilution of 1:600, P2X7 secondary antibody 
(Polyclonal goat anti rabbit immunoglobulins alkaline phosphatase, Dako, D0487) at 
a dilution of 1:1000, β actin primary antibody (rabbit polyclonal IgG, Abcam, Ab8227) 
at a dilution of 1:8000 and β actin secondary antibody (Polyclonal goat anti rabbit 
immunoglobulins alkaline phosphatase, Dako, D0487) at a dilution of 1:1000. 
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Figure 65. This figure shows the P2X7 receptor protein expression levels (panel A, 
approximately 79kDa band -blue box) in the second pellet fraction of stem villous 
artery lysates originating from four placental samples of healthy patients (T927, T829, 
T840 and T1469) and four placental samples of preeclamptic patients (T994, T1269, 
T1609 and T1145) as well as myometrium tissue lysate originating from a healthy 
volunteer (T1992). PC (positive control) for the P2X7 receptor used in these studies 
was myometrium. Following collection, the stem villous artery tissue was immediately 
snap frozen in liquid nitrogen and stored at -800C until processed. All tissue samples 
were homogenised using the ultra turrax method and all tissue lysates were IgG 
immunodepleted using a well-established immunoprecipitation protocol involving anti-
human IgG (whole molecule)-agarose antibody developed in goat (Sigma, A3543). 
The proteins were resolved using a 10% hand casted polyacrylamide gel. The 
resolved proteins were transferred to the nitrocellulose membrane for a period of 60 
minutes. Each well was loaded with 20μg of total protein B. The immunoblot was 
stripped and then reblotted with β actin for loading control (red box) C. Ponceau S 
staining of the nitrocellulose membrane prior to immunoblotting for the P2X7 receptor 
D. Coomassie blue staining of the 10% gel following the transfer of proteins to the 
nitrocellulose membrane. Antibodies used: P2X7 primary antibody (Rabbit polyclonal 
IgG, Alomone Labs, APR-004) at a dilution of 1:600, P2X7 secondary antibody 
(Polyclonal goat anti rabbit immunoglobulins alkaline phosphatase, Dako, D0487) at 
a dilution of 1:1000, β actin primary antibody (rabbit polyclonal IgG, Abcam, Ab8227) 
at a dilution of 1:8000 and β actin secondary antibody (Polyclonal goat anti rabbit 
immunoglobulins alkaline phosphatase, Dako, D0487) at a dilution of 1:1000. 
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Figure 66. Graphs highlighting the relative NLRP3 inflammasome protein expresson 
expression (panel A, approximately 74kDa and circa 92kDa isoforms) and P2X7 
receptor levels (panel B, circa 79kDa band) normalised to β actin in stem villous artery 
tissue lysates originating from N=8 placental samples of healthy patients (T910, T952, 
T928, T962, T927, T829, T840 and T1469) and N=8 placental samples of 
preeclamptic patients (T997, T860, T853, T738, T994, T1269, T1609 and T1145). 
Three of the healthy and two of the preeclamptic patients which expressed particularly 
high relative NLRP3 inflammasome levels (approximately 92kDa isoform) in the 
second supernatant fraction of SVA lysate are as follows: T910 (red triangle), T952 
(green triangle), T962 (violet triangle), T738 (brown triangle) and T997 (orange 
triangle). Similarly, two of the preeclamptic patients which expressed notably elevated 
relative P2X7 receptor protein expression levels in the second pellet fraction of SVA 
lysate are as follows: T860 (grey square), T1609 (purple square). Data are expressed 
as mean ± SEM.  
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Figure 67. This figure shows the P2X7 receptor protein expression levels (panel A, 
approximately 79kDa band -blue box) in the second pellet fraction of stem villous 
artery lysates originating from four placental samples of healthy patients (T910, T952, 
T928 and T962) and four placental samples of preeclamptic patients (T997, T860, 
T853 and T738) as well as myometrium tissue lysate originating from a healthy 
volunteer (T1992). In this case, the P2X7 receptor primary antibody was pre-absorbed 
with a blocking peptide (negative control). PC (positive control) for the P2X7 receptor 
used in these studies was myometrium. Following collection, the stem villous artery 
tissue was immediately snap frozen in liquid nitrogen and stored at -800C until 
processed. All tissue samples were homogenised using the ultra turrax method and 
all tissue lysates were IgG immunodepleted using a well-established 
immunoprecipitation protocol involving anti-human IgG (whole molecule)-agarose 
antibody developed in goat (Sigma, A3543). The proteins were resolved using a 10% 
hand casted polyacrylamide gel. The resolved proteins were transferred to the 
nitrocellulose membrane for a period of 60 minutes. Each well was loaded with 20μg 
of total protein B. The immunoblot was stripped and then reblotted with β actin for 
loading control (red box) C. Ponceau S staining of the nitrocellulose membrane prior 
to immunoblotting for the P2X7 receptor with blocking peptide D. Coomassie blue 
staining of the 10% gel following the transfer of proteins to the nitrocellulose 
membrane. Antibodies used: P2X7 primary antibody (Rabbit polyclonal IgG, Alomone 
Labs, APR-004) at a dilution of 1:600, P2X7 secondary antibody (Polyclonal goat anti 
rabbit immunoglobulins alkaline phosphatase, Dako, D0487) at a dilution of 1:1000, β 
actin primary antibody (rabbit polyclonal IgG, Abcam, Ab8227) at a dilution of 1:8000 
and β actin secondary antibody (Polyclonal goat anti rabbit immunoglobulins alkaline 
phosphatase, Dako, D0487) at a dilution of 1:1000. 
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Figure 68. This figure shows the P2X7 receptor protein expression levels (panel A, 
approximately 79kDa band -blue box) in the second pellet fraction of stem villous 
artery lysates originating from four placental samples of healthy patients (T927, T829, 
T840 and T1469) and four placental samples of preeclamptic patients (T994, T1269, 
T1609 and T1145) as well as myometrium tissue lysate originating from a healthy 
volunteer (T1992). In this case, the P2X7 receptor primary antibody was pre-absorbed 
with a blocking peptide (negative control). PC (positive control) for the P2X7 receptor 
used in these studies was myometrium. Following collection, the stem villous artery 
tissue was immediately snap frozen in liquid nitrogen and stored at -800C until 
processed. All tissue samples were homogenised using the ultra turrax method and 
all tissue lysates were IgG immunodepleted using a well-established 
immunoprecipitation protocol involving anti-human IgG (whole molecule)-agarose 
antibody developed in goat (Sigma, A3543). The proteins were resolved using a 10% 
hand casted polyacrylamide gel. The resolved proteins were transferred to the 
nitrocellulose membrane for a period of 60 minutes. Each well was loaded with 20μg 
of total protein B. The immunoblot was stripped and then reblotted with β actin for 
loading control (red box) C. Ponceau S staining of the nitrocellulose membrane prior 
to immunoblotting for the P2X7 receptor D. Coomassie blue staining of the 10% gel 
following the transfer of proteins to the nitrocellulose membrane. Antibodies used: 
P2X7 primary antibody (Rabbit polyclonal IgG, Alomone Labs, APR-004) at a dilution 
of 1:600, P2X7 secondary antibody (Polyclonal goat anti rabbit immunoglobulins 
alkaline phosphatase, Dako, D0487) at a dilution of 1:1000, β actin primary antibody 
(rabbit polyclonal IgG, Abcam, Ab8227) at a dilution of 1:8000 and β actin secondary 
antibody (Polyclonal goat anti rabbit immunoglobulins alkaline phosphatase, Dako, 
D0487) at a dilution of 1:1000. 
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Figure 69. This figure shows procaspase-1 protein expression levels (panel A, 
approximately 47kDa band -green box) in the second supernatant fraction of stem 
villous artery lysates originating from four placental samples of healthy patients (T910, 
T952, T928 and T962) and four placental samples of preeclamptic patients (T997, 
T860, T853 and T738). Following collection, the stem villous artery tissue was 
immediately snap frozen in liquid nitrogen and stored at -800C until processed. All 
tissue samples were homogenised using the ultra turrax method and all tissue lysates 
were IgG immunodepleted using a well-established immunoprecipitation protocol 
involving anti-human IgG (whole molecule)-agarose antibody developed in goat 
(Sigma, A3543). The proteins were resolved using a 15% hand casted polyacrylamide 
gel. The resolved proteins were transferred to the nitrocellulose membrane for a period 
of 60 minutes. Each well was loaded with 40μg of total protein B. The immunoblot was 
stripped and then reblotted with β actin for loading control (red box) C. Ponceau S 
staining of the nitrocellulose membrane prior to immunoblotting for procaspase-1 D. 
Coomassie blue staining of the 15% gel following the transfer of proteins to the 
nitrocellulose membrane. Antibodies used: procaspase-1 primary antibody (Rabbit 
polyclonal IgG, Bio Vision, 3019-100) at a concentration of 2μg/mL, procaspase-1 
secondary antibody (Polyclonal goat anti rabbit immunoglobulins alkaline 
phosphatase, Dako, D0487) at a dilution of 1:1000, β actin primary antibody (rabbit 
polyclonal IgG, Abcam, Ab8227) at a dilution of 1:8000 and β actin secondary antibody 
(Polyclonal goat anti rabbit immunoglobulins alkaline phosphatase, Dako, D0487) at 
a dilution of 1:1000. 
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Figure 70. This figure shows procaspase-1 protein expression levels (panel A, 
approximately 47kDa band -green box) in the second supernatant fraction of stem 
villous artery lysates originating from four placental samples of healthy patients (T927, 
T829, T840 and T1469) and four placental samples of preeclamptic patients (T994, 
T1269, T1609 and T1145). Following collection, the stem villous artery tissue was 
immediately snap frozen in liquid nitrogen and stored at -800C until processed. All 
tissue samples were homogenised using the ultra turrax method and all tissue lysates 
were IgG immunodepleted using a well-established immunoprecipitation protocol 
involving anti-human IgG (whole molecule)-agarose antibody developed in goat 
(Sigma, A3543). The proteins were resolved using a 15% hand casted polyacrylamide 
gel. The resolved proteins were transferred to the nitrocellulose membrane for a period 
of 60 minutes. Each well was loaded with 40μg of total protein B. The immunoblot was 
stripped and then reblotted with β actin for loading control (red box) C. Ponceau S 
staining of the nitrocellulose membrane prior to immunoblotting for procaspase-1 D. 
Coomassie blue staining of the 15% gel following the transfer of proteins to the 
nitrocellulose membrane. Antibodies used: procaspase-1 primary antibody (Rabbit 
polyclonal IgG, Bio Vision, 3019-100) at a concentration of 2μg/mL, procaspase-1 
secondary antibody (Polyclonal goat anti rabbit immunoglobulins alkaline 
phosphatase, Dako, D0487) at a dilution of 1:1000, β actin primary antibody (rabbit 
polyclonal IgG, Abcam, Ab8227) at a dilution of 1:8000 and β actin secondary antibody 
(Polyclonal goat anti rabbit immunoglobulins alkaline phosphatase, Dako, D0487) at 
a dilution of 1:1000. 
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Figure 71. Graph highlighting the relative procaspase-1 protein expression levels 
(approximately 47kDa band) normalised to β actin in stem villous artery tissue lysates 
originating from N=8 placental samples of healthy patients (T910, T952, T928, T962, 
T927, T829, T840 and T1469) and N=8 placental samples of preeclamptic patients 
(T997, T860, T853, T738, T994, T1269, T1609 and T1145). Two of the healthy and 
two of the preeclamptic patients which expressed particularly high relative 
procaspase-1 levels in the second supernatant of SVA lysate are as follows: T829 
(pink circle), T1469 (dark blue circle), T994 (light blue square) and T860 (grey square). 
Data are expressed as mean ± SEM.  
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3.3.7  Investigating the relative mRNA expression levels of 

the P2X7 receptor, NLRP3 inflammasome and caspase-1 in 

stem villous arteries originating from 2 healthy and 2 

preeclamptic placental samples  

The relative mRNA expression levels of the P2X7 receptor, NLRP3 

inflammasome and caspase-1 which have been normalised to the reference genes 

HPRT1, CYC1 and TOP1 originating from 2 healthy and 2 preeclamptic placental 

samples are presented in figure 72 (panel A). The P2X7 receptor mRNA levels were 

lower in preeclamptic compared to healthy placental samples, whereas the NLRP3 

inflammasome and caspase-1 mRNA expression level showed a marked upregulation 

in preeclamptic placental samples. The totRNA yield from the stem villous artery tissue 

samples was as follows: healthy patients (T910 was 242.84 ng/μL, T952 was 

130.46ng/μL) and preeclamptic patients (T853 was 195.86ng/μL, T738 was 

262.47ng/μL). The spectrophotometric experiments showed RNA with the following 

absorbance ratios (A260/A280) as follows: healthy patients (T910 was 2.03, T952 was 

1.95) and preeclamptic patients (T853 was 2.15 and T738 was 2.11). These results 

showed that the totRNAs possessed an excellent quality and were largely free of DNA 

contamination. Typical 1% (w/v) agarose gel electrophoresis of the heathy SVA 

samples did not show any RNA degradation prior to use for reverse transcription as 

highlighted in figure 72 (panel B). In this case, the integrity of extracted RNA 

highlighted clear 28S and 18S rRNA bands. Furthermore, the PCR efficiency of the 

P2X7 receptor and NLRP3 inflammasome assays determined from the slope of the 

standard curves of the serial dilutions highlighted a similar performance of the 

polymerase chain reaction assays (table 10). All three chosen reference genes 
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showed ubiquitous expression and were moderately expressed in all SVA tissue 

samples studied with Cq values varying from 23-29 (representative amplification plots 

presented in appendix 8). As a result, the P2X7 receptor, NLRP3 inflammasome and 

caspase-1 were found to be expressed at an mRNA level in stem villous arteries 

originating from 2 healthy and 2 pre-eclamptic patients assessed using RT-qPCR.  

 
 
Figure 72. This figure shows the relative mRNA expression levels of the P2X7 
receptor, NLRP3 inflammasome and caspase-1 in stem villous artery originating from 
2 healthy and 2 preeclamptic placental samples (A) and the RNA integrity assessment 
of SVA (healthy patients) using 1% (w/v) agarose gel electrophoresis (B). The 
respective ribosomal RNA’s appeared as sharp bands. Data are expressed as mean 
± S.E.M. bp denotes base pairs.  
 

Gene Slope Assay efficiency 
(%) 

Correlation coefficient 
(r2) 

P2RX7 -3.885 80.88 0.9993 
NLRP3 -3.305 100.69 0.9669 

 
Table 10. This table highlights the PCR efficiency of P2RX7 and NLRP3 target genes 
by presenting their corresponding slope and r2 correlation coefficients. Both P2X7 and 
NLRP3 gene assays possessed efficiencies within the desired spectrum of 80-115%.  
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3.3.8  LPS+ATP stimulation elicited the highest IL-1β 

release from CPA, SVA and trophoblast tissue originating 

from 10 healthy placental samples  

The levels of released IL-1β, IL-6 and IL-18 in the culture media of CPA, SVA 

and trophoblast tissue which have been stimulated with RPMI 1640 media 

supplemented with 100U/mL penicillin, 100μg/mL streptomycin and either ATP, 

LPS+ATP or LPS+BzATP originating from 10 healthy placental samples are presented 

in figure 73. IL-1β release was the highest in CPA, SVA and trophoblast tissue 

stimulated with LPS+ATP compared to control, ATP or LPS+BzATP. ATP did not elicit 

a statistically significant difference in IL-1β, IL-6 and IL-18 release levels relative to 

their corresponding control in CPA, SVA and trophoblast tissue. LPS+ATP stimulation 

induced a statistically significant difference in IL-1β release levels relative to the 

corresponding control in CPA, SVA and trophoblast tissue (table 11). LPS+ATP and 

LPS+BzATP stimulations did not induce a statistically significant difference in IL-6 

release levels relative to their corresponding control in CPA, SVA and trophoblast 

tissue. However, there was a statistically significant difference in IL-6 release levels 

between ATP vs. LPS+ATP (**P=0.0062) in the case of SVA and ATP vs. LPS+BzATP 

(*P=0.0115) in the case of trophoblast tissue as illustrated in table 12. ATP, LPS+ATP 

and LPS+BzATP stimulations did not elicit a statistically significant difference in IL-18 

release levels relative to their corresponding control in all placental tissue types 

studied. Multiple statistically significant differences (Dunn’s and Dunnett’s T3 multiple 

comparison tests) were found in released IL-1β (table 11), IL-6 (table 12) and IL-18 

(table13) levels in the culture media accross CPA, SVA and trophoblast tissue which 
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have been stimulated with RPMI 1640 media supplemented with 100U/mL penicillin, 

100μg/mL streptomycin and either ATP, LPS+ATP or LPS+BzATP.  

As a result, the stimulation of CPA, SVA and villous tissue with LPS+ATP 

elicited the highest IL-1β release compared to stimulation of LPS+BzATP, ATP or 

control in all three human placental tissue types studied.  
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Figure 73. This figure shows the levels of released IL-1β (panel A), IL-6 (panel B) and 
IL-18 (panel C) in the culture media from chorionic plate artery, stem villous artery and 
trophoblast tissue which have been stimulated with RPMI 1640 media+100 units/mL 
penicillin and 100μg/mL streptomycin for 4 hours (control), ATP (10mM) for 4 hours, 
LPS (10μg/mL) (3.5 hours) +ATP (10mM) (0.5 hours) or LPS (10μg/mL) (3.5 hours) 
+BzATP (300μM) (0.5 hours) originating from 10 healthy patients. Data are expressed 
as mean ± SEM. CPA and SVA originated from the following healthy patients: T2878, 
T2879, T2880, T2881, T2884, T2885, T2886, T2887, T2888, T2889. Trophoblast 
tissue originated from the following healthy patients: T2884, T2885, T2886, T2887, 
T2888, T2889, T2890, T2891, T2892 and T2893.  
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 P Value  
Control (CPA) vs. LPS+ATP (CPA) *P=0.0139 
Control (CPA) vs. LPS+ATP (SVA) **P=0.0020 

Control (CPA) vs. LPS+ATP (Trophoblast tissue) ****P<0.0001 
Control (CPA) vs. LPS+BzATP (Trophoblast tissue)  ****P<0.0001 

ATP (CPA) vs. LPS+ATP (CPA) *P=0.0174 
ATP (CPA) vs. LPS+ATP (SVA) **P=0.0026 

ATP (CPA) vs. LPS+ATP (Trophoblast tissue)  ****P<0.0001 
ATP (CPA) vs. LPS+BzATP (Trophoblast tissue)  ****P<0.0001 

LPS+ATP (CPA) vs. Control (SVA)  ***P=0.0006 
LPS+ATP (CPA) vs. ATP (SVA)  **P=0.0020 

LPS+BzATP (CPA) vs. Control (SVA) **P=0.0087 
LPS+BzATP (CPA) vs ATP (SVA) *P=0.0265 
Control (SVA) vs. LPS+ATP (SVA)  ****P<0.0001 

Control (SVA) vs. LPS+BzATP (SVA)  **P=0.0052 
Control (SVA) vs. LPS+ATP (Trophoblast tissue) ****P<0.0001 

Control (SVA) vs. LPS+BzATP (Trophoblast tissue)  ****P<0.0001 
ATP (SVA) vs. LPS+ATP (SVA)  ***P=0.0002 

ATP (SVA) vs. LPS+BzATP (SVA)  *P=0.0164 
ATP (SVA) vs. LPS+ATP (Trophoblast tissue)  ****P<0.0001 

ATP (SVA) vs. LPS+BzATP (Trophoblast tissue)  ****P<0.0001 
Control (Trophoblast tissue) vs. LPS+ATP (Trophoblast tissue)  *P=0.0168 

ATP (Trophoblast tissue) vs. LPS+ATP (Trophoblast tissue)  **P=0.0098 
 
Table 11. This table shows the statistically significant results of Dunn’s multiple 
comparison tests between the levels of released IL-1β in the culture media from 
chorionic plate artery (CPA), stem villous artery (SVA) and trophoblast tissue which 
have been stimulated with RPMI 1640 media supplemented with 100U/mL penicillin, 
100μg/mL streptomycin (control), ATP, LPS+ATP or LPS+BzATP originating from 10 
healthy patients. A Shapiro Wilk test highlighted that the data was not normally 
distributed (LPS+BzATP stimulation of CPA **P=0.0086, control stimulation of SVA 
***P=0.0002, ATP stimulation of SVA **P=0.0046, LPS+BzATP stimulation of SVA 
*P=0.0499, control stimulation of villous tissue ****P<0.0001 and LPS+BzATP 
stimulation of villous tissue *P=0.0488), hence a non-parametric Dunn’s multiple 
comparison test was conducted by comparing the mean rank of each column with the 
mean rank of every other column. *P≤0.05, ** P≤0.01, *** P≤0.001, **** P≤0.0001. 
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 P Value 
Control (CPA) vs. LPS+ATP (SVA)  ***P=0.0001 

Control (CPA) vs. LPS+BzATP (SVA)  ***P=0.0002 
Control (CPA) vs. LPS+ATP (Trophoblast tissue)  ****P<0.0001 

Control (CPA) vs. LPS+BzATP (Trophoblast tissue)  ****P<0.0001 
ATP (CPA) vs. LPS+ATP (SVA) ***P=0.0002 

ATP (CPA) vs. LPS+BzATP (SVA)  ***P=0.0002 
ATP (CPA) vs. LPS+ATP (Trophoblast tissue)  ****P<0.0001 

ATP (CPA) vs. LPS+BzATP (Trophoblast tissue)  ****P<0.0001 
LPS+ATP (CPA) vs. LPS+ATP (Trophoblast tissue)  *P=0.0269 

LPS+BzATP (CPA) vs. LPS+ATP (Trophoblast tissue)  *P=0.0181 
LPS+BzATP (CPA) vs. LPS+BzATP (Trophoblast tissue)  *P=0.0385 

Control (SVA) vs. LPS+ATP (Trophoblast tissue)  **P=0.0035 
Control (SVA) vs. LPS+BzATP (Trophoblast tissue)  **P=0.0080 

ATP (SVA) vs. LPS+ATP (SVA)  **P=0.0062 
ATP (SVA) vs. LPS+BzATP (SVA)  **P=0.0069 

ATP (SVA) vs. LPS+ATP (Trophoblast tissue)  ****P<0.0001 
ATP (SVA) vs. LPS+BzATP (Trophoblast tissue)  ****P<0.0001 

ATP (Trophoblast tissue) vs. LPS+ATP (Trophoblast tissue)  *P=0.0115 
ATP (Trophoblast tissue) vs. LPS+BzATP (Trophoblast tissue)  *P=0.0250 

 
Table 12. This table shows the statistically significant results of Dunn’s multiple 
comparison tests between the levels of released IL-6 in the culture media from 
chorionic plate artery (CPA), stem villous artery (SVA) and trophoblast tissue which 
have been stimulated with RPMI 1640 media supplemented with 100U/mL penicillin, 
100μg/mL streptomycin (control), ATP, LPS+ATP or LPS+BzATP originating from 10 
healthy patients. A Shapiro Wilk test highlighted that the data was not normally 
distributed (ATP stimulation of CPA ***P=0.0004, LPS+ATP stimulation of CPA 
****P<0.0001, LPS+BzATP stimulation of CPA ****P<0.0001, control stimulation of 
villous tissue ****P<0.0001), hence a non-parametric Dunn’s multiple comparison test 
was conducted by comparing the mean rank of each column with the mean rank of 
every other column. * P≤0.05, ** P≤0.01, *** P≤0.001, **** P≤0.0001. 
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 P Value 
LPS+ATP (CPA) vs. Control (Trophoblast tissue)  *P=0.0121 

LPS+ATP (CPA) vs. ATP (Trophoblast tissue)  ***P=0.0002 
Control (SVA) vs. Control (Trophoblast tissue) **P=0.0021 

Control (SVA) vs. ATP (Trophoblast tissue) ****P<0.0001 
Control (SVA) vs. LPS+ATP (Trophoblast tissue)  **P=0.0083 

Control (SVA) vs. LPS+BzATP (Trophoblast tissue)  *P=0.0389 
ATP (SVA) vs. Control (Trophoblast tissue)  **P=0.0073 

ATP (SVA) vs. ATP (Trophoblast tissue)  ***P=0.0004 
LPS+ATP (SVA) vs. Control (Trophoblast tissue)  **P=0.0040 

LPS+ATP (SVA) vs. ATP (Trophoblast tissue)  ***P=0.0002 
LPS+ATP (SVA) vs. LPS+ATP (Trophoblast tissue)  *P=0.0230 

 
Table 13. This table shows the statistically significant results of Dunnett’s T3 multiple 
comparison tests between the levels of released IL-18 in the culture media from 
chorionic plate artery (CPA), stem villous artery (SVA) and trophoblast tissue which 
have been stimulated with RPMI 1640 media supplemented with 100U/mL penicillin, 
100μg/mL streptomycin (control), ATP, LPS+ATP or LPS+BzATP originating from 10 
healthy patients. A Shapiro Wilk test highlighted that all data was normally distributed, 
hence a parametric Dunnett’s T3 multiple comparison test was conducted by 
comparing the mean rank of each column with the mean rank of every other column.* 
P≤0.05, ** P≤0.01, *** P≤0.001, **** P≤0.0001. 
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3.3.9  Human chorionic plate artery smooth muscle cells 

isolated using an enzymatic digestion method are positive 

for α-actin, P2X7 receptor and vimentin but not CD31 

Immunocytochemistry revealed that isolated chorionic plate artery smooth 

muscle cells (CPA-SMC) originating from a healthy placenta sample (T3012) using an 

enzymatic digestion method were positive for α smooth muscle actin, P2X7 receptor 

and vimentin and negative for CD31 as highlighted in figures 74-77. In this case, CPA-

SMC showed an uniform immunostaining for α smooth muscle actin localised at the 

level of the microfilament bundles which were evenly distributed along the cytoplasmic 

compartment of the primary cells (figure 74). The P2X7 receptor was immunolocalised 

at the level of the CPA-SMC plasma membrane as a punctate staining which was 

particularly clustered inside the nucleus (figure 75). No signal was detected in the 

absence of the P2X7 receptor primary antibody as highlighted in figure 77 (panels D-

F). CPA-SMC stained positive for vimentin which was clearly immunolocalised at the 

level of the plasma membrane (figure 76). The isolated primary placental chorionic 

plate artery smooth muscle cells stained negative for CD31 as illustrated in figure 77 

(panels A-C). In this case, all fluorescent micrographs of α smooth muscle actin, P2X7 

receptor, vimentin and CD31 presented in figures 74-77 were acquired using a Zeiss 

LSM880 confocal laser scanning microscope.   

As a result, the P2X7 receptor has been shown to be expressed on human 

placental chorionic plate arteries smooth muscle cells which have been isolated using 

an enzymatic digestion method assessed using immunocytochemistry.  

 

 
 



Chapter 3 – The expression of P2X7 receptor in the vasculature of human placenta 
 

 266 

 
 
Figure 74. Confocal microscopy of immunofluorescent staining of α smooth muscle 
actin (green) in chorionic plate artery smooth muscle cells (isolated using an enzymatic 
digestion method) grown on coverslips. The primary placental cells showed an uniform 
filamentous expression of α smooth muscle actin. Scalebar 100μm. Nuclear DAPI 
staining is blue. A-C 10X magnification, D-F 20X magnification, G-I 40X magnification. 
All fluorescent micrographs were acquired using Zeiss LSM880 confocal laser 
scanning microscope. 
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Figure 75. Confocal microscopy of immunofluorescent staining of the P2X7 receptor 
(green) in chorionic plate artery smooth muscle cells (isolated using an enzymatic 
digestion method) grown on coverslips. Immunofluorescence data highlighted that the 
P2X7 receptor was localised on the cell body but more intense at the level of the 
nucleus. Scalebar 100μm. Nuclear DAPI staining is blue. A-C 10X magnification, D-F 
20X magnification, G-I 40X magnification. All fluorescent micrographs were acquired 
using Zeiss LSM880 confocal laser scanning microscope. 
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Figure 76. Confocal microscopy of immunofluorescent staining of vimentin (green) in 
chorionic plate artery smooth muscle cells (isolated using an enzymatic digestion 
method) grown on coverslips. Vimentin was confined to the body of the primary cell. 
Scalebar 100μm. Nuclear DAPI staining is blue. A-C 10X magnification, D-F 20X 
magnification, G-I 40X magnification. All fluorescent micrographs were acquired using 
Zeiss LSM880 confocal laser scanning microscope. 
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Figure 77. Confocal microscopy of immunofluorescent staining of CD31 (A-C) and 
P2X7 receptor secondary antibody control (D-F) in chorionic plate artery smooth 
muscle cells (isolated using an enzymatic digestion method) grown on coverslips. The 
primary placental cells did not stain positive for the endothelial cell marker CD31. No 
green-fluorescent staining was observed in the P2X7 receptor secondary antibody 
control (panels D-F). Scalebar 100μm. Nuclear DAPI staining is blue. All fluorescent 
micrographs were acquired at 10X magnification using Zeiss LSM880 confocal laser 
scanning microscope. 
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3.3.10 Chorionic plate artery smooth muscle cells isolated 

using the tissue explant method are positive for the P2X7 

receptor and vimentin and negative for the NLRP3 

inflammasome  

Immunocytochemistry showed that the chorionic plate artery smooth muscle 

cells isolated using the tissue explant method originating from a healthy placenta 

sample (T3023) were positive for the P2X7 receptor and vimentin and negative for the 

NLRP3 inflammasome as highlighted in figure 78. The distribution of the P2X7 

receptor highlighted a diffuse staining across the primary cell body with a particularly 

intense stain at the level of the nucleus (figure 78, panel A). In this case, the nucleus 

was also labelled with DAPI (blue) and the merged micrographs do show co-

localisation with the P2X7 receptor (figure 78, panel C). The CPA-SMC cells also 

stained positive for vimentin which was immunolocalised at the level of the cell body 

(figure 78, panel E). The primary placental cells did not stain positive for the NLRP3 

inflammasome as illustrated in figure 78 (panel E). No signal was detected in the 

absence of the primary antibody against the P2X7 receptor (P2X7 receptor secondary 

antibody control) as presented in figure 79 (panel A). Similarly, no signal was observed 

in the absence of the primary antibody against vimentin (vimentin secondary antibody 

control) as shown in figure 79 (panel E). Here, all micrographs were acquired using 

Zeiss LSM Exciter widefield microscope.  

 As a result, the P2X7 receptor has been shown to be expressed in human 

placenta chorionic plate arteries smooth muscle cells which have been isolated via a 

tissue explant method assessed using immunocytochemistry.  

 



Chapter 3 – The expression of P2X7 receptor in the vasculature of human placenta 
 

 271 

 
 
Figure 78. Immunocytochemistry showing expression of the P2X7 receptor (A-D), 
vimentin (E-H) and NLRP3 inflammasome (I-L) in cultured CPA-SMC cells originating 
from a healthy patient (T3023) which have been isolated using the tissue explant 
method. The P2X7 receptor did overlap with DAPI stain denoting some nuclear 
expression. CPA-SMC’s stained positive for vimentin which was localised across the 
cell body. The primary placental cells did not stain positive for the NLRP3 
inflammasome. Scalebar 100μm. Nuclear DAPI staining is blue. All micrographs were 
acquired at 20X magnification using Zeiss LSM Exciter widefield microscope.  
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Figure 79. Immunocytochemistry showing expression of the P2X7 receptor and 
vimentin in cultured CPA-SMC cells originating from a healthy patient (T3023) which 
have been isolated using the tissue explant method. Here, the primary antibody 
against the P2X7 receptor and vimentin were absent, therefore no signal was 
detected.  Scalebar 100μm. Nuclear DAPI staining is blue. All micrographs were 
acquired at 20X magnification using Zeiss LSM Exciter widefield microscope.  
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3.3.11 Stimulation of chorionic plate artery smooth muscle 

cells with 100μM ATP for 4 hours gives rise to a localised 

increase in the P2X7 receptor density (punctuate staining) 

that is clustered around the nuclear membrane  

Stimulated chorionic plate artery smooth muscle cells with ATP at 

concentrations of 1μM, 10μM or 100μM for 4 hours resulted in the formation of 

numerous P2X7 receptor distinct clusters relative to control (DMEM low glucose 

media) as highlighted by the fluorescent micrographs presented in figure 80 and figure 

85 (panels A-D). The distribution of the P2X7 receptor clustering was characterised 

as a dense punctuate staining which was present across the primary cell body 

particularly around the nucleus (figure 80). A notable decrease in the abundance of 

the P2X7 receptor cluster formation was observed in stimulated CPA-SMC cells with 

the same 100μM ATP concentration for 0.5 hours compared to 4 hours (P=0.2270; 

two-tailed Mann Whitney test) as suggested by the fluorescent micrographs presented 

in figure 81. However, a statistically significant increase (two-tailed Mann Whitney test) 

in P2X7 receptor MFI levels took place between 0.5 hours and 4 hours of ATP 

stimulations with 1μM (****P<0.0001) or 10μM (****P<0.0001). The incubation of CPA-

SMC cells with 1μM A740003 (highly selective P2X7 receptor antagonist) for 3.5 hours 

followed by the stimulation of the primary placental cells with ATP (100μM) for 0.5 

hours did not fundamentally alter the presence (P=8169; two-tailed Mann Whitney 

test) of P2X7 receptor cluster formation or distribution on the primary placental cell 

body compared to ATP stimulation (100μM) of 4 hours as illustrated by figure 82.  

 The stimulation of CPA-SMC cells with 10μM or 300μM BzATP for 0.5 hours 

gave rise to the formation of P2X7 receptor clusters relative to control (DMEM low 
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glucose media) in areas adjacent to the nucleus as highlighted by the fluorescent 

micrographs illustrated in figure 83 (panels E-L). CPA-SMC cells stimulated with 1μM 

BzATP for 0.5 hours did not induce the formation of the P2X7 receptor clusters 

characterised by a dense punctuate staining on the primary placental cell body as 

illustrated in figure 83 (panels A-D). The incubation of CPA-SMC with 1μM A740003 

for 3.5 hours followed by the stimulation of the primary placental cells with BzATP 

(1μM, 10μM and 300μM) for 0.5 hours did not fundamentally alter the 

immunolocalization of the P2X7 receptor on the smooth muscle cell body compared 

to BzATP (1μM, 10μM or 300μM) of 0.5 hours as presented in figure 84. The 

stimulation of CPA-SMC cells with either DMEM low glucose media + 0.1% (v/v) 

DMSO or DMEM low glucose media + 1μM A740003 for 4 hours gave rise to a reduced 

P2X7 receptor cluster formation which was immunolocalised in areas close to the 

nuclear membrane as illustrated in figure 85 (panels E-L).  

 As a result, isolated human placenta chorionic plate artery smooth muscle cells 

which have been stimulated with ATP at concentrations of 1μM, 10μM or 100μM gave 

rise to a clustered distribution of the P2X7 receptor characterised by a punctuate 

staining present on the cell body in association with the nucleus.  
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Figure 80. Fluorescent micrographs showing the P2X7 receptor (green) 
immunolocalization in CPA-SMC cells originating from a healthy patient (T3024) which 
have been stimulated with 1μM ATP (panel A-D), 10μM ATP (panel E-H) and 100μM 
ATP (panel I-L) for 4 hours. The primary placental cells were isolated using the tissue 
explant method. Scalebar 100μm. Nuclear DAPI staining is blue. All micrographs were 
acquired at 20X magnification using Zeiss LSM Exciter widefield microscope.  
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Figure 81. Fluorescent micrographs showing the P2X7 receptor (green) 
immunolocalization in CPA-SMC cells originating from a healthy placenta (T3024). 
The primary cells were stimulated with DMEM low glucose media (3.5h) + 1μM ATP 
(0.5h) (panel A-D), DMEM low glucose media (3.5h) + 10μM ATP (0.5h) (panel E-H) 
and DMEM Low glucose media (3.5h) + 100μM ATP (0.5h) (panel I-L). The primary 
placental cells were isolated using the tissue explant method. Scalebar 100μm. 
Nuclear DAPI staining is blue. All micrographs were acquired at 20X magnification 
using Zeiss LSM Exciter widefield microscope. 

P2X7 receptor

DAPI

P2X7 receptor + DAPI

Bright field

Media (3.5h) + 
1µM ATP (0.5h) 

P2X7 receptor

Media (3.5h) + 
10µM ATP (0.5h) 

DAPI

P2X7 receptor + DAPI

Bright field

Media (3.5h) + 
100µM ATP (0.5h) 

P2X7 receptor

DAPI

P2X7 receptor + DAPI

Bright field

A

B

C

D

E

F

G

H

I

J

K

L



Chapter 3 – The expression of P2X7 receptor in the vasculature of human placenta 
 

 277 

 
 
Figure 82. Fluorescent micrographs showing the P2X7 receptor (green) 
immunolocalization in CPA-SMC cells originating from a healthy placenta (T3024). 
The primary cells were stimulated with 1μM A740003 (3.5h) + 1μM ATP (0.5h) (panel 
A-D), 1μM A740003 (3.5h) + 10μM ATP (0.5h) (panel E-H) and 1μM A740003 (3.5h) 
+ 100μM ATP (0.5h) (panel I-L). The primary placental cells were isolated using the 
tissue explant method. Scalebar 100μm. Nuclear DAPI staining is blue. All 
micrographs were acquired at 20X magnification using Zeiss LSM Exciter widefield 
microscope. 



Chapter 3 – The expression of P2X7 receptor in the vasculature of human placenta 
 

 278 

 
 
Figure 83. Fluorescent micrographs showing the P2X7 receptor (green) 
immunolocalization in CPA-SMC cells originating from a healthy placenta (T3024). 
The primary cells were stimulated with DMEM low glucose media (3.5h) + 1μM BzATP 
(0.5h) (panel A-D), DMEM low glucose media (3.5h) + 10μM BzATP (0.5h) (panel E-
H) and DMEM low glucose media (3.5h) + 300μM BzATP (0.5h) (panel I-L). The 
primary placental cells were isolated using the tissue explant method. Scalebar 
100μm. Nuclear DAPI staining is blue. All micrographs were acquired at 20X 
magnification using Zeiss LSM Exciter widefield microscope. 
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Figure 84. Fluorescent micrographs showing the P2X7 receptor (green) 
immunolocalization in CPA-SMC cells originating from a healthy placenta (T3024). 
The primary cells were stimulated with 1μM A740003 (3.5h) + 1μM BzATP (0.5h) 
(panel A-D), 1μM A740003 (3.5h) + 10μM BzATP (0.5h) (panel E-H) and 1μM 
A740003 (3.5h) + 300μM BzATP (0.5h) (panel I-L). The primary placental cells were 
isolated using the tissue explant method. Scalebar 100μm. Nuclear DAPI staining is 
blue. All micrographs were acquired at 20X magnification using Zeiss LSM Exciter 
widefield microscope. 
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Figure 85. Fluorescent micrographs showing the P2X7 receptor (green) 
immunolocalization in CPA-SMC cells originating from a healthy placenta (T3024). 
The primary cells were stimulated with DMEM low glucose media (4h) (panel A-D), 
DMEM low glucose media + 0.1% (v/v) DMSO (4h) (panel E-H) and DMEM low 
glucose media + 1μM A740003 (4 h) (panel I-L). The primary placental cells were 
isolated using the tissue explant method. Scalebar 100μm. Nuclear DAPI staining is 
blue. All micrographs were acquired at 20X magnification using Zeiss LSM Exciter 
widefield microscope. 
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3.3.12 Stimulation of human chorionic plate artery smooth 

muscle cells with 1mM, 5mM or 10mM ATP for 4 hours gave 

rise to the formation of numerous P2X7 receptor clusters 

evenly distributed on the primary placental cell body  

Stimulation of CPA-SMC cells originating from a healthy placenta sample 

(T3027) with ATP at a concentration of either 1mM, 5mM or 10mM for 4 hours elicited 

the establishment of numerous P2X7 receptor distinct clusters relative to control 

(DMEM low glucose media) as highlighted by the fluorescent micrographs presented 

in figure 86. The distribution of the P2X7 receptor uniform punctuate staining was 

evenly expressed on the primary placental cell body and also with a high 

preponderance at the level of the nucleus (figure 86). The merged micrographs of the 

P2X7 receptor with DAPI staining further confirmed the presence of the purinergic 

receptor inside the nucleus. The stimulation of CPA-SMC cells with the same 

concentrations of ATP for 30 minutes did not fundamentally alter the distribution of the 

P2X7 receptor compared to the challenge of 4 hours (figure 87). Similarly, the 

incubation of CPA-SMC cells with 1μM A740003 for 3.5 hours followed by the 

stimulation of the primary placental cells with either 1mM, 5mM or 10mM ATP for 30 

minutes did not give rise to a change in the P2X7 receptor immunolocalization 

compared to the same nucleotide challenge for 30 minutes in the absence of the P2X7 

receptor antagonist (figure 88). The stimulation of CPA-SMC cells with either DMEM 

low glucose media + 0.1% (v/v) DMSO or DMEM low glucose media + 1μM A740003 

for 4 hours showed the presence of an intense P2X7 receptor staining at the level of 

the nucleus (figure 89, panels A-D and I-L). No signal was detected in the absence of 

the P2X7 receptor primary antibody (figure 89, panel E-H). As a result, CPA-SMC cells 
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stimulated with ATP at concentrations of 1mM, 5mM or 10mM gives rise to a localised 

P2X7 receptor distribution particularly in association with the nucleus.   

 
 
Figure 86. Fluorescent micrographs showing the P2X7 receptor (green) 
immunolocalization in CPA-SMC cells originating from a healthy patient (T3027) which 
were not stimulated i.e. DMEM low glucose media for 4 hours (panel A-D) or 
stimulated with 1mM ATP (panel E-H), 5mM ATP (panel I-L) and 10mM ATP (panel 
M-P) for 4 hours. The primary placental cells were isolated using the tissue explant 
method. Scalebar 100μm. Nuclear DAPI staining is blue. All micrographs were 
acquired at 20X magnification using Zeiss LSM Exciter widefield microscope.  
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Figure 87. Fluorescent micrographs showing the P2X7 receptor (green) 
immunolocalization in CPA-SMC cells originating from a healthy placenta (T3027). 
The primary cells were stimulated with DMEM low glucose media (3.5h) + 1mM ATP 
(0.5h) (panel A-D), DMEM low glucose media (3.5h) + 5mM ATP (0.5h) (panel E-H) 
and DMEM Low glucose media (3.5h) + 10mM ATP (0.5h) (panel I-L). The primary 
placental cells were isolated using the tissue explant method. Scalebar 100μm. 
Nuclear DAPI staining is blue. All micrographs were acquired at 20X magnification 
using Zeiss LSM Exciter widefield microscope.  
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Figure 88. Fluorescent micrographs showing the P2X7 receptor (green) 
immunolocalization in CPA-SMC cells originating from a healthy placenta (T3027). 
The primary cells were stimulated with 1μM A740003 (3.5h) + 1mM ATP (0.5h) (panel 
A-D), 1μM A740003 (3.5h) + 5mM ATP (0.5h) (panel E-H) and 1μM A740003 (3.5h) + 
10mM ATP (0.5h) (panel I-L). The primary placental cells were isolated using the 
tissue explant method. Scalebar 100μm. Nuclear DAPI staining is blue. All 
micrographs were acquired at 20X magnification using Zeiss LSM Exciter widefield 
microscope. 
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Figure 89. Fluorescent micrographs showing the P2X7 receptor (green) 
immunolocalization in CPA-SMC cells originating from a healthy placenta (T3027). 
The primary cells were stimulated with DMEM low glucose media + 0.1% (v/v) DMSO 
(4h) (panel A-D) and DMEM low glucose media + 1μM A740003 (4 h) (panel I-L). 
Panels E-H highlight the P2X7 receptor secondary antibody control in unstimulated 
CPA-SMC cells (i.e. DMEM low glucose media; 4 hours) where the primary antibody 
against the purinergic receptor was omitted. The primary placental cells were isolated 
using the tissue explant method. Scalebar 100μm. Nuclear DAPI staining is blue. All 
micrographs were acquired at 20X magnification using Zeiss LSM Exciter widefield 
microscope. 
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3.3.13 Immunohistochemical expression of the P2X7 

receptor in isolated sections of human placental villous 

tissue showed that the syncytiotrophoblast layer and fetal 

capillaries stained positive for the purinergic receptor  

The immunostaining for the P2X7 receptor and CD31 of the human placental 

villous tissue was carried out using two patient groups namely healthy volunteers 

(N=12) and diet managed gestational diabetic mellitus subjects (N=6). The human 

placental villous tissue is composed of tree-like arranged placental villi which branch 

from the chorionic plate and protrude into the intervillous space. The trophoblastic 

surface of the villous is in direct contact with the maternal blood and is composed of 

the villous syncytiotrophoblast which is the outer continuous layer and villous 

cytotrophoblast which is the inner discontinuous layer. All P2X7 receptor (positive and 

negative), CD31 positive and P2X7 receptor + CD31 double positive placental villi 

microvessels (referred in the current investigation as vascular profiles) were counted 

using systematic random sampling in all images acquired from both study groups. As 

highlighted in figure 90, each bar of the graphs presented in panels A, B and C 

highlights the percentage of placental vascular profiles from the total of all (100%) 

vascular profiles counted in each of the healthy and diet managed GDM groups that 

are P2X7 receptor positive and P2X7 receptor negative (illustrated in panel A), CD31 

positive (shown in panel B) or P2X7 receptor + CD31 double positive (presented in 

panel C).  

Figures 92 and 93 highlight representative fluorescence images of the P2X7 

receptor (green) and CD31 (red) immunolocalization in human placental villous tissue 

originating from healthy and gestational diabetes mellitus -diet managed (GDM-Diet) 
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placental samples. In all fluorescent images acquired, the P2X7 receptor expression 

on the syncytiotrophoblast layer was highlighted with red arrows, and the 

immunolocalization of the purinergic receptor on cytotrophoblasts was signposted with 

yellow arrows. Similarly, CD31 positive vascular profiles were labelled with white 

asterisks. The vascular profiles which were double positive for the P2X7 receptor and 

CD31 were indicated via white arrows. Figure 94 highlights representative no primary 

antibody control fluorescence images of the P2X7 receptor and CD31 in placental 

villous tissue originating from a healthy placenta sample. A Shapiro-Wilk test 

highlighted that all placental vascular profile data was normally distributed with the 

exception of CD31 positive blood vessels corresponding to healthy patients 

(*P=0.0116). A Kruskal-Wallis test (****P<0.0001) with Dunn’s multiple comparison 

tests were undertaken between all vascular profiles of healthy and GDM-Diet patient 

subgroups and highlighted multiple statistically significant differences as presented in 

table 14 and figure 90. Moreover, Mann-Whitney tests were conducted between 

healthy and GDM-Diet patient groups in each of the placental vascular profiles that 

were positive for the P2X7 receptor, negative for the P2X7 receptor, positive for CD31 

and double positive for the P2X7 receptor+CD31 which highlighted a single statistically 

significant difference in the P2X7 receptor+CD31 positive group between healthy and 

GDM-Diet (**P=0.0063) as illustrated in figure 90 (panel C). These data highlight that 

in the human placental samples from the two different study groups, the vascular 

profiles showed no difference in immunopositivity for the P2X7 receptor. Similarly, the 

same vascular profiles showed no statistically significant difference between healthy 

and GDM-Diet in terms of immunopositivity to CD31. However, a significant change of 

double positive P2X7+CD31 vascular profiles took place between healthy 

(84.92±4.011% - mean±SEM) and GDM-Diet (61.67±5.415% - mean±SEM). These 
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data also show that 84.92% of placental vascular profiles corresponding to healthy 

patients were P2X7+CD31 positive which implies that the ATP receptor is expressed 

at the level of the fetal vascular system. Similarly, 61.67% of placental vascular profiles 

of GDM-Diet patients were P2X7+CD31 positive which implies that the P2X7 receptor 

is expressed in the majority of the feto-placental vasculature in diet managed 

gestational diabetic pregnancies.  

The representative fluorescent micrographs of placental villous biopsies 

highlighted that the P2X7 receptor was expressed on the membrane of 

cytotrophoblast cells and also on the plasmalemma of villous stromal cells. Placental 

villous immunohistochemistry micrographs of secondary antibody control (figure 94) 

showed no green or red background staining which implies that both primary 

antibodies possess a high specificity for the P2X7 receptor and CD31. Similar P2X7 

receptor and CD31 immunolocalization and fluorescence intensities of the ATP 

receptor staining were observed in the remainder of the placental vascular and 

syncytiotrophoblast profiles investigated in healthy and GDM-Diet study groups.  

As a result, a significant difference in P2X7+CD31 vascular profiles (**P=0.0063) 

was found in human placental villous tissue in healthy compared to diet managed 

gestational diabetic mellitus patients using a Mann-Whitney test.  
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Figure 90. These graphs show the percentage of placental vascular profiles that are 
positive or negative for the P2X7 receptor (A), positive for CD31 (B) or double positive 
for the P2X7 receptor+CD31 (C) originating from placental samples of healthy patients 
(N=12; N04022020, N05032020, N05122019, N06022020, N11112019B, 
N12072019B, N16012020, N19022020, N20022020, N23012020, N27012020A, 
N27012020B) and GDM-Diet volunteers (N=6; GDM20022020D, GDM14022020D, 
GDM12082019D, GDM10122019D, GDM02122019D, GDM09012020D). Data are 
presented as mean±SEM.  
 
 Adjusted P 

Value 
P2X7 positive (healthy patients) vs. CD31 positive (healthy patients) ****P<0.000

1 
P2X7 positive (healthy patients) vs. CD31 positive (GDM-Diet patients) **P=0.0055 

P2X7 positive (healthy patients) vs. P2X7+CD31 positive (healthy 
patients)  **P=0.0036 

CD31 positive (healthy patients) vs. P2X7 positive (GDM-Diet patients)  *P=0.0235 
 
Table 14. This table shows the statistically significant results of Dunn’s multiple 
comparison tests across all vascular profiles that were positive or negative for the 
P2X7 receptor, positive for CD31 or double positive for the P2X7 receptor+CD31 
originating from placental samples of N=12 healthy and N=6 GDM-Diet patients. * 
P≤0.05, ** P≤0.01, *** P≤0.001, **** P≤0.0001. 
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 A Shapiro-Wilk test highlighted that some of the data corresponding to the P2X7 

receptor positive syncytiotrophoblast profiles was not normally distributed as 

presented in table 15. A Kruskal-Wallis test (****P<0.0001) with Dunn’s multiple 

comparison tests were undertaken between all florescence intensity levels of the P2X7 

receptor staining in the human placental samples originating from two different study 

groups and highlighted multiple statistically significant differences as illustrated in table 

16. Concentrating on the syncytiotrophoblast layer of the placental villi, there were no 

statistically significant differences between healthy and GDM-Diet at the same 

fluorescence intensity levels of P2X7 receptor staining. In the case of healthy patients, 

49.77% of syncytiotrophoblast profiles did not stain positive for the P2X7 receptor (0+ 

intensity level) as highlighted in figure 91. The remainder of the syncytiotrophoblast 

profiles did stain positive for the ATP receptor, with the highest percentage 

corresponding to a fluorescence intensity level of 1+ (29.97%). Similarly, in GDM-Diet 

group, the highest percentage of syncytiotrophoblast profiles stained negative (0+ 

intensity level) for the P2X7 receptor with values of 51.27% as illustrated in figure 91. 

In terms of syncytiotrophoblast profiles corresponding to GDM-Diet that stained 

positive for the P2X7 receptor, the highest percentage were assigned to a 

fluorescence intensity level of 1+ with values of 29.72%. These data show that GDM-

Diet did not significantly alter the fluorescence intensity levels the P2X7 receptor 

staining at the level of the syncytiotrophoblast compared to healthy patients.  

 As a result, no statistically significant differences in P2X7 receptor fluorescence 

intensity levels of human placenta villous tissue syncytiotrophoblast profiles were 

found between healthy and diet managed gestational diabetic mellitus patients using 

Dunn’s multiple comparison tests.  
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Figure 91. This graph shows the percentage of the P2X7 receptor positive 
syncytiotrophoblast profiles according to the fluorescence intensity levels of the ATP 
receptor staining in placental villous tissue originating from healthy patients (N=12) 
and GDM-Diet volunteers (N=6). Data are illustrated as mean±SEM. 
 

 Fluorescence intensity levels 
of P2X7 receptor staining P Value Passed normality test 

Healthy 

0+ P=0.0794 Yes 
1+ P=0.9192 Yes 
2+ *P=0.0286 No 
3+ ****P<0.0001 No 
4+ ****P<0.0001 No 

GDM-Diet 

0+ P=0.7817 Yes 
1+ P=0.6311 Yes 
2+ P=0.4830 Yes 
3+ ****P<0.0001 No 
4+ ****P<0.0001 No 

 
Table 15. This table highlights the results of a Shapiro-Wilk test using the P2X7 
receptor positive syncytiotrophoblast profile data. * P≤0.05, ** P≤0.01, *** P≤0.001, 
**** P≤0.0001. 
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Fluorescence intensity levels of P2X7 receptor 
staining  

Adjusted P 
Value  

0+ (Healthy) vs. 3+ (Healthy) ***P=0.0002 
0+ (Healthy) vs. 4+ (Healthy) ****P<0.0001 

0+ (Healthy) vs. 3+ (GDM-Diet) **P=0.0018 
0+ (Healthy) vs. 4+ (GDM-Diet) **P=0.0011 

1+ (Healthy) vs. 3+ (Healthy) *P=0.0116 
1+ (Healthy) vs. 4+ (Healthy) **P=0.0017 

1+ (Healthy) vs. 3+ (GDM-Diet)  *P=0.0396 
1+ (Healthy) vs. 4+ (GDM-Diet)  *P=0.0265 
3+ (Healthy) vs. 0+ (GDM-Diet) **P=0.0037 
4+ (Healthy) vs. 0+ (GDM-Diet) ***P=0.0007 
4+ (Healthy) vs. 1+ (GDM-Diet) *P=0.0328 

0+ (GDM-Diet) vs. 3+ (GDM-Diet) **P=0.0094 
0+ (GDM-Diet) vs. 4+ (GDM-Diet) **P=0.0064 

 
Table 16. This table shows all of the statistically significant results of Dunn’s multiple 
comparison tests across all fluorescence intensity levels of the P2X7 receptor staining 
of syncytiotrophoblast profiles of the human placental samples originating from healthy 
and GDM-Diet patients. * P≤0.05, ** P≤0.01, *** P≤0.001, **** P≤0.0001. 
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Figure 92. This figure (A-O) shows representative fluorescent micrographs 
highlighting the P2X7 (green), CD31 (red) and the P2X7 receptor+CD31 (merged) 
immunolocalization in placental villous tissue originating from a healthy patient 
(N27012020A). Scalebar 100μm.  
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Figure 93. This figure (A-O) shows representative fluorescent micrographs 
highlighting the P2X7 (green), CD31 (red) and the P2X7 receptor +CD31 (merged) 
immunolocalization in placental villous tissue originating from a placenta sample of a 
diet managed gestational diabetic patient (GDM Diet 12082019). Scalebar 100μm.  
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Figure 94. This figure (A-O) shows representative secondary antibody control 
fluorescent micrographs highlighting the P2X7 (green), CD31 (red) and the P2X7 
receptor+CD31 (merged) immunolocalization in placental villous tissue originating 
from a placenta sample of a healthy patient (N05032020). Scalebar 100μm. 
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3.3.14 Immunohistochemical expression of the P2X7 

receptor in isolated sections of human placenta chorionic 

plate artery showed that the endothelial cells stained 

positive for the purinergic receptor  

The representative distribution of the P2X7 receptor and CD31 on chorionic plate 

arteries in transverse section isolated from a healthy patient is presented in figure 95. 

The CD31 marker was only immunolocalised at the level of the endothelial lining of 

the placental blood vessels which is highlighted with a white star in figure 95, panel B. 

Similarly, the P2X7 receptor was also immunolocalised at the level of the endothelium 

as highlighted by red arrows in figure 95, panel A. The ATP receptor 

immunohistochemical expression at the level of the smooth muscle layer (tunica 

media) was particularly decreased as illustrated in figure 95, panel D, G, J and M. A 

similar decreased purinergic receptor expression level was found in tunica adventitia 

layer of the chorionic plate arteries as presented in figure 95, panel D, G, J and M. 

These data provide novel evidence that the P2X7 receptor is primarily expressed on 

the endothelial cells of the chorionic plate arteries originating from a healthy patient. A 

similar P2X7 receptor immunohistochemical expression in CPA artery was found in 

biopsies originating from a different healthy patient. Figure 96 highlights the florescent 

micrographs corresponding to the secondary antibody control of P2X7 and CD31 in 

chorionic plate arteries originating from a healthy patient, which imply that both primary 

antibodies possess a high specificity for the P2X7 receptor and CD31, as no red or 

green background staining was observed. As a result, the P2X7 receptor was found 

to be expressed at the level of the endothelial cells in isolated human placenta 

chorionic plate artery assessed using immunohistochemistry.  



Chapter 3 – The expression of P2X7 receptor in the vasculature of human placenta 
 

 297 

 
 
Figure 95. This figure (A-O) highlights representative fluorescent micrographs of the 
P2X7 (green), CD31 (red) and the P2X7 receptor+CD31 (merged) immunolocalization 
in transverse chorionic plate artery sections originating from a healthy patient 
(N19022020). TM denotes tunica media; TA suggests tunica adventitia. Scalebar 
100μm. 

P2X7 receptor CD31 P2X7 receptor+CD31

Representative CPA staining for an ATP receptor and an 
endothelial marker originating from a healthy placenta sample

A B C

D E F

G H I

J K L

M N O

* *
* *

TA TM TA TM

TA

TM TM

TA

TM

TA

TM

TA

TM

TA

TM

TA

*

*



Chapter 3 – The expression of P2X7 receptor in the vasculature of human placenta 
 

 298 

 
 
Figure 96. This figure (A-O) highlights representative fluorescent micrographs of 
secondary antibody control of the P2X7 receptor (green), CD31 (red) and the P2X7 
receptor+CD31 (merged) immunolocalization in transverse chorionic plate artery 
sections originating from a healthy patient (N20022020). TM denotes tunica media; 
TA suggests tunica adventitia. Scalebar 100μm. 
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3.4 Discussion  

Western blotting data highlighted that no P2X7 receptor specific bands were 

identified in the second supernatant (i.e. cytosolic fraction) of fourth order CPA, SVA, 

choriodecidua and trophoblast tissue lysates originating from healthy placental 

samples, which is in accordance with previously published peer-reviewed literature 

since the purinergic receptor is a ligand gated ion channel [493]. Continuous activation 

of the P2X7 receptor with millimolar concentrations of extracellular ATP gives rise to 

the assembly of a non-selective pore that allows the flow of mediators of less than 900 

Da through the plasma membrane, giving rise to fundamental alterations in the cellular 

ionic homeostasis [530]. The results of the current study have confirmed the presence 

of the P2X7 receptor in the membranous fraction (i.e. second pellet) of the CPA, SVA, 

trophoblast and myometrium tissue lysates.  

The protein expression levels of the NLRP3 inflammasome in the second 

supernatant fraction of fourth order CPA, SVA and choriodecidua tissue lysates 

revealed the detection of 4 isoforms at approximately 79kDa, circa 107kDa, about 

171kDa and ~222kDa. These data further complement a study published by Kummer 

and colleagues (2007) where the authors have found 2 isoforms of the NLRP3 

inflammasome in western blots at circa 75kDa and 130kDa in Jurkat and THP-1 cell 

lines [531]. The same study has also highlighted the presence of a predominant band 

corresponding to the NLRP3 inflammasome at approximately 75kDa in primary 

immune cells (PBMC, monocytes, B cells, T cells and dendritic cells) and also detected 

both NLRP3 isoforms in human neutrophils stimulated with LPS for 2 and 4 hours [531]. 

NLRP3 has been categorised as a 115kDa cytosolic protein by Zahid et al (2019) [532] 

and Groslambert and Py (2018) [533] which is relatively close in molecular weight to the 

results presented in the current study, with a difference of circa 8kDa compared to the 
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107kDa isoform. Furthermore, a study by Cheng et al (2019) has highlighted that 

higher protein levels of the NLRP3 inflammasome were detected in hypoxia treated 

primary trophoblast cells compared to normoxia treated cells using western blotting, 

with a detected protein product size of approximately 100kDa [527].  Also, a study by 

Yang et al (2020) has highlighted that the NLRP3 inflammasome is expressed at a 

protein level in human placental villous tissue originating from healthy and pre-

eclamptic patients, possessing a molecular weight of approximately 110kDa which is 

circa 3kDa above the 107kDa isoform that was found in the current study.  

The current study provides novel evidence of the establishment of a rapid, 

reproducible and scalable IgG immunodepletion method from the second supernatant 

and second pellet fractions of trophoblast, SVA and myometrium tissue lysates for the 

purposes of removing interfering immunoglobulin G from detecting less ubiquitous 

protein targets at approximately 50kDa using western blotting technique. The removal 

of immunoglobulin G was carried out since the heavy chain (approximately 50kDa) 

and the light chain (circa 25kDa) are highly abundant proteins in the plasma and serum 

which tend to obscure the identification of potential biomarkers that are generally found 

in lower concentrations using western blotting [534]. This process is further complicated 

by the intricacy and compelling range of the plasma proteome in which the abundance 

of the least ubiquitous and the most ubiquitous proteins may alter by as much as ten 

orders of magnitude [535]. As an example, albumin is the protein that is found at the 

highest concentration in serum which is circa 55% of the total protein amount. Albumin 

alongside IgA, IgG, transferrin, α-1-antitrypsin and haptoglobin account for circa 85% 

of the total proteome [535]. Currently, no investigations have presented data on an 

optimised protocol for the removal of IgG from the second pellet (membrane) or 

second supernatant (cytoplasmic) fractions of human placental CPA, SVA, villous 



Chapter 3 – The expression of P2X7 receptor in the vasculature of human placenta 
 

 301 

tissue or myometrium tissue lysates, hence the current study has addressed this gap 

into the literature. Also, since the expected P2X7 receptor molecular weight is 

approximately 70kDa and the IgG heavy chain molecular weight is approximately 

50kDa, the P2X7 receptor visualisation may become affected due to the high 

preponderance of IgG protein expression level into the maternal blood. Moreover, the 

predicted molecular weight for the NLRP3 inflammasome is isoform 1 approximately 

106kDa and isoform 2 circa 118kDa. The molecular weight of one of the detected 

NLRP3 inflammasome isoforms in western blots (highlighted in chapter 3.3.6) was 

approximately 74kDa and compared to IgG heavy chain molecular weight of 

approximately 50kDa, the multimeric protein visualisation could become obscured, 

since IgG is highly abundant in the maternal blood. Lastly, from the perspective of 

visualising pro-caspase-1 which was found in western blots at approximately 47kDa 

(chapter 3.3.6), the detection of the protein would have not been possible without the 

immunodepletion of IgG from the second supernatant (cytosolic) fraction of the stem 

villous artery tissue lysates, since the heavy chain of IgG was circa 50kDa and would 

have partially obscured the identification of the biomarker which is less ubiquitously 

expressed in this human placental tissue type.  

Stimulation of trophoblast tissue with ATP, LPS+ATP or LPS+BzATP did not 

significantly change the NLRP3 inflammasome protein expression levels relative to 

unstimulated tissue. The results of this western blotting investigation further 

complement a study published by Maneta et al (2015) which highlighted that 

mononuclear cells isolated from cord blood, maternal blood and placental blood 

stimulated with LPS+BzATP induced a significant upregulation in IL-1β release 

relative to control [491]. The same study also highlighted that stimulation of cord blood 
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mononuclear cells with LPS+BzATP caused an upregulation in the expression of the  

NLRP3 inflammasome compared to unstimulated primary cells [491]. 

A recent study by Green et al (2018) has highlighted that fluctuating flow or 

elevated glucose or palmitate levels in the extracellular space such as in diabetes 

favour the P2X7 receptor surface expression [536], increased extracellular adenosine 

5’-triphosphate [198,537] and downregulation of CD39 expression [538] at the level of the 

endothelium via generating an extracellular milieu suitable for elevated P2X7 receptor 

stimulation. In addition, exposure of human fibroblasts to increased levels of glucose 

triggers extracellular ATP liberation into the extracellular space and the establishment 

of P2X7 receptor aggregates close to the plasma membrane [539–541]. Furthermore, 

these P2X7 aggregates regulate endothelial cell dysfunction via increased reactive 

oxygen species synthesis, elevated cell permeability and expression of vascular cell 

adhesion molecule-1 and intracellular adhesion molecule-1 [539,540,542]. As a result, 

since extracellular glucose might play a key role in modulating the protein expression 

level of the P2X7 receptor in human fibroblasts and endothelial cells and no studies 

have investigated the exogenous influence of D-glucose on human placental villous 

tissue originating from healthy patients, the current investigation provides western 

blotting data to fill in this gap into the literature. The likely pathological mechanism of 

diabetes mellitus induced by the P2X7-NLRP3-IL-1β signalling pathway involves 4 

important steps namely long-term elevated glucose levels promote the P2X7 receptor 

stimulation and in turn NLRP3 inflammasome stimulation, ultimately resulting in IL-1β 

release into the extracellular space [543]. This mechanism is achieved via induced 

pancreatic β cell malfunction and apoptosis due to elevated extracellular IL-1β levels, 

which also give rise to diminished insulin release and abnormal insulin signalling 

pathway that ultimately cause an exacerbation in elevated glucose levels [543]. 
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Furthermore, IL-1β promotes the establishment of insulin resistance via impaired 

insulin sensitivity, diminished cellular uptake and metabolism of glucose [543].  

The 5.5mM D-glucose concentration used in to stimulate the human placental 

villous tissue was chosen to mimic the physiological glucose plasma concentration of 

the pregnant mother. Also, the 10mM D-glucose concentration was used to mimic the 

gestational diabetes condition, as the disorder is diagnosed if one or more values 

equals or exceeds thresholds as fasting plasma glucose level (5.1mmol/l), one hour 

plasma glucose (10mmol/l) and 2 hour plasma glucose (8.5mmol/l) [544]. The 20mM 

and 30mM D-glucose concentrations were used to mimic type 1 diabetes mellitus 

since patients are diagnosed with the disorder when a plasma glucose level is more 

than 11.1mM measured 2 hours after a glucose load of 1.75g per kg (maximum dose 

of 75g) via an oral glucose tolerance test [545]. The 0mM D-glucose stimulation of 

villous tissue was used as a background control for the purposes of analysing released 

LDH levels from the human placental tissue.  

A potential limitation of performing physiological studies on isolated human 

placental villous tissue in the current case by stimulating the explants with D-glucose 

for 4, 24 and 48 hours is that the syncytiotrophoblast undergoes continuous renewal, 

shedding aged nuclei in the form of syncytial knots and incorporating fresh CTBs by 

fusion as it has been shown by Zhou et al (2013) using isolated cytotrophoblast cells 

during the first 24-48 hours  [546]. In this case, the authors demonstrated that the 

primary cytotrophoblast cells stained positive for CK7 and presented western blotting 

data showing that β-hCG expression gradually increased at 24 and 48 hours [546]. As 

a result, the first 48 hours following isolation of placental villous tissue could be sub-

optimal to perform physiological studies on this tissue.  
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An elevated glucose level is a distinct danger mediator in diabetes. Long term 

physiological elevation of glucose levels gives rise to progressive suppression of 

insulin production and β-cell apoptosis in an autocrine process giving rise to insulin 

resistance [389,547]. Glucose has been shown to promote IL-1β release from monocytes, 

β-cells, endothelial cells and other islet cells. Following liberation into the extracellular 

space, IL-1β regulates the damaging effects of elevated glucose by promoting Fas-

triggered programmed cell death via NF-kB and c-Jun N-terminal kinase (JNK) or by 

suppressing insulin metabolism in type 1 or type 2 diabetes mellitus [547,548]. 

Furthermore, the NLRP3 inflammasome is stimulated by thioredoxin-interacting 

protein (TXNIP) which has been shown to be closely related to insulin resistance along 

with diabetes and participates in glucose-induced interleukin-1β synthesis [389]. 

Moreover, TXNIP expression is activated by glucose and the protein expression levels 

of the biomarker are particularly elevated in subjects with diabetes mellitus [549]. The 

NLRP3 inflammasome has been shown to be stimulated by TXNIP in a reactive 

oxygen species-dependent manner. Furthermore, under the stimulation of elevated 

glucose concentration, thioredoxin-interacting protein is synthetised from thioredoxin 

to interact with the NLRP3 inflammasome and to activate the multimeric protein, 

ultimately giving rise to the synthesis of the pro-inflammatory cytokine IL-1β [389,497]. 

As a result, the released levels of IL-1β from placental villous tissue were measured 

in the tissue culture supernatant under the exposure of D-glucose acting as a danger 

associated molecular pattern since hyperglycemia has been categorised as a principal 

inducer of the NLRP3 inflammasome stimulation and IL-1β liberation into the 

extracellular space particularly in patients with type 2 diabetes mellitus [550].  

The released lactate dehydrogenase levels measured in the culture media of 

placental villous tissue which has been stimulated with D-glucose at a concentration 
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of 20mM and 30mM were found particularly low following 48 hours of treatment 

especially compared to 5.5mM D-glucose concentration which suggests that an 

elevated D-glucose stimulation might have a protective function in human placental 

villous tissue since lower levels of the enzyme were liberated into the extracellular 

space. The enzyme LDH is a crucial component of glucose turnover since it catalyses 

the breakdown of pyruvate (end compound of glycolysis) to lactate and vice versa. In 

an aerobic environment, primary cells translocate pyruvate into their mitochondria to 

metabolise it via the tricarboxylic acid (TCA) cycle into carbon dioxide and water [551]. 

During the TCA cycle, nicotinamide adenine dinucleotide is synthetised and is 

reoxidized in the oxidative phosphorylation, ultimately giving rise to energy in the form 

of adenosine 5’-triphosphate. The turnover of a single molecule of glucose elicits the 

production of up to 36 molecules of ATP [551]. However, in an environment with low 

oxygen levels, pyruvate is metabolised into lactate via lactate dehydrogenase enzyme 

in a signalling cascade known as the anaerobic glycolysis where only two molecules 

of adenosine 5’-triphosphate are synthetised [551]. A possible explanation of a high 

extracellular glucose concentration downregulating the release of LDH into the 

extracellular space from villous tissue is that the syncytiotrophoblast, cytotrophoblast 

and endothelial cells may under aerobic conditions upregulate the glycolysis process 

resulting in the synthesis of elevated concentrations of pyruvate at an intracellular level 

which is further transported to the mitochondria, ultimately giving rise to the synthesis 

of elevated intracellular ATP levels. Since pyruvate might not be primarily metabolised 

to lactate by LDH in aerobic conditions, a downregulation of the LDH enzyme in 

primary placental cells might take place in an environment characterised by a high 

glucose concentration in the extracellular space.  
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A limitation of the western blotting data highlighting the relative P2X7 receptor 

protein expression levels in isolated human placental villous tissue which has been 

stimulated with D-glucose at concentrations of 0mM, 5.5mM, 10mM, 20mM or 30mM 

for 4, 24 or 48 hours is a noticeable variability in the corresponding relative β-actin 

protein expression levels across samples of the same placental tissue type. In this 

case, no optimisation in choosing a suitable loading control used to normalize the 

signals from the proteins of interest took place, therefore the selection of a different 

housekeeping protein which remains constant (relative to the total protein content) 

under the test conditions might be advantageous in the analysis of the results from the 

western blotting experiment.  

The current study highlighted no statistically significant differences in the P2X7 

receptor, NLRP3 inflammasome and procaspase-1 protein expression levels in stem 

villous artery between healthy and preeclamptic placental samples. These novel 

results further complement a study published by Valdecantos and colleagues  (2003) 

where the authors have suggested that the P2X7 receptor was expressed on the 

smooth muscle of human chorionic blood vessels at an mRNA level [479].  

A potential limitation of the western blotting data highlighting the relative protein 

expression levels of the P2X7 receptor, NLRP3 inflammasome and pro-caspase-1 in 

isolated human placental stem villous arteries is that two of the eight pre-eclamptic 

patients were also co-diagnosed with intrauterine growth restriction which is a 

confounder in the analysis of the western blotting data in terms of the association 

between patients solely diagnosed with pre-eclampsia and subjects diagnosed with 

both pre-eclampsia and IUGR. Furthermore, another limitation of this western blotting 

data using placental samples of normotensive and pre-eclamptic patients is that no 

optimisation in selecting a suitable loading control took place, more importantly in the 
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case of tissue originating from pre-eclamptic subjects where the disorder might affect 

constitutively expressed proteins depending on the selected treatment of patients 

which may result in a variation as in the current case of β-actin levels across the same 

tissue type (stem villous arteries) originating from different hypertensive volunteers.  

Also, a limitation of multiple comparison tests undertaken between released IL-

1β, IL-6 and IL-18 pro-inflammatory cytokines from human placental chorionic plate 

arteries, stem villous arteries and villous tissue which have been stimulated with 

control, ATP, LPS+ATP or LPS+BzATP is an increased statistical risk that a proportion 

of associations are false positives. Therefore, during the process of simultaneously 

evaluating multiple hypotheses, drawing valid conclusions may necessitate to 

consider correction approaches in the number of undertaken statistical tests and 

adjusting the statistical confidence measures using one of the several published 

strategies such as the Benferroni, the Holm or the Hochberg corrections which allow 

to determine false discovery rates and q-values [552].  

The P2X7 receptor antagonist A740003 and agonists ATP and BzATP were 

used to determine whether the P2X7 receptor inhibition or activation in human 

placenta chorionic plate artery smooth muscle cells influence its intrinsic ability to form 

clusters via large scale changes in purinergic receptor density which have been shown 

to regulate pore formation in cells that endogenously express the P2X7 receptor [553].  

Immunocytochemistry data of the P2X7 receptor expression in human placental 

chorionic plate artery smooth muscle cells which have been unstimulated or stimulated 

with ATP, BzATP or A740003 highlighted that the purinergic receptor was localised in 

the nuclear region of the primary cells and primarily located intracellularly, which is 

particularly unexpected for a membrane receptor. A possible explanation for this P2X7 

receptor immunolocalization could be that the internalization of the receptor may act 
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as a protective mechanism for primary cells to avoid programmed cell death by 

preventing the recruitment of the purinergic receptor to the membrane of cells. 

However, during cellular stress the P2X7 receptor might become translocated to the 

membrane of cells when the extracellular adenosine 5’-triphosphate levels become 

particularly high and the primary cell is incapable of undertaking its physiological 

function. This intracellular immunolocalization of the P2X7 receptor in association with 

the nuclei of syncytiotrophoblast (particularly in term villous tissue) and 

cytotrophoblasts (especially in first trimester villous tissue) has also been observed by 

Roberts et al (2007) [321].  

The P2X7 receptor has been shown to be expressed in multiple cell types 

including immune cells especially macrophages, mast cells, T-cells and microglia but 

also in Schwann cells of the peripheral nervous system, oligodendrocytes of the 

central nervous system and in epithelial cells [306,328]. The same purinergic receptor 

has also been shown to be expressed at a protein level on primary cytotrophoblast 

cells using western blotting and also at a tissue level in first trimester and term 

placental villous tissue especially in association with syncytiotrophoblast nuclei using 

immunohistochemistry [321]. Since no other investigations have assessed the 

fluorescence intensity levels of the P2X7 receptor positive syncytiotrophoblast profiles 

via systematic random sampling and have not investigated the expression of the 

purinoceptor at the level of the fetal vessels using immunohistochemistry, little is 

known about its distribution in human placental villous tissue originating from healthy 

and diet managed gestational diabetic subjects, hence the current study helps to fill in 

this gap into the literature.  

P2X7 receptor was visualised as a thin circular staining present on the 

endothelial cells forming the fetal capillaries (25-40μm diameter) located in the vicinity 
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of the syncytiotrophoblast and the cytotrophoblast cells. Also, the purinergic receptor 

was located on the apical surface of the uniform syncitiotrophoblastic layer (10-15μm 

thick) and also on cytotrophoblast cells. The current P2X7 receptor 

immunolocalization results at a placental villous tissue level further complement a 

published study by Roberts and colleagues (2006) where the authors have 

demonstrated that the purinergic receptor was expressed at a cellular level in isolated 

cytotrophoblast cells from 3 placental preparations using the western blotting 

technique [277]. Also, the same systematic pharmacological study demonstrated that 

the P2X7 receptor was functionally active in the isolated human placental 

cytotrophoblast cells and suggested that the activation of this purinergic receptor gives 

rise to a consequent increase in intracellular Ca2+ concentration, therefore regulating 

the syncytiotrophoblast metabolism and the feto-maternal ion translocation [277].  

Another study published by Roberts and colleagues (2007) revealed that the 

P2X7 receptor was expressed at an mRNA level in isolated placental villous tissue 

and that immunohistochemical localisation of the purinergic receptor in both first 

trimester (n=3) and term villous tissue (n=3) was visualised intracellularly in 

conjunction with multiple nuclei accompanied by a dispersed staining present in the 

cytosol [480]. In this case, the authors have also shown that the P2X7 receptor staining 

was also present at the level of syncytiotrophoblast with a higher intensity in term 

tissue samples compared with the first trimester [480].  
This chapter presents novel western blotting data on the P2X7 receptor protein 

expression levels in the human placenta, particularly in the chorionic plate artery, stem 

villous artery, villous tissue and myometrium. In this case, no studies have yet 

investigated the P2X7 receptor expression at a protein level in SVA’s and CPA’s 

originating from placental samples of healthy or complicated pregnancies, even if the 
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P2X7 receptor has been shown to be expressed at an mRNA level in CPA’s by 

Valdecantos et al (2003) [479]. Although the P2X7 receptor has been demonstrated to 

be localised in human placental villous tissue using immunohistochemistry, especially 

at the level of the syncytiotrophoblast tissue [321] and to be expressed at an mRNA 

level in the same tissue type [321], no studies have yet assessed the protein expression 

levels of the P2X7 receptor in villous tissue using western blotting. However, the P2X7 

receptor protein expression levels in the human myometrium have been investigated 

before in a study published by Maneta et al (2015) [554]. The current study has also 

confirmed that the P2X7 receptor is expressed at a protein level in myometrium tissue 

using western blotting.  

This study has identified a novel method for the immunodepletion of IgG from 

human placental villous tissue, SVA and myometrium originating from healthy 

patients. Although the study by Roberts et al (2007) [321] has found that the P2X7 

receptor was expressed in villous tissue in association with syncytiotrophoblast nuclei, 

the immunolocalization of the P2X7 receptor in human placental villous tissue 

originating from healthy and diet managed gestational diabetes mellitus pregnancies, 

which has been comprehensively described in the current investigation and rated 

according to the fluorescence intensity levels of the positive syncytiotrophoblast 

profiles using systematic random sampling as well as characterised at the level of the 

fetal vessels constitutes novel data.  

Furthermore, the current study presents novel western blotting data in terms of 

characterising the protein expression level of the NLRP3 inflammaosme at the level of 

the 4th order chorionic plate arteries, stem villous arteries and choriodecidua. 

Moreover, the findings that the protein expression levels of the NLRP3 inflammasome 

did not significantly change under the stimulation of isolated human placental villous 
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tissue with ATP, LPS+ATP or LPS+BzATP originating from healthy patients assessed 

using western blotting are also novel.  

The protein expression studies which have assessed the relative P2X7 receptor 

levels in D-glucose stimulated placental villous tissue using western blotting are novel. 

These studies are also complemented by further novel data which has showed that 

the P2X7 receptor, NLRP3 inflammasome and pro-caspase-1 protein expression 

levels in human placental villous tissue are not significantly different between 

normotensive and pre-eclamptic subjects assessed using western blotting.   

The current study presents novel data about the pro-inflammatory cytokine (IL-

1β, IL-6 and IL-18) release from human placental villous tissue, CPA and SVA 

originating from healthy subjects which have been stimulated with control, ATP, 

LPS+ATP or LPS+BzATP. Moreover, the current study shows novel data about the 

P2X7 receptor immunolocalization in human placental chorionic plate artery smooth 

muscle cells which were isolated using either the tissue explant or enzymatic digestion 

method.  

In terms of limitations of the current study, multiple western blots of the P2X7 

receptor have shown the presence of non-specific binding in the region of 

approximately 46kDa to 152kDa which was due to the primary antibody chosen as 

indicated from both the P2X7 receptor with blocking peptide immunoblots and P2X7 

receptor secondary antibody control immunoblots. Also, in the case of the NLRP3 

inflammasome, multiple western blots highlighted the presence of non-specific binding 

in the region of circa 49kDa to 58kDa which was due to the secondary antibody chosen 

as suggested from the NLRP3 inflammasome secondary antibody control 

immunoblots. A further limitation of the current western blotting studies is the absence 
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of blocking peptide controls for the NLRP3 inflammasome and pro-caspase-1 since 

no blocking peptide could not be sourced from the corresponding manufacturers.   

Another limitation of the current investigation is that a limited proportion of the 

western blotting, RT-qPCR, immunocytochemistry, pro-inflammatory cytokine and 

LDH measurement studies contained relatively few numbers of participants included, 

which may prevent the findings from being extrapolated.  

The results from this investigation have showed that the P2X7 receptor is 

expressed at a protein level (membrane fraction of tissue lysates) in isolated human 

placental chorionic plate arteries, stem villous arteries, villous tissue and myometrium 

using western botting and at an mRNA level in stem villous arteries using RT-qPCR. 

The P2X7 receptor has been shown to be expressed at a cellular level in human 

placental chorionic plate artery smooth muscle cells which have been isolated via 

enzymatic digestion or explant method using immunocytochemistry. These primary 

placental cells which have been isolated using the tissue explant method and 

stimulated with ATP at concentrations of 1μM or 10μM showed a statistically 

significant difference in P2X7 receptor mean fluorescence intensity levels between 0.5 

hours and 4 hours of stimulation with the nucleotide. Also, the purinergic receptor has 

been shown to be expressed in isolated sections of human placental villous tissue 

especially at the level of the syncytiotrophoblast layer, fetal capillaries and on 

cytotrophoblast cells. In this case, a statistically significant difference in the P2X7 

receptor+CD31 double positive placental vascular profiles was found between healthy 

and diet managed gestational diabetes mellitus patients. This result complements two 

studies by Rodrigues et al (2014) [555] and Menzies et al (2017) [556] which have 

highlighted that in renal biopsy sections from diabetic patients, the P2X7 receptor 

expression was upregulated.  
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The P2X7 receptor has also been shown to be expressed at a tissue level in 

isolated sections of human placenta chorionic plate arteries at the level of the 

endothelial cells. Also, the protein expression levels of the P2X7 receptor in villous 

tissue stimulated with D-glucose for 4, 24 or 48 hours did not significantly change 

relative to control (0 hours). In this case, no statistically significant differences were 

found between 4 and 48 hours in the released IL-1β levels measured in the culture 

media for each of the D-glucose concentrations used. However, a statistically 

significant decrease in the released LDH levels measured in the culture media were 

found at 48 hours from villous tissue which has been stimulated with 20mM and 30mM 

D-glucose compared to control (5.5mM D-glucose). Also, no statistically significant 

change in the P2X7 receptor protein expression levels was identified between 

normotensive and pre-eclamptic patients assessed using western blotting. A study by 

Tozzi et al (2017) have demonstrated that an increase in glucose stimulation from 

5.5mM to 16.7mM of INS-1E cells (rat pancreatic β cell line) induced a fast and large 

increase in the extracellular ATP concentration [512]. The same study has also shown 

that a high glucose stimulation (16.7mM) of the same cells for 48 hours caused an 

elevation in P2X7 receptor protein expression levels compared to the same cells 

grown in low glucose (2.8mM) by the identification of a P2X7 receptor protein product 

at approximately 75kDa in the western blot [512]. Although P2X7 receptor-mediated 

apoptosis is elevated in human fibroblasts exposed to an elevated glucose 

concentration [540] and in fibroblasts from type 2 diabetes [557] patients, in the current 

study, D-glucose stimulation of human placental villous tissue for 4, 24 or 48 hours did 

not significantly alter the P2X7 receptor protein expression levels and at 48 hours 

caused a significant decrease in the released LDH levels in the culture media from 
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20mM and 30mM D-glucose stimulated villous tissue compared to control (5.5mM D-

glucose).  

The novel results that the P2X7 receptor is expressed at the level of the 

syncytiotrophoblast layer, cytotrophoblast cells and fetal capillaries are of particular 

interest especially in the case of pre-eclamptic patients where elevated maternal 

extracellular ATP concentrations (circa 2.5 times higher compared to healthy patients 

[558]) present at the level of the intervillous space might activate the purinergic receptor 

which in turn could cause the assembly of the NLRP3 inflammasome and ultimately 

resulting in an exacerbated release of IL-1β into the extracellular space. Although the 

current study has found no statistically significant differences in the P2X7 receptor 

protein expression level between normotensive and pre-eclamptic patients, the 

purinergic receptor activation by elevated circulating extracellular ATP levels may 

cause further P2X7-mediated ATP release which is exacerbated in pre-eclampsia by 

abnormal placental oxygenation, fetal hypoxia and platelet aggregation [277].  

The finding that the P2X7 receptor is expressed at a protein level in CPA, SVA, 

villous tissue and myometrium and at an mRNA level in stem villous arteries hints at 

a function for extracellular nucleotides in this vascular territory which is novel since the 

placental blood vessels are not innervated. Also, since the P2X7 receptor has been 

found at a cellular level in isolated chorionic plate artery smooth muscle cells, the 

function of adenosine 5’-triphosphate in these blood vessels is even more crucial as 

α1-adrenoreceptors for instance norepinephrine and phenylephrine do not modulate 

the vasoconstriction or vasorelaxation of these blood vessels [479].  

The results from this investigation have also showed that the NLRP3 

inflammasome is expressed at a protein level in the fourth order CPA, SVA and 

choriodecidua isolated from human placental tissues originating from healthy patients 
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using western blotting. In these tissue types, four NLRP3 inflammasome isoforms 

have been identified at approximately 79kDa, 107kDa, 171kDa and 222kDa. No 

statistically significant changes in the relative protein expression levels of the NLRP3 

inflammasome have been identified between villous tissue originating from healthy 

patients which has been stimulated with control, ATP, LPS+ATP or LPS+BzATP in the 

case of all three protein products detected at circa 78kDa, approximately 92kDa and 

circa 131kDa using western blotting. Similarly, the current study has found no 

statistically significant differences in the relative protein expression levels of the 

NLRP3 inflammasome in stem villous arteries between normotensive and pre-

eclamptic patients in the case of both protein products detected at approximately 

74kDa and 92kDa using western blotting. The current results have also shown that 

the NLRP3 inflammasome is expressed at an mRNA level in stem villous arteries 

originating from healthy and pre-eclamptic patients using RT-qPCR. The current study 

has presented immunocytochemistry data which showed that the NLRP3 

inflammasome is not expressed in human placental chorionic plate artery smooth 

muscle cells which have been isolated using the tissue explant method. 

This study found no statistically significant differences in the relative pro-

caspase-1 protein expression levels between in stem villous arteries of normotensive 

and pre-eclamptic patients using western blotting. This study has also presented 

evidence that caspase-1 is expressed at an mRNA level in stem villous arteries 

originating from healthy volunteers using RT-qPCR.  

The current investigation has also demonstrated that the IL-1β release 

measured in the tissue culture media using ELISA from villous tissue, chorionic plate 

artery and stem villous artery which have been stimulated with control, ATP, LPS+ATP 

and LPS+BzATP was the highest in the LPS+ATP group followed by the LPS+BzATP 
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group compared to control. However, LPS+ATP and LPS+BzATP stimulations of the 

villous tissue, CPA and SVA did not induce a statistically significant difference in the 

released IL-6 levels compared to control. A limitation of this study is that no LPS 

control experimental condition was undertaken, which limits the interpretation of these 

results. Since no statistically significant differences in the release of IL-1β, IL-6 and IL-

18 were found between control and ATP stimulations of CPA, SVA and villous tissue, 

and no LPS control experimental condition was undertaken, the cytokine release effect 

of LPS+ATP stimulation was due to LPS with an unknown contribution of ATP. The 

activation of the P2X7-NLRP3-IL-1β signalling pathway involves a two-step 

mechanism firstly the activation of TLR-4 by LPS which facilitates the transcription of 

the IL-1β gene and encouraging the built-up of pro-IL-1β (inactive form) in the cytosol, 

followed by the second step which is the stimulation of the P2X7 receptor by ATP, 

ultimately causing the assembly of the  NLRP3 multimeric complex, which results in 

the conversion of pro-IL-1β to its active form IL-1β. Since no priming of the isolated 

placental tissue with LPS control took place (which is required for pro-IL-1β synthesis), 

the ATP stimulation of CPA, SVA and villous tissue did not induce the release of the 

active form of the cytokine (IL-1β) towards the extracellular space, hence the current 

study has shown that the mature form of the cytokine measured in the culture media 

was particularly decreased in all three placental tissue types studied.  

The compound BzATP is occasionally characterised as a selective P2X7 

receptor agonist but in fact it has the highest potency at P2X1 receptors followed by 

P2X3 receptors [146]. Since the compound is approximately 10 times more potent than 

ATP, it has been regularly used for the stimulation of the P2X7 receptor to avoid 

elevated cytotoxic levels of the nucleotide [146]. The BzATP EC50 values (μM) at P2X 

receptors is the following: 0.002 at P2X1, 0.75 at P2X2, 0.08 at P2X3, 0.5 at P2X4, 6-
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40 at P2X5, 25 at P2X6 and 5 at P2X7 [146]. BzATP was originally reported to be 

selective for the P2X7 receptor [291] however, emerging studies have found that it also 

stimulated P2Y1 and P2Y11 purinoceptors [559]. At particularly elevated concentrations 

(100 μM or higher) BzATP caused a rise in intracellular Ca2+ concentration and 

stimulated K+ liberation towards the extracellular space from cytotrophoblast cells [277]. 

This could indicate stimulation of receptors other than the P2X7 since the purinoceptor 

is generally stimulated at decreased levels of BzATP for instance 15μM [560]. 

In the case of A740003, a study by Honore et al (2006) have highlighted that 

the compound potently blocks the human P2X7 receptor, with a determined IC50 value 

of 40nM [561]. In the current study, the chosen concentration of A740003 which was 

used to block the P2X7 receptor was 1μM.  

Although the P2X7 receptor has been found to be expressed in isolated human 

placental chorionic plate artery smooth muscle cells using both enzymatic digestion 

and tissue explant method, the current study has also found the purinergic receptor to 

be expressed on endothelial cells but not smooth muscle cells in isolated sections of 

the chorionic plate artery. In this case, a limitation of the immunohistochemistry study 

is that the P2X7 receptor expression was only investigated in isolated sections of 

chorionic plate artery tissue originating from two healthy patients which limits the 

interpretation of these results.  

Another  limitation of the current study is that no positive (for instance HEK293 

cells stably transfected with the P2X7 receptor [562]) or negative  controls (for example 

an isotype-specific immunoglobulin, in this case rabbit IgG) for the P2X7 receptor 

staining were undertaken alongside immunocytochemistry experiments investigating 

the immunolocalization of the purinergic receptor in isolated human chorionic plate 

artery smooth muscle cells. 
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4.1 Introduction  

The function of circulating extracellular nucleotides in particular ATP has drawn 

a significant amount of physiological attention as, over the last few decades, multiple 

clones of nucleotide purinoceptors were comprehensively described [563,564]. Multiple 

reviews have meticulously and elegantly highlighted the expression of nucleotide 

receptors [130,565] located at the level of skeletal and non-vascular smooth muscle [566–

568], human thrombocytes [569–571] as well as neurons [572,573]. The distribution of the 

nucleotide receptors in blood vessels highlights a localisation at the level of the smooth 

muscle and endothelial cells, as well as the adjacent nerves [130]. In the case of blood 

vessels, the purinergic P2Y receptors are particularly expressed on the endothelial 

cells, while the P2X receptors are found predominantly on the surface of the smooth 

muscle cells.  Decreased diameter arteries and arterioles located at the level of the 

systemic vasculature have been widely recognised as being regulated via the 

sympathetic nervous system [574].  

 Due to the fact that the endothelial cells release adenosine 5’-triphosphate into 

the extracellular space under the stimulation of multiple factors especially decreased 

oxygen levels [130,575], a potential involvement of nucleotide receptors in modulating 

the vascular contractility through interactions involving both smooth muscle and 

endothelial cells has attracted much interest over the last few decades. The 

fetoplacental vasculature comprises of the umbilical arteries, umbilical vein, the 

chorionic plate and lastly the stem villous blood vessels. The umbilical arteries 

extensively divide following the point of umbilical cord insertion into the chorionic plate, 

giving rise to a vast network of chorionic plate arteries which possess important 

attributes typical of the resistance circulation (<300μm internal diameter), overall 

suggesting a significant contribution in regulating the vascular tone of the fetoplacental 



Chapter 4 – Pharmacological profile of vascular activity of human placental arteries 
 

 320 

blood vessels [576]. Despite a crucial role in supporting the development of a healthy 

pregnancy, the molecular processes involved in managing the blood flow as well as 

vasomotor tone at the level of the fetoplacental vasculature have not been fully 

elucidated yet. Taking into account that the human placenta accompanied by the 

umbilical cord blood vessels possess the exclusive property of not being innervated 

[281,577], the current study allocated a particular interest into evaluating the involvement 

of purinergic receptor agonists and antagonists in the regulation of the human placenta 

chorionic plate arteries. Since Buvinic et al (2006) have shown that contractions to 

purines in human chorionic plate arteries involved both the endothelium and smooth 

muscle [481], using classical pharmacology protocols, the present research functionally 

describes canonical purinergic receptors, with a particular focus on the potential 

involvement of the P2X7 receptor localised at the level of the smooth muscle and 

endothelial layer of the chorionic plate arteries in regulating the feto-placental 

circulation.   

 The absence of autonomic innervation at the level of the fetoplacental 

vasculature denotes the presence of a different physiological mechanism regulating 

the resistance of the placental blood vessels which could include circulating mediators, 

endothelial cell involvement, regional paracrine signalling or even the involvement of 

regional physical mediators [576]. The fetoplacental arteries have been suggested to 

possess a significantly decreased sensitivity to mediators which elicit a dominant 

vasoactive response in alternative blood vessels [61,578]. Endothelial cells synthetise 

multiple factors involved in mediating the contractility property of blood vessels. 

Placental and umbilical blood vessels originating from human subjects have shown to 

release various vasocontractile agents for instance endothelin-1 [579] and endothelium-

derived vasorelaxation mediators such as nitric oxide (NO) [580,581]. The current 



Chapter 4 – Pharmacological profile of vascular activity of human placental arteries 
 

 321 

knowledge regarding the regulation of the fetoplacental blood vessels originates from 

research based on excised in vitro perfused cotyledon preparations where the 

suppression of nitric oxide synthesis has been shown to elevate the perfusion 

pressure, indicating the crucial function of NO in mediating vascular contractility 

[582,583], or from small vessel myography studies [49,576]. Furthermore, a study by Parisi 

and Walsh (1989) has highlighted that endothelial-derived eicosanoids can similarly 

coordinate the feto-placental vasculature, especially changes in the levels of 

prostacyclin and thromboxane A2, which have been strongly correlated to an elevated 

resistance of blood vessels characteristic of pre-eclamptic patients [584].  

 A limited body of literature has directly investigated the physiological reactions 

of narrow fetoplacental blood vessels which may potentially be involved in the general 

management of blood flow across the human placenta. Some of these investigations 

include measurements of isometric tension using the wire myography technique under 

the exposure of various mediators [585–587]. The blood vessels studied in this case were 

chorionic plate arteries (CPA’s) and veins, as well as stem villous arteries, with a wide 

body of the literature focusing on assessing the CPA contribution towards the 

establishment of a physiological fetoplacental blood flow. In this case, a 

vasoconstriction effect has been described under the exposure of thromboxane A2 

[588,589] and vasopressin [576,590]. On the other side, endothelium-dependent 

vasodilation has been challenging to achieve, particularly with mediators for instance 

histamine, acetylcholine or bradykinin [576,585], even if stem villous arteries were able 

to significantly vasodilate under the exogenous application of prostacyclin I2 [591] or 

histamine [586].  

Prior studies investigating the vasoactive effects of extracellular nucleotides 

including adenosine in isolated human placental chorionic blood vessels and perfused 
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cotyledons have highlighted a reproducible and effective vasoconstriction response 

[475,478,523]. Despite of this, the vasoactive function of extracellular ATP in placental 

blood vessels has not been fully elucidated yet. A further investigation has highlighted 

that adenosine 5’-triphosphate elicits a vasoconstriction effect in superficial chorionic 

plate vessels originating from the human placenta [479]. By taking into account that 

extracellular ATP is quickly metabolised by releasable ectonucleotidases [592], a 

potential mechanism regulating the placental vasculature could involve the release of 

ATP into the feto-placental circulation, resulting in the synthesis of adenosine, which 

has been shown to possess a potent vasomotor property in isolated human chorionic 

vessel ring preparations and intact perfused cotyledons [473]. 

4.2 Hypothesis and aims 

The hypothesis of this study is that purinergic receptor agonists regulate the 

blood flow of the chorionic plate and stem villous vasculature of the human placenta 

given their known function in vasoconstriction and vasorelaxation via involving the 

P2X7 receptor in the humoral regulation of this placental vascular territory.  

The aims of this study were to:  

• Assess the vasoactive effects of sodium nitroprusside dihydrate in 

isolated human placenta chorionic plate artery originating from healthy 

patients 

• Investigate the vasoactive effects of riluzole in isolated human placenta 

chorionic plate artery originating from healthy and pre-eclamptic subjects 

• Evaluate the influence of the P2X7 receptor antagonist A740003 in 

U46619-induced vasoactive effects of isolated chorionic plate artery 

preparations originating from healthy volunteers 
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• Assess the influence of the P2X7 receptor antagonist A740003 in ATP-

induced vasoconstriction effects in the second and fourth order chorionic 

plate artery originating from healthy patients  

• Describe the vasoactive effects of ATP in the second order and resistance 

(<520μm internal diameter) chorionic plate artery by undertaking three 

consecutive ATP cumulative concentration curves (10-5M, 3.3*10-5M, 10-

4M, 3.3*10-4M, 10-3M, 3.3*10-3M, 10-2M) in the presence and absence of 

A740003 

• Characterise the vasoactive effects of ATP in isolated resistance CPA’s 

by undertaking three consecutive ATP cumulative concentration curves 

(10-3M, 3.3*10-3M and 10-2M) in the presence and absence of A740003 

• Investigate the vasoactive effects initiated by ATP in isolated resistance 

CPA’s using sequential applications of the nucleotide at concentrations of 

3.3*10-4M, 10-3M, 3.3*10-3M and 10-2M  

• Assess the vasoactive effects of ATP on isolated resistance CPA’s in the 

presence and absence of a 30mM and 40mM KPSS-induced elevation in 

the resting basal tone 

• Determine the vasoactive effects of the P2X7 receptor agonist BzATP in 

isolated resistance CPA’s 

• Characterise the vasoactive effects of BzATP on isolated resistance 

CPA’s in the presence and absence of a 30mM, 50mM and 70mM KPSS-

induced elevation in the resting basal tone 

• To characterise the vasoactive effects of ATP in isolated stem villous 

arteries originating from a metformin managed gestational diabetic patient 
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4.3 Results 

The methods used in this results chapter have been described in chapter 2.3-

2.5.  

4.3.1  Sodium nitroprusside dihydrate caused an effective 

vasorelaxation response in preconstricted chorionic 

plate arteries whereas riluzole elicited a limited 

vasoactive modulator capacity in adjacent human 

placental artery preparations of a healthy patient 

 The CPA’s isolated from a healthy placenta sample showed an effective 

vasodilation effect under the exogenous application of SNP, as highlighted in figure 

97, but also in the SNP log concentration-effect curve presented in figure 98. A 

significant vasodilation response under the exposure of SNP was recorded in this 

investigation highlighting a maximal vasorelaxation (Rmax) of 69.98% of the topmost 

U46619-induced vasoconstriction detected at the nitric oxide donor concentration of 

3.3*10-6M. Riluzole showed a limited capacity to induce a considerable vasorelaxation 

response which showed a maximal riluzole-induced vasodilation (Rmax) effect of 

13.06% of the topmost U46619-preconstriction at a concentration of 3.3*10-6M, as 

shown in figure 97 and figure 98. In this investigation, one CPA preparation was used 

as a time control which highlighted that an insubstantial vasorelaxation response 

(Rmax) was observed (maximal vasodilation of 17.26% relative to maximal U46619 

vasoconstriction) as shown in figures 97 and 98. Similarly, a separate CPA preparation 

was subjected to a vehicle control dimethyl sulfoxide (DMSO) which highlighted a 

maximal CPA vasorelaxation (Rmax) effect of 34.48% of topmost preconstriction to 
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U46619 at a concentration of 0.033% (v/v) of the total chamber volume as shown in 

figure 97 and figure 98. The maximal vasoconstriction elicited by KPSS (α) was 

186.04% of the topmost U46619-induced vasoconstriction as highlighted in figure 98, 

CPA 1. This preliminary wire myography study provides evidence that pre-constricting 

the isolated CPA’s with U46619 to a maximal cumulative concentration of 3.3*10-7M 

results in an effective vasorelaxation response to sodium nitroprusside dihydrate.  

 
 
Figure 97. Preliminary wire myography trace highlighting the vasoactive properties of 
riluzole (red trace), sodium nitroprusside (blue trace), time control (no drugs added) 
(green trace) and vehicle control (DMSO) (purple trace) evoked by isolated chorionic 
plate arteries originating from a healthy patient (T2665). In this case, the CPA’s were 
initially preconstricted using cumulative concentrations of the thromboxane A2 mimetic 
U46619 (10-10M to 3.3*10-7M) at approximately 3 to 10 minutes intervals. Black arrows 
highlight a considerable vasorelaxation response generated by SNP at concentrations 
ranging from 3.3*10-7M to 3.3*10-5M. Internal diameters of CPA’s were as follows: red 
trace 0.217mm, blue trace 0.219mm, green trace 0.248mm and purple trace 0.240mm 
Black dots denote drug additions to give indicated bath concentrations. Bar indicates 
the presence of the mentioned compound to the corresponding matching colour force 
myograph trace (with the exception of black colour which applies to all traces i.e. 
U46619) or physiological salt solution wash-out.  
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Figure 98. Vasoactive effects of U46619, riluzole, SNP, time control (no drugs added), 
vehicle control (DMSO) and 60mM KPSS initiated by isolated CPA’s originating from 
a healthy volunteer (T2665) A. Log concentration-effect curve elicited by U46619 
expressed as active effective pressure (AEP) (kPa), ID denotes internal diameter B. 
Nonlinear regression fit of log concentration-effect curve elicited by U46619 in CPA’s 
highlighting the determined U46619 EC50 values of all four CPA’s studied (illustrated 
by vertical discontinued lines) C. Log concentration-effect curve of riluzole, SNP, time 
control and vehicle control expressed as percentage AEP of maximal AEP to 3.3*10-

7M U46619 D. Nonlinear regression fit (three parameter logistic equation) of log 
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concentration-effect curve initiated by riluzole, SNP, time control and vehicle control 
highlighting a calculated SNP IC50 value of 4.717*10-8M (illustrated by a blue vertical 
discontinued line) and a determined riluzole IC50 value of 4.036*10-7M (highlighted by 
a red vertical discontinued line) E. Vasoconstriction induced by 60mM KPSS at the 
beginning KPSS (α) and completion KPSS (β) of the wire myography investigation 
presented as active effective pressure (kPa). 
 
4.3.2  The endothelium-independent dilator riluzole caused 

a limited vasorelaxation effect in preconstricted chorionic 

plate arteries of a healthy pregnancy case 

 All CPA vessels were preconstricted with U46619 (10-7M; approximate EC80) 

and relaxation measured in response to incremental concentrations of riluzole (10-9M 

to 3.3*10-5M). The initial U46619 concentration response curve used to evaluate the 

CPA contractile function and to determine an approximate U46619 EC80 

concentration. In this case, riluzole did not induce a notable vasorelaxation effect 

compared to time matched controls at the same timepoints (figure 99). 

 
 
Figure 99. Wire myography trace highlighting the vasoactive properties of riluzole in 
isolated chorionic plate arteries originating from a healthy patient (T2716). Following 
preconstruction with U46619, the red and violet recordings correspond to the time 
matched control (no drugs added). In this case, CPA’s were preconstricted with 
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U46619 (10-7M; approximate EC80). Internal diameters of CPA’s were as follows: red 
trace 0.216mm, blue trace 0.273mm, green trace 0.259mm and purple trace 
0.281mm. Black dots indicate drug additions to give indicated bath concentrations. 
Bar indicates the presence of the mentioned compound to the corresponding matching 
colour force myograph trace (with the exception of black colour which applies to all 
traces i.e. U46619) or physiological salt solution wash-out.  
 
4.3.3  The potent and selective P2X7 receptor antagonist 

A740003 may elicit a significant reduction of U46619-

induced vasoactive effects in isolated chorionic plate 

arteries of healthy placental samples 

 The modulation of U46619-induced vasoconstriction effects in the absence and 

presence of the P2X7 receptor antagonist A740003 was further investigated by 

acutely exposing n=4 second order and n=4 fourth order isolated CPA’s originating 

from N=4 healthy patients with the potent and selective P2X7 receptor antagonist and 

constructing three concentration-response curves for U46619 (one before and two 

after the A740003 incubation) as highlighted by figures 100-102. In this case, the first 

U46619 stimulation prior to A740003 incubation comprised of cumulative 

thromboxane A2 mimetic concentrations starting with 3.3*10-10M to 10-6M, which 

resulted in a concentration-dependent vasoconstriction effect in both second and 

fourth order CPA preparations. The U46619-induced vasoactive effects were used in 

determining an approximate U46619 EC80 and EC90 concentration, as highlighted in 

figure 103, panels A, B, C and D. The determined second order CPA U46619 EC50 

value was 4.182*10-8M and in the case of fourth order CPA, the calculated U46619 

EC50 value was 1.231*10-7M. The calculated second order CPA U46619 EC80 value 

was 1.672*10-7M and EC90 value was 3.763*10-7M (figure 103, panel C). However, the 

determined fourth order CPA U46619 EC80 value was 4.924*10-7M and EC90 value 
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was 1.107*10-6M (figure 103, panel D). Following the incubation of the isolated 

placental vessels with the P2X7 receptor antagonist, a second subsequent U46619 

stimulation with an approximate thromboxane A2 mimetic EC80 cumulative 

concentration was undertaken as presented in figures 133-135. The calculated second 

U46619 stimulation EC50 values were 7.615*10-8M in the case of second order CPA’s 

and 1.161*10-7M corresponding to fourth order CPA’s as highlighted in figure 103, 

panels C and D. After a thorough washout of compounds in the bath, a third U46619 

stimulation of all isolated placental vessels was performed using an approximate 

U46619 EC90 sequential cumulative concentration as shown in figure 103. The 

calculated third U46619 stimulation EC50 value was 1.100*10-7M in the case of second 

order CPA’s and 1.843*10-7M corresponding to the fourth order CPA’s (figure 103).  

 All of the U46619 cumulative concentration response curves were subjected to 

a Shapiro-Wilk normality test which highlighted that some of the data was not normally 

distributed. In the case of the first U46619 stimulation, the active effective pressure 

values corresponding to the second order CPA’s were normally distributed, with the 

exception of 10-8M (*P=0.0284). Considering the fourth order CPA’s, the data was 

normally distributed, with the exception of thromboxane A2 mimetic concentration of 

10-8M (*P=0.0286). Taking into account the second U46619 stimulation, the second 

order CPA data was normally distributed with the exception of 3.3*10-8M (*P=0.0175) 

and the fourth order CPA data was also normally distributed without the U46619 

concentrations corresponding to 3.3*10-10M (**P=0.0046), 10-9M (**P=0.0057),  

3.3*10-9M (**P=0.0058) and 10-8M (*P=0.0414). Furthermore, the active effective 

pressure data related to the third U46619 stimulation was normally distributed in the 

case of both second and fourth order CPA’s. In the case of the second order CPA’s, 

a two-way ANOVA test (****P<0.0001) with Geisser-Greenhouse correction (epsilon 
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0.9721) and Tukey’s multiple comparisons test was carried out at the same U46619 

concentration (ranging from 10-9M to 10-7M) between the first, second and third 

thromboxane A2 mimetic cumulative concentration-response curves which highlighted 

multiple statistically significant differences as presented in table 17. The statistical test 

showed that between the second and the third U46619 stimulations, there were no 

statistically significant differences. The same statistical test was undertaken again in 

the case of fourth order CPA’s between equivalent U46619 concentrations across all 

of the thromboxane A2 mimetic concentration response curves which revealed no 

statistically significant differences between all datasets as highlighted in table 18.  

The acute A740003 treatment of isolated second order CPA’s may potentially 

cause a change in the potency of U46619, as both concentration response curves 

corresponding to the second and third thromboxane A2 stimulations (after the 

incubation with the P2X7 antagonist) were notably rightward shifted. U46619 was circa 

1.82-fold less potent in the case of the second stimulation compared to the first 

challenge and approximately 1.44-fold less potent when comparing the third with the 

second stimulation. Considering the exposure of isolated fourth order CPA’s with 

A740003, the potency of U46619 following the incubation with the P2X7 receptor 

antagonist increased by approximately 1.06-fold between the second and first U46619 

stimulations. However, a substantial decrease in the potency of U46619 by circa 1.58-

fold was found when comparing the third with the second U46619 challenge.  

Following the completion of all U46619 concentration response curves, all 

placental vessels were thoroughly washed with PSS and challenged with 60mM KPSS 

to assess any significant vasoconstriction differences elicited between the second and 

the fourth order CPA preparations originating from the same placenta samples as 

highlighted in figure 104, panel A. A Shapiro-Wilk test highlighted that data was 
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normally distributed. A paired two-tailed T-test revealed no statistically significant 

differences between the two groups (P=0.9071).  

The calculated internal diameters of the second order CPA’s were 0.623±0.041 

and fourth order CPA’s were 0.183±0.015 (expressed as mean±SEM). A Shapiro-Wilk 

test highlighted that data was normally distributed, with an unpaired two-tailed T-test 

revealing that there was a statistically significant difference between the two groups 

(**P=0.0020) as shown in figure 104, panel B.  
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Figure 100. Wire myography traces highlighting the vascular action of the specific 
P2X7 receptor antagonist A740003 in isolated second and fourth order CPA’s 
originating from two healthy patients (T2775, T2776), which could result in a significant 
reduction of the vasoconstriction effect elicited by U46619 following an incubation of 
15-minutes with the antagonist A. Typical responses of chorionic plate artery 
preparations to cumulative additions of U46619 before and immediately after the 
incubation with A740003. Internal diameter of second order CPA was 0.602mm (red 
trace) and fourth order CPA was 0.218mm (green trace) B. Conventional U46619-
induced vasoconstriction effects prior and following the acute A740003 exposure of 
chorionic plate arteries.  Internal diameter of second order CPA was 0.553mm (red 
trace) and fourth order CPA was 0.184mm (green trace). Black dots indicate drug 
additions to give indicated bath concentrations. Bar denotes the presence of the 
mentioned compound or physiological salt solution wash-out.  

A 

B 



Chapter 4 – Pharmacological profile of vascular activity of human placental arteries 
 

 333 

 
 
Figure 101. Wire myography trace showing the U46619-induced vasoconstriction 
effects in the absence and presence of the P2X7 receptor antagonist A740003 elicited 
from second and fourth order isolated CPA’s originating from a healthy patient 
(T2788). Internal diameter of second order CPA was 0.745mm (green trace) and fourth 
order CPA was 0.187mm (violet trace). Black dots indicate drug additions to give 
indicated bath concentrations. Bar suggests the presence of the mentioned compound 
or physiological salt solution wash-out. 
 

 
 
Figure 102. Wire myography trace showing the U46619-induced vasoconstriction 
effects in the absence and presence of the P2X7 receptor antagonist A740003 elicited 
from second and fourth order isolated CPA’s originating from a healthy volunteer 
(T2789). Internal diameter of second order CPA was 0.595mm (blue trace) and fourth 
order CPA was 0.144mm (red trace). Black dots indicate drug additions to give 
indicated bath concentrations. Bar suggests the presence of the mentioned compound 
or physiological salt solution wash-out. 



Chapter 4 – Pharmacological profile of vascular activity of human placental arteries 
 

 334 

 
 
Figure 103. Vasoactive effects of U46619 before and after the incubation with 
A740003 initiated by isolated second and fourth order CPA’s originating from four 
healthy volunteers (T2775, T2776, T2788 and T2789) A. Log concentration-effect 
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curve elicited by U46619 in second order CPA’s expressed as active effective 
pressure (kPa) B. Log concentration-effect curve elicited by U46619 in fourth order 
CPA’s expressed as active effective pressure (kPa) C. Nonlinear regression fit of log 
concentration-effect curve elicited by U46619 in second order CPA’s highlighting the 
determined first U46619 stimulation EC50 value (illustrated by a red vertical 
discontinued line), second U46619 stimulation EC50 value (presented as a blue vertical 
discontinued line) and third U46619 stimulation EC50 value (shown as a green vertical 
discontinued line). The first U46619 stimulation EC80 and EC90 values are also 
presented D. Nonlinear regression fit of log concentration-effect curve elicited by 
U46619 in fourth order CPA’s highlighting the determined first U46619 stimulation 
EC50 value (illustrated by a red vertical discontinued line), second U46619 stimulation 
EC50 value (presented as a blue vertical discontinued line) and third U46619 
stimulation EC50 value (shown as a green vertical discontinued line). The first U46619 
stimulation EC80 and EC90 values are also shown. Data are expressed as mean±SEM. 
 

 
 
Figure 104. Vasoactive response of 60mM potassium physiological salt solution 
(KPSS) in isolated second and fourth order CPA’s originating from four healthy 
patients (T2775, T2776, T2788 and T2789) accompanied by the internal diameter of 
the placental vessel preparations A. The vasoconstriction effects elicited by 60mM 
KPSS in second and fourth order CPA’s expressed as active effective pressure (kPa) 
B. Internal diameter (mm) corresponding to the second and fourth order CPA’s. 
***P≤0.001; Data are expressed as mean±SEM. 
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 10-9M 3.3*10-9M 10-8M 3.3*10-8M 10-7M 
First 

U46619 
Stimulation 
vs. A740003 

+ Second 
U46619 

Stimulation 

*P=0.0269 *P=0.0309 ns 
P=0.0751 

ns 
P=0.0584 *P=0.0252 

First 
U46619 

Stimulation 
vs. Third 
U46619 

Stimulation 

*P=0.0323 **P=0.0036 *P=0.0249 *P=0.0312 ss 
P=0.0858 

A740003 + 
Second 
U46619 

stimulation 
vs. Third 

Stimulation 

ns 
P=0.2321 

ns 
P=0.3914 

ns 
P=0.8761 

ns 
P=0.7988 

ns 
P=0.9945 

 
Table 17. This table shows the results of Tukey’s multiple comparison test with 
regards to the correlation between the first, second and third U46619 stimulation of 
isolated second order CPA’s across the same concentration of the thromboxane A2 
mimetic highlighting the adjusted P values. Ns denotes not significant. *P≤0.05, 
**P≤0.01, ***P≤0.001, ****P≤0.0001. 
 

 10-9M 3.3*10-9M 10-8M 3.3*10-8M 10-7M 
First U46619 

Stimulation vs. 
A740003 + 

Second U46619 
Stimulation 

ns 
P=0.5961 ns P=0.6426 ns 

P=0.7146 
ns 

P=0.5302 
ns 

P=0.1693 

First U46619 
Stimulation vs. 
Third U46619 
Stimulation 

ns 
P=0.4692 ns P=0.4778 ns 

P=0.4329 
ns 

P=0.4210 
ns 

P=0.1957 

A740003 + 
Second U46619 
stimulation vs. 

Third 
Stimulation 

ns 
P=0.9207 ns P=0.8405 ns 

P=0.7670 
ns 

P=0.7756 
ns 

P=0.7621 

 
Table 18. This table shows the results of Tukey’s multiple comparison test with 
regards to the correlation between the first, second and third U46619 stimulation of 
isolated fourth order CPA’s across the same concentration of the thromboxane A2 
mimetic highlighting the adjusted P values. Ns denotes not significant. *P≤0.05, 
**P≤0.01, ***P≤0.001, ****P≤0.0001. 



Chapter 4 – Pharmacological profile of vascular activity of human placental arteries 
 

 337 

4.3.4  The P2X7 receptor antagonist A740003 elicited a 

desensitization effect of ATP-induced vasoconstriction in 

the second and fourth order chorionic plate arteries of 

healthy placental samples  

A preliminary wire myography experiment has also assessed the vasoactive 

effects of adenosine 5’-triphosphate on two isolated segments of fourth order chorionic 

plate arteries originating from a healthy patient as highlighted by the trace presented 

in figure 105. The first ATP stimulation of CPA’s with cumulative concentrations of the 

nucleotide ranging from 10-5M to 10-3M gave rise to spontaneous contractions of the 

fourth order CPA’s in a concentration-dependent manner. Following the incubation 

with A740003, the second ATP stimulation of the same placental blood vessel 

preparations was undertaken with cumulative concentrations of the nucleotide ranging 

between 10-5M to 10-3M which has resulted in a notably attenuated vasomotor 

response of both CPA’s as highlighted in figure 106, panel A. In this case, the maximal 

vasoconstriction effects elicited by ATP concentrations of 10-5M, 3.3*10-5M and 10-4M 

were below the baseline corresponding to the first ATP stimulation. Furthermore, the 

cumulative ATP concentrations of 3.3*10-4M and 10-3M gave rise to vasoconstriction 

responses which were reduced by more than 50% compared to the first ATP 

stimulation of the same placental vessels. The calculated ATP EC50 value was 

3.360*10-4M which corresponds to the first nucleotide stimulation of CPA’s and 

1.650*10-3M which correlates to the second ATP stimulation as highlighted in figure 

106, panel B. The potency of ATP following the incubation with the P2X7 receptor 

antagonist notably decreased by approximately 4.91-fold when comparing the second 

with the first nucleotide stimulations of CPA’s, denoting that A740003 may give rise to 
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a considerable reduction in ATP-induced vasoactive effects in the isolated placental 

blood vessels. In this case, the internal diameter of the two CPA’s was 0.120mm and 

0.217mm. 

 
 
Figure 105. Wire myography trace showing the ATP-induced vasoconstriction effects 
in the absence and presence of the P2X7 receptor antagonist A740003 elicited from 
isolated fourth order CPA’s originating from a healthy volunteer (T2768). The internal 
diameter of the fourth order CPA’s was 0.120mm (red trace) and 0.217mm (violet 
trace). Black dots indicate drug additions to give indicated bath concentrations. Bar 
suggests the presence of the mentioned compound or physiological salt solution 
wash-out.  
 

 
 
Figure 106. Vasoactive effects of ATP before and after the incubation with A740003 
initiated by isolated fourth order CPA’s originating from a healthy volunteer (T2768) A. 
Log concentration-effect curve elicited by ATP in fourth order CPA’s expressed as 
percentage active effective pressure (AEP) of maximal AEP to 60mM KPSS B. 
Nonlinear regression fit (three parameter logistic equation) of log concentration-effect 
curve initiated by ATP in fourth order CPA’s highlighting the determined first ATP 
stimulation EC50 value (presented as a red vertical discontinued line) and second ATP 
stimulation EC50 value (illustrated as a blue vertical discontinued line). Data are 
expressed as mean±SEM.  
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 The ATP-induced vasoconstriction effects in the absence and presence of the 

P2X7 receptor antagonist A740003 elicited by second (n=4) and fourth order (n=4) 

isolated CPA’s originating from healthy patients (N=4) are further presented in the wire 

myography traces shown in figures 107-108. Adenosine 5’-triphosphate contracts 

isolated CPA’s in a concentration-dependent manner, especially in the absence of 

A740003 as highlighted in figure 109, panel C. The nucleotide gave rise to 

spontaneous maximal contractions that were close to 60% of the U46619 standard at 

cumulative concentrations ranging from 10-5M to 3.3*10-4M in the case of second order 

CPA’s without the presence of the P2X7 receptor antagonist. However, fourth order 

CPA’s gave rise to progressively increased vasoconstriction responses starting with a 

cumulative concentration of 10-5M until 10-3M in the absence of A740003. Following 

the incubation of second order CPA’s with A740003, the ATP-induced maximal 

vasoconstriction effects decreased by approximately 40%, with the concentration 

response curve becoming flat which may denote a loss of efficacy of the nucleotide. 

Similarly, after the acute exposure of isolated fourth order CPA’s with the P2X7 

receptor antagonist, the maximal ATP-induced vasoconstriction effects were below 

the first ATP stimulation baseline, particularly at the concentrations of 10-5M, 3.3*10-

5M and 10-4M as highlighted by figure 109, panel C. In this case, further cumulative 

ATP concentrations of 3.3*10-4M and 10-3M elicited maximal vasoconstriction effects 

of approximately 1% and 10% respectively. In both cases of second and fourth order 

CPA’s, the ATP concentration response curves were notably displaced downwards 

following the incubation of the placental vessel preparations with the P2X7 receptor 

antagonist A740003.  
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 All of the ATP cumulative concentration response curves were subjected to a 

Shapiro-Wilk normality test which highlighted that some of the data was not normally 

distributed as highlighted in table 19. A two-way ANOVA test (P=0.0873) with Geisser-

Greenhouse correction (epsilon 0.3533) and Tukey’s multiple comparisons test were 

undertaken between all of the ATP concentrations between all concentration response 

curves and highlighted no statistically significant differences. The same test was 

repeated again between all of the cumulative concentrations of ATP corresponding to 

each of the concentration-response curves separately. The test highlighted multiple 

statistically significant differences between 10-5M vs. 10-3M (*P=0.0217), 10-4M vs. 10-

3M (*P=0.0314) and 3.3*10-4M vs. 10-3M (*P=0.0275) in the case of the first ATP 

stimulation of fourth order CPA’s as highlighted in figure 109, panel C. All of the 

U46619 cumulative concentration response curves were also subjected to a Shapiro-

Wilk normality test which highlighted that all of the data was normally distributed with 

the exception of 3.3*10-10M U46619 (*P=0.0264) corresponding to the fourth order 

CPA’s. A two-way ANOVA test (*P=0.0163) with Geisser-Greenhouse correction 

(epsilon 0.1623) and Sidak’s multiple comparisons test were undertaken at the same 

U46619 concentration (ranging from 3.3*10-10M to 10-6M) between the cumulative 

concentration-response curves of the second and fourth order CPA’s which 

highlighted no statistically significant differences between the two groups. 

Furthermore, the same statistical test was undertaken again with Tukey’s multiple 

comparison tests separately between all of the U46619 cumulative concentrations in 

the case of both second and fourth order CPA’s, which highlighted no statistically 

significant differences (figure 109, panel A). The determined U46619 EC50 value in the 

case of the second order CPA’s was 5.134*10-8M and fourth order CPA’s was 

1.585*10-7M as highlighted in figure 109, panel B. The calculated active effective 
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pressures (kPa) corresponding to 60mM KPSS vasoconstriction effects elicited by 

second and fourth order CPA’s were subjected to a Shapiro-Wilk test which highlighted 

that the data was normally distributed. A two-tailed paired T-test was undertaken 

between the 60mM KPSS vasoactive responses corresponding to the second and 

fourth order CPA’s which highlighted no statistically significant differences (P=0.6832) 

as presented in figure 109, panel D. The calculated internal diameter distances (mm) 

corresponding to the second and fourth order CPA’s were also subjected to a Shapiro-

Wilk test which highlighted that the data was normally distributed. A two-tailed 

unpaired T-test was undertaken between the internal diameter of the second and 

fourth order CPA’s which highlighted no statistically significant differences (P=0.0561) 

between the two groups as illustrated in figure 109, panel E. In this case, the internal 

diameter of the isolated second order CPA’s was 0.540±0.110 mm and fourth order 

CPA’s was 0.210±0.022 mm (expressed as mean ± SEM).  
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Figure 107. Wire myography traces showing adenosine 5’-triphosphate-induced 
vasoconstriction responses in the absence and presence of A740003 using isolated 
second (blue trace) and fourth (purple trace) order CPA’s originating from two healthy 
patients (T2775 and T2776) A. Typical vasoactive effects of ATP generated before 
and after the incubation with A740003 by isolated chorionic plate artery preparations 
of a healthy patient. Internal diameter of the second order CPA was 0.268mm (blue 
trace) and fourth order CPA was 0.240mm (purple trace) B. Conventional ATP-
induced vasoconstriction effects elicited prior and immediately following the acute 
incubation with the P2X7 receptor antagonist A740003 originating from CPA’s of a 
healthy patient. Internal diameter of the second order CPA was 0.741mm (blue trace) 
and fourth order CPA was 0.255mm (purple trace). Black dots indicate drug additions 
to give indicated bath concentrations. Bar suggests the presence of the mentioned 
compound or physiological salt solution wash-out. 
 

A 

B 
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Figure 108. Wire myography trace highlighting ATP-induced vasoconstriction 
responses in the absence and presence of A740003 using isolated second and fourth 
order CPA’s originating from a healthy patient (T2788). Internal diameter of the second 
order CPA was 0.699mm (red trace) and fourth order CPA was 0.162mm (blue trace). 
Black dots indicate drug additions to give indicated bath concentrations. Bar suggests 
the presence of the mentioned compound or physiological salt solution wash-out. 
 

 
 
Figure 109. Wire myography trace highlighting ATP-induced vasoconstriction 
responses in the absence and presence of A740003 using isolated second and fourth 
order CPA’s originating from a healthy patient (T2789). Internal diameter of the second 
order CPA was 0.450mm (purple trace) and fourth order CPA was 0.183mm (green 
trace). Black dots indicate drug additions to give indicated bath concentrations. Bar 
suggests the presence of the mentioned compound or physiological salt solution 
wash-out. 
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Figure 110. Vasoactive effects of ATP before and after the incubation with A740003 
initiated by isolated second and fourth order CPA’s originating from four healthy 
volunteers A. Log concentration-effect curve elicited by U46619 in second and fourth 
order CPA’s expressed as active effective pressure (kPa) B. Nonlinear regression fit 
of log concentration-effect curve elicited by U46619 in second and fourth order CPA’s 
highlighting the determined U46619 EC50 values (presented as a red vertical 
discontinued line – second order CPA’s and illustrated as a blue vertical discontinued 
line – fourth order CPA’s) C. Vasoconstriction effects elicited by ATP in second and 
fourth order CPA’s prior and following the incubation with A740003 D. 
Vasoconstriction responses initiated by 60mM KPSS in second and fourth order CPA’s 
expressed as active effective pressure E. Internal diameter (mm) of second and fourth 
order CPA’s. Data are expressed as mean±SEM. *P≤0.05, **P≤0.01, ***P≤0.001, 
****P≤0.0001.  
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   First ATP stimulation A740003 + Second ATP 
stimulation 

   Second 
order CPA's 

Fourth 
order 
CPA's 

Second 
order CPA's 

Fourth 
order 
CPA's 

ATP 
concentration 

10-5M 

Passed 
normality 

test 
No Yes  No Yes 

P value **P=0.0061 P=0.7267 *P=0.0150 P=0.7482 

3.3*10-5M 

Passed 
normality 

test 
No  Yes  No Yes 

P value *P=0.0158 P=0.8226 *P=0.0151 P=0.8061 

10-4M  

Passed 
normality 

test 
No Yes  No Yes 

P value *P=0.0263 P=0.7301 *P=0.0144 P=0.5159 

3.3*10-4M 

Passed 
normality 

test 
No Yes  No Yes  

P value *P=0.0377 P=0.9934 *P=0.0228 P=0.2638 

10-3M 

Passed 
normality 

test 
No Yes No  Yes 

P value *P=0.0493 P=0.0845 **P=0.0050 P=0.1958 
 
Table 19. This table shows the results of Shapiro-Wilk test corresponding to all of the 
ATP cumulative concentration response curves. *P≤0.05, **P≤0.01, ***P≤0.001, 
****P≤0.0001. 
 
4.3.5  Adenosine 5’-triphosphate concentration response 

curves were notably displaced downwards in subsequent 

nucleotide challenges of second order CPA’s in the 

presence and absence of A740003     

The vasoactive action of ATP was further investigated in n=2 second order 

CPA’s originating from a healthy patient by undertaking three consecutive ATP 

cumulative concentration response curves and incubating the placental vessel 

preparations with A740003 either before the second or third ATP stimulation as 

highlighted in the wire myography trace shown in figure 111. The first ATP stimulation 

of CPA’s gave rise to an almost plateaued vasoconstriction effect that barely reached 



Chapter 4 – Pharmacological profile of vascular activity of human placental arteries 
 

 346 

10% of the maximal U46619 standard. Following the incubation of CPA’s with 

A740003, the subsequent second and third ATP concentration response curves were 

notably attenuated and displaced downwards, with the vasoactive effects elicited by 

the nucleotide taking place below the baseline corresponding to the first ATP 

stimulation as presented in figure 112, panel A. Similar ATP vasoactive effects were 

elicited by placental blood vessel preparations following a second ATP stimulation in 

the absence of A740003, with the efficacy of ATP becoming very noticeably decreased 

as highlighted by figure 112, panel B. In this case, the third ATP stimulation in the 

presence of A740003 gave rise to an almost superimposed ATP concentration 

response curve with reference to the second ATP stimulation (absence of A740003), 

with both second and third ATP stimulations induced vasoactive responses taking 

place below the baseline corresponding to the first ATP stimulation as presented in 

figure 112, panel B.  

The calculated U46619 EC50 value was 3.602*10-8M. The internal diameter of 

the n=2 CPA’s studied was 0.543 and 0.326 mm. All CPA preparations were exposed 

to a 123mM KPSS challenge at the end of the wire myography experiment which 

elicited an active effective pressure of 4.340 and 6.190 kPa.  
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Figure 111. Wire myography traces highlighting ATP-induced vasoconstriction 
responses in the absence and presence of A740003 using isolated second order 
CPA’s originating from a healthy patient (T2806). Internal diameter of second order 
CPA’s was 0.543mm (red trace) and 0.326mm (blue trace). Black dots indicate drug 
additions to give indicated bath concentrations. Bar suggests the presence of the 
mentioned compound to the corresponding matching colour force myograph trace 
(with the exception of black colour which applies to all traces) or physiological salt 
solution wash-out.  
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Figure 112. Vasoactive effects of ATP before and after the incubation with A740003 
initiated by isolated second order CPA’s originating from a healthy volunteer (T2806) 
A. Log concentration-effect curves elicited by ATP prior and following the incubation 
with A740003. In this case, the CPA’s were incubated with the P2X7 receptor 
antagonist before the second ATP stimulation B. Log concentration-effect curves 
elicited by ATP prior and following the incubation with A740003. Here, the CPA’s were 
incubated with the P2X7 receptor antagonist before the third ATP stimulation C. Log 
concentration-effect curve elicited by U46619 in second order CPA’s expressed as 
active effective pressure (kPa) D. Nonlinear regression fit of log concentration-effect 
curve elicited by U46619 in second order CPA’s highlighting the determined U46619 
EC50 value (illustrated as a red vertical discontinued line). Data are expressed as 
mean±SEM.  
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4.3.6  Repeated cumulative additions of ATP gave rise to a 

progressively reduced vasomotor response in the presence 

and absence of the P2X7 receptor antagonist A740003  

The same wire myography protocol was used in assessing the vasoactive 

effects of ATP in the presence and absence of A740003 using isolated resistance 

CPA’s (internal diameter of less than 520μm) originating from 5 healthy patients as 

presented in figures 113-115. In this case, n=10 CPA’s originating from N=5 volunteers 

were exposed to the exogenic application of the nucleotide which evoked 

concentration-dependent contractions, particularly in the case of the first ATP 

stimulation of the placental blood vessel preparations as highlighted by figure 116, 

panels A and C.  The second ATP stimulation (without A740003 incubation) of CPA’s 

gave rise to a notably attenuated concentration response curve with maximal 

vasoconstriction responses which plateaued at approximately less than 20% of the 

U46619 standard, implying a major loss in the efficacy of the nucleotide, as illustrated 

in figure 116, panel A. The third ATP stimulation (in the presence of A740003) gave 

rise to a plateaued ATP concentration response curve that was notably displaced 

downwards demonstrating again a further reduction in contractions evoked by 

adenosine 5’-triphosphate when the P2X7 receptor antagonist was present. The 

determined ATP EC50 values were 7.624*10-5M (corresponding to the first ATP 

stimulation), 2.059*10-4M (corresponding to the second ATP stimulation) and 

1.436*10-4M (corresponding to A740003 + Third ATP stimulation) as presented in 

figure 116, panel B.  

 However, following the incubation of CPA’s with A740003, the second ATP 

stimulation of the placental blood vessel preparations gave rise to a concentration-
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dependent vasoconstriction effect particularly between 10-5M to 3.3*10-3M, giving rise 

to a notably downward shifted concentration response curve as highlighted in figure 

116, panel C. In this case, the ATP cumulative concentration of 10-2M gave rise to a 

particularly decreased maximal vasoconstriction response compared to 3.3*10-3M 

concentration, implying a marked loss of ATP efficacy. A third ATP stimulation of the 

same CPA preparations gave rise to a slightly downward shifted, almost 

superimposed concentration response curve compared to the second ATP stimulation 

as highlighted in figure 116, panel C. In this case, the determined ATP EC50 values 

were 3.068*10-5M (corresponding to the first ATP stimulation), 1.956*10-4M (initiated 

by A740003 + second ATP stimulation) and 1.361*10-4M (corresponding to the third 

ATP stimulation) as presented in figure 116, panel D. 

 All of the ATP cumulative concentration response curves were subjected to a 

Shapiro-Wilk normality test which highlighted that some of the data was not normally 

distributed as highlighted in table 20 and table 21. A two-way ANOVA test 

(***P=0.0001) with Geisser-Greenhouse correction (epsilon 0.5586) and Tukey’s 

multiple comparison tests were undertaken at the same ATP concentration between 

all of the concentration response curves where A740003 was incubated with the 

isolated CPA’s immediately before the third ATP stimulation and highlighted no 

statistically significant differences. In this case, the same test was repeated again 

separately between all of ATP concentrations of each of the concentration response 

curves and highlighted a single statistically significant difference (*P=0.0388) between 

the nucleotide concentrations of 10-3M and 10-2M corresponding to the second ATP 

stimulation (without A740003 incubation) as highlighted in figure 116, panel A.   

 A two-way ANOVA test (****P<0.0001) with Geisser-Greenhouse correction 

(epsilon 0.5315) and Tukey’s multiple comparison tests were carried out at the same 
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ATP concentration across all of the concentration response curves where the P2X7 

receptor antagonist was incubated with the chorionic plate arteries immediately before 

the second ATP stimulation which revealed a single statistically significant difference 

at 10-2M ATP concentration between the first ATP stimulation vs. A740003 + second 

ATP stimulation (**P=0.0067) as highlighted in table 22 and figure 116, panel C. In 

this case, the same statistical test was undertaken again between all of the 

concentrations of each of the ATP cumulative concentration response curves which 

revealed no statistically significant differences across all groups. The active effective 

pressure data corresponding to a single application of U46619 at a concentration of 

3.3*10-7M elicited by n=10 CPA’s originating from N=5 healthy patients was also 

subjected to a Shapiro-Wilk normality test which highlighted that all of the data was 

normally distributed (P=0.6718). In this case U46619 gave rise to an active effective 

pressure of 4.980±1.017 kPa (mean±SEM) as highlighted in figure 116, panel E. 

Similarly, the active effective pressure data corresponding to a single application of 

123mM KPSS elicited by n=10 CPA’s originating from N=5 healthy volunteers was 

also subjected to a Shapiro-Wilk normality test which highlighted that all of the data 

was normally distributed (P=0.3223). Furthermore, 123mM KPSS elicited an active 

effective pressure of 4.143±0.963 kPa (mean±SEM) as presented in figure 116, panel 

E.  
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Figure 113. Wire myography trace highlighting ATP-induced vasoconstriction 
responses in the absence and presence of A740003 using isolated resistance CPA’s 
originating from a healthy patient (T2806). Internal diameter of CPA’s was 0.219mm 
(green trace) and 0.185mm (purple trace). Black dots indicate drug additions to give 
indicated bath concentrations. Bar denotes the presence of the mentioned compound 
to the corresponding matching colour force myograph trace (with the exception of 
black colour which applies to all traces) or physiological salt solution wash-out.  
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Figure 114. Wire myography traces highlighting ATP-induced vasoconstriction 
responses in the absence and presence of A740003 using isolated resistance CPA’s 
originating from two healthy patients (T2809 and T2810) A. Typical vasoactive effects 
of ATP generated before and after the incubation with A740003 by isolated chorionic 
plate artery preparations of a healthy patient (T2809). Internal diameter of CPA’s was 
0.170mm (red trace) and 0.145mm (blue trace) B. Conventional ATP-induced 
vasoconstriction effects elicited prior and immediately following the acute incubation 
with the P2X7 receptor antagonist A740003 originating from CPA’s of a healthy patient 
(T2810). Internal diameter CPA’s was 0.207mm (green trace) and 0.204mm (purple 
trace). Black dots indicate drug additions to give indicated bath concentrations. Bar 
suggests the presence of the mentioned compound to the corresponding matching 
colour force myograph trace (with the exception of black colour which applies to all 
traces) or physiological salt solution wash-out.  

A 

B 
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Figure 115. Wire myography traces highlighting ATP-induced vasoconstriction 
responses in the absence and presence of A740003 using isolated resistance CPA’s 
originating from two healthy patients (T2812 and T2813) A. Typical vasoactive effects 
of ATP generated before and after the incubation with A740003 by isolated chorionic 
plate artery preparations of a healthy patient (T2812). Internal diameter of CPA’s was 
0.149mm (red trace) and 0.242mm (blue trace) B. Conventional ATP-induced 
vasoconstriction effects elicited prior and immediately following the acute incubation 
with the P2X7 receptor antagonist A740003 originating from CPA’s of a healthy patient 
(T2813). Internal diameter CPA’s was 0.143mm (green trace) and 0.128mm (purple 
trace). Black dots indicate drug additions to give indicated bath concentrations. Bar 
suggests the presence of the mentioned compound to the corresponding matching 
colour force myograph trace (with the exception of black colour which applies to all 
traces) or physiological salt solution wash-out.  

A 

B 
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   First ATP 
stimulation  

Second ATP 
stimulation 

A740003+Third 
ATP stimulation 

ATP 
concentration 

10-5M 

Passed 
normality 

test 
Yes Yes Yes 

P value P=0.2947 P=0.5664 P=0.2118 

3.3*10-5M 

Passed 
normality 

test 
No  Yes Yes 

P value **P=0.0017 P=0.8934 P=0.5181 

10-4M  

Passed 
normality 

test 
No  Yes No 

P value ***P=0.0006 P=0.9518 **P=0.0035 

3.3*10-4M 

Passed 
normality 

test 
Yes Yes No 

P value P=0.8412 P=0.7869 **P=0.0021 

10-3M 

Passed 
normality 

test 
Yes Yes No 

P value P=0.7360 P=0.1149 *P=0.0401 

3.3*10-3M 

Passed 
normality 

test 
Yes  Yes Yes 

P value P=0.4611 P=0.6401 P=0.1015 

10-2M 

Passed 
normality 

test 
Yes  Yes Yes 

P value P=0.1972 P=0.3244 P=0.1682 
 
Table 20. This table shows the results of a Shapiro-Wilk test corresponding to all of 
the ATP cumulative concentration response curves where the P2X7 receptor 
antagonist was incubated with the CPA’s just before the third ATP stimulation. 
*P≤0.05, **P≤0.01, ***P≤0.001, ****P≤0.0001. 
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   First ATP 
stimulation  

A740003 + 
Second ATP 
stimulation  

Third ATP 
stimulation  

ATP 
concentration 

10-5M 

Passed 
normality 

test 
No Yes Yes  

P value **P=0.0027 P=0.2887 P=0.7820 

3.3*10-5M 

Passed 
normality 

test 
Yes Yes Yes  

P value P=0.0855 P=0.4062 P=0.7143 

10-4M  

Passed 
normality 

test 
No Yes Yes  

P value *P=0.0287 P=0.1779 P=0.5827 

3.3*10-4M 

Passed 
normality 

test 
Yes Yes Yes  

P value P=0.1417 P=0.4681 P=0.1651 

10-3M 

Passed 
normality 

test 
Yes Yes Yes  

P value P=0.1235 P=0.8317 P=0.7112 

3.3*10-3M 

Passed 
normality 

test 
Yes Yes Yes  

P value P=0.3358 P=0.0597 P=0.4223 

10-2M 

Passed 
normality 

test 
Yes Yes Yes 

P value P=0.1981 P=0.4897 P=0.7773 
 
Table 21. This table shows the results of a Shapiro-Wilk test corresponding to all of 
the ATP cumulative concentration response curves where the P2X7 receptor 
antagonist was incubated with the CPA’s just before the second ATP stimulation. 
*P≤0.05, **P≤0.01, ***P≤0.001, ****P≤0.0001. 
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10-5M 3.3*10-5M 10-4M 3.3*10-4M 10-3M 3.3*10-3M 10-2M 

First ATP 
stimulation 

vs A740003 + 
Second ATP 
stimulation 

P=0.3146 P=0.1659 P=0.3020 P=0.2453 P=0.1585 P=0.0748 **P=0.0067 

First ATP 
stimulation 

vs Third ATP 
stimulation 

P=0.3013 P=0.1819 P=0.3214 P=0.2838 P=0.2096 P=0.1342 P=0.0501 

A740003 + 
Second ATP 
stimulation 

vs Third ATP 
stimulation 

P=0.6421 P=0.8303 P=0.9486 P=0.9820 P=0.7351 P=0.8545 P=0.7545 

 
Table 22. This table shows the results of a two-way ANOVA test with Geisser-
Greenhouse correction and Tukey’s multiple comparison tests which was carried out 
at the same ATP concentration across all of the concentration response curves where 
the P2X7 receptor antagonist was incubated with the chorionic plate arteries 
immediately before the second ATP stimulation. *P≤0.05, **P≤0.01, ***P≤0.001, 
****P≤0.0001. 
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Figure 116. Vasoactive effects of ATP before and after the incubation with A740003 
initiated by isolated resistance CPA’s originating from 5 healthy volunteers A. Log 
concentration-effect curves elicited by ATP prior and following the incubation with 
A740003. In this case, the CPA’s were incubated with the P2X7 receptor antagonist 
before the third ATP stimulation B. Nonlinear regression fit (three parameter logistic 
equation) of log concentration-effect curve initiated by ATP highlighting the calculated 
ATP EC50 values (first ATP stimulation – illustrated as a red vertical discontinued line 
, second ATP stimulation – presented as a blue vertical discontinued line and A740003 
+ Third ATP stimulation – shown as a green vertical discontinued line). In this case, 
the CPA’s were incubated with the P2X7 receptor antagonist before the third ATP 

-5 -4 -3 -2 -1-50

0

50

100

150

Log10 [ATP] M

%
 A

E
P

 (o
f m

ax
. A

E
P

 to
 

3.
3*

10
-7

 M
 U

46
61

9)

First ATP stimulation ( EC50=7.624*10-5M, R2=0.0136) 

Second ATP stimulation ( EC50=2.059*10-4M, R2=0.077)

A740003 + Third ATP stimulation (EC50=1.436*10-4M, R2=0.074)

A

C

E

B

D
-5 -4 -3 -2 -1

-50

0

50

100

150

Log10 [ATP] M

%
 A

E
P

 (o
f m

ax
. A

E
P

 to
 

3.
3*

10
-7

 M
 U

46
61

9)

First ATP stimulation (EC50=3.068*10-5M, R2=0.039)

A740003 + Second ATP stimulation (EC50=1.956*10-4M, R2=0.272)

Third ATP stimulation (EC50=1.361*10-4M, R2=0.156)

3.3
*1

0
-7 M U

46
61

9

12
3m

M K
PSS

0

2

4

6

8

Vasocontractile agent

A
ct

iv
e 

E
ff

ec
tiv

e 
P

re
ss

ur
e 

(k
P

a)

-5 -4 -3 -2 -1-20

0

20

40

60

80

100

120

Log10 [ATP] M

%
 A

E
P

 (o
f m

ax
. A

E
P

 to
 

3.
3*

10
-7

 M
 U

46
61

9)
 

First ATP stimulation

Second ATP stimulation

A740003 + Third ATP stimulation

*P=0.0388

-5 -4 -3 -2 -1-20

0

20

40

60

80

100

120

Log10 [ATP] M

%
 A

E
P

 (o
f m

ax
. A

E
P

 to
 

3.
3*

10
-7

 M
 U

46
61

9)
 

First ATP stimulation

A740003 + Second ATP stimulation

Third ATP stimulation

**P=0.0067



Chapter 4 – Pharmacological profile of vascular activity of human placental arteries 
 

 359 

stimulation C. Log concentration-effect curves elicited by ATP prior and following the 
incubation with A740003. Here, the CPA’s were incubated with the P2X7 receptor 
antagonist before the second ATP stimulation D. Nonlinear regression fit (three 
parameter logistic equation) of log concentration-effect curve initiated by ATP 
highlighting the calculated ATP EC50 values (first ATP stimulation – illustrated as a red 
vertical discontinued line, A740003 + Second ATP stimulation – presented as a blue 
vertical discontinued line and third ATP stimulation – shown as a green green vertical 
discontinued line). In this case, the CPA’s were incubated with the P2X7 receptor 
antagonist before the second ATP stimulation. E. Vasoconstriction effects initiated by 
the exogenous application of U46619 (3.3*10-7M) and 123mM KPSS by resistance 
CPA’s expressed as active effective pressure (kPa). *P≤0.05, **P≤0.01, ***P≤0.001, 
****P≤0.0001; Data are expressed as mean±SEM.  
 
4.3.7 Adenosine 5’-triphosphate gives rise to spontaneous 

progressively attenuated contractions of human placental 

chorionic plate artery preparations with increasing 

nucleotide cumulative concentrations in the presence and 

absence of the P2X7 receptor antagonist A740003 

 The vascular action of adenosine 5’-triphosphate on isolated resistance CPA’s 

originating from N=3 healthy patients in the presence (n=6 CPA’s) and absence (n=6 

CPA’s) of an acute incubation with the P2X7 receptor antagonist A740003 was further 

investigated using three cumulative ATP concentrations (10-3M, 3.3*10-3M and 10-2M) 

as highlighted in the wire myography traces illustrated in figures 117-119. The 

nucleotide elicited spontaneous vasoconstrictions of the placental blood vessel 

preparations that became progressively attenuated with increasing ATP cumulative 

concentrations as presented in figure 120, panels A and B. The first ATP stimulation 

without the presence of A740003 gave rise to a maximal vasoconstriction effect which 

was higher compared to the ATP-induced vasoconstriction responses in the presence 

of the P2X7 receptor antagonist at all cumulative concentrations of the nucleotide as 

shown in figure 120, panels A and B. The second ATP stimulation of the CPA’s which 
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have either been incubated or not incubated with A740003 gave rise to a similar 

vasoconstriction effect that was notably attenuated, resulting in almost flat 

concentration response curves, denoting a loss in the efficacy of the nucleotide and a 

potential desensitization effect taking place as highlighted by figure 120, panels A and 

B. In this case, the maximal ATP-induced vasoconstriction response elicited was less 

than 10% of the U46619 standard at a concentration of 10-3M. A Shapiro Wilk test 

highlighted that the active effective pressure data corresponding to the first and 

second ATP stimulations without the A740003 incubation of CPA’s was normally 

distributed. A two-way ANOVA test (*P=0.0455) with Geisser-Greenhouse correction 

(epsilon 0.7366) and Sidak’s multiple comparison tests between the first and second 

ATP stimulations at the same concentrations of the nucleotide highlighted no 

statistically significant differences between the two groups. The same test was 

undertaken again with Tukey’s multiple comparison tests between all of the ATP 

concentrations of each of the nucleotide cumulative concentration curves and 

highlighted no statistically significant differences. In the case in which CPA’s were 

initially incubated with A740003, a Shapiro-Wilk test highlighted that the active 

effective pressure data corresponding to the ATP-induced vasoconstriction effects 

was normally distributed with the exception of 10-3M corresponding to the first ATP 

stimulation (**P=0.0019). A Sidak’s multiple comparisons test between the first and 

second ATP stimulations at the same nucleotide concentration revealed a single 

statistically significant difference of *P=0.0333 corresponding to 3.3*10-3M as 

highlighted in figure 120, panel B. Furthermore, Tukey’s multiple comparison tests 

revealed no statistically significant differences between all of the concentrations of 

each of the first and second ATP stimulations, in the case of CPA preparations which 

have initially been incubated with the P2X7 receptor antagonist. All CPA preparations 
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were also exposed to an initial U46619 challenge at the start of the wire myography 

experiment (first U46619 stimulation) and a final U46619 challenge at the end of the 

functional assessment (second U46619 stimulation) which were further subdivided 

into two categories of placental arteries that have been exposed or have not been 

exposed to A740003 as highlighted in figure 120, panel C. A Shapiro-Wilk test 

highlighted in this case that data was normally distributed. A two-way ANOVA test 

(***P=0.0002) and Sidak’s multiple comparisons test was undertaken between the first 

and second U46619 stimulations which revealed multiple statistically significant 

differences as follows: **P=0.0035 (corresponding to CPA’s which have been exposed 

to A740003) and **P=0.0042 (corresponding to placental blood vessel preparations 

which have not been exposed to A740003) as presented in figure 120, panel C. The 

internal diameter of all isolated chorionic plate artery preparations was 

0.1661±0.014mm (mean±SEM).  
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Figure 117. Wire myography traces highlighting ATP-induced vasoconstriction 
responses in the absence and presence of A740003 using isolated resistance CPA’s 
originating from two healthy patients (T2825 and T2826) A. Typical vasoactive effects 
of ATP generated after the incubation with A740003 by isolated chorionic plate artery 
preparations of a healthy patient (T2825). Internal diameter of CPA’s was 0.212mm 
(green trace) and 0.205mm (purple trace) B. Conventional ATP-induced 
vasoconstriction effects originating from CPA’s of a healthy patient (T2826) following 
the incubation with A740003. Internal diameter CPA’s was 0.178mm (green trace) and 
0.112mm (purple trace). Black dots indicate drug additions to give indicated bath 
concentrations. Bar suggests the presence of the mentioned compound or 
physiological salt solution wash-out. 
 

A 

B 
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Figure 118. Wire myography traces highlighting ATP-induced vasoconstriction 
responses in the absence and presence of A740003 using isolated resistance CPA’s 
originating from two healthy patients (T2828 and T2825) A. Typical vasoactive effects 
of ATP generated after the incubation with A740003 by isolated chorionic plate artery 
preparations of a healthy patient (T2828). Internal diameter of CPA’s was 0.144mm 
(green trace) and 0.150mm (purple trace) B. Conventional ATP-induced 
vasoconstriction effects originating from CPA’s of a healthy patient (T2825). Internal 
diameter CPA’s was 0.102mm (red trace) and 0.256mm (blue trace). Black dots 
indicate drug additions to give indicated bath concentrations. Bar suggests the 
presence of the mentioned compound or physiological salt solution wash-out.  
 
 

A 

B 
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Figure 119. Wire myography traces highlighting ATP-induced vasoconstriction 
responses in the absence of A740003 using isolated resistance CPA’s originating from 
two healthy patients (T2826 and T2828) A. Typical vasoactive effects of ATP 
generated by isolated chorionic plate artery preparations of a healthy patient (T2826). 
Internal diameter of CPA’s was 0.179mm (red trace) and 0.201mm (blue trace) B. 
Conventional ATP-induced vasoconstriction effects originating from CPA’s of a 
healthy patient (T2828). Internal diameter CPA’s was 0.095mm (red trace) and 
0.154mm (blue trace). Black dots indicate drug additions to give indicated bath 
concentrations. Bar suggests the presence of the mentioned compound or 
physiological salt solution wash-out.  
 

A 

B 
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Figure 120. Vasoactive effects of ATP in the presence and absence of A740003 
initiated by isolated resistance CPA’s originating from placental samples of N=3 
healthy patients. The statistics were carried out using data obtained from n=6 CPA 
preparations A. Log concentration-effect curves elicited by ATP B. Log concentration-
effect curves elicited by ATP following the incubation with A740003. In this case, the 
CPA’s were incubated with the P2X7 receptor antagonist before the first ATP 
stimulation C. Vasoconstriction effects initiated via the exogenous application of 
U46619 (3.3*10-7M) by resistance CPA’s (that have been exposed or not exposed to 
A740003) at the start (first stimulation) and end (second stimulation) of the wire 
myography experiment expressed as active effective pressure (kPa). *P≤0.05, 
**P≤0.01, ***P≤0.001, ****P≤0.0001; Data are expressed as mean±SEM. 
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4.3.8 Three consecutive additions of ATP gave rise to a 

progressively reduced vasomotor response which 

ultimately resulted in a maximal vasoconstriction effect that 

reached below 3% of the U46619 standard  

 In order to further describe the kind of contractile effects initiated by ATP in 

isolated resistance CPA’s originating from 3 healthy patients, the P2X receptors were 

selectively desensitized using sequential applications of adenosine 5’-triphosphate at 

concentrations of 3.3*10-4M, 10-3M, 3.3*10-3M and 10-2M in a period of approximately 

20 minutes as illustrated in the wire myography traces presented in figure 121 and 

figure 122. The three consecutive additions of the same ATP concentration gave rise 

to progressively decreased vasomotor contractions in all cases corresponding to the 

first ATP stimulation as highlighted in figure 123, panel A. Similar progressively 

reduced vasoconstriction effects took place in the case of the second ATP stimulation 

with the exception of 3.3*10-4M, where the three consecutive additions of the 

nucleotide gave rise to a maximal constriction response that plateaued below 3% of 

the maximal U46619 standard as presented in figure 123, panel A. Furthermore, the 

second and third consecutive additions of 10-2M adenosine 5’-triphosphate in the case 

of the second nucleotide stimulation gave rise to a total desensitization effect with 

vasoactive responses taking place below the baseline corresponding to the first 

U46619 stimulation as presented in figure 123, panel A. A Shapiro-Wilk test revealed 

that all of the active effective pressure data corresponding to all ATP stimulations was 

normally distributed with one exception of the third consecutive nucleotide addition 

(3.3*10-4M) in the case of the first ATP stimulation (*P=0.0161). A two-way ANOVA 

test (**P=0.0012) with Geisser-Greenhouse correction (epsilon 0.2865) and Tukey’s 
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multiple comparison tests were undertaken between all nucleotide concentrations 

corresponding to each of the first, second or third consecutive ATP additions and 

highlighted multiple statistically significant differences as shown in figure 123, panel A 

and table 23. Furthermore, the same test was repeated again between the first, 

second and third consecutive additions of ATP, at the same nucleotide concentration 

which highlighted multiple statistically significant differences as presented in figure 

123, panel A and table 24. A Shapiro-Wilk test was conducted using all active effective 

pressure data elicited by the first (at the beginning of the wire myography experiment) 

and second (at the end of the functional assessment) U46619 stimulations in CPA’s 

which have been exposed to sequential applications of 3.3*10-4M, 10-3M, 3.3*10-3M 

and 10-2M ATP and highlighted that all data was normally distributed.  Moreover, a 

two-way ANOVA test (***P=0.0001) and Tukey’s multiple comparison tests were 

undertaken between the first and second U46619 stimulations in the case of CPA’s 

which have been exposed to three consecutive identical additions of ATP which 

highlighted multiple statistically significant differences at nucleotide concentrations of 

10-2M (**P=0.0037) and 3.3*10-4M (*P=0.0392). The internal diameter of all resistance 

CPA’s (n=12) originating from N=3 healthy patients was 0.197±0.012 mm presented 

as mean±SEM.  
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Figure 121. Wire myography traces highlighting ATP-induced vasoconstriction 
responses using isolated resistance CPA’s originating from two healthy patients 
(T2841 and T2831) A. Typical vasoactive effects of ATP generated from CPA’s of a 
healthy patient (T2841) after three consecutive additions of the nucleotide. Internal 
diameter of CPA’s was 0.141mm (red trace), 0.243mm (blue trace), 0.148mm (green 
trace) and 0.200mm (purple trace) B. Conventional ATP-induced vasoconstriction 
effects originating from CPA’s of a healthy patient (T2831) following three sequential 
applications of the nucleotide. Internal diameter CPA’s was 0.126mm (red trace), 
0.217mm (blue trace), 0.144mm (green trace) and 0.215mm (purple trace). Black dots 
indicate drug additions to give indicated bath concentrations. Bar suggests the 
presence of the mentioned compound concentration to the corresponding matching 
colour force myograph trace or physiological salt solution wash-out. 

A 

B
B 
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Figure 122. Wire myography trace highlighting ATP-induced vasoconstriction 
responses using isolated resistance CPA’s originating from a healthy patient (T2837). 
Internal diameter of CPA’s was 0.244mm (red trace), 0.225mm (blue trace), 0.222mm 
(green trace) and 0.236mm (purple trace). Black dots indicate drug additions to give 
indicated bath concentrations. Bar suggests the presence of the mentioned compound 
concentration to the corresponding matching colour force myograph trace or 
physiological salt solution wash-out. 
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Figure 123. Vasoactive effects of ATP and U46619 initiated by isolated resistance 
CPA’s originating from human placental samples of N=3 healthy patients (T2841, 
T2831 and T2837) A. Log concentration-effect responses elicited by three sequential 
applications of ATP. “F” denotes first application, “S” suggests second consecutive 
addition and “T” means third consecutive addition B. Vasoconstriction effects initiated 
via the exogenous application of U46619 (3.3*10-7M) at the start (first stimulation) and 
end (second stimulation) of the wire myography experiment using resistance CPA’s 
which have been challenged with three sequential applications of ATP expressed as 
active effective pressure (kPa). *P≤0.05, **P≤0.01, ***P≤0.001, ****P≤0.0001; Data 
are expressed as mean±SEM. 
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  Adjusted P 
value 

First addition 

First ATP stimulation (3.3*10-3M) vs second ATP 
stimulation (10-2M) *P=0.0152 

Second ATP stimulation (3.3*10-4M) vs second ATP 
stimulation (3.3*10-3M) *P=0.0416 

Second 
consecutive 

addition 

Second ATP stimulation (3.3*10-4M) vs second ATP 
stimulation (10-2M) *P=0.0200 

Second ATP stimulation (3.3*10-3M) vs second ATP 
stimulation (10-2M) *P=0.0286 

Third 
consecutive 

addition  

First ATP stimulation (3.3*10-3M) vs second ATP 
stimulation (3.3*10-4M) *P=0.0220 

Second ATP stimulation (3.3*10-3M) vs second ATP 
stimulation (10-2M) *P=0.0208 

 
Table 23. This table shows the results of a two-way ANOVA test with Geisser-
Greenhouse correction and Tukey’s multiple comparison tests which were carried out 
between all nucleotide concentrations corresponding to each of the first, second or 
third consecutive ATP additions. *P≤0.05, **P≤0.01, ***P≤0.001, ****P≤0.0001.  
 
  Adjusted P 

value 

First ATP 
stimulation  

First addition (3.3*10-3M) vs second consecutive 
addition (3.3*10-3M) **P=0.0099 

First addition (3.3*10-3M) vs third consecutive addition 
(3.3*10-3M) *P=0.0351 

Second ATP 
stimulation  

First addition (3.3*10-3M) vs second consecutive 
addition (3.3*10-3M) *P=0.0301 

 
Table 24. This table shows the results of a two-way ANOVA test with Geisser-
Greenhouse correction and Tukey’s multiple comparison tests which were carried out 
between the first, second and third consecutive additions of ATP, at the same 
nucleotide concentration. *P≤0.05, **P≤0.01, ***P≤0.001, ****P≤0.0001.  
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4.3.9 The 30mM KPSS-induced elevation in the human 

placental chorionic plate artery resting basal tone increased 

the efficacy of the first ATP stimulation by more than 38% at 

a nucleotide concentration of 10-3M and by more than 27% 

at an ATP concentration of 3.3*10-3M 

 The vasoactive effects of ATP on isolated resistance CPA’s originating from 

N=3 healthy patients were investigated in the presence (n=3 CPA’s) and absence (n=3 

CPA’s) of a 30mM KPSS-induced elevation in the resting basal tone as highlighted in 

the wire myography trace illustrated in the representative figure 124. Since both 

cumulative concentrations or three sequential applications of ATP gave rise to a 

progressively diminished vasomotor response from isolated chorionic plate arteries, 

the acute CPA challenge with 30mM KPSS served to assess if the ATP-induced 

desensitization effect could have been partially or totally reversed. In this case, the 

placental arteries were challenged twice with ATP cumulative concentrations of 10-3M, 

3.3*10-3M and 10-2M as illustrated in the representative figure 124. In this case the first 

and second ATP stimulations of CPA’s elicited progressively reduced spontaneous 

vasoconstriction effects in the absence and presence of 30mM KPSS as highlighted 

in figure 125, panel A. The preconstriction of placental arteries with 30mM KPSS gave 

rise to ATP-induced spontaneous maximal vasoconstriction effects which were higher 

at all cumulative concentrations of the nucleotide compared to CPA’s which have not 

been initially preconstricted, with the exception of 10-2M ATP corresponding to the first 

nucleotide stimulation. Furthermore, the second ATP stimulation of the isolated 

placental arteries in the absence of a 30mM KPSS-induced elevation in the resting 

basal tone elicited a maximal contraction which was notably attenuated, ultimately 
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resulting in a total desensitization effect taking place, particularly at ATP cumulative 

concentrations of 3.3*10-3M and 10-2M as illustrated in figure 125, panel A. A Shapiro-

Wilk test was undertaken across the active effective pressure values of all ATP 

cumulative concentrations of the first and second nucleotide stimulations of isolated 

CPA’s which highlighted that all data was normally distributed with the exception of 

10-2M ATP concentration corresponding to the second ATP stimulation of CPA’s which 

have initially been preconstricted with 30mM KPSS (*P=0.0183). A two-way ANOVA 

test (****P<0.0001) with Sidak’s multiple comparison tests were undertaken at the 

same ATP concentrations between the first and second ATP stimulations which 

highlighted multiple statistically significant differences as presented in table 25, table 

26 and figure 125, panel A. Also, the same test was undertaken again with Tukey’s 

multiple comparison tests separately using the first and second ATP stimulations 

across all ATP concentrations which highlighted no statistically significant differences. 

The vasoconstriction effects initiated via the exogenous application of U46619 (3.3*10-

7M) by resistance CPA’s (that have been exposed or not exposed to 30mM KPSS) at 

the start (first stimulation) and end (second stimulation) of the wire myography 

experiments are illustrated in figure 125, panel B. Also, the 30mM KPSS-induced 

vasoconstriction responses expressed as active effective pressure are presented in 

figure 125, panel C. A Shapiro-Wilk test was undertaken using all active effective 

pressure values of first and second U46619 stimulations which highlighted that all data 

was normally distributed. A two-way ANOVA test (*P=0.0129) with Sidak’s multiple 

comparison tests have highlighted no statistically significant differences between the 

first and second U46619 stimulations of CPA’s which have either been preconstricted 

or not preconstricted with 30mM KPSS as presented in figure 125, panel B. A Shapiro-

Wilk test was performed using the active effective pressure values of the first and 
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second 30mM KPSS challenges which highlighted that all data was normally 

distributed. An unpaired two-tailed T-test with Welch’s correction between the first and 

second 30mM KPSS challenges has highlighted no statistically significant differences 

between the two groups (P=0.3924). The internal diameter of n=6 CPA’s used in this 

study was 0.217±0.052mm (mean±SEM).  

 
 
Figure 124. Wire myography trace highlighting ATP-induced vasoconstriction 
responses in the presence (blue trace) and absence (red trace) of 30mM KPSS 
originating from isolated resistance CPA’s of a healthy patient (T2857). Internal 
diameter of CPA’s was 0.391mm (red trace) and 0.369mm (blue trace). Black dots 
suggest drug additions to give indicated bath concentrations. Bar denotes the 
presence of the mentioned compound concentration to the corresponding matching 
colour force myograph trace (with the exception of black colour which applies to all 
traces) or physiological salt solution wash-out.  
 

  
First ATP stimulation vs second 

ATP stimulation  
10-3M ATP 

Without 30mM KPSS 
preconstriction 

****P<0.0001 
3.3*10-3M ATP ****P<0.0001 

10-2M ATP *P=0.0264 
 
Table 25. This table shows the results of a two-way ANOVA test with Sidak’s multiple 
comparison tests which were undertaken at the same ATP concentrations between 
the first and second ATP stimulations. In this case, the CPA’s have not been 
preconstricted with 30mM KPSS. *P≤0.05, **P≤0.01, ***P≤0.001, ****P≤0.0001. 
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First ATP stimulation vs second 

ATP stimulation  
10-3M ATP 

With 30mM KPSS 
preconstriction  

****P<0.0001 
3.3*10-3M ATP ***P=0.0002 

10-2M ATP P=0.6213 
 
Table 26. This table shows the results of a two-way ANOVA test with Sidak’s multiple 
comparison tests which were undertaken at the same ATP concentrations between 
the first and second ATP stimulations. In this case, the CPA’s were preconstricted with 
30mM KPSS. *P≤0.05, **P≤0.01, ***P≤0.001, ****P≤0.0001. 
 

 
 
Figure 125. Vasoactive effects of ATP, U46619 and 30mM KPSS initiated by isolated 
resistance CPA’s originating from placental samples of N=3 healthy patients A. Log 
concentration-effect curves elicited by ATP in the absence and presence of 30mM 
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KPSS. In this case, the preconstriction of CPA’s with 30mM KPSS took place before 
the first and second ATP stimulation. The active effective pressure elicited by 30mM 
KPSS has been subtracted from the maximal ATP-induced vasoconstriction effects B. 
Vasoconstriction effects initiated via the exogenous application of U46619 (3.3*10-7M) 
at the start (first stimulation) and end (second stimulation) of the wire myography 
experiment using resistance CPA’s which have been subjected to preconstriction with 
30mM KPSS or not subjected to 30mM KPSS challenges expressed as active effective 
pressure (kPa) C. 30mM KPSS-induced vasoconstriction responses elicited by 
resistance CPA’s before the first ATP stimulation (first challenge) and ahead of the 
second ATP stimulation (second challenge). *P≤0.05, **P≤0.01, ***P≤0.001, 
****P≤0.0001; Data are expressed as mean±SEM. 
 
4.3.10 The 30mM KPSS preimposed tone did not increase 

the efficacy of three consecutive additions of 10-2M ATP in 

isolated resistance human chorionic plate artery 

preparations originating from two healthy patients  

 A similar vasoactive effect of ATP was also elicited from isolated resistance 

CPA’s originating from N=2 healthy patients using sequential applications of the 

nucleotide at a concentration of 10-2M in the presence (n=2 CPA’s) and absence (n=2 

CPA’s) of 30mM KPSS-induced elevation in the resting basal tone of the placental 

blood vessels as illustrated by the representative wire myography trace presented in 

figure 126. The second ATP stimulation gave rise to a notably attenuated maximal 

vasoconstriction response, with contractions substantially reduced by more than 63% 

compared to the first ATP stimulation of the resistance CPA’s as highlighted in figure 

126. Moreover, the second and third consecutive additions of 10-2M ATP gave rise to 

a maximal contraction which was notably attenuated, ultimately resulting in a total 

desensitization effect taking place in the case of both first and second ATP 

stimulations. The internal diameter of all resistance CPA’s (n=4) originating from N=2 

healthy patients was 0.2205±0.05 mm presented as mean±SEM.  
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Figure 126. Wire myography trace highlighting ATP-induced vasoconstriction 
responses generated after three 10-2M consecutive additions of the nucleotide using 
resistance CPA’s originating from a healthy patient (T2857) in the presence and 
absence of 30mM KPSS. Internal diameter of CPA’s was 0.358mm (green trace), 
0.233mm (purple trace). Black dots indicate drug additions to give indicated bath 
concentrations. Bar indicates the presence of the mentioned compound concentration 
to the corresponding matching colour force myograph trace (with the exception of 
black colour which applies to all traces) or physiological salt solution wash-out. 
 
4.3.11 The 40mM KPSS-induced elevation in the resting 

basal tone did not significantly alter the efficacy of the first 

and second ATP stimulations in isolated chorionic plate 

arteries originating from three healthy patients   

 The vasoactive effects of ATP in isolated resistance CPA’s originating from N=3 

healthy patients were further investigated using cumulative concentrations of the 

nucleotide (10-3M, 3.3*10-3M and 10-2M) in the absence (n=3 CPA’s) and presence 

(n=3 CPA’s) of 40mM KPSS-induced elevation in the resting basal tone as highlighted 

in the representative wire myography trace illustrated in figure 127. The second ATP 

stimulation gave rise to progressively reduced vasomotor responses compared to the 
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first ATP stimulation, particularly in isolated CPA’s that were initially preconstricted 

with 40mM KPSS as highlighted in figure 128, panel A. In this case, the nucleotide 

cumulative concentration of 10-2M corresponding to the second ATP stimulation 

elicited a vasoactive effect that reached a total desensitization. On the other hand, the 

first ATP stimulation gave rise to a concentration response curve that was almost flat, 

characterised by maximal vasoconstriction effects which plateaued at approximately 

55% of the U46619 standard in the case of CPA’s which have not been initially 

preconstricted with 40mM KPSS as highlighted in figure 128, panel A. Furthermore, 

the second ATP stimulation elicited a notably attenuated concentration response 

curve, with the nucleotide induced contractions becoming reduced by more than 30% 

compared to the first ATP stimulation as illustrated in figure 128, panel A. The U46619-

induced vasoconstriction effects at the beginning (first stimulation) and end (second 

stimulation) of the wire myography experiment elicited by CPA’s which were initially 

preconstricted with 40mM KPSS prior to ATP stimulations or not preconstricted with 

40mM KPSS are highlighted in figure 128, panel B. Also, the vasoconstriction effects 

initiated by the exposure of CPA’s to 40mM KPSS prior to the first and second ATP 

stimulations are presented in figure 128, panel C. All ATP cumulative concentration 

response curves (presented in figure 128, panel A) were subjected to a Shapiro-Wilk 

normality test which highlighted that all data was normally distributed with the 

exception of 3.3*10-3M ATP concentration corresponding to the first nucleotide 

stimulation of CPA’s which were not initially preconstricted with 40mM KPSS 

(*P=0.0156). A two-way ANOVA test (*P=0.0241) with Sidak’s multiple comparison 

tests were carried out between the first and second ATP stimulations at the same 

nucleotide cumulative concentrations which highlighted no statistically significant 

differences across all subgroups. Furthermore, the same test with Tukey’s multiple 
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comparison tests were carried out separately using the first and second ATP 

stimulations between all ATP cumulative concentrations which also highlighted no 

statistically significant differences between all subgroups. All active effective pressure 

data corresponding to U46619-induced maximal vasoconstriction effects was 

subjected to a Shapiro-Wilk test which highlighted that all data was normally 

distributed, with the exception of the first U46619 stimulation corresponding to CPA’s 

which were subsequently preconstricted with 40mM KPSS (*P=0.0220). In this case, 

a two-way ANOVA test (P=0.2934) with Sidak’s multiple comparison tests were carried 

out between the first and second U46619 stimulations and revealed no statistically 

significant differences across the two groups. A Shapiro-Wilk test was performed using 

the active effective pressure values of the first and second 40mM KPSS challenges 

which highlighted that all data was normally distributed. An unpaired two-tailed T-test 

with Welch’s correction between the first and second 40mM KPSS challenges 

highlighted no statistically significant differences between the two groups (P=0.8721). 

The internal diameter of n=6 CPA’s used in this study was 0.185±0.037mm 

(mean±SEM).  
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Figure 127. Wire myography traces highlighting ATP-induced vasoconstriction 
responses in the presence and absence of 40mM KPSS originating from isolated 
resistance CPA’s of two healthy patients (T2874 and T2875) A. Vasoactive effects of 
ATP generated by isolated chorionic plate artery preparations of a healthy patient 
(T2874) which have been either preconstricted or not preconstricted with 40mM 
KPSS. Internal diameter of CPA’s was 0.295mm (red trace) and 0.292mm (blue trace) 
B. Conventional ATP-induced vasoconstriction effects originating from CPA’s of a 
healthy patient (T2875) in the presence and absence of 40mM KPSS. Internal 
diameter CPA’s was 0.091mm (green trace) and 0.090mm (purple trace). Black dots 
indicate drug additions to give indicated bath concentrations. Bar denotes the 
presence of the mentioned compound concentration to the corresponding matching 
colour force myograph trace (with the exception of black colour which applies to all 
traces) or physiological salt solution wash-out. 
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Figure 128. Vasoactive effects of ATP, U46619 and 40mM KPSS initiated by isolated 
resistance CPA’s originating from placental samples of N=3 healthy patients A. Log 
concentration-effect curves elicited by ATP in the absence and presence of 40mM 
KPSS. In this case, the preconstriction of CPA’s with 40mM KPSS took place before 
the first and second ATP stimulation. The active effective pressure elicited by 40mM 
KPSS has been subtracted from the maximal ATP-induced vasoconstriction effects B. 
Vasoconstriction effects initiated via the exogenous application of U46619 (3.3*10-7M) 
at the start (first stimulation) and end (second stimulation) of the wire myography 
experiment using resistance CPA’s which have been subjected to preconstriction with 
40mM KPSS or not subjected to 40mM KPSS challenge expressed as active effective 
pressure (kPa) C. 40mM KPSS-induced vasoconstriction responses elicited by 
resistance CPA’s before the first ATP stimulation (first challenge) and ahead of the 
second ATP stimulation (second challenge). *P≤0.05, **P≤0.01, ***P≤0.001, 
****P≤0.0001; Data are expressed as mean±SEM. 
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4.3.12 The P2X7 receptor agonist BzATP gave rise to a 

substantially reduced vasoconstriction effect of less than 

25% of the U46619 standard characterised by an almost flat 

concentration response curve  

 The vasoactive effects of the P2X7 receptor agonist BzATP were investigated 

using n=4 isolated resistance CPA’s originating from N=2 healthy patients at 

cumulative concentrations starting with 3.3*10-6M to 3.3*10-4M as highlighted in the 

wire myography traces presented in figure 129 and figure 130. In this case, BzATP 

was almost inactive and gave rise to a maximal vasoconstriction effect that barely 

reached 24% of the U46619 standard which resulted in an almost flat concentration 

response curve as highlighted in figure 131, panel A. A progressive increase in 

BzATP-induced maximal vasoconstriction responses took place between the P2X7 

receptor agonist cumulative concentrations of 3.3*10-6M to 3.3*10-5M followed by a 

progressively decreased vasomotor response particularly at BzATP cumulative 

concentrations of 10-4M and 3.3*10-4M as presented in figure 131, panel A. All BzATP 

cumulative concentration response curves (presented in figure 131, panel A) were 

subjected to a Shapiro-Wilk normality test which highlighted that all data was normally 

distributed. A Brown-Forsythe Anova test (P=0.9995) with Dunnett T3 multiple 

comparison tests were undertaken between all BzATP cumulative concentrations 

which highlighted no statistically significant differences between all subgroups. 

Moreover, the vasoconstriction effects initiated via the exogenous application of 

U46619 (3.3*10-7M) by resistance CPA’s at the start (first stimulation) and end (second 

stimulation) of the wire myography experiments are illustrated in figure 131, panel B. 

In this case, U46619-induced maximal vasoconstriction effects were subjected to a 
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Shapiro-Wilk test which highlighted that all data was normally distributed. An unpaired 

two-tailed T-test with Welch’s correction between the first and second U46619 

stimulations highlighted no statistically significant differences between the two groups 

(P=0.7678). The internal diameter of n=4 CPA’s used in this study was 

0.160±0.017mm (mean±SEM). 

 
 
Figure 129. Vasoactive effects of BzATP initiated by isolated resistance CPA’s with 
internal diameters of 0.144mm (red trace) and 0.122mm (blue trace) originating from 
a placenta sample of a healthy patient (T2858). Black dots indicate drug additions to 
give indicated bath concentrations. Bar suggests the presence of the mentioned 
compound or physiological salt solution wash-out.  
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Figure 130. Vasoactive effects of BzATP initiated by isolated resistance CPA’s with 
internal diameters of 0.201mm (green trace) and 0.173mm (purple trace) originating 
from a placenta sample of a healthy patient (T2863). Black dots indicate drug additions 
to give indicated bath concentrations. Bar suggests the presence of the mentioned 
compound or physiological salt solution wash-out.  
 

 
 
Figure 131. Vasoactive effects of BzATP and U46619 initiated by isolated resistance 
CPA’s originating from two placental samples of healthy patients (T2858 and T2863) 
A. Log concentration-effect curve elicited by BzATP B. Vasoconstriction effects 
initiated via the exogenous application of U46619 (3.3*10-7M) at the start (first 
stimulation) and end (second stimulation) of the wire myography experiment 
expressed as active effective pressure (kPa). Data are expressed as mean±SEM. 
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4.3.13 A 30mM KPSS-induced elevation in the resting basal 

tone caused a substantially reduced spontaneous BzATP 

maximal vasoconstriction effect of less than 6% of the 

U46619 standard  

The vasoactive effects of BzATP on isolated resistance CPA’s originating from 

N=2 healthy patients were investigated in the presence (n=4 CPA’s) of a 30mM KPSS-

induced elevation in the resting basal tone as highlighted in the wire myography traces 

illustrated in figure 132. The P2X7 receptor agonist gave rise to spontaneous 

vasoconstriction effects particularly at cumulative concentrations of 10-4M and 3.3*10-

4M that barely reached 5% of the U46619 standard as presented in figure 133, panel 

A. Also, BzATP elicited a progressively reduced vasomotor response that reached a 

total desensitization especially at cumulative concentrations of 10-5M and 3.3*10-5M 

as illustrated in figure 133, panel A. All BzATP cumulative concentration response 

curves (presented in figure 133, panel A) were subjected to a Shapiro-Wilk normality 

test which highlighted that all data was normally distributed. A Brown-Forsythe 

ANOVA test (P=0.4431) with Dunnett’s T3 multiple comparison tests were undertaken 

between all cumulative concentrations of BzATP which highlighted no statistically 

significant differences between all groups. The vasoconstriction effects initiated via 

the exogenous application of U46619 (3.3*10-7M) by resistance CPA’s at the start (first 

stimulation) and end (second stimulation) of the wire myography experiments are 

illustrated in figure 133, panel B. The U46619-induced maximal vasoconstriction 

effects were subjected to a Shapiro-Wilk test which highlighted that all data was 

normally distributed. An unpaired two-tailed T-test with Welch’s correction between 

the first and second U46619 stimulations highlighted no statistically significant 
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differences between the two groups (P=0.5679). The 30mM KPSS-induced 

vasoconstriction effects elicited by n=4 CPA’s expressed as percentage active 

effective pressure of maximal active effective pressure induced by 3.3*10-7M U46619 

were 23.06±5.474%. The internal diameter of n=4 CPA’s used in this study was 

0.257±0.012mm (mean±SEM). 
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Figure 132. Vasoactive effects of BzATP initiated by isolated resistance CPA’s in the 
presence of 30mM KPSS originating from placental samples of two healthy patients 
(T2865 and T2866) A. Vasoactive effects of BzATP generated by isolated chorionic 
plate artery preparations (T2865) with internal diameters of 0.286mm (red trace) and 
0.246mm (blue trace) B. BzATP-induced vasoconstriction effects originating from 
CPA’s (T2866) with internal diameters of 0.230mm (green trace) and 0.266mm (purple 
trace). Black dots indicate drug additions to give indicated bath concentrations. Bar 
suggests the presence of the mentioned compound or physiological salt solution 
wash-out.  
 
 
 

A 

B 
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Figure 133. Vasoactive effects of BzATP and U46619 initiated by isolated resistance 
CPA’s originating from placental samples of two healthy patients (T2865 and T2866) 
A. Log concentration-effect curve elicited by BzATP in the presence of 30mM KPSS. 
In this case, the preconstriction of CPA’s with 30mM KPSS took place prior to BzATP 
stimulation. The active effective pressure elicited by 30mM KPSS has been subtracted 
from the maximal BzATP-induced vasoconstriction effects B. Vasoconstriction effects 
initiated via the exogenous application of U46619 (3.3*10-7M) at the start (first 
challenge) and end (second challenge) of the wire myography experiment expressed 
as active effective pressure (kPa). Data are expressed as mean±SEM. 
 
4.3.14 A 50mM KPSS-induced rise in the chorionic plate 

artery resting basal tone caused a progressively reduced 

vasomotor response initiated by the exogenous application 

of BzATP  

The vasoactive effects of BzATP were further investigated using resistance 

CPA’s isolated from N=3 healthy patients in the presence (n=3 CPA’s) and absence 

(n=3 CPA’s) of 50mM KPSS-induced elevation in the resting basal tone as illustrated 

in the wire myography traces presented in figure 134 and figure 135. In the absence 

of 50mM KPSS, cumulative concentrations of BzATP gave rise to progressively 

increased vasoconstriction effects starting with 3.3*10-6M to 3.3*10-4M, characterised 

by a maximal vasomotor response that barely reached 12% of the U46619 standard 

at the cumulative BzATP concentration of 3.3*10-4M, as shown in figure 136, panel A. 
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In this case the calculated BzATP EC50 concentration was 1.354*10-4M as highlighted 

in figure 136, panel B. On the other hand, following the preconstriction of CPA’s with 

50mM KPSS, the P2X7 receptor agonist initiated a vasomotor response that was 

progressively reduced and did not elicit any spontaneous vasoconstriction effects as 

presented in figure 136, panel A. All BzATP cumulative concentration response curves 

(presented in figure 136, panel A) were subjected to a Shapiro-Wilk normality test 

which highlighted that all data was normally distributed as presented in table 27. A 

Brown-Forsythe ANOVA test (P=0.2078) with Dunnett’s T3 multiple comparison tests 

were undertaken between all BzATP concentrations and highlighted a single 

statistically significant difference (**P=0.0042) between 3.3*10-6M vs 10-5M BzATP in 

the case of arteries which have been preconstricted with 50mM KPSS. The 

vasoconstriction effects initiated via the exogenous application of U46619 (3.3*10-7M) 

by resistance CPA’s at the start (first stimulation) and end (second stimulation) of the 

wire myography experiments are illustrated in figure 136, panel C. The U46619-

induced maximal vasoconstriction effects were subjected to a Shapiro-Wilk test which 

highlighted that all data was normally distributed with the exception of the second 

U46619 stimulation of CPA’s which were not preconstricted with 50mM KPSS 

(*P=0.0376). A Brown-Forsythe ANOVA test (P=0.4914) with Dunnett’s T3 multiple 

comparison tests were undertaken between all U46619 stimulations of resistance 

CPA’s at the start (first stimulation) and end (second stimulation) of the wire 

myography experiments which highlighted no statistically significant differences 

between all groups. The 50mM KPSS-induced vasoconstriction effects elicited by n=3 

CPA’s expressed as percentage active effective pressure of maximal active effective 

pressure induced by 3.3*10-7M U46619 were 31.42±8.473%. The internal diameter of 

n=6 CPA’s used in this study was 0.232±0.061mm (mean±SEM). 
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Figure 134. Vasoactive effects of BzATP initiated by isolated resistance CPA’s in the 
absence and presence of 50mM KPSS originating from placental samples of two 
healthy patients (T2890 and T2891) A. Vasoactive effects of BzATP generated by 
isolated chorionic plate artery preparations (T2890) with internal diameters of 
0.116mm (red trace) and 0.201mm (blue trace) B. BzATP-induced vasoconstriction 
effects originating from CPA’s (T2891) with internal diameters of 0.126mm (green 
trace) and 0.147mm (purple trace). Black dots indicate drug additions to give indicated 
bath concentrations. Bar denotes the presence of the mentioned compound 
concentration to the corresponding matching colour force myograph trace (with the 
exception of black colour which applies to all traces) or physiological salt solution 
wash-out. 

A 

B 
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Figure 135. Vasoactive effects of BzATP initiated by isolated resistance CPA’s with 
internal diameters of 0.293mm (red trace) and 0.512mm (blue trace) in the absence 
and presence of 50mM KPSS originating from a placenta sample of a healthy patient 
(T2893). Black dots indicate drug additions to give indicated bath concentrations. Bar 
suggests the presence of the mentioned compound concentration to the 
corresponding matching colour force myograph trace (with the exception of black 
colour which applies to all traces) or physiological salt solution wash-out. 
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Figure 136. Vasoactive effects of BzATP, U46619 and 50mM KPSS initiated by 
isolated resistance CPA’s originating from placental samples of N=3 healthy patients 
(T2890, T2891 and T2893) A. Log concentration-effect curves elicited by BzATP in 
the absence and presence of 50mM KPSS. In this case, the preconstriction of CPA’s 
with 50mM KPSS took place prior to BzATP stimulation. The active effective pressure 
elicited by 50mM KPSS has been subtracted from the maximal BzATP-induced 
vasoconstriction effects B. Nonlinear regression fit (three parameter logistic equation) 
of log concentration-effect curve initiated by BzATP highlighting the calculated BzATP 
EC50 value (in the absence of 50mM KPSS – illustrated as a red vertical discontinued 
line) C. Vasoconstriction effects initiated via the exogenous application of U46619 
(3.3*10-7M) at the start (first challenge) and end (second challenge) of the wire 
myography experiment expressed as active effective pressure (kPa). Data are 
expressed as mean±SEM.  
 
 
 
 
 
 
 
 

No KPSS 50mM KPSS
0

1

2

3

4

5

U46619 (3.3*10-7 M) 
concentration response effects

A
ct

iv
e 

E
ff

ec
tiv

e 
P

re
ss

ur
e 

(k
P

a)

First U46619 stimulation 

Second U46619 stimulation 

-5.5 -5.0 -4.5 -4.0 -3.5 -3.0
-10

0

10

20

30

Log10 [BzATP] M

%
 A

E
P

 (o
f m

ax
. A

E
P

 to
 

3.
3*

10
-7

 M
 U

46
61

9)
 

BzATP (No KPSS) - EC50=1.354*10-4M, R2=0.081 

BzATP (50mM KPSS)

-5.5 -5.0 -4.5 -4.0 -3.5 -3.0-10

0

10

20

30

Log10 [BzATP] M

%
 A

E
P

 (o
f m

ax
. A

E
P

 to
 

3.
3*

10
-7

 M
 U

46
61

9)
 

BzATP (No KPSS) 

BzATP (50mM KPSS)
A B

C



Chapter 4 – Pharmacological profile of vascular activity of human placental arteries 
 

 393 

  No KPSS  50mM KPSS 

BzATP concentration 

3.3*10-6M  P=0.9364 P=0.5845 

10-5M P=0.9926 P=0.6183 

3.3*10-5M P=0.8744 P=0.1102 

10-4M P=0.9722 P=0.9682 

3.3*10-4M P=0.8644 P=0.5166 

 
Table 27. This table shows the results of a Shapiro-Wilk test corresponding to all of 
the BzATP cumulative concentration response curves elicited by resistance CPA’s in 
the absence and presence of 50mM KPSS. *P≤0.05, **P≤0.01, ***P≤0.001, 
****P≤0.0001. 
 
4.3.15 Elevated chorionic plate artery resting basal tone 

using 70mM KPSS notably decreases the BzATP-induced 

vasoconstriction responses below 6% of the U46619 

standard 

 The vasoactive properties of BzATP on isolated resistance chorionic plate 

arteries originating from N=2 healthy patients were further investigated in the absence 

(n=2 CPA’s) and presence (n=2 CPA’s) of 70mM KPSS-induced elevation in the 

resting basal tone as shown in the wire myography trace presented in figure 137. The 

P2X7 receptor agonist gave rise to progressively increased vasoconstriction effects 

starting with 3.3*10-6M until 3.3*10-4M as highlighted in figure 138, panel A. In the 

absence of 70mM KPSS, the maximal vasoconstriction effect took place at a BzATP 

cumulative concentration of 3.3*10-4M characterised by a maximal vasomotor 

response that almost reached 20% of the U46619 standard. The calculated BzATP 

EC50 concentration in this case was 4.655*10-5M (figure 138, panel B). On the other 

side, CPA’s which were initially preconstricted with 70mM KPSS gave rise to a 

maximal BzATP-induced vasoconstriction effect which barely reached 5% of the 

U46619 standard at a concentration of 3.3*10-4M. In this case, the BzATP cumulative 
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concentration response curve was almost flat and notably displaced downwards, with 

vasoactive responses significantly attenuated compared to CPA’s which were not 

initially preconstricted prior to BzATP stimulation as highlighted in figure 138, panel A. 

The calculated BzATP EC50 value in the presence of 70mM KPSS was 2.649*10-5M 

suggesting that the P2X7 receptor agonist was approximately 0.5-fold more potent 

compared to no elevation in CPA resting tone prior to BzATP stimulation. A Brown-

Forsythe ANOVA test (P=0.9991) with Dunnett’s T3 multiple comparison tests across 

all BzATP cumulative concentrations highlighted no statistically significant differences 

between all groups. Furthermore, the same test was undertaken between all U46619 

stimulations of resistance CPA’s at the start (first stimulation) and end (second 

stimulation) of the wire myography experiments which highlighted no statistically 

significant differences between all groups (figure 138, panel C). The internal diameter 

of n=4 CPA’s used in this study was 0.154±0.011mm (mean±SEM).  
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Figure 137. Vasoactive effects of BzATP initiated by isolated resistance CPA’s in the 
absence and presence of 70mM KPSS originating from placental samples of two 
healthy patients (T2888 and T2889) A. Vasoactive effects of BzATP generated by 
isolated chorionic plate artery preparations (T2888) with internal diameters of 
0.144mm (red trace) and 0.141mm (blue trace) B. BzATP-induced vasoconstriction 
effects originating from CPA’s (T2889) with internal diameters of 0.190mm (green 
trace) and 0.144mm (purple trace). Black dots indicate drug additions to give indicated 
bath concentrations. Bar suggests the presence of the mentioned compound 
concentration to the corresponding matching colour force myograph trace (with the 
exception of black colour which applies to all traces) or physiological salt solution 
wash-out.  
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Figure 138. Vasoactive effects of BzATP, U46619 and 70mM KPSS initiated by 
isolated resistance CPA’s originating from placental samples of two healthy patients 
(T2888 and T2889) A. Log concentration-effect curves elicited by BzATP in the 
absence and presence of 70mM KPSS. In this case, the preconstriction of CPA’s with 
70mM KPSS took place prior to BzATP stimulation. The active effective pressure 
elicited by 70mM KPSS has been subtracted from the maximal BzATP-induced 
vasoconstriction effects B. Nonlinear regression fit (three parameter logistic equation) 
of log concentration-effect curve initiated by BzATP highlighting the calculated BzATP 
EC50 values (in the absence of 70mM KPSS – illustrated as a red vertical discontinued 
line and in the presence of 70mM KPSS – presented as a blue vertical discontinued 
line) C. Vasoconstriction effects initiated via the exogenous application of U46619 
(3.3*10-7M) at the start (first challenge) and end (second challenge) of the wire 
myography experiment expressed as active effective pressure (kPa). Data are 
expressed as mean±SEM.  
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4.4 Discussion  

The processes in charge with the regulation of vasomotor tone and blood flow at 

the level of the human fetoplacental circulation have not been fully elucidated yet. 

Multiple studies have investigated the function of vasoactive mediators in the control 

of the human fetoplacental vascular tone via the methodology of whole perfused 

placental cotyledon [593–595] or small blood vessel myography studies to directly assess 

the contribution of stem villous arteries and chorionic plate veins or arteries 

[49,576,585,587]. Most investigations that have focused on small vessel myography studies 

have assessed the contribution of fetoplacental arteries in the control of the vascular 

tone. In this case, vasoconstriction has been shown using multiple compounds such 

as thromboxane-A2 mimetic U46619 [588,590], vasopressin, oxytocin, angiotensin II, 

PGF2α and circulating catecholamines for instance noradrenaline [576,590,591]. However, 

vasorelaxation has been particularly challenging to obtain with endothelium-

dependent compounds for instance acetylcholine, histamine or bradykinin possessing 

particularly low vasodilating properties in chorionic plate arteries [576,585], even if 

vasodilation has been demonstrated in stem villous arteries under the exogenous 

application of PGI2 [591] and histamine [586]. Moreover, a notable elevation in placental 

tone has also been shown with nitric oxide-inhibition in the perfused placental 

cotyledon [596]. A study by Learmont and Poston (1996) has demonstrated the 

relevance of flow at the level of the fetoplacental circulation via providing evidence of 

nitric oxide-regulated, flow-induced vasorelaxation of placental chorionic plate arteries 

[49]. Taking into account a possible involvement of chorionic plate arteries in the 

development of various placental malfunctions, a variety of pharmacological 

vasoactive modulators were investigated by assessing their vasocontractile or 

vasorelaxant capabilities using human placental blood vessel preparations originating 
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from placental samples of healthy or patients with various disorders.  The well-known 

vasoconstrictor of chorionic plate arteries thromboxane A2 mimetic U46619 gave rise 

to a reproducible and concentration-dependent contraction of the isolated superficial 

chorionic arteries as previously illustrated in multiple studies [53,523,576]. Initial wire 

myography studies have revealed a calculated U46619 EC50 value of 4.751*10-7M 

which was similar to other studies reporting a thromboxane A2 agonist EC50 value of 

1.2*10-7M [576].  

An effective vasodilator of chorionic plate arteries is sodium nitroprusside which 

suggests that nitric oxide plays a crucial role in the regulation of the placental 

vasculature [59]. The current study has showed that the nitric oxide donor SNP (10-9M 

to 3.3*10-9M) induced concentration-dependent relaxation in U46619-preconstricted 

CPA from a healthy patient, with a maximal vasodilation of 69.98% of the topmost 

U46619-preconstriction observed at an SNP concentration of 3.3*10-6M (SNP IC50 

value of 4.717*10-8M). A similar vasorelaxation effect of CPA’s to SNP of 

approximately 68% of the thromboxane A2 mimetic standard was observed in another 

study [576]. A study by Mills et al (2005) has also provided evidence that SNP (10-9 – 

10-4M) significantly relaxed U46619-preconstricted chorionic plate arteries of both 

normal and fetal growth restriction pregnancy cases compared to time-matched 

control vessels (no SNP) [597]. Moreover, the SNP has been shown to cause 

vasodilation of stem villous arteries to about 50% of the preconstricted active effective 

pressure of U46619 (10-6M) with an IC50 value of 7*10-6M which highlights the crucial 

role of nitric oxide for the regulation of the placental vasculature [482]. Another 

investigation by Gonzáles et al (1997) has presented evidence that SNP (10-8M – 10-

5M) gave rise to concentration-dependent decline in tension in rings with endothelium 

of human chorionic arteries (EC50 value of 1.1±0.7*10-7M) and veins (EC50 value of 
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4.6±1.1*10-8M) [598]. The same study has also investigated the vasodilatory effect of 

SNP in the same placental blood vessels of pre-eclamptic patients and found that the 

compound caused a concentration-dependent vasorelaxation response in chorionic 

plate artery (EC50 of 2.5±0.8*10-8M) and chorionic plate vein (EC50 of 6.8±2.2*10-8M) 

[598]. The current study confirms that SNP elicits vasorelaxation effects in isolated 

CPA’s of healthy patients.  

Another endothelium independent dilator tested was riluzole which is a sodium 

channel blocker, glutamate antagonist and potassium channel opener that is 

administered to patients with amyotrophic lateral sclerosis [599]. The compound acts 

on K2P2.1 channel that is expressed in the vasculature of the human placenta. The 

current study suggests that riluzole does not elicit a reproducible notable 

vasorelaxation response in U46619 preconstricted CPA’s originating from healthy 

patients with IC50 values of 1.442*10-5M and 4.036*10-7M. Furthermore, the compound 

did not elicit a substantial vasorelaxation effect in CPA’s originating from placental 

samples of preeclamptic or intrauterine growth restriction patients. Most of these 

results contradict the published literature which suggests that the widely-used K2P2.1 

channel opener gives rise to an effective vasorelaxation of preconstricted arteries 

originating from healthy patients of approximately 83% [53]. Another study by Sander 

and colleagues (2019) has also suggested that riluzole causes significant 

vasorelaxation effects in preconstricted placental stem villous arteries originating from 

healthy patients of more than 60% of the preconstricted active effective pressure [482].  

Further experiments have also assessed the U46619-induced vasoconstriction 

responses in the presence and absence of A740003 in isolated second and fourth 

order CPA’s originating from healthy patients. The thromboxane A2 mimetic-induced 

concentration response curves elicited by second order CPA’s in the presence of 
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A740003 were notably rightward shifted, with a third U46619 stimulation in the 

absence of the P2X7 antagonist also resulting in a concentration response curve that 

was even further rightward displaced. These results show that A740003, DMSO or 

both compounds may cause a gradual loss in the potency of U46619-induced 

vasoconstriction effects potentially through a mechanism involving an inhibition of 

cytosolic phospholipase A2 which in turn may supress the synthesis of arachidonic 

acid and ultimately lead to an inhibition of thromboxane A2 synthase [366]. Additionally, 

in the case of fourth order CPA’s, the U46619-induced vasoconstriction effects in the 

presence of A740003 gave rise to a leftward shifted concentration response curve. 

Here, a third thromboxane A2 mimetic stimulation in the absence of the P2X7 receptor 

antagonist gave rise to a concentration response curve that was notably rightward 

shifted, suggesting a marked loss in the potency of U46619. These results potentially 

indicate a differential direct regulation of the fetoplacental blood flow between the 

second and fourth order chorionic plate arteries isolated from placental samples of 

healthy patients. A limitation of the results highlighting the vasoconstriction effect of 

U46619 elicited by the second and fourth order CPA’s originating from healthy patients 

in the presence and absence of the P2X7 receptor antagonist A740003 is the lack of 

the reproducibility since the sample population included in the study was N=4 patients 

which further limits the interpretation of the acquired wire myography data. A study by 

Broegger et al (2016) has highlighted that the sensitivity of U46619 varies with inner 

diameter in human placental stem villous arteries [600]. This study showed a selective 

reduction in the sensitivity to thromboxane A2 receptor stimulation with a decrease of 

the internal vascular diameter of stem villous arteries [600]. Furthermore, an 

investigation by Wareing and colleagues (2003) has highlighted that U46619  causes 
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vasoconstriction of isolated human placental chorionic plate veins of healthy patients 

[601].   

However, since no DMSO vehicle control was carried out alongside experiments 

assessing the influence of the P2X7 receptor antagonist A740003 in U46619-induced 

vasoactive effects of isolated chorionic plate arteries, the desensitization effect 

following a second ATP stimulation does not imply an effect of A740003.  

Adenosine 5’-triphosphate gave rise to spontaneous concentration-dependent 

vasoconstriction responses particularly in the absence of A740003 in both second and 

fourth order chorionic plate arteries originating from healthy patients. In the case of 

second order CPA’s, the second ATP stimulation in the presence of A740003 initiated 

vasoconstriction responses below 50% of the initial nucleotide stimulation (undertaken 

in the absence of the P2X7 receptor antagonist). Similar vasoactive responses have 

also been documented from isolated fourth order CPA’s characterised by a maximal 

vasoconstriction effect following the incubation with A740003 of less than 10% of the 

U46619 standard. Since a pronounced desensitization to ATP was seen when the 

nucleotide was added cumulatively characterised by transient and non-reproducible 

vasoactive responses, these results suggest that either A740003, DMSO or both 

compounds may contribute to the decrease in ATP-induced vasoactive responses as 

no DMSO vehicle control was undertaken alongside experiments assessing the 

vasomotor property of ATP in isolated resistance CPA’s. Also, since the data 

highlighting the vasoactive effects of ATP before and after the incubation with 

A740003 initiated by second and fourth order CPA’s was presented in the form of 

mean±SEM with the error bars possessing a high variation, undertaking sample size 

calculations may be advantageous in establishing that the study has the correct power 

to reject the null hypothesis [602]. A study by Read et al (1993) has highlighted that 
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human placental lobule perfusion with adenosine 5’-triphosphate and adenosine gave 

rise to a concentration-dependent decrease in the perfusion pressure when perfused 

into isolated placental lobules [475]. These observations started gradually with the 

vasodilator effects elicited after 20-30 minutes following the beginning of the perfusion 

with the nucleotides, with adenosine showing a notably less potent effect in decreasing 

the perfusion pressure compared to adenosine 5’-triphosphate which was noticed in 

all of the investigated placental specimens [475]. However, adenosine 5’-triphosphate 

gave rise to opposing responses [475]. The nucleotide primarily elicited concentration-

dependent decreases in the perfusion pressure whereas in a few instances, ATP 

elicited concentration-dependent transient elevation in the pressure [475]. These results 

were found in further experiments which were characterised by an initial elevation 

followed by a drop in pressure [475]. The current study showed a similar vasoactive 

effect of ATP where the nucleotide initially gave rise to a vasoconstriction effect 

followed by vasodilatation in human placental chorionic plate arteries originating from 

healthy patients. A study by McCarthy et al (1994) has also highlighted that U46619 

and endothelin-1 were potent vasoconstrictor compounds in these placental arteries, 

with the thromboxane A2 mimetic giving rise to a contraction of 236.7% relative to the 

125mM potassium-substituted physiologic salt solution standard [585]. The same study 

has also highlighted that angiotensin II, PGF2α and PGE2 also gave rise to a notable 

tension development [585]. In this case, the vasoconstriction effect elicited by chorionic 

plate arteries under the exogenous application of angiotensin II resulted in 

tachyphylaxis, a phenomenon where the tension reached a plateau phase and then 

returned to the baseline in spite of rising concentrations of the compound [585]. The 

same study has also showed that acetylcholine and bradykinin did not elicit notable 

vasorelaxation effects in chorionic plate arteries which have initially preconstricted with 
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U46619. However, in this case, histamine gave rise to a dose dependent relaxation of 

CPA’s of circa 54.33% of the U46619 standard [585].   

Further wire myography experiments have investigated the vasoactive 

properties of adenosine 5’-triphosphate in second order CPA’s originating from healthy 

patients by constructing three cumulative concentration response curves and 

incubating the placental vessel preparations with A740003 either before the second 

(n=5 CPA’s) or third (n=5 CPA’s) ATP stimulation. After the exposure of CPA’s with 

the P2X7 receptor antagonist, ATP-induced vasoactive responses corresponding to 

subsequent second and third nucleotide concentration response curves were 

particularly attenuated and displaced downwards. A comparable ATP-induced 

vasoactive effect was elicited following the second nucleotide stimulation of placental 

arteries in the absence of A740003 characterised by a notably decreased efficacy of 

the compound. Moreover, the third ATP stimulation in the presence of the P2X7 

receptor antagonist elicited a similar concentration response curve that was notably 

displaced downwards. These results support the possibility of a desensitization effect 

taking place in the second order chorionic plate arteries following the acute exposure 

to cumulative concentrations of ATP starting with 10-5M to 10-3M, as the second 

nucleotide stimulation in the absence of A740003 elicited a distinct drop in the efficacy 

of the compound. A study by Valdecantos et al (2003) has also showed that adenosine 

5’-triphosphate vasoconstricts chorionic arteries in a concentration-dependent manner 

and that the maximal contractions were close to 100% of the KCl standard with the 

exception of BzATP where the efficacy were approximately 50% [479]. The same study 

has also shown that following endothelium removal, ATP concentration curves were 

significantly attenuated [479]. An evaluation of the contractile response to adenosine 5’-

triphosphate is difficult due to the transience of the vasoactive effect and the 
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desensitization response potentially of P2X receptors obtained from chorionic plate 

arteries of healthy patients. Furthermore, the possible coexistence of purinoceptors 

regulating vasorelaxation (P2Y and P1) and vasocontraction (P2X) responses to 

activation with adenosine 5’-triphosphate and different nucleotides support this 

difficulty. Although a decrease by approximately 40% was obtained from second order 

CPA’s stimulated with A740003+ATP, since no vehicle control (DMSO) was carried 

out alongside experiments assessing the vasoactive effects of ATP in the presence of 

the P2X7 receptor antagonist, the desensitization effect could be due to either 

A740003, DMSO or to the transience of the response to ATP, therefore, the 

interpretation of the results in this case is particularly limited.  

Similar results were obtained in the case of isolated resistance human chorionic 

plate arteries originating from healthy patients where the second ATP stimulation in 

the absence of A740003 gave rise to a significantly attenuated, flat concentration 

response curve suggesting a markedly low efficacy of the nucleotide. Furthermore, 

the third ATP stimulation in the presence of the P2X7 antagonist also elicited a flat 

concentration response curve that was even further displaced downwards 

characterised by nucleotide vasoactive effects taking place below the baseline 

corresponding to the U46619 standard. However, in the case of resistance CPA’s 

which have been incubated with A740003 before the second ATP stimulation, the 

nucleotide gave rise to a concentration response curve that was also displaced 

downwards and almost flat. In this case, the nucleotide elicited a slightly higher 

efficacy compared to the second ATP stimulation in the absence of A740003, with a 

maximal spontaneous vasoconstriction response of more than 20% of the U46619 

standard at a concentration of 3.3*10-3M. The third ATP stimulation in the absence of 

A740003 initiated substantially reduced spontaneous contractions of the isolated 
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placental arteries with a concentration response curve that was noticeably shifted 

downwards characterised by a low ATP efficacy. These results suggest that 

exogenous nucleotides such as ATP elicit potent but non-reproducible and transient 

contractions of the human placental chorionic plate arteries which is in agreement with 

previously published studies of perfused cotyledons from the human placenta [475,523]. 

A possible explanation to this phenomenon as suggested from a similar study 

published by Dobronyi et al (1997) [523] is that these chorionic plate arteries were 

exposed to adenosine 5’-triphosphate during delivery giving rise to desensitization.   

The finding that adenosine 5’-triphosphate gave rise to a gradual run-down of 

transient responses from CPA’s with increasing nucleotide cumulative concentrations 

in the presence and absence of A740003 may suggest that the nucleotide could 

become rapidly metabolised by ectonucleotidases from the isolated CPA’s to 

adenosine which has been shown to contract CPA preparations close to 40% of 70mM 

KCl standard [473]. Considering the recognised variations in their current 

desensitization kinetics, recombinant P2X receptors are typically classified into 2 

principal categories namely rapidly desensitizing (P2X1 and P2X3) and slowly 

desensitizing (P2X2, P2X4, P2X5, P2X6 and P2X7) purinoceptors [130]. Studies 

investigating the chimera subunits consisting of P2X1 and P2X2 or P2X3 subunits 

proposed that the fast desensitization necessitates interplay across 2 membrane 

spanning regions of receptor subunits [603]. Also, the long C-terminus of the P2X7 

receptor has been proposed to account for the nondesensitizing characteristic of these 

ion channels during sequential activation [290]. Since ATP is a nucleotide which acts at 

all P2X receptors, this desensitization effect which took place after multiple exposures 

to ATP shown in the current study could be due to a direct or indirect attenuation in 

Ca2+ influx as it has been suggested in a study by Koshimizu et al (1999) where during 
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continuous exposure to agonist, current signals generated by recombinant P2X 

receptors are desensitised gradually [604]. Furthermore, these results which highlight 

the unusual nature of the properties of adenosine 5’-triphosphate in non-innervated 

CPA’s could be due to the dephosphorylation of ATP to adenosine which may 

stimulate P1 receptors to cause vasodilation following the transient contractile 

response to the nucleotide where a constant concentration of ATP had been 

maintained.  

The decrease in the vasoconstriction responses elicited by U46619 or ATP 

particularly in the absence of A740003 could be due to a desensitization effect taking 

place particularly in the case of ATP where it was not possible to elicit another 

concentration-response curve to the nucleotide for more than approximately 90 

minutes following its initial challenge of CPA’s as highlighted in chapter 4.3.8. This 

observation may imply that the chosen experimental protocol with regards to the 

cumulative concentration response curves was inappropriate to study the vasoactive 

effects of the thromboxane A2-mimetic or the nucleotide in isolated resistance, second 

or fourth order CPA’s originating from healthy patients.  

Resistance chorionic plate arteries challenged with three consecutive additions 

of ATP gave rise to progressively reduced vasoconstriction effects in the case of both 

first and second nucleotide stimulations which have resulted in some cases to a total 

desensitization effect taking place. These results further complement a study 

published by Valdecantos and colleagues (2003) where the authors challenged 

superficial chorionic plate arteries with three consecutive applications of 91μM ATP 

which have resulted in a gradual decreased vasomotor response that attained 15% of 

its initial effect [479].  
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The progressive reductions in maximal vasoconstriction responses elicited by 

resistance CPA’s were further investigated by elevating the resting basal tone of the 

blood vessel preparations using 30mM or 40mM KPSS followed by challenging the 

CPA’s with ATP. The results have shown that a 30mM KPSS-induced preconstriction 

of CPA’s increased the efficacy of the first ATP stimulation by more than 38% at a 

concentration of 10-3M, which may suggest that a high extracellular potassium 

concentration could influence the ATP-induced vasoactive properties in placental 

blood vessel preparations originating from healthy patients. A limitation of these 

studies is the reproducibility of ATP induced vasoactive effects from CPA’s, since a 

notable reduction in the ATP induced maximal vasoconstriction effect between the first 

and second nucleotide stimulation in the absence of 30mM KPSS ultimately resulting 

in a total desensitization took place (chapter 4.3.9) compared to the wire myography 

data highlighting the first and second ATP stimulation in the absence of 40mM KPSS 

where the concentration response curve of the nucleotide was almost flat and 

characterised by maximal vasoconstriction effects that plateaued at approximately 

55% of the U46619 standard (chapter 4.3.11). Prior to the elevation of the resting 

basal tone with 30mM or 40mM KPSS, since the experimental conditions were the 

same as all CPA’s were challenged with identical cumulative concentrations of ATP 

(10-3M, 3.3*10-3M, 10-2M; shown in the data as first and second ATP stimulation) and 

the vasomotor response from the placental arteries was notably different as shown in 

chapter 4.3.9 and 4.3.11, this study shows a decreased reproducibility in the 

vasomotor effect elicited by ATP in CPA’s of healthy patients. A study by Abad et al 

(2003) has highlighted that the maximal response elicited by KCl in isolated human 

placental chorionic plate arteries was similar in blood vessels originating from vaginal 

deliveries (21.6±2 mN) and caesarean sections (19.6±2,9 mN) [605]. In spite of this, the 
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KCl EC50 value was decreased in chorionic plate arteries originating from vaginal 

deliveries (13.9±1.6mM) compared to blood vessels sourced from caesarean sections 

(23±1.8mM) [605]. The same study has also investigated the effect of gestational age 

on human chorionic vascular reactivity and highlighted that the maximal response to 

KCl was decreased in preterm chorionic plate arteries (9.8±1mN) compared to term 

arteries (21.6±2mN), with the KCl EC50 value in preterm blood vessels of 26±1.3mM 

and in term CPA’s of 13.9±1.6mM [605]. However, the placental samples collected in 

the study performed by Abad and colleagues (2003) originated from caesarean 

deliveries undertaken under general anaesthesia and participants that delivered 

vaginally only used opioid analgesia [605].  

A small proportion of isolated chorionic plate arteries have exhibited a 

phenomenon of vasomotion after the U46619 challenge characterised by a continuous 

cycle of vasoconstriction followed by vasorelaxation. This type of vasomotion has 

been characterised in an investigation published by Wareing and colleagues (2002), 

where approximately 56% of the chorionic plate vessels studied exhibited cyclical 

variations in the amount of tone under the initial exposure to arginine vasopressin at 

a concentration of 10-8M [576].   

A limitation of the current study is that reproducibility controls for instance DMSO 

solvent control was carried out only in the wire myography experiment assessing the 

vasoactive properties of riluzole, since the compound was prepared using dimethyl 

sulfoxide as vehicle control. However, no DMSO control experimental condition was 

undertaken alongside experiments assessing the function of A740003 in isolated 

chorionic plate artery preparations, hence the interpretation of the results involving the 

P2X7 receptor antagonist is notably limited.  
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In order to avoid desensitization to ATP, the chorionic plate arteries were 

preconstricted in a few experiments using 30mM, 40mM, 50mM or 70mM KPSS which 

gives a tone of approximately 20-25% of the maximal contraction. When a stable 

contraction was obtained (after circa 5-10minutes), a concentration response curve to 

ATP was undertaken. The precise mechanism by which KCl increases ATP 

contractions of human placental chorionic plate arteries has not been fully understood 

yet. Calcium sensitivity is mainly coordinated by myosin light chain (MLC) 

phosphorylation via changes in the action of MLC phosphatase [606] but could also be 

coordinated via changes in MLC kinase activity which implicates thin filament 

regulation and potentially a direct modulation via heat shock proteins of contractile 

proteins. The process involving KCl-induced contraction is caused by membrane 

depolarisation giving rise to Ca2+ entry via voltage-operated Ca2+ channels (VOCC) 

[607], stimulation of Ca2+-dependent MLC kinase and elevation in MLC phosphorylation 

[608]. KCl is frequently utilised as a method to bypass G-protein coupled receptor 

activation and to stimulate smooth muscle by altering the K+ equilibrium potential and 

maintaining the membrane potential above the resting status [609]. Continuous 

membrane depolarisation may preserve the intracellular calcium concentration and 

force above a basal stage through prolonged stimulation of Ca2+ entry via sensitive 

VOCC [610]. Since extracellular ATP has been shown to stimulate arachidonic acid 

(AA) release from aortic smooth muscle cells [611] (which causes a strong Ca2+ 

sensitisation in Ca2+ clamped smooth muscle [612]) and AA elevates RhoA kinase 

(ROK) activity by 5- to 6-times independently of RhoA [613] which regulates stress fiber 

and focal adhesion formation [614], the precontraction of placental CPA with KPSS may 

serve to augment ATP-induced vasoconstriction effects without involving GPCR 
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stimulation which has been shown to generate arachidonic acid as a cellular 

messenger [615].  

Since BzATP is a relatively selective, though weakly potent compound acting at 

the P2X7 receptor with a reported EC50 value of 5μM at this purinergic receptor [146], 

the current study provides evidence that its exogenous application on isolated CPA’s 

originating from healthy patients elicits a weak vasoconstriction response 

characterised by a particularly low efficacy of less than 25% of the U46619 standard. 

However, an elevation in the resting basal tone with 30mM KPSS followed by a BzATP 

cumulative concentration curve initiated a spontaneous vasoconstriction response 

from the isolated placental arteries that was less than 6% of the U46619 standard 

suggesting an overall decrease in the efficacy of the compound. An explanation of the 

lack of robust and reproducible responses to BzATP of isolated human placental 

chorionic plate arteries is the lack of involvement of the P2X7 receptor in the 

contractility of these blood vessels.  

A study by Buvinic et al (2006) has highlighted that the P2Y1 and P2Y2 receptors 

are present along the human placental vasculature and showed an increased 

expression of 6- to 8-fold from the umbilical cord to the superficial chorionic blood 

vessels as well as the vasculature at the level of the internal placental cotyledons [481]. 

The authors have shown that the P2Y1 receptor and P2Y2 receptor are differentially 

distributed along the placental tree characterised by a change in distribution from the 

smooth muscle to the endothelium at the level of the cotyledon [481]. Also, the  

investigation by Buvinic and colleagues (2006) has highlighted that removal of the 

endothelial cell layer did not alter the expression of the P2Y1 and P2Y2 purinoceptors 

at the level of the umbilical vein or superficial chorionic plate vein or artery [481]. In this 

case, the authors have also presented data which showed a functional P2Y receptor-
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mediated vascular reactivity via the P2Y1 and P2Y2 receptors through the stimulation 

of the chorionic plate arteries with 2-MeSADP (possessing a high selectivity for P2Y1 

receptor) and UTP (preferential affinity for the P2Y2 receptor). The authors have 

shown that both compounds vasoconstricted chorionic plate artery preparations with 

2-MeSADP being slightly less potent than UTP, with both nucleotides giving rise to a 

similar force of contraction [481]. A similar study by Wang et al (2015) has highlighted 

that ATP can also interact with P2Y2 receptors on endothelial cells that is coupled with 

Gq and G11 proteins which further stimulates PECAM-1, VEGFR-2 triad and VE-

Cadherin giving rise to AKT/Protein kinase B phosphorylation and nitric oxide 

liberation into the extracellular space [616].   

A limitation of the current study is that the vasoactive responses of isolated 

chorionic plate arteries under the exogenic application of A740003, ATP and BzATP 

have not been investigated in blood vessel preparations with the endothelium removed 

to confirm the involvement of the smooth muscle towards the regulation of the 

placental blood flow.  

As a result, ATP may act on both P2X and P2Y receptors by playing a crucial 

role in the regulation of the feto-placental blood flow, particularly at the level of the 

human placental superficial chorionic plate arteries where the nucleotide has been 

shown to possess a dual vasomotor action [481].  
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5.1 Introduction 

The process of vascular paracellular permeability is tightly coordinated. The 

vasoactive regulators such as vascular endothelial growth factor (VEGF), thrombin or 

histamine have an intrinsic property to initiate and produce a short-term non-

pathological elevation of vascular permeability, including phosphorylation and 

relocation of junctional adhesion molecules [617,618]. Disorders such as gestational or 

type 1 diabetes or diabetic retinopathy have been linked to an extended to a 

disproportionate vascular permeability that may happen as a result of an increase in 

junctional disruption and endothelial cell-cell overlap or a shift of the balance between 

pro- and anti-inflammatory markers [619]. A good instance is the early development of 

diabetic retinopathy in which the barrier separating blood and retina is harmed 

resulting in a persistent permeability. Following this initiation of events, elevated 

inflammation causes the disorder to progress to a more serious stage named 

proliferative diabetic retinopathy characterised by atypical angiogenesis, giving rise to 

the establishment of exceedingly permeable vasculature [620]. The link between highly-

permeable vasculature and abnormal angiogenesis is usually found in other 

pathologies for instance solid cancers which typically comprise of cancer cells, 

lymphatic vessels, immune cells, blood and stromal cells, all connected together via a 

matrix [621–623]. In the placenta, abnormal angiogenesis is a feature of type 1 diabetes 

as it has been shown by Leach and colleagues (2009) [624]. Moreover, hypoxia has 

been suggested to play a key role in stimulating the synthesis of angiogenic markers 

for instance VEGF, which in turn promotes angiogenesis of structurally abnormal 

microvessels from both macroscopic and microscopic perspectives [625]. Other 

frequent instances of disorders characterised by abnormal vasculature include 

inflammatory conditions accompanied by atherosclerosis, but also more infrequent 
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disorders for instance age-related macular degeneration and benign tumors [625–627].. 

The disruption at the level of the fetal endothelial layer in the placenta gives rise to 

diminished junctional restrictiveness accompanied by a modified cleft size [628], 

elevated nutrient crossing time and an altered vascular permeability [119,126]. These 

disturbances ultimately affect the physiological solute transfer between the mother and 

fetus and result in a defective placental barrier role [484]. A perfusion study published 

by Leach and colleagues (2004) has highlighted that perfused term placental 

originating from type 1 diabetic patients possessed an elevated vascular leakage 

corresponding to more than 50% of blood vessels of the microvascular bed [97]. 

Furthermore, the same study suggested that the elevated leakage was strongly 

associated with phosphorylation of CD144, alterations of junctional proteins and 

increased VEGF protein expression. Similarly, other studies have shown that placental 

samples originating from gestational diabetic patients also possess a deficiency of 

junctional proteins  [95,629].  

The human placenta supports and protects the growing fetus whilst regulating 

the maternal physiology for the foetal benefit. This organ considered to be of fetal 

origin has an important barrier function and allows a particular nutrient exchange as 

well as oxygen uptake from the mother to the fetus [119]. An important placental 

structure contributing directly to its function is a multi-layered membranous 

arrangement comprising of the fetal capillary endothelium and the syncytiotrophoblast 

which are partitioned by a fine interstitium [630]. This functional barrier that delimitates 

the fetal circulation and the maternal intervillous zone is in charge with controlling the 

selectivity and rate of the placental transport. Abnormal alteration of this placental 

architecture and physiology is directly involved in many disorders associated with 

pregnancy for example intrauterine growth restriction, pre-eclampsia and diabetes.  
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Vascular permeability is defined as a pathophysiological process involving the 

flow of crucial fluids, solutes, cells and also proteins over an intact cell barrier under 

the influence of diverse stimuli. This process is responsible for the commencement 

and evolution of various disorders with a range of clinical manifestations [631]. Beside 

many stimuli that have been shown to influence permeability in particular cells for 

instance platelet activating factor, hypoxia and growth factors, vascular endothelial 

growth factor (VEGF) has been demonstrated to have a dominant property to initiate 

permeability in the perfused microvascular bed [119] as well as in a well-established 

endothelial cell monolayer [632,633]. In this case, in vitro models as a complimentary tool 

allow long term investigation of vascular permeability via enabling the control of a wide 

range of experimental variables and offering the possibility of quantitative analysis.  

In order to understand permeability, initial studies have focused on quantifying 

the electrical impedance of cell barriers accompanied by the movement of radio-

labelled compounds. A study performed by Hart and colleagues (1987) has showed 

the first application of transendothelial resistance (TER) measurements across the 

monolayer of brain endothelial cells for the purposes of studying cellular permeability 

[634]. Another study undertaken by Bowman and colleagues (1983) has presented the 

first measurement of 14C-labelled sucrose trans-migration through an endothelial brain 

monolayer [635].  

As vascular permeability is a key attribute of the blood vessels, different 

methodologies to investigate it have emerged over the last decade [169,636,637]. The 

earliest approaches to investigate and quantify vascular permeability have been based 

on in vivo assays for instance the miles assay [638] or using isolated blood vessels 

originating from various animals known as ex vivo assays [639]. As these models were 

particularly demanding to manipulate, it gave rise to the advancement of a new in vitro 
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model widely accepted as the transwell assay which is used to evaluate the 

permeability of an endothelial cell monolayer [640]. Novel studies focused on placental 

transport are primarily based on in vitro models using a transwell cell culture insert 

system which does not take into account the three-dimensional architecture of a blood 

vessel  [641]. In spite of this, the transwell model has been broadly used for the 

purposes of establishing a monolayer of trophoblast cells for investigating their 

capability to transport various substances from the apical chamber to the basal 

chamber [127]. Following these advancements, existing transwell experiments do not 

take into account the stratification of the placental barrier in terms of 

syncitiotrophoblast, cytotrophoblast, basement membrane and fetal vessels by 

omitting the endothelial cell contribution to the barrier formation [642]. Moreover, a 

stagnant culture environment in these experiments does not take into consideration 

the constantly moving extracellular milieu of the human placenta in vivo which 

previously demonstrated to have an impact on cellular phenotypes in the case of 

placental barrier [643].  

Even if these approaches based on electrical resistance may give rise to data 

describing an alteration in endothelial cell shape as well as barrier integrity, they offer 

a limited assessment of investigating the capability of certain proteins to cross the tight 

barrier formed by the endothelial cells and do not quantify permeability per se.  

More recently, a significant development in terms of tissue engineering has been 

performed in order to create a more robust and complex in vitro blood vessel 

configuration. The current models of the vasculature have attempted to take into 

account the three-dimensional architecture of various microvessels and to facilitate 

the regulation of the cellular milieu [644]. Many blood vessel prototypes have been 

created by various groups with the help of human umbilical vein endothelial cells 
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(HUVECs) [645,646] or human dermal microvascular endothelial cells (HDMECs) [647,648]. 

The barrier permeability related to these vascular profiles has been tested to 

investigate the efficacy of monolayer tightness and to characterise the effect of 

stimulating permeability using inflammatory substances for example thrombin and 

histamine particularly in models of HDMEC [647]. Nonetheless, from the perspective of 

drug development, there are few studies which have developed assays for the 

purposes of assessing compounds which are able to support the physiological function 

of the barrier to correct the abnormalities of blood vessels by bringing them to a more 

physiological state thereby decreasing the evolution of various disorders.  

Animals, in particular rodents may help to generate new data related to placental 

translocation of compounds or nanoparticles in a living organism or even to enhance 

the current knowledge about possible unfavourable consequences on their 

successors. In spite of this, the translation from animal to human subjects is 

particularly challenging because the placenta is widely considered as a species-

specific organ [649,650]. As a result, indicative ex vivo and in vitro placenta architectures 

based on human tissue or cells are especially fundamental for preventing species-

specific discrepancies. Alongside novel accessible translocation studies, ex vivo 

perfusion of term placental originating from human participants is widely regarded as 

the “gold standard” [651]. Complimentary in vitro experimental procedures that are 

widely used for instance cytotrophoblast cells which have been seeded on a 

permeable insert are more accessible to manipulate by taking into account trilayers 

for instance, “placenta on a chip”. These next generation in vitro models are potentially 

more suitable for an elevated throughput and are particularly relevant for investigating 

the mechanism of action of various compounds [652]. In spite of this, the above-
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mentioned experimental design does not entirely simulate the physiological 

microenvironment of the placental barrier. 

5.1.1  Molecular regulation of endothelial permeability  

The endothelial paracellular permeability and monolayer integrity are tightly 

coordinated by junction adhesion mediators (JAM). These molecules are fundamental 

components of paracellular junctions encouraging similar cell types to communicate 

and elicit a complex connection arrangement in between adjacent cells [653]. 

Furthermore, the variation in expression of JAM differs depending on the 

characteristics and development of endothelial junctions. Also, tight junctions have 

inter-membrane adhesion mediators, claudins and occludin [654] while vascular 

endothelial cadherin is considered as an inter-membrane adhesion mediator 

belonging to endothelial adherens junctions [655]. These mediators may allow calcium-

dependent typical cell-cell adhesions using their extracellular domains and their 

corresponding intracellular region enables interactions with other similar nearby 

junctions, as well as binding to peri-junctional proteins belonging to the cytoskeleton 

of the cell. Other important connecting mediators in charge with interactions related to 

adherens junctions are plakoglobin and β-catenin which are part of fully mature 

junctions [656]. Catenins are essential signalling factors especially non-junctional β-

catenin which is involved in cell division [657]. Moreover, the intracellular domains of 

various adhesion factors have serine and tyrosine amino acid portions that cause them 

to be susceptible to phosphorylation events and cytoplasmic signalling pathways for 

instance tyrosine kinase interactions. The current configuration of adhesion factors 

enables stabilization corresponding to certain cell membrane parts supporting the 

control of endothelial cell polarity and morphology during closure and opening of 

various cell junctions [653,658].  
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 Even if claudins support the arrangement of tight junctional filaments, on the 

other side, occludin is specifically involved in the adjustment of leakiness via 

assimilation with claudin-occupying threads. This mechanism acts as a crucial 

boundary in terms of the function of the permeability barrier in both endothelial and 

epithelial cells belonging to the blood-retinal and blood-brain barriers [659]. Following 

the discovery of the first tight junction linked to deposition proteins namely zonula 

occludens-1, more than thirty other factors have been characterised to be closely 

corelated to the cytosolic component of tight junctions. These may be classed in two 

groups  peripherally correlated scaffolding proteins (for instance afadin, cingulin, ZO-

1, ZO-2 and ZO-3) that anchor the membrane-spanning proteins and connect them to 

more cytosolic proteins and other signalling proteins for example Ras homolog gene 

family member A (RhoA), Ras effector 1 (Raf-1) and ZO-1 associated nucleic acid 

binding protein (ZONAB) which play a crucial role in the barrier construction and 

maintenance as well as gene transcription [660].   

Since membrane spanning junctional mediators are closely associated with 

plasmalemma receptors involved in the regulation of growth factors responsible for 

pro-permeability and pro-angiogenesis for instance vascular endothelial growth factor, 

this proximity enables the junctional molecules to function as receptors for 

extracellular signalling. Moreover, VEGF was suggested to promote the 

phosphorylation of β-catenin, VE-cadherin, p120 and plakoglobin, giving rise to a 

raised endothelial cell infiltration and elevated the paracellular permeability as a result 

of loosening of cell-cell contacts [658,661]. A study by Groten et al (2010) has shown that 

VE-cadherin is expressed in the syncytiotrophoblast originating from human placental 

samples of healthy patients using immunohistochemistry [662]. Furthermore, the 

expression of VE-cadherin in cytotrophoblast cells has been investigated before [663]. 
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Hydrophilic solutes of a similar molecular weight size to circulating proteins for 

instance alphafetoprotein (circa 60kDa) could translocate at the level of the human 

placenta via paracellular routes [664–666]. This paracellular diffusion is particularly 

important since it provides a crucial contribution to the unidirectional translocation of 

compounds from one side to the other of the human placenta [667,668]. Furthermore, the 

exchange barrier particularly in the third trimester of the gestation period has two cell 

layers namely the syncytiotrophoblast and the fetal capillary endothelium which is non-

interrupted and at places delimitated by lateral intercellular junctions via which 

hydrophilic mediators could pass though even though for proteins with a molecular 

size similar to alphafetoprotein, the diffusion process may be reduced [123]. However, 

the syncytiotrophoblast is a true syncytium characterised by the absence of 

pronounced lateral intercellular junctions. As a result, this observation gave rise to 

controversy related to the physiological role of the paracellular routes at the level of 

the syncytiotrophoblast layer. In spite of this, multiple studies have showed that one 

such route may become established in regions of syncytial denudation which are 

characterised by a fibrin-type fibrinoid deposition [666,669]. Also, more than 70% of the 

unidirectional transport for instance of Ca2+ or Cl- from the maternal to the fetal side of 

the placenta assessed using perfused human placental cotyledon takes place via 

paracellular diffusion [667,668]. Furthermore, VEGF has the ability to phosphorylate tight 

junctional molecules ZO-1 and occludin in a straightforward way with the help of 

protein kinase C [93]. Taking into consideration the human placenta, the regularity, 

location or proportion of tight junctions is relatively the same in most of the vasculature. 

On the other hand, junctional occupancy research has shown a variable expression of 

occludin corresponding to a favouring position in tight junctions belonging only to 

considerable conduit blood vessels [126]. Furthermore, the adherens junctions 
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belonging to the blood vessels where the placental exchange of nutrients and oxygen 

takes place i.e. the fetal capillaries contain an underdeveloped morphology with 

plakoglobin being replaced by β-catenin which interacts with the membrane spanning 

adhesion factor VE-cadherin. Also, the current fetal capillaries and the neighbouring  

trophoblast have elevated levels of angiogenic growth factors and their corresponding 

receptors that includes vascular endothelial growth factor and its equivalent receptors 

[125,670]. Ex-vivo perfusion research and in vitro investigations have highlighted that 

placental endothelial adhesion factors may be vulnerable to extrinsic inflammatory and 

angiogenic stimulation and also to the maternal nourishment condition [105,628,671,672].  

 An important role of endothelial cells is regulating the movement of flowing cells 

and plasma proteins from the lumen of the blood vessels towards the perivascular 

tissues. This activity is tightly coordinated by two cellular mechanisms namely 

paracellular and transcellular signalling pathways [673–676]. The paracellular process is 

controlled via opening of paracellular junctions or potentially through the readjustment 

of their organisation. On the other side, the transcellular method describes the flow of 

cytoplasmic factors via the cytosol of the endothelial cell facilitated via the activity of 

fenestrae or vesicular mechanisms. Lastly, alternative proteins located elsewhere 

around the endothelial cells could be partly responsible for the modulation of 

permeability. A good example of this regulation is PECAM-1 (platelet endothelial cell 

adhesion molecule 1) that may be phosphorylated by factors that elevate the 

permeability for example VEGF or even mechanical stimulation [661].  

In the vasculature of adults, the smooth muscle cells are found in a contractile 

non-proliferating condition which supports the continuous interaction with endothelial 

cells [677,678]. The non-proliferating condition of the primary cells is supported by 

diffusible and connection reliant factors between the cells and their corresponding 
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extracellular matrix [679]. A good example of this phenomenon is angiopoietin 1 that is 

liberated into the extracellular space by vascular smooth muscle cells which interacts 

and stimulates tie2, a membrane spanning receptor tyrosine kinase primarily found on 

the membrane of endothelial cells. This process then stimulates akt (a cell survival 

kinase), ultimately promoting the support of vascular quiescence [680–682]. The 

endothelial cell – smooth muscle cell interplay is crucial for the duration of blood vessel 

synthesis. In this case, the smooth muscle cells recruited by endothelial cells [683] 

promote the establishment of the newly formed blood vessels via synthetising 

extracellular matrix. Further crucial factors that participate in the endothelial cell – 

smooth muscle cell interplay are transforming growth factor β [684], endothelial 

differentiation sphingolipid G-protein coupled receptor 1 [685] and vascular endothelial 

growth factor A [686]. As a result, the endothelial cell – smooth muscle cell interplay is 

vital for regulating the vascular tone and it’s physiological function in vivo.  

5.1.2  Investigating human feto-placental endothelial 

junction formation and barrier integrity using 

macromolecular permeability studies 

The placenta originating from human subjects has been extensively studied for 

the purposes of describing its morphological structure from a macroscopic point of 

view to a cellular degree. A recent particular attention has been allocated for 

investigating the physiological and pathophysiological signalling pathways and 

aspects of placental permeability [687]. Although in vivo examinations taking place in 

human subjects have been restricted as a result of ethical controversy and limited 

access, the majority of current understanding of transplacental flux has been collected 

with the help of in vitro tests which have been based primarily on using placental 
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samples originating from third trimester of the pregnancy period. Despite the 

complicated and laborious methodologies used in these experiments, the knowledge 

acquired over the last decades highlights exclusively the overall action of the entire 

tissue representing the placental barrier [688]. More recently, a lot of configurations 

using various cell types have been established for the purposes of distinguishing 

certain inputs originating from the cells used to create the three-dimensional placental 

barrier [689]. Although many studies have investigated the uptake proportion as well as 

the signalling pathways involved in the establishment of the permeability especially in 

the syncytiotrophoblast, there is limited research data available detailing on the 

contribution of the feto-placental endothelium on the regulation of the placental barrier 

[690–692]. More recently, attention has been given to investigate the permeability 

characteristics of the human placenta with a particular focus on techniques for 

recognising membrane-embedded specific transporters particularly of glucose, fatty 

acids and amino-acids. Advancements in the knowledge of the class of transporters 

on both fetal and maternal surfaces of the syncytiotrophoblast are of an elevated 

importance when it comes to understanding the placental transport. Of an equal 

usefulness is determining the preponderance of each of the transporters on both 

surfaces in terms of number per cm2, as well as the total surface of the placenta when 

it comes to various disorder cases. The majority of this knowledge has still not yet 

been identified [693].  

 In humans, the aspects of placental transport and the potential mechanisms 

involved have been particularly well investigated certainly in the case of the third 

trimester pregnancies. However, there are few well controlled quantitative studies 

undertaken in the first and early second trimester for the purposes of investigating 

placental barrier transport and permeability because of ethical controversy.  
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 Although important progress has been noticed in the field of placental 

permeability and transport, there is still a tremendous amount of work that needs to 

be carried out in terms of investigating the function and anatomy of the placental 

barrier and moving studies to pre-clinical models. Moreover, more work needs to be 

undertaken in order to expand the current knowledge of the physiology influencing 

placental barrier in terms of syncytialization, oxygen microenvironment as well as 

multiple cell layers [694]. 

 Novel in vitro models of placental permeability have an important aim to 

enhance the in vivo relevance by using supplementary suitable cell types in particular 

primary cells or fluidics for the purpose of simulating the exceptionally dynamic 

microenvironment of the human placenta. Huang and colleagues have managed to 

accomplish creating a confluent monolayer of primary human trophoblasts isolated 

from placental samples originating from healthy volunteers on a 0.4μm pore size 

transwell membrane [695].  However, the access to term placental samples could be 

restricted and the process of obtaining the primary trophoblast cells is expensive and 

time-consuming. Other studies have created new dynamic co-culture models involving 

micro and macro-fluidic approaches [630]. All models of co-cultures in terms of 

endothelial and trophoblastic cells have been seeded on various surfaces including 

denuded amniotic membranes, a microporous membrane or even on collagen 

membranes [630,692,696]. However, these models may only be of use for the purposes 

of transport studies of small substances because the membranes and scaffolds may 

create a major barrier to the free transmigration of larger molecules or nanoparticles. 

Overall, various improvement strategies in terms of co-cultures of primary cells 

accompanied by dynamic exposure are particularly promising however, more 
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optimisation of these models is required in order to achieve a suitable trans-location 

study for both small and large compounds as well as nanoparticles.  

 The motivation for this study was to develop a biological in vitro human 

chorionic vessel model that will mimic the in vivo structural architecture using primary 

placental chorionic plate artery smooth muscle cells (CPA-SMC) and human umbilical 

vein endothelial cells (HUVEC). Techniques involving co-culture of human cells have 

been successfully used for the purposes of creating multiple types of in vitro functional 

barriers for example pulmonary blood-gas barrier, eye and skin as well as blood-brain 

barrier [697–699]. In this case, establishing a reliable chorionic blood vessel model in vitro 

will contribute considerably to our knowledge of placental vascular function.  

There are currently no commercially available human chorionic plate artery 

smooth muscle cells which could be used in order to establish a reliable chorionic 

vessel system in vitro. As a result, the development of an uncomplicated and cost-

effective isolation technique for the purposes of obtaining the human chorionic plate 

artery smooth muscle cells, describing their phenotype and potentially using them in 

further in vitro experiments may be advantageous. These smooth muscle cells may 

possess an important value when it comes to investigating the signalling pathways 

involved in the regulation of vascular permeability, contractility as well as influencing 

the endothelial junction formation. With a complementary rationale, the phenotypic 

and functional signature of the smooth muscle cells was verified using 

immunocytochemistry and permeability studies.  

In order to establish a reliable chorionic vessel system in vitro, initial validation 

studies had to be performed for establishing important aspects of the feto-placental 

barrier comprised from primary isolated CPA-SMC’s and HUVEC cells. Some of these 

crucial aspects include the formulation of co-culture growth media, investigation of 
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primary cell capability to proliferate on transwell membrane inserts, optimisation of the 

proliferation period and seeding density of primary cells on inserts, timepoint following 

co-culture of primary cells at which the permeability study was undertaken and 

duration of permeability assays. All of these optimisation studies contributed greatly to 

the establishment of the in vitro model resembling the vascular wall of the chorionic 

plate arteries, which aimed to increase the current understanding of placental vascular 

function.  

The efficacy of this optimised model was further tested by investigating the 

capacity of endothelial cell junction formation and barrier integrity. These aspects in 

terms of validation studies involved in the organisation of this in vitro co-culture system 

include the immunocytochemistry staining for smooth muscle cell specific marker α 

smooth muscle actin and endothelial cell inter-cellular junctional integrity marker VE-

Cadherin, as well as assessing the barrier tightness which is mainly provided by 

HUVEC cells and regulated by CPA-SMC through the means of permeability assays.  

Further validation experiments involved in the establishment of this co-culture 

system comprised of investigating the capability of CPA-SMC to adhere to the HUVEC 

monolayer and the optimisation of the immunocytochemistry protocol which involved 

secondary antibodies that were FITC conjugated.  

 Overall, a comprehensive characterisation of the cell signalling pathways taking 

place in the cellular constituents composing the in vitro placental barrier still needs to 

be addressed which will increase our understanding of maternal-fetal transport.  
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5.2 Hypothesis 

The hypothesis of this study is that the co-culture of HUVEC cells with CPA-

SMC cells will increase the barrier integrity compared to monoculture of HUVEC cells 

alone. Also, the immunophenotypic signature of the isolated CPA-SMC cells 

originating from placental samples of healthy and pregnancies complicated by 

gestational diabetes mellitus will be similar to the surface antigenic profiling 

characteristic of human multipotent mesenchymal stem cells.   

The aims of this study were to: 

• The first objective of this study was to fabricate an accurate and reproducible cell 

co-culture model using primary human umbilical vein endothelial cells (HUVEC) 

and freshly isolated chorionic plate artery smooth muscle cells (CPA-SMC).  

• The second objective was to assess the efficacy of this co-culture model by 

evaluating its capacity of endothelial junction formation and barrier integrity.  

• The third objective was to immunophenotype isolated CPA-SMC cells originating 

from placental samples of healthy and pregnancies complicated by gestational 

diabetes mellitus for cell surface markers that are typical of human multipotent 

mesenchymal stem cells.  

• The fourth objective was to investigate the immunolocalization of α smooth muscle 

actin and VE-Cadherin in mono- and co-cultures of HUVEC and CPA-SMC using 

immunocytochemistry 

• The fifth objective was to investigate the possibility of labelling the cellular 

membranes of HUVEC and CPA-SMC with PKH67 and PKH26  
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5.3 Results 

The methods used in this results chapter have been described in chapter 2.14-

2.16 and 2.19-2.22.  

5.3.1  Human placenta chorionic plate artery smooth muscle 

cells can be isolated and grown to a high confluency using 

the tissue explant technique  

In all cases of healthy, gestational diabetic mellitus or type 1 diabetic patients, 

the explant culture gave rise to a numerous homogenous population of smooth muscle 

cells. The CPA-SMC cells originating from placental samples of pregnancies 

complicated by gestational diabetic mellitus grew to confluence 2.8 times faster 

(approximately 10 days) compared to all other healthy volunteers (circa 28 days) 

measured between the point at which the CPA explant was seeded into the culture 

plate and obtaining a fully confluent flask. The smooth muscle cells showed signs of 

growth within the first week in the cell culture conditions as shown in chapter 5.3.1.1. 

At confluence the primary cells had a uniform morphology which could be described 

as elongated cells proliferating in parallel rows which is characteristic of smooth 

muscle cells. Moreover, another characteristic of these human placental cell cultures 

is the formation of overlapping sheets giving rise to ridges which are a typical growth 

sign for this cell type. The smooth muscle cell morphology also kept similar after 

passaging the cells multiple times. On the other side, another characteristic of these 

smooth muscle cells is the higher the passage the slower the proliferation rate, with 

cells not growing after p5. The morphology of CPA-SMC cells in coculture with HUVEC 

cells was characterised as spindle shape with SMC cells proliferating in multiple 

directions. The isolated CPA-SMC cells were positive for the myofilamentous protein 
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α-smooth muscle actin as shown in chapter 5.3.1.5. Also, a representative example of 

the spindle shaped morphology of smooth muscle cells in tissue culture conditions at 

confluence is presented in figure 139.  

 

Figure 139. This figure shows the spindle shaped morphology at confluence of the 
human term placenta chorionic plate artery smooth muscle cells originating from a 
healthy patient (N06022020, P0) resembling an elongated side-by-side rows 
appearance.   
 
5.3.1.1 Morphology and culture characteristics of chorionic 

plate artery smooth muscle cells  

As the smooth muscle cells proliferated to reach a higher confluence, the cells 

gave rise to monolayers which at parts formed islets of sheets maintaining the same 

morphology of a hill and valley pattern. If the human smooth muscle cells were given 

the opportunity to further proliferate around the confluency period without passaging, 
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the generation of nodules was observed especially in the field of view with the highest 

cellular frequency. These nodules were composed of cellular waste and were 

enclosed by healthy smooth muscle cells. 

The smooth muscle cells exhibited signs of growth within the first 7 days in 

culture conditions. The primary placental cells grew to confluence after 21-28 days, as 

gestational and type 1 diabetic cells grew faster (circa 10 days) compared to healthy 

cells. In all cases at the end of the exponential growth phase, the cell cultures 

resembled a similar morphology that may be described as spindle shaped cells 

positioned side-by-side often with long cytoplasmic projections connecting nearby 

cells as shown in figure 140. At parts, the cell culture showed the formation of stacked 

sheets which gave rise to the development of ridges. The cells maintained their 

morphology in all of the following sub-cultures after which, from passage 5 onwards, 

the proliferation rate decreased significantly, and the cell morphology showed a few 

large rounded senescent cells.  

During the exponential growth phase between 7 and 21 days, there were many 

small high-proliferative cells located right next to the explant and other cells that were 

positioned further away from the explant which might be contact inhibited by long 

cellular processes. Other primary cells resembled a cobblestone-like shape close to 

the confluency period as shown in many of the representative figures in this chapter. 

These smooth muscle cells resemble phenotypic changes at low cell densities with a 

flat rectangular shape accompanied by small processes and rapidly became 

senescent. A large population of human placental CPA-SMC’s cultures were spindle 

shaped, medium-sized even in areas comprising of cells with other morphology types 

for instance small cells with a cobblestone appearance or large cells which were often 

found in the primary explant culture.   
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Beside the typical hill and valley morphology, an important characteristic of 

these vascular smooth muscle cells especially after growing in culture conditions for 

more than 3 weeks was the presence of nodules (further characterised in chapter 

5.3.1.3). 

 
 
Figure 140. This figure shows representative phase contrast images of the human 
placental chorionic plate artery smooth muscle cells in culture conditions originating 
from healthy patients. A. Cells from CPA explant can be observed after 6 days right 
next to the explant (N18072019) (blue arrows) B. Sub-confluent vascular smooth 
muscle cells at day 8 highlighting a typical spindle-shaped morphology which often 
possess long projections connecting nearby cells (N18072019) (blue arrows) C. 
Smooth muscle cells morphology at confluence after 19 days in culture environment 
resembling a parallel architecture (N06022020) D. Vascular smooth muscle cells at 
passage 2 after 57 days in culture conditions from the point of seeding the explants, 
highlighting a regular hills and valleys morphology with long projections (blue arrows) 
and the presence of nodules which is characteristic of smooth muscle cells after 30 
days in culture (N18072019) (Scalebar 100μm).  
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 All human placenta chorionic plate artery smooth muscle cells originating from 

healthy patients resembled similar temporal changes in terms of morphology and 

proliferation characteristics during the isolation process.  

Generally, the vascular smooth muscle cells isolated from the human placenta 

chorionic plate artery exhibited a ribbon shape accompanied by an oval-shaped 

nucleus possessing 2 or more nucleoli especially towards the full confluency and also 

the cytoplasm of these cells was particularly phase dense having a small number of 

visible inclusions.  

 Smooth muscle cells grew relatively slowly from the placental tissues and 

spread around the explant surrounding areas giving rise to uninucleate and binucleate 

cells. After 5 days in culture conditions, the human placenta smooth muscle cells 

started to reach each other and to become sub-confluent especially around the 

explant. On the other side, after sub-passaging the cells, SMC expanded in size and 

cell volume with a morphology characterised as polygonal cells.  

5.3.1.2 Confluent cultures of human placenta chorionic 

plate artery smooth muscle cells present multiple 

formations of whirling arrangement foci in zones where the 

primary cells proliferate in singular sheets 

The human placenta chorionic plate artery smooth muscle cells morphology at 

confluence resembled a few key characteristics such as spindle shaped cells growing 

in parallel which formed patches of sheets and ultimately gave rise to the generation 

of ridges. This in turn favoured the establishment of nodules positioned in areas where 

the SMC’s grew in multiple sheets, typically in the adjacent peri-explant space. A 

further characterisation of confluent SMC proliferating in culture conditions was that 
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the cells never formed a tight monolayer, although at parts, especially after the majority 

of cells have migrated out from the explant, the parallel arrangement of smooth muscle 

cells gave rise to a sheet of cells tightly packed together.  

After passaging the cells for the first time, the period between cell seeding and 

reaching a high confluence was relatively the same to the one between placing the 

chorionic plate artery explants on the culture plate and noticing the whirling effect of 

smooth muscle cells.   

An important smooth muscle cell growth pattern which was mostly noticed 

when the cells became particularly confluent was the formation of a whirling 

arrangement. This effect has been noticed at multiple locations around the SMC 

primary cultures as shown in figure 141. The circular pattern was present only at sites 

where the smooth muscle cells were grouping in a singular sheet. As a point of view 

of timescale of SMC proliferation from explants, this whirling effect took place at the 

point of transition from a single sheet of cells to a nodular cell culture. 
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Figure 141. This figure describes the confluent arrangement pattern of the human 
chorionic plate artery smooth muscle cells originating from a healthy patient 
(N06022020) in different fields of view (10X) at day 19 after placing the placental 
explants in the culture plates. Scalebar 100μm. A. Representative example of a 
whirling effect of smooth muscle cells growth shown by the blue arrows B. Typical 
image highlighting the proliferation pattern resembling a circular appearance of the 
human smooth muscle cells (direction presented by curved arrow) C. Image showing 
the spindle-shaped morphology of smooth muscle cells with long projections 
connecting adjacent cells highlighted by arrows D. Appearance of confluent smooth 
muscle cells as stacked sheets (shown by arrows) which may further develop into 
ridges and ultimately into nodules.  
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5.3.1.3 Human placenta chorionic plate artery smooth 

muscle cells gave rise to the formation of overlapping 

sheets of primary cells, generation of ridges and ultimately 

the development of nodular cultures  

An important characteristic of human placenta chorionic plate artery smooth 

muscle cells cultures is the development of nodules after approximately 30 days in 

culture conditions as shown in figure 142, panels E-H. The cellular aggregation foci 

comprised of aggregates of cells that were circular in shape, with a diameter of 

approximately 250μm after 57 days in culture conditions as shown in figure 140 (panel 

D). This characteristic of vascular smooth muscle cells has been identified in all of the 

primary cell cultures. Although this property of nodule establishment is not exclusive 

for SMC’s (as mesenchymal cells possessing osteoblastic characteristics could 

similarly give rise to nodules), it is a pivotal attribute that distinguishes human vascular 

smooth muscle cells from fibroblasts.  

The nodules were not detached and stained for CD31 and a-SMA to confirm 

the presence of smooth muscle cells, endothelial cells or both.   

The nodules were formed even in co-culture conditions using CPA-SMC’s 

(N15072019, P3) and HUVEC cells (N21082019, P5) on sterile 12mm diameter 

transwell with 0.4μm pore size polyester membrane inserts as shown in figure 142, 

panels A-D, denoting that the formation of nodules was not affected by the presence 

of another cell type in the culture microenvironment. In the majority of cases, the 

nodules were of a similar size, with some being more phase dense than others.  
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Figure 142. This figure shows the morphology of nodule aggregates (panels A-D) with 
varying sizes growing on sterile 12mm diameter transwell with 0.4μm pore size 
polyester membrane inserts. Smooth muscle cells were seeded on inserts (day 0) and 
images were acquired at day 13. A. 1x104 SMC’s (day 0) + 1% gelatin (day 11) B. 
1x104 SMC’s (day 0) + 1x104 HUVEC (day 11) C. 1x104 SMC’s (day 0) only D. 1x104 
SMC’s (day 0) + 1% gelatin (day 11) + 1x104 HUVEC (day 11). Panels E-H highlight 
the early stages of nodule formation (blue arrow) in CPA-SMC cell cultures 
(N18072019) at P2 in T75 flask. H. Fully grown nodule. Scalebar 100μm.  
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5.3.1.4 The population doubling time of primary isolated 

chorionic plate artery smooth muscle cells showed a 

decelerated proliferation rate in culture conditions  

In the case of CPA-SMC’s, the doubling time calculated using the data shown 

in table 28 expressed as mean ± standard deviation was 15.38±13.52 days (N=5 

healthy patients).  

Sample 
number 

Passage 
number Flask type Xb Xe T DT 

N15072019 P1 T25 5.29x105 1.16x106 5 4.414 
N21082019 P2 T75 9.7x105 1.07x106 5 35.32 
N17092019 P1 T75 1.26x106 3.06x106 28 21.87 
N18092019 P1 T75 1.16x106 4.73x106 41 12.73 
N10072019 P1 T75 1.23x106 3.6x106 4 2.582 

 
Table 28. This table shows the human placenta chorionic plate artery smooth muscle 
cells doubling time (DT) with the corresponding sample and passage number, flask 
type, cell seeding (Xb), harvesting number (Xe) and incubation time (T).  
 
5.3.1.5 Human chorionic plate artery smooth muscle cell 

cultures revealed an uniform immunolocalization of α 

smooth muscle actin present on the microfilament bundles 

Representative fluorescent images showing α-smooth muscle actin (green) 

immunolocalization in CPA-SMC’s cultured on membrane inserts are presented in 

figure 143. All primary smooth muscle cells expressed the contractile protein α-smooth 

muscle actin on the microfilament bundles which were evenly distributed along the 

cytoplasmic compartment of the cells.  
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Figure 143. This figure (panels A-B) shows the α-smooth muscle actin distribution 
(green) in CPA-SMC seeded on 0.4μm pore size polyester membrane insert at a 
density of 1x104 cells/1.12cm2. Scalebar 100μm. 
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5.3.1.6 Surface antigenic profiling of human placenta 

chorionic plate artery smooth muscle cells showed a 

particular similarity with the immunophenotypic signature 

characteristic of human multipotent mesenchymal stem 

cells  

Immunophenotyping data using chorionic plate artery smooth muscle cells 

highlights the stem cell character of these isolated placental cells.  

This study shows for the first time that the surface antigenic profiling of these 

CPA-SMC cells highlighted a positivity towards a specific population of adult 

mesenchymal stem cells markers. The chorionic plate artery smooth muscle cells 

originating from N=4 healthy patients were positive for CD73 (95.66±2.890%), CD90 

(86.87±5.481%), CD105 (82.18±8.134%) and in terms of hMSC negative cocktail 

(CD34, CD11b, CD19, CD45 and HLA-DR), only 0.232±0.105% were positive for 

these cell surface markers relative to isotype control. On the other hand, 

immunophenotypic data of CPA-SMC’s originating from N=4 gestational diabetic 

patients show a decrease in positivity for hMSC specific markers as follows: CD73 

(93.68±0.949%), CD90 (65.91±5.745%), CD105 (67.37±8.064%) and hMSC negative 

cocktail (0.235±0.110%). 

Figure 144 and figure 145 highlight the immunophenotypic data of all CPA-SMC 

originating from healthy and gestational diabetic patients in which the smooth muscle 

cells were stained with antibodies against surface specific receptors characteristic of 

mesenchymal stem cells. A Shapiro-Wilk test highlighted that all immunophenotype 

data corresponding to healthy and gestational diabetic patients was normally 

distributed. An unpaired, two-tailed T test with Welch’s correction was carried out 
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between healthy and GDM patient subgroups separately in the case of CD73, CD90 

and CD105 and highlighted a single statistically significant difference in the 

percentage of CD90 positive cells (*P=0.0386) as highlighted in figure 146.  
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Figure 144. This figure (panels A-P) highlights the immunophenotype data of human 
placenta chorionic plate artery smooth muscle cells originating from four healthy 
patients (N18092019, N05122019, N06022020 and N15072019). Flow cytometric 
analysis of the expression of cell surface markers showed that CPA-SMC’s were 
positive for CD73 (95.66±2.890%), CD90 (86.87±5.481%) and CD105 
(82.18±8.134%) and only 0.232±0.105% of the CPA-SMC population was positive for 
the hMSC negative cocktail markers (CD34, CD11b, CD19, CD45 and HLA-DR). CPA-
SMC’s were stained with antibodies against surface specific cellular markers as shown 
by the green histograms or an isotype matched monoclonal antibody as highlighted 
by the red histograms.  
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Figure 145. This figure (panels A-P) highlights the immunophenotype data of human 
placenta chorionic plate artery smooth muscle cells originating from four gestational 
diabetic patients (GDM16092019-Diet, GDM02122019-Diet, GDM28102019-
Metformin and GDM05122019-Metformin). Flow cytometric analysis of the expression 
of cell surface markers showed that CPA-SMC’s were positive for CD73 
(93.68±0.949%), CD90 (65.91±5.745%) and CD105 (67.37±8.064%) and only 
0.235±0.110% of the CPA-SMC population was positive for the hMSC negative 
cocktail markers (CD34, CD11b, CD19, CD45 and HLA-DR). CPA-SMC’s were 
stained with antibodies against surface specific cellular markers as shown by the 
green histograms or an isotype matched monoclonal antibody as highlighted by the 
red histograms.  
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Figure 146. This figure highlights the percentage of CPA-SMC cells that were positive 
for CD73, CD90 and CD105 originating from N=4 healthy patients (N18092019, 
N05122019, N06022020 and N15072019) and from N=4 gestational diabetic patients 
(GDM16092019-Diet, GDM02122019-Diet, GDM28102019-Metformin and 
GDM05122019-Metformin). Data are presented as mean ± SEM. *P≤0.05, **P≤0.01, 
***P≤0.001, ****P≤0.0001.  
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5.3.2 The morphology of human umbilical vein endothelial 

cells is characterised by a cobblestone appearance with 

dark large size nuclei inside the primary cells  

The human umbilical vein endothelial cells resemble a homogenous cell 

population with a cobblestone appearance in culture conditions which is accompanied 

by generous size dark nuclei inside the cells (figure 147). Freshly isolated human 

umbilical vein endothelial cells comprised of many small-size slightly spindle-shaped 

clusters of cells which adhered to the 1% gelatin-coated T25 flasks in a period between 

6-12 hours post seeding. On the following day after the HUVEC isolation took place, 

the cells proliferated at a high rate and established connections with adjacent adhered 

cells.   

The primary endothelial cells gave rise to the formation of a monolayer 

comprising of heavily arranged evenly sized polygonal cells with a width ranging from 

20-60μm at approximately 48 hours after the enzymatic digestion took place. This 

process was dependent on various factors such as the initial number of isolated viable 

cells placed in the 1% gelatinised flasks, the abundance of cells that have adhered to 

the plastic surface and potentially the growth environment. Representative examples 

of HUVEC cells at passage 3 in a 1% gelatin coated T75 flask originating from a 

healthy patient (N21082019) highlighting the morphology of the cells at both 10X and 

20X magnifications are provided in figure 147. The morphology of many of the isolated 

endothelial cells can be characterised as hexagonal or polygonal with poorly defined 

borders that were hard to visualise and a small population exhibiting elongated 

shapes. The HUVEC cells did not form overlapping sheets of cells, nodules or ridges 

during the proliferation or even when the cells reached the confluency stage. As the 
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human umbilical vein endothelial cells cultures aged, the cells began to show signs of 

a more senescent heterogenous population with an unusual morphological 

appearance and elevated size.  

 

Figure 147. This figure (panels A-C, 10X, panels D-F, 20X) shows the cuboidal 
morphological appearance of HUVEC cells in culture conditions at passage 3 
originating from a healthy volunteer (N21082019). Scalebar 100μm. 
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5.3.2.1 The population doubling time of isolated human 

umbilical vein endothelial cells suggests a highly 

proliferative rate in culture conditions  

The human umbilical vein endothelial cells doubling time originating from 4 

healthy volunteers as shown in table 29 expressed as mean ± standard deviation was 

2.158±0.3893 days. This number highlights the high proliferation rate of these vascular 

cells, which is approximately 7.126 times higher than the doubling time of the chorionic 

plate artery smooth muscle cells. 

Sample 
number 

Passage 
number Flask type Xb Xe T DT 

N21082019 P1 T25 1.06x106 3.16x106 3 1.904 
N10072019 P1 T75 1.23x106 3.6x106 4 2.582 
N05122019 P1 T75 2.1x106 6.83x106 3 1.76 
N12082019 P1 T25 1.05x106 2.51x106 3 2.386 

 
Table 29. This table shows the human umbilical vein endothelial cells doubling time 
(DT) originating from 4 healthy patients taking into consideration the cell seeding (Xb), 
harvesting number (Xe) and the incubation time (T).   
 
5.3.3  Isolated human placenta chorionic plate artery 

smooth muscle cells seeded at a density of 3x104 cells on 

6.5mm diameter 0.4μm pore size polycarbonate membrane 

inserts highlight a limited adhesion and proliferation 

capacity  

Figure 148 highlights the appearance of 3x104 chorionic plate artery smooth 

muscle cells just after seeding on 6.5mm diameter polycarbonate membrane inserts. 

As shown in figures 149 and 150, this trial study highlights that seeding 3x104 SMC 

cells on the 0.4μm pore size polyester membrane facilitates the formation of 
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calcification nodules after 24 hours of primary cell culture in DMEM low glucose+10% 

(v/v) FBS+Penicillin/Streptomycin media. Figure 151 highlights the appearance of 

polycarbonate inserts without any cells seeded. As these nodules were typically 

formed by primary smooth muscle cells usually after 30 days in culture conditions, the 

current observations show that the cells were able to contribute significantly to the 

establishment of an apoptotic microenvironment if cultured at a high cell number 

relative to a limited growth surface area. 

 
 
Figure 148. This figure (panels A-B 10X, panels C-D 20X) shows the morphology of 
chorionic plate artery smooth muscle cells after seeding on the membrane insert. The 
cells appear circular in shape with a density of 3x104 cells/0.33cm2. Scalebar 100μm. 



Chapter 5 – The establishment of an in vitro model of a human chorionic vessel 
 

 448 

 
 
Figure 149. This figure (panels A-J) shows the morphology of the smooth muscle cells 
(10X) at 24 hours after seeding on the polycarbonate membrane insert. Scalebar is 
100μm.  
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Figure 150. This figure (panels A-J) shows the morphology of the smooth muscle cells 
(20X) at 24 hours after seeding on the polycarbonate membrane insert. Scalebar is 
100μm.  



Chapter 5 – The establishment of an in vitro model of a human chorionic vessel 
 

 450 

 
 
Figure 151. This figure (panels A-C) shows the appearance of the polycarbonate 
inserts without any cells seeded (10X) as a media only control at 24 hours. Scalebar 
is 100μm.  

A 
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5.3.4  In vitro validation studies suggest that the cell 

seeding density of 1x104 human placenta chorionic plate 

artery smooth muscle cells on 6.5mm diameter 0.4μm pore 

size polycarbonate membrane insert prevents the formation 

of nodular cultures for at least 48 hours 

As shown from figures 152-156, the smooth muscle cells were able to adhere 

and proliferate on the inserts to the point of forming a disjointed sheet of cells. The 

primary cells were not able to fully cover the surface of the transwell inserts, not even 

at 120 hours post seeding. In some cases, specifically at 48 hours after seeding the 

cells (figure 154, panels M and P) where the SMC’s were seeded at 1.5x104 and 2x104 

cell density per transwell membrane insert, numerous nodules were formed.  

Moreover, the images acquired at 120 hours post seeding as shown in figure 

155 and figure 156 highlight that all CPA-SMC cell seeding densities gave rise to the 

formation of cellular aggregates.  
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Figure 152. This figure (panels A-L, 10X) shows the morphology of various cell 
densities of CPA-SMC right after seeding on the 0.4μm pore size polycarbonate 
membrane inserts (Scalebar 100μm). 
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Figure 153. This figure (panels A-R, 10X) shows the morphology of various cell 
densities of CPA-SMC at 24h post-seeding on the 0.4μm pore size polycarbonate 
membrane inserts (Scalebar 100μm). 
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Figure 154. This figure (panels A-R, 10X) shows the morphology of various cell 
densities of CPA-SMC at 48h post-seeding on the 0.4μm pore size polycarbonate 
membrane inserts (Scalebar 100μm). 
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Figure 155. This figure (panels A-R, 10X) shows the morphology of various cell 
densities of CPA-SMC at 120h post-seeding on the 0.4μm pore size polycarbonate 
membrane inserts (scalebar 100μm). 
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Figure 156. This figure (panels A-R, 20X) shows the morphology of various cell 
densities of CPA-SMC at 120h post-seeding on the 0.4μm pore size polycarbonate 
membrane inserts (scalebar 100μm). 
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 As a result, the morphological image data from the previous in vitro CPA-SMC 

experiments has highlighted that the optimal cell seeding density of CPA-SMC’s on 

0.33cm2 membrane inserts was 1x104 cells/transwell. Due to the fact that all cell 

seeding densities tested (1x103, 3x103, 5x103, 1x104, 1.5x104 and 2x104) of the 

primary smooth muscle cells on 6.5mm diameter polycarbonate membrane inserts 

gave rise to the formation of nodules after 5 days in culture conditions, an appropriate 

reliable period for culturing these cells on transwells was chosen to be up to 24 hours.   

As shown from figure 153, panels J, K and L which correspond to a CPA-SMC 

cell seeding density of 1x104 cells per membrane insert, at the 24-hour timepoint, the 

physiological morphology of the primary cells was kept intact with the majority of cells 

resembling a spindle shape with no formation of nodular aggregates. Furthermore, 

most of the seeded primary cells showed signs of attachment to the polycarbonate 

inserts with very few cells floating in the SMC media (0.1mL) of the apical chamber.  

5.3.5  Isolated human umbilical vein endothelial cells 

seeded at a density of 2x104 cells on 6.5mm diameter 0.4μm 

pore size polycarbonate membrane insert did attach and 

proliferate but did not form a monolayer for the first 48 

hours in culture conditions 

 These primary cell morphological studies highlight that HUVEC were able to 

attach to the polycarbonate surface of the membrane inserts at all cell seeding 

densities as shown in figure 157. However, even if 2x104 seeded endothelial cells 

were left to proliferate for 48 hours in culture conditions, morphological data suggests 

that these cells were not able to form a tight monolayer in 2 days post seeding (figure 

158, panel I). 
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CPA-SMC’s were able to attach to both HUVEC and polycarbonate insert as 

there were few cells noticed in the culture media (figure 158, panels M-U) at the 

timepoint of 72 hours timepoint. 

 
 

Figure 157. This figure (panels A-I) highlights the morphology of HUVEC at 1x103, 
3x103 and 5x103 cell seeding densities on 6.5mm diameter 0.4μm pore size 
polycarbonate membrane inserts just after seeding (0 hours), at 24 and 48 hours. At 
24 hours there are clear signs of endothelial cell attachment to the insert especially at 
3x103 and 5x103 cell seeding densities as shown in panels E and H. Panels C, F and 
I highlight that at 48 hours, none of the varying endothelial cell seeding densities gave 
rise to a confluent monolayer formed on the polycarbonate insert. This may suggest 
that the doubling time of HUVEC cells might be significantly greater than 2 days on 
the polycarbonate membranes. Scalebar 100μm.  
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Figure 158. This figure (panels A-U) highlights the morphology of HUVEC at 1x104, 
1.5x104 and 2x104 cell seeding densities on 6.5mm diameter 0.4μm pore size 
polycarbonate membrane inserts just after seeding (0 hours), 24, 48 and 72 hours. 
1x104 CPA-SMC’s were seeded at the timepoint of 48 hours above adhered HUVEC 
cells as shown in panels J, K and L and left to grow for another 24 hours in co-culture. 
Further images were acquired at the timepoint of 72 hours with the co-cultured primary 
cells for the purposes of examining the morphology and monolayer forming capability 
of these cells. There were few signs of nodule formation as shown in panels P, N and 
Q at 72 hours. Scalebar 100μm. 
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5.3.6  The cell seeding density of 1x105 human umbilical 

vein endothelial cells on 12mm diameter 0.4μm pore size 

polyethylene terephthalate membrane insert did not give 

rise to the establishment of a monolayer after 48 hours in 

culture conditions  

As shown in figure 159 (panels D-F), the results highlight that seeding 1x105 

human umbilical vein endothelial cells on 12mm diameter 0.4μm pore size 

polyethylene terephthalate (PET) membrane inserts did not facilitate the formation of 

a monolayer characterised by an endothelial cell cobblestone appearance. In this 

case, small signs of HUVEC attachment to the insert have been noticed, with an 

elevated number of floating cells in the apical chamber.   

 

Figure 159. This figure (panels A-F) shows the morphology of HUVEC cells seeded 
at a density of 1x105 cells per 12mm diameter 0.4μm pore size polyethylene 
terephthalate membrane insert.  Panels (A-C) highlight the appearance of the primary 
cells just after seeding on the insert and panels (D-F) denote the phenotype of the 
endothelial cells on the insert at 48 hours post seeding. Scalebar 100μm.  
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5.3.7  Human placenta chorionic plate artery smooth muscle 

cells can survive and proliferate in complete endothelial cell 

media for at least 120 hours without significant changes in 

the primary cell morphology  

The smooth muscle cells were able to survive in complete endothelial cell 

media for at least 48 hours without disturbing the tightly packed cells as highlighted in 

figure 160. At 120 hours of exposure of CPA-SMC to complete endothelial cell media, 

the primary cells started to show signs of senescence by disruption of the established 

sheets of cells as highlighted in figure 160, panels D, H, L, P and T.  

Furthermore, the parallel pattern of closely arranged hill and valley CPA-SMC’s 

changed significantly between 48 hours and 120 hours of culturing the human cells in 

complete endothelial cell media, as the cells became sparser by losing their tightly 

organised parallel growth appearance pattern. However, the morphology of CPA-

SMC’s remained similar with an elongated spindle shape with some cells possessing 

and sending projections towards adjacent primary cells.  
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Figure 160. This figure (panels A-T) shows the morphology of CPA-SMC’s grown in 
complete endothelial cell media for 120 hours. Following chorionic explant removal 
and serum starvation for 24 hours the media was replaced with M199 supplemented 
with 20% (v/v) fetal bovine serum, heparin sodium salt (50μg/mL), endothelial cell 
growth factor supplement (75μg/mL), penicillin (100units/mL) and streptomycin 
(100μg/mL). Scalebar 100μm. 
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5.3.8  Human umbilical vein endothelial cells seeded on 

transwell inserts showed a reduced staining for α smooth 

muscle actin compared to chorionic plate artery smooth 

muscle cells which was mainly immunolocalised on the 

plasma membrane  

Following the permeability study, all eight in vitro mono- and co-culture 

preliminary conditions involving human placental chorionic plate artery smooth muscle 

cells and human umbilical vein endothelial cells seeded on transwell inserts were 

stained for the presence and localisation of α smooth muscle actin (α-SMA). CPA-

SMC’s (N15072019, P3) possessed uniform filamentous localisation of α smooth 

muscle actin as shown in figure 161. Immunofluorescence data shows that CPA-

SMC’s were large cells expressing α-SMA in the cytoskeleton of the primary cells. 

HUVEC cells (N21082019, P5) did not express α-SMA (Figure 161, panels D, H, L, P, 

T, Y) although at parts, a small number of endothelial cells were positively stained on 

the cellular border for the hallmark of mature myofibroblasts (Figure 162, panels D, H, 

L, P, S and V). Negative controls represented by omitting the primary antibody as 

highlighted in figure 162 (panels A, E, I, M, Q and T) for α-SMA had no staining in the 

co-culture of CPA-SMC and HUVEC cells although the primary cells were noticed 

adhered to the membrane insert. Similarly, there were small signs of background 

staining in the conditions with the absence of primary cells and 1% gelatin (Figure 162, 

panels B, F, J and N) and no signs immunostaining where only 1% gelatin was added 

to the membrane inserts (Figure 162, panels C, G, K, O, R and U). All fluorescent 

micrographs showing α-SMA immunolocalization in CPA-SMC and HUVEC 
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monolayers highlight that the protein was extensively expressed in stress fibers of 

smooth muscle cells.  

 
 
Figure 161. This figure (panels A-Y) shows representative fluorescent micrographs of 
α smooth muscle actin immunolocalization in CPA-SMC and HUVEC cells in mono- 
or co-culture on 0.4μm pore size polyethylene terephthalate membrane inserts after 
the permeability assay was run. Scalebar 100μm.  
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Figure 162. This figure (panels A-V) highlights representative fluorescent micrographs 
for α smooth muscle actin immunolocalization in CPA-SMC and HUVEC cells seeded 
on 0.4μm pore size polyethylene terephthalate membrane inserts. Scalebar 100μm.  
 

 



Chapter 5 – The establishment of an in vitro model of a human chorionic vessel 
 

 466 

5.3.9 There were no statistically significant differences in 

terms of tracer leakage levels between the coculture of 

human placenta chorionic plate artery smooth muscle cells 

with human umbilical vein endothelial cells and 

monoculture of primary endothelial cells at the same 

timepoints during the 120 minutes long permeability assay  

Figure 163 highlights the cobblestone morphology of 6*104 HUVEC cells 

originating from a healthy volunteer (N10072019) at passage 2 which have been 

cultured on transwell membrane inserts for 48 hours. This figure also shows that the 

HUVEC cells formed a confluent monolayer in the transwell inserts prior to the addition 

of CPA-SMC cells.  
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Figure 163. This figure (A-B) shows the cobblestone morphology of 6*104 HUVEC 
cells originating from a healthy patient (N10072019) at passage 2 which have been 
cultured on transwell membrane inserts for 48 hours. In this case, the HUVEC cells 
formed a confluent monolayer in the transwells inserts prior to the addition of CPA-
SMC cells. Scalebar 100μm.  
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A Shapiro-Wilk test was used to evaluate the normal distribution of the 

permeability data which passed the normality test. A two-way ANOVA (****P<0.0001) 

with Geisser-Greenhouse correction (epsilon 0.6249) and Tukey’s multiple 

comparison tests were performed between the control, mono- and co-culture 

experimental conditions at the same timepoints and showed that there were multiple 

statistically significant differences with P values highlighted in figure 164 and table 30. 

There were multiple statistically significant differences between 1%Gelatin and 

1%Gelatin+HUVEC from 30 minutes until 120 minutes of the permeability assay with 

the highest difference at 60 minutes (****P<0.0001).  

However, at the start of the assay (0 hours) there was no statistically significant 

difference (P=0.2048) between 1%Gelatin and 1%Gelatin+HUVEC experimental 

condition. In the case of comparing 1%gelatin with 1%gelatin+HUVEC+CPA-SMC, 

there were multiple significant gaps in terms of tracer leakage at all timepoints of the 

assay with a gradual decrease in significance from the beginning of the experiment 

towards the end (0 min ****P<0.0001, 30minutes ***P=0.0002, 60minutes 

****P<0.0001, 90minutes **P=0.0019, 120 minutes *P=0.0121).  

When the same statistical tests were conducted again between all permeability 

timepoints for each of the control, mono- and co-culture conditions, there were multiple 

statistically significant differences with P values highlighted in table 31. In all 

experimental conditions i.e. control, monoculture and coculture, there were multiple 

statistically significant differences of various degrees between all timepoints with the 

exception of 60 vs. 90 and 90 vs. 120 minutes. Additionally, in the 1% gelatin condition, 

further non-statistically significant timepoints were between 30 vs. 60 and 60 vs. 120 

minutes.  
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Figure 164. This graph shows the accumulation of albumin-FITC over time in the basal 
compartment of the transwell system over a period of 2 hours involving control (1% 
gelatin), monoculture of HUVEC cells or co-culture of HUVEC with CPA-SMC cells on 
1% gelatinised 12mm diameter 0.4μm pore polyethylene terephthalate membrane 
inserts. In total there were N=4 permeability experiments performed involving the 
isolation of human cells originating 7 different healthy patients. The permeability assay 
involving 1% gelatin condition was performed once in triplicate for the duration of 2 
hours.  In each assay undertaken, there were three inbuilt experimental repeats for 
each monoculture or co-culture conditions. Data are expressed as mean ± standard 
deviation. ns denotes not significant, blue stars highlight P value significance summary 
in control compared with monoculture condition, red stars suggest P value significance 
summary in control compared with coculture condition, black arrows link the P value 
significance summary to the corresponding timepoints, * P≤0.05, ** P≤0.01, *** 
P≤0.001, ****P≤0.0001.  
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  Minutes 
  0 30 60 90 120 

1% Gelatin vs.  
1%Gelatin+HUVEC 

Significance No Yes Yes Yes Yes 
Summary ns ** **** ** ** 

Adjusted P 
value 0.2048 0.0041 <0.0001 0.0062 0.009 

1% Gelatin vs.  
1% Gelatin+HUVEC 

+CPA-SMC 

Significance Yes Yes Yes Yes Yes 
Summary **** *** **** ** * 

Adjusted P 
value <0.0001 0.0002 <0.0001 0.0019 0.0121 

1% Gelatin+HUVEC 
vs. 

1%Gelatin+HUVEC 
+CPA-SMC 

Significance No No No No No 
Summary ns ns ns ns ns 

Adjusted P 
value 0.5732 0.8061 0.4438 0.6332 0.8971 

 
Table 30. This table shows the results of Tukey’s multiple comparisons test between 
the control, mono- and co-culture experimental conditions at the same timepoints 
related to the accumulation of albumin-FITC over time in the basal compartment of the 
transwell system highlighting the adjusted P values. ns denotes not significant, * 
P≤0.05, ** P≤0.01, *** P≤0.001, ****P≤0.0001. 
 

 

 

 

 



Chapter 5 – The establishment of an in vitro model of a human chorionic vessel 
 

 471 

 Ta
bl
e
31
.T
h
is
ta
b
le
s
h
o
w
s
th
e
re
s
u
lt
s
o
f
T
u
k
e
y
’s
m
u
lt
ip
le
c
o
m
p
a
ri
s
o
n
s
te
s
t
w
it
h
re
g
a
rd
s
to
th
e
c
o
rr
e
la
ti
o
n
b
e
tw
e
e
n
a
ll

p
e
rm
e
a
b
il
it
y
ti
m
e
p
o
in
ts
c
o
n
c
e
rn
in
g
e
a
c
h
o
f
th
e
1
%
G
e
la
ti
n
,
1
%
G
e
la
ti
n
+
H
U
V
E
C
o
r
1
%
G
e
la
ti
n
+
H
U
V
E
C
+
C
P
A
-S
M
C

e
x
p
e
ri
m
e
n
ta
l
c
o
n
d
it
io
n
s
.
n
s
d
e
n
o
te
s
n
o
t
s
ig
n
if
ic
a
n
t.
*
P
≤
0
.0
5
,
**
P
≤
0
.0
1
,
*
*
*
P
≤
0
.0
0
1
,
*
*
*
*
P
≤
0
.0
0
0
1
.

1%
 G

el
at

in
 

1%
 G

el
at

in
 +

 H
U

V
E

C
1%

 G
el

at
in

 +
 H

U
V

E
C

 +
 C

PA
-S

M
C

M
in

ut
es

S
ig

ni
fic

an
ce

 
S

um
m

ar
y 

A
dj

us
te

d 
P

 v
al

ue
S

ig
ni

fic
an

ce
 

S
um

m
ar

y 
A

dj
us

te
d 

P
 v

al
ue

S
ig

ni
fic

an
ce

 
S

um
m

ar
y 

A
dj

us
te

d 
P

 v
al

ue

0 
vs

. 3
0

Ye
s

*
0.

01
71

Ye
s

**
**

<0
.0

00
1

Ye
s

**
**

<0
.0

00
1

0 
vs

. 6
0

Ye
s

**
**

<0
.0

00
1

Ye
s

**
**

<0
.0

00
1

Ye
s

**
**

<0
.0

00
1

0 
vs

. 9
0

Ye
s

*
0.

01
58

Ye
s

**
**

<0
.0

00
1

Ye
s

**
**

<0
.0

00
1

0 
vs

. 1
20

Ye
s

*
0.

01
4

Ye
s

**
**

<0
.0

00
1

Ye
s

**
**

<0
.0

00
1

30
 v

s.
 6

0
N

o
ns

0.
05

6
Ye

s
**

*
0.

00
07

Ye
s

**
**

<0
.0

00
1

30
 v

s.
 9

0
Ye

s
*

0.
01

5
Ye

s
**

0.
00

14
Ye

s
**

*
0.

00
06

30
 v

s.
 1

20
Ye

s
*

0.
01

91
Ye

s
**

**
<0

.0
00

1
Ye

s
**

**
<0

.0
00

1

60
 v

s.
 9

0
N

o
ns

0.
12

53
N

o
ns

0.
33

72
N

o
ns

0.
44

4

60
 v

s.
 1

20
N

o
ns

0.
05

48
Ye

s
**

0.
00

39
Ye

s
**

*
0.

00
02

90
 v

s.
 1

20
N

o
ns

0.
26

71
N

o
ns

0.
07

35
N

o
ns

0.
08

61



Chapter 5 – The establishment of an in vitro model of a human chorionic vessel 
 

 472 

5.3.10 Immunolocalization studies involving monocultures 

and cocultures of primary endothelial and smooth muscle 

cells showed VE-Cadherin staining as a thin or at parts thick 

uninterrupted or discontinuous line positioned at the 

paracellular overlapping regions between tightly arranged 

adjacent human umbilical vein endothelial cells  

Figures 165-168 highlight 6 representative fluorescent images of the transwell 

membrane of each of the 1%gelatin, 1%gelatin+HUVEC and 

1%gelatin+HUVEC+CPA-SMC experimental conditions showing VE-Cadherin (green) 

immunolocalization formed by human umbilical vein endothelial cell monolayers. Red 

arrows point towards the immunolocalisation of VE-Cadherin junctions in areas of cell-

cell overlapping.  

Due to the fact that the permeability tracer albumin was conjugated to 

fluorescein isothiocyanate and the secondary antibody used in the detection of VE-

cadherin was also conjugated to FITC, many of the images acquired had a green non-

specific background staining which might account for the albumin aggregates formed 

during the permeability study. However, this level of rounded patches of high 

brightness evenly distributed in the background of the micrographs taken was also 

detected in the control 1%gelatin only condition which further suggests that a small 

level of albumin-FITC might get trapped into the 4x106 pores per cm2 of the membrane 

inserts. VE-Cadherin was visualised as a thick line located between tightly packed 

adjacent HUVEC cells and also as an uninterrupted delicate line in the paracellular 
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overlapping locations of endothelial cells as highlighted in figures 166-168 by multiple 

red arrows in each of the images acquired. 

 
 
Figure 165. This figure (panels A-F) highlights representative fluorescent images of 
VE-Cadherin (green) immunolocalisation in 1% gelatin experimental condition. 
Scalebar 100μm.  
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Figure 166. This figure (panels A-F) comprises of representative fluorescent images 
of VE-Cadherin immunolocalisation (green) corresponding to 1%Gelatin+HUVEC 
experimental condition. VE-Cadherin was located at the paracellular overlapping 
regions of the HUVEC monolayer as a thick or at places delicate continuous or 
interrupted staining as highlighted by the red arrows in each of the images. Scalebar 
is 100μm.  
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Figure 167. This figure (panels A-F) comprises of representative fluorescent images 
of VE-Cadherin immunolocalisation (green) corresponding to 
1%Gelatin+HUVEC+CPA-SMC experimental condition. VE-Cadherin was located at 
the paracellular overlapping regions of the HUVEC monolayer as a thick or at places 
delicate continuous or interrupted staining as highlighted by the red arrows in each of 
the images. Scalebar is 100μm.  
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Figure 168. This figure (panels A-F) comprises of representative no primary antibody 
control fluorescent images of VE-Cadherin immunolocalisation (green) corresponding 
to 1%Gelatin+HUVEC+CPA-SMC experimental condition. The non-specific binding of 
the secondary antibody (red arrows) was similar to the VE-Cadherin immunolabelling 
where the primary antibody against CD144 was present. Scalebar is 100μm.  
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 Immunofluorescence data highlights that in each of the three inbuilt 

experimental repeats (transwell assays) from the first permeability experiment of both 

1% gelatin+HUVEC and 1%gelatin+HUVEC+CPA-SMC conditions, VE-Cadherin was 

immunolocalised at the level of the primary endothelial cell monolayer paracellular 

junctions as highlighted by the red arrows.  

 All transwell membrane inserts were again subjected to immunofluorescent 

investigation for the evaluation of VE-Cadherin junctional integrity and a potentially 

decreased formation of non-specific membrane bound albumin-FITC accumulations. 

Fluorescent images were acquired with all of the membrane inserts showing VE-

Cadherin immunolocalisation in human umbilical vein endothelial cells monolayers 

and in co-culture with CPA-SMC as highlighted with red arrows in figures 170-172.  

 Although extensive washes of membrane inserts were performed prior to re-

imaging the primary cells, the presence of albumin-FITC aggregates trapped in the 

0.4μm pore size membranes was still noticeable in all of the micrographs acquired. 

VE-Cadherin was visualised as thick or delicate lines at the area of HUVEC 

paracellular junctions. 
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Figure 169. This figure (panels A-F) highlights fluorescent images of VE-Cadherin 
(green) immunolocalisation in the re-washed 1% gelatin experimental condition. 
Scalebar 100μm.  
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Figure 170. This figure (panels A-F) comprises of representative fluorescent images 
of VE-Cadherin immunolocalisation (green) corresponding to the 1%Gelatin+HUVEC 
experimental condition following extensive washes of the transwell membrane insert. 
VE-Cadherin was located at the paracellular overlapping regions of the HUVEC 
monolayer as a thick or at places delicate continuous or interrupted staining as 
highlighted by the red arrows in each of the images. Scalebar is 100μm.  
 
 
 
 
 



Chapter 5 – The establishment of an in vitro model of a human chorionic vessel 
 

 480 

 
 
Figure 171. This figure (panels A-F) comprises of representative fluorescent images 
of VE-Cadherin immunolocalisation (green) corresponding to the 
1%Gelatin+HUVEC+CPA-SMC experimental condition following extensive washes of 
the transwell membrane insert. VE-Cadherin was located at the paracellular 
overlapping regions of the HUVEC monolayer as a thick or at places delicate 
continuous or interrupted staining as highlighted by the red arrows in each of the 
images. Scalebar is 100μm.  
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Figure 172. This figure (panels A-F) comprises of representative no primary antibody 
control fluorescent images of VE-Cadherin immunolocalisation (green) corresponding 
to the 1%Gelatin+HUVEC+CPA-SMC experimental condition following extensive 
washes of the transwell membrane insert. Signs of non-specific binding of the 
secondary antibody (red arrows) were similar to VE-Cadherin immunolabelling where 
the primary antibody against CD144 was present. Scalebar is 100μm.  
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 Following extensive washes of all transwell membrane inserts for the purposes 

of reducing the non-specific background staining of membrane bound albumin-FITC 

tracer, immunofluorescent data of VE-Cadherin shown in figures 170-172 highlights 

that aggregates of the permeability tracer were still present evenly distributed in most 

of the images acquired. Also, as highlighted in figure 168 (before washes) and figure 

172 (after washes) representing the 1%gelatin+HUVEC+CPA-SMC experimental 

condition, during the immunostaining for VE-Cadherin junctions, the primary antibody 

was replaced with 5% (v/v) normal human serum diluted in 0.1% (w/v) BSA/PBS to 

serve as a secondary antibody control. In this case, fluorescent micrographs show the 

presence of elongated green continuous lines of staining characteristic of VE-

Cadherin as highlighted by the red arrows.  

 Red arrows highlight the VE-Cadherin immunolocalisation visualised as a 

prominent or delicate staining at the areas of paracellular endothelial cell overlap.  

Following the second permeability experiment comprising of 

1%gelatin+HUVEC and 1%gelatin+HUVEC+CPA-SMC culture conditions, a similar 

immunostaining protocol for VE-Cadherin junctions was performed with all transwell 

membrane inserts as highlighted in figures 173-174.  
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Figure 173. This figure (panels A-F) comprises of representative fluorescent images 
of VE-Cadherin immunolocalisation (green) in the first replicate of the 
1%Gelatin+HUVEC experimental condition. VE-Cadherin was located at the 
paracellular overlapping regions of the HUVEC monolayer as a thick or at places 
delicate continuous or interrupted staining as highlighted by the red arrows in each of 
the images. Scalebar is 100μm.  
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Figure 174. This figure (panels A-F) comprises of representative fluorescent images 
of VE-Cadherin immunolocalisation (green) in the first replicate of the 
1%Gelatin+HUVEC+SMC experimental condition. VE-Cadherin was located at the 
paracellular overlapping regions of the HUVEC monolayer as a thick or at places 
delicate continuous or interrupted staining as highlighted by the red arrows in each of 
the images. Scalebar is 100μm.  
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In order to further investigate the origin of the non-specific background staining 

in the majority of all VE-Cadherin immunolocalization studies, one of the aims of the 

third and fourth permeability experiments was to replace the albumin-FITC tracer with 

unconjugated bovine serum albumin in the apical chamber of the transwell system at 

the same concentration of 1mg/mL. 

In the case where only HUVEC cells were seeded on 1%gelatinised membrane 

inserts, some of the cells expressed α smooth muscle actin as highlighted in figures 

175 and 176, panels A, D, G, J, M and P. In this experiment, there were very few signs 

of VE-Cadherin junctional staining both in monoculture and coculture of primary cells. 

However, there were no signs of non-specific background staining comprising of 

rounded shape evenly distributed bright spots as noticed in all fluorescent images of 

VE-Cadherin immunolocalization.  
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Figure 175. This figure (A-R) shows representative micrographs of the 
immunolocalization of CD144 (red), α smooth muscle actin (α-SMA) - green and 
merged CD144+α-SMA in 1%gelatin+HUVEC cells seeded on 0.4μm pore size 
membrane inserts, where albumin-FITC was replaced with BSA. Scalebar 100μm. 
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Figure 176. This figure (A-R) shows representative micrographs of the 
immunolocalization of CD144 (red), α smooth muscle actin (α-SMA) - green and 
merged CD144+α-SMA in 1%gelatin+HUVEC+CPA-SMC cells seeded on 0.4μm pore 
size membrane inserts where albumin-FITC was replaced with BSA. Scalebar 100μm. 
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5.3.11 Successful membrane labelling of human umbilical 

vein endothelial cells with PKH67 and human placenta 

chorionic plate artery smooth muscle cells with PKH26 

revealed further potential opportunities of studying the 

trans-endothelial migration properties of smooth muscle 

cells across confluent primary endothelial cell monolayers  

Fluorescent micrographs were acquired showing HUVEC (PKH-67 i.e. green) 

and CPA-SMC (PKH26 i.e. red) localisation on the membrane inserts as highlighted 

by figure 177 and figure 178. Figure 177 highlights that the immunolabelling of HUVEC 

cells with PKH67 was successful, as a considerable population of endothelial cells in 

each image stained green as shown in panels A, D, G, J, M, P. The characteristic 

morphology of HUVEC cells was also emphasized by the staining with PKH67, 

highlighting the cobblestone phenotype of these cells (figure 177, panels A, D, G, J, 

M and P; red arrows and figure 178, panels A, D, G, J, M and P; red arrows). Also, as 

there were no CPA-SMC cells seeded on these transwell inserts, there was no red 

staining with PKH26 highlighting the specificity of the experimental labelling procedure 

as shown in images B, E, H, K, N and Q. Figure 178 shows that when CPA-SMC cells 

were seeded above confluent HUVEC cells on the transwell membrane inserts, a red 

fluorescence signal was noticed highlighting the morphological appearance of smooth 

muscle cells as elongated with a spindle shape as presented in panels B, E, H, K, N 

and Q. This efficient method of double labelling of the cocultured primary cells may be 

useful for further in vitro complementary studies in terms of investigating the 

transendothelial migration properties of CPA-SMC across HUVEC monolayers 
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seeded on transwell membrane inserts with the help of confocal microscopy, live cell 

imaging and Z-stacks image acquisition.     

 
 
Figure 177. This figure (panels A-R) highlights representative fluorescent 
micrographs of 1%gelatin+HUVEC condition in which HUVEC cells (N21082019, P3) 
were labelled with PKH67. Red arrows highlight the cobblestone appearance of 
HUVEC cells. In this case there were no CPA-SMC present in the transwell hence 
there is no red staining. Scalebar is 100μm.  
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Figure 178. This figure (panels A-R) highlights representative fluorescent 
micrographs of 1%gelatin+HUVEC+CPA-SMC condition in which HUVEC cells 
(N21082019, P3) were labelled with PKH67 and CPA-SMC cells (N18092019, P3) 
were labelled with PKH26. Red arrows highlight the cobblestone appearance of 
HUVEC cells. White arrows illustrate the hill and valley morphology of CPA-SMC cells. 
Scalebar is 100μm. 
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5.4 Discussion  

This study provides evidence of a functional in vitro model of a human chorionic 

vessel via the formation of a HUVEC monolayer on transwell membrane inserts for 

the duration of 48 hours post-seeding followed by the coculture of HUVEC with CPA-

SMC cells for a further 26 hours prior to the start of the permeability assay. After the 

bilayer was obtained, a total of N=4 permeability assays were undertaken consisting 

of three experimental conditions (1%gelatin, 1%gelatin+HUVEC, 

1%gelatin+HUVEC+CPA-SMC) which were repeated three times during each of the 

tracer leakage assays using isolated human placental primary cells originating from 7 

healthy patients. Overall, under the conditions of the present study, the permeability 

data highlighted that CPA-SMC’s do not significantly alter the tightness of the bilayer 

compared to monoculture of HUVEC cells during all timepoints of the tracer leakage 

assay. This finding suggests that there are no differences in endothelial paracellular 

barrier integrity between monoculture of HUVEC cells and coculture of HUVEC with 

CPA-SMC cells.   

5.4.1  Isolation, culture and characterisation of human 

placenta chorionic plate artery smooth muscle cells  

A similar arrangement of isolated human vascular smooth muscle cell cultures 

has been characterised before [700–702]. A study has highlighted that the phenomenon 

giving rise to the formation of nodules was also present in monocultures of isolated 

vascular smooth muscle cells originating from nonatherosclerotic areas of human 

aortas [703]. Moreover, the same study by Proudfoot and colleagues (1998) has 

highlighted that isolated human placental pericytes originating from placental villi also 

possessed the characteristic of nodule formation in primary pericyte cultures. Here, 
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the authors have suggested that the formation of nodules was characteristic of 

postconfluent cultures, giving rise to the precipitation of a mineralised matrix following 

one month in culture conditions, which was a requirement for calcification mainly 

represented by needle-like crystals and oval artefacts [703]. The current results may 

indicate that the isolated CPA-SMC cells could play an important role in promoting 

calcification potentially at an in vivo level.  This pattern of closely arranged primary 

vascular smooth muscle cell cultures forming nodular aggregates has also been 

characterised by Björkerud and colleagues [702].  

The current study evaluated that the CPA-SMC population doubling time was 

15.38±13.52 days (mean ± S.D.). Here, the isolated primary smooth muscle cells have 

shown expression of α smooth muscle actin which was evenly distributed on the 

microfilament bundles. A similar morphology has been reported by Leik et al (2004) 

for CPA-SMC characterised by a ribbon shape and proliferated in a parallel 

arrangement [502]. α smooth muscle actin was found on the smooth muscle cells of 

chorionic plate arteries in vivo [501].  The morphology of isolated CPA-SMC cells by 

enzymatic digestion resembles the long oval shaped cells obtained in our study using 

the explant culture method [501].  

A limitation of the methodology used in isolating the CPA-SMC cells is that the 

explant culture approach takes approximately 21-28 days until the primary smooth 

muscle cells originating from placental samples of healthy patients are sourced.  

It is well recognised that maternal diabetes mellitus notably influences placental 

angiogenesis [704]. Although pregestational diabetes could alter the placental and fetal 

growth, the elevated blood glucose levels of gestational diabetes mellitus arise during 

the gestation period and clinically manifest only towards the end of the second 

trimester [704]. As a result, gestational diabetes mellitus could regulate the placental 
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metabolism especially during the advanced stages of the gestation period from the 

point of view of microvascular remodelling and angiogenesis [704]. In type 1 diabetes, 

the capillary surface area is elevated from the perspective of both increased 

ramifications of villous capillaries and lengthwise growth [102,103,705,706]. Complementary 

findings have also shown that in the case of placental samples originating from 

pregnancies complicated by gestational diabetes mellitus an elevation in the capillary 

ramification [707] and capillary surface area takes place [708]. In the case of type 1 

diabetes, a 2-fold elevation in the number of redundant connections per villous was 

observed while in pregnancies complicated by gestational diabetes mellitus, a 1.8-fold 

increase of the same connections was reported [707,709]. From an angiogenesis point 

of view, these observations may explain the elevated proliferation of the isolated CPA-

SMC cells in vitro originating from placental samples of pregnancies complicated by 

gestational diabetes mellitus or type 1 diabetes.  

The surface antigenic profiling of CPA-SMC revealed that most isolated primary 

cells originating from placental samples of healthy and gestational diabetic patients 

were positive for mesenchymal stem cell markers CD73, CD90 and CD105, 

suggesting a potential involvement of these cells in tissue regeneration and also 

possessing an immunophenotypic signature similar to Wharton’s Jelly Mesenchymal 

Stem Cells  (WJ-MSC) [710]. These WJ-MSC cells are considered of an embryological 

state and represent the transition between embryonic and adult stem cells [710]. 

Furthermore, these primitive stem cells have been inducted to differentiate into 

chondrocytes [711], osteoblasts [712] and adipocytes [713] but also into cardiomyocytes 

and endothelial-like cells under the influence of certain conditions [714,715]. CD73 is a 

homodimeric enzyme with 5’-ectonucleotidase activity that dephosphorylates 

extracellular 5’-adenosine monophosphate to adenosine and phosphate [185]. The 
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enzyme exists in two forms: the first one is bound to the outer plasmalemma through 

glycosylphosphatidyl inositol [716] and the other soluble and free to circulate in blood 

[717]. CD90 is a 25-37 kDa glycosylphosphatidylinositol bound glycoprotein [718] that is 

known to be expressed in humans on fibroblasts, neural cells, early T and B 

lymphocytes, thymocytes, hematopoietic stem cells, endothelial cells, a few 

hematopoietic progenitors and <1% of peripheral blood T cells [719,720]. This cellular 

marker is involved in the regulation of cellular adhesion, T-cell activation [721], tumor 

growth, migration, neurite outgrowth, wound healing [722], fibrosis [723], fibrogenesis [724] 

and apoptosis [720]. Also, CD90 modulates cytoskeleton organisation, fibroblast focal 

adhesion and cell migration [725]. CD105 (endoglin) is a homodimeric cell membrane 

glycoprotein of 180kDa composed of disulphide-linked subunits of 95kDa [726] which 

participates in angiogenesis and is a dominant marker of neovascularization [727]. 

CD105 is particularly expressed on cellular lineages within the vascular system 

especially on endothelial cells [726,728], but also highly expressed on the 

syncytiotrophoblast layer of term placenta [729]. Since the morphology of CPA-SMC 

cells in vitro resembled a similar appearance to isolated Wharton’s Jelly Mesenchymal 

Stem Cells (WJ-MSC) in terms of elongated spindle shape fibroblast-like cells [730], the 

confirmation that the smooth muscle cells are positive for CD73, CD90 and CD105 

further suggests that the primary SMC cells may have originated from differentiated 

WJ-MSC cells, as it has been demonstrated that functional SMC cells can be derived 

from human MSC cells from the umbilical cord upon TGFβ1 stimulation in vitro [731]. 

The statistically significant decrease in the expression of CD90 identified in CPA-SMC 

cells originating from placental samples of gestational diabetic patients compared to 

healthy volunteers may suggest that the isolated primary cells could have been 

exposed to prolonged mechanical stress during the gestation period, since a study by 
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Wiesmann et al (2006) has shown that mechanical stimulation of cultured human MSC 

cells caused a marked decrease in CD90 expression compared to unstimulated stem 

cells [732]. Also, a study by Moraes et al (2016) has showed that a decrease in CD90 

expression of mesenchymal stromal cells enhances their osteogenic and adipogenic 

differentiation in vitro which suggests that CD90 regulates the differentiation of MSC 

by acting as an obstacle in the pathway of differentiation commitment [733]. As a result, 

the decrease in CD90 expression in CPA-SMC cells originating from gestational 

diabetic patients may promote the potential dedifferentiation capability of the primary 

cells to a synthetic phenotype (especially in the case of cardiovascular pathologies 

[734]) which has been shown to participate in the formation of neointima by decreasing 

the expression of contractile proteins and elevating the migration, proliferation and the 

production of matrix protein [735].  

5.4.2 Isolation, culture and characterisation of human 

umbilical vein endothelial cells 

The current research provides further evidence that the well-established 

methodology of HUVEC cell isolation initially described by Jaffe and colleagues in 

1973 remains the most advantageous approach to source and establish the human 

endothelial cell culture [504]. HUVEC cells showed a typical cobblestone monolayer 

appearance as highlighted in multiple in vitro investigations from our laboratory 

(chapter 5.3.2 and chapter 5.3.9) [119,483,736,737]. The doubling time of HUVEC cells was 

2.158±0.3893 days (mean ± S.D.) which is similar to the published literature [738]. 

Bagley et al (2003) differentiated bone marrow progenitor cells and found them to have 

a similar doubling time to that seen in this study [738]. 

In our study, HUVEC cells demonstrated a diameter of 20 to 60μm in size. This 

agrees with a published study which also reports a broad size range of 30 to 50μm 
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wide [736]. The functionality of this pattern has not been elucidated yet. Moreover, 

HUVEC monolayers in culture and did not give rise to nodules (as observed with 

isolated primary smooth muscle cells) at all stages.  

5.4.3  Permeability of CPA-SMC and HUVEC coculture 

model 

These permeability studies are the first to show that the isolated human 

placenta chorionic plate artery smooth muscle cells do not induce significant changes 

in paracellular tracer leakage in human umbilical vein endothelial cell monolayers. 

There was a statistically significant difference between 1% gelatin and monoculture of 

HUVEC cells at 30, 60, 90 and 120 minutes of the permeability assay which suggests 

that the isolated endothelial cells were able to form a monolayer that restricted the 

passive leakage of albumin-FITC from the apical to the basal chamber of the transwell 

system. Similarly, a statistically significant difference was observed between 1% 

gelatin and coculture of HUVEC+CPA-SMC cells at all timepoints of the tracer leakage 

assay denoting that the established bilayer notably restricted the crossing of albumin-

FITC from the apical to basal compartment.  

The most important finding emerging from the permeability assays was that 

CPA-SMC cells neither tighten nor loosen the monolayer barrier formed by HUVEC 

cells for the duration of the entire tracer leakage investigation. These results suggest 

a limited capability of smooth muscle cells to significantly alter the integrity of 

paracellular junctions formed between adjacent HUVEC cells following the 26-hour 

period of in vitro coculture.  

The cross-talks between endothelial cells and smooth muscle cells have been 

investigated to reproduce physiological [739], atherosclerotic blood vessel wall [740,741] 

or to induce angiogenesis [742]. There are multiple coculture models which have been 
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published where the smooth muscle cells and endothelial cells (EC’s) were cultured 

on each side of membranes [743–746] or cultured on gels with EC’s embedded which 

were composed of collagen or various polymers that incorporated SMC’s [747,748], 

spheroid-bound smooth muscle cells or endothelial cells [749,750], coculture of EC right 

above SMC’s [751,752] or even cells cultured next to each other [753,754]. Further studies 

have also assessed the potential interactions of EC’s with SMC’s using conditioned 

culture media [745,755] as an indirect method. The consensus appears to be that the co-

cultures where ECs are in direct contact with SMCs provide the best model of 

mimicking the spatial arrangement of cells in arteries and the interaction between the 

two cell types.  

Also, there is good evidence that the placental morphology and function is 

maintained following cotyledon perfusion for several hours as it has been shown for 

instance in a study by Eaton et al (1993) which has presented evidence of the first 

measurements of fetal villous microvascular permeability-surface area products 

originating from isolated lobules of healthy term human placental samples via a well-

documented, multiple tracer dilution methodology [123]. In this case, the perfusate of 

both maternal and fetal circuits contained M199 tissue culture medium supplemented 

with 2.2g/L sodium bicarbonate, 100μM adenosine, 2mg/L cyanocobalamin, 8g/L 

dextran and in a few cases the perfusate also contained 5g/L bovine albumin [123]. 

Furthermore, another study by Leach et al (1991) which investigated the intracellular 

routing of immunoglobulin G in the human placenta also used an independent closed-

circuit perfusion of the fetal villous circulation which contained a perfusate comprising 

of fetal blood and M199 medium supplemented with 19000 molecular weight dextran 

[756]. This investigation by Leach et al (1991) highlighted that at the level of the human 

placenta, maternal IgG binds to Fc gamma receptors on the syncytiotrophoblast and 
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takes a transcellular rather than paracellular route when crossing the fetal capillaries 

in order to reach the fetal blood [756]. In both studies, preparations were perfused for 

an initial stabilizing period of 20 minutes [123] or 30 minutes [756] for the purposes of 

restoring physiological placental function and structure after hypoxia and ischaemia 

related to the delivery of the human placenta [757,758].  

The current human coculture model where the endothelial and smooth muscle 

cells are in direct contact reproduces the proliferation state and microenvironment of 

a placental chorionic blood vessel with an extracellular milieu that facilitates a short 

diffusion distance of cellular mediators between the primary cultured cells [759]. As the 

HUVEC and CPA-SMC cells were cultured in close vicinity to each other, the synthesis 

of extracellular matrix proteins may change. Although endothelial cells may infiltrate 

into gels composed of collagen and to give rise to networks in vitro, this architecture 

is not robust [759]. On the other side, if endothelial cells are cocultured with smooth 

muscle cells, the SMC’s supress EC growth and the endothelial cells may give rise to 

the generation of capillaries and to produce collagen type IV [742]. In a study 

investigating the effects of mural cells in regulating vascular maturation, Evensen and 

colleagues have highlighted that the coculture of HUVEC with human pulmonary 

artery smooth muscle cells or mesenchymal stem cells gives rise to the formation of 

capillary-like structures [760]. In this context, capillary establishment was heavily reliant 

on the secretion of vascular endothelial growth factor from cultured smooth muscle 

cells. MSC’s were able to mirror the effect caused by smooth muscle cells but the 

substitution of SMC’s with fibroblasts prevents the generation of capillaries [739].  

Furthermore, in humans, studies which have investigated the transplacental 

transport characteristics and their corresponding regulatory signalling pathways 

involved at the level of the placental barrier (comprising of endothelial cells, basal 
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membrane and syncytiotrphoblast) which separates the maternal and fetal circulation, 

especially during the first and early second trimester of the pregnancy period are very 

limited, if possible at all [692]. Moreover, there are few in vivo studies which have 

assessed the transplacental transport in humans due to ethical issues [761,762]. Also, 

as there are no in vitro studies which have established a functional model of a human 

chorionic vessel using isolated primary placental cells directly cocultured next to each 

other, the current study has addressed this gap into the literature by providing 

evidence of an optimised chorionic blood vessel model using primary cells isolated 

from term placental samples of healthy patients that may be suitable for translocation 

studies not only of small molecules but also of macromolecules and nanoparticles [651]. 

The coculture of different primary cell layers enables mechanistic assessments of their 

specific contribution on both permeability and translocation of compounds from the 

apical chamber to the basal chamber of the transwell system. The current multicellular 

model is reliable, cost-effective and thereby potentially more attractive for the 

pharmaceutical industry.  

This study has intended to mimic the architecture of the human placenta 

chorionic plate artery using an in vitro approach by constructing a coculture model 

comprised of primary cells isolated from healthy patients. The current functional in 

vitro model of a human chorionic vessel comprised of the direct coculture of CPA-SMC 

and HUVEC cells in transwell inserts maintained a physiologically relevant 

representation of the smooth muscle cells and endothelial cells for 76 hours in vitro by 

recapitulating the spatial architecture of a placental chorionic vessel and allowing the 

physical and biochemical crosstalk between the two cocultured primary cells.  

A study published in 2004 by Niwa and colleagues about the consequences of 

shear flow on the uptake of low-density lipoproteins (LDL) and acetylated (Ac-LDL) in 
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an in vitro monoculture and coculture model highlighted that the laminar flow resulted 

in an higher uptake of LDL and Ac-LDL by EC-SMC coculture compared to EC 

monoculture on its own [751]. Although this study is an example of endothelial cells 

cultured in direct contact with smooth muscle cells on 35mm-diameter dishes for the 

purposes of assessing the effects of sheer stress on mono- or co-cultured cells, in this 

case, the authors used commercially available endothelial and smooth muscle cells of 

a bovine origin [751].  

Another example of EC-SMC coculture in which the cells were seeded on next 

to each other is an in vitro study undertaken by Wada and colleagues in 2000 which 

aimed to construct an arterial wall using aortic smooth muscle and endothelial cells 

isolated from rabbit [763]. In this case, the group focused on studying the transmigration 

capacity of isolated human peripheral monocytes across the co-cultured rabbit cells 

on transwell inserts using scanning electron and laser confocal microscopy [763]. 

Although the authors report that the number of monocytes that have transmigrated 

across the endothelial monolayer was particularly difficult to count, the confocal 

microscopic observation using three-dimensional and time-lapse imaging showed that 

endothelial cells and monocytes were able to be localised without any fixation [763].  

In the context of assessing vascular permeability using primary isolated cells 

from placental samples, Wang and colleagues have published a study in 2004 

investigating the effect of human placental trophoblast cells in regulating the elevated 

vascular leakage associated with preeclampsia [127]. On this occasion, the authors 

used an in vitro transwell system with isolated HUVEC cells seeded in the apical 

chamber in order to create a tight barrier and human placental trophoblast cells 

seeded in the basal chamber [127]. The results of this study showed that the endothelial 

junctions were susceptible targets of mediators synthetized by trophoblast cells and 
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cadherins were less vulnerable compared to occludin. Also, the developed disruption 

in paracellular contact in terms of junctions formed between adjacent cells was closely 

related to an elevation of the tracer leakage formed by the endothelial monolayer [127].  

Due to the fact that the current permeability studies involved using albumin-

FITC as tracer for studying the property of barrier integrity formed by isolated primary 

cells seeded on transwell membrane inserts, the visualisation of VE-Cadherin 

immunostaining of all cell cultures was made difficult as the secondary antibody was 

also FITC conjugated and the permeability tracer formed aggregates which strongly 

adhered to the 0.4μm pore size PET membranes. A recent study published in 2018 by 

Aengenheister and colleagues on the development of an advanced in vitro coculture 

model using BeWo b30 clone (human placental choriocarcinoma cell line) and HPEC-

A2 cells (SV40 -transformed microvascular human placental venous endothelial cells) 

suggested that micro- or macrofluidic translocation investigations across established 

placental barriers are only relevant for small molecules [651]. In this context, the authors 

suggested that in vitro models assessing for instance glucose transport involving 

endothelial and trophoblastic cells seeded on denuded amniotic membrane, vitrified 

collagen membrane or poly-dimethylsiloxane (PDMS) scaffolds may form a significant 

barrier strongly influencing the free movement of larger substances or even 

nanoparticles [651]. A good example is fluorescein isothiocyanate – dextran (4.4kDa) 

which was considerably confined by the amnion layer in a study published by Levkovitz 

and colleagues in 2013 [692]. Another study by Cartwright and colleagues in 2012 has 

highlighted that decreased pore sizes could also predominantly prevent translocation 

of 37nm polystyrene nanoparticles [764]. In the case of poly-dimethylsiloxane 

microfluidic models used in translocation investigations, multiple studies have shown 
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that the devices may restrain small hydrophilic substances therefore preventing 

reproducible drug translocation observations [765–767].  

A limitation of the current study is that the 2 hours long permeability assay was 

only undertaken following 26 hours of coculture of HUVEC with CPA-SMC cells which 

may limit the crosstalk between the two primary cell types in the formation of a tight 

blood vessel barrier. Also, another limitation of this investigation is that the effect of 

purinergic receptor agonists or antagonists such as ATP, BzATP or A740003 on the 

integrity of the formed barrier has not been assessed. Furthermore, the current in vitro 

coculture model lacks the highly dynamic microenvironment of the placental tissue 

since the primary cells were only cultured under static conditions.  

5.4.4  Immunocytochemistry studies of endothelial junction 

formation in the mono- and co-culture of HUVEC with CPA-

SMC cells 

CD144 was visualised as a continuous or discontinuous thick or at parts thin 

line between tightly arranged adjacent human umbilical vein endothelial cells. The 

present study has not shown the continuous noninterrupted delicate lines as illustrated 

by Pang and colleagues (2017) which investigated the role of VEGF-A165a, VEGF-

A165b and PIGF on junctional occupancy of CD144 and also tracer leakage in HUVEC 

monolayers formed on 6.5mm2 diameter polyester membrane transwells [119]. With 

regards to immunolocalization studies, the authors found that in control HUVEC 

monolayers (vehicle treated), CD144 was visualised as a continuous consolidated 

staining in areas of paracellular overlap or at parts noninterrupted delicate lines in 

various adjacent endothelial cell-cell regions [119]. This study has also shown that in 

the vehicle treated HUVEC monolayers, VE-Cadherin was visualised as an interrupted 
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line or even at parts absent staining between paracellular endothelial overlap regions 

[119].  

A further study published by Ebrahim and Leach in 2016 which investigated the 

transendothelial migration of isolated human umbilical mesenchymal stem cells 

through an established monolayer comprised of human uterine myometrial 

microvascular endothelial cells has shown that VE-Cadherin was also 

immunolocalised at the sites of paracellular endothelial cell borders as a non-

interrupted line with a few areas showing a discontinuous staining [483]. Similar VE-

Cadherin immunolocalization findings have also been published in another study by 

Wang and colleagues in 2004 which established a coculture model comprised of 

isolated HUVEC and trophoblast cells for the purposes of investigating the effects of 

trophoblast released mediators on the permeability of monolayers formed by 

endothelial cells [127]. In this case, the authors highlighted that CD144 was uniformly 

localised at the level of endothelial cell contact in both monoculture of HUVEC cells 

and coculture of HUVEC with trophoblast cells [127].  

In another study published by Leach and colleagues in 2002, the 

immunolocalization of VE-Cadherin at a tissue level was investigated in isolated 

biopsies of first trimester placental samples and showed that CD144 was visualised in 

vascular profiles especially at the level of paracellular clefts between adjacent 

endothelial cells which formed part of blood vessels positioned under the trophoblast 

layer [125].  

The current study also provides evidence that individual staining of the primary 

cells with PKH67 (green) in the case of HUVEC cells and PKH26 (red) of CPA-SMC’s 

might be useful for further in vitro CPA-SMC trans-migration studies across 

established HUVEC monolayers. As the isolated CPA-SMC’s have a phenotypic 



Chapter 5 – The establishment of an in vitro model of a human chorionic vessel 
 

 504 

signature similar to human umbilical Wharton’s jelly mesenchymal stem cells (WJ-

MSC’s), the smooth muscle cells may possess a comparable exploratory behaviour in 

terms of inspecting endothelial cell-cell openings, as it has been suggested in the case 

of WJ-MSC’s in a recent study published by Ebrahim and Leach in 2016 [483].  

Due to the COVID-19 pandemic, the VE-Cadherin immunolocalization studies 

involving monoculture and coculture of primary endothelial and smooth muscle cells 

using a TRITC conjugated secondary antibody could not be performed. However, as 

presented earlier, even if multiple washes of the membranes were undertaken, a small 

level of albumin-FITC still remained adhered to the 4x106 pores/cm2 of the membrane 

inserts which resulted in the presence of multiple tracer aggregates.  

5.5 Conclusions 

In summary, this study provides novel evidence of the establishment of an in 

vitro model of a human placenta chorionic plate artery using isolated primary HUVEC 

and CPA-SMC cells. These investigations are the first to show that the co-culture of 

CPA-SMC cells with HUVEC did not significantly alter the vascular permeability 

compared to monoculture of HUVEC cells following a period of 26 hours in co-culture 

conditions. These results suggest that the CPA-SMC’s were unable to induce a 

notable alteration in the vascular permeability levels of established HUVEC 

monolayers which may denote that during the coculture of both primary cell types, a 

limited EC-SMC cross talk took place. Further in vitro studies are necessary to fully 

understand the complicated interplay between isolated primary cells in co-culture 

conditions and to elucidate the potential involvement of multiple purinergic signalling 

pathways in the regulation of the human placental barrier function including the role of 

the P2X7 receptor in controlling the vascular permeability at the level of the chorionic 

plate arteries. 
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 The human placenta plays a fundamental function in pregnancy as it comprises 

of the vascular network which is involved in the physiological exchange of nutrients 

and waste products between the developing fetus and the mother [576]. Despite this 

fundamental function, the regulation of the blood flow at the level of the fetoplacental 

vasculature has not been fully elucidated yet. A wide body of literature suggests that 

the fetoplacental and umbilical circulation do not possess any neuronal input [577], even 

if the umbilical artery has been demonstrated to retain a noticeable basal tone in the 

absence of vasoactive mediators [768].   

The lack of autonomic innervation at the level of the fetoplacental vasculature 

denotes a potential involvement of the endothelial cells, circulating mediators or 

territorial paracrine factors in the regulation of the placental vascular resistance. 

Therefore, the current study aimed to investigate the purinergic signalling involvement 

in the regulation of the human placental vasculature by assessing the constrictor and 

dilatory responsiveness of decreased internal diameter arteries originating from the 

fetal interphase of the placenta.  

The work from this study has determined the expression of multiple crucial 

purinergic signalling mediators in various placental tissues, and using wire myography, 

have established the possible function of these purinergic factors in regulating the 

blood flow at the level of the fetoplacental circulation.  

 The chorionic plate arteries studied in the current investigation are part of the 

principal regions of vascular resistance located on the fetal side of the human 

placenta. The fetoplacental arteries are also much less sensitive to vasoactive 

mediators that elicit potent effects in other blood vessels [61,769] and as a result, this 

unique characteristic of the human placental blood vessels contributes to an exclusive 

complexity in investigating the participation of the fetoplacental vasculature in 



Chapter 6 – General discussion 
 

 507 

regulating the blood flow between the developing fetus and the pregnant mother. 

Expanding the current understanding of the physiological fetoplacental vascular 

reactivity to various circulating purinergic signalling mediators in healthy placental 

samples is a crucial necessity prior to obtaining a wider knowledge of the 

pathophysiology of preeclampsia, fetal growth restriction and gestational diabetes 

mellitus which are closely related to abnormal blood vessel perfusion levels.  

The principal results that the P2X7 receptor is expressed at a protein level in 

CPA, SVA and trophoblast tissue could have far reaching implications. However, since 

the exogenic application of BzATP gave rise to vasoconstriction responses 

characterised by a particularly low efficacy of less than 25% of the U46619 standard, 

the absence of robust and reproducible responses from CPA’s are due to the lack of 

involvement of the P2X7 receptor in regulating the contractility of these superficial 

human placental blood vessels.  

The NLRP3 inflammasome was found to be expressed at a protein level in the 

second supernatant (cytosolic) fraction of SVA, fourth order CPA and choriodecidua 

tissue lysates using western blotting which has resulted in the detection of 4 isoforms 

at circa 79kDa, 107kDa, 171kDa and 222kDa. A study by Kummer et al (2007) has 

also found 2 isoforms of the multimeric protein using western blotting at approximately 

75kDa and 130kDa in THP-1 and Jurkat cell lines [531]. Also, an investigation by Cheng 

et al (2019) has presented western blotting data using isolated primary trophoblast 

cells which have been cultured in hypoxia or normoxia conditions and detected an 

NLRP3 inflammasome protein product of the size of circa 100kDa which is 

approximately 7kDa below the approximately 107kDa isoform found in the current 

investigation [527].  
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The present investigation also provides novel evidence of the establishment of 

a scalable, reproducible and fast IgG immunodepletion method from the second pellet 

(membrane) and second supernatant (cytosolic) fraction of SVA, villous tissue and 

myometrium tissue lysates for the purposes of removing interfering immunoglobulin G 

from identifying less abundant protein targets at circa 50kDa. A good example from 

the current investigation of the usefulness of IgG immunodepletion from placental 

tissue lysates is the detection of pro-caspase-1 in the second supernatant fraction of 

SVA tissue lysates originating from healthy and preeclamptic patients which was found 

in the western blots at circa 47kDa. In this case, the identification of the biomarker 

would have not been possible without the removal of the heavy chain of IgG at circa 

50kDa which could have partially obscured the detection of pro-caspase-1, since this 

protein is less abundantly expressed in stem villous arteries.  

The present study has showed that the stimulation of human placental villous 

tissue with ATP, LPS+ATP and LPS+BzATP did not significantly alter the protein 

expression levels of the NLRP3 inflammasome compared to unstimulated tissue. 

However, a study by Maneta et al (2015) has found that LPS+BzATP stimulation of 

mononuclear cells isolated from maternal blood, cord blood and placental blood gave 

rise to a significant upregulation of IL-1β release compared to control [491]. Moreover, 

the same investigation presented flow cytometry data highlighting that the stimulation 

of cord blood mononuclear cells with LPS+BzATP gave rise to an upregulation of the 

multimeric protein compared to unstimulated primary cells [491].  

The finding that no statistically significant differences in the protein expression 

levels of the P2X7 receptor, NLRP3 inflammasome and pro-caspase-1 were found in 

SVA tissue lysates originating from healthy and preeclamptic placental samples 

complements a study by Valdecantos et al (2003) which has found that the P2X7 
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receptor was expressed at an mRNA level in the smooth muscle of human chorionic 

blood vessels [479].  

Moreover, the present study has showed that LPS+ATP stimulation of villous 

tissue, CPA and SVA gave rise to the highest release of IL-1β compared to control, 

ATP or LPS+BzATP stimulations of the same human placental tissue type. However, 

a study by Maneta et al (2015) has presented evidence that stimulated human 

mononuclear cells originating from cord blood, placental blood and maternal blood 

with LPS+BzATP elicits the highest IL-1β release compared to control, LPS or BzATP 

[491].  

The current results have also presented evidence that the P2X7 receptor is 

expressed at the level of the syncytiotrophoblast layer, cytotrophoblast cells and fetal 

capillaries in isolated sections of human placental villous tissue originating from 

healthy and diet managed gestational diabetes mellitus patients. These novel results 

are of a particular importance especially in the case of pre-eclamptic patients where 

the extracellular adenosine 5’-triphosphate levels are particularly elevated at the level 

of the intervillous space [558] which could stimulate this purinoceptor located on the 

syncytiotrophoblast layer and therefore promote the assembly of the NLRP3 

inflammasome, ultimately resulting in the release of IL-1β into the extracellular space.  

The finding that the P2X7 receptor is expressed on isolated human placental 

chorionic plate artery smooth muscle cells originating from of healthy patients using 

immunocytochemistry complements a study by Valdecantos et al (2003) which has 

found that the P2X7 receptor is also expressed in chorionic plate arteries in the 

presence and absence of the endothelium and in chorionic plate veins at an mRNA 

level using RT-qPCR [479].  
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The mechanisms in charge with the adjustment of vasomotor tone and blood 

flow in the vasculature of the human placenta have not been fully elucidated yet. 

Multiple investigations have assessed the function of vasoactive compounds in the 

regulation of the fetoplacental vascular tone via small vessel myography studies using 

chorionic plate arteries or veins [576] and stem villous arteries [482] or using the 

methodology of perfused placental cotyledon [593]. In this case, most studies have 

focused on small vessel myography assessments using fetoplacental arteries to 

evaluate the contribution of these blood vessels in the control of vascular tone.  

The current study has shown that the thromboxane A2 mimetic U46619 elicited 

a reproducible and concentration-dependent vasoconstriction of the isolated chorionic 

plate arteries with an U46619 EC50 value of 1.2*10-7M as previously demonstrated in 

numerous investigations [53,482,576]. Other experiments from the current study have also 

assessed the U46619-induced vasoconstriction responses in the presence and 

absence of the P2X7 receptor antagonist A740003 using second and fourth order 

CPA’s originating from healthy patients. In this case, U46619-induced concentration 

response curves elicited by the second order chorionic plate arteries in the presence 

of A740003 were notably rightward shifted which may indicate that A740003, DMSO 

or both compounds may cause a gradual loss in the potency of the thromboxane A2 

agonist-induced vasoconstriction effects, since one of the limitations of this study was 

that no vehicle control was undertaken to distinguish A740003 specific vasoactive 

responses.  

The current study has also showed that adenosine 5’-triphosphate elicits 

spontaneous concentration-dependent vasoconstriction responses in the absence of 

A740003 in both second and fourth order CPA’s originating from placental samples of 

healthy volunteers. Considering second order CPA’s, the second adenosine 5’-
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triphosphate stimulation in the presence of the P2X7 receptor antagonist gave rise to 

vasoconstriction responses below 50% of the initial ATP stimulation (without 

A740003), with fourth order CPA’s showing a similar vasoconstriction effect of less 

than 10% of the U46619 standard. In this case, a notable desensitization to adenosine 

5’-triphosphate took place after the nucleotide was added cumulatively described as 

transient and non-reproducible vasoactive responses from chorionic plate arteries of 

healthy patients which may suggest that A740003, DMSO or both compounds 

contribute to the decrease of ATP-induced vasoactive responses since a limitation of 

these studies was that no DMSO vehicle control was undertaken alongside 

experiments assessing the vasoactive role of the nucleotide. The current study 

complements an investigation by Read et al (1993) which presented evidence that 

human placental lobule perfusion with ATP and adenosine elicited a concentration-

dependant decrease in the perfusion pressure when added into isolated placental 

lobules [475].  An investigation by Valdecantos et al (2003) has highlighted that 

adenosine 5’-triphosphate vasoconstricts chorionic plate arteries in a concentration-

dependent manner, with the maximal vasoconstriction effects reaching almost 100% 

of the KCl standard [479]. An exception of this was BzATP with an Emax of 50.5% of the 

70mM KCl standard [479]. Also, the same investigation has presented evidence that in 

endothelium denuded chorionic plate arteries, adenosine 5’-triphosphate 

concentration response curves were notably attenuated [479].  

Similar results have also been obtained when isolated resistance human 

placental chorionic plate arteries were challenged with three ATP stimulations, with 

the second nucleotide stimulation in the absence of A740003 eliciting a significantly 

attenuated, flat concentration response curve which suggests a notable low efficacy 

of ATP. Moreover, the third nucleotide stimulation in the presence of A740003 gave 
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rise to a flat concentration response curve that was even further displaced downwards 

characterised by nucleotide vasoactive effects taking place below the baseline 

corresponding to U46619 standard. These results denote that adenosine 5’-

triphosphate elicits potent but non-reproducible and transient contractions of the 

human placental chorionic plate arteries which is in agreement with previous studies 

of perfused cotyledons from the human placenta [475,523].  

The current results have shown that adenosine 5’-triphosphate elicited a 

gradual run-down of transient responses from chorionic plate artery with increasing 

nucleotide cumulative concentrations in the presence and absence of the P2X7 

receptor antagonist A740003. These results may denote that adenosine 5’-

triphosphate may become rapidly metabolised by ectonucleotidases from isolated 

chorionic plate arteries to adenosine which has been shown to vasoconstrict CPA 

preparations close to 40% of the 70mM KCl standard [473].  

The decrease in vasoconstriction responses generated by the thromboxane A2 

mimetic U46619 or adenosine 5’-triphosphate in the absence of the P2X7 receptor 

antagonist A740003 could be due to a desensitization effect taking place, particularly 

in the case of the nucleotide stimulation of CPA’s where it was not possible to elicit 

another concentration-response curve for more than approximately 90 minutes 

following its initial challenge with ATP.  

The present study has also demonstrated that resistance chorionic plate 

arteries challenged with three consecutive additions of adenosine 5’-triphosphate 

elicited progressively diminished vasoconstriction effects in the case of both first and 

second ATP challenges, which have resulted in a total desensitization effect taking 

place in a few of the functional studies undertaken. These results further complement 

an investigation by Valdecantos et al (2003) which has shown that superficial chorionic 
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plate arteries challenged with three consecutive applications of 91μM adenosine 5’-

triphosphate elicited a progressively diminished vasomotor tone that attained 15% of 

its initial effect [479]. 

Although BzATP is a relatively selective though weakly potent compound acting 

at the P2X7 receptor (EC50 5μM [146]), the present investigation provides evidence that 

its exogenous application on isolated human placental chorionic plate arteries of 

healthy patients gave rise to weak vasoconstriction responses described by a 

particularly decreased efficacy of less than 25% of the U46619 standard. An 

explanation of the lack of robust and reproducible vasoactive responses to BzATP of 

CPA’s is the lack of involvement of the P2X7 receptor in the contractility of human 

placental chorionic plate arteries.  

 An investigation by Buvinic et al (2006) has presented evidence that the P2Y1 

and P2Y2 receptors are expressed in the human placental vasculature and 

differentially distributed along the placental tree characterised by a change in 

expression from the smooth muscle to the endothelium at the level of the cotyledon 

[481]. The same study showed that removal of the endothelium from superficial 

chorionic plate artery or vein did not change the expression of both purinoceptors [481]. 

Furthermore, these authors have also shown a functional P2Y receptor-mediated 

vascular reactivity via the P2Y1 and P2Y2 receptors through the stimulation of CPA’s 

with 2-MeSADP (possessing an elevated selectivity for P2Y1 receptor) and UTP 

(preferential affinity for the P2Y2 receptor) [481].  In this case, the same study showed 

that both compounds vasoconstricted chorionic plate artery preparations with 2-

MeSADP being slightly less potent than UTP [481].  

The current investigation also provided the first evidence that chorionic plate 

artery smooth muscle cells possess a phenotypic signature similar to mesenchymal 
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stem cells which could suggest that the primary cells may play a role in the regulation 

of vascular permeability of the chorionic plate arteries.  

This study provides evidence of a functional in vitro model of a human chorionic 

vessel via the formation of a HUVEC monolayer on transwell membrane inserts for 

the duration of 48 hours post-seeding followed by the coculture of HUVEC with CPA-

SMC cells for a further 26 hours prior to the commencement of the tracer leakage 

assay.  

Under the conditions of the present study, the isolated smooth muscle cells did 

not significantly alter the monolayer barrier formed by the HUVEC cells for the entire 

duration of the permeability assay investigation suggesting that the primary cells 

possessed a limited capacity to affect the integrity of paracellular junctions formed 

between adjacent HUVEC cells.  

The current study of the human coculture model where the endothelial and 

smooth muscle cells were in direct contact resembles the proliferation state and 

microenvironment of a human placental chorionic blood vessel by facilitating a 

diminished diffusion distance of cellular factors between the cultured HUVEC and 

CPA-SMC cells [759].  

While progress has been made, there is still much work to be undertaken in the 

in vitro reconstruction of the anatomy and function of the human placental chorionic 

blood vessel system and to investigate the plethora of mediators that regulate its 

physiology for instance oxygen microenvironment and multiple cell layers.  

Further work is required to obtain a better understanding of the involvement of 

purinergic signalling in the modulation of placental blood vessel contractility properties.  
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6.1  The most important findings of the current study  

One of the most important finding of the present study is that no statistically 

significant differences were detected in stem villous artery relative protein expression 

levels of the P2X7 receptor, NLRP3 inflammasome and procaspase-1 between 

healthy and preeclamptic placental samples. Furthermore, another crucial finding from 

the current investigation is that GDM-Diet gave rise to a statistically significant 

downregulation in P2X7+CD31 double positive placental vascular profiles compared 

to healthy patients.  

Another important result from the present study is that LPS+ATP stimulation of 

CPA, SVA and trophoblast tissue elicited a statistically significant difference in IL-1β 

release relative to control. Moreover, a crucial finding from the current investigation is 

that repeated cumulative additions of ATP gave rise to a progressively reduced 

vasomotor response in the presence and absence of the P2X7 receptor antagonist 

A740003. The 30mM KPSS-induced elevation in chorionic plate artery resting basal 

tone increased the efficacy of the first ATP stimulation by more than 38% at a 

nucleotide concentration of 10-3M is also an important finding from the present 

investigation.  

A further important result from the current investigation is that BzATP gave rise 

to a substantially reduced vasomotor effect from chorionic plate arteries characterised 

by an almost flat concentration response curve. Also, another crucial finding from the 

present investigation is that the surface antigenic profiling of human placenta chorionic 

plate artery smooth muscle cells showed a particular similarity with the 

immunophenotypic signature characteristic of human multipotent mesenchymal stem 

cells. Moreover, an important result from the current study is that no statistically 

significant differences in terms of tracer leakage levels were found between the 
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coculture of CPA-SMC with HUVEC and monoculture of primary endothelial cells at 

the same timepoints during the 120 minutes long permeability assay. 

6.2 Limitations of the current study  

A potential limitation of undertaking physiological studies using human 

placental villous tissue as in the current investigation by stimulating the explants with 

D-glucose for 4, 24 and 48 hours is that the syncytiotrophoblast undergoes non-

interrupted renewal, shedding aged nuclei in the form of syncytial knots and 

incorporating fresh syncytiotrophoblast cells by fusion as it has been demonstrated in 

a study by Zhou and colleagues (2013) using isolated cytotrophoblast cells during the 

first 24-48 hours of culture conditions [546]. Furthermore, these authors have showed 

that the primary cytotrophoblast cells stained positive for CK7 and illustrated western 

blotting data highlighting that β-hCG protein expression levels increased during the 

first 24 and 48 hours in vitro [546]. Therefore, undertaking physiological studies using 

placental villous tissue during the first 48 hours following the isolation process could 

be sub-optimal.  

Another important limitation of the current study is directly related to the western 

blotting data which illustrated the relative P2X7 receptor protein expression levels in 

isolated human placental villous tissue stimulated with D-glucose for 4, 24 and 48 

hours, since a noticeable variability in the relative β-actin protein expression levels 

was detected across samples of the same placental villous tissue type. In this case, 

no optimisation in choosing a suitable loading control was undertaken and as a result, 

the selection of a different housekeeping protein that remains constant (relative to the 

total protein content) could be advantageous in the interpretation of the western 

blotting data.  
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Furthermore, a potential limitation of the western blotting data which presented 

the relative protein expression levels of the P2X7 receptor, NLRP3 inflammasome and 

pro-caspase-1 in isolated human SVA’s was that two of the eight pre-eclamptic 

patients were also co-diagnosed with intrauterine growth restriction which is a 

confounder in the analysis of the data in terms of the association between pre-

eclamptic patients and subjects co-diagnosed with pre-eclampsia and IUGR. 

Furthermore, another limitation of the western blotting studies is the absence of 

blocking peptide controls for the NLRP3 inflammasome and pro-caspase-1 since no 

blocking peptide could be sourced from the corresponding manufacturers.  

A limitation of undertaking multiple comparison tests between the released 

levels of pro-inflammatory cytokines from CPA’s, SVA’s and placental villous tissue 

which have been stimulated with control, ATP, LPS+ATP and LPS+BzATP is the 

elevated statistical risk that a proportion of associations are false positives. Also, an 

important limitation of this study where the CPA, SVA and villous tissue was stimulated 

with control, ATP, LPS+ATP and LPS+BzATP was that no LPS control was 

undertaken alongside these experiments.    

 Another important limitation of the current study is that some of the western 

blotting, RT-qPCR, immunocytochemistry, pro-inflammatory cytokine and LDH 

measurement studies contained relatively few numbers of participants included, which 

could limit the interpretation of the data. Also, a limitation in the case of 

immunohistochemistry studies is that the P2X7 receptor expression was only 

investigated in isolated sections of chorionic plate arteries originating from two healthy 

patients which limits the interpretation of the acquired data.  

 A further limitation of the current study is that no negative or positive controls 

for the P2X7 receptor staining were undertaken alongside immunocytochemistry 
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experiments evaluating the immunolocalization of the purinergic receptor in smooth 

muscle cells which have been isolated from chorionic plate arteries.  

 Moreover, an important limitation of the present study is that no DMSO vehicle 

control was carried out alongside experiments evaluating the influence of A740003 in 

U46619-induced vasoactive effects and ATP-induced vasoactive effects elicited by 

chorionic plate arteries which further limits the interpretation of the wire myography 

data. 

 Another limitation of this study is that the vasoactive responses of isolated CPA 

preparations under the exogenic application of ATP, BzATP and A740003 have not 

been assessed in chorionic plate arteries with the endothelium removed to investigate 

the participation of the smooth muscle towards the regulation of the placental blood 

flow.  

 Also, a further limitation of the current study is that the isolation process of 

chorionic plate artery smooth muscle cells from healthy placental samples using the 

tissue explant culture method takes circa 21-28 days until the primary cells are 

sourced.  

 Another important limitation of the present study is that the two hours long tracer 

leakage assay was only undertaken following 26 hours of coculture of the primary 

placental cells which could limit the crosstalk between the CPA-SMC and HUVEC cells 

in the formation of a tight blood vessel barrier. The lack of investigating the effect of 

purinergic receptor agonists and antagonists for instance adenosine 5’-triphosphate, 

BzATP and A740003 on the integrity of the formed barrier is also considered a 

limitation of the current study.  

 Furthermore, the current in vitro coculture model using isolated human 

placental chorionic plate artery smooth muscle cells and human umbilical vein 
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endothelial cells lacks the highly dynamic microenvironment of the placental tissue 

since the two primary cell types were cultured under static conditions.  

6.3 Future research 

The individual methods used in the current study have been validated in chapters 

3-5. However, the current research could be further complemented by assessing the 

vasoactive properties of various purinergic signalling mediators using the placental 

veins containing deoxygenated blood. Furthermore, the vasoactive properties of other 

non-hydrolysable ATP analogues should be tested on resistance chorionic plate 

arteries and veins to gain a better understanding of the involvement of other P2X and 

P2Y purinergic receptors in the regulation of the fetoplacental vasculature. Also, 

electrophysiology may be used to study single human chorionic plate artery smooth 

muscle cell responses to the exogenous addition of ATP and BzATP using the patch 

clamp technique of the whole cell. In this case, further information about the 

conductance of a single ion channel could be obtained by monitoring the intra- and 

extra-cellular movement of ions across the plasmalemma.  

Moreover, the effects of ATP and BzATP on established cocultures of HUVEC 

and CPA-SMC cells should be tested to investigate the P2X receptor agonist capability 

to tighten or loosen the monolayer barrier formed by HUVEC cells using tracer leakage 

assays. Also, the mRNA expression of the P2X7 receptor, NLRP3 inflammasome and 

Caspase-1 should be assessed using CPA arteries for the purposes of correlating the 

mRNA levels with the expressed protein levels in both healthy and preeclamptic 

patients.  
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6.4 Conclusion 

The current study provides evidence that the P2X7 receptor is expressed at the 

level of the human placental chorionic plate artery, stem villous artery and villous 

tissue originating from healthy patients and does not play a functional role in the 

contractility of the chorionic plate arteries since the exogenous challenge of CPA’s 

with BzATP did not give rise to robust and reproducible vasoactive responses. Further 

in vitro studies are required in order to fully understand the participation of purinergic 

signalling into the modulation of the human placenta vasculature.  
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APPENDIX 1: Patient Information Sheet   
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Appendix 2: Consent form: Pregnancy 
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Appendix 3: Case report form (CRF)  
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Appendix 4: Details of the research study – poster format 
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Appendix 5: Solution compositions 
 

4% (w/v) paraformaldehyde 

4g PFA dissolved in distilled water at 600C, pH 7.4.  

DMEM  

500mL tissue culture medium supplemented with 10% (v/v) heat inactivated fetal 
bovine serum, 100 units/mL penicillin and 100μg/mL streptomycin  
 
HBSS 

500mL HBSS supplemented with 5mL of 1M HEPES and 5mL of penicillin and 

streptomycin (100X) 

Homogenisation buffer for tissue  

Sucrose (300mM), Tris base (25mM), ethylenediaminetetraacetic acid (EDTA) (1mM), 

monothioglycerol (10mM), tween 20 (0.1%), 1/500 protease inhibitors and 1/100 

phosphatase inhibitors (Sigma-Aldrich, Poole, UK) at a pH of 7.4 

Homogenisation buffer for primary cells  

Sucrose (320mM), Tris base (10mM), KCl (50mM), EDTA (1mM), Igepal (0.5%), 1/500 

protease inhibitors and 1/100 phosphatase inhibitors, pH 7.8 

Immunoprecipitation buffer  

Tris base (50mM), NaCl (150mM), EDTA (1mM), ethylene glycol tetraacetic acid 

(EGTA) (0.2mM) SDS (0.1%), Sodium Deoxycholate (0.3%), 1/500 protease inhibitors 

and 1/100 phosphatase inhibitors, pH 7.5 

Physiological salt solution  
119mM NaCl, 4.69mM KCl, 2.4mM MgSO4, 25mM NaHCO3, 1.17mM KH2PO4, 

6.05mM D-Glucose, 3.2mM CaCl2, pH 7.4 
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60mM High Potassium physiological salt solution  

63.7mM NaCl, 60mM KCl, 2.4mM MgSO4, 25mM NaHCO3, 1.17mM KH2PO4, 6.05mM 

D-Glucose, 3.2mM CaCl2, pH 7.4 

123mM High Potassium physiological salt solution  

123.69mM KCl, 2.4mM MgSO4, 25mM NaHCO3, 1.17mM KH2PO4, 6.05mM D-

Glucose, 3.2mM CaCl2, pH 7.4 

1% (w/v) gelatin 

5g gelatin in 500mL distilled water  

1% (w/v) collagenase type II  

1g collagenase type II in 10mL Medium 199 supplemented with 100U/mL penicillin 

and 100μg/mL streptomycin to obtain a 10% (w/v) collagenase type II, aliquoted into 

10x1mL Eppendorf tubes and frozen at -200C prior to use. When required, 1x1mL 

collagenase type II Eppendorf tube was defrosted and added to 9 mL of warm Medium 

199 supplemented with 100U/mL penicillin and 100μg/mL streptomycin to obtain a 1% 

(w/v) collagenase type II solution  

10% Ammonium Persulfate (AP) 

0.1g Ammonium persulfate in 1mL distilled water  

Laemmli buffer  

50μL β-Mercaptoethanol in 950μL sample loading buffer (BioRad, 161-0747) 
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Appendix 6: Demographic and clinical information 
worksheet  
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T3012  Healthy  Maternal Age 34 years, G2, P1, 39weeks+3days, Male Fetus, 
3510g 

T3023 Healthy  Maternal Age 26 years, G2, P1, 39weeks, Female fetus, 3690g 
T3024 Healthy  Maternal Age 29 years, P0 
T3027 Healthy  Maternal Age 34 years, G3, P2, 37weeks+1day, Male Fetus, 4080g 
T2878 Healthy  Maternal Age 28 years, P1 
T2879 Healthy  Maternal Age 40 years 
T2880  Healthy  Maternal Age 44, P0, G2, 39weeks + 3 days Male fetus, 4180g 

T2881 Healthy  Maternal Age 28 years, G3, P2, 39weeks+2days, Male fetus, 
3430g 

T2884 Healthy  Maternal Age 40 years, G4, P2, 36 weeks, Male fetus, 2920g, 
placenta Previa 

T2885 Healthy  Maternal Age 29 years, G4, P2, 38weeks+3days, Male fetus, 
4100g 

T2886 Healthy  Maternal Age 38 years, G2, P1, 39weeks+1day, Female fetus, 
2910g, Breech 

T2887 Healthy  Maternal Age 27 years, G3, P1, 38weeks+3days, Female fetus, 
3250g, Breech  

T2888 Healthy  Maternal Age 38 years, G2, P1, 39weeks+2days, Female fetus, 
4150g 

T2889 Healthy  Maternal Age 30 years, 37weeks+6days, Increased BMI, Male 
Fetus, 3960g 

T2890 Healthy  Maternal Age 21 years, G2, P1, 39weeks, Male fetus, 3530g 

T2891 Healthy  Maternal Age 33 years, G1, P0, 39weeks+2days, Male fetus, 
3350g 

T2892 Healthy  Maternal Age 17 years, G1, P0, 39weeks+1day, Group B 
Streptococcus on HVS, Female fetus, 3130g 

T2893 Healthy  Maternal Age 29 years, G2, P1, 39weeks+2days, Male fetus, 
3630g 

T2959 Healthy  Maternal Age 32 years, G1, P0, Male Fetus, 3510g, Placenta 
Previa 

T2960 Healthy  Maternal Age 30 years, G1, P0, Female Fetus, 3580g 
T2956 Healthy  Maternal Age 36 years, G4, P2, 39 weeks, Male Fetus, 4000g 

T2957 Healthy  Maternal Age 32 years, P1, Male fetus, 4200g, Low Pregnancy 
assosiated plasma protein A 

T3025 Healthy  Maternal Age 27 years, G1, P0, 38 weeks+2 Days, Obstetric 
cholestasis, Male Fetus, 3690g 

T3026 Healthy  Maternal Age 29 years, G2, P1, 39 weeks + 3 days, Male fetus, 
4340g  

T3027  Healthy  Maternal Age 34 years, G3, P1, 37weeks + 1 day, Male Fetus, 
4080g 

MB220 Healthy  Maternal Age 31 years, G1, P0, 36weeks+3 days, Female Fetus, 
2930g 

MB227 Healthy  Maternal Age 24 years, G1, P0, 36 weeks, Male fetus, 2700g 
T738 Preeclamptic Maternal Age 24 years, 34weeks+6 days, P1, Breech  
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T829 Healthy  Maternal Age 31 years, G2, P1, 39weeks+3 days, Female fetus 
T840  Healthy  Maternal Age 29 years 

T853 Preeclamptic 
Maternal Age 30 years, G3, P1, 33weeks+1 day, BMI 37, Blood 
pressure 186/91, Proteinuria +++, Blurry vision, Swollen face, 
previous preeclamptic caesarean section 

T860 Preeclamptic Maternal Age 36 years, Blood Pressure 140/100, Protein +, 
Labetalol, Nifedipine, 38weeks+4 days, uncomplicated blood test 

T910 Healthy  Maternal age 28 years, G2, P1, 39weeks, BMI 35 
T927 Healthy  Maternal age 22 years, G2, P1 
T928 Healthy  Maternal Age 36 years, G2, P1, Breech  
T952 Healthy  Maternal Age 29 years, G4, P3, 39 weeks, BMI 24, breech 
T962 Healthy  Maternal Age 29, G2, P1, 39weeks + 1 day, Breech 

T994 Preeclamptic 
Maternal Age 25 years, 34weeks+6 days, IUGR, blood pressure 
141/90, Proteinuria 2+, Increased alanine transaminase, 
decreased platelets 

T997 Preeclamptic 
Maternal Age 29 years, G1, P0, 34 weeks+4day, Blood pressure 
141/91, Occasional Headache, Proteinuria 2+, leg edema, no 
epigastric pain, no visual disturbance, uncomplicated blood test 

T1145 Preeclamptic 
Maternal age 33 years, 36 weeks, G1, P0, BMI 41, blood pressure 
142/88, Proteinuria 2+, Visual disturbance, Epigastric pain, 
labetolol, nifedipine 

T1269 Preeclamptic Maternal Age 34 years, 34 weeks+6days, P2, IUGR, Proteinuria 3+, 
Blood pressure 136/84, mild edema, decreased platelets 

T1469 Healthy  Maternal Age 39 years, G4, P1, 39weeks 
T1609 Preeclamptic  Maternal Age 24 years, Proteinuria ++  
T1964 Healthy  Maternal Age 38 years 
T1992 Healthy  Maternal Age 27 years, P2  
T2025 Healthy  Maternal Age 25 years, G2, P1, 39weeks 
T2041 Healthy  Maternal Age 37 years 
T2087 Healthy  Maternal Age 37 years, G4, P3, 39 weeks, Female Fetus, 2590g 

T2817 Healthy  Maternal Age 33 years, G7, P2, 39weeks+2days, BMI 38, Male 
Fetus, 39weeks+2days 

T2818 Healthy  Maternal Age 39 years, G4, P3, 38weeks+1day, Male 2760g 

T2823 Healthy  Maternal Age 34 years, G4, P1, 36 weeks+4 days, 
oligohydramnios, Female fetus, 2240g  

T2895 Healthy  Maternal Age 33 years, G2, P1, 39weeks+1day, Male Fetus, 3660g 

T2929 Healthy  Maternal Age 20 years, G2, P1, 39weeks+2days, Male Fetus, 
3690g 

T2930 Healthy  Maternal Age 39 years, G2, P1, 39weeks+1day, Female Fetus, 
3930g 

T2942 Healthy  Maternal Age 31 years, G3, P1, 39 weeks, Male fetus, 3120g 
T2944 Healthy  Maternal Age 32 years, G2, P1, 39weeks+6days  

T2945 Healthy  Maternal Age 26 years, G2, P1, 39weeks+6days, Male Fetus, 
3300g 
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T2946 Healthy  Maternal Age 36 years, G2, P3, 39weeks+2 days, Female Fetus, 
2810g 

T2970 Healthy  Maternal Age 28 years, G6, P1, 39weeks, Male fetus, 3410g 
T2971 Healthy  Maternal Age 35 years, G2, P1, 39 weeks, Male fetus, 3300g 
T2972 Healthy  Maternal Age 28 years, P4, G5, Male Fetus, 4050g 

T2979 GDM-
Metformin 

Maternal Age 30 years, G3, P1, 39 weeks+1day, Male Fetus, 
4210g 

T2614 Healthy  Maternal Age 21 years, G3, P1, 38weeks, DCDA Tweens, Breech, 
Male fetus, 2720g, Male fetus 3190 

T2615 Healthy  Maternal Age 29 years, G2, P1, 39weeks+3 days, Female Fetus, 
3860g 

T2616 Healthy  Maternal Age 33 years, G3, P2, 39weeks+3 days, Female fetus, 
2920g 

T2662 Healthy  Maternal Age 34 years, G2, P1, 39weeks+1day, Female Fetus, 
4130g 

T2665 Healthy  Maternal Age 27 years, G7, P6, 37weeks+4days, Male fetus, 
3150g 

T2788 Healthy  Maternal Age 28 years, G3, P2, 39weeks, Female Fetus, 4040g 

T2789 Healthy  Maternal Age 26 years, G2, P1, 40weeks+2days, Male fetus, 
4540g 

T2650 Healthy  Maternal Age 27 years, G2, P0, 37 weeks, DCDA tweens, Male 
fetus, 2550g, Male fetus, 3000g 

T2651 Healthy  Maternal Age 30 years, G2, P1, 40weeks+2days, Male fetus, 
3460g 

T2654 Healthy  Maternal Age 34 years, G1, P0, 39weeks+4days, Female Fetus, 
3310g 

T2655 Healthy  Maternal Age 31 years, G3, P1, 38weeks+3days, Male fetus, 
3610g 

T2995 GDM-
Metformin 

Maternal Age 36 years, G2, P1, 39weeks+2days, Female Fetus 
3400g 

T2648 Healthy  Maternal Age 30 years, G2, P1, 39weeks, Female fetus, 2109g 
T2649 Healthy  Maternal Age 33 years, G2, P1, 39weeks, Male fetus, 4320g 
T2810 Healthy  Maternal Age 34 years, G2, P1, 40 weeks, Female Fetus, 3990g 
T2813 Healthy  Maternal Age 22 yaers, P1 
T2812 Healthy  Maternal Age 34 years, G2, P1, 40 weeks, Male Fetus, 3630g 

T2814 Healthy  Maternal Age 34 years, G3, P2, 39weeks+5days, Female fetus, 
3960g 

T2894 IUGR Maternal Age 37 years, G3, P2, 38weeks, Female Fetus, 2940g 

T2831 Healthy  Maternal Age 28 years, G2, P3, 39weeks+5days, Female Fetus, 
3110g 

T2837 Healthy  Maternal Age 49 years, G3, P0, 38weeks, Male fetus, 3040g 

T2841 Healthy  Maternal Age 37 years, G2, P1, 39weeks+5days, Female fetus, 
4110g 

T2843 GDM-
Metformin 

Maternal Age 37 years, G1, P0, 39weeks+2days, Female fetus, 
3520g 
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T2846 Healthy  Maternal Age 25 years, G1, P0, 39weeks+2days, Female fetus, 
3830g 

T2857 Healthy  Maternal Age 32 years, G5, P4, 38weeks+1day, Female Fetus, 
2790g 

T2856 Healthy  Maternal Age 34 years, G2, P0, 38weeks, oligohydramnios, 
breech, Male fetus, 2620g 

T2855 Healthy  Maternal Age 22 years, G1, P0, Breech, 39weeks, Male Fetus, 
2790g 

T2858 Healthy  Maternal Age 36 years, G3, P2, 37weeks+5days, Female fetus, 
3180g 

T2861 GDM-Insulin Maternal Age 38 years, G3, P1, polyhydramnios, BMI 45, 36 
weeks 

T2824 GDM-Insulin  Maternal Age 35 years, G7, P1, 39 weeks, Female Fetus, 3690g 
T2828 Healthy  Maternal Age 24 years, G3, P2, 39 weeks, Female fetus, 3950g 
T2826 Healthy  Maternal Age 32 years, G2, P1, 39weeks, Male fetus, 3950g 

T2827 Healthy  Maternal Age 32 years, G1, P0, Breech, 39 weeks, Male fetus, 
3090g 

T2809  Healthy  Maternal Age 36 years, G2, P1, 40 weeks, Female Fetus, 3990g 

T2815 IUGR Maternal Age 27 years, G2, P0, Breech, 37weeks+1day, 
oligohydramnios, Male fetus, 2470g 

T2825 Healthy  Maternal Age 35 years, G3, P2, 39weeks, Male Fetus, 3000g 

T2863 Healthy  Maternal Age 34 years, G3, P2, 39weeks+4days, Female Fetus, 
3390g 

T2865 Healthy  Maternal Age 29 years, G3, P2, 39weeks+3days, female fetus, 
3390g 

T2866 Healthy  Maternal Age 33 years, G3, P2, 39weeks+3days, Male fetus, 
3260g 

T2872 Healthy  Maternal Age 43 years, G5, P4, 38weeks+4days, Male fetus, 
2770g 

T2873 Healthy  Maternal Age 32 years, G9, P3, Male fetus, 3980g 
T2859 Healthy  Maternal Age 35 years, G2, P1, 39 weeks, female fetus, 3740g 

T2860 Healthy  Maternal Age 35 years, G2, P1, 39weeks+1day, Female Fetus, 
2240g 

T2862 GDM Maternal Age 33 years, G3, P2, 39weeks+2days, Male fetus, 
3490g 

T2874 Healthy  Maternal Age 35 years, G5, P2, 37weeks, Male Fetus, 3070g 

T2875 Healthy  Maternal Age 31 years, G2, P1, 39weeks+5days, Male fetus, 
4100g 

T2775 Healthy  Maternal Age 35 years, G2, P1, 39weeks+1day, Female fetus, 
3880g 

T2697 Healthy  Maternal Age 21 years, G2, P1, 37 years, Tweens DCDA, Female 
Fetus 2240g, Male Fetus, 2630g 

T2770 GDM-
Metformin 

Maternal Age 30 years, G4, P1, 38weeks+1day, Proteinuria ++, 
hyperthyroid, Female Fetus, 2880g 
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T2716 Haelthy Maternal Age 34 years, G2, P1, 39weeks+2days, Male Fetus, 
4900g 

T2768 Healthy  Maternal Age 36 years, G5, P1, 39 weeks, Male Fetus, 3960g 

T2771 GDM Maternal Age 32 years, G4, P1, 39weeks+5days, Male Fetus, 
4000g 

T2776 Healthy  Maternal Age 28 years, G5, P3, 39weeks, Female fetus, 3280g, 
BMI32 

T2778 GDM-
Metformin 

Maternal Age 34 years, G3, P1, 39weeks+2days, female Fetus, 
4110g 

T2780 Type 2 GDM Maternal Age 34 years, G12, P2, 37weeks+1day, Female Fetus, 
2660g 

T2769 Healthy  Maternal Age 39 years, G3, P1, 39weeks+1day, Male fetus, 3230g 

T2805 GDM-
Metformin 

Maternal Age 35 years, G2, P1, 39weeks+2days, Male fetus, 
3420g 

T2806 Healthy  Maternal Age 29 years, G2, P0, BMI20, 39weeks+1day, Male 
fetus, 4170g 

T2686 IUGR Maternal Age 40 years, oligohydramnios, 37weeks+2days 

T2718 Preeclamptic Maternal Age 35 years, P0, Proteinuria ++, 39weeks+1day, Male 
fetus, 3950g 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 



Appendices 
 

 599 

Appendix 7: Handcasting polyacrylamide gels  
 

Resolving gel (10%)  
 
4.1mL Distilled water, 3.3mL 30% Acrylamide, 2.5mL resolving gel buffer (Tris Base 

pH 8.8), 100μL 10% SDS, 100μL ammonium persulfate, 4μL TEMED  

Resolving gel (15%)  
 
3.53mL Distilled water, 7.5mL 30% Acrylamide, 3.75mL resolving gel buffer (Tris Base 

pH 8.8), 150μL 10% SDS, 75μL ammonium persulfate, 7.5μL TEMED  

Resolving gel (7%)  
 
5.1mL Distilled water, 2.33mL 30% Acrylamide, 2.5mL resolving gel buffer (Tris Base 

pH 8.8), 100μL 10% SDS, 100μL ammonium persulfate, 4μL TEMED  

Stacking gel (4%)  
 
3.4mL Distilled water, 0.85mL 30% Acrylamide, 0.625mL resolving gel buffer (Tris 

Base pH 6.8), 50μL 10% SDS, 50μL ammonium persulfate, 5μL TEMED  

Electrophoresis buffer 
 
1.51g Tris, 94g Glycine, 50mL 10% SDS dissolved in 1L distilled water  
 
Transfer buffer 
 
24mM Tris base, 80mM glycine, 20% methanol 
 
Tris Buffered Saline (TBS) 
 
12.11g Tris base, 146.1g NaCl dissolved in 5L distilled water, pH 7.4  
 
TBS-Tween (TBS-T) 0.1% (v/v) 
 
1L TBS, 1mL Tween-20  
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Appendix 8: RT-qPCR amplification plots 

 
Figure I. This figure (A-C) shows the amplification plot of real time polymerase chain 
reaction data.  

P2RX7 Receptor

NLRP3 inflammasome

Caspase-1

A

B

C

T910 (healthy patient)
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Figure II. This figure (A-C) shows the amplification plot of real time polymerase chain 
reaction data.  
 

T738 (Preeclamptic patient)
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Figure III. This figure (A-C) shows the amplification plot of real time polymerase chain 
reaction data.  
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Figure IV. This figure (A-C) shows the amplification plot of real time polymerase chain 
reaction data.  
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Appendix 9: Immunohistochemistry and 
immunophenotyping 

 
Surface antigenic profiling of human placenta chorionic plate artery 
smooth muscle cells originating from a type 1 diabetic patient  

 
The isolated human placenta chorionic plate artery smooth muscle cells 

originating from a type 1 diabetic patient (T1D23102019) possessed an 

immunophenotypic profile characteristic of human mesenchymal stem cells as follows: 

CD73 (75.06% of cells were positive), CD90 (65.58% positive cells), CD105 (51.13% 

positive cells) and only 0.59% of cells were positive for CD34, CD11b, CD45, CD19 

and HLA-DR. The flow cytometry data of CPA-SMC cells are presented in figure V 

(highlighting the percentage of positive cells) and figure VI (detailing the no antibody 

control and isotype control).  
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Figure V. This figure (panels A-E) highlights the immunophenotype data of human 
placenta chorionic plate artery smooth muscle cells originating from a type 1 diabetic 
patient (T1D23102019). CPA-SMC’s were stained with antibodies against surface 
specific cellular markers as shown by the green histograms or an isotype matched 
monoclonal antibody as highlighted by the red histograms. Panel E highlights the 
percentage of CPA-SMC cells that were positive for CD73, CD90 and CD105.  
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Figure VI. This figure highlights representative scatter plots and histograms of no 
primary antibody (cells alone) control (panels A-J) and isotype control (panels K-T) in 
the immunophenotyping of CPA-SMC originating from a type 1 diabetic patient 
(T1D23102019).  
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Immunohistochemical expression of the P2X7 receptor in isolated sections of 
human placental villous tissue highlighted that the syncytiotrophoblast and 
fetal blood vessels stained positive for the purinergic receptor  
 

Figures VII-X highlight representative fluorescence micrographs of P2X7 

(green) and CD31 (red) immunolocalization in human placental villous tissue 

originating from metformin (GDM05122019-Metformin), diet+metformin 

(GDM16012020-Diet+Metformin) and insulin+metformin (GDM03022020-

Insulin+Metformin) managed gestational diabetic patients as well as from a type 1 

diabetic patient (T1D23102019). The P2X7 receptor expression at the level of the 

syncytiotrophoblast was highlighted with red arrows and the immunolocalization of the 

ATP receptor on cytotrophoblasts was signposted with yellow arrows. Representative 

CD31 positive fetal vascular profiles were labelled with a white asterisk. The fetal 

vascular profiles which were double positive for P2X7+CD31 were labelled with white 

arrows. Figure XI highlights the percentage of placental vascular profiles that were 

positive or negative for P2X7, positive for CD31 and double positive for P2X7+CD31 

(panel A), as well as the fluorescence intensity levels of P2X7 receptor positive 

syncytiotrophoblast profiles (panel B).  
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Figure VII. This figure (panels A-O) shows representative fluorescent micrographs 
highlighting P2X7 (green), CD31 (red) and P2X7+CD31 (merged) immunolocalization 
in placental villous tissue originating from a placenta sample of a metformin managed 
gestational diabetic patient (GDM-Metformin 05122019). Scalebar 100μm. 
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Figure VIII. This figure (panels A-O) shows representative fluorescent micrographs 
highlighting P2X7 (green), CD31 (red) and P2X7+CD31 (merged) immunolocalization 
in placental villous tissue originating from an insulin and metformin managed 
gestational diabetic patient (GDM03022020-Insulin+Metformin). Scalebar 100μm. 
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Figure IX. This figure (panels A-O) shows representative fluorescent micrographs 
highlighting P2X7 (green), CD31 (red) and P2X7+CD31 (merged) immunolocalization 
in placental villous tissue originating from a diet and metformin managed gestational 
diabetic patient (GDM16012020-Diet+Metformin). Scalebar 100μm. 
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Figure X. This figure (panels A-O) shows representative fluorescent micrographs 
highlighting P2X7 (green), CD31 (red) and P2X7+CD31 (merged) immunolocalization 
in placental villous tissue originating from a type 1 diabetic patient (T1D23102019). 
Scalebar 100μm. 
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Figure XI A. This graph shows the percentage of placental vascular profiles that were 
positive or negative for P2X7, positive for CD31 and double positive for P2X7+CD31 
B. This graph shows the percentage of P2X7 receptor positive syncytiotrophoblast 
profiles according to the fluorescence intensity levels of the P2X7 receptor staining in 
placental villous tissue. The placental villous tissue samples originated from an 
insulin+metformin (GDM03022020-Insulin+Metformin) and a diet+metformin 
(GDM16012020-Diet+Metformin) managed gestational diabetic patient as well as a 
type 1 diabetic patient (T1D23102019).  
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Appendix 10: Western blotting 
 

The P2X7 receptor expression in second supernatant of human 
trophoblast tissue, second and fourth order chorionic plate artery, stem villous 
artery, choriodecidua, myometrium and peripheral blood mononuclear cells 
 

PBMC cells were used as a positive control for the P2X7 receptor since the 

primary cells have been demonstrated to express the purinergic receptor at and mRNA 

and protein level by Zhang et al (2017) [770].  

P2X7 receptor products were detected in a western blot at a molecular weight of 

approximately 90kDa in the second supernatant of trophoblast, SVA, fourth and 

second order CPA tissue lysates originating from a placenta sample of a healthy 

patient as presented in figure XII. In this case, the trophoblast and fourth order CPA 

tissue lysates possessed similar relative P2X7 receptor protein expression levels 

(figure XII, panel D). The ponceau S staining of the nitrocellulose membrane presented 

in figure XII, panel C demonstrates equal protein loading.  

However, a weak signal of detected bands corresponding to the P2X7 receptor 

was identified in two western blots at approximately 83kDa (figure XIII) and 73kDa 

(figure XIV) using the second supernatant of SVA, choriodecidua and fourth order CPA 

tissue lysates originating from three placental samples of healthy patients. Here, the 

fourth order CPA possessed the highest purinergic receptor protein expression level 

compared to SVA and choriodecidua (figure XIII, panel D and figure XIV, panel D). A 

Shapiro-Wilk test of the relative P2X7 receptor levels presented in figure IX highlighted 

that all data was normally distributed with the exception of fourth order CPA 

(*P=0.0426). No statistically significant differences of relative P2X7 receptor protein 

expression levels normalised to β-Actin illustrated in figure XIII were found between 

all tissue types using a Kruskal-Wallis test (P=0.9929) and Dunn’s multiple comparison 

tests. The relative P2X7 receptor protein expression levels shown in the western blot 
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presented in figure XIV were subjected to a Shapiro-Wilk test which highlighted that 

all data was normally distributed. No statistically significant differences of the relative 

P2X7 receptor protein expression levels (figure XIV) were found across all tissue types 

using a Brown-Forsythe ANOVA test (P=0.4150) and Dunnett’s T3 multiple 

comparisons test. Furthermore, a strong signal was detected at circa 215kDa, 

108kDa, 58kDa and 50kDa (figure XIII) in the P2X7 receptor immunoblot which was 

due to the non-specific binding of the P2X7 receptor secondary antibody (rabbit anti-

goat IgG H&L alkaline phosphatase, Abcam, Ab97097) as suggested from the 

immunoblot presented in figure XIV, panel E. Similar strong signals were identified in 

the P2X7 receptor western blot presented in figure XIV at approximately 168kDa, 

93kDa, 55kDa and 46kDa. The ponceau S staining presented in figure XIII (panel C) 

and figure XIV (panel C and F) highlight equal protein loading.  

Figure XV (panel A) highlights the relative P2X7 receptor protein expression 

levels in 10-60μg of total protein loaded per well (second supernatant) of fourth order 

CPA lysates originating from a placenta sample of a healthy patient. In this case, no 

protein bands corresponding to the purinergic receptor were detected in the western 

blot. A strong signal was observed in the P2X7 receptor western blot presented in 

figure XV (panel A) possessing a molecular weight of approximately 49kDa which was 

due to the non-specific binding of the P2X7 receptor secondary antibody as indicated 

from the immunoblot presented in figure XIV, panel E. Furthermore, the densitometric 

analysis of β-Actin protein levels illustrated in figure XV (panel E) presents the span 

of the signal intensities which show a linear connection between the quantity of protein 

present on the nitrocellulose membrane and the signal intensity measured by the 

detector. The optimal amount of total protein western blot load per well for the 

purposes of semi-quantifying β-Actin (loading control) levels falling within the linear 
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detection range was between 20-40μg per well (figure XV, panel E). In this case, the 

ponceau S staining presented in figure XV showed a successful transfer of the 

resolved proteins from the 10% polyacrylamide gels to the nitrocellulose membranes.  

The P2X7 receptor protein expression in 40-60μg of total protein per well 

(second supernatant) of PBMC lysate originating from the maternal blood of a healthy 

patient is presented in figure XVI. In this case, two dilutions of the P2X7 receptor 

primary antibody were tested (1:500 and 1:200) and no bands were detected in both 

western blots (figure XVI, panel C and D). The densitometric analyses of β-Actin 

protein expression levels are also presented in figure XVI panels E and F highlighting 

the levels of the signal intensity against the amount of total protein loaded (40-60μg).  

Figure XVII (panel C) highlights the relative P2X7 receptor protein expression 

levels in the second supernatant of PBMC, myometrium and choriodecidua tissue 

lysates. Here, a weak signal was detected at approximately 73kDa and 121kDa which 

disappeared when the anti-P2X7 receptor primary antibody was preabsorbed with the 

corresponding blocking peptide as highlighted in figure XVII, panel D. Moreover, a 

strong signal was observed at approximately 49kDa in the P2X7 receptor western blot 

(figure XVII, panel C) and also at approximately 51kDa in the P2X7 receptor with 

blocking peptide western blot (figure XVII, panel D) which was due to the non-specific 

binding of the P2X7 receptor primary antibody as shown in chapter 3.3.2. The ponceau 

S staining presented in figure XVII (panel A) shows that the resolved proteins were 

successfully transferred from the 10% polyacrylamide gel to the nitrocellulose 

membrane.  
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Figure XII. This figure shows the P2X7 receptor protein expression levels (panel A, 
blue box) in the second supernatant of trophoblast tissue (lanes 1-3), fourth order 
chorionic plate artery (CPA) (lanes 5-7), second order CPA (lanes 9-11) and stem 
villous artery (SVA) (lanes 12-14) lysates originating from a placenta sample of a 
healthy patient (T2807). The protein bands highlighted with the green box denote non-
specific binding of the secondary antibody. No tissue lysate was loaded in lanes 4 and 
8. B. The immunoblot was stripped and then reblotted with β actin for loading control 
(red box) C. Ponceau S staining of the western blot nitrocellulose membrane prior to 
immunoblotting for the P2X7 receptor D. Relative P2X7 receptor protein expression 
levels in each lane normalised to its individual β actin expression. Data are expressed 
as mean ± SEM. Each well was loaded with 40μg of total protein. Antibodies used: 
P2X7 primary antibody (goat polyclonal IgG, Santa Cruz, SC-15200) at a dilution of 
1:500, P2X7 secondary antibody (rabbit anti-goat IgG H&L alkaline phosphatase, 
Abcam, Ab97097) at a dilution of 1:25000, β actin primary antibody (rabbit polyclonal 
IgG, Abcam, Ab8227) at a dilution of 1:2500 and β actin secondary antibody (Anti-
rabbit IgG (whole molecule), F(ab’)2, fragment – alkaline phosphatase antibody 
produced in goat – Sigma, A3937) at a dilution of 1:30000. In this case, the proteins 
were resolved using a 15 well 10% Mini-Protean TGX precast gel (Bio-Rad, 4561036).   
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Figure XIII. This figure shows the P2X7 receptor expression (panel A, red box) in 
second supernatant of fourth order CPA, SVA and choriodecidua lysates originating 
from three placental samples of healthy patients (T2823, T2818 and T2817). The 
protein bands highlighted with violet (215kDa), black (108kDa), blue (58kDa) and 
green (50kDa) boxes denote non-specific binding of the secondary antibody B. The 
immunoblot was stripped and then reblotted with β actin for loading control (red box) 
C. Ponceau S staining of the nitrocellulose membrane prior to the commencement of 
immunoblotting for the P2X7 receptor D. Relative P2X7 receptor levels normalised to 
β actin. Data are expressed as mean ± SEM. Each well was loaded with 40μg of total 
protein. Antibodies used: P2X7 primary antibody (goat polyclonal IgG, Santa Cruz SC-
15200) at a dilution of 1:500, P2X7 secondary antibody (rabbit anti-goat IgG H&L 
alkaline phosphatase, Abcam Ab97097) at a dilution of 1:25000, β actin primary 
antibody (rabbit polyclonal IgG, Abcam Ab8227) at a dilution of 1:2500 and β actin 
secondary antibody (Anti-rabbit IgG (whole molecule), F(ab’)2, fragment – alkaline 
phosphatase antibody produced in goat – Sigma A3937) at a dilution of 1:30000.  
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Figure XIV. This figure shows the P2X7 receptor protein expression levels (panel A, 
red box, approximately 83kDa) from a repeated western blotting experiment using the 
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second supernatant of fourth order CPA, SVA and choriodecidua tissue lysates 
originating from three placental samples of healthy patients (T2823, T2818 and 
T2817). The protein bands highlighted with violet (approximately 168kDa), black (circa 
93kDa), blue (relatively 55kDa) and green (around 46kDa) boxes denote non-specific 
binding of the secondary antibody B. The immunoblot was stripped and then reblotted 
with β actin for loading control (red box) C. Ponceau S staining of the nitrocellulose 
membrane prior to immunoblotting for the P2X7 receptor D. Relative P2X7 receptor 
protein expression levels normalised to β actin. Data are expressed as mean ± SEM 
E. Immunoblot highlighting the P2X7 receptor secondary antibody control where the 
primary antibody corresponding to the purinergic receptor has been replaced with 3% 
marvel. Red box denotes no protein bands were present at approximately 73kDa. The 
protein bands highlighted with violet (200kDa), black (98kDa), blue (60kDa) and green 
(50kDa) boxes denote non-specific binding of the secondary antibody F. Ponceau S 
staining of the nitrocellulose membrane corresponding to the P2X7 receptor 
secondary antibody control. Each well was loaded with 40μg of total protein. 
Antibodies used: P2X7 primary antibody (goat polyclonal IgG, Santa Cruz, SC-15200) 
at a dilution of 1:500, P2X7 secondary antibody (rabbit anti-goat IgG H&L alkaline 
phosphatase, Abcam, Ab97097) at a dilution of 1:25000, β actin primary antibody 
(rabbit polyclonal IgG, Abcam, Ab8227) at a dilution of 1:2500 and β actin secondary 
antibody (Anti-rabbit IgG (whole molecule), F(ab’)2, fragment – alkaline phosphatase 
antibody produced in goat – Sigma, A3937) at a dilution of 1:30000.  
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Figure XV. This figure shows the P2X7 receptor protein expression levels in the 
second supernatant of fourth order chorionic plate artery lysate originating from a 
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placenta sample of a healthy patient (T2823) A. Western blot of chorionic plate artery 
homogenate with 10-60μg of total protein loaded per well probing for the P2X7 
receptor. Red box (approximately 49kDa) denotes non-specific binding of the 
secondary antibody B. Adjacent western blot of CPA homogenate with 10-60μg of total 
protein loaded per well probing for β actin (red box) C. Ponceau S staining of 
nitrocellulose membrane prior to immunoblotting for the P2X7 receptor D. Ponceau S 
staining of adjacent nitrocellulose membrane prior to immunoblotting for β actin E. 
Graph highlighting the relative signal intensity of β actin protein bands using total 
protein (10-60μg/well) originating from the second supernatant of the CPA lysate. Red 
box highlights the optimal load (20-40μg total protein/well) for loading control protein 
detection. Antibodies used: P2X7 primary antibody (goat polyclonal IgG, Santa Cruz, 
SC-15200) at a dilution of 1:500, P2X7 secondary antibody (rabbit anti-goat IgG H&L 
alkaline phosphatase, Abcam, Ab97097) at a dilution of 1:25000, β actin primary 
antibody (rabbit polyclonal IgG, Abcam, Ab8227) at a dilution of 1:2500 and β actin 
secondary antibody (Anti-rabbit IgG (whole molecule), F(ab’)2, fragment – alkaline 
phosphatase antibody produced in goat – Sigma, A3937) at a dilution of 1:30000. In 
this case, the resolved proteins were transferred on to the nitrocellulose membrane 
for a period of 90 minutes.  
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Figure XVI. This figure shows the P2X7 receptor protein expression levels in the 
second supernatant of isolated peripheral blood mononuclear cells (PBMC) lysates 
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originating from the maternal blood (MB) of a healthy patient (MB220). Both 
immunoblot segments were then stripped and reblotted with β actin for loading control 
(red box, panel C and D). Here, the total protein loaded ranged from 40-60μg per well 
A. Ponceau S staining of western blot nitrocellulose membrane prior to immunoblotting 
for the P2X7 receptor B. The immunoblot was then cut into two strips C. P2X7 receptor 
protein expression levels in PMBC accompanied by the corresponding β actin levels. 
The P2X7 receptor primary antibody dilution used in this case was 1:500 D. P2X7 
receptor protein expression levels in PMBC with the matched β actin levels. Here, the 
P2X7 receptor primary antibody dilution used was 1:200 E. Graph highlighting the 
relative signal intensity of β actin protein bands corresponding to the P2X7 receptor 
immunoblot presented in panel D F. Graph showing the relative signal intensity of β 
actin protein bands related to the P2X7 receptor immunoblot presented in panel C. 
Data are expressed as mean ± SEM. Antibodies used: P2X7 primary antibody (goat 
polyclonal IgG, Santa Cruz, SC-15200), P2X7 secondary antibody (rabbit anti-goat 
IgG H&L alkaline phosphatase, Abcam, Ab97097) at a dilution of 1:25000, β actin 
primary antibody (rabbit polyclonal IgG, Abcam, Ab8227) at a dilution of 1:2500 and β 
actin secondary antibody (Polyclonal goat anti rabbit immunoglobulins alkaline 
phosphatase, Dako, D0487) at a dilution of 1:1000. In this case, the PBMC 
homogenisation buffer was supplemented with a protease inhibitor buffer sourced 
from Roche (cOmplete Mini protease inhibitor cocktail, 4693124001). O.D. denotes 
optical density. 
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Figure XVII. This figure highlights the P2X7 receptor protein expression levels 
(121kDa and 73kDa, violet boxes, panel C) in second supernatant of peripheral blood 
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mononuclear cells (PBMC) originating from the maternal blood (MB) of two healthy 
patients (MB220 and MB227), myometrium (healthy patient T2025) and choriodecidua 
obtained from the placental samples of three healthy patients (T2817, T2818 and 
T2823). Myometrium was used as a positive control for the P2X7 receptor. Both 
immunoblot segments were then stripped and reblotted with β actin for loading control 
(red box, panel C and D). Here, the gel was loaded with the maximal total protein 
amount (i.e. neat extracted protein diluted 1:1 with 2X laemmli sample buffer + β-
Mercaptoethanol) as presented on panel A, with the exception of choriodecidua 
samples originating from 2 healthy patients (T2818 and T2823) where 40μg of total 
protein was loaded A. Ponceau S staining of western blot nitrocellulose membrane 
prior to immunoblotting for the P2X7 receptor B. The immunoblot was then cut into 
two strips C. P2X7 receptor protein expression levels (violet boxes) accompanied by 
the corresponding β actin levels (red box). The P2X7 receptor primary antibody 
dilution used in this case was 1:600 D. Immunoblot highlighting the absence of the 
corresponding P2X7 receptor band (green boxes). In this case the anti-P2X7 receptor 
antibody was pre-absorbed with the matching blocking peptide. The corresponding β 
actin levels are also presented (red box). Antibodies used: P2X7 primary antibody 
(Rabbit polyclonal IgG, Alomone Labs, APR-004), P2X7 secondary antibody 
(Polyclonal goat anti rabbit immunoglobulins alkaline phosphatase, Dako, D0487) at 
a dilution of 1:1000, β actin primary antibody (rabbit polyclonal IgG, Abcam, Ab8227) 
at a dilution of 1:2500 and β actin secondary antibody (Polyclonal goat anti rabbit 
immunoglobulins alkaline phosphatase, Dako, D0487) at a dilution of 1:1000.  
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Appendix 11: Wire myography 
 

The vasoactive effects of riluzole in isolated CPA’s collected from a human 

placenta sample originating from a preeclamptic patient are presented in the wire 

myography trace highlighted in figure XVIII. The K2P2.1 channel opener gave rise to a 

diminished vasorelaxation effect taking place particularly at concentrations of 10-5 and 

3.3*10-5M compared to time matched control as highlighted by the black arrows in 

figure XVIII. An initial concentration-response curve of the thromboxane A2 mimetic 

U46619 (10-10M to 3.3*10-6M) was constructed and used to determine the EC80 

concentration of U46619. Prior to the exogenous application of riluzole, all CPA’s were 

preconstricted with U46619 (3.3*10-7M; approximate EC80). In this case, riluzole did 

not induce a notable vasorelaxation effect compared to time matched controls at the 

same timepoints. 

 
 
Figure XVIII. Wire myography trace highlighting the vasoactive effects of riluzole in 
isolated chorionic plate arteries originating from a placenta sample of a preeclamptic 
patient (T2718). Following preconstruction with U46619, the green and purple 
recordings correspond to the time matched control (no drugs added). In this case, all 
CPA’s were preconstricted with a U46619 concentration of 3.3*10-7M (approximate 
EC80). Back arrows indicate a notable CPA vasorelaxation effect taking place under 
the exogenous addition of riluzole, particularly at cumulative concentrations of 10-5M 
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and 3.3*10-5M.  Internal diameters of CPA’s were as follows: red trace 0.230mm, blue 
trace 0.277mm, green trace 0.322mm and purple trace 0.297mm. Black dots indicate 
drug additions to give indicated bath concentrations. Bar indicates the presence of the 
mentioned compound to the corresponding matching colour force myograph trace 
(with the exception of black colour which applies to all traces i.e. U46619) or 
physiological salt solution wash-out.  
 

Further preliminary wire myography data has also assessed the vasoactive 

properties of ATP using the same nucleotide cumulative concentrations between 

second and fourth order isolated CPA’s originating from a metformin managed 

gestational diabetic patient as highlighted in figure XIX. The ATP-induced 

vasoconstriction effects corresponding to the second nucleotide stimulation (following 

incubation with A740003) were notably decreased compared to the first ATP 

stimulation (before CPA exposure to A740003) in the case of the second order CPA 

as shown in figure XX. A similar decrease in ATP-induced vasoconstriction responses 

was found in the case of the fourth order CPA, with the second ATP stimulation giving 

rise to a vasoactive effect taking place below the baseline of the first nucleotide 

stimulation. The internal diameter of the second order CPA was 0.441mm and the 

fourth order CPA was 0.251mm.  
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Figure XIX. Wire myography trace highlighting adenosine 5’-triphosphate-induced 
vasoconstriction responses in the absence and presence of A740003 using isolated 
second (blue trace) and fourth (purple trace) order CPA’s originating from a metformin 
managed gestational diabetic patient (T2770). The internal diameter of the second 
order CPA was 0.441mm (red trace) and fourth order CPA was 0.251mm (violet trace). 
Black dots indicate drug additions to give indicated bath concentrations. Bar suggests 
the presence of the mentioned compound or physiological salt solution wash-out.  
 

 
 
Figure XX. Log concentration-effect responses elicited by ATP in isolated second and 
fourth order CPA’s originating from a metformin managed gestational diabetic patient 
(T2770) expressed as percentage active effective pressure (AEP) of maximal AEP to 
60mM KPSS.  
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Repeated ATP cumulative concentration curves in the presence and absence of 
A740003 elicited a gradual run-down of vasoactive responses in CPA’s isolated 
from a human placenta sample of an insulin managed gestational diabetic 
patient  
 
 The vasoactive effects of ATP were also assessed in the presence and 

absence of A740003 using resistance CPA’s originating from a placenta sample of an 

insulin managed gestational diabetic patient as shown in the wire myography trace 

presented in figure XXI. Adenosine 5’-triphosphate gave rise to a concentration 

dependent vasoconstriction effect especially between 10-5M to 10-3M in the case of 

the first ATP stimulation as highlighted in figure XXII, panel A. Following the incubation 

with the P2X7 receptor antagonist, the second and third ATP stimulation were notably 

displaced downwards with maximal vasoconstriction evoked not reaching more than 

20% of the U46619 standard. The calculated ATP EC50 values were as follows: 

1.947*10-4M corresponding to first ATP stimulation, 2.065*10-4M related to A740003 

+ second ATP stimulation and 5.239*10-5M matching the third ATP stimulation as 

highlighted in figure XXII, panel B. On the other hand, the second (without A740003 

incubation) and third (with A740003 incubation) ATP stimulations gave rise to 

concentration response curves that were particularly flat, with the vasoactive effects 

taking place under the first ATP stimulation baseline as illustrated in figure XXII, panels 

C and D. In this case, the calculated ATP EC50 value was 2.241*10-3M corresponding 

to the second ATP stimulation as presented in figure XXII, panel D. An unpaired two-

tailed T-test with Welch’s correction highlighted no statistically significant differences 

in terms of the maximal vasoconstriction elicited between U46619 (3.3*10-7M; 

undertaken at the beginning of the wire myography experiment) and 123mM KPSS 

(carried out at the end of the functional study) (P=0.8105) as illustrated in figure XXII, 

panel E.  
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Figure XXI. Wire myography trace highlighting ATP-induced vasoconstriction 
responses in the absence and presence of A740003 using isolated resistance CPA’s 
originating from a placenta sample of an insulin managed gestational diabetic patient 
(T2814). Internal diameter of CPA’s was 0.109mm (red trace) and 0.138mm (blue 
trace). Black dots indicate drug additions to give indicated bath concentrations. Bar 
suggests the presence of the mentioned compound to the corresponding matching 
colour force myograph trace (with the exception of black colour which applies to all 
traces) or physiological salt solution wash-out. 
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Figure XXII. Vasoactive effects of ATP before and after the incubation with A740003 
initiated by isolated resistance CPA’s originating from a placenta sample of an insulin 
managed gestational diabetic patient (T2814) A. Log concentration-effect curves 
elicited by ATP prior and following the incubation with A740003. In this case, the CPA’s 
were incubated with the P2X7 receptor antagonist before the second ATP stimulation 
B. Nonlinear regression fit (three parameter logistic equation) of log concentration-
effect curve initiated by ATP highlighting the calculated ATP EC50 values (first ATP 
stimulation – illustrated as a red vertical discontinued line, A740003+ second ATP 
stimulation – presented as a blue vertical discontinued line, third ATP stimulation – 
shown as a green vertical discontinued line). In this case, the CPA’s were incubated 
with the P2X7 receptor antagonist before the second ATP stimulation C. Log 
concentration-effect curves elicited by ATP prior and following the incubation with 
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A740003. In this case, the CPA’s were incubated with the P2X7 receptor antagonist 
before the third ATP stimulation D. Nonlinear regression fit (three parameter logistic 
equation) of log concentration-effect curve initiated by ATP highlighting the calculated 
ATP EC50 value (second ATP stimulation – illustrated as a blue vertical discontinued 
line). Here, the CPA’s were incubated with the P2X7 receptor antagonist before the 
third ATP stimulation. E. Vasoconstriction effects initiated by the exogenous 
application of U46619 (3.3*10-7M) and 123mM KPSS by resistance CPA’s expressed 
as active effective pressure (kPa). *P≤0.05, **P≤0.01, ***P≤0.001, ****P≤0.0001; Data 
are expressed as mean±SEM.  
 

The spontaneous maximal vasocontractile responses initiated by 
chorionic plate arteries under the exogenous ATP exposure in the presence and 
absence of A740003 were notably attenuated in repeated cumulative 
concentration curves  
 

The vascular effects of adenosine 5’-triphosphate on isolated resistance CPA’s 

originating from an insulin managed gestational diabetic patient were further tested 

using three cumulative concentrations of the nucleotide (10-3M, 3.3*10-3M and 10-2M) 

in the absence and presence of the P2X7 receptor antagonist A740003 as highlighted 

by the wire myography traces presented in figure XXIII, panels A and B. The first ATP 

stimulation gave rise to a progressively reduced vasomotor effect which resulted in a 

maximal vasoconstriction response that was less than 20% of the U46619 standard at 

the cumulative concentration of 10-2M as illustrated in figure XXIV, panels A and B. 

The second and third ATP stimulations of the placental arteries (without the exposure 

to A740003) gave rise to notably attenuated concentration response curves which 

were displaced downwards, flat and characterised by vasoconstriction effects below 

1% of the U46619 standard denoting a marked loss in the efficacy of the nucleotide 

as highlighted in figure XXIV, panel A. Furthermore, CPA preparations incubated with 

A740003 before the second ATP stimulation also gave rise to adenosine 5’-

triphosphate-induced contractions that were notably reduced by more than 80% in the 

case of the second and third ATP stimulations as highlighted by figure XXIV, panel B. 

In this case, the ATP concentration response curves were also flat with weak or 

diminished responses to increasing concentrations of the nucleotide. Figure XXIV, 
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panel C also highlights U46619-induced vasoconstriction effects at the start of the wire 

myography experiment (first U46619 stimulation) and end of the functional study 

(second U46619 stimulation) in arteries which have been either incubated or not 

incubated with A740003. A two-way ANOVA test (****P<0.0001) with Geisser-

Greenhouse correction (epsilon 0.7587) and Tukey’s multiple comparison tests were 

undertaken at the same ATP concentrations between all of the cumulative 

concentration response curves and highlighted multiple statistically significant 

differences at 10-3M between the first ATP stimulation vs. second ATP stimulation 

(*P=0.0241) and also between the first ATP stimulation and third ATP stimulation 

(*P=0.0302) and at 10-2M between second and third ATP stimulation (*P=0.0213) 

(figure XXIV, panel A).  Also, the same test was undertaken again separately between 

all of the cumulative concentrations of the nucleotide in all ATP concentration 

response curves which revealed a statistically significant difference between 10-3M 

and 3.3*10-3M corresponding to the first ATP stimulation (*P=0.0211). The same test 

has also revealed a statistically significant difference between 10-3M and 10-2M 

corresponding to the first ATP stimulation just before the incubation of the CPA’s with 

A740003 (*P=0.420) as highlighted in figure XXIV, panel B.  
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Figure XXIII. Wire myography traces highlighting ATP-induced vasoconstriction 
responses in the absence and presence of A740003 using isolated resistance CPA’s 
originating from an insulin managed gestational diabetic patient (T2824) A. Typical 
vasoactive effects of ATP generated before and after the incubation with A740003 by 
isolated chorionic plate artery preparations. Internal diameter of CPA’s was 0.159mm 
(green trace) and 0.170mm (purple trace) B. Conventional ATP-induced 
vasoconstriction effects elicited by chorionic plate arteries. Internal diameter CPA’s 
was 0.113mm (red trace) and 0.181mm (blue trace). Black dots indicate drug additions 
to give indicated bath concentrations. Bar suggests the presence of the mentioned 
compound or physiological salt solution wash-out.  
 
 

A 

B 
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Figure XXIV. Vasoactive effects of ATP before and after the incubation with A740003 
initiated by isolated resistance CPA’s originating from a placenta sample of an insulin 
managed gestational diabetic patient (T2824) A. Log concentration-effect curves 
elicited by ATP B. Log concentration-effect curves elicited by ATP prior and following 
the incubation with A740003. In this case, the CPA’s were incubated with the P2X7 
receptor antagonist before the second ATP stimulation C. Vasoconstriction effects 
initiated via the exogenous application of U46619 (3.3*10-7M) by resistance CPA’s 
(that have been exposed or not exposed to A740003) at the start (first stimulation) and 
end (second stimulation) of the wire myography experiment expressed as active 
effective pressure (kPa). *P≤0.05, **P≤0.01, ***P≤0.001, ****P≤0.0001; Data are 
expressed as mean±SEM. 
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Appendix 12: HUVEC and CPA-SMC permeability assay  
 
A permeability study highlighted that the coculture of CPA-SMC with 

HUVEC does not appear to alter the barrier tightness compared to monoculture 
of HUVEC cells between 120 and 180 minutes of the tracer leakage assay  
 
 Figure XXV highlights the accumulation of albumin-FITC over 180 minutes in 

the basal compartment of the transwell system by taking into account monoculture of 

HUVEC and coculture of HUVEC with CPA-SMC on 1% gelatinised membrane 

inserts.  

 
 
Figure XXV. This graph highlights the accumulation of albumin-FITC over time in the 
basal compartment of the transwell system over a period of 3 hours involving 
monoculture of HUVEC cells or co-culture of HUVEC with CPA-SMC cells on 1% 
gelatinised 12mm diameter 0.4μm pore size polyethylene terephthalate membrane 
inserts. In this second permeability assay undertaken, there were three inbuilt 
experimental repeats for each of the monoculture or co-culture conditions. Data are 
expressed as mean ± standard deviation.  
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