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Abstract 

A Comparison of Feto-placental Vascularity in Normal and Growth Restricted 

Pregnancies 

Toluwalope Oluwafunmilayo JUNAID 

The University of Manchester 

PhD Medicine 

August 2016 

In human pregnancy, the feto-placental vessels are crucial for efficient materno-fetal 

transfer; hence they play a pivotal role in the pathogenesis of fetal growth restriction 

(FGR). We, as well as other research groups, have observed abnormalities in the FGR 

feto-placental vasculature, which, though inconclusive, were suggestive of a state of 

panhypovascularity. The goal of the work presented in this thesis was to investigate this. 

We hypothesised that the placenta may be panhypovascular in FGR due to failed 

angiogenesis; and enhancing angiogenesis in the placenta may improve fetal growth. 

Custom-designed techniques including advanced imaging, computer-aided analyses and 

tube-forming experiments were employed to compare feto-placental vessels and 

endothelial cells in placentas from normal and FGR-complicated pregnancies while 

aiming to answer two main research questions: (i) is the FGR placenta panhypovascular? 

(ii) can angiogenesis be induced or enhanced to improve placental vascularity? 

Findings include: (i) shorter arterial [p = 0.03 and 0.009 when data adjusted for 

placental surface area (PA) and weight (PW) respectively] and longer venous path [p = 

0.05 and 0.03, adjusted for PA and PW respectively] in FGR placentas though no 

difference in the total number of arterial or venous branches, diameter, and tortuosity of 

the vessels compared to normal; (ii) altered angiogenic behaviour/response of FGR 

placental endothelial cells following in vitro pharmacological manipulation of WNT 

signalling; (iii) human placental endothelial cells are capable of regaining their 

angiogenic potential following withdrawal of WNT inhibition. 

These findings discount the hypothesis of panhypovascularity in FGR placentas, but 

identify additional, previously unreported, feto-placental vascular abnormalities 

associated with FGR. Also, the findings provide evidence that impairment of WNT 

signalling may play a role in defective angiogenesis and consequent dysvascularity in 

the FGR placenta. The evidence suggests the WNT pathway should be explored as a 

potential new target for therapeutic interventions to correct placental dysvascularity in 

FGR. 
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1.1 Overview 

Most pregnancies are uneventful, but sometimes complications occur such as fetal 

growth restriction (FGR). FGR is difficult to detect prenatally, although it may be 

suspected based on a combination of biochemical parameters and uterine Doppler 

findings (Falo, 2009). Depending on the underlying cause, it may recur in subsequent 

pregnancies (Ananth et al., 2009; Berghella, 2007) and is associated with adverse 

prenatal, perinatal and postnatal sequelae. 

The placenta, which in pregnancy mediates the complex interplay between the fetus and 

its mother, is central in the pathogenesis of many pregnancy complications, including 

FGR (Benirschke et al., 2006b). One of the many possible problems that can arise is 

failure to efficiently transfer essential nutrients to the fetus. Nutrients and oxygen are 

conveyed from the mother to the fetus in blood flowing through placental blood vessels. 

Abnormalities in the structure of these blood vessels may be associated with increased 

vascular resistance (Mitra et al., 2000), which may lead to hypoperfusion, deficient 

nutrient supply to the fetus, and then growth restriction (Reynolds et al., 2006; Jackson 

et al., 1995). 

Following our observations of previously unidentified alterations in the feto-placental 

arterial vasculature of placentas from FGR complicated pregnancies (Junaid et al., 

2014), the overall broad objective of the work presented in this thesis was to further 

investigate feto-placental vascularity in FGR. Here in the first chapter is a literature 

review aimed to evaluate what we already know. Two studies aimed to ascertain the 

extent of altered vascularity in the FGR placenta are presented in the second and third 

chapters. A final study aimed to investigate one of the possible molecular mechanisms 

that may be defective during placental angiogenesis in FGR is presented in the fourth 

chapter. 
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1.2 The human placenta 

1.2.1 Origin of the human placenta 

In human pregnancy, implantation occurs at around 6-7th day post conception 

(dpc)(Benirschke and Kaufmann, 2000). The implanting blastocyst (figure 1.1) is made 

up of two cell groups – an outer (trophectoderm) and an inner cell mass (embryoblast) – 

surrounding a fluid cavity (blastocele). Placental trophoblast develops from the 

trophectoderm while the embryoblast forms the embryo and the extraembryonic 

mesoderm, amnion and umbilical cord, which connects the embryo to the placenta. 

 

 

Figure 1.1: The human blastocyst. 

Schematic diagram showing the cellular and non-cellular components of the human 

blastocyst at the time of implantation. 
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1.2.2 Anatomy of the human placenta 

1.2.2.1 Development of the feto-placental vasculature 

The human placenta is made up of two anatomically separate though physiologically 

continuous vascular systems – the utero-placental and the feto-placental systems. In the 

feto-placental system, arteries convey deoxygenated blood and waste products from the 

fetus to the villi while veins convey oxygenated blood from the villi to the fetus. Within 

the villi are fetal capillaries where exchange occurs. The utero-placental system is made 

up of vessels arranged to maximise the exchange of substances between the maternal 

blood within the intervillous space and fetal blood vessels in the villous placenta 

(Benirschke et al., 2006c). 

 

1.2.2.1.1 Placental villi development and vascularisation 

By 13th dpc, primitive (primary) villi form from proliferation of trabeculae into the 

intervillous space (Benirschke and Kaufmann, 2000). At this stage, the villi are only 

composed of two trophoblast cell layers - a cytotrophoblast core enveloped by a layer of 

syncytiotrophoblast. Within few days, extra-embryonic mesenchyme from the chorionic 

plate invades the cytotrophoblast cell layer, transforming the villi into secondary villi. 

Further invasion of cytotrophoblasts by mesenchymal cells initiates the process of 

vascularisation within the villi. Consequently, blood vessels are seen within the villi. 

The villi at this stage, and all subsequent generations of villi, are referred to as tertiary. 

The placenta becomes vascularised by formation of capillaries within the villi 

(Benirschke and Kaufmann, 2000). Mesenchyme-derived macrophages expressing 

angiogenic growth factors initiate vasculogenesis so that by the 21st dpc (~14th day post 

implantation), placental blood vessels begin to form in the tertiary villous 
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mesenchyme/mesenchymal villi (Arroyo and Winn, 2008; Aplin and Jones, 2008; 

Kaufmann et al., 2004; Demir et al., 2006; Demir et al., 2007; Aplin et al., 2015). They 

arise via a series of differentiation events from pluripotent mesodermal stem cells to 

progenitor haemangiogenic stem cells, haemangioblasts, angioblasts and finally 

endothelial cells (Cogle and Scott, 2004; Arroyo and Winn, 2008; Hanahan, 1997; 

Demir et al., 2006). Once formed, endothelial cells proliferate, migrate and interact with 

one another, aligning into tubes which subsequently become enveloped by supporting 

structures (pericytes, smooth muscle, basement membrane) to form stable vessels (Beck 

and D'Amore, 1997; Charnock-Jones et al., 2004; Arroyo and Winn, 2008; Demir et al., 

2006; Diaz-Flores et al., 1991). This process continues until 32dpc when the vessels 

connect to the fetal circulation via the connecting stalk which later becomes the 

umbilical cord. Mesenchymal villi are slender, comprising of abundant Langhans cells, 

early vessels and under-developed stroma. Subsequently, they differentiate either into 

immature or mature intermediate villi (Benirschke et al., 2006a). 

By 32dpc, erythrocytes are detected and the process of vascularisation switches mainly 

to sprouting and non-sprouting angiogenesis within the placental villi, though some 

vasculogenesis is still occurring  until late first trimester (Aplin et al., 2015). 

Endothelial cells from pre-existing vessels migrate, and sprout to form new ones, filling 

up the expanding immature intermediate villi. This multi-stage process, 

sprouting/branching angiogenesis, lasts until 24 weeks gestation (Arroyo and Winn, 

2008). Each immature intermediate villous comprises of ample stroma, abundant 

macrophages and a dense capillary network (Kingdom et al., 2000; Castellucci et al., 

1990). Distal immature intermediate villi revert into their parent (mesenchymal villi) to 

sustain their generation, while proximal ones progressively metamorphose into stem 

villi. Within the fibrous stroma of the stem villi, centrally located capillaries 

differentiate into arterioles and venules while peripheral ones regress (Castellucci et al., 
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1990, Kingdom et al., 2000). At this stage, between 32dpc and 24 weeks gestation, the 

placental circulation remains inactive and the developing embryo receives nutrients via 

the vitelline circulation from the yolk sac (Baron, 2003). The yolk sac is an 

extraembryonic membrane attached to the ventral surface of the embryo and is visible 

on ultrasound at as early as the 5th week of gestation (Berdahl et al., 2010). 

By 24 weeks, reversion of distal immature intermediate villi to mesenchymal villi stops 

and mesenchymal villi switch to production of mature intermediate villi while residual 

immature intermediate villi are incessantly converted into stem villi (Kingdom et al., 

2000). Histologically, mature intermediate villi possess straight elongated capillaries. 

These capillaries grow longer than the mature intermediate villi and subsequently form 

loops which further develop into highly vascularised grape-like gas-exchanging 

structures – the terminal villi (Kaufmann et al., 1985; Kingdom et al., 2000). Within the 

terminal villi, vessels continue to grow by another multi-stage process called non-

sprouting/non-branching angiogenesis. The steps involved in non-branching 

angiogenesis are summarised in Auguste et al’s review article on vascularisation 

(Auguste et al., 2005). In the third trimester, terminal villi formation by non-branching 

angiogenesis increases, causing a massive increase in the surface area available for 

materno-fetal exchange to about 13m2 at term, with up to 25% of the entire feto-

placental blood volume being within the terminal villous capillaries (Luckhardt et al., 

1996). This process of vessel development, as well as maturation of intermediate villi 

and development of new terminal villi, continues during the third trimester till term 

(Benirschke et al., 2006a). 
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1.2.2.1.2 Establishment of the complete feto-placental vasculature: development 

of the umbilical vessels and the chorionic network of vessels  

The umbilical cord derives from the connecting stalk which connects the early placenta 

to the embryo. Normally the mature umbilical cord houses three blood vessels – two 

arteries and one vein, enveloped throughout its entire length in loose connective tissue 

called Wharton’s jelly (Standring, 2008). All three umbilical vessels are derivatives of 

the allantois - a site of angiogenesis that arises from the yolk sac in the 3rd week post 

conception, and contained in the connecting stalk (Standring, 2008). Initially, four 

vessels – two allantoic arteries originating from the internal iliac arteries accompanied 

by two allantoic veins draining into the hepatic veins – develop in the allantois 

(Standring, 2008). When the umbilical cord forms, the allantoic vessels become 

umbilical vessels. By the 7th week post conception, the right umbilical vein disappears 

while the left umbilical vein and both umbilical arteries persist (Wolman et al., 2002; 

Standring, 2008). From the point of insertion of the umbilical cord on the placenta 

between 28 – 40th dpc, the umbilical vessels radiate and branch across the surface of the 

chorionic plate [now called chorionic plate vessels or specifically, chorionic plate 

arteries and chorionic plate veins] and into the placental core until they reach the bases 

of the stem villi (Benirschke and Kaufmann, 1990). Here, in the 5th week post 

conception, the fetal vessels meet and fuse with the locally formed villous vessels 

establishing the complete feto-placental vasculature (Burton, 2006; Benirschke and 

Kaufmann, 1990). 

The two umbilical arteries are usually connected within the umbilical cord, at or near 

[within about 3 - 5cm above] its insertion point on the placenta, by the Hyrtl’s 

anastomosis (Ullberg et al., 2001; Raio et al., 2001). Branches of each of the three 

umbilical vessels form a distinct tree-like network of vessels. Because of the Hyrtl’s 

anastomosis, the two arterial trees are connected and may collectively be seen as the 
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“arterial tree” (though they are separable). Typically, arteries cross over veins on the 

chorionic plate (Wang and Zhao, 2010b), but there are no anastomoses between the 

chorionic networks (except in pathological situations such as twin-twin transfusion 

syndrome). The chorionic plate veins are all tributaries of a single umbilical vein (the 

persistent left umbilical vein). The direction of blood flow in these veins is towards the 

umbilical vein at the cord insertion point. Placental veins have no valves (Weber, 1982) 

and the placenta is an uninnervated organ (Reilly and Russell, 1977). 

 

1.2.2.2 Structure of the human placenta 

The structure, as well as the histological features of the human placenta varies with 

gestational age. 

 

1.2.2.2.1 Gross anatomy 

Early in pregnancy, the placenta is circumferentially around the embryo (figure 1.2) 

(Baergen, 2011b) and often does not survive undamaged following termination. It is 

often delivered admixed with other products of conception (decidual and embryonic or 

fetal tissues) and is usually identified as fine, delicate, white fragments (the immature 

chorionic villi) attached to shiny and translucent fetal membranes (Baergen, 2011b).  
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Figure 1.2: The human placenta in early pregnancy. 

An intact gestational sac from early termination shows the placenta circumferentially 

around the embryo. Image adapted from Baergen 2011 (Baergen, 2011b). 

 

By the third trimester, however, the components of the gestational sac are distinct and 

easily separable. On gross inspection, the normal human placenta at term is a round to 

oval disk-like organ and has a maternal unit juxtaposed with a fetal unit (Sadler, 2012). 

The maternal unit comprises the intervillous space and the decidua basalis while the 

fetal aspect comprises the umbilical cord, the chorionic plate with its prominent blood 

vessels (figure 1.3) and the villi. When viewed from the maternal side, the placenta has 

about 15 – 20 lobules (also called cotyledons) separated by visible grooves divided 

[formed] by septa - invaginations of the decidua (figure 1.3A). At the end of the first 

trimester, the placenta measures ~5cm wide, ~1cm thick and ~32g heavy while at term, 

the mature human placenta measures ~22cm in diameter, ~2.5cm thick and weighs 450 

– 600g (Benirschke et al., 2006c). 
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Figure 1.3: The maternal and fetal surfaces of the human placenta at term. 

Visible grooves (white arrowheads in A) separate the surface into several 

lobules/cotyledons. The fetal surface (B) consists of the chorionic plate, on which the 

numerous branches of the umbilical arteries and vein (the chorionic plate vessels) run. 

 

1.2.2.2.2 Microscopic anatomy 

1.2.2.2.2.1 Histological features of the early placenta 

The villi are the main structure of the placenta. By mid-first trimester, two distinct cell 

layers are seen -  an outer layer of syncytium made up of multinucleated 

syncytiotrophoblasts and an inner layer of highly proliferative cytotrophoblasts 

(Baergen, 2011c). Together these form a thick trophoblast layer around a loose stroma 

which is mainly filled with connective tissue and fetal macrophages [also called 

Hofbauer cells] (figure 1.4A) (Lakshmi-Devi, 2013). The syncytium makes close 

contact with the intervillous space where maternal blood vessels are. Fetal blood vessels 

are absent within the villus at this age. 
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By the 12th week, blood vessels are visible within the stroma and, by the end of the first 

trimester, they would have fully grown into the central parts of the villus supported by 

connective tissue (figure 1.4B). 

 

 

Figure 1.4: Histological features of the early placenta. 

Hematoxylin and eosin-stained sections of placental tissue at 6 weeks (A) and 13 weeks 

(B) of gestation. Syn, syncytiotrophoblast; Cyt, cytotrophoblast; S, stroma, red arrows 

point to Hofbauer cells in A and blood vessels in B. Note the absence of blood vessels 

at 6 weeks and their presence by the 13th week. Scale is 50µm. 

 

1.2.2.2.2.2 Histological features of the mature placenta 

Ideally, placental specimens for microscopic examination are usually orientated 

vertically spanning the entire thickness of the tissue (Baergen, 2011c). From top to 

bottom, the histological features of the mature placenta are described below. 
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1.2.2.2.2.2.1 The chorionic plate  

The chorionic plate is covered by a translucent thin sheath of amnion (figure 1.5A) 

which goes further to enclose the fetus (Baergen, 2011c). Underneath and closely 

appressed to the amnion is the more cellular chorion (figure 1.5A). Together, the 

amnion and chorion are referred to as the fetal membranes. On the plate are the 

chorionic plate vessels (arteries and veins) and underneath the plate are the villi (figure 

1.5A). 

 

 

Figure 1.5: The chorionic plate and basal plate in mature placenta. 

Hematoxylin and eosin-stained sections of the chorionic plate (A) and basal plate (B) of 

a placenta delivered at term. Am, amnion; Ch, chorion; Dec, decidua; f, fibrin; red 

arrows point to chorionic plate vessels (bottom arrow, vein; upper arrow, artery); green 

arrows point to villus structures. In A, the amnion and the chorion layers of the 

chorionic plate are shown, as well as few of the villi underneath the plate. In B, from 

top to bottom, the villi from the overlying villus tissue is seen followed by a layer of 

fibrin deposits lining the basal plate which comprises mainly of decidua cells. Scale is 

250µm in A and 100µm in B. 
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1.2.2.2.2.2.2 The chorionic villi 

The villous tissue (consisting of a tree of different types of villi) of the mature placenta 

is bound superiorly by the chorionic plate and inferiorly by the basal plate. 

Histologically, each villus is characterised by a trophoblast covering (outer 

syncytiotrophoblast and inner cytotrophoblast), and a stroma containing majorly blood 

vessels (Baergen, 2011c). As gestational age advances, the cytotrophoblast and 

syncytiotrophoblast layers become thinner, reducing the diffusional distance between 

the maternal and fetal circulations. 

The largest villi are the stem villi. They are located internally, next to the inner surface 

of the chorionic plate and range between 150 µm to several thousand microns in luminal 

diameter (Benirschke et al., 2006d; Baergen, 2011a). Typically, each stem villus 

contains a dense fibrous stroma surrounding stem vessels (Kaufmann et al., 1988). The 

larger stem villi usually contain a pair of centrally located stem vessels (an artery 

accompanied by a vein) (Kaufmann et al., 1988). Stem vessels vary in size and structure. 

Those in the larger villi measure about a third of the villus calibre and have distinct 3 – 

5 layers of smooth muscle wall. The small stem villi contain varying numbers of 

arterioles and venules with 1 – 2 muscular layers (Kaufmann et al., 1988). 

Next, the stem villi branch into slender intermediate villi measuring 60 – 100µm in 

diameter (Benirschke et al., 2006d). Unlike the stem villi, these contain a very loose 

stroma and slender small calibre arterioles and venules (the post-capillary venules) with 

poorly defined or absent muscular walls (figure 1.6) (Kaufmann et al., 1988). Arteriole 

and venule sizes are widely variable; the smallest ones measure 20 – 40µm in diameter 

(Kaufmann et al., 1988). 

Finally, the intermediate villi branch into numerous terminal villi. These are grape-like 

terminal branches of the villous tree measuring 30 – 80µm (Benirschke et al., 2006a). 
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They contain a loose stroma rich in highly coiled capillaries (Baergen, 2011c). The 

capillaries are bare endothelial tubes with no muscular layer (Kaufmann et al., 1988). 

Their mean diameter range between 12 – 14µm, and they are characterised by areas of 

focal dilatation (sinusoids) measuring up to 50µm in diameter (Kaufmann et al., 1988). 

The trophoblast layer is thinnest in the terminal villi such that the fetal capillaries are 

closer to the periphery of the villus. The cytotrophoblast joins with the 

syncytiotrophoblast to form a single layer of syncytial cells. This layer becomes very 

thin, especially near the fetal capillaries, forming the vasculo-syncytial membrane – a 

very thin membrane between the fetal capillaries and the maternal blood in the 

intervillous space (figure 1.6), improving gas and nutrient transfer between the mother 

and the fetus. 
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Figure 1.6: Hematoxylin and eosin-stained section of mature placental villi. 

Syn, syncytiotrophoblast; vsm, vasculo-syncytial membrane; ivs, intervillous space; IV, 

intermediate villus; TV, terminal villus; a, arteriole; v, venule; c, capillary. The 

intermediate villus gives off several terminal villi. Arterioles and venules are found in 

the intermediate villus while the terminal villi contain the fetal capillaries. The 

syncytium is thin and, in the terminal villi, there is only a thin membrane (the vasculo-

syncytial membrane) between the fetal capillaries and the intervillous space bringing the 

fetal circulation in close proximity to the maternal blood in the intervillous space to 

maximise exchange. Scale is 100µm. 
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1.2.2.2.2.2.3 The basal plate  

The basal plate (figure 1.5B) is the maternal surface of the mature placenta. It is 100 – 

1500µm thick and contains decidua cells from the outermost layer of the uterine 

endometrium as well as utero-placental vessels (spiral vessels) and fibrin (Baergen, 

2011c). It therefore serves as the maternal interface to the embryo. The presence of 

fibrin, especially if in abundance, may suggest placenta damage due to an underlying 

pregnancy related pathology or complication. 

 

1.2.3 Molecular regulation of placental vascularisation 

The process of angiogenesis in the placenta is mediated by a complex interplay of 

growth factors, membrane-bound proteins, receptors and junctional adhesion molecules 

at cell-cell interactions and in the extracellular matrix.  This section provides a brief 

review of some of the main players. 

 

1.2.3.1 Angiogenic factors involved in placental angiogenesis 

Several growth factors expressed in the human placenta (Table 1) play crucial roles in 

vascularisation. While some favour vessel formation and development (pro-angiogenic 

factors), others inhibit the angiogenic process (anti-angiogenic factors) creating an 

equilibrium that ensures adequate regulation of the process of angiogenesis. 
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1.2.3.1.1 Pro-angiogenic factors in the human placenta 

1.2.3.1.1.1 The vascular endothelial growth factor (VEGF) family 

In the human placenta, the VEGF family includes isoforms –A, –C, –E, –F and 

placental growth factor (PlGF). They are expressed in different sites within the human 

placenta (see Table 1), and act via specific receptors to promote endothelial cell 

proliferation, cell migration and vascular permeability. VEGF-A is expressed in 

trophoblast, macrophages and vascular smooth muscle cells (Charnock-Jones et al., 

2004; Vuorela et al., 1997). The VEGFR-2 (kdr) receptor is specific for the VEGF-A 

ligand (Wu et al., 2010) and expressed in the villous endothelial cells (Charnock-Jones 

et al., 2004). VEGF-C, expressed in the decidua (Charnock-Jones et al., 2004), interacts 

with the VEGFR-3 (flt-4) receptor which is expressed in the trophoblast (Wu et al., 

2010). The B and D isoforms of VEGF have not been detected in the placenta 

(Charnock-Jones et al., 2004; Clark et al., 1998). 

PlGF and its receptor VEGFR-1 (flt-1), are expressed in trophoblast (Charnock-Jones et 

al., 2004; Clark et al., 1998; Vuorela et al., 1997; Wu et al., 2010). PlGF is 

biochemically and functionally similar to VEGFs (Gourvas et al., 2012), both being 

paracrine factors performing synergistic actions in placental angiogenesis (Arroyo and 

Winn, 2008; Gourvas et al., 2012; Beck and D'Amore, 1997; Demir et al., 2006; Demir 

et al., 2007; Hanahan, 1997; Vuorela et al., 1997; Carmeliet et al., 2001). PlGF interacts 

with VEGFR-1 to produce vessels that are more mature and stable (Vuorela et al., 1997) 

compared to VEGF-induced vessels.  

Maternal serum levels of PlGF are low in pregnancies complicated by FGR (Helske et 

al., 2001; Wallner et al., 2007; Benton et al., 2016). This was suggested to be due to 

abundance of sVEGFR-1, a soluble form of VEGFR-1 which antagonises angiogenesis 
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by directly inhibiting cytotrophoblast invasion and binding to PlGF and VEGF-A to 

inhibit their interaction with their rightful receptors (Gourvas et al., 2012). 

 

1.2.3.1.1.2 The angiopoietin (Ang) family 

Both angiopoietins, Ang-1 and Ang-2, are expressed in the placenta (Charnock-Jones et 

al., 2004). Specifically, Ang-1 is expressed in the villous trophoblast and perivascular 

cells while Ang-2 is expressed solely in the villous trophoblast (see Table 1). They bind 

with equal affinity to their tyrosine kinase receptor Tie-2 but have different functions. 

Ang-1 maintains vessel integrity and plays a role in the later stages of vascular 

remodelling while Ang-2, a functional antagonist of Ang-1, functions to loosen cell-cell 

interactions and allow access to angiogenic inducers such as VEGF (Gourvas et al., 

2012). In other words, co-expression of Ang-2 and VEGF induces angiogenesis but 

Ang-2 alone results in vascular regression. Normal placental vascularisation, therefore, 

requires a balance in the Ang-1 to Ang-2 ratio.  

 

1.2.3.1.1.3 Platelet-derived endothelial cell growth factor (PDGF/PD-ECGF) 

PDGF is expressed in the villous stroma of the human placenta (Usuki et al., 1990). It is 

a potent inducer of angiogenesis, signalling via two receptors (α and β) to stimulate 

growth and migration of endothelial cells (Bouis et al., 2006; Ishikawa et al., 1989). In 

addition, PDGF is involved in recruitment of pericytes required for stabilisation and 

maturation of blood vessels (Hellberg et al., 2010; Gaengel et al., 2009). 
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Table 1.1: Angiogenic growth factors, receptors and their location in the placenta 

[Table adapted from (Charnock-Jones et al., 2004)] 

Angiogenic factors and receptors Placental site 

VEGF-A Trophoblast, Hofbauer cells, vascular smooth 

muscle (Charnock-Jones et al., 2004; Vuorela et 

al., 1997) 

VEGF-B None detected (Charnock-Jones et al., 2004) 

VEGF-C Decidual natural killer cells (Charnock-Jones et 

al., 2004) 

VEGF-D None detected (Charnock-Jones et al., 2004; 

Clark et al., 1998) 

PlGF Trophoblast (Clark et al., 1998; Vuorela et al., 

1997; Charnock-Jones et al., 2004) 

FGF-1 and FGF-2 Trophoblast and vascular smooth muscle 

(Charnock-Jones et al., 2004; Shams and Ahmed, 

1994; Ferriani et al., 1994) 

PDGF Villous stroma (Usuki et al., 1990) 

Ang-1 Villous trophoblast and perivascular cells 

(Charnock-Jones et al., 2004) 

Ang-2 Villous trophoblast (Charnock-Jones et al., 2004) 

VEGFR-1 (flt-1): specific receptor 

for VEGF-B and PlGF ligands 

(Wu et al., 2010) 

Villous endothelial cells and trophoblast 

(Charnock-Jones et al., 2004) 

VEGFR-2 (kdr): specific receptor 

for VEGF-A ligand (Wu et al., 

2010) 

Villous endothelial cells (Charnock-Jones et al., 

2004) 

VEGFR-3 (flt-4): receptor for 

VEGF-C and VEGF-D ligands. 

Primarily mediates 

lymphangiogenesis (Wu et al., 

2010) 

Trophoblast (Charnock-Jones et al., 2004) 

Tie-2: receptor for Ang-1 ligand Villous endothelial cells and trophoblast 

(Charnock-Jones et al., 2004) 

Soluble VEGFR-1 Trophoblast (Charnock-Jones et al., 2004) 
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1.2.3.1.1.4 The fibroblast growth factor (FGF) family 

The FGF family is an eighteen member group of cytokines (Beenken and Mohammadi, 

2009) which act via interaction with four receptors FGFR1-4. The FGF-1 (acidic FGF) 

and FGF-2 (basic FGF) are involved in fetal growth and development. FGF-1 and -2 are 

co-localised in first trimester cytotrophoblast cells and extravillous trophoblast and in 

the endothelial cells and smooth muscle cells of placental vessels by term (Shams and 

Ahmed, 1994; Ferriani et al., 1994), suggesting a role in angiogenesis (Hamai et al., 

1998).  

 

1.2.3.1.2 Anti-angiogenic factors in the human placenta 

Anti-angiogenic agents are factors that inhibit the process of angiogenesis (Nyberg et al., 

2005). They have been extensively studied in tumorigenesis and include many matrix 

and non-matrix-derived factors that have been documented to play pivotal roles in the 

abnormal vascularisation seen in cancer cells (Hanahan and Folkman, 1996; Nyberg et 

al., 2005; Colorado et al., 2000). Some, such as endoglin, thrombospondin-1 (THBS-1 

or TSP-1) and vascular endothelial growth factor receptor-1 (VEGFR-1; also known as 

flt-1, meaning fms-like tyrosine kinase-1) are expressed in the trophoblast cells of the 

placenta (Charnock-Jones et al., 2004). 

VEGFR-1 antagonises VEGF and PlGF resulting in endothelial cell dysfunction which 

interestingly can be corrected by exogenous administration of VEGF and PlGF 

(Maynard et al., 2003). Endoglin, being a receptor for transforming growth factor beta 1 

(TGFβ1), inhibits angiogenesis by impairing TGFβ1 signalling, the multifunctional 

cascade known to play prominent roles in the induction of angiogenesis (Jeyabalan et 

al., 2008). Likewise, TSP-1 elicits signalling events that lead to programmed death in 

vascular endothelial cells (Volpert, 2000). 
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Several studies have linked changes in maternal serum concentrations of the soluble 

forms of endoglin (sENG) and VEGFR-1 (sVEGFR-1) to pregnancy complications such 

as preeclampsia and FGR (Jeyabalan et al., 2008; Zhao et al., 2010; Chaiworapongsa et 

al., 2013; Ramma et al., 2012; Petrozella et al., 2012; Padavala et al., 2006). Since both 

pregnancy complications are known to be associated with fetoplacental vascular 

pathologies, it is likely that the anti-angiogenic factors play a role in the disordered 

placental vascularisation associated with FGR and preeclampsia. 

 

1.2.3.2 Signalling mechanisms involved in regulation of placental angiogenesis 

1.2.3.2.1 The mitogen-activated protein kinase (MAPK) pathways 

The protein kinases in the MAPK pathways induce signal transduction cascades 

involved in regulation of differentiation, proliferation and death of cells (Chen and 

Zheng, 2014). In the placenta, activation of the MAPK cascades regulates angiogenic 

responses in vitro i.e. endothelial cell proliferation, migration and tube formation by 

stimulating cellular responses to VEGF and FGF (Zheng et al., 2008; Liao et al., 2010; 

Feng et al., 2012a; Feng et al., 2012b). In knockout mice models, deficiency of specific 

protein kinases of the MAPK pathways have been shown to be associated with severe 

placental defects including poor vascularisation (Mudgett et al., 2000; Okada et al., 

2007).  

 

1.2.3.2.2 The endothelial nitric oxide synthase (eNOS) pathway 

eNOS is the major isoform of nitric oxide synthase responsible for increased placental 

nitric oxide (NO) production during pregnancy (Zheng et al., 2000; Myatt et al., 1997). 

Placental NO is critical for vasodilation and angiogenesis at the maternal-fetal interface. 
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NO enhances angiogenesis by stimulating VEGF and FGF effects on villous endothelial 

cells (Cooke, 2003; Fukumura et al., 2001). In addition, being a potent vasodilator, NO 

regulates feto-placental vascular resistance (Wareing et al., 2005; Wareing et al., 2002) 

and is a major player in the pathogenesis of pre-eclampsia (Leiva et al., 2016). eNOS-/- 

mice are also known to have small pups (Kusinski et al., 2012). 

 

1.2.3.2.3 The NOTCH and the Wingless-related integration site (WNT) signalling 

pathways 

NOTCH and WNT genes are transcriptional regulators of angiogenesis in humans. 

Notch signalling regulates endothelial cell proliferation and migration in angiogenesis 

(Phng and Gerhardt, 2009). When activated in the placenta, notch upregulates VEGFR-

1 thereby increasing endothelial cell sensitivity to PlGF, stimulating vessel maturation 

and stability. In addition, notch activates WNT signalling in proliferating endothelial 

cells during branching angiogenesis (Phng et al., 2009). When activated, WNT signal 

transduction promotes organisation and stabilisation of junctional adhesion molecules 

aiding endothelial cell-cell interactions during tube formation (Dejana, 2010). The WNT 

signalling pathway and its role in human placental vascularisation is discussed and 

investigated further in Chapter 4. 

 

1.2.3.3 Oxygen effects on placental angiogenesis 

Until the 10th week of gestation, the partial pressure of oxygen in the placenta’s 

environment is as low as 17.9mmHg (Rodesch et al., 1992; Aplin, 2000; Kingdom and 

Kaufmann, 1997; Wang and Zhao, 2010a). Early villi development and vascularisation 

therefore occurs at low oxygen tensions. However, as pregnancy advances, the partial 

pressure of oxygen progressively increases, reaching about 39.6mmHg by 12-13 weeks 
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gestation when flow is established to the placental bed. This increase triggers 

trophoblast invasion and remodelling of uterine spiral arteries (Rodesch et al., 1992) to 

maximise utero-placental blood flow and ensure transfer of adequate concentration of 

oxygen to the developing fetus via the formed placental blood vessels. Fetal hypoxemia 

may result from failure of these physiological changes, and has been associated with 

complicated pregnancies, including FGR (Kingdom and Kaufmann, 1997; Pardi et al., 

1993). 

Oxygen regulates expression of angiogenic factors and their interaction with their 

receptors. For instance, in human trophoblasts exposed to hypoxia, expression of VEGF 

was significantly higher and expression of PlGF lower than in trophoblasts cultured in 

normoxic conditions (Shore et al., 1997; Groesch et al., 2011).  

The effects of oxygen on placental vascularisation and fetal growth are thought to be 

mediated by the transcription factor hypoxia-inducible factor (HIF) (Gourvas et al., 

2012). The HIF (1α, 1β, 2 and 3) are regulatory factors widely expressed throughout 

gestation in the syncytiotrophoblast, cytotrophoblast, and fetoplacental vasculature 

(Rajakumar and Conrad, 2000). They, however, have amplified action in early 

pregnancy when the partial pressure of oxygen is low, functioning to upregulate the 

expression of many genes vital for angiogenesis such as VEGF and erythropoietin 

(Patel et al., 2010).  

 

1.3 Pregnancy complications characterised by abnormal placental vascularity  

Placental abnormalities, including defective placental vascularity, play key roles in the 

aetiopathogenesis of many adverse outcomes of pregnancy such as diabetes in 

pregnancy, pre-eclampsia, fetal growth restriction, early trimester loss and stillbirth. For 

example, placentas from pregnancies complicated by maternal diabetes are typically 
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hypervascularised (Lassance et al., 2013; Jauniaux and Burton, 2006; Mayhew, 2002; 

Mayhew et al., 1994) probably due to prolonged fetal hyperinsulinemia (Lassance et al., 

2013). Placental vascularity is however impoverished in pregnancies complicated by 

pre-eclampsia (Narasimha and Vasudeva, 2011; Plasencia et al., 2015), pre-term 

delivery (Amir et al., 2009), stillbirth (Ptacek et al., 2016; Warrander et al., 2012) and 

FGR (Junaid et al., 2014; Chen et al., 2002). Findings of further investigations on 

placental vascularity in FGR complicated pregnancies are presented in this thesis. 

 

1.3.1 Fetal growth restriction 

Fetal growth restriction (FGR), formerly called ‘intrauterine growth restriction’, is a 

serious obstetric complication resulting in impaired fetal growth velocity. Ultimately, 

this prevents the fetus from attaining its genetically endowed growth potential (Cox and 

Marton, 2009), manifesting clinically as estimated fetal weight or birth weight below 

the expected based on individualised growth assessments (Deter et al., 2016). 

Growth restricted fetuses are predisposed to several grave complications before, during 

and after birth. According to the ReCoDe system for classification of stillbirth by 

relevant condition at death, FGR is the single largest pathology associated with fetal 

death (Gardosi et al., 2005). Of the 2,625 stillbirth cases considered in the population 

based cohort study over a seven year period, up to 43% of fetal deaths were linked to 

FGR. Those who survive are more likely to be born prematurely (Lackman et al., 2001; 

Engineer and Kumar, 2010; Carreno et al., 2011), by Caesarean section (Petersen et al., 

2009; Mullin, 2010) and are at increased risk of intrapartum asphyxia (Mullin, 2010), 

perinatal morbidity and/or death (Lackman et al., 2001; Petersen et al., 2009), 

childhood neurodevelopmental problems (Jarvis et al., 2003; Edmonds et al., 2010), and 
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metabolic as well as cardiovascular disorders later in life (Hales and Barker, 1992; 

Barker, 1995). 

FGR is prevalent worldwide. According to the World Health Organisation (W.H.O), the 

prevalence of FGR varies widely among countries, complicating at least 5% of 

pregnancies in developed countries and significantly more (up to 40%) in developing 

countries (Kelly et al., 1996). 

Unfortunately, early prenatal diagnosis has remained challenging as fetal growth 

velocity naturally depends on several factors like parental size, race, parity, birth order, 

birth weight of previous babies, fetal gender and altitude (Mamelle et al., 2006; Wills et 

al., 2010; Tan et al., 2004; Kinzler and Vintzileos, 2008; Gardosi et al., 1992). Hence, 

there is no single universally adopted cut-off centile for diagnosis, the most popular in 

many centres being the 3rd, 5th or 10th centile. The lower the adopted centile, the lower 

the chances of having small-for-gestational-age babies (babies who are constitutionally 

but not pathologically small) misdiagnosed as being growth restricted but some true 

FGR cases may be missed. To address this overlap, birth centiles as well as abnormal 

umbilical artery Doppler velocimetry are usually considered when diagnosing FGR, 

although umbilical artery Doppler may be normal in some FGR cases. 

The pathogenesis of FGR is complex. Fetal growth may be impaired by maternal, fetal 

or environmental factors (see table 1.2) (Peleg et al., 1998; Bamfo and Odibo, 2011), 

but many cases are identified or suspected to be linked to placental abnormalities and 

consequent insufficiency (Warrander et al., 2012). Placental insufficiency refers to a 

process associated with decrease in function of the placenta and consequent suboptimal 

transfer of nutrients to the growing fetus (Gagnon, 2003), resulting in complications 

such as FGR. Functions of the human placenta are listed in table 1.3. The impairment in 

placental function is detectable as abnormal umbilical artery waveforms on Doppler 

ultrasound (Harman and Baschat, 2003), reflecting elevated vascular resistance and 
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reduced blood flow through the fetal placental vessels in severe, early-onset FGR (Mitra 

et al., 2000; Todros et al., 1999; Jackson et al., 1995). 

Currently, there is no treatment to reverse FGR in utero. For affected pregnancies, 

management involves thorough prenatal surveillance to monitor the progression and 

severity of growth compromise as well as identify the appropriate time for delivery, 

which in severe cases, may be before the pregnancy attains full term. 
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Table 1.2: Etiological factors associated with fetal growth restriction  

Causes of FGR (Peleg et al., 1998; Bamfo and Odibo, 2011) 

Maternal factors 

 Chronic diseases: hypertension and other heart diseases, diabetes mellitus, 

chronic renal disease, protein-calorie malnutrition, autoimmune disorders, 

hemoglobinopathies, coagulopathies. 

 Pregnancy complications: pre-eclampsia, gestational diabetes. 

 Hormonal imbalance: growth hormone, thyroxine, parathyroid hormone, 

calcitonin, insulin. 

 Smoking, substance and alcohol abuse. 

 Medications: steroids, phenytoin, warfarin. 

 Uterine disorders: malformations, intrauterine masses such as fibroids. 

 Intrauterine infections: toxoplasmosis, cytomegalovirus, rubella, syphilis. 

Fetal factors 

 Multiple gestation. 

 Twin-twin transfusion syndrome. 

 Genetic and chromosomal abnormalities: Trisomies, Triploidy, family history. 

 Congenital anomalies. 

Placental factors 

 Placental insufficiency. 

 Placental anomalies: abnormal vascularisation, chronic abruption, infarction. 

 Umbilical cord anomalies and accidents. 

Environmental factors 

 Hypoxia: following prolonged maternal exposure to high altitude. 

Other:  Idiopathic. 
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Table 1.3: Functions of the human placenta 

Functions of the placenta (Gude et al., 2004) 

Transport and metabolism 

 Exchange and transfer of respiratory gases (oxygen and carbon dioxide) between 

the maternal and fetal circulations. 

 Materno-fetal absorption, metabolism and transport of nutrients necessary for 

fetal growth and development: water, proteins, amino acids, glucose, lipids, 

vitamins, minerals. 

Endocrine 

 Production of several hormones and growth factors necessary for sustenance of 

pregnancy, and regulation of its own as well as fetal growth and development: 

placental lactogen, progesterone, oestrogen, chorionic gonadotrophin (hCG), 

growth hormone, insulin-like growth factor, epidermal growth factor. 

 Production of hormones necessary for initiation of labour at term: eicosanoids 

(prostaglandins and related compounds), chemokines, cytokines. 

Excretion 

 Removal of carbon dioxide and other wastes from the fetus. 

Protection 

 Able to prevent passage of some toxic substances from the maternal system to 

the fetus e.g xenobiotic molecules, microorganisms such as viruses. 

 Protects the fetus from antigen attack from the maternal system. 
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1.3.1.1 Feto-placental vascularity in FGR 

An FGR fetus is most often accompanied by a defective placenta. Gross placental 

morphological abnormalities immediately noticeable at birth include small size, bizarre 

shape and anomalous cord insertion (Biswas and Ghosh, 2008). Placentas from FGR 

complicated pregnancies are likely to weigh less than those from gestational-age-

matched uncomplicated pregnancies (Junaid et al., 2014; Biswas and Ghosh, 2008; 

Mardi and Sharma, 2003), have elliptical rather than circular shape (Junaid et al., 2014) 

and are more likely to have an eccentrically, marginally or even velamentously 

positioned cord (Biswas and Ghosh, 2008). 

The other aberrant morphological feature of these placentas involves the vasculature. 

The chorionic plate of placentas from pregnancies complicated by FGR was described 

by Ullberg as “displaying a lower grade of complexity of arterial trees” (Ullberg, 2003) 

when he compared them with normal placentas using angiography and fractal 

dimension analysis techniques. Indeed, our recent study of the feto-placental vasculature 

by corrosion casting and histological techniques concurs with this view (Junaid et al., 

2014). In one aspect of the study, we compared the number of chorionic arterial 

branches in normal and FGR placental arterial casts and found significantly fewer 

branches in the FGR casts suggesting that the arteries branch less as they ramify across 

the chorionic plate. Not only that, first order branches in FGR casts were longer than 

similar branch order arteries in normal casts, and there were only ≤5 branch orders in 

FGR casts. In other words, arteries in FGR tend not to ramify far enough to reach the 

periphery of the placenta. In another aspect of the study, we quantified and compared 

villi vascularity in normal and FGR placentas using stereological approach. Stereology 

allows for extraction of three-dimensional information from two-dimensional sections 

permitting quantitative estimation of features of geometrical structures using sampled 

information (Dockery and Fraher, 2007; Mayhew and Lucocq, 2015). We found 
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significant hypovascularity in FGR placental villi. The hypovascularity was particularly 

worse in villi from the periphery of the FGR placentas suggesting differential 

vascularity in the organ. This interesting discovery, observed in the chorionic plate 

arteries as well as in the villi vessels, corroborates the findings from other studies of the 

placental vasculature, and may be a reflection of the decreased number and poor 

branching of the vessels. Using immunohistochemistry, Chen and colleagues reported 

abnormalities in the villous morphology including the number, area, structure and 

branching of peripheral villous capillaries (Chen et al., 2002). In their study of cross 

sections of intermediate villi and terminal villi obtained from normal and FGR placentas, 

significant reductions were observed in the quantity of villi per unit placental cross-

sectional area, number of capillaries per villous cross-section and capillary area to 

stromal area ratio of FGR samples. Likewise, many of the villi and capillaries lacked 

the usual looping, suggesting impoverished branching and vascularisation. 

Similar alterations, including reduced volume density and surface area, sparse loops, 

longer, less branched and less coiled villi capillaries, were observed on electron 

microscopy of villi casts/profiles in placentas from preterm pregnancies complicated by 

FGR with abnormal umbilical artery Doppler waveforms (Mayhew et al., 2004; 

Hitschold et al., 1993; Krebs et al., 1996; Todros et al., 1999). In addition, in vivo 

placental volume and vascular indices were significantly reduced in FGR complicated 

pregnancies assessed by 3D power Doppler ultrasound (Abule et al., 2016; Artunc 

Ulkumen et al., 2015; Luria et al., 2012; Noguchi et al., 2009; Pomorski et al., 2012). 

Together, these evidences strongly suggest significant alterations in angiogenesis and 

consequent structural alterations in the FGR placental vasculature leading to a state of 

dysvascularity (abnormal vascularity). Currently, the evidences suggest the possibility 

of panhypovascularity – a state characterised by reduced vascularity at every vascular 

level, involving the arteries, veins, arterioles, venules and capillaries. Although existing 
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evidence on chorionic plate arteries and villous capillaries are in support of this 

hypothesis, the chorionic plate veins, arterioles and venules are still poorly studied. 

 

1.3.1.2 Potential causes of defective vascularisation in the FGR placenta  

There have been a few evidence based propositions, but the precise mechanism by 

which vascularisation becomes altered in the FGR placenta is still unknown. Being a 

heterogenous condition with multifactorial aetiopathogenesis, it is likely that the 

disordered placental vascularisation associated with FGR is also multifactorial.  

Abnormal rotation of the blastocyst such that the embryonic and implantation poles are 

not aligned during implantation as early as 6dpc is possibly the earliest antecedent of 

abnormal placental morphology (Benirschke and Kaufmann, 2000) and consequent 

abnormal vascularisation. Consistent with this hypothesis of altered placental 

vascularisation originating early in development, morphologic changes such as 

abnormal shape and cord positions were seen in first trimester FGR placentas at 11 

weeks gestation (Salafia et al., 2012) and were found to correlate inversely with 

chorionic vascular surface density at delivery (Salafia et al., 2012; Yampolsky et al., 

2009). In other words, the farther the cord inserts away from the centre during 

development, the poorer the chorionic vascular coverage at term. In the same vein, some 

researchers of the placental microvasculature have suggested the reduced villi 

vascularity associated with FGR to be developmental, following defects in the process 

of vascularisation very early in pregnancy (Macara et al., 1995; Hitschold et al., 1993; 

Jackson et al., 1995). However, a few others have argued for vascular regression due to 

increased vessel fibrosis, atrophy and apoptosis following insults like hypoxia and 

upstream causes like thrombosis or infarction in the FGR placenta (Giles et al., 1985; 

Fok et al., 1990; Salafia et al., 1997; Benirschke et al., 2006b). Both the developmental 
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and the regression arguments are sound; disordered vascularity may arise ab initio from 

developmental defects, during the course of pregnancy from vascular regression and 

there may be a combination of both. 

Another potential mechanism may be problems arising from molecular dysregulation of 

placental angiogenesis. The molecular mechanisms regulating placental angiogenesis, as 

well as the numerous factors involved, have been discussed in the sub-sections of 

section 1.2.3. Altered vascularisation may follow a loss of the physiological angiogenic 

equilibrium between pro- and anti-angiogenic factors, such that there is a tilt against 

angiogenesis (Nyberg et al., 2005). This disruption in angiogenic balance could result 

from deficiency or inefficiency of pro-angiogenic factors and/or over-expression of anti-

angiogenic factors in the placenta. Endothelial cells express receptors for the various 

angiogenic factors and signalling mechanisms required for their growth, proliferation, 

migration, tube formation and development into functional vessels (Demir et al., 2006; 

Charnock-Jones et al., 2004). Whether these cells are deficient, or express deficient or 

abnormal receptors or perhaps respond abnormally to angiogenic factors in the FGR 

placenta is still unknown. There is a wealth of literature on several investigations of 

most of these mechanisms and factors and how they alter human placental angiogenesis 

and vascularity; however, very little attention has been paid to WNT signalling. In this 

thesis, the behaviour of placental endothelial cells in the face of disrupted WNT 

signalling is reported in chapter 4. A detailed background on how abnormal WNT 

signalling may cause defective vascularisation is documented in the sub-sections of 

section 4.1. 
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1.4 Summary  

The placenta is crucial for success of pregnancy and adequate fetal growth. It ensures 

efficient materno-fetal transfer of nutrient-rich blood through its blood vessels. 

The placental vasculature develops by two distinct processes – vasculogenesis and 

angiogenesis – by progressive differentiation of vascular progenitors in the placental 

villi (Cogle and Scott, 2004; Arroyo and Winn, 2008; Hanahan, 1997; Demir et al., 

2006). These processes are initiated and modulated by several factors such as oxygen 

concentration, angiogenic factors, and receptors acting via various signalling pathways 

(Zheng et al., 2008; Phng and Gerhardt, 2009; Cooke, 2003; Charnock-Jones et al., 

2004; Gourvas et al., 2012). Stability of formed vessels is ensured by adequate 

perivascular structures such as the pericytes (Diaz-Flores et al., 1991), a molecular 

balance between pro- and anti-angiogenic factors (Nyberg et al., 2005), and regulation 

of signalling pathways involved in  maintenance of endothelial cell-cell interactions. 

Evidence has shown increased likelihood of alterations in placental vasculature to be 

associated with FGR. These alterations include reduction in number of vessels (Junaid 

et al., 2014; Chen et al., 2002), which is worse in the periphery of the placenta 

suggesting differential vascularity in the FGR placenta (Junaid et al., 2014), 

impoverished branching (Junaid et al., 2014; Krebs et al., 1996), and loss of capillary 

looping in the villi (Krebs et al., 1996). These findings suggest that the FGR placenta 

may be panhypovascular, although there is still limited evidence on veins and 

intermediate vessels.  

Alterations in placental vascularisation may follow various mechanisms as discussed in 

section 1.3.1.2. Currently, therapeutic measures for FGR have been largely unsuccessful 

suggesting that these measures are not addressing the underlying mechanisms involved 

in the pathology. In the bigger picture, one of the outcomes of this project is to identify 
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whether enhancing vessel growth and development is an appropriate therapeutic 

consideration for FGR. However, it is important to first confirm whether the FGR 

placenta is panhypovascular and also investigate a candidate etiological factor that may 

underlie altered placental vascularity in FGR, as this may point to potential areas for 

more appropriate interventions. 

 

1.5 Hypothesis, aims and research questions addressed in this thesis 

We hypothesise that the placenta may be panhypovascular in FGR due to failed 

angiogenesis; and enhancing angiogenesis in the placenta may improve fetal growth. 

The two main research questions addressed in this thesis are:  

1. Is the FGR placenta panhypovascular? 

2. Can angiogenesis be induced or enhanced to improve placental vascularity? 

The overall aim of the studies in chapters 2 and 3 was to answer the first research 

question, while the study in chapter 4 was designed to address the second question. The 

specific aims of each study are stated in the corresponding chapter. 
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2 Chapter 2: Holistic examination of the human placental vascular tree 

reveals novel alterations associated with fetal growth restriction 
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2.1 Background 

Successful development of the fetoplacental vasculature is essential to sustain healthy 

pregnancy. The feto-placental vessels are crucial for efficient materno-fetal transfer; 

hence they play a pivotal role in the pathogenesis of FGR. As discussed in chapter 1, 

there are evidences of the possibility of feto-placental panhypovascularity in FGR, 

though this is still inconclusive as feto-placental veins and intermediate vessels (the 

arterioles and venules) have been poorly studied. In the human placenta, the vessels that 

make up the feto-placental vasculature form two distinct tree-like networks – one 

arterial and the other venous (see details in Chapter 1). Although there are few reports 

of differences in the ‘complexity’ of some parts of these networks in FGR placentas 

(Ullberg, 2003), information on the entirety of both networks is lacking. A possible 

reason for this may be methodological. Many methods used to study feto-placental 

vessels do not take the entirety of the vasculature into account. For example, histology 

or electron microscopy studies have relied on random small samples, thus failing to 

reveal full network connectivity. Moreover, histology has been shown to be unreliable 

for interpretation of the three-dimensional (3D) structure of placental trees (Haeussner 

et al., 2015). Each feto-placental vascular tree is a complex 3D entity with multiple 

branches and branch points/nodes. Due to the 3D nature, quantitative morphometry of 

the feto-placental trees requires 3D analysis like in other naturally occurring branching 

systems (Barker et al., 1973). 

 Extraction of holistic information on the placental vascular network with intact 

connectivity is necessary to identify disease-associated changes [that are likely to be] of 

functional significance. For example, autism has been associated with changes in the 3D 

structure of dendritic trees and connectivity of neurones (Foldy et al., 2013). As there 

are variations in vascularity of samples from different regions of the placenta (Junaid et 

al., 2014), evaluation of the whole organ would better represent its entire vascularity. 
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To date, whole organ examination and quantification of the placental vascular tree 

remains an experimental challenge. As recently shown, corrosion casting of placental 

vessels permits 3D examination and quantification of the vessels (Junaid et al., 2014; 

Gong et al., 2011), but the small calibre vessels of the chorionic villi are difficult to 

quantify accurately from casts by direct measurement. Also, while the villous vessels 

are accessible by histology, 3D reconstruction analyses of histological sections limit 

obtainable data to small tissue samples hence do not represent the vascularity of the 

whole organ.  

The aims of this study were 

i. To devise an effective and detailed technique for three-dimensional analyses 

of human placental vessels. 

ii. To apply the technique in the comparison of placental vessel networks in 

normal and fetal growth restriction (FGR) complicated pregnancies. 

The problem was addressed using a combination of corrosion casting and 

microcomputed tomography (micro-CT) imaging to achieve a full account of placental 

vascular morphology. Micro-CT imaging permits 3D identification, reconstruction and 

quantification of anatomical trees. In animal studies, it has provided a detailed view of 

the kidney (Sled et al., 2004; Bentley et al., 2002), heart (Jorgensen et al., 1998), brain 

(Vasquez et al., 2011) and placental vasculature (Rennie et al., 2007). To our 

knowledge the technique has yet to be used in the study of the human placental vascular 

tree in its entirety. Having performed micro-CT on vessel casts derived from human 

placentas we then went on to compare arterial and venous vessel networks in placentas 

from uncomplicated pregnancies and pregnancies complicated by fetal growth 

restriction (FGR) as case study. The study included examination of both the arterial and 

the venous networks of the human placenta. 
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2.2 Materials and methods 

2.2.1 Specimen preparation 

All placentas were obtained from women who delivered at St. Mary’s Hospital, 

Manchester, United Kingdom, under Biobank ethical approval (REC 08/H1010/55). 

Informed consent was obtained prior to delivery and normal and FGR placentas were 

obtained within 30 minutes of delivery. FGR was defined as individualized birth ratio 

(IBR) ≤5th centile (Table 1). Before imaging, all samples were processed in the 

Maternal and Fetal Health Research Centre Laboratory, Manchester, with appropriate 

licence for handling human tissue. Micro-CT imaging and Avizo analyses were 

performed in the Henry Moseley X-ray Imaging Facility, Manchester. Analyze analyses 

was performed in the Wolfson Molecular Imaging Centre, Manchester. 

 

2.2.2 Pre imaging processing: Corrosion casting 

The fetal membranes were trimmed off each placenta before weighing the placental disc. 

The umbilical cord was not trimmed off because it was required for vessel cannulation 

prior to corrosion casting. The fetal and maternal sides of each placental disc were 

photographed. Placental surface area (PA) was determined by uploading a photograph 

of each placental disc on Image Pro Plus software (Media Cybernetics Inc, USA) and 

tracing out an outline of the disc. The software computed the surface area for each 

outline. 

The fetoplacental vasculature was perfused with a radiopaque methylmethacrylate-

based casting material [Batson’s No.17, Anatomical Corrosion Kit (Polysciences Inc, 

Germany)] as described in published corrosion casting protocols (Leiser et al., 1997; 

Gordon et al., 2007b; Junaid et al., 2014). The cord was clamped immediately after 
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delivery to ensure the vessels remained dilated. For preparation of venous casts, the 

umbilical vein was cannulated within the cord, while for arterial casts, one of the 

umbilical arteries was cannulated (ahead of the Hyrtl’s anastomosis, about 5cm before 

cord insertion) using a 20G cannula held in place with a suture. The two umbilical 

arteries are connected by the Hyrtl’s anastomosis near the cord insertion in most human 

placentas (Ullberg et al., 2001; Raio et al., 2001). Therefore, cannulating one of the 

arteries ahead of the anastomosis permitted flow of perfusate into both arteries. About 

20ml of 5000iu/L heparin in pre-warmed phosphate buffered saline (PBS) was infused 

to prevent intravascular coagulation. The PBS had been warmed to promote flow-

mediated vasodilation. After 10 minutes, freshly prepared casting material (at room 

temperature) was manually injected through the cannula until back pressure prevented 

further injection. The cord was then clamped below the point of cannulation, to prevent 

leakage of the polymer. The placenta was left overnight on a polythene sheet on ice to 

lower the temperature, allowing polymerisation to occur at a more uniform rate. The 

following day, the whole cast placenta was immersed in 500ml of 20% w/v potassium 

hydroxide (KOH; Fisher Scientific, Lutterworth, UK) within a gasket-sealed tub in a 

water bath at 40°C. KOH solution was changed 6 hourly until the tissue was completely 

corroded. The solution was then replaced with distilled water for 6 hours to rinse off the 

KOH. The rinsed cast was air dried and photographed. A total of 12 normal (6 arterial, 6 

venous) and 12 FGR (6 arterial, 6 venous) vascular casts were included in the study. 

 

2.2.3 Image acquisition and processing 

The principle of micro-CT imaging is illustrated in figure 2.1. 3D datasets were 

acquired for each cast using a high resolution micro-CT machine (Nikon metris 

XTH225, Nikon Metrology NV) fitted with a 225/320keV x-ray CT source, a rotating 

stage and a 2000 x 2000 Perkin Elmer detector, and controlled by Nikon's Inspect-X 
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software. The x-ray source was a microfocus tube emitting x-rays in cone beam 

geometry. The vessel cast, placed on the stage, was rotated over 360° at angular 

increments of 0.2° around the vertical axis with the whole cast within the field of view 

as scanning was performed with the x-ray source voltage set to 42kV. Maximum 

magnification and exposure time varied depending on each specimen’s circumference, 

which had to be within the cone beam of irradiation. About 2000 slice views were 

generated for each cast. CT data acquired by Inspect-X were received via an application 

(CT Agent, Metris, UK) which wrote the files to disk, synchronising them with 

reconstruction software (CT Pro 2.0, Metris, UK). Reconstructed voxel sizes were in the 

range 0.08 to 0.1mm depending on the size of the cast. Vessels below 100µm in 

diameter were excluded from the analysis to be consistent across samples. The contrast 

to noise ratio of the CT data was sufficient to enable vessels down to 100µm diameter to 

be segmented automatically. Following 3D reconstruction of the CT projections into a 

single volume 3D virtual object on CT Pro, a MATLAB (MathWorks, Massachusetts, 

USA) algorithm was used to export the data into .hx and .tiff format compatible with 

volume rendering in Avizo (Avizo 8.0, FEI Visualization Sciences Group, Konrad-

Zuse-Zentrum fur Informationstechnik Berlin (ZIB) and FEI, SAS) and Analyze 

(Analyze 12.0, AnalyzeDirect Inc, Biomedical Imaging Resource (BIR), Mayo Clinic, 

USA) 3D analysis software packages respectively. Images were examined for evidence 

of artefacts or breakages, none were found below 100µm. 

 



66 

 

 

Figure 2.1: The principle of micro-CT imaging. 

The left, middle and right arrows in the top image point to the x-ray source, vessel cast 

mounted on the rotating stage and the detector respectively. The source emits x-rays in 

cone beam geometry through the cast which is rotated over 360o to generate numerous 

slices of radiographs in the XY, XZ and YZ planes. 
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2.2.4 Image analyses 

2.2.4.1 Three-dimensional vascular tree analyses in Avizo software 

Each 3D dataset was volume-rendered in Avizo. Background noise was removed from 

the image using the ‘orthoslice’ tool and colourmap adjustments. The software was 

noted to crash when large casts were uploaded. Therefore, to ensure uniformity across 

all casts, analyses were performed in 800 x 500 x 300 voxel subvolumes. Depending on 

the size of each cast, 6-9 subvolumes were extracted per image (see example in figure 

2.2). The vessels in each subvolume were segmented using the ‘image segmentation’ 

tool. Segmented vessels were skeletonised, rendering them in different colours based on 

their diameter (figure 2.3D). Nodes placed along the path of each vessel, representing a 

site of branching and/or any deviation of the vessel from a straight path, separated the 

vessels into various segments (figure 2.3E) from which measurements of morphological 

parameters such as vessel length, diameter and loopiness were derived. Data obtained 

from all subvolumes in each cast were added together. For the full protocol, see 

Appendix 1. 
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Figure 2.2: Reconstructed CT images of a vessel cast showing analyses subvolumes.  

For this cast, eight 800 x 500 x 300 voxel subvolumes were extracted (left). Each 

subvolume spanned the entire thickness of the cast (middle and right) ensuring that all 

vessels in the subvolume are included in the analyses. Scale bar is 25mm. 

 

 

2.2.4.2 Three-dimensional vascular tree analyses in Analyze software 

For each vessel cast, all micro-CT image slices were imported as a single volume object 

into the Analyze workspace. Once loaded, the object was rendered for thresholding to 

generate a tree-like structure, which represents the skeleton of all the vessels in the 

original cast. The software placed blue nodes at branch points and red nodes at terminal 

points of branches in the tree. Terminal points represent the farthest extent of 

penetration of methacrylate into the respective capillary.  From the generated trees, the 

total number of branches, number of true branches, number of branch levels and number 

of branches per branch level in each cast was extracted. For the full protocol, see 

Appendix 2. 



69 

 

2.2.5 Statistical analyses 

Statistical analyses were conducted using GraphPad Prism® 6 (version 6.04 GraphPad 

Software, Inc., USA). Unless otherwise stated, data were represented as median and 

interquartile range (IQR), compared by Mann Whitney test and a p value of <0.05 was 

considered to be statistically significant. In all, twenty-four samples were analysed [12 

normal (6 arterial, 6 venous) and 12 FGR (6 arterial, 6 venous)]. In previous 

investigations, we showed that differences in the human placental macrovasculature and 

microvasculature are detectable at similar sample size (Junaid et al., 2014). 
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2.3 Results 

2.3.1 Measured vessel biometry outputs 

The casting material filled the vessels up to the level of capillaries measuring ~10µm 

(figure 2.4). Reconstruction of scan slices acquired by micro-CT of vessel casts 

permitted 3D visualisation of most of the placental vascular tree and production of a 

digital replica for analysis (figure 2.3). Vessel resolution differed based on the size of 

each vessel cast. The best resolution we achieved was ~60µm (diameter) from a whole 

vessel cast measuring ~15cm wide (figure 2.5). To ensure uniformity, only vessels 

≥100µm in diameter were included in the analyses. Following segmentation and 

skeletonisation of reconstructed images using Avizo software (figure 2.3D and E), the 

number of vessel segments, length and diameter of each segment, and the total length of 

all vessel segments were generated. 

Avizo places nodes at each branch and bend along the course of a vessel. Total node 

number therefore represents the sum of true branch points and vessel bends in the feto-

placental circulation. A further analysis package, Analyze, was used to determine the 

number of true branch points. Skeleton tree maps (example shown in figure 2.6; for 

complete tree maps of all samples, see figures 5.1 – 5.24 in Appendix 3) demonstrating 

sequential branching levels for each microCT dataset were generated on Analyze. These 

demonstrated the total number of directional changes (branches plus bends), number of 

true branches, number of terminal branch points, number of branch levels and number 

of branches per branch level through the placental vascular tree. Analyze allowed 

determination of the tortuosity/loopiness of the vessels within the fetal arterial and 

venous trees. Loopiness was defined as total node number (Avizo) minus true branch 

number (Analyze).  
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Figure 2.3: Example of an imaged and analysed placental vessel cast. 

Images show an arterial cast (B) following corrosion casting of a normal placenta (A), a 

3D reconstructed image of the arterial cast following micro-CT scanning (C) and 

analysis in Avizo (D and E). Vessels are coloured based on their diameter (D) and nodes 

are placed at bends and true branch points along the course of the vessels (E). Vessel 

diameter declined as the vascular tree branching progressed. Scale 25mm. 
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Figure 2.4: The extent of methacrylate penetration. 

The smallest vessels on the casts (an example is pointed at by white arrowhead in C) 

measured ~10µm in diameter, proving that the casting material filled the vessels down 

to capillary level (A-D). In D, a reconstruction of images taken of a stem villous vessel 

traced as it branched and terminated in a bunch of capillaries is shown. A and B are 

photographs taken with a Canon EOS 350D digital camera, C and D are microscope 

images taken with a Zeiss Axiocam ERc camera attached to a Zeiss Discovery V20 

stereomicroscope. Magnification is 20x and 10x in C and D respectively. Scale bars 

represent 1000µm.  
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Figure 2.5: An example of a scan slice. 

The area bounded by red box in A is zoomed in B to show the smallest voxel size of 

vessel (60µm) resolved in a scan of a 15cm wide placental vessel cast. C, screenshot of 

data obtained following segmentation and skeletonisation on Avizo software.
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Figure 2.6: 

Screenshot 

showing 

part of a 

tree map of 

vessels 

generated 

on Analyze. 

The yellow 

dot at the 

top 

represents 

the root of 

all the 

vessels 

(umbilical 

cord insertion point). True branch points and terminal branch points are marked in blue and red dots respectively. Each point is labelled 

with alphabets designating the branch generation/level and numbers designating the number of branches at each level. Branching is mostly 

by bifurcation, with daughter vessels represented by coloured lines (one yellow and the other green). Occasionally, there were three 

branches from a parent vessel and a pink line represented the third vessel. 
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2.3.2 Demographic and gross placental features of samples studied 

Having developed analysis tools to examine digital casts of placental fetal vasculature at 

a whole organ level, we compared vessel morphology in a selection of placentas from 

normal and FGR pregnancies. The demographic and clinical details of the women and 

newborns whose placentas were used are shown in Table 2.1. At delivery, the median 

gestational age, birth weight, individualized birth ratio (IBR), placental weight and 

placental surface area were significantly different between the normal and FGR-

complicated clinical groups. Maternal age, body mass index, parity, smoking status, 

mode of delivery and early gestation Doppler findings were not different. There were no 

differences in the birth centile of the placentas used for arterial or venous casts for either 

the normal or FGR populations. Placentas from the normal and FGR clinical groups 

differed significantly. Although grossly, placental shape and cord insertion were not 

different, median surface area in normal placentas was 31362mm2 (IQR 29311 – 

39234mm2) compared to 21238mm2 (IQR 18637 – 24966mm2) in FGR; p = 0.003. 

Similarly, median placental weight was 584.00g (IQR 504.60 – 668.50g) and 389.00g 

(IQR 304.30 – 446.00g); p = 0.0006 for the normal and FGR groups respectively. 

 

2.3.3 Measurements of vascular morphology 

2.3.3.1 The number of vessel segments in the normal and FGR casts 

To correct for the effect of placental size on its vessel anatomy, vascular parameters 

measured for each placenta were divided by the individual placental surface area (PA) 

or alternatively placental weight (PW).  

In Avizo, the part of a vessel between two nodes is a segment. Overall, the total number 

of vessel segments identified in the normal and FGR casts was not different (figure 2.7).  
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Table 2.1: Demographic, clinical and gross placental examination details of study 

participants. 

 Normal (n = 12) FGR (n = 12) p value 

Maternal age, years 31 (27 – 33) 31 (25 – 35) 0.7 

Maternal BMI, 

Kg/m2 

28 (22 – 32) 25 (20 – 28) 0.2 

Smoking, number 

(%) 

2/12 (17) 3/12 (25) 0.7 

Parity 1 (0 – 2) 0 (0 – 1) 0.5 

Gestational age 

at delivery, days 

275 (270 – 288) 266 (253 – 268) 0.002 

Birth weight, g 3544 (3300 – 4063) 2270 (2123 – 2515) <0.0001 

IBR, centile 

Arterial (n = 6) 

Venous (n = 6) 

All samples 

 

    62 (34 – 95) 

    33 (19 – 66) 

    46 (21 – 89) 

 

    3.5 (1.5 – 5.0) 

    3.0 (0.0 – 5.0) 

    3.5 (0.5 – 5.0) 

 

 

 

<0.0001 

Trimmed 

placental weight, g 

584 (505 – 669) 389 (304 – 446) 0.0006 

Placental surface 

area, mm2 

31362 (29311- 39234) 21238 (18637- 24966) 0.003 

Mode of delivery, 

number (%) 

Vaginal 

Caesarean section 

 

 

5/12 (42) 

7/12 (58) 

 

 

8/12 (67) 

4/12 (33) 

 

 

0.2 

0.2 

Umbilical artery 

Doppler, number (%) 

aEDF 

Normal 

Not done 

 

 

0/12 (0) 

10/12 (83) 

2/12 (17) 

 

 

1/12 (8) 

8/12 (67) 

3/12 (25) 

 

 

0.4 

0.4 

0.7 

Placental shape, 

number (%) 

Circular 

Elliptical 

 

 

1/12 (8) 

11/12 (92) 

 

 

0/12 (0) 

12/12 (100) 

 

 

0.4 

0.4 

Cord insertion, 

number (%) 

Central 

Non central 

 

 

1/12 (8) 

11/12 (92) 

 

 

0/12 (0) 

12/12 (100) 

 

 

0.4 

0.4 

 

Data shown are median and interquartile range (IQR) in parenthesis or in a number with 

percentage in paranthesis as appropriate. p < 0.05 is the chosen level of significance; 

Mann Whitney U test. BMI, IBR and aEDF represent body mass index, individualised 

birth weight ratio and absent end diastolic flow respectively.  ‘Arterial’ and ‘venous’ 

refer to the vascular compartments casted for the respective placentas. 

p = 0.6 p = 0.2 
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Adjusted for PA, the median number of vessel segments was 0.21 per mm2 (IQR 0.15 – 

0.36 per mm2) and 0.16 per mm2 (IQR 0.12 – 0.26 per mm2) in the normal arterial and 

venous casts respectively, and 0.16 per mm2 (IQR 0.11 – 0.22 per mm2) and 0.23 per 

mm2 (IQR 0.19 – 0.37 per mm2) in the FGR arterial and venous casts respectively. 

Adjusted for PW, the median number of vessel segments was 10.86 per g (IQR 9.09 – 

27.72 per g) and 10.76 per g (IQR 6.32 – 15.15 per g) in the normal arterial and venous 

casts respectively, and 9.23 per g (IQR 6.83 – 11.20 per g) and 13.01 per g (IQR 11.30 

– 25.90 per g) in the FGR arterial and venous casts respectively. 

In all casts, however, there was an expected progressive decline in the number of vessel 

segments from smaller to larger arteries and veins to the umbilical cord insertion (figure 

2.8). In the normal casts, there were significantly fewer venule-size segments in the 

100-200µm diameter range compared to similar sized arteriole segments (figure 2.8A). 

The median number was 1631 (IQR 1027 - 2085) venule-size segments compared to 

4182 (IQR 3637 - 8887) arteriole-size segments; p = 0.002. As shown in figure 2.9, this 

difference persisted when controlling for variation in PA and PW [median 0.05 per mm2 

(IQR 0.03 – 0.06 per mm2) venule-size segments compared to 0.14 per mm2 (IQR 0.09 

– 0.21 per mm2) arteriole size segments; p = 0.009, and median 2.53 per g (IQR 1.77 – 

4.58 per g) venule-size segments compared to 7.30 per g (IQR 5.78 – 15.30 per g) 

arteriole size segments; p = 0.004, adjusted for PA and PW respectively] but was not 

seen in the FGR casts (figure 2.10). 
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Figure 2.7: The number of vessel segments in normal and FGR vessel casts. 

Adjusted for placental surface area (A) and weight (B), there was no demonstrable 

difference in the total number of vessel segments seen in the normal and FGR casts. n = 

12 normal (6 arterial, 6 venous) and 12 FGR (6 arterial, 6 venous) casts. Data shown as 

median and IQR and compared by Mann Whitney test. 
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Figure 2.8: The number of vessel segments in different diameter ranges in normal and FGR vessel casts. 

In both normal (A) and FGR (B) casts, the number of vessel segments declined progressively from the smallest to the largest diameter 

ranges. In the normal casts (A), there were significantly fewer segments within the 100 – 200µm diameter range in the venous compared to 

the arterial casts. Data is grouped by vessel diameter. Median + Interquartile range shown. Two-way RM Anova with Sidak’s multiple 

comparison test. p < 0.05 is significant. 
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Figure 2.9: The number of vessel segments in the normal casts adjusted for the surface area and weight of the placentas. 

The difference between the number of segments within 100 – 200µm diameter range in the normal arterial and normal venous casts 

persisted. Data adjusted for placental surface area (A) and placental weight (B). Median + Interquartile range shown. Two-way RM Anova 

with Sidak’s multiple comparison test. p < 0.05 is significant. 
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Figure 2.10: The number of vessel segments in the FGR casts adjusted for the surface area and weight of the placentas. 

There was no difference between the number of segments in the arterial and venous casts at every diameter range. Data adjusted for 

placental surface area (A) and placental weight (B). Median + Interquartile range shown. Two-way RM Anova with Sidak’s multiple 

comparison test. 
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2.3.3.2 Vessel length discrepancies were observed in both clinical groups 

In normal placentas, the median arterial length per unit PA was 0.43mm/mm2 (IQR 0.35 

– 0.66mm/mm2), greater than the median venous length of 0.26mm/mm2 (IQR 0.20 – 

0.33mm/mm2); p = 0.03 (Figure 2.11A). Median arterial and venous length per unit PW 

in normal placentas was 27.29mm/g (IQR 19.65 – 42.44mm/g) and 13.39mm/g (IQR 

12.18 – 22.94mm/g) respectively; p = 0.04 (Figure 2.11B). 

 

 

Figure 2.11: The length of arteries and veins in normal and FGR casts. 

All data are adjusted for placental surface area and weight to eliminate the effect of 

placental size on vessel ramification. A and B represent normal while C and D represent 

FGR casts. In normal casts, arterial paths are longer than venous paths while venous 

paths are longer in FGR casts. Data presented as boxplots showing the median, range 

and interquartile range. n = 12 normal (6 arterial, 6 venous) and 12 FGR (6 arterial, 6 

venous) casts. Mann Whitney test, p < 0.05 was taken as significant. 
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In FGR placentas the converse was noted: median arterial length was 0.25mm/mm2 

(IQR 0.22 – 0.38mm/mm2), less than the median venous length of 0.53mm/mm2 (IQR 

0.36 – 0.76mm/mm2); p = 0.04 and 14.82mm/g (IQR 13.13 – 18.10mm/g) compared to 

32.10mm/g (IQR 22.08 – 50.92mm/g); p = 0.004 when adjusted for PA and PW 

respectively (Figure 2.11C and D). 

 

2.3.3.3 FGR casts exhibit shorter arteries and longer veins than normal casts 

Comparing FGR to normal placentas, arterial length per unit PA and PW was 

significantly shorter at 0.25mm/mm2 (IQR 0.22 – 0.38mm/mm2) versus 0.43mm/mm2 

(IQR 0.35 – 0.66mm/mm2); p=0.03 and 14.82mm/g (IQR 13.13 – 18.10mm/g) versus 

27.29mm/g (IQR 19.65 – 42.44mm/g); p=0.009 respectively, while venous length per 

PA and PW was significantly longer at 0.53mm/mm2 (IQR 0.36 – 0.76mm/mm2) versus 

0.26mm/mm2 (IQR 0.20 – 0.33mm/mm2); p=0.05 and 32.10mm/g (IQR 22.08 – 

50.92mm/g) versus 13.39mm/g (IQR 12.18 – 22.94mm/g); p=0.03 in the FGR group of 

placentas (Figure 2.12).  
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Figure 2.12: Arteries are shorter and veins are longer than normal in FGR casts. 

All data are adjusted for placental surface area (PA) and weight (PW) to eliminate the 

effect of placental size on vessel ramification. Panels A and B represent the length of 

vessels in the arterial casts adjusted for PA and PW respectively. Panels C and D 

represent the length of vessels in the venous casts adjusted for PA and PW respectively. 

Compared to normal casts, arterial path was significantly shorter in FGR, with the 

surface area as well as the weight of the placenta adjusted for (A and B). However, the 

converse is true for the venous network (C and D). Data presented as boxplots showing 

the median, range and interquartile range. n = 12 normal (6 arterial, 6 venous) and 12 

FGR (6 arterial, 6 venous) casts. Mann Whitney test, p < 0.05 is significant. 
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2.3.3.4 The number of vessel branches was similar in normal and FGR casts 

The number of vessel branches in each cast was obtained on the Analyze software. 

Unlike the vessel segments derived on Avizo, which includes true vessel branches and 

false branches (bends falsely counted as branches), these represent true branches. As 

shown in figure 2.13, there was no significant difference between the number of 

branches in the normal and FGR casts. Adjusted for PA, the median number of branches 

was 0.03 per mm2 (IQR 0.02 – 0.04) and 0.03 per mm2 (IQR 0.02 – 0.04) in the normal 

arterial and venous casts respectively, and 0.03 per mm2 (IQR 0.02 – 0.06) and 0.05 per 

mm2 (IQR 0.03 – 0.06) in the FGR arterial and venous casts respectively. Adjusted for 

PW, the median number of vessel segments was 2.09 per g (IQR 1.15 – 2.83) and 2.06 

per g (IQR 1.21 – 2.81) in the normal arterial and venous casts respectively, and 1.59 

per g (IQR 1.15 – 3.25) and 2.89 per g (IQR 2.34 – 3.94) in the FGR arterial and venous 

casts respectively. 

 

2.3.3.5 No difference in vessel tortuosity/loopiness in normal and FGR vessel casts. 

As mentioned in section 2.3.1, the tortuosity/loopiness of the vessels in each cast was 

determined by subtracting the number of true vessel branches in a cast obtained on 

Analyze from the total number of vessel segments in the same cast obtained on Avizo 

[i.e. (true branches + bends/false branches) – true branches]. In other words, the false 

branches, which are areas of bends and twists along the course of the vessels, were 

adapted as a measure of loopiness of the vessels. There was no difference in vessel 

loopiness in the normal and FGR casts (figure 2.14). Adjusted for PA, the median 

loopiness was 0.18 per mm2 (IQR 0.10 – 0.33) and 0.16 per mm2 (IQR 0.12 – 0.21) in 

the normal arterial and venous casts respectively, and 0.11 per mm2 (IQR 0.08 – 0.19) 

and 0.26 per mm2 (IQR 0.19 – 0.89) in the FGR arterial and venous casts respectively. 
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Adjusted for PW, the median number of vessel segments was 9.66 per g (IQR 6.19 – 

25.39) and 8.92 per g (IQR 6.66 – 13.89) in the normal arterial and venous casts 

respectively, and 7.52 per g (IQR 4.34 – 10.13) and 14.61 per g (IQR 10.64 – 32.02) in 

the FGR arterial and venous casts respectively. 
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Figure 2.13: The number of vessel branches in normal and FGR vessel casts.

Adjusted for placental surface area (A) and weight (B), the number of vessel branches 

did not differ in the normal and FGR vessel casts. n = 12 normal (6 arterial, 6 venous) 

and 12 FGR (6 arterial, 6 venous) casts. Data shown as median and IQR and compared 

by Mann Whitney test. 
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Figure 2.14: Tortuosity/loopiness of vessels in normal and FGR vessel casts. 

Adjusted for placental surface area (A) and weight (B), there was no difference in vessel 

loopiness in the normal and FGR vessel casts. n = 12 normal (6 arterial, 6 venous) and 

12 FGR (6 arterial, 6 venous) casts. Data shown as median and IQR and compared by 

Mann Whitney test. 
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2.3.3.6 Median vessel diameter was similar in normal and FGR vessel casts. 

No significant differences were demonstrable in arterial or venous diameter in either 

normal or FGR vessel casts above the measurement threshold of 100µm (figure 2.15). 

Adjusted for PA, the median diameter was 0.06 per mm2 (IQR 0.05 – 0.10) and 0.11 per 

mm2 (IQR 0.07 – 0.17) in the normal arterial and venous casts respectively, and 0.11 

per mm2 (IQR 0.08 – 0.13) and 0.09 per mm2 (IQR 0.06 – 0.13) in the FGR arterial and 

venous casts respectively. Adjusted for PW, the median number of vessel segments was 

4.00 per g (IQR 3.12 – 4.73) and 5.68 per g (IQR 3.89 – 13.73) in the normal arterial 

and venous casts respectively, and 5.94 per g (IQR 4.11 – 8.29) and 5.97 per g (IQR 

3.82 – 7.99) in the FGR arterial and venous casts respectively. 
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Figure 2.15: Median vessel diameter was similar in normal and FGR vessel casts. 

Adjusted for placental surface area (A) and weight (B), there was no difference in the 

diameter of vessels in the normal and FGR vessel casts. n = 12 normal (6 arterial, 6 

venous) and 12 FGR (6 arterial, 6 venous) casts. Data shown as median and IQR and 

compared by Mann Whitney test. 
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2.3.3.7 Mapping the branching level affected by variations in vessel length in the 

vessel casts. 

In an attempt to identify the region where vascular lengths differ along the course of the 

vessels as they ramified in the FGR and normal placentas, we grouped the branch levels 

in the Analyze tree maps into deciles of branching and compared the number of 

branches at each decile level in the FGR trees to those in the normal trees (see example 

in figure 2.16). The number of branches in the arterial trees differed significantly at the 

eighth decile group (figure 2.17), in addition to a trend that suggests fewer branches 

from the fourth to the tenth decile group of branches in the FGR arterial trees. These 

differences were not seen when the venous trees were compared. 
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Figure 2.16: Example of a tree map grouped into decile (ten groups) of branching. 

In this example, the total level of branching (excluding the root) was eighty. This was 

divided into ten groups containing eight levels each. For each group, the number of 

branches was counted and plotted. This was done for all the casts. 
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Figure 2.17: The number of 

branches in each of the ten 

bins in the tree maps.  

Graphs represent arterial 

(top left) and venous 

(bottom left) tree maps. 

Line and dots within the 

boxes represent the median 

and mean respectively. 

There are significantly 

fewer branches in the FGR 

arterial trees around the 

level of the 8th bin of 

branches compared to 

normal while there is no 

difference in the number of 

branches in the venous trees. 

Curves on the top and 

bottom right represent the relationship between the median number of branches in the arterial and venous trees respectively. There is a 

trend suggesting fewer number of branches in the 4th – 10th bins of branches in the FGR arterial trees (top right). This trend is absent in the 

venous trees (bottom right).  n = 6 samples per group. Two-way RM Anova with Sidak’s multiple comparison test. 
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2.4 Discussion 

2.4.1 Corrosion casting combined with micro-CT imaging is effective for holistic 

examination and quantification of the fetoplacental vasculature. 

Possibly due to unavailability of suitable techniques, few studies have examined and 

quantified the human fetoplacental vasculature at whole organ level. Our successful 

creation of a three-dimensional digital representation of the human fetoplacental 

vascular tree is the first time, to our knowledge, that this has been achieved to address 

this issue. A variety of techniques have been utilised in previous studies of the structure 

of vascular trees. Direct visualisation and examination of the chorionic plate vessels, as 

well as other gross features of the placenta such as its shape and cord insertion, is 

perhaps the most popular, cheapest and easily accessible methodology. The large 

chorionic plate vessels are grossly visible at the surface. Arterial and venous branching 

patterns can be discriminated as the arteries are situated superficially, crossing over the 

veins. This approach, however, requires laborious examination of the placenta in a fresh 

or fixed state or taking photographs of the placenta for later analysis. It is also 

cumbersome and unreliable as many vessels, especially deep seated ones, are often 

obscure on photographic images. 

Nearly eight decades ago, August Schummer (1902 – 1977) introduced the resin-casting 

and corrosion technique for studying vascular anatomy [for history see (Aharinejad, 

1992; Vollmerhaus, 2002)]. The initial experiments were with a highly viscous polymer 

which limited the size of vessels that could be filled. Over the years, modifications and 

improvements have been made, and the technique is now widely used in the generation 

of three-dimensional durable casts of  hollow anatomical structures including blood 

vessels of various organs (Aharinejad et al., 1998; Gordon et al., 2007a; Nettum, 1995; 

Razavi et al., 2012; Gross et al., 1993), including the glomeruli in the kidneys (Mondy 
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et al., 2009), the airway tree in the lungs (Jacob et al., 2013), the hepato-biliary tree in 

the liver (Kline et al., 2011), and the suprachoroidal space of the eyes (Krohn and 

Bertelsen, 1997), to mention a few.  

In the placenta, the aim of corrosion casting is to allow visualisation of fetoplacental 

vessels up to the small terminal branches. The selected casting material must polymerise 

into a durable, biocompatible model as close as possible to the original vascular tree it 

was used to perfuse. Where further imaging of a cast is planned, as was the case in this 

study, the material must also possess contrast properties. Many commercially available 

perfusates cannot double as an agent for corrosion casting and a contrast agent. For 

example, radio-opaque media such as microfil, micropaque, barium sulphate and iodine 

solutions are low viscosity agents with excellent contrast properties but they do not 

polymerize, making them unsuitable for corrosion experiments. This implies that the 

perfused specimen would have to be radiographed in a fresh or fixed state, and 

visualisation of small vessel networks would be hampered by surrounding tissues. 

Corrosion casting overcomes this difficulty. Due to their high durability and radio-

opaque properties, polymethylmethacrylate (PMMA)-based mixtures are popular for the 

production of bone cement prosthetic implants for hip replacement and several other 

orthopaedic procedures (Smith and Turner, 1973). The PMMA mixtures available for 

anatomical corrosion casting, such as mercox and Batson’s no.17, are low viscosity 

perfusates with proven success in creating durable casts (Kanaujia et al., 1986; 

Kaufmann et al., 1985; Mondy et al., 2009). The PMMA mixture used in this study 

(Batson’s no.17) was shown through scanning electron microscopy to fill capillaries as 

small as approximately 6µm in diameter (Gross et al., 1993); here, the smallest vessel 

identified measured approximately 10µm in diameter (see figure 2.4). The arterial and 

venous trees can be casted together in the same placenta, using coloured pigments to 

show how the branches relate to one another (Gordon et al., 2007a). In this study, 
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however, separate casts of the arteries and veins were made to ease analysis and allow 

for further imaging experiments on the casts.  

Recent advances in technology and the advent of computer-aided analysis software 

launched the use of micro-CT imaging as an effective tool for resolving the fine 

architecture of small calibre vessels (Langheinrich et al., 2004; Mondy et al., 2009; 

Razavi et al., 2012). The resolution obtainable is inversely related to the size of the 

specimen scanned. In other words, the smaller the specimen, the greater the resolution 

of its architecture will be after scanning. In this study, whole placental vessel casts were 

scanned with the aim of resolving the structure of the entire vascular tree, or at least 

down to the level of arterioles and venules. Scanning a whole vessel cast has advantages. 

Firstly, it creates a three-dimensional digital representation of the entirety of each 

vascular tree, allowing for visualisation and analyses of each vascular level in continuity 

with subsequent vascular levels in the tree (i.e, for instance, veins in continuity with 

venules). Secondly, it allows for objectivity in the morphometric analyses of the vessels. 

Thirdly, for analysis of the larger chorionic plate vessels, it is a suitable adjunct to the 

cast analysis model method we previously devised [described in (Junaid et al., 2014)].  

Micro-CT has been used in the study of anatomical beds such as the kidney glomeruli 

(Sled et al., 2004; Bentley et al., 2002), coronary branches in the heart (Jorgensen et al., 

1998) and mouse placental vasculature (Rennie et al., 2007), as well as vessels in 

selected small regions of human placenta (Langheinrich et al., 2004; Langheinrich et al., 

2008). In this study, we have demonstrated the potential of a combination of corrosion 

casting and microcomputed tomography (micro-CT) imaging to achieve a fuller account 

of human placental vascular morphology with high anatomical detail. We achieved 

resolution of vessels down to as small as 60µm when a whole arterial cast measuring 

~15cm diameter was scanned. In the placenta, vessels at this diameter are at the terminal 

arteriole or post-capillary venule level. Below this level are the capillaries, known to 
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measure up to 50µm when visualised by microscopy of semithin sections (Benirschke et 

al., 2006a). Typically, terminal placenta villi have a diameter of ~60µm when visualised 

by histology (Macara et al., 1996) which can also provide more detailed information on 

surrounding tissues. However, histology is laborious and reliant on sampling of 

representative areas from what can often prove to be a heterogeneous vascular bed, 

especially in the context of placental pathology (Redline, 2015). 

 

2.4.2 Previously unreported differences were observed in the vasculature of 

placentas from uncomplicated and FGR complicated pregnancies. 

Micro-CT of the whole placenta demonstrates that above the level of terminal 

capillaries there are more small-diameter arteries than veins (figures 2.8 and 2.9). For 

the first time we have demonstrated longer venous and shorter arterial paths in FGR 

placentas. We have previously demonstrated the presence of fewer chorionic plate 

arteries (Junaid et al., 2014) and sparse capillaries (Chen et al., 2002; Junaid et al., 

2014), in addition to elongated capillaries reported by Krebs et al (Krebs et al., 1996) in 

FGR placentas. Our Analyze generated branching trees identified differing vessel 

lengths between normal and FGR placentas in distal, but not terminal portions of the 

fetal arterial tree (8th decile of branching level, shown in figure 2.17). However, 

Analyze cannot identify the spatial distribution of vessel branches in placental casts and 

consequently we were unable to define exact vessel locations. This means that vessel 

diameters at different segment distributions cannot be identified and although the 

differences noted are clearly near the terminal end of the villous tree (figure 2.17), we 

cannot specify at which exact diameters this occurs. Previous studies examining human 

fetal placental venous structure are sparse, though some reports have linked alterations 

in umbilical vein structure to FGR (Peyter et al., 2014; Rigano et al., 2008). The 
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consequences of these previously unreported altered vessel path lengths on blood flow 

to the fetus are unknown. Given that placental veins convey oxygenated blood and 

nutrients to the fetus, it may be that longer venous return path in FGR pregnancies 

reduces the efficiency of materno-fetal nutrient and gas transfer, with more lost to the 

placenta itself. 

We were also able to determine the tortuosity/loopiness of vessels in the networks. 

Capillaries in FGR placentas have been previously demonstrated to have poorly coiled, 

elongated loops (Krebs et al., 1996), with reduced or similar tortuosity of individual 

villous branches compared to normal (Haeussner et al., 2016). Our data adds that 

loopiness is found at all levels of the placental vascular tree (not just the villi), and 

overall, there are no differences in loopiness in normal and FGR placental vessels. This 

finding, together with our finding of similar total number of vessel branches in the 

normal and FGR vessel casts, suggests that the discrepancies we observed in vessel 

length were not due to variations in number of branches or loopiness of the vessels in 

the placentas. Whether arterial branching influences venous tree development, or vice 

versa, remains unclear. 

Although delivery was significantly earlier in the FGR cases, seven of these cases 

attained term before delivery while five were delivered 10 - 14 days before term 

(between 252 - 256 days).  It is unlikely for the placental vasculature to change 

significantly within this short period, therefore, we do not expect the difference in 

gestational age would impact on our findings. 

 

2.4.3 Strengths and limitations of study 

The strength of the study is the demonstration of vascular differences at whole organ 

level. There are, however, some limitations of the method employed. Vascular corrosion 
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casting is susceptible to technical problems such as breakage (especially of the tiny 

fragile parts) during the corrosion and washing steps, causing missing vessel segments. 

As shown in figure 2.4, the vessel casts created included vessels down to the smallest 

capillaries (~10µm diameter) in the placental vasculature. With micro-CT, because we 

aimed to scan the whole cast at once, resolution was limited, at best, to vessels 

measuring 60µm in diameter. The smaller capillaries could not be seen. Furthermore, in 

order to ensure uniformity in our analyses, we applied an analyses threshold excluding 

vessels ≤100µm. It may be possible to overcome this, by scanning small regions of the 

casts, and later reassembling the file but this would be cumbersome. Also, because 

resolution inversely correlates with the size of the sample, regional scanning would 

require breaking the casts into pieces, ruining the ability to examine the vasculature in 

its entirety and in continuity as we aimed. Scanning at nanoscale, rather than microscale, 

using advanced super-resolution imaging tools (Leahy et al., 2016) may also be 

beneficial to overcome this limitation. 

Secondly, using the current technique, arterial and venous networks cannot be examined 

simultaneously in the same placenta. Although, by adding different coloured pigments 

to the casting material, it is possible to create casts of both the arterial and venous 

networks of the same placenta together, it is impossible to differentiate the vessels after 

micro-CT imaging since colours do not show on radiographs. Experiments using other 

types of radio-opaque material, such as microfil, may address this. 

Thirdly, although we were able to adapt the Avizo and Analyze software for analyses of 

placental vasculature, both software are not primarily designed for this purpose and so 

had limitations. Avizo has multiple programmes designed originally for use in material 

sciences, minerals, mining, cellular and structural biology while Analyze is primarily 

for medical imaging. This is a major challenge in 3D placental research as there is 

currently no placenta specific morphometric software. Other investigators of the 
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topology of placental vessels are faced with the same challenge. For example, 

investigators in Hans-Georg’s laboratory are using Neurolucida software, originally 

designed for analysis of dendritic trees of neurones, for 3D analysis of the topology of 

placental villous trees (Haeussner et al., 2016; Haeussner et al., 2014). The branch trees 

generated by the Analyze programme are ineffective for anatomical localisation of 

vessels, which could help pin-point the exact vessels involved in the differences 

identified and heterogeneity of vascular ramification in relation to the position within 

the organ. We also were not able to examine branching angle distributions which, in 

terminal branches of villous trees, have been reported to relate inversely with feto-

placental weight ratio (Haeussner et al., 2014) and have been found to differ in normal 

and FGR terminal villi (Haeussner et al., 2016). 

Lastly, although the population studied was relatively tightly defined and statistical 

differences were observed, the cases were mostly late-onset FGR which may likely have 

included normal small fetuses and fetuses that are small due to non-vascular pathology. 

 

2.4.4 Summary 

In summary, the present study demonstrates further structural alterations in 

fetoplacental vessels of growth-restricted newborns, in addition to those we recently 

discovered (Junaid et al., 2014). Further investigation is necessary to understand the 

implications for placental function. 
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3 Chapter 3: Bringing CLARITY to the human placenta: a potential 

technique for whole organ placental examination in intact state 
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3.1 Background 

The potential of a combination of corrosion casting and micro-CT imaging to achieve a 

near-full account of vascular morphology have been described in chapter 2. While 3D 

casts of a significant proportion of placental vessel networks were created, analyses 

were limited to vessels ≥100µm in diameter; vessels smaller than that threshold remains 

incompletely documented. Here, the focus was to develop a technique that may allow 

fuller structural analyses of the entire human placental vascular network in an intact 

state.  

The tissue clearing approach termed ‘CLARITY’ (Clear Lipidexchanged Acrylamide-

hybridized Rigid Imaging/Immunostaining/In situ hybridization-compatible Tissue-

hYdrogel), pioneered by Deisseroth’s laboratory (Chung et al., 2013) was used. The 

approach has been used successfully to examine individual cells and their 

interconnections in intact brain (Chung et al., 2013; Chung and Deisseroth, 2013). It 

involves removal of lipid while providing a physical framework of hydrogel mesh to 

hold the tissue together in a state that preserves its structure and biological information. 

Lipid removal improves access of labelled markers allowing for immunostaining of 

deeper structures. We anticipated that, using this approach, human placental tissue can 

be preserved in a form that allows complete 3D analyses of vessel topology. In this pilot 

study, we specifically aimed to investigate the effectiveness of the tissue clearing 

technique as a tool for examining the placental vascular network in an intact state. 
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3.2 Materials and methods 

3.2.1 Clearing of human placenta 

Due to differences between brain and human placenta in terms of tissue composition 

and vascularity, some modifications had to be made to the original CLARITY protocol. 

 

3.2.1.1 Sample preparation 

Immediately after delivery of the placenta, the umbilical cord was clamped to keep all 

three umbilical vessels dilated by congested blood. The umbilical vessels were 

cannulated within the cord using a 20G cannula (BD Infusion Therapy, UK) held in 

place with silk 3.0 suture (Ethicon Inc, UK). About 20-40ml of 5000i.u heparin sulphate 

in phosphate buffered saline (PBS) was infused to prevent intravascular coagulation, 

followed by copious infusion of PBS (about 60 – 100ml) to thoroughly rinse out the 

vessels. This step was crucial as we observed that the presence of blood proteins in the 

tissue interfered with clearing. Due to New York State requirement for all delivered 

placentas to be sent for histology, only pieces of the placentas were obtained for 

clearing. Obtained heparinised samples were fixed for a week in freshly prepared 4% 

paraformaldehyde (PFA). Following fixation, samples were embedded overnight in 

hydrogel solution, containing 40% acrylamide and 2% bisacrylamide (Sigma-Aldrich, 

USA). 

 

3.2.1.2 Electrophoretic clearing method 

Fixed samples cut into 10x10mm pieces were washed in PBS, placed in custom 

designed filter eyelets in an electrophoretic chamber (chamber design and machine set 

up described in figure 3.1) placed on a stirrer. The chamber was filled (to the maximum 
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level) with clearing solution [8% sodium dodecyl sulfate (SDS) + 0.2M boric acid in 

distilled H2O, pH 8.5] and connected to the power supply (50W, 1A, 45oC). Clearing 

solution was changed daily until samples were cleared, and then samples were washed 

in buffer (1% Triton-X in PBS). 

 

3.2.1.3 Passive clearing method 

After washing in PBS, samples were placed in a sealed tub containing the clearing 

solution (8% SDS + 0.2M boric acid, pH 8.5). Volume of clearing solution used 

depended on sample size, with up to 200ml for a placental lobule.  The tub was left in 

an incubator shaker set to 120rpm, 55oC (Figure 3.2). Clearing solution was changed 

daily until samples were cleared (weeks – months depending on sample size/thickness). 

Once satisfactorily cleared, samples were bathed in half strength clearing solution (4% 

SDS + 0.2M boric acid, pH 8.5) at 55oC for a day, then washed in buffer (1% Triton-X 

in PBS). Wash buffer was changed half hourly for at least 10 washes. Samples were 

stored in wash buffer ready for immunostaining. 
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Figure 3.1: The electrophoretic clearing method. 

The samples, ~1cm3, were placed in the sample wells sealed on both ends with filter 

lined custom built eyelets (A), then positioned in an electrophoresis chamber filled with 

clearing buffer (B). The chamber was sealed, electrodes connected and a thermometer 

inserted through the lid as shown in C. The chamber was placed on a heated stirrer and 

connected to the power supply and thermostat (D). 
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Figure 3.2: The passive clearing method. 

The sample in a sealed tub filled with clearing buffer was placed in an incubator shaker. 

 

 

3.2.1.4 Whole mount staining and imaging of cleared samples 

Pieces of cleared samples, about 5mm3, were rinsed thoroughly in wash buffer and 

suspended in 5ml of 99% Eosin Y (Sigma-Aldrich, Germany) for 10 minutes. For 

immunostaining, samples were washed in PBS and stained according to standard whole 

mount immunostaining protocol. This involved a protein blocking step with 2% bovine 

serum albumin (Sigma-Aldrich, Germany) in PBS before incubating samples overnight 

with a trophoblast marker (mouse anti-human cytokeratin 7 antibody; Dako, Denmark) 

used at 1:100 concentration, and subsequently with secondary antibody (goat anti-

mouse IgG; Dako, Denmark) and a fluorescent dye (Acridine orange; Sigma-Aldrich, 

Germany). Stacks of the stained tissues were acquired with a laser scanning confocal 

microscope with water immersion objective lenses (Nikon Instruments Inc, USA), 

processed and rendered with Fiji Image J (Schindelin et al., 2012). 
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3.3 Results 

3.3.1 The effect of clearing on sample integrity 

As clearing progressed, samples became increasingly pale and transparent (figures 3.3 

and 3.4) such that the deeper structures including the vessels and smaller villi appeared 

more distinctively visible (figure 3.5) while the structure of the sample remained 

preserved. With the passive approach, samples cleared better and faster (Figure 3.4) 

compared to the electrophoretic method. Also, small pieces cleared within 14 days 

(Figure 3.4) while an intact placental lobule required more than double (~31 days) that 

amount of time (Figure 3.5). When not embedded in hydrogel before clearing, cleared 

samples felt extremely soft, slimy and fragile to touch. Samples embedded in hydrogel, 

on the other hand, were more resilient. As seen in figure 3.5, samples appeared to shrink 

as clearing progressed. 

 

3.3.2 Clearing improved fluorescent dye penetration and imaging depth 

To determine the effect of clearing on tissue permeability to fluorescent labels, samples 

were soaked in fluorescent dye as described in section 3.2.1.4 and the extent of dye 

penetration into the tissue was observed under a confocal microscope. In the uncleared 

(control) samples, the dye was visible only up to about 60µm depth. In the cleared 

samples, however, dye penetration was enhanced more than two fold (figure 3.6) such 

that the depth of fluorescence increased to 150µm. 
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3.3.3 Clearing had no substantial effect on villi structure 

As described in section 3.2.1.4, samples were stained with an anti-cytokeratin-7 

antibody, a known marker of trophoblasts. Villous trophoblast layers appeared not to be 

distorted by clearing; the cells remained well aligned around the villi and 

immunolabelling appeared better in the cleared tissue, showing and yielding bright 

localisation of the trophoblasts and also deeper structures within the villi (Figure 3.7). 

 

 

Figure 3.3: A piece of placenta specimen before and after clearing. 

The piece shows transparency after clearing. A is control (uncleared), B and C are 

cleared specimens. In the encircled area in C, the underlying letter “A” is faintly visible. 

Scale bar represents 100mm. 
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Figure 3.4: The progress of clearing over time. 

Images shows samples following electrophoretic and passive clearing for 24h (A), 48h 

(B), 72h (C,D), 8 days (E) and 14 days (F). Scale bar represents 10mm. 
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Figure 3.5: Progress of clearing in an intact placental lobule. 

A placental lobule following passive clearing for 14 days (C, D) and 28 days (E, F). A 

and B are control. The sample appeared to shrink as clearing progressed. The chorionic 

plate can be seen shrunken in E. Scale bar represents 10mm. 
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Figure 3.6: The effect of tissue clearing on depth of fluorescent dye penetration. 

Confocal images with orthogonal projections depicting the depth of penetration of eosin 

in an uncleared (top) and a passively cleared (bottom) placental tissue. As shown by the 

scale bars, eosin penetration was deeper in the passively cleared than in the uncleared 

sample. In each image, the large, right and bottom panels represent the XY, XZ and YZ 

projections. 
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Figure 3.7: The effect of clearing on villous structure. 

Representative images of uncleared (A and B) and cleared (C and D) placental tissue 

samples stained with trophoblast marker anti-cytokeratin 7 antibody (green) and 

fluorescent dye (acridine orange). Note the continuity of cytokeratin positivity in the 

trophoblast layer. Scale bar represents 100µm.  
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3.4 Discussion 

3.4.1 Is the tissue clearing technique applicable in the study of the human 

placenta? 

Approaches to investigate the morphological characteristics of the placental vasculature 

ex vivo have included histology (Junaid et al., 2014; Chen et al., 2002), electron 

microscopy (Krebs et al., 1996), corrosion casting (Junaid et al., 2014; Gordon et al., 

2007a) and mathematical modelling (Salafia et al., 2010). None of these techniques has 

been suitable for extraction of information on the entire placental vascular network in an 

intact 3D state. While micro-CT imaging of corrosion cast specimens (described in 

chapter 2) gave a near-full account, vessels ≤100µm were excluded. 

Tissue clearing techniques have mostly been used in examination of cells and their 

distribution and interconnections in intact specimens of, for example, mouse or human 

brains (Chung and Deisseroth, 2013; Chung et al., 2013; Epp et al., 2015; Hama et al., 

2011; Ke et al., 2013; Liu et al., 2015; Tomer et al., 2014; Zheng and Rinaman, 2016). 

A variety of other tissues, such as skeletal muscle (Milgroom and Ralston, 2016), 

cartilage (Calve et al., 2015), whole mouse (Yang et al., 2014), liver (Lee et al., 2014), 

kidney (Lee et al., 2014), lung (Lee et al., 2014), pancreas (Lee et al., 2014) and 

intestine (Lee et al., 2014) have all been successfully cleared but there have been no 

reports on the placenta. Two broad approaches to clearing biological specimens are 

described in the literature: the electrophoretic (Chung et al., 2013)  and the passive 

approach (Liu et al., 2015; Tomer et al., 2014). Here, both were adapted and tested for 

clearing human placental tissue, a larger and thicker organ with less lipid than brain and 

which is highly vascularised. 

Differences in organ type necessitated modifications of the clearing protocol for the 

human placenta after several failed attempts. The process of clearing was observed to 
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occur gradually, and, depending on the sample size and method used, could be seen to 

advance over periods of several days or even weeks, as judged by the removal of blood 

residues. The high vascularity of the placenta and presence of blood proteins/haem 

impeded the rate of clearing and indeed it was difficult to achieve complete clearing. To 

overcome this, samples were first flushed with heparin to prevent intravascular 

coagulation and rinsed thoroughly with buffered saline before fixation and clearing. 

Both the electrophoretic and passive methods have been shown to be effective for 

clearing, however, for placenta specimens, the passive method appeared more suitable 

particularly for large samples up to whole organ scale. The passive approach was 

cheaper, faster, and provided better clearing permitting better penetration of labelling 

probes. We observed that the duration of clearing was directly proportional to sample 

thickness, with placenta lobules taking more than twice as long as it took to clear 

smaller pieces of placenta (see figures 3.4 and 3.5). Also, tissue structure remained 

preserved following clearing and samples had better permeability as shown in figures 

3.6 and 3.7. 

 

3.4.2 Strengths and limitations of the study 

This pilot study pioneered the utilisation of the tissue clearing technique in examination 

of human placenta specimens in an intact state. We endeavored to push the boundaries 

on tissue size with a view to eventual whole placental clearing and imaging. However, 

extracting information to characterise placental vascular network post-clearing remains 

a challenge.  Also, immunostaining a sample the size of a whole intact placenta, if 

possible, will require large amounts of antibodies and dyes and will therefore be 

expensive. Furthermore, imaging depth of stained tissue samples depends on the 

working distance of the microscope objective and the thickness of the sample. We had 
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no access, if any exists, to an imaging tool able to handle a sample as large and thick as 

an intact human placenta. Advanced tools currently available allow imaging of 

specimens the size of a whole mouse (Pan et al., 2016). 

 

3.4.3 Summary 

To summarise, we have demonstrated methods for successful clearing of human 

placenta samples to enhance the intensity of immunostaining in samples and improve 

imaging depth. While it is possible to clear large samples, the cost of immunostaining is 

a challenge, and imaging modality is limited by sample thickness. The technique was 

not suitable for our aim; however, going forward, there may be a role for the technique 

in placental studies that require small tissue samples. Also, future efforts should focus 

on developing analytical tools to extract information from cleared samples. 
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4 Chapter 4: Altered placental vascularisation in FGR may be a sequela of 

abnormal WNT signalling 
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4.1 Background 

4.1.1 Placental vascularisation in human pregnancy 

The processes involved in placental vascularisation are described in chapter 1. The 

precise mechanism by which vascularity becomes altered in FGR placenta is still 

unknown, but it may likely result from abnormalities in angiogenesis. Angiogenesis is 

regulated by interplay of several complex mechanisms involving several angiogenic 

factors, signalling molecules and receptors [for reviews see (Breier, 2000; Otrock et al., 

2007; Chen and Zheng, 2014; Carmeliet and Jain, 2011; Charnock-Jones et al., 2004)]. 

It is not feasible to investigate all the mechanisms in a single project, hence, this study 

only focuses on one of the signalling mechanisms involved in endothelial cell-to-cell 

interactions during tube formation by placental endothelial cells [in physiological 

angiogenesis in the placenta]. 

 

4.1.2 Regulation of endothelial cell-to-cell interactions in placental angiogenesis 

A crucial step in angiogenesis is adhesion of endothelial cells to one another via protein 

complexes and junctional adhesion molecules at adherens and tight junctions (Leach et 

al., 2000). These contain the endothelial specific transmembrane protein vascular 

endothelial (VE) cadherin (Lampugnani et al., 1992; Leach et al., 1993), which, 

together with cytoplasmic proteins like β-catenin, form cadherin-catenin complexes 

responsible for gluing endothelial cells together (figure 4.1A) to form tubes 

(Lampugnani et al., 1995; Dejana et al., 1999). The cadherin-catenin complexes 

stabilise the tubes formed by linking the actin cytoskeleton of neighbouring endothelial 

cells together. 
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4.1.3 The role of WNT signalling in placental vascularisation disorders 

The cytoplasmic protein β-catenin is a central player in a signalling pathway activated 

by wingless-related integration site (WNT) proteins, signalling molecules involved in 

the regulation of cell-to-cell interactions during development and in adult tissue 

homeostasis (Cadigan and Nusse, 1997; van Amerongen and Nusse, 2009). WNT 

signals are transduced via either a canonical or a non-canonical pathway. Canonical 

WNTs act by binding to co-receptor complexes comprising transmembrane G protein-

coupled Frizzled (FZD) and low density lipoprotein receptor related proteins (LRP) on 

the cell surface to initiate a signal transduced to cytoplasmic β-catenin which migrates 

to the cell nucleus, inducing transcription of T-cell factor/lymphoid enhancer factor 

(TCF/LEF) complexes to activate WNT target genes (figure 4.1A) (Willert and Nusse, 

1998; Komiya and Habas, 2008; Cadigan and Peifer, 2009; Macdonald et al., 2007). 

Non-canonical WNTs on the other hand act by binding to FZDs independently of LRP5 

or LRP6 and function independent of β-catenin (Komiya and Habas, 2008; Knofler and 

Pollheimer, 2013; Kohn and Moon, 2005; Semenov et al., 2007). There are 19 WNT 

genes, 10 FZD and 2 LRP receptors in humans (Wodarz and Nusse, 1998; Hey et al., 

1998; Kim et al., 1998; Massink et al., 2015). Of these, 14 WNT genes, 8 FZD receptors 

(Sonderegger et al., 2007) and both LRP receptors (Pollheimer et al., 2006) exist in the 

human placenta (see Table 4.1). 

Human endothelial cells in-vivo as well as in culture have been shown to possess an 

autogenous ability to activate the canonical WNT signalling pathway, in addition to 

expressing several receptors and modulators of WNT signalling (Goodwin et al., 2006). 

Canonical WNTs are believed to support angiogenesis by organising and stabilising 

cadherins at adherens junctions thereby aiding cell-to-cell adhesions (figure 4.1A) 

(Dejana, 2010). Many studies now propose that developmental angiogenesis in organs 

such as the placenta (Ishikawa et al., 2001; Herr et al., 2014; Monkley et al., 1996; 
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Chen et al., 2016), lungs (Yuan et al., 2015), retina (Huang et al., 2016; Wang et al., 

2012; Ye et al., 2009; Zhou et al., 2014) and brain (Daneman et al., 2009; Stenman et 

al., 2008) require WNT signalling. Similarly, many suggest that an angiogenic switch 

secondary to abnormal WNT signalling is a major culprit involved in tumour 

progression in carcinogenesis (Yeo et al., 2014; Ekstrom et al., 2014; Pate et al., 2014; 

Yao et al., 2014; Planutis et al., 2014; Ji et al., 2015). Thus, WNT signalling pathway 

alterations alter endothelial cell behaviour leading to vascular defects. In the mouse 

placenta, WNT2 deficiency was shown to result in catastrophic defects in vessel 

development such as decrease in the number of fetal capillaries, oedema from 

accumulation of maternal blood, and increase in the amount of fibrinoid material 

(Monkley et al., 1996). Also, homozygous offspring of FZD5 knockout mice were 

plagued with fatally defective vasculogenesis in the placenta due to markedly reduced 

endothelial cell proliferation, disorganised capillary plexus, and defects in yolk sac 

angiogenesis as a result of WNT5A/FZD signalling failure (Ishikawa et al., 2001). 

Homozygous WNT7B mutant mice do not survive past mid gestation due to placental 

abnormalities including failure of chorio-allantoic fusion, abnormally shaped chorion, 

decrease in the size of the chorion and alterations in the organisation of the chorion 

(Parr et al., 2001). 
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Figure 4.1: Canonical WNT 

signalling in endothelial cells. 

When the pathway is active (A), 

WNTs bind to the FZD-LRP5/6 

receptor complexes on the cell 

membrane to activate stabilisation 

and translocation of cytoplasmic β-

catenin to the cell nucleus where β-

catenin activates transcription of 

TCF/LEF complexes to activate WNT 

target genes. β-catenin also migrate to 

the adherens junctions where, by 

forming cadherin-catenin complexes 

with the endothelial specific 

transmembrane protein VE-cadherin, 

they stabilise and organise the 

adherens junctions to foster cell-cell 

adhesion. In the absence of WNT (B), 

when WNT gets inhibited by WIF or 

sFRP for example, cytoplasmic β-catenins become unstable and gets ubiquitinated and degraded by proteasomes. Adherens junctions 

become unstable and disorganised due to lack of cadherin-catenin complexes.  Redrawn and modified from Dejana 2010 (Dejana, 2010).
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Table 4.1: Human WNT genes and receptors. 

 

Human WNT genes 

 

Present in placenta? 

WNT1 Yes 

WNT2 Yes 

WNT2B (WNT13) Yes 

WNT3 Yes 

WNT3A No 

WNT4 Yes 

WNT5A Yes 

WNT5B Yes 

WNT6 Yes 

WNT7A Yes 

WNT7B Yes 

WNT8A No 

WNT8B No 

WNT9A (Previously WNT14) No 

WNT9B (Previously WNT15) Yes 

WNT10A Yes 

WNT10B Yes 

WNT11 Yes 

WNT16 No 

 

Human FZD receptors 

 

Present in placenta? 

FZD1 Yes 

FZD2 Yes 

FZD3 Yes 

FZD4 Yes 

FZD5 Yes 

FZD6 Yes 

FZD7 Yes 

FZD8 No 

FZD9 No 

FZD10 Yes 

  

 

Human LRP receptors 

 

Present in placenta? 

LRP5 Yes 

LRP6 Yes 
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4.1.4  Hypothesis/Aims 

Here, we hypothesize that endothelial cell behaviour is altered in FGR placentas due to 

instability and disorganisation of adherens junctions following abnormal WNT 

signalling. A successful attempt to correct WNT signalling impairment may therefore 

prove effective in enhancing placental angiogenesis and, in effect, improve placental 

vascularity. 

We aimed to  

i. Determine the effect of WNT inhibition on human placental endothelial cells in 

culture 

ii. Determine the response of human endothelial cells to withdrawal of WNT 

inhibition following exposure 

iii. Compare the effect(s) of WNT signalling inhibition on endothelial cell 

behaviour in placentas from normal and FGR complicated pregnancies 

iv. Compare the response of normal and FGR endothelial cells to withdrawal of 

WNT inhibition following exposure 

To achieve these aims, it was important to understand the normal behaviour of 

endothelial cells in culture and how to inhibit WNT signalling. 

 

4.1.5 Endothelial cell behaviour in in-vitro angiogenesis 

The main cells involved in angiogenesis are the endothelial cells. In culture, when 

endothelial cells of the same origin are incubated together in favourable conditions and 

fed with essential growth factors, they spontaneously sprout outgrowths towards one 

another to form three-dimensional tube-like structures [TLS; otherwise known as 
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capillary-like structures] (Auerbach et al., 2003). Their TLS formation potential may be 

further enhanced by culture on collagen- or fibrin-coated plates. The process involves 

interplay of proteins and complex mechanisms including several angiogenic growth 

factors, WNTs, integrins, chemokines, proteases, junctional molecules and receptors 

(Carmeliet and Jain, 2011). 

 

4.1.6 How to inhibit WNT signalling in endothelial cells in culture 

Canonical WNT signalling is regulated by secreted proteins that can antagonise and turn 

off the pathway. There are natural WNT inhibitors such as WNT inhibitory factor (WIF) 

and secreted frizzled-related protein (sFRP) that can bind WNTs (figure 4.1B), 

preventing WNT interaction with receptors (Hsieh et al., 1999; Ng et al., 2014; Cruciat 

and Niehrs, 2013); Dickkopf (DKK) proteins which disrupt FZD-LRP complex 

formation (Semenov et al., 2001); and beta transducing repeat-containing E3 ubiquitin 

protein ligase (β-TrCP) which mediates ubiquitination and degradation of β-catenin by 

proteasomes (figure 4.1B) (Aberle et al., 1997; Marikawa and Elinson, 1998). 

In culture, WNT signalling can be inhibited by targeting various levels of the pathway.  

Examples of pharmacologic compounds that have been shown to effectively inhibit 

WNT signalling are listed in Table 4.2. 

Here, niclosamide (2',5-dichloro-4'-nitrosalicylanilide), an anti-helminthic drug used for 

treatment of tapeworm infection in humans, was used to inhibit WNT signalling in 

human placental endothelial cells. Niclosamide is known to exert multiple inhibitory 

effects on the WNT pathway by promoting endocytosis of FZD receptors (Chen et al., 

2009b), degrading LRP5 and LRP6 (Lu et al., 2011), and inhibiting stabilisation of β-

catenin (Chen et al., 2009b). These inhibitory effects on WNT signalling are now 

identified as mechanisms for its potential as a cancer therapeutic agent (Arend et al., 



124 | P a g e  

 

2014; Lu et al., 2011; Ono et al., 2014). Its ability to inhibit WNT signalling at multiple 

levels, thereby non-specifically blocking all types of WNT action, makes it a suitable 

WNT inhibitor in human placenta-derived cells known to express many WNT genes and 

receptors. 

By treating human placenta-derived endothelial cells with niclosamide, it is anticipated 

that the drug will inhibit WNT signalling, causing instability of cadherins, 

disorganisation of adherens junctions and failure of TLS formation. Primary endothelial 

cells derived from placentas from FGR complicated placentas may be especially 

affected. And reversing WNT inhibition (by removing niclosamide) may rescue cells 

affected by impaired WNT signalling. Also, if WNT signalling in FGR endothelium is 

altered, the corresponding endothelial cells may be differentially sensitive to 

pharmacological modulators of the WNT pathway. 
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Table 4.2: Pharmacological inhibitors of WNT signalling in culture 

Compound Mechanism of action Reference 

Ant1.4Br/Ant 

1.4Cl 

Inhibits free WNT (no effect on membrane 

bound WNT) 

(Morrell et al., 2008) 

C59 Inhibits WNT secretion 

Inhibits WNT activation of β-catenin 

(Proffitt et al., 2013) 

Inhibitor of WNT 

production (IWP) 

Inhibits WNT secretion (Chen et al., 2009a) 

Niclosamide Inhibits WNT-stimulated β-catenin 

stabilisation 

Promotes FZD endocytosis 

Degrades LRP-5/6 

(Chen et al., 2009b; 

Lu et al., 2011) 

Apicularen Inhibits WNT-receptor complexes (Cruciat et al., 2010) 

Bafilomycin Inhibits WNT-receptor complexes (George et al., 2007) 

2,4-diamino-

quinazoline 

Inhibits β-catenin transcriptional activity (Chen et al., 2009c) 

Vitamin D 

(1-alpha, 25-

dihydroxyvitamin 

D3) 

Inhibits β-catenin transcriptional activity (Pendas-Franco et al., 

2008) 

Quercetin Inhibits β-catenin transcriptional activity (Park et al., 2005) 

Shizokaol D Inhibits endogenous WNT target genes (Tang et al., 2016) 

OMP-18R5 Inhibits WNT signalling by interacting with 

multiple FZD receptors 

(Gurney et al., 2012) 
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4.2 Materials and methods 

4.2.1 Cell culture 

All culture experiments were performed in a sterile microbiological safety cabinet. 

4.2.1.1 Cell types/lines 

Two types of human placenta-derived endothelial cells were used. Human umbilical 

vessel endothelial cells (HUVECs) were purchased from Lonza, USA. Human placental 

artery endothelial cells (HPAECs) were donated by Dr Paul Brownbill. These primary 

endothelial cells had been isolated from human placental chorionic plate arteries from 

normal and FGR placentas, and confirmed to be endothelial cells by 

immunohistochemical staining for endothelial specific markers (Jones et al., 2015). 

All HUVECs and HPAECs were used between the second and fifth passages. 

 

4.2.1.2 Growing cells to confluency 

For HUVECs, the cells were grown in 75cm2 cell culture flasks (Corning Inc, USA). To 

each flask, 15ml of pre-warmed culture media [endothelial basal medium-2 

supplemented with endothelial growth medium-2 (EBM-2 and EGM-2; Lonza, bullet kit 

catalogue number CC-3162)] was added, then left in incubator for 15 minutes. A vial of 

HUVECs was removed from cryogenic storage, the cells were quickly thawed by 

adding 1ml of warm serum-containing media to the vial. Thawed cells were added at 

1x106 cells/flask and mixed gently for even distribution. Flasks were left in an incubator 

(21% O2, 5% CO2, 370C) until cells had grown to 60% confluency.  

Due to a smaller quantity of cells available and extremely sparse distribution, hence 

poor survival, of HPAECs when cultured in 75cm2 flasks, the cells were grown in 
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25cm2 flasks. To each flask, 4ml of pre-warmed culture media [endothelial basal 

medium supplemented with endothelial growth medium-microvascular (EBM and 

EGM-MV; Lonza, bullet kit catalogue number CC-3125), vascular endothelial growth 

factor (VEGF; Lonza, catalogue number CC-4114A) and recombinant human fibroblast 

growth factor basic 146 amino acids (rhFGF basic; R&D Systems, catalogue number 

233-FB-025)] was added and incubated for 15 minutes. A vial of HPAECs was 

removed from cryogenic storage, the cells were quickly thawed by adding 1ml of warm 

serum-containing medium to the vial. Thawed cells were spun down in a centrifuge for 

5 minutes at 800rpm, re-suspended in 1ml of culture medium, added to each flask at 0.5 

x 106 cells/flask and mixed gently for even distribution. Flasks were left in an incubator 

(21% O2, 5% CO2, 370C) until 60% confluent.  

 

4.2.1.3 The tube-forming assay 

A schematic of the experimental set-up for the tube-forming assay is shown in figure 

4.2. Sterilised 12mm diameter coverslips (Thermoscientific Inc, UK) were placed in 18 

wells of a sterile 24 well cell culture plate (Corning Inc, USA) and coated with a thin 

homogenous spread of 80% matrigel basement membrane matrix (Corning B.V, The 

Netherlands). Plates were placed in a 370C incubator (21% O2, 5% CO2, 370C) for the 

gel to set. A flask of cells was washed thrice with sterile Hank’s balanced salt solution 

without Ca2+/Mg2+ (HBSS; Invitrogen) and trypsinised (Trypsin-EDTA; Lonza, 

catalogue number CC-5012) for few minutes to detach the cells (2ml trypsin per 75cm2 

flask, 1ml trypsin per 25cm2 flask). Serum-containing media [Dulbecco’s modified 

eagle’s medium (DMEM; Lonza) with fetal calf serum (FCS; Lonza)] was added to 

neutralise trypsin. Cells were spun down for 10 minutes at 1000rpm, then re-suspended 

in the appropriate culture media for the cell type. Cells were counted in haemocytometer, 

then seeded on matrigel-coated coverslips (figure 4.2A) at 10,000 cells/well and 
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incubated (21% O2, 5% CO2, 370C). By 6h post-seeding when cells had attached to 

matrigel (figure 4.4), 1µM niclosamide, dissolved in dimethyl sulfoxide (DMSO), was 

added to 6 wells, and equal concentration of DMSO (vehicle) was added to another 6 

wells (figure 4.2B). The final concentration of DMSO in each of these 12 wells was 

0.001% (1µl per 1000µl of culture media). The remaining 6 wells had only cells 

growing on matrigel. By 24h (36-48h for FGR HPAECs) post treatment when 

appropriate tubes had formed in the wells, images were captured with the x10 objective 

on a digital microscope (EVOS XL Core, AMG, ThermoFisher scientific, UK). For 

each coverslip, three images were captured using a random systematic approach and 

excluding the edges of the wells. Coverslips from three wells each in the untreated, 

niclosamide-treated and vehicle-treated cell groups were transferred into a new 24 well 

plate and the cells fixed as described in section 4.2.1.4 (figure 4.2C). The remaining 

three wells each of untreated, niclosamide-treated and vehicle-treated cells were rescued 

(figure 4.2C) by aspirating media and replacing with fresh warm culture media 

appropriate for the cell type. Rescued cells were cultured for a further 24 hours, imaged 

and fixed as in section 4.2.1.4. 

 

4.2.1.4 Fixation of cells 

Media was removed from each well by aspiration. Coverslips were washed thrice with 

PBS to completely remove media. Cells were fixed by adding 1ml of 4% PFA to each 

well for 30 minutes at room temperature. Subsequently, each coverslip was washed 

thrice with PBS to remove PFA, then each coverslip was covered with 1ml of PBS. 

Plates were sealed with parafilm to prevent evaporation and stored at 4oC. 
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Figure 4.2: Experimental set-up for tube-forming assay. 

For each experiment, sterilised coverslips were placed in 18 wells in a 24-well plate and 

coated with 80% matrigel (pink) before seeding the endothelial cells (H) on them as 

shown in A. Once the cells attached to matrigel, niclosamide (N) was added to 6 wells 

and the vehicle (V) was added to 6 wells as shown in B. At 24h post treatment, 

coverslips from 3 wells in each group were transferred into a new plate and fixed (F). 

Cells in the remaining wells were ‘rescued’ (R) by changing the culture media, shown 

in C. 
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4.2.1.5 Immunocytochemistry 

Cells on coverslips were placed in ammonium chloride (2.6mg/L in PBS) for 10 

minutes to quench auto-fluorescence and enhance antigenicity, then washed thrice in 

PBS and permeabilised in 0.5% Triton-X for 15 minutes at room temperature. The 

coverslips were washed again thrice in PBS and placed on a labelled sheet of parafilm 

in a dark humid chamber, with the cell covered surface facing up. Primary antibody, 

diluted in 1% BSA, was pipetted at 50µl/coverslip followed by overnight incubation at 

4oC. The primary antibodies used for the separate staining experiments included 

polyclonal rabbit cleaved caspace 3 (CC3; Abiob Biotechnology Inc, Germany) to mark 

apoptotic cells, monoclonal mouse anti-Ki67 (Dako, Denmark) to mark proliferating 

cells, and monoclonal rabbit anti-β-catenin (Sigma Aldrich, Germany) to demonstrate 

the effect of WNT inhibition by niclosamide on the cells. Cells were then incubated for 

2 hours at room temperature with the appropriate secondary antibody (an anti-species of 

the first antibody) conjugated with fluorescent dye (Alexa fluor 488; ThermoFisher 

Scientific, UK) and conjugated phalloidin (Alexa 568 phalloidin, ThermoFisher 

Scientific, UK) to mark actin filaments. Secondary antibody was washed off, followed 

by a 4′,6-diamidino-2-phenylindole (DAPI; ThermoFisher Scientific, UK) wash to mark 

nuclear DNA before cells were mounted on labelled slides using fluorescent mounting 

medium (Dako, Denmark). Stained coverslips were stored in the dark at 4oC ready for 

imaging. 

 

4.2.1.6 Microscopy 

Cells were imaged on a Zeiss Axio Observer Z1 inverted fluorescence microscope (Carl 

Zeiss Microimaging GmbH, Germany), using the attached Apotome accessory and Zen 

software to reduce background fluorescence and edit the images respectively.  
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4.2.1.7 Histochemical assessment for cellular senescence 

Niclosamide-treated cells were assessed using the senescent cells histochemical staining 

kit (Sigma Aldrich Inc, USA). The method is based on detection of SA-β-gal activity, 

which has been extensively used as a biomarker for senescence (Heo et al., 2013; Dimri 

et al., 1995). Following treatment, cells were fixed for 6 minutes at room temperature in 

20% formaldehyde, 2% glutaraldehyde, 70.4mM Na2HPO4, 14.7mM KH2PO4, 1.37M 

NaCl, and 26.8mM KCl. Fixed cells were washed with PBS, and incubated overnight 

with freshly prepared staining mixture (staining solution + potassium ferricyanide + 

potassium ferrocyanide + X-gal solution + distilled H2O) at 37oC in non-CO2 incubator. 

Cells positive for senescence stained blue. Images were captured with the x10 objective 

on a digital microscope (EVOS XL Core, AMG, ThermoFisher scientific, UK). For 

each coverslip, three images were captured using a random systematic approach and 

excluding the edges of the wells. Cells were overlaid with 70% glycerol solution and 

stored at 4oC. The experiment was repeated 5 times, each performed in triplicate. 

 

4.2.2 Data analysis 

4.2.2.1 Analysis of tube assay images 

Tube assay images were analysed using the Wimtube programme for tube formation 

assay (Wimasis Image Analysis, Germany) to quantify the cell covered area, tube length, 

number of tubes and branch points in each image (figure 4.3).  
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Figure 4.3: Example of an image analysed by the Wimtube programme. 

Cell covered areas are marked in blue, tubes marked in red, branching points marked in 

white and loops (completely connected tubes) numbered in yellow. 

 

 

4.2.2.2 Analysis of senescence images 

For quantification of senescence, the total number of cells and the number of cells 

positive for senescence (blue) in each image was counted. The mean number from the 

three fields from each experiment and the mean percentage of positive cells were 

calculated. 

 

4.2.2.3 Statistical analysis 

Statistical analyses were conducted using GraphPad Prism® 6 (version 6.04 GraphPad 

Software, Inc., USA). Normality of data distribution was tested by D’Agostino & 

Pearson omnibus normality test. Where data passed normality test, they were 
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represented as mean ± standard error of mean (SEM) and compared by t test, unless 

otherwise stated. Non-parametric data were presented as median and interquartile range 

(IQR) and compared by Mann Whitney test and Wilcoxon matched-pairs signed rank 

test for unpaired and paired data sets respectively, unless otherwise stated. A p value of 

<0.05 was considered to be statistically significant. 
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4.3 Results 

4.3.1 Placental endothelial cell behaviour in in-vitro angiogenesis 

As expected, the endothelial cells attached and formed TLS on matrigel after few hours 

of incubation (Figure 4.4). By 3h, seeded HUVECs were attached to matrigel beginning 

the process of tube formation. HUVECs formed TLS by 24h post seeding. Normal 

HPAECs were attached by 4h and formed tubes by 24h. FGR HPAECs, on the other 

hand, were slower. They required up to 6h and 36-48h to attach and form tubes 

respectively. 

 

 

Figure 4.4: Behaviour of HUVECs in in-vitro angiogenesis. 

When seeded on matrigel, human umbilical vein endothelial cells (HUVECs) attached 

to the underlying matrigel within 3h (left) and networked with one another to form tube-

like structures (right) by 24h post seeding. Scale bar represents 1000µm. 

 



135 | P a g e  

 

4.3.2 The effect(s) of WNT signalling inhibition on human placental endothelial 

cells in culture 

4.3.2.1 The vehicle (DMSO) had no effect on the behaviour of HUVECs in culture 

The vehicle used for dissolving niclosamide in this experiment was DMSO. Cells 

cultured with DMSO were compared with cells cultured alone on matrigel (control). As 

shown in figure 4.5, DMSO had no significant effect on the behaviour of HUVECs, 

including their ability to form TLS, compared to control. The mean percentage area of 

coverslip covered by cells was 23.66 ± 2.79% in the control group, similar to 22.49 ± 

2.71% in the vehicle group, p = 0.77. A mean of 108.40 ± 11.60 TLS were formed by 

cells in the control group, compared to 128.20 ± 12.85 TLS in the vehicle group, p = 

0.26; number of branch points was 33.02 ± 5.44 and 43.26 ± 7.46 in the control and 

vehicle groups respectively, p = 0.28; and tube length was only slightly longer in the 

vehicle group (16863 ± 1579mm compared to 14607 ± 1368mm in controls, p = 0.29). 

Having established this, data showing the effect of niclosamide treatment on the cells 

were represented on graphs as a percentage of the appropriate vehicle. 
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Figure 4.5: The effect of DMSO (vehicle) on HUVEC behaviour in culture. 

DMSO had no appreciable effect on the cells’ ability to form TLS. Control refers to 

cells cultured alone, vehicle refers to cells cultured with 1µM of DMSO. Data 

represents the mean ± SEM of n = 14 experiments. Each experiment was performed in 

triplicate. Normality of data tested and confirmed by D’Agostino & Pearson omnibus 

normality test. Comparison by Unpaired t test with Welch’s correction. P value 

considered significant if <0.05. 
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4.3.2.2 Niclosamide alters endothelial cell behaviour and inhibits TLS formation 

The ability of placenta-derived endothelial cells to form TLS on matrigel following 

treatment with Niclosamide was assessed to determine whether WNT inhibition affects 

placental angiogenesis. TLS was visibly reduced in wells containing niclosamide-

treated cells. Niclosamide’s effect was noticeable from 1µM concentration above which 

varying concentrations impaired TLS formation in a dose dependent manner, with 

≥2µM being toxic to the cells (figure 4.6). 
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Figure 4.6: Representative images showing the effect of varying concentrations of 

niclosamide on TLS formation by HUVECs in culture. 

Niclosamide visibly inhibited TLS formation in wells. The inhibitory effect was dose 

dependent; doses ≥1µM caused significant disorganisation of the cells and loss of their 

TLS formation ability. At doses ≥2µM, the cells were severely inhibited and a majority 

were rounded when treated with 5µM of niclosamide. Each scale bar represents 

1000µm. 
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Figure 4.7: The effect(s) of niclosamide on the behaviour of HUVECs in culture. 

Representative images showing poorer TLS formation by HUVECs treated with 1µM of 

niclosamide (B) compared with untreated HUVECs (A). Niclosamide had a significant 

negative impact on TLS formation (C, D, E and F). Data not normally distributed based 

on D’Agostino & Pearson omnibus normality test. Median + IQR of n = 14 experiments 

shown. Each experiment was performed in triplicate. Data analysed by Wilcoxon signed 

rank test, *p ≤ 0.05, **p ≤ 0.01. Scale bars in A and B represent 1000µm.  
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In this study, niclosamide was used at 1µM concentration. At this concentration, treated 

cells were observed to be poor at forming TLS (figure 4.7A and B) but remained 

otherwise viable. In wells containing niclosamide treated cells, median cell covered area 

was 60.69% (IQR 46.78 – 79.62%) of vehicle, p = 0.02 (figure 4.7C); median number 

of TLS formed was 58.73% (IQR 46.78 – 85.37%) of vehicle, p = 0.002 (figure 4.7D); 

median number of branch points was 59.04% (IQR 37.14 – 83.93%) of vehicle, p = 0.01 

(figure 4.7E); and the median length of tubes formed was 60.20% (IQR 43.75 – 77.47%) 

of vehicle, p = 0.003 (figure 4.7F). 

 

4.3.2.3 Niclosamide at 1µM dose does not affect endothelial cell survival 

4.3.2.3.1 Niclosamide treatment did not halt endothelial cell proliferation 

Like the untreated cells, niclosamide treated cells did show evidence of proliferation. 

The cells demonstrated positivity for the nuclear protein Ki67 (Figure 4.8), signifying 

that the cells were in active phases of the cell cycle. Also, in the untreated cells, actin 

filaments appeared stretched and continuous with one another (figure 4.8B), 

demonstrating networking in the cells to form TLS. In niclosamide-treated cells, 

however, actin filaments were short and did not network with neighbouring cells 

(Figure 4.8E). 
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Figure 4.8: Niclosamide-treated cells showed 

evidence of retained ability to proliferate. 

Representative images showing Ki67 positivity 

(green, inset and white arrows) which 

demonstrates proliferation in untreated as well 

as niclosamide-treated HUVECs. Cell nuclei 

are marked with DAPI (blue) and actin 

filaments around the cells which aid networking 

of the cells with one another during TLS 

formation are marked with phalloidin (red). 

Images A-C show the vehicle, D-F show 

niclosamide treated cells and G-I show isotype-

matched negative control (mouse IgG). Actin 

filaments are clearly short in niclosamide-

treated cells (E-F), suggesting inhibition of the 

cells’ ability to network with one another. Scale 

bars in each image represent 20µm.   
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4.3.2.3.2 Niclosamide treatment did not cause apoptosis in treated endothelial 

cells 

To determine whether the inhibition of TLS formation by niclosamide at the dose used 

(1µM) led to cell death, the cells were stained with antibody for cleaved caspase 3 

(CC3), a known marker of apoptosis. For positive control, cells treated with 5µM 

staurosporine, a known inducer of cell apoptosis via activation of caspase 3 (Chae et al., 

2000) were used. Apoptotic cells are characterised by changes in cell morphology such 

as DNA condensation and compacted nuclei, cells becoming spherical and clumping 

together in aggregates, and CC3 positivity. There was no appreciable difference in the 

quantity of CC3 positive cells in the niclosamide-treated and untreated cells (Figure 4.9). 

 

4.3.2.3.3 Niclosamide treatment did not increase senescence rate in treated 

endothelial cells 

To determine whether niclosamide induced senescence in the treated cells, causing loss 

of their ability to grow, divide and migrate, the rate of cellular senescence in treated and 

untreated cells was compared by the histochemical method. In all experiments, a few 

cells were observed to stain positive for senescence (blue stained cells in figure 4.10A 

and B) in both the treated and the untreated groups. The number of senescent cells was 

expressed as a percentage of the total cell population (figure 4.10C) and as a percentage 

of the number of senescent cells in the untreated group (figure 4.10D). In the untreated 

and treated cell populations respectively, the median percentage of senescent cells was 

11.96% (IQR 8.31 – 17.70%) and 11.76% (IQR 4.55 – 17.66%), p = 0.7. Median 

senescence positivity in niclosamide-treated cells was 59.09% (IQR 17.00 – 102.10%) 

of vehicle, p = 0.3. 
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Figure 4.9: Niclosamide-treated cells showed no 

evidence suggestive of apoptosis induction following 

treatment. 

Representative images showing niclosamide-treated 

and untreated HUVECs stained with cleaved caspace-3 

(CC3) antibody to check for cell apoptosis. 

Niclosamide treated cells were predominantly negative 

for CC3 suggesting that niclosamide at 1µM 

concentration does not cause apoptosis in the cells. Cell 

nuclei are marked with DAPI (blue), actin filaments are 

marked with phalloidin (red) and CC3 are marked with 

alexa 488 (green). Images A-C shows the vehicle, D-F 

shows niclosamide-treated cells, G-I shows positive 

control (cells treated with 5µM staurosporine, a known 

inducer of cell apoptosis via activation of caspase 3) 

and J-L shows isotype-matched negative control (rabbit 

IgG). Image scale is 10µm in A-F and 20µm in G-L.
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Figure 4.10: Niclosamide-treated cells showed no evidence of excessive senescence. 

Representative images showing presence of senescent cells among niclosamide-treated 

(B) as well as untreated (A) HUVECs populations. The percentage of senescent cells in 

both groups was similar (C) and the number of senescent cells among the treated cells 

did not differ from the untreated (D). Data represents the median and IQR of n = 5 

experiments. Each experiment was performed in triplicate. Comparison by Mann-

Whitney test in C and Wilcoxon signed rank test in D. Scale bars in A and B represent 

1000µm. 
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4.3.3 The response of endothelial cells to withdrawal of WNT inhibition post 

exposure to niclosamide 

To determine the response of the cells to withdrawal of WNT inhibition, niclosamide 

containing media was replaced with fresh media. As shown in figures 4.11 and 4.12, the 

cells were observed to have recovered from the WNT inhibitory effects of niclosamide 

by 24h post rescue. The cells regained their TLS forming ability (figure 4.11D), and 

neighbouring cells proceeded towards networking evidenced by their actin filaments 

extending towards one another (figure 4.12D), albeit haphazardly. 

By 24h post rescue, the median cell-covered area increased from 60.16% (IQR 43.95 – 

75.72%) to 101.6% (IQR 72.00 – 150.20%) of vehicle, p = 0.01 (figure 4.13A); median 

number of TLS increased from 57.11% (IQR 46.64 – 81.04%) of vehicle to 77.05% 

(66.79 – 123.90%) of vehicle, p = 0.03 (figure 4.13C); median number of branch points 

increased from 51.41% (IQR 34.29 – 78.33%) of vehicle to 75.71% (IQR 48.92 – 

183.50%) of vehicle, p = 0.03 (figure 4.13B); and median length of TLS increased from 

59.54% (IQR 39.86 – 74.11%) of vehicle to 84.54% (IQR 73.71 – 135.00%) of vehicle, 

p = 0.003 (figure 4.13D).  
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Figure 4.11: The response of niclosamide-treated endothelial cells to withdrawal of 

WNT inhibition. 

Representative images showing the behaviour of endothelial cells following withdrawal 

of niclosamide. Cells in A and C were treated with DMSO only and 1µM niclosamide 

dissolved in DMSO respectively for 24h (pre-rescue), then culture media was changed 

and the cells cultured for a further 24h (B and D; post rescue). Niclosamide treatment 

impaired TLS formation in the cells but did not kill them (C). Following removal of 

niclosamide, the cells resumed TLS forming activity although they appeared 

disorganised (D). Scale bar 1000µm. 
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Figure 4.12: Endothelial cell behaviour following rescue from WNT inhibition. 

Representative images showing the behaviour of endothelial cells in the presence and 

absence of niclosamide. Cell nuclei are stained with DAPI (blue) and actin filaments 

with phalloidin (red). Actin filaments appeared stunted in the niclosamide treated cells 

pre-rescue, characteristic of a lack of networking between the cells (C). Post rescue, the 

cells showed evidence of recovery. Actin filaments of each cell extended towards 

neighbouring cells, although the cells appeared disorganised compared to control. Scale 

bar 20µm. 
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Figure 4.13: Endothelial cells recovered from niclosamide-induced WNT inhibition. 

Pre-rescue bars represent cells cultured with niclosamide while post-rescue bars 

represent the same cells 24h after changing the culture medium. When the WNT 

inhibitory effect of niclosamide was removed, the cells showed strong evidence of 

recovery, with significant increases in the cell covered area (A), branch points (B), TLS 

formation (C) and TLS length (D). Data not normally distributed based on D’Agostino 

& Pearson omnibus normality test. Median + IQR of n = 13 experiments shown. Each 

experiment was performed in triplicate. Data analysed by Wilcoxon matched-pairs 

signed rank test, *p ≤ 0.05, **p ≤ 0.01.  
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4.3.4 The effect(s) of WNT signalling inhibition on endothelial cell behaviour in 

placentas from normal and FGR complicated pregnancies 

Having used HUVECs to validate the suitability of the tube forming assay to effectively 

study the effect of WNT inhibition on endothelial cells and how the cells respond to 

withdrawal of WNT inhibition, primary endothelial cells isolated from human placentas 

were studied using the assay. The human placental artery endothelial cells (HPAECs) 

were isolated from placentas donated by five women who had uncomplicated 

pregnancies and five women whose pregnancies were complicated by FGR. 

 

4.3.4.1 Demographic and clinical details of study participants 

The demographic and clinical details of the women and newborns whose placentas were 

used are shown in Table 4.3. At delivery, as expected, the median birth weight and 

individualized birth ratio (IBR) were significantly different between the normal and 

FGR-complicated clinical groups. Maternal age, body mass index, parity, smoking 

status, mode of delivery, gestational age at delivery and early gestation Doppler 

findings were not different. 

 

 

 

 

 

 

 



151 | P a g e  

 

Table 4.3: Demographic and clinical details of study participants 

 Normal (n = 5) FGR (n = 5) p value 

Maternal age, years 26 (26 – 3031) 26 (23 – 33) 0.79 

Maternal BMI, 

Kg/m2 

25 (24 – 28) 23 (22 – 27) 0.42 

Smoking, number 

(%) 

0/5 (0) 0/5 (0) > 0.99 

Parity 2 (2 – 3) 1 (1 – 3) 0.71 

Gestational age 

at delivery, days 

273 (270 – 276) 271 (252 – 276) 0.52 

Birth weight, g 3740 (3590 – 3825) 1980 (1890 – 2719) 0.008 

IBR, centile 75 (50 – 87) 1 (0.5 – 2.5) 0.008 

Mode of delivery, 

number (%) 

Vaginal 

Caesarean section 

 

 

0/5 (0) 

5/5 (100) 

 

 

1/5 (20) 

4/5 (80) 

 

 

> 0.99 

> 0.99 

Umbilical artery 

Doppler 

EDF present? 

number (%) 

PI 

 

 

5/5 (100) 

 

1.0 (1.0 – 1.1) 

 

 

5/5 (100) 

 

1.2 (0.9 – 1.4) 

 

 

> 0.99 

 

0.69 

 

Data shown are median and interquartile range (IQR) in parenthesis or in a number with 

percentage in parenthesis as appropriate. Comparisons by Mann Whitney U test; p ≤ 

0.05 is significant. BMI, IBR, EDF and PI represent body mass index, individualised 

birth weight ratio, end diastolic flow and pulsatility index respectively. 
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4.3.4.2 Niclosamide altered TLS formation in primary placental endothelial cells 

As expected, niclosamide-treated HPAECs, both normal and FGR, showed evidence of 

WNT inhibition compared to vehicle. In the normal and FGR HPAECs respectively, the 

median cell covered area was 67.05% (IQR 33.57 – 87.21%), p < 0.05 of vehicle and 

59.67% (IQR 32.23 – 94.75%), p <0.05 of vehicle (figure 4.14A); total branch points 

was 37.08% (IQR 19.25 – 68.49%), p < 0.05 of vehicle and 31.93% (IQR 12.72 – 

41.73%), p < 0.01 of vehicle (figure 4.14B); median number of TLS formed was 54.05% 

(IQR 33.72 – 70.89%), p < 0.05 of vehicle and 52.11% (IQR 34.74 – 66.00%), p < 0.01 

of vehicle (figure 4.14C); and total length of TLS was 54.83% (IQR 33.07 – 70.71%) of 

vehicle and 52.30% (IQR 38.40 – 77.12%), p < 0.05 of vehicle (figure 4.14D). 

Comparing the effects of niclosamide treatment on the normal and FGR HPAECs (see 

table 4.4), there was no significant difference in the cell-covered area (p = 0.67), total 

branch points (p = 0.41), number of TLS formed (p = 0.67) and total length of TLS (p = 

0.94).   



153 | P a g e  

 

 

Figure 4.14: Normal and FGR HPAECs showed evidences of WNT inhibition following 

niclosamide treatment.  

In both normal and FGR HPAECs, there were significantly less cell covered area (A), 

fewer branch points (B), poorer TLS formation (C), and reduced length of TLS (D), 

compared to vehicle. Data represents the median and IQR of n = 5 experiments each for 

normal and FGR HPAECs. Each experiment was performed in triplicate. Analysis by 

Kruskal-Wallis followed by Dunn’s test, *p ≤ 0.05, **p≤0.01. 
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Table 4.4: Effects of niclosamide treatment on normal and FGR HPAECs. 

 Normal FGR p value 

Cell-covered area 

(% of vehicle) 

 

67.05 (33.57 – 87.21) 

 

59.67 (32.23 – 94.75) 

 

0.67 

Branch points 

(% of vehicle) 

 

37.08 (19.25 – 68.49) 

 

31.93 (12.72 – 41.73) 

 

0.41 

Number of TLS 

(% of vehicle) 

 

54.05 (33.72 – 70.89) 

 

52.11 (34.74 – 66.00) 

 

0.67 

Total length of TLS 

(% of vehicle) 

 

54.83 (33.07 – 70.71) 

 

52.30 (38.40 – 77.12) 

 

0.94 

 

Data shown are median and interquartile range (IQR). Comparisons by Mann Whitney 

test; p ≤ 0.05 is significant. TLS represents tube like structures. 
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4.3.5 Normal and FGR placental endothelial cells showed evidence suggestive of 

differential recovery from the WNT inhibitory effects of niclosamide  

As depicted in figure 4.15, TLS formation in both the normal and the FGR HPAECs 

showed an upward trend post rescue, particularly significantly in the FGR HPAECs, 

suggesting that the cells recovered from WNT inhibition following withdrawal of 

niclosamide. The median cell covered area by the normal HPAECs increased slightly 

from 67.05% (IQR 33.57 – 87.21%) to 70.68% (IQR 58.85 – 108.20%) of vehicle while 

that covered by the FGR HPAECs increased significantly from 59.67% (IQR 32.23 – 

94.75%) to 104.70% (52.71 – 225.60%) of vehicle (figure 4.15A); total branch points 

increased from 37.08% (IQR 19.25 – 68.49%) to 57.50% (IQR 49.69 – 127.00%) of 

vehicle in normal HPAECs and from 31.93% (IQR 12.72 – 41.73%) to 76.24% (38.35 – 

257.10%) of vehicle in the FGR HPAECs (figure 4.15B); median number of TLS 

formed by the normal HPAECs increased from 54.05% (IQR 33.72 – 70.89%) to 78.24% 

(IQR 69.03 – 111.40%) of vehicle and TLS formed by FGR HPAECs increased from 

52.11% (IQR 34.74 – 66.00%) to 107.70% (IQR 52.61 – 186.30%) of vehicle (figure 

4.15C); and total length of TLS increased from 54.83% (IQR 33.07 – 70.71%) to 81.04% 

(IQR 72.69 – 111.20%) of vehicle and from 52.30% (IQR 38.40 – 77.12%) to 102.90% 

(IQR 55.34 – 179.50%) of vehicle in the normal and FGR HPAECs respectively (figure 

4.15D).  
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Figure 4.15: Normal and FGR HPAECs showed evidence of recovery following 

withdrawal of WNT inhibition. 

Pre-rescue bars represent cells cultured with niclosamide while post-rescue bars 

represent the same cells 24h after changing the culture media. Post rescue from 

niclosamide, the cell covered area, number of branch points, number of TLS and length 

of TLS in both groups increased. These increases were statistically significant in the 

FGR HPAECs. Data represents the median and IQR of n = 5 experiments each for 

normal and FGR HPAECs. Each experiment was performed in triplicate. Analysis by 

Friedman followed by Dunn’s test, *p ≤ 0.05, **p ≤ 0.01. 
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4.4 Discussion 

Despite evidence of the detrimental effects of abnormal WNT signalling on mouse 

placental vascularisation (Monkley et al., 1996; Ishikawa et al., 2001; Parr et al., 2001), 

investigation of the role of WNT signalling in human placental vascularisation is still 

lacking. Although it is unknown whether the placental vascular abnormalities found to 

be associated with FGR (described in the earlier chapters of this thesis) precede or 

follow the onset of growth failure in the fetus, a possible aetiology is impaired 

angiogenesis.  

 

4.4.1 Optimisation of the tube forming assay for WNT signalling investigation 

Formation of interconnected TLS is a highly specific characteristic of endothelial cells 

when plated on reconstituted basement membrane matrix such as matrigel (Kleinman 

and Martin, 2005; Kubota et al., 1988). In many in-vitro studies of both physiological 

and pathological angiogenesis, using a variety of endothelial cell lines, the tube-forming 

assay has been employed to replicate the steps involved in the natural process [see 

(Menden et al., 2015; Liao et al., 2012; Kawasaki et al., 2000; Li et al., 2016; Zhang et 

al., 2016; Ramaesh et al., 2010) to mention a few]. Tube assays are extensively used to 

investigate how angiogenic and anti-angiogenic factors affect angiogenesis. In addition, 

the assay is reproducible, and the formed TLS are quantifiable. 

In this study, an experimental model based on tube formation was designed to 

investigate how WNT signalling may be involved in altering human placental 

vascularisation in FGR. The designed experiment was initially tested on endothelial 

cells derived from human umbilical vein (HUVECs) because these have been widely 

shown to form TLS on matrigel. However, demographic and clinical details of samples 

from which commercial HUVECs are derived are unknown. This necessitated the use of 
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a more suitable endothelial cell model for the comparison required in this study. Hence, 

primary endothelial cells isolated from chorionic plate arteries (HPAECs) from normal 

and FGR human placentas, with known donors, were used. 

Precautionary measures were taken to ensure maximum tube formation: firstly, cells 

were plated between the second and the fifth passages because following replicative 

passaging, usually after the fifth passage, endothelial cells begin undergoing senescence 

(AbuBakar et al., 2014). Secondly, pilot experiments were performed to optimise the 

cell seeding density for both cells lines used. For both HUVECs and HPAECs, maximal 

response was established using ~10,000 cells per well in a 24-well plate. 

There are many WNT genes and receptors involved in human placental angiogenesis. 

The choice of niclosamide as WNT signalling inhibitor was based on its ability to non-

specifically antagonise the pathway at multiple levels – degrading LRP5 and LRP6 (Lu 

et al., 2011), endocytosis of FZD receptors (Chen et al., 2009b) and destabilisation of β-

catenin (Chen et al., 2009b).  

 

4.4.2 Impaired WNT signalling hinders tube formation during human placental 

angiogenesis  

Angiogenesis involves multiple steps, including cell proliferation, migration and tube 

formation. In the current study, we investigated whether niclosamide-induced WNT 

signalling inhibition alters endothelial cell behaviour, more precisely their tube 

formation activity. The results demonstrate that niclosamide significantly inhibits tube 

formation in human placental endothelial cells in-vitro. The vehicle was demonstrated 

to have no appreciable effect on the cells.  
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Niclosamide is known to inhibit migration and proliferation of cancer cells (Osada et al., 

2011; Satoh et al., 2016) and was, in a very recent study, shown to suppress chemotactic 

migration, proliferation as well as formation of TLS in HUVECs (Huang et al., 2015). 

Our findings agree with this latest report and add that niclosamide also inhibits 

angiogenesis in chorionic artery-derived endothelial cells (HPAECs). In our study, the 

endothelial cells did not lose their ability to proliferate following niclosamide treatment, 

neither did they become apoptotic or senescent. This suggests that niclosamide had no 

effect on the viability and survival of the cells, as similarly shown in a recent 

assessment of  HUVEC cell viability after niclosamide treatment (Huang et al., 2015). 

FGR HPAECs demonstrated an innate slower ability to form tubes than normal, 

requiring up to double the 24h it took normal HPAECs and HUVECs to form tubes. 

However, the eventual impact of niclosamide on the cells was not different. While TLS 

formation was significantly inhibited in both normal and FGR HPAECs treated with 

niclosamide compared to those untreated, there were no differences between the effects 

of niclosamide on the FGR HPAECs compared to the normal HPAECs.  

 

4.4.3 The effects of WNT signalling impairment on angiogenesis can be halted 

and reversed in placental endothelial cells 

We further investigated the responses of the endothelial cells to withdrawal of 

niclosamide-induced WNT signalling antagonism. We found that all the placental 

endothelial cells were capable of regaining their TLS-forming potential once the WNT 

inhibitory stimulus was removed. This further confirms that the cells were not forced 

into biological aging, or killed by niclosamide, but they probably became quiescent, 

with reduced networking behaviour. FGR HPAECs in particular showed a significant 

trend of recovery that suggests that they responded better than normal HPAECs when 
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rescued. The reason for this is unclear, but the rebound response may be an indication of 

chronic WNT signalling dysfunction in the FGR HPAECs. A repeat of the recovery 

experiments using agonists of the WNT signalling pathway may be useful to confirm 

this phenomenon. Also, it may be that the FGR HPAECs have an inherent ability to 

cope with and recover from stress due to their prolonged exposure to the disease state in 

vivo. Indeed, these cells (the same FGR HPAECs used in our experiments) have been 

shown to exhibit increase in endothelial nitric oxide synthase expression as well as 

increased flow-mediated shear stress-induced nitric oxide production compared to the 

normal HPAECs (Jones et al., 2015). 

 

4.4.4 Strengths and limitations of the study 

To our knowledge, this study is the first to show that human placental endothelial cells 

can recover from abnormal WNT signalling-induced inhibition of angiogenesis. Also 

novel was the use of HPAECs to compare the effects of WNT signalling inhibition on 

angiogenesis in normal and FGR placentas, as well as the responses of the cells to 

withdrawal of WNT inhibition. Many previous placenta-related angiogenesis studies 

have used HUVECs as these are commercially available. However, HUVECs are 

derived from the umbilical vein, and so are representative of umbilical cord rather than 

placental vessels. In addition, the demographic or clinical details of donors of 

commercial HUVECs are usually not available, making HPAECs more appropriate for 

the comparisons in this study. 

Human placental vein endothelial cells (HPVECs) are structurally not similar to 

HPAECs. While HPAECs are polygonal with smooth surfaces, HPVECs are spindle-

shaped with rough surfaces (due to presence of numerous microvilli) and are more 

difficult to isolate (Lang et al., 2008). In addition, at confluence, HPAECs are arranged 
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in loose monolayers having a cobblestone appearance while HPVECs form tighter 

bonds with one another with a swirl-like morphology (Lang et al., 2008). Also, 

chorionic endothelial cells are more stable compared to villi endothelial cells (personal 

communication with Dr Paul Brownbill, July 2016). These differences raise the 

suspicion that the endothelial cells may behave differently. While we have shown really 

interesting discoveries with the HPAECs, it will be further interesting to investigate 

WNT signalling in HPVECs, to compare responses of HPAECs and HPVECs, and also 

examine endothelial cells from every vascular level in the placental vascular tree down 

to the capillaries.  

A factor that may have affected responses of the cells is that they had been in cryogenic 

storage prior to these experiments. Very recently, TLS formation was shown to be lower 

in previously cryopreserved compared to fresh HUVECs (Marquez-Curtis et al., 2016). 

However, the cells used in this study formed appropriate TLS and were capable of 

eliciting the responses and differences we aimed to investigate. 

 

4.4.5 Summary 

To summarise, we have demonstrated an in-vitro model of WNT signalling in human 

placental endothelial cells. Our findings show that WNT signalling inhibition causes 

endothelial quiescence, which is completely reversible. The possibility of successfully 

correcting WNT signalling impairment in human placental endothelial cells, especially 

in FGR cells, may provide a new focus for developing therapeutic agents to enhance 

placental vascularity in FGR complicated pregnancies. 
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5 Chapter 5: General discussion 
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5.1 Overview 

The goal of the three studies reported in this thesis was to address two major research 

questions: 

1. Is the FGR placenta panhypovascular? 

2. Can angiogenesis be induced or enhanced to improve placental vascularity? 

Here in this final chapter, the main points from each study are brought together for a 

concluding discussion. 

 

5.1.1 Is the placenta panhypovascular in FGR? 

Although our preceding studies and those of other research groups provided substantial 

evidence of intravillous hypovascularity [or more appropriately, hypocapillarity] and 

hypovascularity at chorionic arterial level in FGR placentas (Junaid et al., 2014; Chen et 

al., 2002; Krebs et al., 1996; Almasry and Elfayomy, 2012; Mayhew et al., 2004), the 

main feto-placental vascular abnormalities identified to be associated with FGR in the 

current studies are vessel length discrepancies and altered endothelial cell behaviour. 

While these add to the growing evidence of dysvascularity in the FGR placenta, our 

finding of similar total number of vessels in the normal and FGR casts, as well as 

comparable degree of tortuosity discounts our panhypovascularity hypothesis. This 

implies that although hypovascularity involves specific vascular levels, there may be 

compensation at other levels and this may explain the observation of differential 

vascularity at the stem, intermediate and terminal levels of the villi [specifically, 

hypovascularity in stem and intermediate villi but hypervascularity in terminal villi] in 

some FGR placentas (Todros et al., 1999). Altered vessel lengths, particularly increased 

venous length, may be a reflection of such underlying compensation. 
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It is worthy to restate here that the findings reported in this thesis involves vessels at 

vascular levels ≥100µm in diameter i.e. excludes the capillaries and many arterioles and 

venules smaller than 100µm. While the casts did include all vascular levels (down to 

10µm which is definitely at the capillary level), our imaging and analyses approach 

permitted limited examination. We tried to develop the clearing method (reported in 

chapter 3) so we could see the intermediate vessels more clearly and potentially study 

vessel topology with more depth but the approach was unsuccessful. The applicability, 

strengths and limitations of the techniques are detailed in the corresponding chapters. 

In principle, vessel length discrepancies could be because of altered angiogenesis; 

however, whether the longer venous path is a well-disseminated even increase in venous 

length or is focussed on specific area(s) of the placenta is unknown. A key fact to 

remember is that more doesn’t necessarily imply better. While vessel elongation may 

suggest adequate coverage of the placenta, predictions from mathematical models of 

villous geometry are that increased vessel length has a non-linear or even inverse 

relationship with oxygen uptake at the distal villi (Lin et al., 2016). 

Furthermore, we observed alterations in the behaviour and response of FGR placental-

derived endothelial cells to addition and withdrawal of stress stimulus in static culture 

(see chapter 4). This may indicate that the parent vessels from which the cells were 

isolated respond abnormally to similar stress in vivo, with consequences for materno-

fetal nutrient exchange and transfer. 

In light of these findings, available evidence so far rules out panhypovascularity but 

strongly supports dysvascularity in FGR placentas. 
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5.1.2 Can angiogenesis be induced or enhanced to improve placental vascularity? 

Therapeutic approaches for FGR in human pregnancy have hitherto been largely 

unsuccessful although there are some promising reports from preclinical studies using 

animal models (Dilworth et al., 2013; Stanley et al., 2012; Richter et al., 2009; Lassala 

et al., 2010) and few small-scale clinical trials (von Dadelszen et al., 2011; Xiao and Li, 

2005) while some large-scale clinical trials are still ongoing (Ganzevoort et al., 2014; 

Alers et al., 2013; Hobson et al., 2013). This suggests that current measures may not be 

addressing the underlying mechanisms involved in the pathology. Our findings of 

altered angiogenic behaviour/response of human placental endothelial cells following 

in-vitro pharmacological manipulation suggests that impairment of WNT signalling 

may play a role in defective angiogenesis and consequent dysvascularity in the FGR 

placenta. Likewise, the demonstrated ability of the endothelial cells to recover, 

regaining their angiogenic potential following withdrawal of WNT inhibition provides 

compelling evidence that impaired WNT signalling may indeed underlie defective 

vascularisation in FGR placentas. More importantly, these evidences suggest the need to 

explore the WNT pathway as a potential new target for therapeutic interventions to 

correct placental dysvascularity in FGR. Therapeutic angiogenesis (administration of 

exogenous agents to induce angiogenesis and restore vascularity in vivo) is an on-going 

focus of many studies aimed at developing alternative, non-surgical, non- or minimally-

invasive treatment options for conditions such as limb ischemia (Deev et al., 2015; 

Makinen et al., 2002), ischemic renal injury (Logue et al., 2016), and myocardial 

infarction (Awada et al., 2015; Garbern et al., 2011). Indeed, a recent report on how 

pravastatin ameliorated placental vascular defects and improved fetal growth in mouse 

models of FGR with glucocorticoid-excess-induced underdevelopment of the placental 

vasculature (Wyrwoll et al., 2016) provides persuasive indication of the potential of 

WNT-signalling-modulating therapeutics in the management of fetal growth restriction. 
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It is worthy to note that pravastatin, though primarily a lipid-lowering drug, is a known 

activator of WNT signalling (Jiang et al., 2014). Therefore, administration of 

pharmacological, human placenta-specific agonists of WNT signalling to stimulate 

neovascularisation may be an exciting new target for consideration in management of 

the pregnancy complication.  

 

5.2 Physiological relevance: potential effect(s) of placental dysvascularity on fetal 

growth 

Fetal growth depends critically on sufficient blood flow through the placental vessels. 

The physical laws regulating flow through conduits, such as blood vessels, are that the 

rate of flow is inversely proportional to the resistance to flow within the vessels, as long 

as the pressure at which the blood is propelled remains controlled (Clark et al., 2015). 

As an equation, 

F α ∆P 

        R 

where F is the rate of flow, ∆P is the change in pressure and R is the resistance to flow 

within the vessels. This implies that in a hemodynamically stable state, blood flow 

through the network of placental vessels, and by extension fetal growth, depends 

ultimately on the resistance of the vessels to the flow of blood within them. While the 

radius of a vessel is the major determinant of resistance to flow within the vessel, other 

important determinants include vessel length, spatial arrangement of the vessels, and the 

viscosity of the blood. All these factors have combined effects on vessel resistance, as 

explained by Hagen-Poiseuille’s equation  

    R α  8ηL  

                       π r4 
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which implies that the resistance (R) within a vessel is directly proportional to the 

length (L) of the vessel and the viscosity of the blood (η) flowing through the vessel, 

and inversely proportional to the radius of the vessel to the 4th power (r4) (Clark et al., 

2015). 

Thus, in the dysvascular FGR placenta, the sparse vascular network, length 

discrepancies and impoverished vascularity may contribute to worsen the vascular 

resistance, causing poor blood flow to and from the fetus. Indeed, in ex vivo perfusion 

studies, FGR placental vessels demonstrated high resistance and poor flow-mediated 

vasodilation (Jones et al., 2015) and there are predictions that suggest that features of 

placental dysvascularity (such as abnormal vessel length) have negative implications for 

materno-fetal oxygen exchange and transfer (Lin et al., 2016). 

 

5.3 Conclusion 

This thesis has advanced our understanding of the state of feto-placental vascularity in 

FGR complicated pregnancies. The most significant results from this project may be 

summarised as follows: 

1. The FGR placenta is dysvascular but not panhypovascular 

2. Potentially, placental vascularity may be improved by inducing/enhancing 

angiogenesis in the FGR placenta 

The possibility of improving vascularity in a diseased placenta implies the possibility of 

improving placental blood flow and, by extension, nutrient and oxygen delivery to the 

fetus. This is a potential area to explore further and target for development of more 

appropriate interventions for fetal growth restriction. 
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5.4 Recommendations for future research 

Some scientific gaps were identified in the course of this project as requiring further 

investigation. 

Improved definition of altered feto-placental vascularity in FGR 

 Develop technique for full account/examination of the entire feto-placental 

vessel networks in an intact state. The techniques and analyses employed in this 

thesis only permitted a near-full account (we had a ≥100µm threshold). Imaging 

in a more advanced scanner with higher resolution may allow a more complete 

account. 

 We encountered many challenges with the clearing technique, but the approach 

may be productive given funding to cover the costs of the large amounts of 

reagents and antibodies required for a whole placenta. Also, imaging, analyses 

and quantification methods for the technique need to be developed. 

 Perform cell biology to find out why venous circuit is longer and investigate 

possible intrinsic differences in angiogenic responses in the arterial and venous 

systems. 

 It will be interesting to determine the exact week (gestational age) that placental 

vascular alterations begin during pregnancy, and to correlate this with the time 

of onset of growth restriction. 
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Further investigation of WNT signalling in FGR 

 We have tested response of endothelial cells to withdrawal of WNT signalling, it 

will be interesting to go further by observing the response of these cells to 

activation of the pathway by agonists. 

 Since chorionic and villi vessels differ in origin and function, there is a need to 

compare WNT signalling in chorionic vessel endothelial cells (HPAECs and 

HPVECs) and endothelial cells from villi vessels. For the villi vessels, there is 

need to develop a method to differentiate arterioles from venules. During the 

course of this project, this was attempted by staining villi samples with EphB4 

antibody but the approach was not successful (see appendix 4 and figures 5.25 – 

5.27). 

 

Implications for placental function 

 It will be necessary to investigate the specific impact of each abnormality 

observed in the FGR feto-placental vasculature on placental function. 
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Appendix 1: Protocol for analysis of micro-CT data on Avizo 

Steps involved 

1. Obtain voxel size of the data 

2. Open data in Avizo 

3. Volume rendering of data 

4. Cropping 

5. Apply scale bars & grids 

6. Segmentation of data 

7. Measurements 1: Volume and Area 

8. Skeletonisation 

9. Measurements 2: Length, number of branch points 

10. Measurements 3: Diameter, Length, manual measures 

11. Taking snapshots 

 

1. Obtain voxel size of data 

 Locate the .vgi file of the data e.g RFMB29.vgi 

 Right click the file 

 Open with notepad 

 Scroll down to resolution, note the value (the 3 values represent the X, Y & 

Z planes respectively) 
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 Scroll further down to verify the unit e.g mm 

 

2. Open data in avizo 

 Start Avizo standard 

 Click “open data” in project view 

 Locate and open the data stored in .tif format 

 Copy all the .tif files (Ctrl A), then click open 

 Type in the voxel size obtained in section 1 above (in the 3 boxes) 

 Click ok 

 

3. Volume rendering of data 

 Right click the imported data in project view 

 Click volume rendering 

 Adjust the colourmap to get rid of background grey scale/noise (change 

numbers until you achieve a desirable view) 

 Click view on the top pane, choose “background”, choose “uniform” and 

change colour as desired, then click ok 

 

4. Cropping 

 Right click the data 
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 Go to “compute” 

 Go to “volume edit” 

 Change from “Draw” to “Tadbox” 

 Change from “Box” to “Cylinder” 

 Change axis to “Z axis” 

 Click the “outside” box on “cut” 

 Click apply 

 This creates another data in the project view with the suffix “modif*” 

 Deactivate the former data 

 Do volume rendering for the new data (as in section 3 above) 

 Rotate the new 3D image to view its base/background and crop any 

background noise as follows: 

- Right click the data, choose orthoslice 

- Move the slice line to separate the data from  the background noise 

(move slice number) 

- Click the “clip” tool to crop off the noise 

- Deactivate orthoslice 

 Rotate the data back to position 

5. Apply scale bars & grids 

 Right click data 
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 Click “annotate” 

 Choose “scale bars” or “local axis” (whichever is required) 

 Change colour from the background/default colour (default is white) 

 Change unit to what is desired e.g mm 

 Change font and select its colour as desired 

 Adjust scale bars as desired 

 Apply grids if necessary 

 

6. Segmentation of data 

 Right click data, scroll to “image segmentation”, choose “edit new label field” 

 View in 4 viewers mode (viewers 0, 1, 2 & 3) 

 

0 

 

1 

 

 2 

 

3 

 

0 = 3D view 

1 = XY 

2 = XZ         slice planes 

3 = YZ 

 Choose the XY slice, change to 2 viewer mode 

 Tick show in 3D 
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 Tick all slices 

 Use zoom tools to zoom in to show a perfect circle of slice XY (whole data 

in view) 

 Set “data window” to 37 & 100 (or whichever values you’ve been working 

with from the beginning) 

 Use magic wand tool or threshold tool to select data to segment 

 Selected data turns red, adjust slider to create your selection 

 Use eraser tool to clean off errors 

 Tick “all slices”  

 Click the   sign to add the selection for analysis 

 You can change the title “inside” to whatever you want to use 

 

7. Measurements 1: volume and area 

 Click segmentation at the top pane 

 Click material statistics 

 You will obtain the volume in mm3 and area in mm2 (use the inside data, 

ignore the exterior ones) 

 

8. Skeletonisation 

 Right click labels (green in project view) 
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 Scroll down to image morphology 

 Click autoskeleton 

 Click apply at the bottom of the page 

 Click spatial graph view on project view to modify parameters as follows: 

- Turn nodes on or off 

- Change node colour 

- Change segment styles – choose tubes 

- Change colour of segments/tubes 

- Change tube scale from “constant” to “thickness” 

- Adjust tube scale factor 

- Change segment colouring from “constant” to “thickness” 

- Change segment colourmap to physics.icol (click edit and choose 

physics.icol) 

- Double click the colour gradient shown, physics.icol data will appear in 

project view. Right click the physics.icol data, choose annotate, choose 

colourmap legend 

- Tick custom text 

- Change font colour to black (default is white) 

- Type in values with desired unit in apostrophe e.g 0/”0 mm” 0.5/”0.5 

mm” 1/”1 mm” to replace the low, medium and high in the default 

settings 
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9. Measurements 2: length, number of branch points 

 Right click spatial graph data in project view 

 Choose measure 

 Click spatial graph statistics 

 Click apply 

 Right click on the resultant green data “Smt.statistics” in project view 

 Scroll to compute and click “spreadsheet filter” 

 Click “show spreadsheet” 

 

10.   Measurements 3: diameter, length, manual measures 

 Convert spatial graph to line set  

- Right click the Smt.SptGraph data 

- Scroll to “convert” and click “spatial graph to line set” 

- Click apply 

- Click on the resultant data in project view 

- Click the ruler icon in the top pane 

- Draw line to measure 
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11. Taking snapshots 

 Take snapshots at any point by clicking on the camera icon in the top pane 

(put scale bars or colourmap legend, as in sections 5 and 8 respectively, 

before taking snapshot, if necessary) 
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Appendix 2: Protocol for analysis of micro-CT data on Analyze 

Steps involved 

1. Load data on Analyze workspace 

2. Pre-process/Segment/Threshold 

3. Generate tree map 

 

1. Load data on Analyze workspace 

 Open Analyze and click file 

 Choose import/export 
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 On import/export page, click tools and choose volume tool 

 

 

 

 

 Click wild cards 

 

 

 Find the CT slices (in .tiff format) in your directory 

 Click apply and save as .vol file. 
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 Close import/export page 

 Back in Analyze workspace, click “file” and choose “load as” 



219 | P a g e  

 

 

 

 Find and load the .vol file you just saved 

 Click subregion (at the top), then click interactive (below) 

 Choose the slices you wish to load from the image viewer that appears and 

click done 

 

 

 Click resize, tick force cubic, change voxel size from 1 to 2 

 Click load and wait for the .vol to load into the workspace. 
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2. Pre-process/Segment/Threshold 

 Click segment and choose volume edit 

 

 On the new page that opens, tick display, click semi-automatic and tick 

threshold 

 Then threshold by adjusting the slider on the page 

 When you finish with thresholding, click define object (save object map here if 

you want – click file and choose save object map) 
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 Click view, then objects, save as binary, save to disk in your format of choice, 

then save to analyze workspace (this must be done) and click done. 
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3. Generate tree map 

 Choose the binary object you saved on Analyze workspace 

 Click measure 

 Choose tree analysis 

 

 Click other 

 Click options and untick display obliques, then click done 

 Click generate 

 Click slice, you can look at the slices by sliding the slice slider (don’t 

touch the increment and number sliders) 

 Click done 
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 Click generate, generate tree, then generate tree again 
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 Once tree(s) open, combine the trees as necessary 

 Tick map, when tree map loads, save as pdf (right click, choose print, 

choose save as pdf) 

 Click stats and calculate stats for analyses results. 
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Appendix 3: Analyze tree maps for all samples 

The tree maps generated from all twenty-four casts are shown in figures 5.1 – 5.24. 

Each tree has been compressed and resized to fit on the pages of this thesis. A 

screenshot of part of an original tree is shown in chapter 2 (figure 2.6). As explained in 

figure 2.6, the yellow dot at the top of each tree represents the root of all the vessels 

(umbilical cord insertion point). True branch points and terminal branch points are 

marked in blue and red dots respectively. Branching is mostly by bifurcation, with 

daughter vessels represented by coloured lines (one yellow and the other green). 

Occasionally, there were three branches from a parent vessel and a pink line represented 

the third vessel. 
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Figure 5.1: Normal arterial tree 1 
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Figure 5.2: Normal arterial tree 2 

 

 

 

 

Figure 5.3: Normal arterial tree 3 
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Figure 5.4: Normal arterial tree 4 
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Figure 5.5: Normal arterial tree 5 
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Figure 5.6: Normal arterial tree 6 
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Figure 5.7: Normal venous tree 1 
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Figure 5.8: Normal venous tree 2 
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Figure 5.9: Normal venous tree 3 

 

 

 

 



234 | P a g e  

 

 

Figure 5.10: Normal venous tree 4 
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Figure 5.11: Normal venous tree 5 
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Figure 5.12: Normal venous tree 6 
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Figure 5.13: FGR arterial tree 1 
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Figure 5.14: FGR arterial tree 2 

 

 

 

Figure 5.15: FGR arterial tree 3 

 

 



239 | P a g e  

 

 

 

Figure 5.16: FGR arterial tree 4 
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Figure 5.17: FGR arterial tree 5 
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Figure 5.18: FGR arterial tree 6 
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Figure 5.19: FGR venous tree 1 
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Figure 5.20: FGR venous tree 2 
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Figure 5.21: FGR venous tree 3 
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Figure 5.22: FGR venous tree 4 
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Figure 5.23: FGR venous tree 5 
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Figure 5.24: FGR venous tree 6 
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Appendix 4: Attempts to distinguish arteriole and venule identity 

Arteries and veins are distinguishable based on diameter and muscle wall thickness 

(arteries are usually more muscular), but this applies majorly to large calibre vessels and 

perhaps some arterioles and venules. Smaller calibre arterioles, venules and capillaries 

are harder to distinguish, especially in histologic sections. Attempts, using whole mount 

preparations (figure 5.25), immunohistochemistry (figure 5.26) and 

immunofluorescence (figure 5.27), were made to identify placental villi venules by 

marking with EphB4 (a venous specific marker). The results were inconclusive (see 

images below). 
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Figure 5.25: Whole mount sections of placental villi. 

AAL (aleuria aurantia lectin) marks blood vessels; αSMA (alpha smooth muscle actin) 

marks smooth muscle; EphB4 marks venous structures. As shown in the top left and top 

right images, the villi were positive for AAL (red) as well as αSMA (green), confirming 

presence of blood vessels. However, while the bottom left and bottom right images 

demonstrated villi positivity for AAL (red), there was no EphB4 (green) positivity. 

Scale bars represent 1000µm. 
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Figure 5.26: Histologic sections of placental villi stained with vascular probes. 

Villi vessels were strongly positive (brown) for CD34, an endothelial cell marker (top 

right) but no specific EphB4 positivity was demonstrated (bottom). Scale bars represent 

100µm. 
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Figure 5.27: Histologic sections of placental villi stained with fluorescent vascular 

probes. 

Villi vessels were positive (green) for CD34, an endothelial cell marker (top right) but 

no specific EphB4 (green) positivity was demonstrated (bottom). DAPI (blue) positive 

structures are nuclei. Magnification x10. 


