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Abstract 

Deficient trophoblast invasion and spiral artery remodeling are associated with pregnancy 

complications such as pre-eclampsia (PE) and fetal growth restriction (FGR). Using a model in 

which pregnant Wistar rats are given daily, low-dose, injections of bacterial lipopolysaccharide 

(LPS; 10 – 40 µg/kg) on gestational days (GD) 13.5 – 16.5, our group has shown that abnormal 

maternal inflammation is causally linked to shallow trophoblast invasion, deficient spiral artery 

remodeling, and altered utero-placental hemodynamics leading to FGR/PE; these alterations were 

shown to be mediated by TNF-. The present research evaluated certain consequences of 

decreased placental perfusion; this was accomplished by examining placental alterations 

indicative of decreased placental perfusion. Additionally, the role of glyceryl trinitrate (GTN) was 

determined as a potential therapeutic to prevent the consequences of decreased placental 

perfusion. Results indicated that dams experiencing heightened maternal inflammation showed 

significantly greater expression of hypoxia-inducible factor-1 (HIF-1) and nitrotyrosine, both 

of which are markers of decreased perfusion and oxidative/nitrosative stress. Contrary to 

expectations, inflammation did not appear to affect nitric oxide (NO) bioavailability, as revealed 

by a lack of change in placental or plasma levels of cyclic guanosine monophosphate (cGMP). 

However, continuous transdermal administration of GTN (25 µg/hr) on GD 12.5 – 16.5 prevented 

the accumulation of HIF-1 and nitrotyrosine in placentas from LPS-treated rats. These results 

support the concept that maternal inflammation contributes to placental hypoxia and 

oxidative/nitrosative stress. Additionally, they indicate that GTN has potential applications in the 

treatment and/or prevention of pregnancy complications associated with abnormal maternal 

inflammation. 
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Chapter 1 

Introduction 

 

1.1 Human placentation 

 

Knowledge of placental structure, function, and development is fundamental to 

understanding the pathogenesis of many pregnancy complications. Abnormalities in placentation 

are thought to precipitate major disorders of pregnancy such as pre-eclampsia (PE), fetal growth 

restriction (FGR), preterm birth, miscarriage, and placenta accreta, increta, or percreta [1]. For the 

scope of this thesis though, two placental pathologies will be discussed, pre-eclampsia (PE) and 

fetal growth restriction (FGR). 

 

1.1.1 Basic human placenta structure and function 

 

The human placenta is generally a flat, disk-shaped organ, measuring 22 cm in diameter 

and 2.5 cm in thickness, and weighing 470 g at full-term [2]. This organ develops during 

pregnancy and is comprised of fetal-derived trophoblast cells, which originate from the outermost 

layer of the blastocyst [3]. These trophoblast cells differentiate into two specialized types of 

trophoblast, the cytotrophoblast and the syncytiotrophoblast [3].  
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The basal plate delineates the boundary of the placenta facing the mother, and the 

chorionic plate marks the boundary of the placenta facing the fetus [2, 4]. Chorionic villi are 

situated between the chorionic and basal plates, and are surrounded by intervillous spaces [4]. 

Chorionic villi extend from the chorionic plate and are comprised of fetal blood vessels and outer 

trophoblast cell layers; they are anchored to the basal plate by anchoring villi [4]. Spiral arteries 

are terminal branches of the uterine arteries, and they open up into the intervillous spaces of the 

placenta, thereby bathing the chorionic villi directly in maternal blood [4]. Refer to Figure 1.1 for 

a basic schematic of a chorionic villous tree. 

The function of the placenta is to facilitate maternal-fetal exchange of gases and nutrients 

in order to aid the growth of the conceptus [5]. This is accomplished by diffusion and transport 

across the layers of the chorionic villi, consisting of an outer syncytiotrophoblast layer, the 

underlying cytotrophoblast layer, basement membrane, stroma, and fetal vessels [6].  
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Figure 1.1 Schematic of a chorionic villous tree. Chorionic villi extend from the chorionic plate 

and are anchored to the basal plate. These structures are comprised of an inner core of fetal 

vessels and an outer layer of trophoblast cells. Intervillous spaces receive maternal blood from 

spiral arteries, thereby bathing chorionic villi in maternal blood. 
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1.1.2 Human placental development: decidualization 

 

Decidualization begins during the secretory phase of the menstrual cycle and continues 

after implantation. It is a process associated with endometrial vascular changes, the transition of 

endometrial stromal cells into decidual cells, and the infiltration of leukocytes, especially uterine 

natural killer (uNK) cells, into the endometrium [7]. In early pregnancy, uNK cells make up the 

majority of leukocytes in the decidua, and represent approximately 30 % of all decidual stromal 

cells [8]. Decidua-associated remodeling of spiral arteries begins prior to remodeling by 

extravillous trophoblasts. This remodeling includes the disorganization of endothelium and 

vascular smooth muscle, even in the absence of observed trophoblasts [9]. Evidence indicates that 

uNK cells and macrophages play a critical role in this decidua-associated remodeling, by 

infiltrating the spiral arteries and inducing disorganization and apoptosis in smooth muscle and 

endothelial cells [10].  

 

1.1.3 Human placental development: early trophoblast invasion and villous formation 

 

The conceptus enters the uterus on gestational days 3-4 at the blastocyst stage of 

development. At this point, the blastocyst consists of an outer layer of cells referred to as the 

trophectoderm made up of trophoblast cells, and an inner cell mass abutting a fluid-filled cavity 

called the blastoceole. The trophoblast cells will eventually give rise to the placenta, whereas the 

inner cell mass develops into the embryo proper [3]. On gestational days 6-7, the blastocyst 

implants in the posterior aspect of the uterus and begins to invade maternal tissue. During 

invasion, trophoblast cells from the trophectoderm proliferate to create two distinct layers, an 
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outer syncytiotrophoblast layer and an inner cytotrophoblast layer. The syncytiotrophoblast, also 

called syncytium, is created and propagated by the fusion of inner cytotrophoblast cells [3]. 

Invasion of trophoblast cells during the first trimester creates a network of chorionic villous 

structures surrounded by intervillous spaces. Cytotrophoblast cell columns penetrate the 

syncytiotrophoblast to create primary villi (Figure 1.2 A). Extra-embryonic mesenchyme invades 

into the core of primary villi, thereby converting them into secondary villi (Figure 1.2 B). The 

extra-embryonic mesenchyme contains hemangioblastic progenitor cells, which differentiate to 

form fetal blood vessels and blood cells, thus converting secondary villi into tertiary villi 

(Figure 1.2 C) [3].  

Extravillous trophoblast cells are trophoblasts found outside of the villi [4]. Extravillous 

trophoblasts occlude spiral arteries during the first trimester, thus preventing maternal blood from 

flowing into intervillous spaces at this time [11, 12]. During the first trimester, uterine glands 

secrete glycoproteins, such as the mucin MUC-1 and glycodelin, into the intervillous spaces. 

These secretions are phagocytosed by trophoblasts for nutritive purposes. Therefore, in the first 

trimester of pregnancy, there is evidence that the conceptus receives histiotrophic nutrition [13]. 

Between weeks 11-12 of gestation, the trophoblast plugs begin to dissociate to allow maternal 

blood to flow into the intervillous spaces [14].  
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Figure 1.2 Schematic of developing villi in cross-section. (A) Primary villous comprising of an 

outer syncytiotrophoblast layer (yellow) and an inner cytotrophoblast core (green). (B) Secondary 

villous comprising of syncytiotrophoblast, cytotrophoblast, and an inner core of extra-embryonic 

mesenchyme (orange). (C) Tertiary villous comprising of syncytiotrophoblast, cytotrophoblast, 

extra-embryonic mesenchyme, and fetal blood vessels within the core (red and blue). 
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1.1.4 Human placental development: extravillous trophoblast invasion and spiral artery 

remodeling 

 

Invasive extravillous trophoblasts migrate toward spiral arteries via two routes, interstitial 

and endovascular routes [15]. Interstitial trophoblasts migrate away from their origins in the 

anchoring villi and through the decidua, congregating around spiral arteries as deep as the inner 

third of the myometrium. Their migration is most robust in the first and second trimester, but 

dispersed interstitial trophoblast may still be observed in the term placenta [15]. Endovascular 

trophoblast invasion usually begins after the onset of interstitial invasion, and this process occurs 

via countercurrent migration through the spiral arteries. Endovascular invasion typically begins 

near the end of the first trimester, and migration is associated with the dispersion of the 

endovascular trophoblast plugs and the onset of maternal-fetal circulation [15]. 

Extravillous trophoblasts elicit physiological changes within spiral arteries, leading to the 

loss of vascular smooth muscle cells, elastic fibres, and vascular endothelial cells of these vessels. 

It is thought that extravillous trophoblasts induce dispersion and apoptosis of the vascular smooth 

muscle and endothelium comprising the spiral arteries. During vessel remodeling, a fibrinoid 

matrix is laid down possibly by trophoblasts. Re-endothelialization of these vessels subsequently 

occurs. Extravillous trophoblast-associated spiral artery remodeling produces widened low-

resistance vessels that facilitate placental perfusion throughout pregnancy [15].  
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1.2 The rat as a model for human placentation and pregnancy complications  

 

The implantation site of the rat shares several structural, functional, and developmental 

similarities with the human implantation site [16, 17]. Both the human and the rat placenta are 

hemochorial in nature, meaning that maternal vasculature is invaded so that the fetal-derived 

trophoblast is in direct contact with maternal blood [5]. Other species, such as the mouse, also 

demonstrate this invasive hemochorial placentation and are thus also used in pregnancy research. 

However, the depth of trophoblast invasion in the mouse is shallower than in the rat, with the 

latter resembling more the extent of trophoblast invasion that occurs during human placentation 

[17]. In the rat, invasive trophoblasts migrate through the maternal compartment via interstitial 

and endovascular routes, a similarity shared with humans [17]. Additionally, invasive 

trophoblasts contribute to deep maternal vessel remodeling [17]. These similarities make the rat a 

good model for studying pregnancy pathologies resulting from aberrant trophoblast invasion and 

spiral artery remodeling.  

 

1.2.1 Rat placental structure and function  

 

The rat placenta is comprised of two zones, a junctional zone and a labyrinthine zone 

(labyrinth) [16, 17]. The labyrinth is comprised of a network of fetal vessels surrounded by 

trophoblast cell layers. This is the site of maternal-fetal exchange of nutrients, wastes, and gases. 

The junctional zone is comprised of trophoblast giant cells, glycogen cells, and 

spongiotrophoblast cells [16, 17].  
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The mesometrial triangle comprises the maternal compartment of the rat implantation site 

and consists of deidualized cells, maternal leukocytes (including uNK cells), and invasive 

trophoblasts. Spiral arteries are found within the mesometrial triangle [18]. These spiral arteries 

deliver blood to vessels called maternal arterial central channels, which transport maternal blood 

to the labyrinth of the placenta. 

 

1.2.2 Trophoblast invasion and spiral artery remodeling in the rat 

 

In the rat, implantation occurs on gestational days 4-5 of a 21-day gestation [16]. The rat 

possesses a duplex uterus comprised of two uterine horns; the lateral side of each uterine horn is 

called the mesometrial side whereas the medial side of the uterus is called the anti-mesometrial 

side (Figure 1.3) [19]. Implantation occurs on the anti-mesometrial side of the uterine horn, 

however, placentation occurs on the mesometrial side [19].  

Glycogen cells of the junctional zone are thought to give rise to the invasive trophoblast 

cells, which migrate from the junctional zone of the placenta and into the maternal compartment 

[17]. Invasive trophoblasts give rise to interstitial and endovascular trophoblasts; interstitial 

trophoblasts migrate into the mesometrial triangle and are found between maternal vessels 

whereas endovascular trophoblasts migrate through maternal vessels [17]. Two waves of intra-

uterine trophoblast invasion occur in the rat. The first wave takes an endovascular route, but this 

invasion is limited to the decidua. The second wave takes both an interstitial and endovascular 

route, and contributes to deep remodeling of spiral arteries in the mesometrial triangle [17].  

Understanding fundamental similarities and differences between rat and human placental 

structure, function, and development can help researchers collect relevant data, which may in turn 
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facilitate a greater understanding of human pathology and aid in the elucidation of therapeutic 

modalities. 
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Figure 1.3 Schematic of uterine horns in the rat. The uterus of the rat is comprised of two 

horns. Embryos implant on the anti-mesometrial side of the uterine horn whereas placental 

development occurs on the mesometrial side of the uterine horn. 
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1.3 Abnormal placental development, placental insufficiency, and pathology 

 

Various studies have demonstrated that two common pathologies of pregnancy, PE and 

FGR, are often associated with deficient spiral artery remodeling leading to decreased placental 

perfusion [20]. It was originally shown by Brosens et al (1972) [21], that spiral arteries from PE 

pregnancies lacked deep vessel remodeling within the myometrium, whereas spiral arteries from 

healthy pregnancies were remodeled. Follow-up studies confirmed these results in placentas from 

PE pregnancies [22], and it was additionally identified that inadequate deep vessel remodeling 

was often associated with FGR [22, 23]. It was later shown that spiral artery remodeling was 

deficient in some decidual segments of spiral arteries of placentas from pregnancies complicated 

by PE and/or FGR [24]. Early studies have also demonstrated that pregnancies complicated by PE 

[25, 26] and FGR [27] develop atherosis and occlusive thrombi in spiral arteries, which were 

associated with the development of placental infarcts [26]. Additionally, it has been shown that 

blood flow to intervillous spaces is decreased in PE [28] and FGR [29]. A meta-analysis, looking 

at the role of uterine vessel blood flow and its relationship to development of pregnancy 

pathology, revealed that impedance of flow in uterine vessels is greatly associated with the 

development of PE and FGR [30]. These data support the hypothesis that PE and FGR are 

accompanied by abnormal spiral artery remodeling and placental insufficiency.  

 

1.3.1 Pre-eclampsia  

 

PE is a multisystemic pregnancy-related pathology that is associated with maternal and 

fetal morbidity and mortality. The incidence of PE is approximately 2-7 % in healthy nulliparous 
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women, and it is diagnosed by new-onset maternal hypertension (greater than 140 mmHg systole 

or 90 mmHg diastole) and proteinurea (300 mg/24hrs) after 20 weeks of gestation [31]. PE is a 

disease of placental origin, as generally the only cure is delivery of the placenta. Development of 

PE requires the presence of placental tissue, and symptoms can persist after delivery of the fetus 

if placental tissue remains in the mother‟s body [32]. Additionally, PE can develop in molar 

pregnancies, wherein a fetus is absent and only placental tissue is present [33].  

According to Roberts and Gammill (2005) PE is a two-stage syndrome. Stage 1 is 

characterized by inadequate placental perfusion. Stage 2 is characterized by development of the 

multi-systemic syndrome including endothelial dysfunction, vasoconstriction, decreased multi-

organ perfusion, and abnormal maternal coagulation [34]. PE poses health risks to the mother, 

including the potential for development of eclampsia, stroke, liver failure, kidney failure, long-

term cardiovascular disease risk, and in rare cases death [31]. Additionally, PE poses health risks 

to the fetus, including preterm delivery, FGR, neurologic injury, death, and risk for future 

development of cardiovascular disease [31]. 

Roberts and Taylor (1989) proposed that the processes underlying the development of 

maternal symptoms of PE are attributable to endothelial dysfunction [35]. Many studies have 

shown that the endothelial dysfunction observed in PE is a result of an imbalance in angiogenic 

and anti-angiogenic factors [36]. Women with PE exhibit greater placental and circulating levels 

of anti-angiogenic molecules such as soluble fms-like tyrosine kinase-1 (sFlt-1) [37, 38] and 

soluble endoglin (sEng) [39], in comparison to normal pregnancy. The aforementioned molecules 

are soluble receptors for angiogenic factors, vascular endothelial growth factor (VEGF) [40] and 

transforming growth factor beta (TGF-) [41], respectively. The removal of these angiogenic 

factors from the circulation by their soluble receptors (sFlt-1 and sEng) contributes to the 
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maternal symptoms of PE, including hypertension, proteinurea, and glomerular endotheliosis [37, 

41]. 

Determining the etiology of this multisystemic pregnancy pathology might contribute to 

the development of a treatment or prevention, which would improve the short-term and long-term 

health of mothers and children worldwide. 

 

1.3.2 Fetal Growth Restriction  

 

Fetal growth restriction (FGR) is defined as failure for a fetus to reach its genetically pre-

determined growth potential [42]. Customized growth charts are created based on factors that are 

likely to contribute to growth potential, including maternal weight, height, ethnicity, as well as 

sex of the fetus and gestational age of the fetus [43]. Fetuses falling below the 10
th
 percentile of 

fetal weight according to these adjusted charts are considered to be growth restricted [42]. 

Without adjusting for maternal and fetal factors, and just using the non-adjusted 10
th
 percentile as 

a cut-off of FGR, about a quarter of fetuses are falsely designated as FGR, while many FGR 

fetuses can also be missed [43]. This is significant because FGR correlates strongly with antenatal 

morbidity and mortality [43].   

FGR is often used interchangeably with intra-uterine growth restriction (IUGR) in the 

literature [44]. Non-placental factors contributing to the development of FGR include fetal 

genetic diseases, fetal infection, fetal congenital malformations, and multiple gestations [44]. 

However, the majority cases of FGR result from decreased placental perfusion [44]. FGR is 

associated with neonate morbidity and mortality [45] and often is associated with PE [46].  
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1.4 Inflammation and pregnancy 

 

It is known that normal pregnancy represents a state of heightened inflammation, as 

pregnant women express greater activity of circulating leukocytes in comparison to non-pregnant 

control women [47]. Redman et al (1999) proposed that the magnitude of pregnancy-induced 

inflammation occurs on a spectrum. These authors postulated that PE represents the extreme end 

of the maternal inflammatory response to pregnancy, leading to the development of the pathology 

[48].  

 

1.4.1 Association between aberrant maternal inflammation and FGR/PE  

 

Normal pregnancy represents a shift from Th1 cell activation (pro-inflammatory) to Th2 

cell activation (anti-inflammatory) [49]. However, PE has been associated with an absence of this 

shift and the maintenance of pro-inflammatory Th1 profile in peripheral blood in the third 

trimester [50, 51]. In comparison to normal pregnancy, PE represents a state of heightened 

maternal leukocyte activation, similar to patients with sepsis [47]. Additionally, it has been shown 

that in comparison to normal pregnancy, serum of women with PE contained significantly 

elevated levels of pro-inflammatory cytokines (IL-6, TNF-), chemokines (IL-8, IP-10, MCP-1), 

and adhesion molecules (ICAM-1, VCAM-1) [51]. 

The risk of developing PE is elevated in mothers with pre-existing inflammatory 

conditions, such as obesity [52] and rheumatologic disease [53]. A recent meta-analysis found 

that various infections, including urinary tract infections, periodontal disease, and infection with 

chlamydia pneumoniae, are also associated with increased risk for developing PE [54].  
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 How might heightened maternal inflammation contribute to pregnancy pathology? In 

comparison to placentas from healthy pregnancies, placentas from pre-eclamptic pregnancies 

show elevations in the levels of macrophages surrounding spiral arteries [55]. In vitro studies 

conducted in our lab have also demonstrated that both activated macrophages and TNF- can 

suppress trophoblast invasion through a Matrigel matrix [56].  

Heightened maternal inflammation might therefore contribute to elevated levels of 

placental macrophages, which may act to hinder trophoblast invasion and spiral artery 

remodeling, contributing to pregnancy pathology. We believe that inflammation is not only a 

consequence of PE, but is a likely contributor to the etiology and pathogenesis of PE. 

 

1.4.2 Effect of abnormal maternal inflammation on utero-placental hemodynamics 

 

We have demonstrated that maternal inflammation, mediated by TNF-, is 

mechanistically linked to decreased trophoblast invasion and decreased spiral artery remodeling 

in the rat (Cotechini T. et al, submitted for publication). Our group has also demonstrated that a 

fusion protein blocking TNF- called etanercept, can normalize trophoblast invasion and spiral 

artery remodeling (Cotechini T. et al, submitted for publication). We have also demonstrated that 

heightened maternal inflammation, mediated by TNF-, is causally linked to elevated spiral 

artery resistance in rats (Cotechini T. et al, submitted for publication). Additionally, etanercept 

was able to normalize spiral artery resistance index. To our knowledge, prior to these recent 

studies, a mechanistic link between abnormal maternal inflammation and altered utero-placental 

hemodynamics had not been established. TNF- has also been shown to lead to the release of the 

vasoconstrictor, endothelin-1 (ET-1) [57]. Moreover, maternal inflammation contributes to 
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increased coagulopathy, associated with elevated fibrin deposits in the placenta and altered utero-

placental hemodynamics, which were ameliorated with administration of etanercept [58]. In these 

ways, maternal inflammation can alter utero-placental hemodynamics, contributing to decreased 

placental perfusion.  

 

1.5 Placental hypoxia and pregnancy pathology 

 

The first trimester placenta develops in a low oxygen environment, with placental pO2 

measurements of approximately 18mmHg between 8-10 weeks of gestation [59]. After 

trophoblast plugs dissociate at the end of the first trimester, pO2 readings increase to 

approximately 60mmHg at 12-13 weeks of gestation [59]. Although a low oxygen profile is 

typical in early placental development, much evidence in the literature supports the concept that 

placental hypoxia later in gestation is associated with pathological pregnancies [60].  

Placentas from women living at high altitudes, as well as first-trimester villous explants 

cultured in hypoxia, both share similar global gene expression patterns with placentas from 

pregnancies complicated by PE [61]. This finding provides evidence for a low oxygen 

environment affecting changes in placental gene expression in PE. Additionally, the incidence of 

PE is greater in women living at high altitudes, where atmospheric oxygen concentrations are 

lower [62].  
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1.5.1 Placental HIF-1 and pregnancy pathology 

 

Oxygen-sensing mechanisms are critical for cellular adaptations to hypoxia. One such 

mechanism involves the hypoxia-inducible factor 1 (HIF-1), a transcription factor responsible for 

the transcriptional activation of genes that play roles in oxygen homeostasis. Some of these genes 

are implicated in normal physiological processes such as angiogenesis and erythropoiesis, as well 

as in pathology [63].  

HIF-1 is comprised of two subunits, the oxygen-sensitive HIF-1 and the constitutively 

active HIF-1 that resides in the nucleus [63]. HIF-1 activation is regulated at the level of HIF-

1 The presence of oxygen activates oxygen-dependent prolyl hydroxylase (PHD) enzymes, 

which hydroxylate the HIF-1 protein at prolines 402 and 564 in the oxygen-dependent 

degradation domain (ODD) [63-65]. Once the ODD is hydroxylated, the von Hippel Lindau 

protein (pVHL) subsequently forms hydrogen bonds with the hydroxylated portion, promoting 

polyubiquitination and subsequent proteasome-mediated degradation of HIF-1 [65]. In 

normoxia, activity of HIF-1 is decreased by factor inhibiting HIF (FIH), which hydroxylates 

HIF-1 at asparagine 804 at the C-terminal domain, which prevents HIF-1 from binding to its 

transcriptional co-activator p300-CREB binding protein (p300/CBP) [63, 66]. In the absence of 

oxygen, PHDs and FIH are unable to hydroxylate HIF-1, thereby preventing the formation of a 

complex with pVHL and the subsequent proteasomal degradation. When expressed, HIF-1 

dimerizes with HIF-1 in the nucleus, and binds to HIF response elements (HRE) in the promoter 

regions of genes to initiate transcription [63]. Oxygen-mediated regulation of the HIF-1 protein 

is summarized in Figure 1.4.  
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It is likely then, that placentas of FGR/PE pregnancies express HIF-1 as a result of 

insufficient placentation and decreased perfusion associated with the pathology. In fact, it has 

been shown that HIF-1 is present and exerts functional activity in placentas from patients with 

PE [67, 68]. It has also been shown that placentas from patients with PE exhibit decreased 

expression of PHD enzymes and FIH, which are factors contributing to the degradation and 

deactivation of HIF-1 during normoxia[69]. This finding indicates that HIF-1 regulation 

might be altered in placentas from PE. Additionally, HIF-1 cell-free RNA was found to be 

elevated in the circulation of women with PE and FGR [70].  

HIF-1 has been shown to regulate factors involved in the pathogenesis of PE. Studies 

conducted in our lab have demonstrated that culturing term villous explants in hypoxia led to an 

up-regulation of HIF-1 expression, which was linked to the release of sFlt-1 and sEng from the 

explants. Blocking HIF-1 using siRNA also blocked the release of sFlt-1 and sEng in these 

experiments [71]. These data support a role for placental hypoxia and placental HIF-1 in the 

pathophysiology of FGR/PE.  
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Figure 1.4 Oxygen-mediated HIF-1 regulation. (A) In normoxic conditions, HIF-1 is 

hydroxylated by FIH at asparagine 804 and by PHDs at prolines 402 and 564 of the ODD. 

Hydroxylation at asparagine 804 by FIH limits HIF-1 transcriptional activity, and hydroxylation 

of the ODD leads to HIF-1 degradation. (B) In hypoxic conditions, HIF-1 accumulates as a 

result of limitations in hydroxylation ability of FIH and PHDs. 
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1.6 Hypoxia, oxidative stress, and the placenta 

 

Hypoxia is not only associated with the expression of oxygen-sensitive transcription 

factors like HIF-1, but also with the generation of cellular reactive oxygen species (ROS) [72, 

73]. ROS are oxygen-containing free radicals (molecules that have an unpaired electron) and their 

intermediates [72]. Superoxide (O2
-
) is the most common ROS generated by the cell, and it is 

formed when molecular oxygen is reduced by one electron [73]. Approximately 2 % of the 

oxygen we breathe gets reduced to generate superoxide [72], but an enzyme called superoxide 

dismutase (SOD) normally transforms these physiological levels into hydrogen peroxide [74]. 

Oxidative stress refers to conditions where the levels of ROS overwhelm the cell‟s capacity to 

neutralize these molecules [73]. 

Hypoxia leads to the generation of superoxide by various sources. Mitochondria have 

been identified as a source of ROS generation during hypoxia [75]. The activity and expression of 

xanthine oxidase, an enzyme that is known to generate superoxide, is also elevated in hypoxia 

[76, 77]. NADPH oxidase also generates superoxide in hypoxia [78]. Thus, in hypoxic conditions, 

a great amount of superoxide is generated.  

Placentas from pre-eclamptic women possess significantly greater levels of measurable 

superoxide than placentas from healthy pregnancies [79, 80]. Additionally it was shown that 

placentas from PE pregnancies also possess decreased SOD activity and expression in 

comparison to placentas from healthy women [79, 80]. These data suggest that pregnancy 

pathology is associated with oxidative stress. 
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1.6.1 Nitrosative stress, nitrotyrosine, and the placenta 

 

Superoxide also readily reacts with nitric oxide to form peroxynitrite (ONOO
-
), in a 

reaction that is favoured over the dismutation of superoxide by SOD [74]. Peroxynitrite is a 

nitrogen centred oxidant that contributes to cellular nitrosative stress (also referred to as nitrative 

stress). Nitrosative stress occurs when there is a buildup of peroxynitrite within a cell, leading to 

the nitration of cellular components [81]. Peroxynitrite contributes to the nitration of tyrosine 

residues, thus leading to the formation of a molecule called nitrotyrosine. Nitrotyrosine is stable, 

long-lived, and is considered to be a good marker of peroxynitrite generation [74]. Nitrotyrosine 

has been studied in the literature by immunohistochemistry [82] and by ELISA [83]. For a 

diagram summarizing basic formation of nitrotyrosine, please refer to Figure 1.5. 

Studies have found that nitrotyrosine is elevated in placentas from pregnancies 

complicated by PE and FGR [82], gestational diabetes [84], and obesity [83]. These data provide 

evidence that pregnancy pathologies are associated with oxidative/nitrosative stress, as revealed 

by the high levels of nitrotyrosine in the placenta.
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Figure 1.5 Nitrotyrosine formation. Superoxide and nitric oxide react together to generate 

peroxynitrite. Peroxynitrite can then react with free tyrosine residues as well as tyrosine residues 

in proteins, to form nitrotyrosine. Nitrotyrosine is a marker of peroxynitrite formation, and thus it 

is a marker for oxidative/nitrosative stress. 
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1.6.2 Consequences of placental oxidative/nitrosative stress 

  

In addition to the formation of nitrotyrosine, peroxynitrite can also contribute to 

membrane lipid peroxidation [85], DNA breakage [86], and can inhibit mitochondrial respiration 

[87]. Thus, oxidative/nitrosative stress is likely damaging in placental tissues of complicated 

pregnancies. Studies from our laboratory have revealed that hypoxia/reoxygenation of placental 

villous explants leads to lipid peroxidation and nitrotyrosine formation, in conjunction with 

syncytiotrophoblast apoptosis [88]. Additionally, it has been shown that nitrotyrosine residues co-

localize with cells undergoing apoptosis in utero-placental units of rats [89]. These data reveal 

that oxidative/nitrosative stress is associated with placental tissue apoptosis. Placentas from 

pregnancies complicated by PE and FGR exhibit elevated syncytiotrophoblast apoptosis [90], and 

perhaps this is a result of placental oxidative/nitrosative stress. 

It has been shown that peroxynitrite-induced nitration of proteins is associated with 

decreased protein function [91]. It is possible that as a result of peroxynitrite and nitrotyrosine 

formation, NO is drawn away from its physiological signaling function involving activation of 

soluble guanylyl cyclase (sGC) and generation of cyclic guanosine monophosphate (cGMP; see 

later). If NO bioavailability is decreased, downstream targets of NO might consequently be 

affected. 

 

1.7 Nitric oxide signaling and pregnancy 

  

In 1987, it was discovered that the identity of endothelium-derived relaxing factor is NO, 

and that this molecule is responsible for vasodilation [92]. It was subsequently discovered that 
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NO is synthesized by endothelial cells via an enzymatic reaction involving L-arginine as the 

substrate [93]. Since these pioneering studies, we now know that three NO synthases (NOS) are 

responsible for the generation of NO, and include endothelial or eNOS, cytokine-inducible or 

iNOS, and neuronal or nNOS [94]. Synthesized NO is freely diffusible, and easily crosses the cell 

membrane into surrounding cells. It typically diffuses a span of 100m before reaching the 

bloodstream and readily reacting with oxyhemoglobin in red blood cells to be inactivated into 

nitrate and methemoglobin [74]. Functionally, NO activates an enzyme called soluble guanylate 

cyclase (sGC), which then converts GTP into cyclic guanosine monophosphate (cGMP) [74]. 

cGMP has many downstream targets, including the activation of protein kinase G (PKG), 

activation of ion channels, and activation of phosphodiesterase (PDE) enzymes in a regulatory 

negative feedback loop [94].  

 Conflicting results exist in the literature regarding differences in NO bioavailability in PE 

and healthy pregnancies [95]. L-N
G
-nitroarginine methyl ester (L-NAME) is an inhibitor of NOS; 

L-NAME administration to pregnant rats induces fetal growth restriction and PE-like symptoms 

[96, 97]. We propose that potential deficiencies in NO bioavailability, as a result of nitrotyrosine 

formation, might contribute to the pathophysiology of FGR/PE. 

 

1.7.1 Glyceryl trinitrate therapy 

 

 Glyceryl trinitrate (GTN or nitroglycerin) was discovered in 1847 by Ascanio Sobrero 

and has been used for almost 150 years to treat angina pectoris, as a result of its vasodilatory 

properties [98]. Studies have indicated that the mechanism by which GTN exerts its effects is 

complex and somewhat controversial [99, 100]. There is evidence to support the notion that GTN 
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is biotransformed to release NO, thereby exerting its effects as an NO-donor [101]. However, it 

has also been reported that GTN fails to release NO, and that GTN acts as an NO-mimetic to 

activate sGC through an NO-independent mechanism [102, 103].  

GTN might have potential applications in the treatment of placental insufficiency and 

FGR/PE. Therapy with GTN might restore placental blood flow, thereby preventing placental 

hypoxia and oxidative/nitrosative stress, as well as downstream consequences related to 

decreased perfusion. Currently, transdermal delivery of GTN is used for tocolysis (delay of 

labour) [104-106]. Use of GTN during pregnancy is considered safe, as it is associated with only 

minor side effects such as headache and local irritation [106].  

 

1.8 LPS model of maternal inflammation in the rat  

  

Administration of low-dose lipopolysaccharide (LPS), an endotoxin derived from gram-

negative bacteria, to pregnant rats has previously been shown to produce elevations in maternal 

blood pressure, urinary albumin excretion, as well as renal alterations including glomerular 

fibrinogen deposits [107, 108]. Our lab has recently adapted this model of maternal inflammation. 

In this model, Wistar rats are given intraperitoneal (i.p.) injections of low-dose LPS at four time 

points during pregnancy, between GD 13.5-16.5, as this is the time of robust endovascular 

trophoblast invasion and spiral artery remodeling in the rat [18]. Our protocol involves the 

administration of 10 g/kg LPS on GD13.5 and 40 g/kg LPS on GD 14.5-16.5. These doses are 

considered to be very low, as the concentration of endotoxin used to induce septic shock in rats is 

at least three orders of magnitude greater [109-111]. This low-dose LPS treatment regimen 

induces maternal inflammation, as we have shown evidence for elevated maternal TNF- levels, 
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white blood cell count, and monocyte count (Cotechini T. et al, submitted for publication). 

Additionally we have shown that this model of maternal inflammation is associated with FGR 

and a PE-like syndrome characterized by hypertension, proteinurea, and renal alterations 

including glomerular endotheliosis (Cotechini T. et al, submitted for publication). Using this 

model, our group has shown that LPS-induced maternal inflammation, mediated by TNF-, is 

mechanistically linked to decreased trophoblast invasion, decreased maternal spiral artery 

remodeling, and altered placental hemodynamics as measured by elevated spiral artery resistance 

index (Cotechini T. et al, submitted for publication). 

 

1.9 Hypothesis 

  

Abnormal maternal inflammation leading to decreased utero-placental perfusion and 

FGR is associated with placental hypoxia and oxidative/nitrosative stress. It is also proposed that 

normalization of utero-placental perfusion following transdermal delivery of GTN prevents 

placental hypoxia and oxidative/nitrosative stress induced by abnormal inflammation. 

 

1.9.1 Objectives 

 

1. To determine the effect of aberrant maternal inflammation on the development of FGR. 

This will be determined by measuring the weights of fetuses from rats injected with low-

dose LPS. 

2. To determine the efficacy of GTN in the attenuation of LPS-induced FGR. This will be 

determined by measuring the weights of fetuses from rats administered LPS + GTN. 
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3. To determine the effect of aberrant maternal inflammation (and GTN therapy) on 

placental hypoxia. This will be determined by evaluating HIF-1 expression. 

4. To determine the effect of aberrant maternal inflammation (and GTN therapy) on 

placental oxidative/nitrosative stress. This will be evaluated by measuring placental 

nitrotyrosine.  

5. To determine the effect of aberrant maternal inflammation (and GTN therapy) on 

placental nitric oxide bioavailability and signaling. This will be evaluated by 

measurement of placental cGMP expression. 
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Chapter 2 

Materials and Methods 

 

2.1 Animal procedures 

 

Outbred female and male Wistar rats were ordered (Charles River Laboratories, 

Montreal, QC, Canada), and age-matched to arrive between 80-90 days old. Males were caged 

individually for breeding purposes, whereas females were caged in pairs. Animals were fed ad 

libitum with free access to tap water, and exposed to 12-hr light/dark cycles (7am-7pm). All 

animal practices were conducted in accordance with guidelines specified by the Canadian Council 

on Animal Care, and were approved by the Queen‟s University Animal Care Committee.  

 

2.1.1 Rat husbandry  

 

To achieve pregnancy, female rats were caged with males overnight in a 2:1 ratio. 

Between 8am-9am the following morning, vaginal cytology smears were conducted to determine 

pregnancy. Vaginal tracts of mated females were flushed with L of sterile saline solution 

(Sigma-Aldrich, St. Louis, MO, USA). The samples were transferred to glass microscope slides 

and heated to ensure adhesion to the slide. The slides were placed in a Coplin jar containing 1 % 

toluidine blue in phosphate buffered saline (PBS), and were stained for 45 seconds. Slides were 

rinsed twice with distilled water to remove excess toluidine blue. Glass coverslips were placed on 

each slide and were then assessed under a light microscope at 40x-400x magnification. Presence 
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of spermatozoa in the sample was considered a successful pregnancy, and was designated 

gestational day (GD) 0.5. If spermatozoa were not observed in the samples, the vaginal cells in 

the smear were assessed to determine estrous cycle phase using a staging method described by 

Hubscher et al. (2005) [112]. Non-pregnant females were mated again during their next estrous 

phase.  

Pregnant females were weighed each day, beginning on GD 10.5, to ensure weight gain 

and confirm pregnancy. By GD 10.5, pregnant females gained approximately 10 % of their pre-

pregnancy body weight. 

 

2.1.2 Experimental treatment protocol 

  

A diagram outlining the experimental treatment protocols is provided in Figure 2.1. 

Briefly, four cohorts of dams received different treatments including saline (n=23), LPS (n=28), 

LPS + GTN (n=17), and saline + GTN (n=10). These sample sizes are reflective of a 

collaborative effort between the author and Ms. Tiziana Cotechini. 

 

 

  

file:///C:/Users/Terry%20Li/Desktop/Arissa%20Thesis/Arissa's%20thesis%20chapters%20together%20(June%2010).docx%23_ENREF_112


 

31 

 

 
Figure 2.1 Treatment protocol. LPS was administered on GD 13.5 (10 g/kg) and daily 

between GD 14.5-16.5 (40 g/kg). Dams treated with LPS + GTN were additionally administered 

GTN at a steady-state delivery rate of 25 g/hr daily between GD 12.5-16.5. Control dams were 

treated with daily saline (1 mL/kg) between GD 13.5-16.5. A second control group of dams was 

treated with saline + GTN. 
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2.1.2.1 LPS treatment  

 

Maternal inflammation was induced by administering intraperitoneal (i.p.) injections of 

LPS (Escherichia coli serotype 0111:B4; Sigma-Aldrich, Oakville, ON, Canada). Dams received 

LPS injections every 24 hrs on GD 13.5-16.5. Immediately prior to treatment, aliquots of stock 

LPS, at a concentration of 1 g/L, were diluted accordingly. On GD 13.5, a working LPS 

solution (10 g/mL) was made by diluting 10 L of the stock LPS in 990 L of sterile saline. On 

GD 14.5-16.5, a higher concentration working LPS solution (40 g/mL) was made by diluting 40 

L of stock LPS in 960 L of sterile saline. Rats were weighed individually prior to injection and 

received (10 μg/kg) of LPS on GD 13.5 and (40 g/kg) of LPS on GD 14.5-16.5. After each 

injection, 5 mL of lactated Ringer‟s solution was given subcutaneously. 

 

2.1.2.2 GTN treatment 

 

Minitran GTN patches (0.2 mg/hr patches; Graceway Pharmaceuticals, London, Ontario, 

Canada) were cut into 1.7 cm
2
 patches to deliver GTN at a steady rate of 25 g/hr. Rats were 

shaved between the shoulder blades on GD 12.5 and fitted with a GTN patch, which was changed 

every 24 hrs between GD 12.5-16.5. Patches were secured in place using liquid adhesive, New 

Skin Liquid Bandage (Medtech Products, Irvington, NY).  
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2.1.2.3 Saline treatment 

 

Control rats were injected i.p. with sterile saline (1 mL/kg) between GD 13.5-16.5. After 

each saline injection, 5 mL of lactated Ringer‟s solution was given subcutaneously.  

 

2.1.3 Sacrifice, dissection, and tissue harvesting 

 

Dams were euthanized on GD 17.5 by i.p. injection (40-50 mg/kg) of sodium 

pentobarbital (Ceva Santé Animale, Libourne, France). After 10 minutes, leg and eye reflexes 

were checked to ensure anesthesia. When tests were negative for reflexes, cardiac puncture was 

performed. A needle was inserted in the thoracic cavity and heart, and 1 mL of blood was drawn 

into a syringe containing 0.1 mL of the anti-coagulant, ethylenediaminetetraacetic acid (EDTA). 

After cardiac puncture was performed, 0.1 mL of Euthanyl (Bimeda-MTC, Animal Health Inc., 

Cambridge, ON, Canada) was injected directly into the heart to ensure euthanasia. 

Using dissection instruments, an incision was made to access the abdominopelvic cavity. 

The uterine horns were isolated (Figure 2.2 A) and surgically removed.  Implantation sites, along 

with the corresponding fetuses, were dissected from the uterus (Figure 2.2 B). Fetuses were 

removed from their amniotic cavity and wet weights were recorded along with the corresponding 

location along their respective uterine horn. Placentas and associated mesometrial triangles were 

either fixed in a 4 % paraformaldehyde (PFA) solution, or snap frozen in liquid nitrogen and 

stored at -80 °C.  
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Figure 2.2 Sacrifice, dissection, and tissue harvesting. A) Abdominopelvic cavity was cut open 

and the uterus was isolated. B) Individual implantation sites, comprising the placenta and 

mesometrial triangle, along with the fetus and its amniotic sac were dissected from the uterus. 
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2.1.4 Analysis, calculations, and statistics 

 

Fetal weights were recorded from all dams treated with saline (n=317 fetuses from 23 

dams), LPS (n=258 fetuses from 28 dams), LPS + GTN (n=193 fetuses from 17 dams), and 

saline + GTN (n=134 fetuses from 10 dams), and were entered into GraphPad Prism software 

(GraphPad Software, Inc., San Diego, CA, USA), which was used to generate a fetal weight 

frequency distribution graph for each cohort. Column statistics were then employed to determine 

the lower 10
th
 percentile of fetal weights from the saline cohort. Fetal weights falling below the 

10
th
 percentile (determined from the saline cohort) were considered to be growth restricted. Fetal 

weights were entered into Microsoft Excel, which was then used to determine the percent FGR 

per litter. Prism was then used to create a graphical representation of percent FGR per litter of 

dams from all treatment groups. A one-way analysis of variance (ANOVA), followed by 

Bonferroni‟s multiple comparison test, was used to test differences in means (between saline and 

LPS, LPS and LPS + GTN, saline and LPS + GTN, saline and saline + GTN). Differences were 

considered to be significant at P < 0.05.  

 

2.2 HIF-1evaluation 

  

Previous studies by others in our laboratory have shown that LPS increases spiral artery 

resistance index, and that GTN normalizes this effect (Cotechini T. et al, submitted for 

publication). Therefore, studies were undertaken to elucidate downstream consequences of altered 

placental perfusion, including placental hypoxia. Placental hypoxia was evaluated by 
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immunohistochemical analysis for HIF-1 in dams treated with saline (n=5 from 4 dams), LPS 

(n=10 from 5 dams), LPS + GTN (n=4 from 2 dams), and saline + GTN (n=3 from 3 dams). 

 

2.2.1 HIF-1 immunohistochemistry 

 

After at least 24 hrs in 4 % PFA, tissues were embedded in paraffin wax and cut into 5-

m sections. Heat-mediated antigen retrieval was performed using citrate solution 

(DakoCytomation, Glostrup, Denmark), followed by incubation in 3 % hydrogen peroxide 

(Sigma-Aldrich, St. Louis, MO, USA). Tissue sections were blocked using 10 % normal horse 

serum (Gibco Invitrogen, Burlington, Ontario, Canada) and DAKO protein block (DAKO North 

America, Carpinteria, CA, USA). Placental sections were incubated overnight with anti-HIF-1 

primary antibody, (NB100-105; Novus Biologicals, Oakville, Ontario, Canada) at a dilution of 

1:500. Negative controls were incubated with equal concentrations of mouse IgG (X0943; Dako, 

Markham, Ontario, Canada). Sections were incubated for 30 min with biotinylated horse anti-

mouse secondary antibody (Vector Laboratories, Burlington, Ontario, Canada) at a dilution of 

1:200. Vectastain ABC Elite solution (Vector Laboratories, Burlington, Ontario, Canada) was 

used to conjugate secondary antibody with peroxidase. Diaminobenzidine tetrahydrochloride 

(DAB; Dako North America, Carpinteria, CA, USA) was used as chromogen to identify areas of 

HIF-1 expression. Sections were counterstained in haematoxylin (Fisher Scientific, New Jersey, 

USA). A more detailed step-by-step protocol of immunohistochemical procedures can be found 

in Appendix A. 
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2.2.2 Analysis, calculations, and statistics 

 

Two observers, both blinded to the experimental treatments of the samples, were asked to 

determine HIF-1 staining distribution and intensity for each placenta sample. A copy of the 

instructions, given to each observer to carry out this semi-quantitative analysis, is provided in 

Appendix B. This was adapted from methods used by Schiessl et al (2006) [113]. An 

immunoreactivity score (IRS) was also generated for each sample, by multiplying the intensity 

and distribution scores together.  

Observers were asked to assess staining distribution and intensity of nuclei from nine 

different areas of the labyrinth randomly selected by the observer (three areas from each of the 

left, centre, and right labyrinth regions). Values from the nine scored areas from each placenta 

were averaged to determine a single value (for distribution and intensity) for each placenta 

evaluated by each observer. These scores were then averaged between the blinded observers to 

create a single value. To analyze these non-parametric and ordinal data, the Kruskal-Wallis test 

was used followed by Dunn‟s Multiple Comparisons test (between saline and LPS, LPS and LPS 

+ GTN, saline and LPS + GTN, saline and saline + GTN). Differences were considered to be 

significant at P < 0.05. Following this analysis, HIF-1 staining distribution was further analyzed 

using ImagePro Plus 6.0™ software (Media Cybernetics, Inc., Rockville, MD, USA). A blinded 

observer was asked to select nine areas of analysis; three areas from each of the left, centre, and 

right placental regions. The software program determined the pixilated area covered by positive 

brown DAB staining. Positive pixilated area was divided by total pixilated area to determine a 

percent positive stained area. These values were used to compare HIF-1 staining distribution 

throughout the entire area analyzed, including the cells‟ nuclei and cytoplasm. Values recorded 
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for the nine scored areas were averaged to determine a single value for each placenta analyzed. 

To analyze these non-parametric data, the Kruskal-Wallis test was used followed by Dunn‟s 

Multiple Comparisons test (between saline and LPS, LPS and LPS + GTN, saline and LPS + 

GTN, saline and saline + GTN). Differences were considered to be significant at P < 0.05.  

 

2.3 Nitrotyrosine evaluation 

  

Altered placental perfusion might lead to the accumulation of superoxide, contributing to 

peroxynitrite and nitrotyrosine formation. Placental nitrotyrosine expression was evaluated using 

a commercial enzyme-linked immunosorbent assay (ELISA; EMD Millipore, Billerica, MA, 

USA) in dams treated with saline (n=9 from 7 dams), LPS (n=21 from 9 dams), LPS + GTN (n=9 

from 7 dams), saline + GTN (n=8 from 4 dams). 

 

2.3.1 Nitrotyrosine ELISA  

 

Placentas were homogenized in homogenization buffer using methods previously 

described by Roberts et al (2009) [83]. Total protein was standardized between samples using the 

Bio-Rad DC Protein Assay (Bio-Rad Laboratories, Mississauga, ON, Canada). A more detailed 

protocol of sample preparation procedures can be found in Appendix C. A commercially 

available ELISA kit was used to evaluate nitrotyrosine levels within samples. ELISA plates were 

read using a Glomax luminometer, and Excel and Prism were used to quantify levels of 

nitrotyrosine within each sample. Preliminary experiments were conducted to determine optimal 

sample dilution for the assay. Each sample was diluted 1:625, as this was the dilution that was 
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found to yield results in the readable portion of the standard curve. Assays were conducted 

according to manufacturer‟s instructions with a few adjustments, as outlined in Appendix D. 

Results of placental nitrotyrosine experiments are representative of two assays.   

 

2.3.2 Analysis, calculations, and statistics 

 

Luminescence values for each sample and standard (B) were divided by the luminescence 

value corresponding to the lowest value on the standard curve (B0). Duplicate B/B0 values were 

averaged for each sample and standard. Using Prism, Standard B/B0 values were used to create a 

standard curve against log concentration values. The R-squared values to determine “goodness of 

fit” for the sigmoidal slopes (representing the standard curves) of the first and second experiments 

were 0.9983 and 0.9991 respectively. Replicates that differed by more than 10 % were excluded 

from analysis.  

Chi-squared analysis was conducted in order to determine differences in nitrotyrosine 

detection in the samples. Since many implantation sites contained undetectable levels of 

nitrotyrosine, ANOVA analysis was considered to be unsuitable to examine differences. Thus, 

chi-squared analysis was conducted to determine differences in the proportions of placentas 

expressing detectable nitrotyrosine between all groups. Fisher‟s exact test was employed to 

determine differences in nitrotyrosine expression between groups (saline and LPS, LPS and LPS 

+ GTN, saline and LPS + GTN, saline and saline + GTN). Differences were considered to be 

significant at P < 0.05. 
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2.4 cGMP evaluation  

 

 We hypothesized that nitrotyrosine formation would decrease nitric oxide bioavailability 

and signaling. In order to evaluate this, levels of cGMP were measured in the placenta and 

maternal plasma using an enzyme immunoassay (EIA; Cayman Chemical Company, Ann Arbor 

MI, USA). In placental assays, cohorts consisted of dams treated with saline (n=5 from 4 dams), 

LPS (n=9 from 5 dams), LPS + GTN (n=4 from 4 dams), and saline + GTN (n=5 from 4 dams). 

In maternal plasma assays, cohorts consisted of dams treated with saline (n=5), LPS (n=5), LPS + 

GTN (n=5), and saline + GTN (n=3). 

 

2.4.1 cGMP EIA  

 

A commercially available EIA kit (Cayman Chemical Company, Ann Arbor MI, USA) 

was used to evaluate cGMP levels within placental samples. Placentas were weighed and 

homogenized in trichloroacetic acid (TCA). Samples were acetylated according to manufacturer‟s 

instructions. A detailed protocol outlining the steps taken in placental sample preparation can be 

found in Appendix E. Preliminary experiments were conducted to determine the optimal sample 

dilution for the assay. Each sample was diluted 1:10, as this was the dilution factor that was found 

to yield results within the readable portion of the standard curve. A detailed outline of assay 

protocol is found in Appendix F. 

The same assay was used to evaluate cGMP levels in maternal plasma. Samples of 

maternal plasma did not require acetylation. A detailed protocol outlining sample preparation for 

maternal plasma is outlined in Appendix G. Each sample was diluted 1:10, and assayed at this 
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dilution as well as the undiluted form. A detailed outline of assay protocol is found in Appendix 

F.  

Experimental plates were read at an absorbance of 412nm and results were quantified. A 

SpectraMAX Plus spectrophotometer was used to read the plates. Results from placental and 

plasma experiments are representative of one assay each. 

 

2.4.2 Analysis, calculations, and statistics 

 

Absorbance values for each sample and standard (B) were divided by the absorbance 

value corresponding to lowest value on the standard curve (B0). Duplicate B/B0 values were 

averaged for each sample and standard. Using Prism, Standard B/B0 values were used to create a 

standard curve against log concentration values. The R-squared value to determine “goodness of 

fit” for the sigmoidal slope representing the standard curve for placental experiments and plasma 

experiments were 0.9977 and 0.9974 respectively. Sample values were calculated by using the 

standard curve generated from this experimental plate. One value fell off the curve in the 

placental experiment because its concentration was too high, and thus was excluded from 

analysis. ANOVA followed by Bonferroni‟s multiple comparison test, was used to test 

differences in means (between saline and LPS, LPS and LPS + GTN, saline and LPS + GTN, 

saline and saline + GTN). Differences were considered to be significant at P < 0.05. 
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Chapter 3 

Results 

 

3.1 Effect of maternal inflammation on the development of FGR 

 

A lower 10
th
 percentile was determined from the cumulative fetal weights of the saline-

treated cohort. The 10
th
 percentile of fetal weight was determined to be 0.8105 g, and fetal 

weights falling below this value were considered to be growth restricted. A frequency distribution 

plot of fetal weights from each treatment group is represented in Figure 3.1 A. In this frequency 

distribution plot, a vertical dashed line intersects the saline cohort at the 10
th
 percentile of fetal 

weight. The number of fetuses falling to the left of this dashed line therefore represents the 

number of growth-restricted fetuses from each cohort. LPS administration increased the overall 

proportion of growth-restricted fetuses, with 35.3 % of fetuses falling below the 10
th
 percentile. 

LPS + GTN administration decreased the overall proportion of growth-restricted fetuses in the 

cohort, with 21.8 % of fetuses falling below the 10
th
 percentile. Saline + GTN administration did 

not increase the overall proportion of growth-restricted fetuses as compared with controls, as only 

9 % of fetuses fell below the 10
th
 percentile. 

For each treatment group, the percentage of FGR per litter was determined and plotted in 

Figure 3.1 B. The percent FGR per litter from dams treated with LPS was significantly greater in 

comparison to dams treated with saline (p<0.0001). Dams treated with LPS + GTN exhibited 

significant attenuation in percent FGR per litter in comparison to dams treated with LPS alone 

(p=0.0036). Importantly, percent FGR per litter was brought back down to saline control levels in 
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the LPS + GTN treatment group. The percent FGR per litter in dams treated with saline + GTN 

did not differ significantly from saline treated controls.  
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Figure 3.1 Effect of maternal inflammation on the development of FGR. A) A fetal weight 

frequency distribution plot demonstrates that a greater proportion of fetuses from dams treated 

with LPS were growth restricted in comparison to fetuses from saline controls. Importantly, 

LPS + GTN treatment attenuated this effect. Saline + GTN did not increase the proportion FGR 

in comparison to saline controls. Each n value is representative of one fetus. (B) The percent FGR 

per litter was significantly greater in dams treated with LPS in comparison to saline controls, and 

LPS + GTN treatment significantly attenuated this. The percent FGR per litter of dams treated 

with saline + GTN did not differ significantly from saline controls. Each n value is representative 

of one litter. 
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3.2 Effect of maternal inflammation on placental HIF-1 expression  

 

 Using immunohistochemical procedures previously described, HIF-1 expression was 

evaluated in placentas from different treatment groups. Figure 3.2 shows representative images 

from each treatment group at two magnifications. These images reveal that HIF-1 is expressed 

in placentas of dams treated with LPS (n=10 from 5 dams) but not expressed in placentas of dams 

treated with saline (n=5 from 4 dams), LPS + GTN (n=4 from 2 dams) and saline + GTN (n=3 

from 3 dams). 
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Figure 3.2 Effect of maternal inflammation on placental HIF-1 expression. Qualitative 

images show representative immunohistochemical staining of HIF-1 in placentas of different 

treatment groups. Adjacent panels represent the same sample at two different magnifications. 

Scale bars represent 100 m at both magnifications. 



 

47 

 

3.2.1 Semi-quantitative analysis of HIF-1 expression  

 

Two blinded observers separately evaluated each sample using a semi-quantitative 

method as previously described, in order to determine distribution, intensity, and 

immunoreactivity scores for each sample. Graphical representation of the results from this semi-

quantitative analysis is summarized in Figure 3.3 A, 3.3 B, and 3.3 C respectively. Upon analysis, 

placentas from dams treated with LPS expressed significantly greater nuclear distribution, 

intensity, and immunoreactivity scores in comparison to saline controls (p=0.024, p=0.022, 

p=0.023 respectively). Placentas from dams treated with LPS + GTN did not show the same 

increase in HIF-1 expression as seen in the LPS treatment group. Placentas from dams treated 

with saline + GTN also did not show significant elevations in HIF-1 expression in comparison 

to saline controls, even though one placenta sample did demonstrate elevated HIF-1 expression. 

 

3.2.2 Quantitative software analysis of placental HIF-1 expression  

 

 Each sample was additionally evaluated with ImagePro Plus 6.0™ software using a 

method previously described, in order to determine total HIF-1 staining distribution, as 

measured by the % positive stained area (Figure 3.4). This analysis measures staining of both 

nuclear as well as cytoplasmic structures. This approach yielded similar results to those obtained 

by the blinded observer analysis. Placentas from dams treated with LPS exhibited significantly 

greater HIF-1 staining distribution in comparison to saline controls (p=0.0495). In placentas 

from dams treated with LPS + GTN, GTN treatment prevented the increase in HIF-1 
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accumulation seen with LPS alone. Placentas from dams treated with saline + GTN did not show 

significant elevations in HIF-1 distribution in comparison to saline controls. However, one 

placenta sample did demonstrate elevated HIF-1 expression. 
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Figure 3.3 Semi-quantitative analysis of HIF-1 expression. Blinded observer analysis 

determined that placental HIF-1 distribution (A), intensity (B), and immunoreactivity (C) scores 

are significantly greater in dams treated with LPS in comparison to controls. Placentas from dams 

treated with LPS + GTN did not show the same elevation in HIF-1 expression as LPS alone. 

Placentas from saline + GTN treated dams were not significantly different from placentas of 

saline control dams. Each n value is representative of one placenta.  
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Figure 3.4 Quantitative analysis of HIF-1 expression. Software analysis determined that the 

% positive stained area of HIF-1 immunostaining is significantly greater in placentas from LPS-

treated dams in comparison to saline-treated controls. Placentas from dams treated with 

LPS + GTN did not show the same elevation in % positive stained area of HIF-1 

immunostaining as LPS alone. Placentas from dams treated with saline + GTN were not 

significantly different from placentas of saline control dams. Each n value is representative of one 

placenta. 
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3.3 Effect of maternal inflammation on placental nitrotyrosine expression  

 

 

Placental nitrotyrosine was examined to determine nitrosative/oxidative stress in 

placentas from the various treatment groups. Extracts of frozen tissues were assayed using 

ELISA, and upon chi-squared analysis, it was determined that the number of placentas expressing 

nitrotyrosine significantly differed between groups (p=0.0166) (Figure 3.5). Following analysis 

using Fisher‟s exact tests, it was found that the number of placentas exhibiting detectable 

nitrotyrosine was greater in LPS-treated dams as compared with saline-treated control dams 

(p=0.0419). LPS + GTN treatment attenuated this effect, as the number of placentas expressing 

nitrotyrosine was significantly lower in this cohort in comparison to the LPS group (p=0.0419), 

and was importantly brought back down to that of saline controls. The number of placentas 

expressing nitrotyrosine in the saline + GTN treatment group was significantly greater than that 

of the saline control group (p=0.0498).  
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Figure 3.5 Effect of maternal inflammation on placental nitrotyrosine expression. LPS 

treatment significantly increased the number of placentas expressing nitrotyrosine in comparison 

to saline controls. The number of placentas expressing nitrotyrosine was significantly lower in 

dams treated with LPS + GTN in comparison to dams treated with LPS. Saline + GTN treatment 

significantly increased the number of placentas expressing nitrotyrosine in comparison to saline 

controls. Each n value is representative of one placenta. 
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3.4 Relationship between placental HIF-1 and nitrotyrosine expression 

 

Placentas from LPS-treated dams in which both HIF-1and nitrotyrosine were assessed, 

were also analyzed to determine if there was co-expression of these markers. Table 3.1 shows the 

number of placentas expressing high levels of HIF-1 and detectable nitrotyrosine, high levels of 

HIF-1 and non-detectable nitrotyrosine, low levels of HIF-1 and detectable nitrotyrosine, and 

low levels of HIF-1 and non-detectable nitrotyrosine. All placentas expressing high levels of 

HIF-1 also expressed detectable nitrotyrosine. There were no placentas that expressed high 

levels of HIF-1 but undetectable nitrotyrosine. The majority of placentas expressing low levels 

of HIF-1 also expressed undetectable nitrotyrosine. However one placenta that expressed low 

levels of HIF-1 also expressed detectable nitrotyrosine. 

Additionally, placentas expressing both high levels of HIF-1 and detectable 

nitrotyrosine came from implantation sites of FGR fetuses. This relationship between HIF-1 and 

nitrotyrosine expression was not determined in placentas from the other treatment groups because 

the number of placentas in which both markers were co-analyzed was too low. 
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Table 3.1 Relationship between HIF-1 and nitrotyrosine expression in placentas from 

LPS-treated dams. Data indicate that HIF-1 and nitrotyrosine were co-expressed in placentas. 

  HIF-1  HIF-1 

Nitrotyrosine detectable 

 

3 1 

Nitrotyrosine  

non-detectable  

0 3 
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3.5 Effect of maternal inflammation on NO bioavailability 

 

3.5.1 Effect of maternal inflammation on placental cGMP expression 

 

Placental cGMP expression was examined to determine differences in NO bioavailability 

between different treatment groups. Extracts from frozen tissues were assayed using EIA and it 

was found that the levels of cGMP did not significantly differ between groups (Figure 3.6). 

 

3.5.2 Effect of maternal inflammation on maternal plasma cGMP expression 

 

Maternal plasma was assayed to evaluate whether circulating cGMP differed between 

treatment groups. Plasma was assayed using EIA, and it was found that the levels of circulating 

cGMP did not differ between groups (Figure 3.7). 
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Figure 3.6 Effect of maternal inflammation on placental cGMP expression. Placental cGMP 

expression did not differ significantly between treatment groups. Each n value is representative of 

one placenta. 
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Figure 3.7 Effect of maternal inflammation on maternal plasma cGMP expression. Maternal 

plasma cGMP expression did not differ significantly between treatment groups. Each n value is 

representative of one dam. 
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Chapter 4 

Discussion 

 

4.1 Summary of main findings 

 

The work presented in this thesis provides evidence that maternal inflammation 

contributes to placental alterations. Results revealed that markers indicative of decreased 

perfusion, such as nitrotyrosine and HIF-1, are elevated in placentas of LPS-treated dams. These 

alterations might play a role in the pathogenesis of FGR/PE. We additionally showed that the 

normalization of utero-placental hemodynamics observed in rats treated with LPS + GTN is 

associated with normal fetal growth, a decrease in the proportion of placentas exhibiting 

detectable nitrotyrosine, and decreased HIF-1 immunostaining. Based on these findings, we 

propose that GTN has potential applications in the treatment and/or prevention of pregnancy 

complications associated with decreased placental perfusion. 

 

4.2 Evaluating the role of LPS-induced maternal inflammation on pregnancy 

pathology 

  

The work of our research group focuses on determining if and how maternal 

inflammation plays a key etiological role in the pathogenesis of pregnancy complications, 

specifically FGR/PE and fetal loss. Previous work by our group has demonstrated that 

administration of LPS (100 µg/kg) on GD14.5 leads to >95% fetal death after 3-4 hrs, as a result 
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of altered utero-placental perfusion [114]. The work presented in this thesis (in combination with 

data collected by Cotechini T.), has demonstrated that administration of low-dose LPS (10-40 

µg/kg LPS) between GD 13.5-16.5 does not cause death to the majority of fetuses, but instead 

contributes to FGR. Work done by others in our laboratory has additionally demonstrated that this 

low-dose LPS treatment regimen leads to the development of PE-like symptoms, such as 

elevations in blood pressure, proteinurea, and glomerular endotheliosis (Cotechini T. et al, 

submitted for publication). Our group has shown that chronic low-dose LPS administration is 

causally linked to shallow trophoblast invasion and spiral artery remodeling, leading to elevated 

spiral artery resistance index, altered utero-placental hemodynamics, and development of 

FGR/PE (Cotechini T. et al, submitted for publication). Those studies also showed that 

hemodynamic alterations are mediated by the pro-inflammatory cytokine TNF- and that the 

TNF- inhibitor, etanercept, can prevent these changes (Cotechini T. et al, submitted for 

publication). While others have revealed an association between inflammation and the 

development of FGR/PE, to our knowledge, our studies provide the first evidence of a causal 

link. The work presented in this thesis also demonstrates that GTN treatment prevents LPS-

induced FGR. These findings indicate that FGR may be mediated at least in part by decreased 

utero-placental perfusion, as a result of inflammation-mediated deficiencies in vessel remodeling 

or vasoconstriction. Evidence to support the notion that inflammation-induced FGR is a 

consequence of restricted utero-placental perfusion, is provided by results showing that GTN 

normalizes utero-placental hemodynamics in LPS-treated rats (Cotechini et al., submitted for 

publication), and that this is associated with reduction in pathology. We also show here that the 

development of FGR in the saline + GTN treatment group was not significantly different from 
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FGR observed in the saline control group, indicating that GTN administration on its own does not 

contribute to this pathological phenotype. 

As a result of these findings, the rest of the studies in this thesis focused on elucidating 

specific placental alterations, namely HIF-1 accumulation and nitrotyrosine expression, which 

could arise as a result of decreased placental perfusion. This work is important because these 

placental alterations might play a role in the pathophysiology of FGR/PE.   

 

4.3 Effect of maternal inflammation on placental HIF-1 expression 

  

We showed here that placentas from LPS-treated dams exhibited significantly greater 

HIF-1 expression in comparison to placentas from saline-treated control dams. This was 

determined by blinded observer analysis showing significantly greater HIF-1 staining 

distribution, intensity, and immunoreactivity scores, as well as software analysis indicating 

greater % positive HIF-1 staining. Additionally, we showed here that when GTN was given to 

dams receiving LPS, the same elevation in placental HIF-1 expression was not observed. We 

also observed no significant increase in HIF-1 expression in the saline + GTN treatment group 

in comparison to saline controls. We propose that LPS increased the expression of placental HIF-

1 as a result of TNF--mediated alterations in utero-placental hemodynamics, leading to 

placental hypoxia and thus HIF-1 expression.  

However, inflammation is also known to affect HIF-1 expression [115]. It has been 

shown that LPS directly leads to HIF-1 mRNA accumulation through an NF-B dependent 

mechanism [116]. Other groups have shown that bacterial infection can lead to HIF-1 protein 
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accumulation through an NF-B dependent mechanism [117]. NF-B was also shown to regulate 

HIF-1 at the transcriptional level in that study [117]. Therefore, in the present study we cannot 

rule out the possibility that inflammation also contributed to expression of HIF-1 observed in 

the LPS treatment group. 

We propose that GTN prevented elevations in HIF-1 expression primarily by acting as a 

vasodilator of the utero-placental vessels, thereby maintaining placental perfusion and preventing 

placental hypoxia. However, there may be other mechanisms by which GTN could act to 

indirectly affect HIF-1 expression. Preliminary studies in our laboratory indicate that GTN 

might act as an anti-inflammatory molecule. Specifically, in vitro experiments have shown that 

GTN inhibits TNF- secretion by LPS-activated THP-1 monocytic cells (Cotechini, T., 

unpublished observations). Thus, GTN might decrease HIF-1expression by preventing TNF--

mediated deficiencies in spiral artery remodeling.  

We provide evidence to suggest that maternal inflammation is associated with placental 

HIF-1 expression. This is an important finding because placental HIF-1, as previously 

mentioned, might play a role in the pathogenesis of PE. These findings are additionally important 

because they further validate our animal model of FGR/PE, since placentas from women with PE 

have been shown to express elevated HIF-1 [67, 118].  

HIF-1 regulation is complex, and many signaling pathways may contribute to its 

regulation and expression. The mechanism by which inflammation contributed to elevated HIF-

1 expression in our studies has yet to be determined. 
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4.4 Effect of maternal inflammation on placental nitrotyrosine expression 

  

We showed here that LPS treatment significantly increased the number of placentas 

expressing nitrotyrosine in comparison to saline controls. Additionally, we showed here that 

LPS + GTN treatment significantly decreased the number of placentas expressing detectable 

nitrotyrosine in comparison to LPS treatment alone, and that nitrotyrosine expression was brought 

back down to saline control levels. These results indicate that heightened maternal inflammation 

is associated with elevated placental peroxynitrite and oxidative/nitrosative stress. We propose 

that LPS contributed to elevated placental nitrotyrosine as a result of TNF--mediated alterations 

in utero-placental hemodynamics, leading to superoxide and peroxynitrite formation. As 

previously mentioned, peroxynitrite is damaging to placental tissues, and might contribute to the 

pathogenesis of FGR/PE. Thus, our findings provide evidence of pathological placental 

alterations in dams experiencing heightened maternal inflammation. These findings are 

additionally important because they further validate our animal model of FGR/PE, since placentas 

from women with these pathologies also express elevated nitrotyrosine [82].   

We propose that GTN decreased nitrotyrosine accumulation mainly by maintaining 

adequate placental perfusion, thus attenuating placental hypoxia and preventing the accumulation 

of superoxide. However, as indicated earlier, other mechanisms for the action of GTN cannot be 

ruled out.  

Contrary to our expectations, we observed a significant increase in the number of 

placentas expressing nitrotyrosine in the saline + GTN treatment group, in comparison to 

placentas from saline control dams. However, we propose that elevated nitrotyrosine in this group 
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did not contribute to a pathological phenotype, as we did not observe elevations in percentage of 

FGR in this group.  

Interestingly, for the implantation sites in which both HIF-1 as well as nitrotyrosine 

experiments were conducted, it was found that all placentas expressing elevated HIF-1 

expression also expressed detectable levels of nitrotyrosine. Additionally, the majority of 

placentas expressing very low HIF-1 expression (almost zero expression) also did not express 

detectable levels of nitrotyrosine (3 out of 4 placentas expressing low HIF-1 also had 

undetectable nitrotyrosine). Additionally, all placentas that expressed both high levels of HIF-1 

as well as nitrotyrosine were from implantation sites of FGR fetuses. These observations provide 

evidence for a common upstream regulatory mechanism, leading to the expression of both HIF-

1and nitrotyrosine; we propose that this is a consequence of decreased placental perfusion 

mediated by inflammation. Additionally, these data could indicate a potential relationship in 

mechanism of expression between nitrotyrosine and HIF-1. It has been suggested by others that 

ROS might also provide a mechanism by which HIF-1 is expressed [119].   

We provide evidence that maternal inflammation is associated with placental 

nitrotyrosine expression. We also observed that nitrotyrosine and HIF-1 are often expressed 

together, indicating a potential relationship in mechanism of expression. We propose that this 

phenomenon results because of inflammation-mediated alterations in utero-placental perfusion, 

leading to placental hypoxia and the formation of superoxide.  
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4.5 Effect of maternal inflammation on placental cGMP expression 

 

Nitrotyrosine is considered to be an indicator of decreased NO bioavailability [120-122], 

as a result of peroxynitrite generation from the reaction between superoxide and NO. 

Peroxynitrite can further decrease NO bioavailability by oxidizing BH4 [123], resulting in 

subsequent eNOS uncoupling and thereby leading to the formation of superoxide instead of NO 

[124]. Thus, we hypothesized that placental nitrotyrosine detection in our studies would 

contribute to decreased placental NO bioavailability and signaling. 

Direct assessment of NO levels in vivo is difficult to achieve, as this molecule is 

extremely short-lived [74]. Thus, instead of measuring NO directly, we examined cGMP as a 

surrogate marker for NO bioavailability. Contrary to what we expected, we found no differences 

in cGMP expression between groups. One explanation for this observation is that activated 

macrophages, rather than the trophoblast, are the main source of NO leading to increased 

nitrotyrosine levels in the LPS-treated rats. It is possible, therefore, that macrophage-derived NO 

acts as a chemical shield to „protect‟ trophoblast-derived NO from oxidation by superoxide, 

allowing trophoblast-derived NO to activate sGC and generate cGMP. It is known that LPS and 

pro-inflammatory cytokines stimulate iNOS from macrophages to produce NO; relative to the 

other two NOS isoforms, iNOS produces the greatest, though transient, levels of NO [94].  

Alternatively, if NO bioavailability is affected by nitrotyrosine in our model, it is possible 

that compensatory mechanisms might be regulating cGMP and preventing differences in 

expression from being observed. It is known that cGMP can increase the activity of certain 

phosphodiesterases (PDEs) [125]. PDEs are a family of enzymes that convert cGMP into GMP, 

thereby acting to negatively regulate the levels of cGMP within the cell [125]. Thus, it is possible 
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that if cGMP levels are diminished or elevated as a result of fluctuations in NO bioavailability, 

the activity of PDEs might compensate to maintain constant levels of cGMP.  

Additionally, natriuretic peptides such as atrial natriuretic peptide (ANP) and B-type 

natriuretic peptide (BNP) are known to regulate cGMP expression by binding to particulate 

guanylyl cyclase (pGC)-bound transmembrane receptors, and triggering the synthesis of cGMP 

[126, 127]. It has been shown that ANP and its receptor are expressed in the placenta and feto-

placental vasculature [128-130]. Thus, the ANP system could increase cGMP levels in the 

placenta as a mechanism to compensate for decreased placental perfusion. It has been shown that 

ANP expression is elevated in maternal plasma of patients with PE, in comparison to normal 

pregnancy [131]. Furthermore, it has been shown that hypoxia elevates ANP expression levels in 

fetal plasma [132]. Sex-specific differences have also been shown to affect ANP expression in the 

mouse heart [133]. Thus it is possible that the sex of the fetus might influence ANP expression 

and thus affect placental cGMP expression. We did not discern the sex of the fetuses at 

dissection, and thus, we could not control for potential sex-specific differences that might have 

played a role. 

 

4.6 Effect of maternal inflammation on cGMP expression in the maternal plasma 

 

We also show here that no significant differences were found in cGMP expression levels 

in maternal plasma between treatment groups. These results are similar to findings reported by 

other groups in which the levels of NO metabolites did not differ between patients with and 

without PE, in both maternal plasma [134] and venous blood [135].  
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4.7 Concluding remarks 

  

The results of our studies indicate that maternal inflammation contributes to placental 

alterations indicative of decreased placental perfusion. These alterations might play a role in the 

pathogenesis of FGR/PE. We additionally show here that restoration of placental perfusion using 

GTN can prevent placental alterations and prevent development of FGR.  
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Chapter 5 

Future Directions 

 

The present studies have examined the role of abnormal maternal inflammation on 

placental alterations. Markers of placental hypoxia and oxidative/nitrosative stress, HIF-1 and 

nitrotyrosine respectively, were found to be elevated in dams experiencing heightened maternal 

inflammation. Future studies should examine the functional consequences of such placental 

molecular alterations. Consequences associated with elevated HIF-1 in our rat model should be 

explored, such as the potential release of placental sFlt-1 and/or sEng, which is known to be 

pathological in pregnancy. The consequences of elevated nitrotyrosine should also be explored in 

our rat model. It would be interesting to see if nitrotyrosine staining co-localizes with markers of 

placental damage and apoptosis. Thus, future studies should be conducted to determine how the 

placental alterations observed in these studies might contribute to FGR and a PE-like syndrome 

observed in our model.  

Future studies should also aim to elucidate the mechanism by which these changes occur 

in the placenta. We have previously shown that shallow trophoblast invasion and decreased spiral 

artery remodeling are mechanistically linked to inflammation and TNF- release. Therefore, we 

believe that the changes observed in the placenta are mediated by inflammation-induced 

alterations in utero-placental hemodynamics. However to verify this, future studies should be 

done to explore whether elevations in placental HIF-1 and nitrotyrosine expression can be 

blocked by etanercept.  
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The aim of our research is to understand the origins of pregnancy pathology so that we 

can develop strategies to treat affected individuals. We believe that GTN has potential 

applications in the treatment and/or prevention of pregnancy complications associated with 

abnormal maternal inflammation, and thus we hope to eventually contribute to the 

implementation of GTN in the clinical setting.   
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Appendix A 

Detailed HIF-1 immunohistochemistry protocol 

 

1. Slides were warmed in the oven for 1-2 hrs at 50 °C – 60 °C to ensure adhesion of 

paraffin sections to slides.  

2. 10 %, 2 %, and 1 % Normal Horse Serum (NHS; Gibco Invitrogen, Burlington, Ontario, 

Canada) solutions were made.  

3. Tissues were deparaffinized in CitriSolv (Fisher Scientific, Ottawa, Ontario, Canada) for 

five min, two times.  

4. Tissues were hydrated by placing slides through a graded hydration series: 

 100% ethanol for two min, two times. 

 95% ethanol for two min, two times. 

 70% ethanol for two min, two times. 

 Double distilled water for two min, two times. 

5. Slides were washed in PBS for two min, two times.  

6. Antigen retrieval was accomplished by immersing sections in 90 °C – 95 °C citrate 

solution (DakoCytomation, Glostrup, Denmark) for 20 min.  

7. Slides were washed in PBS for two min, two times.  

8. Slides were incubated in 3 % hydrogen peroxide solution (Sigma-Aldrich, St. Louis, MO, 

USA) for 10 min.  

9. Slides were washed in PBS for two min, two times.  

10. 10 % NHS was used to block slides for 20 min in a humidified chamber. A humidified 

chamber was made by lining Tupperware with wet paper towel.  
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11. Slides were blocked again, using Dako protein block (Dako North America, Carpinteria, 

CA, USA) for 10 min in a humidified chamber.  

12. Slides were washed in PBS for three min.  

13. Slides were incubated with anti-HIF-1 primary antibody (NB100-105; Novus 

Biologicals, Oakville, Ontario, Canada) overnight (20 hrs) at 4 °C, in a humidified 

chamber. A 1:500 dilution of the primary antibody was made by diluting 2 L of 

antibody in 998 L of 2 % NHS.  

14. The next day, slides were washed in PBS for four min, two times.  

15. Slides were incubated with biotinylated horse anti-mouse secondary antibody (Vector 

Laboratories, Burlington, Ontario, Canada) for 30 min at room temperature, in a 

humidified chamber. A 1:200 dilution of the secondary antibody was made by diluting 5 

L of antibody in 995 L of 1 % NHS.  

16. Slides were washed in PBS for three min, two times.  

17. Slides were incubated with Vectastain ABC Elite solution (Vector Laboratories, 

Burlington, Ontario, Canada) for 45 min at room temperature, in a humidified chamber.  

18. Slides were washed in PBS for four min, two times.  

19. Slides were incubated in diaminobenzidine solution (DAB; Dako North America, 

Carpinteria, CA, USA) for one min.  

20. Slides were rinsed in tap water, counterstained in haematoxylin (Fisher Scientific, New 

Jersey, USA) for 12 sec, and then rinsed in double distilled water.  
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Dehydrated and cleared tissues: 

 70% ethanol for two min, two times. 

 95% ethanol for two min, two times. 

 100% ethanol for two min, two times. 

 CitriSolv for five min, two times. 

21. Added permount (Fisher Scientific, New Jersey, USA) and coverslip to each slide, for 

viewing purposes under the light microscope. 
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Appendix B 

Semi-quantitative analysis of HIF-1 expression 

 

You will be quantifying the distribution and intensity of HIF-1 expression, represented 

by brown DAB chromagen staining. Slides have been counterstained using hematoxylin, which 

stains cellular basophilic structures, such as the nucleus and some cytoplasmic structures, a 

purplish blue colour. Therefore the nucleus will either stain purple/blue (negative staining) or 

brown (positive staining). 

 

To quantify distribution in the placenta, examine three random areas from three separate 

regions (left, centre, right) of the labyrinth at 500X magnification. Estimate the total percent of 

nuclei expressing positive staining (brown) using the following scale: 

 

0 – no stained nuclei 

1 – <10% of nuclei stained 

2 – between 11-50% of nuclei stained 

3 – between 51-80% of nuclei stained 

4 – >80% of nuclei stained 
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Within the same areas, quantify the intensity of positively stained cells using the scale 

provided below. Refer to examples of staining intensity provided below: 

 

0 – No stained nuclei  

1 – Weakly stained nuclei 

2 – Moderately stained nuclei 

3 – Strongly stained nuclei 
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0 1 

2 3 
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Appendix C 

Sample preparation for nitrotyrosine ELISA 

 

Placentas were removed from -80 °C and cut into quarters; one quarter of the tissue was 

homogenized in 2 mL of homogenization buffer (20mM Tris, 1mM EDTA, 1mM EGTA, 20mM 

sodium fluoride, 0.15M sodium chloride, 0.5 % Nonidet P-40, 0.5 % Triton X-100, 200M 

sodium orthovanadate), supplemented with one protease-inhibitor cocktail tablet (Cat # 

11836153001, Roche Diagnostics Canada, Laval, QC, Canada) for every 10 mL of 

homogenization buffer. Tissues were homogenized using a polytron tissue tearer at speed 20 on 

ice for 10-second intervals, which was repeated six times until smooth. Samples were centrifuged 

for 5 minutes at 20 000 x g. Aliquots of supernatant were transferred to clean Eppendorf tubes 

and frozen at -80 °C. These sample preparation procedures were adapted from Roberts et al 

(2009) [83].  

Total protein concentration of each sample was determined using the Bio-Rad DC Protein 

Assay (Bio-Rad Laboratories, Mississauga, ON, Canada). To conduct the protein assay, 5 L of 

sample was combined with 25 L of working solution (1 mL “Reagent A” + 20 L “Reagent S”), 

followed by 200 L of “Substrate B” to each well of a 96 well plate. The solution was incubated 

for 15 minutes, where after absorbance readings and corresponding protein concentration values 

were determined using the SpectraMAX Plus spectrophotometer. The samples were then 

normalized to equal concentrations of total protein.  
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Appendix D 

Detailed nitrotyrosine experimental protocol 

 

According to manufacturer‟s instructions, to each well of a 96-well plate, 40 L of 

diluted sample or standard was combined with 40 L of kit‟s biotinylated nitrotyrosine peptide 

solution, and 40 L of kit‟s anti-nitrotyrosine primary antibody. Reagents were incubated for one 

hour with gentle agitation at room temperature. During this incubation period, nitrotyrosine in the 

samples or standards competed with the biotinylated nitrotyrosine peptide solution for the anti-

nitrotyrosine detection antibody. Therefore, greater levels of nitrotyrosine within the 

samples/standards will cause less biotinylated nitrotyrosine to bind to the primary antibody. After 

one hour, 100 L of the mixture was transferred to a streptavidin-coated 96 well plate and was 

left to incubate for one hour with gentle agitation at room temperature. During this incubation 

period, the biotinylated nitrotyrosine binds to the streptavidin-coated plate. After incubation, the 

solution was removed with a wrist flick and the wells were washed with 200 L of TBST two 

times quickly, followed by two times for five minutes with gentle agitation. After washing, 

100 L of the secondary antibody (HRP-conjugated goat anti-rabbit) was added to each well, and 

incubated for one hour with gentle agitation at room temperature, during which time the 

secondary antibody was allowed to react with the primary antibody that was bound to the 

biotinylated nitrotyrosine. After incubation, the solution was removed with a wrist flick and the 

wells were washed with 200 L of TBST two times quickly, followed by 200 L of TBS two 

times quickly. The wells were then washed with 200 L of TBS two times for 5 minutes with 

gentle agitation. The plate was tapped against a stack of absorbent papers to remove excess 
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solution. LumiGLO chemiluminescent substrate solution (100 L) was added to each well, and 

incubated in the dark for 5 minutes and 20 seconds. LumiGLO identifies HRP-conjugated 

secondary antibody and gives off luminescence readings according to amount of secondary 

antibody present. Therefore, greater levels of nitrotyrosine within the sample/standard will 

correspond to weaker luminescence signal given off per well. Chemiluminescence was detected 

using a Glomax luminometer and quantified using Excel and Prism to determine levels of 

nitrotyrosine present within each sample.  

Results are representative of two experimental plates containing different samples that 

were assayed on separate days. During the reading of the first experimental plate, it was 

determined that intra-assay variation existed between the luminescence values recorded for each 

well. This resulted because the luminescence machine reads wells individually in a left-to-right 

fashion (instead of the entire plate at once), and the time that elapsed between each individual 

well‟s reading was determined to be approximately 2 seconds. The chemiluminescent substrate 

(LumiGlo) was breaking down during the elapsed time (96 well plate; approximately 3 minutes), 

leading to readout values that were lower at the bottom of the plate. Since the standard curve was 

run vertically but the machine was reading the values horizontally across the plate, this 

contributed to an alteration of the standard curve. After some thought to determine a solution, the 

plate was washed twice with 200 L of TBST and new LumiGlo reagent was added to two 

duplicate stripwells at a time. Two duplicate strips were read at a time, in order to try to minimize 

time elapsed between reading of the first and last well. This procedure was repeated for all the 

samples in duplicate. This method yielded better standard curve results, as the standard curve 

increased in luminescence accordingly (and thus decreased in nitrotyrosine value accordingly 

with successive dilution factors). Values for this experiment were calculated according to this 
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standard curve.  

The second plate was read using this adjusted reading protocol. Values for samples in this 

second plate were calculated according to the standard curve generated from that experimental 

plate. 
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Appendix E 

Placental sample preparation for cGMP EIA 

 

Placentas were removed from -80 °C and cut into quarters and weighed; weights were 

factored into final concentration calculations. The tissue was dropped into 1 mL of 5 % 

trichloroacetic acid (TCA) in ultrapure water (Cayman Chemical Company, Ann Arbor MI, 

USA). Tissues were homogenized using a polytron tissue tearer at speed 20. Homogenization of 

each sample was carried out on ice for 10-second intervals, which was repeated six times until 

smooth. Samples were centrifuged for 1500 x g for 10 minutes as per the manufacturer‟s 

recommendation. Supernatants were removed and transferred into separate clean 10 mL test 

tubes. TCA was extracted from the sample using water-saturated ethyl ether. 5 mL of ether was 

added to each sample and mixed thoroughly for 10 seconds. Layers were allowed to separate, and 

the upper layer containing ether and TCA was extracted. Extraction was repeated two more times. 

Separately, 5 % TCA was extracted from ultrapure water using the same extraction method. This 

water was used to dilute the standard curve. Samples were heated at 70 °C to allow for residual 

ether in the samples to evaporate. Once all the ether had evaporated from the samples, samples 

were cooled and placed in -80 °C for storage. 

Samples and standards were diluted and acetylated according to manufacturer‟s protocol, 

to increase the assay‟s sensitivity. To 500 L of sample, 100 L of 4M KOH was added followed 

by 25 L of acetic anhydride. Samples were vortexed for 10 seconds, and then 25 L of 4M KOH 

was added again to complete acetylation.  
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Appendix F 

Detailed cGMP experimental protocol 

 

Assays were conducted according to manufacturer‟s instructions. To each well of a 96-

well plate coated with mouse monoclonal anti-rabbit IgG, 50 L of sample/standard was 

combined with 50 L of the kit‟s cGMP-acetylcholinesterase conjugate (cGMP tracer), and 50 

L of the kit‟s cGMP rabbit antibody (cGMP antiserum). Samples were assayed in triplicate. The 

plate was left overnight for 18 hrs to incubate at room temperature, with gentle agitation. During 

this time, the samples/standards compete with the kit‟s cGMP tracer for the cGMP antiserum. 

Because this is a competitive assay, greater levels of free cGMP in the samples correspond to less 

binding of the cGMP tracer with the cGMP antiserum. The plate is coated with a secondary 

antibody, to which the antiserum (bound to free cGMP or tracer) binds. After 18 hrs of 

incubation, wells were emptied and washed five times quickly with 200 L of wash buffer. Plate 

was tapped against a stack of absorbent papers to remove excess fluid. 200 L of Ellman‟s 

reagent was added to each well and allowed to develop in the dark for 95 minutes. The plate was 

read (all wells were read together) at an absorbance of 412 nm and results were quantified. The 

SpectraMAX Plus spectrophotometer was used to read absorbance values. 
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Appendix G 

Maternal plasma sample preparation for cGMP EIA 

 

Blood was collected from mothers via cardiac puncture at sacrifice, in syringes 

containing the anticoagulant EDTA. Samples were centrifuged at 2000 x g for 20 minutes to 

allow for separation of plasma from red blood cells. Plasma was aliquoted into separate 

microcentrifuge tubes and frozen at -80 °C until assayed.  

Samples were removed from the freezer and allowed to thaw. According to 

manufacturer‟s protocol, 1 mL of ice-cold ethanol was added to 250 L of each plasma sample. 

Each sample was vortexed and allowed to sit at room temperature for 5 minutes. Samples were 

centrifuged at 1 500 x g for 10 minutes. Supernatant was removed and transferred to separate 

clean Eppendorf tubes. Using a 22-gauge needle, a single hole was punctured in the cap of the 

Eppendorf tubes containing each sample. Samples were placed into a vacuum centrifuge and spun 

overnight. In the morning, pellets were re-suspended in 250 µL of EIA buffer.  

 

 

 


