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Abstract 

Spontaneous foetal loss is the most common complication of pregnancy, affecting up to 20% of 

recognized pregnancies and recurring in 1-3% of cases. Abnormal maternal inflammation and 

systemic maternal coagulopathies are associated with foetal loss; however, the causal role of 

inflammation in the development of obstetric coagulopathies has not been determined. Further, 

questions remain as to whether maternal systemic coagulopathies are associated with placental 

haemostatic alterations and what role these local alterations play in foetal outcome.  

 

We hypothesized that abnormal maternal inflammation during pregnancy is causally linked to 

maternal coagulopathies and that these coagulopathies are associated with impaired utero-

placental blood flow preceding foetal death. To induce inflammation-mediated fetal death, we 

administered lipopolysaccharide (LPS; 100-µg/kg) to Wistar rats on gestational day 14.5 and 

characterized the systemic maternal coagulation status 1hr post LPS administration using 

thromboelastograpy. Utero-placental haemostatic alterations were analyzed by periodic acid 

Schiff staining (PAS) and immunohistochemistry for fibrin/fibrinogen. Spiral arteriole peak flow 

velocity was determined by Doppler ultrasound. To determine causality between abnormal 

maternal inflammation, coagulopathies, and placental hemodynamics, the TNF -inhibitor 

etanercept (Enbrel®) was administered six hours prior to LPS administration.  

 

Systemic maternal coagulopathies were evident in 82% of LPS-treated dams and were associated 

with specific placental haemostatic alterations as well as reduced utero-placental blood flow. 

Etanercept administration prevented the development of systemic coagulopathies and placental 

haemostatic alterations. Furthermore, etanercept maintained normal spiral arteriole peak flow 

velocity.  
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 This study demonstrated that abnormal maternal inflammation is causally linked to systemic 

coagulopathies specific to pregnancy. Moreover, we showed that inflammation-induced systemic 

coagulopathies are associated with placental haemostatic alterations and reduced utero-placental 

blood flow preceding foetal death. Modulation of maternal inflammation may thus be useful in 

the prevention of coagulopathies associated with complications of pregnancy. 
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Chapter 1 

Introduction 

 

1.1 Spontaneous fetal loss   

1.1.1 Definition 

 

Spontaneous abortion (SA) is the most common complication of pregnancy, affecting 20% of 

couples, and recurring in 1-3% of pregnancies [16]. Spontaneous abortion is defined as the loss of 

a viable conceptus prior to the 20
th
 week of gestation, while recurrent pregnancy loss (RPL) is 

defined as three or more losses in the third trimester, two or more losses in the second trimester, 

or at least one fetal death in the first trimester [16].  

 

1.1.2 Aetiology   

 

The aetiology of foetal loss is multifactorial. Chromosomal aberrations, anatomical/uterine 

anomalies and endocrine dysfunction are among some known causative factors. However, these 

account for only one-third of all foetal losses, with the majority of cases being of unknown origin 

[125]. While fifty to sixty percent of early pregnancy losses (prior to the 10
th
 week of gestation) 

are due mainly to chromosomal aberrations [72], maternal causes of fetal loss have been 

associated with losses later in pregnancy [21, 111]. Maternal immune maladaptation and systemic 

coagulopathies are maternal factors that are strongly associated with foetal loss.  While these 

associations have been established, a causal role of inflammation in the development of obstetric 

coagulopathies has not been determined. Further, the pathophysiological role of maternal 

coagulopathies in foetal loss has not been fully elucidated. To appreciate the role of haemostatic 

alterations in pregnancy, the structure and function of the placenta must be understood. 
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1.2 The placenta  

1.2.1The Human Placenta 

 

The placenta is a transient organ located at the interface between the developing fetus and its 

mother. Its development and function are crucial for a successful pregnancy [30]. The placenta is 

composed of maternal and foetal derivatives. The maternal portion is known as the placental bed. 

This region is composed of decidualized uterine tissue, decidual vessels and veins. The region 

inferior to the placental bed is known as the basal plate (also referred to as the cytotrophoblastic 

shell), and it is composed of a discontinuous layer of cytotrophoblast interrupted by decidual 

maternal vessels.  

 

 The foetal portion of the placenta is composed of an outer epithelial layer derived from the 

trophoectoderm (trophoblast) and an inner vascular and stromal layer derived from the extra 

embryonic mesoderm [30]. The foetal placenta is bound to the foetus by a layer of trophoblast 

supported by extracellular matrix, collectively known as the chorionic plate [45]. Between the 

basal plate and chorionic plate is the syncytiotrophoblast-lined intervillous space, containing the 

main functional units of the human placenta, the chorionic villi. Chorionic villi are tree-like 

projections composed of an outer layer of trophoblast and an inner core of allantoic mesenchyme 

and vasculature that branches off the umbilical vessels [136].The human placenta is described as 

a haemochorial organ, whereby maternal blood is in direct contact with placental trophoblast. 

Circulating maternal blood enters the intervillous space via decidual spiral arterioles, bathes the 

outer trophoblast layer of the chorionic villi and drains back through endometrial veins [30]. 
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1.2.2 Human uterine vasculature and utero-placental blood flow  

 

Successful pregnancy requires an adequate establishment of utero-placental blood flow [149]. 

The uterine blood supply arises from two major sources: the uterine and ovarian arteries. The 

uterine arteries originate from the anterior trunk of the internal iliac arteries. As they reach the 

cervix, uterine arteries anastomose with the ovarian artery to supply each ovary. As the uterine 

arteries travel towards the fallopian tubes, they branch off into numerous arcuate arteries that 

anastomose with arteries from the contralateral side. This series of arcuate arteries gives off radial 

branches (the basal or straight arteries) that supply the myometrium and the basal layer of the 

endometrium. At the myometrial/endometrial junction, radial arteries bifurcate into straight and 

spiral arteries, the latter penetrating deep within the endometrium [95].  

 

During the first trimester of pregnancy, the placenta develops in a low oxygen environment since 

spiral arterioles are plugged by endovascular cytotrophoblast cells, thus limiting blood flow to the 

conceptus. It is not until 10-12 weeks of gestation that maternal blood begins to flow to the 

intervillous space [54]. As pregnancy progresses, blood flow to the placenta increases 

significantly. The establishment of a low-resistance, high-capacitance uteroplacental circulation is 

achieved by invasive endovascular throphoblast-mediated remodeling of the spiral arterioles. 

These physiological changes allow the provision of sufficient oxygen and nutrients for the 

growing foetus [95]. 
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1.2.3 Comparative anatomy of the rat and human placenta and placental vasculature  

 

The placenta of the rat shares functional and structural features of the human placenta. In both 

species, placental formation involves the development of physiologically and anatomically 

distinct regions.  

 

The region of the labyrinth in the rat is analogous to the foetal placenta in humans. However, in 

the rat, the branches off the main chorionic projections of the labyrinth are much more 

interconnected and generate an intricate maze-like pattern.  As a result of this arrangement, the 

space within which maternal blood circulates (maternal blood spaces) is much smaller. As in 

humans, rat placentation is considered haemochorial, albeit the human placenta is considered 

monochorial (single layer of syncytiotrophoblast), while the rat placenta is considered trichorial 

[118].  

 

Superior to the labyrinth, the junctional zone of the rat, is analogous to the basal plate in humans. 

In both species, this region is composed mainly of glycogen cells and spongiotrophoblast [31].  In 

the rat, the junctional zone is traversed by maternal arterial channels (MACs) lined by trophoblast 

cells, through which maternal blood flows into the labyrinth.  The human placenta does not 

contain MACs, hence the spiral arterioles directly supply the intervillous spaces [45]. Superior to 

the junctional zone/basal plate is a zone of trophoblast giant cells, followed by the placental 

bed/decidua basalis in both species. Figure 1-1 illustrates the major regions of the human placenta 

and their analogous structures in the rat. 
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The human placental bed contains approximately 100-150 maternal spiral arterioles and several 

veins, which are continuous with maternal channels that carry blood in and out of the intervillous 

space [143]. A similar vascular structure exists in the rat; however, there are fewer spiral arteries 

and approximately four MACs carrying the blood from spiral arterioles to the labyrinth [46]. A 

unique structural feature of the rat placental vasculature is that each uterine artery travels along 

the outer wall of the uterine horn encompassed by a connective tissue sheath called the 

mesometrium. This sheath exists along the medial border of each uterine horn [46].  

 

Like humans, rat utero-placental blood flow increases significantly during pregnancy, ranging 

from 10-to-100 fold above non-pregnant levels [46, 119]. These changes are mediated by 

invasive trophoblast, which differentiate from cytotrophoblast cells of anchoring villi (villi that 

extend to the basal plate) in humans, and from glycogen cells of the junctional zone in the rat.  

 

Since the placenta is a highly vascularized organ and proper blood flow to the foetus is crucial for 

development, processes that maintain a balance between clotting and bleeding are relevant to a 

successful pregnancy.  
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Figure 1.1 The human and rat placenta. A simplified illustration of the major regions and 

certain cell types of the human (A) and rodent placenta (B). These images represent a cross-

sectional view; the maternal portion of the placenta is at the top of the micrographs, while the 
fetal portion is at the bottom. Arrows depict the direction of maternal blood flow within the utero-

placental circulation. Utero-placental unit of saline-treated rat stained with PAS (C). The 

mesometrial triangle (MT) is a sheath through which spiral arterioles and maternal veins pass 

through towards the decidua (D), junctional zone (JZ) and finally provide blood to the maternal 
spaces within the labyrinth (L). Note: A-B modified from Georgiades et al., [45]. Scale bar (C): 

1mm. 

A B 

C 

L 

JZ 

MT 
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1.3 Haemostasis  

1.3.1 Defining Haemostasis 

 

Haemostasis is the complex process that maintains the balance between clotting and bleeding.  It 

is composed of several tightly coupled biochemical reactions involving the dynamic interaction 

between circulating coagulation factors, the anticoagulation and fibrinolytic systems, vascular 

endothelium, platelets, and blood flow [42]. Upon endothelial damage, immediate constriction of 

damaged vessels is caused by vaso-constrictive paracrine factors released by the endothelium. 

The following step, termed primary haemostasis, entails the formation of a loose platelet plug. 

Secondary haemostasis involves the coagulation cascade, a sequential enzymatic activation of the 

coagulation factors culminating in an insoluble fibrin clot. The coagulation cascade is composed 

of the extrinsic pathway, intrinsic (contact) pathway, and the converging common pathway.  In 

brief, the extrinsic pathway of the coagulation cascade is initiated when tissue factor (TF), a 

trans-membrane glycoprotein, comes in contact with the circulating pro-coagulant factor VII 

(FVII). TF converts FVII to its active form, FVIIa, and binds to it to form a TF-FVIIa complex. 

This complex catalyzes the conversion of FX to FXa, which forms the prothrombinase (PT) 

complex together with FVa [38]. The PT complex then cleaves prothrombin to form thrombin, 

which ultimately cleaves tri-peptide fibrinogen into an insoluble fibrin monomer. Figure 1.2 

provides a simplified view of haemostatic mechanisms, including the coagulation cascade, natural 

anticoagulation and fibrinolytic systems.  
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Figure 1.2 Simplified schematic of the coagulation cascade and haemostatic mechanisms. 

The coagulation cascade involves the sequential enzymatic breakdown of pro-coagulant 
zymogens culminating in the formation of a cross-linked fibrin clot. Both anticoagulation (red) 

and fibrinolytic (green) systems exist to balance the clotting system. Thrombin is a key player in 

providing amplification loops and activating anticoagulation mechanisms (blue dotted arrows). 
Boxed factors [Xa-Va] represent the PT complex which cleaves prothrombin into thrombin. 

Adapted from Finley et al., [38] and Furie et al. [42]. 
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The anticoagulation system  

 

Coagulation is kept in check by the physiological anticoagulant system composed of four major 

components, namely protein S (PS), protein C (PC), anti-thrombin (AT), and tissue factor 

pathway inhibitor (TFPI).  Protein S (PS) acts as a non-enzymatic co-factor to the anticoagulant 

activated protein C (APC). Protein C is activated to APC by thrombin in the presence of 

thrombomodulin (TM) on the surface of endothelial cells. Activated protein C can also 

proteolytically inactivate FVa and FVIIIa [82].  Anti-thrombin is a pivotal component of the 

natural anticoagulant system, acting as the major inhibitor of thrombin and FXa. During severe 

inflammatory responses, AT levels are markedly decreased as the result of depletion of 

coagulation factors. Thrombomodulin is expressed on endothelial cells and the 

syncytiotrophoblast; it binds thrombin and activates PC. Finally, TFPI is the major inhibitor of 

TF-FVIIa complex [42]. 

 

Platelets  

 

 Platelets also play a key role in haemostasis. Platelets can be activated by pro-inflammatory 

mediators as well as by thrombin. Once activated, platelets express CD40 and P-selectin, both 

adhesive molecules that facilitate aggregation. Further, activated platelets accelerate fibrin 

formation by the expression of P-selectin which can enhance the expression of TF on monocytes, 

aid in the recruitment of leukocytes, release plasminogen activator inhibitor one (PAI-1)-

containing alpha granules, and provide a phospholipid surface that further enhances the activation 

of coagulation factors [78]. 
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Thrombin  

 

Thrombin plays crucial roles in coagulation and inflammation. Thrombin-dependent reactions 

include interactions with platelets, PC, FV and FVIII. Thrombin is the most potent platelet 

activator via platelet activator receptor four (PAR4) on the platelet surface. At the same time, 

binding of thrombin to TM on the endothelial cell surface leads to an approximately 100-fold 

increase in the activation of PC [78]. 

 

The fibrinolytic system  

 

Fibrinolysis, the process that promotes clot dissolution, is simultaneously activated during the 

process of clot formation. The main components of the fibrinolytic system are tissue type 

plasminogen activator (t-PA), PAI-1 and PAI-2. These factors are released from the endothelium 

upon inflammation, and are regulated by thrombin.  t-PA activates plasminogen into plasmin. 

Plasmin breaks down fibrin into several products including d-dimers (DD). Several of these 

fragments inhibit haemostasis and contribute to hemorrhage by preventing platelet activation and 

hindering fibrin polymerization.  Excess t-PA is rapidly inhibited by PAI-1, thereby preventing 

further hemorrhage [59].  

 

Endothelium 

 

The endothelium is a fundamental component of  haemostasis [101].  Resting endothelium has 

anti-inflammatory and anti-thrombotic properties since it inhibits platelet aggregation and 

propagation of coagulation, as well as enhances fibrinolysis. In fact, the endothelium regulates 



 

 11 

coagulation through the three main natural anti-coagulation systems, i.e. AT, PC, and TFPI. 

When activated by injury or inflammation, the endothelium undergoes a phenotypic shift 

promoting coagulation (including surface expression of TF, and release of TF-bearing micro 

particles [MPs]), reduced fibrinolysis, and increased platelet aggregation. Further, the 

endothelium responds to inflammatory cytokines by the expression of endothelial adhesion 

molecules, namely P-selectin and E-selectin; this facilitates adhesion of platelets and leukocytes 

to the endothelium [63]. 

 

1.3.2 Systemic haemostatic changes during normal pregnancy 

 

 Normal pregnancy is a heightened state of coagulation [15]. Substantial systemic haemostatic 

changes occur to meet the challenges of pregnancy, namely the avoidance of hemorrhage during 

implantation, placentation, and labour [41]. Table 1.1 provides a summary of the most salient 

systemic haemostatic changes that occur during normal pregnancy.  

 

Most procoagulant factors progressively increase through gestation, namely FVII, FVIII, FX, 

vWF, fibrinogen, and thrombin [13, 23, 134]. Studies have also reported an increase in global 

pro-coagulant markers including thrombin-antithrombin (TAT) complex, prothrombin fragments 

1+2, and fibrinopeptide A(FPA) [118, 23, 7].  Platelet count decreases, while activation and 

aggregability increase.  Most studies report that natural inhibitors of coagulation (AT, PC) remain 

stable during pregnancy, with the exception of levels of free PS, which drop [15]. Levels of 

soluble TF remain fairly constant during normal gestation [15].  

 

 



 

 12 

Table 1.1 Changes in haemostatic parameters during normal pregnancy 

 

vWF, von Willebrand factor; TAT, thrombin-antithrombin; PT, prothrombin time; TT, thrombin time; 

APC, activated protein C; FPA, fibrinopeptide A; PAI, plasminogen activator inhibitor; tPA, tissue 

plasminogen activator . Adapted from Othman, Falcón and Kadir [96]. 

 

 

 

Haemostatic parameter Change during normal pregnancy Reference 

   
Pro-coagulant factors (VII, VIII, 

X, IX, XII, fibrinogen, vWF) 

Progressive increase during pregnancy [13] [23] [134] 

   
TAT III complex Increased levels especially in mid to late 

gestation (28–32 weeks). Significantly elevated 

levels in uterine vein versus ante-cubital vein 

[13] [57] 

   

Fibrin Significantly elevated during third trimester as 

compared with post-partum levels 

 

[13] [57] 

Vascular endothelium 

 

Progressive increase of vWF beginning in first 

trimester and peaking in the third trimester 

 

[13] [57] 

PT Decreased throughout gestation up to 20th week, 

after which it remains stable 

 

[13] 

TT Significantly increased 
 

[13] 

APC Progressive resistance 

 

[126] 

Prothrombin fragment 1,2 Increase progressively, peaking in the third 

trimester 

 

[134] [118] [23] [7] 

 

FPA Significantly increased during mid and late 

gestation in comparison with first trimester 

 

[7] [148] 

D-Dimer Significantly elevated during late gestation (33 
weeks) as compared with early gestation and 

postpartum 

 

[40] 

PAI-1 & PAI- 2 Increased [7] [13] [55] 

 

tPA Decreased [62] 
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It is well established that major cell and placental-derived PAI-1 and PAI-2 are increased in late 

gestation [7, 13, 55]. The fibrinolytic system is thus not completely shut down during pregnancy; 

levels of degradation products such as D-dimers progressively increase during gestation [40].  

 

Collectively, these haemostatic changes increase the vulnerability of the pregnant woman to 

develop thrombotic or hemorrhagic disorders [11].  

 

1.3.3 The placenta: an activated coagulation system 

 

The structure and function of the placenta require efficient local mechanisms for rapid activation 

and regulation of coagulation [73, 74]. There is evidence that marked changes in the activation of 

coagulation and fibrinolysis take place within the utero-placental vasculature [57, 10, 94]. 

Trophoblast acquire several endothelial-like characteristics allowing them to become haemostatic 

regulators. Still, they are genetically distinct from the maternal vascular endothelium and exhibit 

additional haemostatic properties [130]. Unlike resting endothelium, endovascular trophoblast 

constitutively expresses TF and anionic phospholipids, as well as express decreased levels of TM. 

Moreover, the placenta is a major source of PAI-2, which synergizes the inhibitory effects of 

PAI-1 on fibrinolysis [137]. Figure 1-3 illustrates the placenta as an active coagulation system. 

 

Local regulatory mechanisms including TFPI, TM, annexin V, and the fibrinolytic system co-

exist within the utero-placental vasculature to prevent excessive fibrin deposition [73, 74].   

 

Collectively, these changes, along with the documented presence of physiological placental fibrin 

deposition in normal pregnancy [68], indicate that the activation of local coagulation is a 

favourable process that may protect against hemorrhage during delivery [130]. 
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1.3.4 Tilting the balance: loss of haemostasis 

 

A coagulopathy is a pathological state that includes a loss of balance on either spectrum of 

haemostasis: a tilt towards excessive bleeding, or a tilt towards excessive coagulation.  

 

1.4. Coagulopathy during pregnancy  

1.4.1 Maternal coagulopathy and fetal loss  

 

While pregnancy loss is a heterogeneous condition and no single abnormality accounts for all 

cases, there is a strong association between fetal loss and systemic maternal coagulopathy [14]. In 

particular, hypercoagulation, the state of increased tendency towards thrombosis (clotting), has 

been postulated to be a major underlying pathology of obstetric complications including RPL 

[72].  In a stimulating review article titled ―Is miscarriage a coagulopathy?‖ Rai and colleagues 

emphasized the strong association between fetal loss and maternal haemostatic alterations, by 

showing that haemostatic alterations precede fetal loss [109]. He demonstrated that a sub-group 

of women with a history of recurrent foetal loss were in a pro-thrombotic state before pregnancy 

and were at an increased risk of miscarriage in subsequent pregnancies. Similarly, Woodhams 

and colleagues found that excessive hypercoagulation as measured by marked decreased levels of 

PC occurred prior to the manifestation of any clinical signs of impending abortion [148].  

 

Among the obstetrical maternal coagulopathies most commonly associated with fetal loss are 

anti-phospholipid antibody syndrome (APSL) and thrombophilia. Disseminated intravascular 

coagulation (DIC) has also been associated with fetal death.  
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Figure 1.3 The placenta is an active coagulation system. Trophoblast acquires endothelial-like 
and unique haemostatic characteristics that lead to a pro-thrombic shift within the placenta. 

Trophoblast constitutively expresses TF, synthesizes and releases PAI-2, expresses anionic 

phospholipids (green circles), and reduced levels of TM, among other characteristics. Note: created 
from data from various sources: Sood et al., [130] Rai et al., [107] and Tachil et al. [138]. 
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1.4.2 Thrombophilia  

 

The term ―thrombophilia‖ refers to inherited or acquired conditions that predispose individuals to 

thromboembolic events.  Thrombophilias have been implicated in a variety of obstetrical 

complications including pre-eclampsia (PE), intrauterine growth restriction (IUGR), placental 

abruption, and fetal loss [8, 19]. This association has provided a paradigm for the hypothesis that 

defective maternal haemostatic responses may lead to pregnancy complications [69].  

 

Inherited thrombophilias are a heterogeneous group of disorders that occur due to genetic 

predisposition to clotting. They have been linked to pregnancy loss after 10-14 weeks of gestation 

and are more strongly associated with recurrent losses [110]. Since maternal intervillous blood 

flow does not develop to any significant extent before eight weeks of gestation, thrombophilic 

defects are therefore unlikely to contribute to pregnancy loss before this time [107]. The most 

prevalent inherited coagulation defects in women with recurrent miscarriage are factor V Leiden 

mutation and the prothrombin G20210A mutation. Acquired thrombophilias include APLS and 

hyperhomocysteinemia.  

 

1.4.3 Anti-phospholipid antibody syndrome  

 

Evidence for pregnancy loss having a thrombotic basis is based mostly in the association between 

anti-phospholipid (aPL) antibodies and RPL [21]. Anti-phospholipid antibody syndrome is 

characterized by the presence of aPL, anti-lupus coagulant, anti-cardiolipin, and/or anti-beta-2-

glycoprotein I antibodies that bind to negatively charged phospholipids on the membranes of 

endothelial cells, monocytes, and platelets [16]. It is speculated that these antibodies lead to 
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pregnancy loss due to a high number of thrombotic lesions in decidual vessels, which may 

impede the supply of blood to the fetus and compromise foetal well-being. Indeed, placental 

thrombosis has been reported as a suggested cause of fetal death in women with APLS [32, 76]. 

 

It also has been proposed that altered regulation of complement has a role in APLS [47] [48]. 

Using a mouse model of APLS whereby human aPL antibodies are passively transferred to mice, 

Girardi and colleagues demonstrated that blocking activation of the complement cascade rescued 

pregnancies. 

 

1.4.4 Disseminated intravascular coagulation (DIC) 

 

Disseminated intravascular coagulation is a pathological disruption of haemostasis characterized 

by a systemic activation of coagulation leading to widespread fibrin deposition (stage I), 

subsequent depletion of platelets and coagulation factors that culminates in severe bleeding (stage 

III) [138]. 

 

1.4.5 Pathogenesis of disseminated intravascular coagulation  

 

The pathogenesis of DIC is complex. Acute inflammation can lead to an overwhelming of 

mechanisms that regulate haemostasis. In fact, circulating levels of TNF-α, interleukin-1ß, IL-1, 

and PAI-1 are increased in DIC patients [43]. These data, although reported in non-pregnant 

individuals, suggests that TNF-α may be closely linked to DIC [79].   
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The wide-spread formation of fibrin in systemic micro-vasculature results from increased 

generation of thrombin, simultaneous suppression of physiologic anticoagulation mechanisms and 

PAI-1 deregulation [79]. The high concentration of thrombin during DIC-I causes the 

endothelium to release t-PA, which in turn activates plasminogen into plasmin. The release of t-

PA is an attempt to counterbalance the pro-thrombotic state and to prevent deposition of thrombi 

into the microcirculatory system. However, this process leads to the second stage of DIC, which 

is characterized by excessive fibrinolysis. As plasmin breaks down clots, fibrinogen degradation 

products (FDP) are released. FDPs act as anticoagulants to inhibit platelet aggregation and 

prevent normal cross-linking of fibrin, which is necessary to render clots insoluble [5]. The 

excessive breakdown of clots, along with the anticoagulant action of FDPs leads to the third stage 

of DIC, characterized by bleeding. 

 

1.4.6 Disseminated intravascular coagulation in high risk obstetrics  

 

The most commonly described obstetric causes of DIC include amniotic fluid embolism, HELLP 

(haemolysis, elevated liver enzymes, and low platelet count) syndrome, pre-eclampsia/eclampsia, 

placental abruption, and septic abortion [79]. The pathophysiological mechanisms that lead to 

DIC are unknown, but in many cases placental insufficiency and utero-placental hypo-perfusion 

are thought to play a causal role.  

 

The classical findings associated with DIC include prolonged prothrombin time (PT) and 

activated partial thromboplastin time (aPTT), low platelet counts, elevated products of fibrin 

breakdown (e.g. D-dimer), and low plasma levels of coagulation inhibitors (ATIII) [37]. 

Although these features together with clinical evidence of simultaneous bleeding and micro-
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thrombi can aid diagnosis, they are not without limitations.  The current tools used to diagnose 

DIC pose problems since a correct diagnosis can be masked by haemostatic changes that occur 

during pregnancy. For instance, the levels of D-dimers are inherently high in normal pregnancy 

and cannot simply be attributed to DIC.  

 

1.4.7 Systemic coagulopathy, the placenta and fetal loss - a two-sided issue  

 

 

While fetal loss is associated with placental haemostatic alterations, a causal link has not been 

established between systemic coagulopathies and placental haemostatic alterations in the context 

of fetal loss. 

 

There are reports of specific placental pathological findings associated with systemic maternal 

coagulopathy and recurrent spontaneous fetal loss [3, 65, 141, 149, 150, 85, 144, 148]. For 

instance, in the context of APLS, studies suggest that products of conception from patients with 

associated recurrent miscarriage are characterized by increased necrosis, and vascular thrombosis 

of the placenta, as well as with increased villous infarction, fibrin deposition, and fibrosis [36, 

141]. In the context of chromosomally normal spontaneous and recurrent miscarriage, placentas 

have been reported as having increased perivillous fibrin deposition, fibrinoid necrosis of 

decidual bed, and thrombi in intervillous spaces [116]. 

 

 Still, controversy exists on whether histopathological examination of products of conception 

provides significant information to determine the cause of the recurrent loss and thus determine 

future management. Some authors have questioned the correlation between specific 

histopathological features and the aetiology of miscarriage [66, 127, 88]. 
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1.4.8 Standard tools used to measure coagulation 

 

Some of the standard tools currently used to monitor coagulation are as follows: 

1. PT (prothrombin time) is a measure of the extrinsic pathway of coagulation. It is 

determined by adding TF and CaCl2 to plasma and timing the development of a clot. PT 

is insensitive to reduced levels of FVIII and FIX and therefore is normal in patients with 

deficiencies of these factors. PT is particularly useful for monitoring the clinical response 

to oral anticoagulants [50]. 

2. aPTT (activated partial thromboplastin time)  is a measure of the intrinsic and common 

coagulation pathways. It requires the addition of surface-active substances such as kaolin 

to plasma. The aPTT has been shown to be prolonged by low levels of all coagulation 

factors (except VII and XIII), in the presence of heparin, and low or abnormal fibrinogen 

[80].  

3. TT (thrombin time) measures the rate of conversion of fibrinogen to fibrin upon the 

addition of thrombin to plasma. It is prolonged in the presence of heparin, low or 

abnormal fibrinogen, and FDPs.  

4. FDP (fibrinogen degradation products) - are peptides produced from the action of 

plasmin on fibrinogen. They are measurable by serum analyses and may aid in the 

diagnosis of fibrinolysis and DIC [138]. 
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1.5 Thromboelastography  

1.5.1 Principles of TEG  

 

TEG is a global haemostatic assay that measures the kinetics of clot formation in real time. 

Developed by Dr. Hellmust Hartet in Germany in 1948, its initial role involved the evaluation of 

clotting factor deficiencies. Its use expanded to clinical practice in the 1980’s to monitor 

coagulation and amount of blood constituents during liver transplantation and cardiac surgery. 

The thromboelastogram has now become an easy to use point-of-care device used in surgical and 

other medical fields [26].  

 

The TEG analyzer (Figure 1.4-A) is composed of two mechanical parts, a plastic cup into which 

0.34 mL of blood is pipetted, and a plastic pin attached to a torsion wire. As coagulation begins, 

fibrin strands form between a thermostatically controlled (37   C) warmed cuvette that oscillates at 

a fixed angle of 4’45 degrees to mimic venous flow. The fixed torsion wire is inserted and 

subjected to a change in tension as fibrin polymerization occurs, thereby providing resistance to 

the oscillating movement of the cup (Figure 1.3-B). TEG measures the shear elastic modulus and 

transmits this information electromagnetically to produce a real time tracing called a 

thromboelastogram [50]. The viscoelastic properties of clots are measured as (1) the time until 

initial clot formation (R), (2) the rate of clot development (α), (3) the rapidity of clot formation, 

that is, the speed at which blood reaches a certain clot resistance (K) , (4) maximum clot strength 

(MA), (5) clot lysis (LY30) (figure 1.4 C). Table 1.2 summarizes the most salient TEG 

parameters and their interpretation.  
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1.5.2 Standardization of TEG  

 

Standardization is essential for TEG analysis. A number of pre-analytical and analytical factors 

can influence TEG results and interpretation [26, 27, 84].  Collection of blood, needle gauge and 

accuracy in sample loading must be consistent [26].  The time between sample collection and 

analysis is recommended not to exceed 30 minutes; this time frame reportedly overcomes 

incomplete inhibition of coagulation during the time of sampling and testing.  After 30 minutes, 

TAT complexes begin to form and prothrombin fragments 1+2 levels rise. The temperature must 

also be constant at 37   C [26]. 

 

1.5.3 Advantages of a global haemostatic analysis  

 

Thromboelastography illustrates the coagulation properties of blood in real time [145].  Because 

it utilizes whole blood, it reflects the role of both cellular and enzymatic factors in clot formation 

and thus more truthfully reflects in vivo haemostasis. On the other hand, routine plasma-based 

one-stage coagulation tests including PT and aPTT measure specific points of the process in 

isolation [50] and ignore the interaction of cellular elements and endogenous anticoagulation 

factors [132]. TEG also allows the creation of reference intervals, which must be established for 

individual groups. Laboratory tests do not provide separate reference intervals for normal 

pregnant women since they may be unaffected by enhanced coagulation in pregnancy. TEG also 

allows the diagnosis of deficiencies in coagulation factor activity, platelet abnormalities, 

dysfibrinogenemias, fibrinolysis, and DIC. Laboratory tests such as elevated fragment 

degradation products (FDP), prolonged PT, and screening assays for increased fibrinolysis are 

usually normal in patients with DIC [37].  
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Figure 1.4 Thromboelastography. TEG analyzer (A). Schematic representation of the 

components of the TEG analyzer (B). Citrated re-calcified blood (340 µL) is pipetted into a cup, 
which oscillates at 4 degrees simulating venous blood flow. The blood-containing cup is loaded 

onto the pin which contains a torsion wire. The torsion wire senses changes in tension and 

viscoelastic properties as a clot begins to form. It transduces these changes electromagnetically to 

create a trace called thromboelastogram. Representative thromboelastogram (C)  showing the 
most salient parameters, namely clotting time (R), rate of clot formation (slope of the line) α, time 

to reach a clot resistance of 20 mm (K), and maximum amplitude (MA).  
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Table 1.2 Summary of TEG parameters 

  

TEG parameter  Interpretation 

 

Clotting time (R) 

 

 

 

 

 

K time 

Defined as the time elapsed from the initiation 

of the test until the point where the onset of 
clotting provides enough resistance to produce 

2mm amplitude reading on the 

thromboelastogram.   
 

It is representative of the initiation phase of 

enzymatic clotting factors. 

 Reflects the time interval from the R time to 
the point where fibrin cross-linking provides 

enough clot resistance to produce a 20mm 

amplitude reading. 

 

α (alpha) Formed by the slope of a tangent line traced 

from R to the K time, measured in degrees. 
Both K and α denote the rate of clot formation 

and represent thrombin’s cleaving of available 

fibrinogen into fibrin. 

 

Maximum amplitude (MA) Indicates the point at which clot strength 

reaches its maximum measure in millimeters, 

and it reflects the end result of maximal 
platelet-fibrin interaction.   

 

Clotting index (CI) Reflective of the overall quality of a clot 
  

Percent clot dissolution (LY30) Represents the percent of fibrinolysis occurring 

in 30 minutes. Reflective of the fibrinolytic 

system.  

 

 

Adapted from TEG 5000 Thromboelastograph Haemostasis System (TEG Analytical Software 
version 4.2.3) User manual. 1999-2007. 
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1.5.4 Thromboelastography in obstetrics  

 

TEG was introduced to the field of obstetrics in the 1990’s.  Since then, studies have 

demonstrated that TEG is a sensitive tool capable of reflecting the progressive hypercoagulable 

state of pregnancy [128, 108, 51] and its normalization during the post-partum period [87].  This 

suggests that gestational age is a crucial variable that must be determined when performing TEG.  

 

 TEG has been shown to be sensitive in detecting changes in severe pre-eclampsia [94, 56, 128], 

in identifying women with recurrent miscarriage to be in a pro-thrombic state outside of 

pregnancy [110], guide the management of a case of thrombocytopenia, assess aspirin treatment 

in normotensive and high-risk pregnancies, guide treatment of obstetric DIC, monitor the 

anticoagulant effects of low molecular weight heparin (LMWH), and assess the effect of 

magnesium on coagulation in the preeclamptic parturient [96].  

 

1.5.5 Limitations of TEG 

 

The major limitation of TEG is the wide range of normality. Because it utilizes whole blood, 

analysis is influenced by white and red cell content and composition, platelet number and 

function, fibrinogen concentration, as well as coagulation factor function and balance [84]. When 

performing comparative experiments, subjects must be matched according to age and sex, since 

these factors also affect readings.  
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1.6 Immunological processes during pregnancy  

1.6.1 Adequate immune adaptation is crucial for a successful pregnancy 

 

Adequate immune adaptation during pregnancy is crucial for the maintenance of gestation, while 

inadequate immune processes may result in a failed pregnancy [71, 72, 100]. 

 

Normal pregnancy is characterized by a physiological systemic inflammatory response [115]. 

Still, a dominant T helper (Th) type 1 inflammatory immune response (TNF-α, IFN-ɣ) is 

switched to a Th type 2 (IL-10) immune response assuring successful implantation and 

reproductive outcome [116]. 

 

1.6.2 Immunological processes in fetal loss  

 

Fetal loss has been associated with an abnormal maternal immune adaption; in fact, fifty to sixty 

percent of RPLs can be related to immunological etiologies [71, 28].  In particular, a shift towards 

a dominant Th1 response and a concomitant reduced Th2 response leading to higher Th1/Th2 

ratios has been observed in women with chromosomally-normal RPL [86, 92, 103]. 

Consequentially, increased maternal circulating levels of TNF-α [104, 6] and concomitantly 

decreased levels of IL-10 [92] are present. While these findings support the view that 

disturbances of maternal immune tolerance to the fetus could contribute to recurrent miscarriage, 

the mechanism whereby the implanted embryo is killed in an environment dominated by Th1 

cytokines remains unresolved [102].  
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1.6.3 Tumor necrosis factor alpha (TNF- α)  

 

Tumor necrosis factor alpha is a pleiotropic pro-inflammatory cytokine produced primarily by 

activated monocytes and macrophages and activated endothelium. It induces its effects mostly 

through an NFkB-dependent pathway. Some of its recognized systemic acute effects include 

septic shock, tissue damage, DIC, and APLS [129, 9]. In pregnant rats, administration of TNF- α 

has shown to lead to similarly adverse outcomes as those induced by LPS administration [129] 

and to mediate fetal death [113].  

 

Beyond its role as a key mediator of inflammatory reactions, TNF- α also modulates endothelial 

cell haemostatic properties, mediates pro-coagulant activity, increases expression of adhesion 

molecules, and leads to endothelial vasoconstriction [81, 91, 104]. Further, TNF- α has a net pro-

coagulant effect on endothelial cells by enhancing the synthesis and surface expression of TF, 

down-regulating TM expression and PS secretion, and inhibiting the fibrinolytic response by 

inducing synthesis and secretion of PAI-1 [140].  

 

1.7 Current clinical interventions for fetal loss  

 

Maternal coagulopathy and adverse pregnancy outcome management continue to present clinical 

challenges. Several clinical trials indicate that anti-coagulation treatment lessens pregnancy 

failure in pro-thrombotic women [39, 17, 20, 53, 124, 58, 70, 131, 52, 53, 33]. Heparin has been 

used either as mono-therapy or in conjunction with low dose aspirin (LDA) [105]. In both cases, 

it has been found to increase the rate of live births in women with a history of recurrent 

miscarriage associated with aPL antibodies [17]. In comparing LDA vs. enoxaparin efficacy in 

recurrent miscarriage and associated thrombophilia, Gris et al found that 86% of patients treated 
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with enoxaparin had a successful pregnancy, as compared with 29% of patients treated with LDA 

[53].  

 

Interestingly, there is accumulating evidence that the therapeutic effect of heparin is not solely the 

result of an anticoagulant effect, but rather by various immune modulations including 

complement [47, 48]. The positive effect of LMWH in women with APLS may therefore also be 

due to an anti-complement effect. 

 

1.8 The rat as an animal model of pregnancy complications   

 

The rat’s short gestational period (approximately 22 days) provides an opportunity to investigate 

the aetiology of pregnancy disorders in longitudinal studies throughout gestation. Further, it 

allows studies that would be difficult or impossible to perform in a human population, such as the 

harvesting and histological analysis of utero-placental units prior to fetal death. Further, rats 

experience an increase in fibrinogen concentration and decrease of prothrombin time through 

gestation and that PT decreases significantly during gestation, suggesting a progressive bias 

towards facilitated coagulation [139]. These similarities indicate that he rat is a suitable model for 

coagulation disorders associated with pregnancy.  

 

Further, administration of LPS to pregnant rodents represents a well-established model of 

pregnancy complications including spontaneous pregnancy loss [35, 115]. 
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1.8.1 Rationale for use of LPS 

 

LPS is a component of the outer wall of gram-negative bacteria, belonging to the group of 

molecules called pathogen associated molecular pattern (PAMP). LPS binds to and activates toll-

like receptor 4 (TLR-4), a pattern recognition receptor (PRR) present in a variety of cells 

including macrophages, endothelial cells, and platelets [1, 99]. Activation of TLR-4 receptor 

leads to increased synthesis and release of multiple pro-inflammatory cytokines through a 

Nuclear Factor kappa B (NFkB)-dependent mechanism. Studies in vivo and in vitro have shown 

that many of the biological effects of LPS are mediated by TNF-α [44].  

 

1.8  Hypothesis  

 

The hypothesis of this thesis is that abnormal maternal inflammation is causally linked to 

maternal systemic coagulopathies. Moreover, we propose that placental manifestations of 

maternal systemic haemostatic alterations are associated with deficient utero-placental blood flow 

preceding fetal death.  

 

1.9 Objectives  

 

1. To characterize the presence of systemic and local maternal coagulopathies in a rat model 

of spontaneous fetal loss.  This will be accomplished by assessing the maternal 

coagulation status with TEG and assessing gross morphology and histology of utero-

placental units.  
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2. To determine the relationship between an abnormal maternal inflammation and maternal 

coagulopathies associated with pregnancy complications. This will be accomplished by 

inhibiting TNF-α with etanercept and subsequently assessing placental and systemic 

haemostatic alterations.  

3. To determine the association between utero-placental haemostatic alterations and 

impaired uteroplacental blood flow preceding fetal death. This will be accomplished by 

Doppler ultrasound analysis of spiral arterioles following LPS and etanercept 

administration.  
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Chapter 2 

Materials and methods 

 

2.1 Animals   

 

Studies involving rats were conducted in accordance with the guidelines of the Canadian Council 

on Animal Care and were approved by the Queen’s University Animal Care Committee. Outbred 

virgin female Wistar rats (Charles River Laboratories, Montreal, QC, Canada) aged three to four 

months were kept in controlled conditions of light and humidity, fed ad libitum and had free 

access to tap water. Female rats were mated in a 2:1 ratio with fertile male Wistar rats overnight. 

Vaginal smears were stained with toluidene blue and analyzed by microscopy for the presence of 

sperm and/or the stage of the oestrus cycle. The morning when spermatozoa were present in the 

vaginal smear was designated as gestational day (GD) 0.5. 

 

2.2 Experimental Protocol  

 

Gestational day 14.5 was chosen since the utero-placental circulation has been established and 

remodeling of the spiral arterioles has begun at this time. Further, this gestational age is 

analogous to mid-late human gestation, the stage of pregnancy that has been associated with fetal 

loss due to maternal factors. 

  

Dams were given an i.p injection of Escherichia coli serotype 0111:B4 lipopolysaccharide (LPS; 

100 µg/kg in saline, a total volume of 300-350 µL; Sigma-Aldrich, Oakville Ontario, Canada) or 

saline (300-350 µL). We have previously reported that this dose of LPS results in > 95% fetal 
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death as early as 2.5 hours following administration of LPS [113]. Therefore, all further 

experimentation involving thromboelastography and histological analysis was performed one 

hour after of LPS administration. 

 

 For studies involving modulation of inflammation, an i.p injection of the TNF-α inhibitor 

etanercept (10 mg/kg; Enbrel®; Amgen, Thousand Oaks, CA and Wyeth Pharmaceuticals Inc., 

Collegeville, PA) was administered six hours prior to saline or LPS injections. Etanercept a 

fusion protein consisting of the TNF-α- binding domain of the TNF-α receptor and the Fc 

fragment of human immune-globulin one (IgG 1) [151].   

 

2.3 Blood collection and tissue preparation  

 

Dams were anaesthetized on GD 14.5 with an intraperitoneal (i.p) injection of sodium 

pentobarbital (0.5 mL; CEVA Santé Animale, 54.7 mg/mL). Once proper anesthesia was 

achieved (loss of leg and eye blink reflex), whole blood was drawn via cardiac puncture. We 

utilized 26⅝-gauge needles pre-flushed with 0.1mL of trisodium citrate to attain a 9:1 ratio of 

blood to trisodium citrate. Collected blood was carefully dispensed into a 1.5-mL microcentrifuge 

tube and rapidly inverted three to four times before TEG analysis.  Following blood collection, a 

midline laparotomy was performed. The number of live foetuses and foetal resorptions was 

recorded for each uterine horn.  Utero-placental units were dissected, fixed in 10% formalin at 

4ºC for at least 24 hours, transferred to 70% ethanol, embedded in paraffin wax and sectioned 

(6µm) according to standard procedures.  
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2.4 Thromboelastography  

 

Thromboelastography was performed on citrated whole blood to analyze systemic maternal 

haemostatic parameters following administration of LPS, saline, or etanercept  +LPS. Blood was 

analyzed within 30 minutes of drawing as per manufacturer’s instructions using a TEG® 5000 

Hemostasis System (Braintree, Massachusetts) and TEG ® Hemostasis Analyzer software 

(Version 4.2). Three hundred and forty microliters of citrated blood was re-calcified with 20µL of 

calcium chloride (CaCl2; 0.2M) and loaded onto a disposable plastic cuvette for analysis. Traces 

were recorded for approximately 1.5 hours. For each trace, the clotting time [R], maximum 

amplitude [MA], speed to reach 20mm clot resistance [K], rate of clot formation [α] and 

fibrinolysis [LY30] parameters were recorded. All TEG traces were performed by the same 

operator. Quality electronic tests were performed prior to every analysis.  

 

2.5 Histological analysis and immunohistochemistry 

 

Sections of utero-placental units were stained with periodic acid Schiff (PAS) reagent (Sigma-

Aldrich, procedure No. 395) and counter-stained with haematoxylin according to standard 

procedures. To detect the presence and location of fibrin deposition, formalin-fixed, paraffin-

embedded sections of placentas were stained for fibrin/fibrinogen using a polyclonal rabbit anti-

human fibrin antibody that cross-reacts with rat (DakoCytomation, Code No. A0080) (refer to 

Appendix B for a detailed protocol). Sections were deparaffinized and hydrated. Slides were 

incubated in proteinase K solution at 37 
o
C for 3 minutes to retrieve antigens. Endogenous 

peroxidases were inhibited by incubating slides in 0.3% H2O2 in methanol for 30 minutes. Ten 

percent normal goat serum (NGS) was utilized as a block for non-specific binding for 23 minutes, 
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and DAKO protein block was utilized for 7 minutes.  Sections were incubated for 30 minutes 

with the primary antibody diluted to a 1:400 concentration, followed by incubation with a 

biotinylated secondary antibody (goat anti-rabbit IgG) with 3% normal rat serum (NRS) for 30 

minutes. Sections were incubated with VECTASTAIN solution for 30 minutes, visualized with 

diaminobenzadine (DAB) (approximately 3 minutes) and counterstained with hematoxylin (see 

Appendix B for the detailed protocol). Negative controls are shown in Figure 2.1.  

 

Slides were imaged with an Aperio ImageScope microscope (Department of Pathology and 

Molecular Medicine) and analyzed with ImageScope digital software. Fibrin deposition was 

quantified with Image-Pro


 Plus version 6.0 software. All images were calibrated so that surface 

area was measured in microns (µm). The anti-fibrin antibody stain was overlaid with a red pixel 

and the surface area of fibrin deposition was calculated (µm²). 

  

2.6 Ultrasound biomicroscopy 

 

To effectively model the progression of human pregnancy disorders in the rat, it is critical to 

utilize methods to monitor disease progression that parallel those used clinically in humans. In 

this regard, we utilized Doppler ultrasound biomicroscopy since there are strong clinical 

associations between abnormal utero-placental haemodynamics, placental pathology, and 

suspected associations with spontaneous pregnancy loss [29, 89, 77]. 

 

Ultrasound biomicroscopy was performed to determine uterine artery, spiral arteriole and 

umbilical artery flow velocities. Dams were imaged using a method previously reported by 

Renaud and colleagues [113].  Uterine artery peak systolic velocity (PSV) and end diastolic 
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velocity (EDV) were measured from four consecutive cardiac cycles not affected by motion of 

maternal breathing. Values were averaged and resistance index (RI) was calculated (RI= [PSV-

EDV]/PSV). Spiral arteriole peak flow velocity of at least three randomly chosen spiral arterioles 

of the same implantation site were measured and averaged. In all dams, the second fetus proximal 

to the bifurcation of the uterine horns was imaged to avoid any potential effect due to position in 

the uterus. Measurements were performed at 20-minute intervals starting at the time of injection 

(denoted as t0) and consecutively for 160 minutes (t8).  

 

2.8 Statistical Analysis  

 

Values are expressed as mean ±  SEM. Differences in flow velocities among different treatment 

groups were determined by comparing the slopes of the linear regressions ( line of best fit) of the 

flow velocities measured over 160 minutes. Two-tailed unpaired Student’s t-test was used to 

determine significant differences when comparing two groups. One-way ANOVA followed by 

Bonferroni correction was used when comparing more than two groups. F-test for variance and 

Chi-square analysis was utilized for comparison of TEG parameters between experimental 

groups. Statistical significance was considered as p< 0.05 and a trend towards significance as p < 

0.15 as previously reported [152].  
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Figure 2.1 Immunohistochemistry controls. Control for secondary antibody; IHC protocol was 

performed as outlined above, but omitting addition of secondary antibody (A). Control for 
primary antibody. Rabbit IgG was used at the same concentration as the primary antibody (1:400) 

(B). Scale bars A: 500 µm; B: 1mm. 
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Chapter 3 

Results 

 

3.1 Thromboelastography pattern of female Wistar rats at GD 14.5  

 

We analyzed the maternal coagulation status of saline-treated control rats (n=6) at GD 14.5 using 

TEG (Figure 3.1) and created reference ranges to assess coagulopathy in our experimental groups 

(Table 3.1). Ranges were obtained using the lowest and highest values of each TEG parameter as 

previously reported in other animal studies [97]. Blood samples were deemed to exhibit a 

coagulopathy when any thromboelastographic parameter value lied outside the saline control 

range, in conjunction with an abnormal thromboelastogram. 

 

3.2 LPS administration leads to systemic maternal coagulopathy  

 

Eighty-two percent of LPS-treated rats (n=9/11) exhibited a systemic coagulopathy after one hour 

of LPS administration, a proportion significantly greater than that of saline controls (n=1/6 

(16.7%); p< 0.05, Chi-square analysis). The majority of LPS-treated rats exhibited haemostatic 

alterations characterized by TEG parameter values that were either above or below the saline 

ranges. Specifically, the variability of R, K, alpha, MA, and LY30 was greater in LPS-treated rats 

as compared to saline treated rats. While LY30 was the only parameter that varied significantly in 

LPS-treated rats compared with saline controls (p<0.05), R, K, alpha, and MA 
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Figure 3.1 Representative thromboleastogram of normal saline-treated rat. Blood from 

saline-treated rats (n=6) was collected via cardiac puncture after 1 hour of saline administration. 
The horizontal line denoted (R) represents the time in minutes for the clot to begin forming; the 

rate of clot formation (α) is represented by the slope of the line, and represents the rate of clot 

formation. The speed of clot formation (K) is represented by the vertical line at the point when 

the trace splits. The maximum amplitude (MA) represents clot strength/stability and is 
represented by the distance between the two horizontal split lines of the trace. LY30 represents 

the percentage of clot lysis occurring within 30 minutes.  

 
 

 

 

 

Table 3.1. TEG ranges for saline treated Wistar rats at GD 14.5 

 

 

 

TEG parameter  Reference Range Mean  

Clotting time (R) [min] 8.5-14.1 11.24 

Clotting rate (K) [ mm] 2-5.4 3.78 

Clotting rate (α) [deg] 34.9- 64 49.14 

Maximum Amplitude (MA)[ mm] 51.3- 71 65.02 

Clotting Index (CI) -1 – 3.2 1.88 

Fibrinolysis (LY30) [%] 0- 3.7 0.82 
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showed a trend towards significance (p< 0.15; F-variance test). Abnormalities in TEG parameters 

were stratified into four specific coagulopathy phenotypes (Figure 3.2 A). Two LPS-treated rats 

exhibited DIC-I, characterized by a shortened clotting time (R) (2 ± 0.1 min) and 

hyperfibrinolysis (7.6 ±0.5 percent clot dissolution) as compared to saline controls (11.24 ±1.13 

min; 0.82 ± 0.7 percent clot dissolution) (Figure 3.2 B). Two rats exhibited DIC-II, characterized 

by excessive fibrinolysis (13.25 ± 8.9 percent clot dissolution) and normal R time (12.05 ±0.55 

min) (Figure 3.2 C). Two rats exhibited DIC-III, characterized by a prolonged R time (17 ± 0.3 

min) and reduced rate of clot formation (α) (21.6 ± 4.9 degrees) as compared to saline (49.14 

±5.52 degrees) (Figure 3.2 D). Three rats showed hypercoagulability; characterized by a 

shortened R time (6.63 ± 1.22 min) (Figure 3.2 E).Two rats did not exhibit coagulopathy 

following LPS treatment.  

 

3.3 LPS- induced coagulopathy is a pregnancy-specific phenomenon 

 

To confirm that the observed coagulopathies reflect a pregnancy-specific response, non-pregnant 

age-matched controls (n=5) were given LPS and sacrificed after one hour. Hypercoagulability 

was observed in three of the five non-pregnant rats (Figure 3.3 A), as evidenced by a short R time 

(4.47 ±1.48 min) and high clotting index (CI) (4.3 ±0.37); two rats showed normal TEG 

parameters fitting within the saline ranges (Figure 3.3 B). None of these rats exhibited a DIC 

phenotype. 
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Figure 3.2 LPS administration leads to maternal systemic coagulopathy. Stratification of 

coagulation phenotypes as percentage of total LPS-treated animals (n=11) (A).Representative 

thromboelastogram of DIC-I phenotype (B), characterized by a shortened clotting time [R] and 
hyper fibrinolysis; DIC-II phenotype, characterized by hyperfibrinolysis (C); DIC-III phenotype 

(D), characterized by a prolonged clotting time [R] and increased time to reach a clot resistance 

of 20mm [K]; and hypercoagulability (E), characterized by a reduced clotting time [R].  
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Figure 3.3 Coagulation status of non-pregnant rats following LPS administration. Non-

pregnant age-matched control rats (n=5) were given LPS (100ug/kg) and sacrificed after one 

hour. Three of the five rats tested exhibited hypercoagulability as shown by a shortened clotting 
time [R] (A); two exhibited thromboelastograms similar to those of saline controls (B). None 

exhibited a DIC phenotype.   
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3.4 Maternal inflammation is causally linked to systemic coagulopathies  

 

We have previously demonstrated that LPS leads to fetal death via a TNF-α- mediated 

mechanism [120].  In the present study we sought to characterize the link between an LPS-

induced abnormal maternal inflammatory response and development of maternal coagulopathy. 

To do so, we treated rats (n= 5) with the TNF-α inhibitor etanercept (10 mg/kg) six hours prior to 

administration of LPS (100 µg/kg).  

 

Etanercept prevented the development of systemic coagulopathy, significantly decreasing the 

proportion of rats exhibiting coagulopathy (n=1/5 (20%); p< 0.05, Chi-square analysis) (Figure 

3.4 A). All TEG parameters were normalized in four of five etanercept-treated rats as shown by 

the normal thromboelastogram in (Figure 3.4 B).  Figure 3.4 (C-E) demonstrates salient changes 

in TEG parameters, namely R, K, and LY30 in treatment groups. Statistical analysis was not 

applied to the data on Figure 3.4 (C-E) in order to avoid inherent bias of coagulopathy 

stratification. However, an F-test for variance comparing etanercept vs. LPS-treated dams was 

performed and it confirmed the reduction in variation of TEG parameters in etanercept-treated 

dams. (See Appendix D for table with p values of F-test and Chi-square analysis).  
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Figure 3.4 TNF-α inhibition by etanercept prevents the development of systemic maternal 

coagulopathies. Etanercept (eta) led to a significant reduction in the proportion of dams 

exhibiting coagulopathy (A). Numbers in brackets above each bar represent the fraction of 
animals exhibiting coagulopathy from the total animals tested. Representative thromboelastogram 

of etanercept-treated rat exhibiting normal TEG parameters (B). Etanercept led to normal TEG 

parameters, in particular those that defined coagulopathy phenotypes, namely clotting time [R] 

(C), time to reach 20mm consistency [K] (D), and fibrinolysis [LY30] (E). 
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3.5 Gross haemostatic alterations and abnormal fibrin deposition in implantation 

sites following LPS administration  

 

Compared to intact utero-placental units of saline-treated dams (Figure 3.5 A,B), systemic 

coagulopathies were associated with hemorrhagic spots on the mesometrial surface of the uterine 

horns in the majority of implantation sites, between adjacent implantation sites and within the 

amniotic sac of some foetuses of LPS-treated dams (Figure 3.5 C). Blood clots were also 

observed between adjacent implantations sites (Figure 3.5 D).  

 

Histological analysis of implantation sites of LPS-treated rats exhibiting hypercoagulability 

revealed widespread decidual clots that were generally larger, more numerous, and more widely 

interspersed than saline controls (Figure 3.6 A-C). In addition, placentas exhibited partial and 

complete blockage of maternal vessels and near complete obstruction MACs (Figure 3.6 D).  

Placentas of LPS-treated animals exhibiting DIC-I also had widespread decidual clots and fibrin 

deposition (Figure 3.6 E). Placentas of LPS-treated dams exhibiting DIC-III had minimal fibrin 

deposition, but rather were characterized by enlarged blood spaces in the labyrinth, junctional 

zone, mesometrium, and decidua (Figure 3.6 F). 

 

 Immunohistochemical staining of fibrin/fibrinogen confirmed the findings observed by PAS and 

revealed greater labyrinth fibrin deposition in LPS-treated hypercoagulable rats compared to 

saline controls (Figure 3.7). 
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Figure 3.5 Gross morphological observations following LPS and saline treatment. Uteri were 

dissected after one hour of LPS or saline administration. Left uterine horn of saline-treated rat 
prior to uterine dissection showed absence of clots and hemorrhagic spots (A). Dissected uterine 

horn of saline-treated rats revealed healthy appearance of foeto-placental units (B). Left uterine 

horn of LPS-treated rat exhibiting hemorrhagic spots on the mesometrial surface of the uterus 
(white arrows) and within the amniotic sac (black arrow) (C). Dissected uterine horn of LPS-

treated rat revealing a clot between adjacent feto-placental units (D).  
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Figure 3.6 Histological evidence of local haemostatic alterations following maternal LPS 
administration. Utero-placental units of LPS- and saline-treated rats were dissected, formalin-

fixed, paraffin-embedded, cut (6 µm) and stained with PAS. Utero-placental unit of a saline-

treated rat exhibiting minor decidual and intravascular fibrin deposition (dark pink stain shown in 

the boxed inset) (A). Utero-placental units of LPS-treated dams (B-F). Utero-placental units of 
hypercoagulable dams (B). Bottom right box shows almost complete occlusion of maternal 

vessels. Utero-placental units of hypercoagulable dams were also characterized by substantial 

deposition of fibrin in the decidua (C) and occluded MACs (D). Utero-placental units of dams 
exhibiting DIC-I, revealed widespread intravascular clots (arrows) (E). Utero-placental unit of 

dams exhibiting DIC-III revealed minimal fibrin deposition and enlarged maternal decidual 

sinuses (arrows) (F). JZ: Junctional Zone, L: Labyrinth, D: Decidua, MT: Mesometrial triangle. 
(n = 8 LPS-treated rats, n = 5 saline-treated animals; five to six uteroplacental units were studied 

from each treatment group.) Scale bar A,B,E,F: 1 mm; C,D: 100 µm. 
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Figure 3.7 Immunohistochemical localization of fibrin deposition.  Utero-placental units of 
LPS and saline-treated rats were stained for fibrin/fibrinogen. Utero-placental units of saline-

treated dams exhibited minor fibrin deposition (A).  Utero-placental units of hypercoagulable rats 

exhibited robust intravascular coagulation (B); boxed insert shows enlarged micrograph of 

several occluded mesometrial vessels. As compared to minimal decidual fibrin deposition in 
saline-controls (C) hypercoagulable rats exhibited extensive decidual fibrin deposition (D). As 

compared to minimal labyrinth fibrin deposition in saline controls (E), hypercoagulable dams 

exhibited robust labyrinth fibrin deposition (F). Utero-placental units of DIC-I rats exhibited 
widespread intravascular clots as shown by the enlarged micrograph (G). Utero-placental units of 

DIC-III rats exhibited minimal or absent fibrin deposition (H). n=7 LPS-treated rats, n=5 saline-

treated rats, 5-6 utero-placental units from each treatment group were analyzed. Scale bars (A, B, 

G, H) =1mm; (C-F) = 100 µm. MT: mesometrial triangle; D: decidua; L: Labyrinth.  
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3.6 Etanercept-mediated inhibition of maternal systemic coagulopathy is associated 

with normal placental haemostasis 

 

Implantation sites from rats treated with etanercept did not exhibit the gross haemostatic 

alterations that characterized foeto-placental units from rats treated with LPS alone. Specifically, 

foeto-placental units from rats treated with etanercept did not exhibit blood clots in regions of the 

uterus between implantation sites, or hemorrhagic spots in the uterine wall (Figure 3.8 A,B). 

 

Compared with implantation sites from rats treated with LPS alone, histological analysis revealed 

fewer placental intravascular fibrin deposits and decidual clots in implantation sites from rats 

treated with etanercept (Figure 3.8 C). Immunohistochemical staining of fibrin/fibrinogen of the 

utero-placental units from rats treated with etanercept revealed levels of intravascular, labyrinth, 

and decidual fibrin deposition similar to those present in saline control rats (Figure 3.8 D,E,F ). 

 

 Quantification of fibrin deposition revealed that utero-placental units of LPS-treated dams 

exhibiting hypercoagulability exhibited significantly higher levels of fibrin deposition than utero-

placental units from dams exhibiting DIC-III, saline-treated dams, and dams treated with 

etanercept (Figure 3-9). At least three dams from each group were analyzed (except for the DIC-

III groups, since only two dams exhibited this coagulopathy) and an average of 5-6 utero-

placental units per group were assessed. In order to apply an ANOVA test, implantation sites of 

dams in each individual group were pooled. Utero-placental units were chosen randomly.   
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Figure 3.8 Prevention of systemic coagulopathies by etanercept is associated with improved 
gross morphological and placental haemostasis. Structural integrity of uteri and placentas of 

etanercept-treated rats was comparable to that of saline controls; no evidence of maternal blood 

stasis or hemorrhagic spots was noted (A-B). PAS staining of utero-placental units showed 

decreased decidual and intravascular fibrin deposition as compared to LPS-treated rats. Boxed 
inset shows enlarged micrograph of non-occluded maternal vessels (C). PAS observations were 

confirmed by IHC staining for fibrin/fibrinogen showing reduced intravascular fibrin deposition 

(D), reduced labyrinth (E), and decidual fibrin deposition (F) similar to levels in saline control 
rats. (n=4 animals tested, 6-8 uteroplacental units were analyzed. Scale bars C,D: 1mm; E,F: 500 

µm.) 
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Figure 3.9 Quantification of fibrin deposition. Imagepro Plus software was utilized to quantify fibrin 

deposition. Red pixels highlight fibrin staining in utero-placental units from saline control rats (A), LPS-

treated rats exhibiting hypercoagulability (B) and DIC-III (C); etanercept - treated rats showing normal 
heamostasis (D).  Utero-placental units from hypercoagulable rats exhibited significantly greater fibrin 

deposition as compared with placentas from DIC-III, saline, and etanercept-treated rats (E). Graph 

represents the fraction of fibrin surface area as compared to the total surface area of the utero-placental 
unit. (*p < 0.05, one-way ANOVA, followed by Bonferroni correction.)  At least three dams were 

utilized for each category (except for DIC-III, since only two dams exhibited this coagulopathy). Five to 

six uteroplacental units were analyzed for each group. Scale bar = 1mm.  SA: Surface Area.  
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3.7 Systemic and local coagulopathies are associated with altered utero-placental 

haemodynamics 

 

To determine a potential secondary effect of systemic and local haemostatic alterations on utero-

placental haemodynamics, dams were imaged with Doppler ultrasound at 20-minute intervals 

beginning at the time of LPS injection (denoted as t0) for a total of 160 minutes (denoted as t8).  

In all rats, the second fetus from the bifurcation of the uterine horn was imaged in order avoid any 

positional variance. Administration of LPS resulted in a 50% decrease in mean spiral arteriole 

peak flow velocity (10.38 ± 3.32 mm/s, p<0.05) as compared to saline controls (20.68 ± 1.51 

mm/) after 160 minutes of LPS exposure. Real-time Doppler waveform recordings revealed a 

marked decrease in spiral arteriole peak flow velocity as early as 60 minutes following LPS 

exposure (Figure 3.10 A, B) as compared to sustained flow velocity in saline controls (Figure 

3.10 C, D).  Power Doppler analysis also revealed a marked decrease in overall uteroplacental 

perfusion in LPS-treated rats as compared to saline-treated rats after 160 minutes of imaging 

(Figure 3.10 E, F).  
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Figure 3.10 Real-time assessment of spiral arteriole flow patterns after maternal LPS 
administration. Representative power-Doppler analysis at t0 and t8 of saline (A) and LPS-

treated rats (B) showed a sustained spiral arteriole peak flow velocity in saline-treated animals as 

compared to minimal flow velocity in LPS-treated rats.  Power Doppler revealed reduced 

placental perfusion following LPS-administration (C) as compared with saline controls (D). 
Graph represents linear regression (line of best fit) analysis of spiral arteriole peak flow velocity 

over time. LPS led to a significant reduction in flow velocity (* p< 0.05, t-test of slopes) over 

time in comparison to saline controls (E). P: Placenta. 
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3.8 Inhibition of systemic and local coagulopathies by etanercept is associated with 

maintenance of normal utero-placental haemodynamics 

 

Administration of etanercept to pregnant rats prevented the decrease in spiral arteriole flow 

velocity observed in LPS-treated rats (Figure 3.11 A). Linear regression analysis revealed that the 

slope of the spiral arteriole peak flow velocity over time of etanercept- treated dams did not differ 

significantly from that of saline-treated rats (t-test of slopes) (Figure 3.11 B). Similarly, after 160 

minutes of imaging, the spiral arteriole peak flow velocity of etanercept–treated rats did not 

significantly differ from that of saline-controls (Table 3.10).  
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Table 3.2 Etanercept maintains spiral arteriole peak flow velocity 

Treatment Spiral arteriole peak flow 

velocity (mm/s) 

Saline (n=5) 21.15 + 1.51 

LPS (n=5) 10.38 + 3.32 

Etanercept + LPS (n=4) 16.01+ 2.98 

 

                        Recordings were taken from implantation sites after 160 minutes  

                                                               of imaging analysis 
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Figure 3.11 Normal systemic and placental haemostasis in etanercept-treated rats is 

associated with maintenance of spiral arteriole peak flow velocity. Etanercept led to sustained 

spiral arteriole peak flow velocity after 160 minutes (t8) of imaging analysis (A). Graph 
represents linear regression analysis of spiral arteriole peak flow velocities over time of saline 

(n=5), LPS (n=5), and etanercept-treated animals (n=4). The slope of spiral arteriole peak flow 

velocity of etanercept-treated rats was not significantly different than that of saline (t-test of 
slopes), and did not significantly deviate from zero.   
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Chapter 4 

Discussion 

 

Spontaneous fetal loss is the most common complication of pregnancy, affecting 15-20% of 

recognized pregnancies. While it has been demonstrated that abnormal maternal inflammation 

and coagulopathies are associated with pregnancy complications, the contributing role of 

inflammation to obstetric coagulopathies is still poorly understood. Further, questions remain as 

to whether systemic coagulopathies are coupled with observable placental haemostatic alterations 

and to what extent, if any, these local alterations contribute to fetal outcomes.  

 

 This study demonstrated that abnormal maternal inflammation is causally linked to the 

development of systemic maternal coagulopathies specific to pregnancy. Moreover, the findings 

reported here indicate that inflammation-induced systemic coagulopathies are associated with 

placental haemostatic abnormalities and altered uteroplacental hemodynamics preceding fetal 

death.  

 

Most studies have focused on measuring the levels of procoagulant factors during normal and 

abnormal pregnancies but only a few have employed thromboelastography. Human studies that 

utilizing thromboelastography have shown this tool to be sensitive in detecting marked 

coagulation changes prior to and during the development of pregnancy complications [94, 

110,111]. The use of TEG in animal models of pregnancy is even more limited [146], and to date 

there are no studies reporting TEG control reference ranges for the Wistar rat at GD 14.5. We 

thus determined TEG reference ranges for normal rat coagulation parameters to validate 

comparisons with LPS-treated groups.  
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In this study, systemic maternal coagulopathies, namely DIC-I, -II, and –III as well as 

hypercoagulability, were detected by TEG after 1hr of LPS administration. Consistent with 

previous reports [4] we showed that LPS can also induce haemostatic alterations in non-pregnant 

animals. Specifically, we observed varying degrees of hypercoagulability. Two rats exhibited 

hypercoagulability comparable to that of normal saline pregnant rats. Three rats responded more 

severely, by exhibiting marked decreases in clotting time, shorter than those in pregnant normal 

saline controls. Based on our study, only pregnant rats exhibited a DIC phenotype, thereby 

emphasizing that pregnancy presents unique triggering mechanisms that predispose severe 

coagulopathy following an inflammatory insult.  

 

While spontaneous fetal loss has also been associated with increased levels of pro-inflammatory 

cytokines [72, 92] the specific role of inflammation to the development of obstetric 

coagulopathies has not been determined.  An objective of this study was to determine the 

relationship between an abnormal maternal inflammation and maternal coagulopathies. We 

previously reported that fetal death is mediated by TNF-α following LPS administration. 

Specifically, we demonstrated that TNF-α levels progressively increase, peaking at approximately 

two hours following LPS administration [113]. The present study showed that abnormal maternal 

inflammation, as mediated by TNF-α is causally linked to the development of systemic maternal 

coagulopathies. Treatment with etanercept led to a normalization of all TEG parameters, reflected 

by thromboelastograms that resembled that of a saline controls. Specifically, we demonstrated 

that TNF-α is a key mediator of both activation of coagulation and fibrinolysis since R time, 

reflective of coagulation activation, and LY30, reflective of the fibrinolytic system were 

significantly normalized following treatment with etanercept. It is possible that in this model, 
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TNF-α mediates the expression and production of PAI-1 and PAI-2 thereby affecting the 

fibrinolytic potential of the haemostatic system. The protective effect of TNF-α-inhibition on the 

maternal systemic coagulation highlights the important role of inflammation on the onset of 

systemic coagulopathies. To our knowledge, this is the first study that establishes a causal link 

between TNF- α mediated inflammation and development of systemic maternal coagulopathies 

during pregnancy.  

 

A causal link between systemic maternal coagulopathies and placental haemostatic alterations 

leading to poor fetal outcomes has not been determined. A potential conundrum of most human 

studies that analyze placental histopathology is their reliance on the examination of products of 

conception, that is, tissues collected following delivery or fetal death. Unfortunately, this 

approach may not allow one to determine whether the observed placental alterations play an 

aetiological role in fetal loss or are simply a consequence of fetal injury. Further, the 

heterogeneity among studies results is undeniable, only a few of studies have mentioned possible 

confounders for their observations. Confounders such as ethnicity, severity of illness, and 

methods of testing have seldom been reported [69].  This study showed that inflammation-

induced systemic coagulopathies are associated with observable alterations in placental 

haemostasis preceding fetal death.  We found marked differences in histological characteristics of 

placentas of LPS-treated rats exhibiting a systemic coagulopathy and those treated with saline and 

exhibiting a normal coagulation status. The extensive fibrin deposition surface area in LPS-

treated rats exhibiting hypercoagulability and concomitant shortened clotting time provide 

evidence of this systemic-to-local association. Similarly, minimal fibrin deposition surface area in 

LPS-treated rats exhibiting DIC-III along with prolonged systemic clotting time strengthens this 

association.  
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 Systemic hypercoagulability reflects an increase in the levels of pro-coagulant factors leading to 

increased fibrin production. Accordingly, we detected a reduced clotting time (R) and 

significantly higher decidual, intravascular, and labyrinth fibrin deposition as compared to saline 

controls. The majority of clots were observed in the decidua basalis, or analogously the human 

placental bed. This area contains maternal spiral arterioles and veins which direct maternal blood 

in and out of the intervillous spaces; thus occlusions of these vessels could lead to decreased 

provision of maternal blood to the fetus. Interestingly, trophoblast that line decidual spiral arteries 

have a reduced capacity to lyse fibrin, thus facilitating the lodging of clots [74].  

 

The robust fibrin deposition in the labyrinth, analogous to the human maternal-fetal interface, 

could also be detrimental to the exchange of gases and nutrients to the fetus. Sood and colleagues 

hypothesized that the haemostatic balance in the placental vasculature is determined by the 

combination of maternal and throphoblast factors, which cooperatively regulate the activity of the 

coagulation system at the interface of maternal blood and fetal trophoblast [130]. Systemic blood 

components such as coagulation factors, PC and PS are of maternal origin, while cellular 

regulatory components such as the initiator of blood coagulation TF, or the anticoagulant 

proteins—TM, annexin V—are of fetal origin and operate at the interface [74]. Thus, the robust 

fibrin deposition observed in the labyrinth is likely the combined result of alterations in maternal 

blood haemostatic factors and their interaction with throphoblast cells. 

 

Sixty percent of LPS-treated animals exhibited DIC. In the first stage of the disease we detected a 

significantly reduced clotting time (R) and widespread intravascular clots. As DIC progresses into 

the second and third stages, depletion of platelets and coagulation factors leads to fibrinolysis and 
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subsequent bleeding [79]. TEG accurately revealed these systemic changes as shown by a 

significant increase in fibrinolysis (LY30) and a significant reduction in clotting time and time to 

reach a 20mm consistency (K) (reflective of the speed of clot formation) in DIC-II and DIC-III 

phenotypes respectively. Moreover, these systemic alterations were reflected in minimal or no 

fibrin deposition in the placentas of dams exhibiting DIC-III. It has been shown that fibrinogen-

deficient mice are fertile, but pregnancy has fatal consequences resulting from severe placental 

hemorrhage. Afibrinogenemoic mice are unable to overcome the ensuing bleeding, triggered by 

large maternal blood sinuses in the intervillous spaces [74]. Thus, complete absence of fibrin 

could also be detrimental.  

 

It is important to consider the importance of the gestational age at which we performed 

thromboelastographic and histological experiments. As was mentioned in the introduction, the 

majority of early pregnancy losses are due to chromosomal aberrations, while losses later in 

gestation have been attributed to other maternal factors, including coagulopathy. Gestational day 

14.5 in the rat is analogous to mid-late gestation in the human. Hence, in order for maternal 

thrombophilic effects to cause placental thrombosis there must be an established maternal 

circulation which has occurred at this age in rats and occurs at approximately 8 weeks in humans 

[107], for this reason, thrombophilias have not been associated with fetal losses prior to the 10
th
 

week of gestation [117]. 

 

This study also demonstrated that normalization of systemic coagulopathies by TNF-α inhibition 

was associated with normalization of placental haemostatic alterations. Placental sections of 

etanercept-treated rats showed levels of decidual, intravascular, and labyrinth fibrin deposition 

comparable to those of saline. These placental changes may be a corollary effect of the 
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normalization of systemic coagulation, but could also reflect a direct effect of TNF-α on the 

placental endothelium and syncytiotrophoblast. To our knowledge, this is the first study that 

demonstrates the protective effect of TNF-α inhibition on the development of systemic and 

associated local coagulopathies preceding fetal death.  

 

An ambiguous correlation between specific placental haemostatic features and the aetiology of 

miscarriage still remains. Impaired uteroplacental blood flow is characteristic of several 

complications of pregnancy, including fetal loss. In particular, abnormal spiral artery flow 

velocity reflects poor placental perfusion and indicates an impaired placental function [90]. 

We demonstrated that LPS-induced systemic and local coagulopathies are associated with a 

reduction in spiral arteriole peak flow velocity and reduced placental perfusion preceding fetal 

death. Our data support previous findings showing that increased placental fibrin deposition is 

associated with decreased placental perfusion in a mouse model of spontaneous abortion [112] 

and previous suggestions that thrombi in the placental circulation may impair uteroplacental 

blood supply and consequentially affect fetal nutrition and well-being [112, 14]. 

 

Further, we demonstrated that the decrease in spiral arteriole flow velocity and reduced placental 

perfusion is mediated by TNF-α. While we cannot rule out pleiotropic effects of TNF-α on 

endothelium-dependent release of vasodilators, our data indicate that the improved uteroplacental 

blood flow is likely a secondary effect of improved systemic and placental haemostatic 

mechanisms. 

 

Uterine artery resistance index (RI) is also an indicator of negative fetal outcome [135] as it 

represents a downstream resistance to flow. The present study demonstrated an increase of uterine 
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artery RI (37 %) in LPS-treated animals as compared to saline-treated animals (see Appendix A, 

table A7), albeit not a significant one. Renaud et al recently reported a statistically significant 

increased in uterine artery RI after 2.5 hours of LPS administration using a similar experimental 

protocol. We thus carried out an investigation to determine potential variables affecting the 

differences in RI outcome between these studies. To determine if the potency of LPS used was 

not as effective, we administered a dose of 150 µg/kg, but no observable differences occurred 

within 3 hours and the foetuses survived. However, following 3 additional hours, all foetuses 

were dead. To investigate if our results differed due to a timing issue, we administered 100 µg/kg 

of LPS and sacrificed a dam after 24 hours, upon which time all foetuses were dead. Finally, to 

more accurately detect the timing of fetal death a dam was given 100 µg/kg of LPS and imaging 

was performed after 5 hours of exposure. All foetuses died after one hour of imaging. What then 

may be the difference between these two studies?  

 

Stress in rats has been shown to boost the rate of fetal resorption [67]. Considering the presence 

of loud construction work in the Animal Care facility during the time of Renaud’s  investigation, 

it is likely that stress corollary to construction noise was an exacerbating factor of LPS that 

potentially accelerated fetal death and led to more marked RI changes. Doppler ultrasound 

imaging data of the present study was manipulated in multiple ways to observe if any significant 

effects were present in the uterine artery RI (see to Appendix C). While there was no significance 

at any time point following LPS administration as determined by a one-sample t-test to the time 

of injection, a trend towards significance was detected. A comparison was also made at each 

individual time point with saline controls and repeated measures ANOVA analysis revealed no 

significant differences between treatments at any time point. However, as previously, a trend 
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approaching significance was observed over time, that is, the difference between LPS and saline 

RI became greater over time.   

 

Clinical Relevance  

 

The finding that systemic coagulopathies are associated with placental haemostatic alterations 

preceding fetal death supports the rationale for utilizing anticoagulants during pregnancy 

complications. Clinically, there is ample evidence of the improved fetal survival rate following 

LMWH therapy. This strengthens the hypothesis that thrombotic mechanisms may contribute to 

fetal death. Further, the ―coagulation-independent‖ mechanisms of LMWH as mentioned in the 

introduction, suggest that anticoagulation therapy may be leading to improved foetal outcome 

through inhibition of both inflammation and coagulation. Since the cross-talk between 

inflammatory and thrombogenic pathways is known to occur [34] it is likely that both systems are 

affected when anticoagulant treatment is administered.  

 

Drugs capable of neutralizing TNF-α are well recognized as effective therapeutic agents in 

clinical practice. Three anti- TNF-α agents are currently licensed in the United States. These 

include Remicade (infliximab), Humira, (adalimumab) and Enbrel (etanercept). Possible 

teratogenic effects have been a consideration for use in pregnant women. Embryo-fetal perinatal 

developmental toxicity studies performed in cynomolgus monkeys using doses several hundred 

times the recommended human dose have revealed no evidence of teratogenic or other deleterious 

effect [122]. 
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Most studies reporting the application of anti-TNF-α agents during pregnancy concern the use of 

etanercept to treat rheumatoid arthritis in pregnant women [24, 25, 61, 120, 65].  A relatively 

large number of women incidentally exposed to anti-TNF-α agents have provided significant 

evidence for the safe use of these agents in pregnancy since no increased risk of malformations 

has been demonstrated [22]. To our knowledge, only one study to date has reported the use of 

etanercept to treat recurrent miscarriage [147]. Winger and colleagues performed a retrospective 

study in which women with a history of recurrent miscarriage had been treated with anticoagulant 

therapy (AC), AC + intravenous immunoglobulin (IVIg), or a combination of AC, IVIg, and 

etanercept. Out of the three treatment groups, the combined therapy of AC, IVIg and etanercept 

led to the highest live birth rate (71%). The combined effect of AC, IVIg and TNF inhibitor 

therapy on pregnancy outcome thus warrants further study in prospective clinical trials. Through 

this study, we hope to highlight the potential of TNF-α modulation as a therapy for women 

suffering fetal loss.  

 

Through this study, we hope to justify the use of TEG in monitoring coagulation status during 

pregnancy complications.  The use of TEG as a monitoring tool in pregnancy complications has 

been limited thus far. TEG is a relatively easy-to-use and global test that provides ample and 

accurate information about haemostatic processes and we believe it is currently underutilized in 

the obstetric field.   
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Conclusion 

 

Collectively, our study demonstrated that abnormal maternal inflammation is causally linked to 

coagulopathies, which are coupled with observable haemostatic alterations of the placenta. 

Moreover, we showed that improved systemic coagulopathies and placental haemostatic 

alterations are associated with decreased spiral peak flow velocity. This study indicates that 

modulation of the inflammatory response may be a potential therapeutic approach to restore fetal 

viability via improved uteroplacental blood flow secondary to prevention of coagulopathies.  
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Chapter 5 

Future directions 

 

5.1 Measurement and characterization of microparticles (MPs)  

 

Microparticles (MPs) are plasma membrane vesicles smaller than 1.5 µm in diameter. They are 

mainly composed of lipids and proteins and are released into the circulation following cellular 

stimulation, activation or degeneration/apoptosis [2, 60]. Levels of circulating plasma MPs have 

been recognized as in vivo markers of cell activation [75] and are associated with inflammatory 

and thrombotic disorders [2]. Maternal circulating levels of MPs of specific cellular origin are 

increased in case of pre-eclampsia and miscarriage [49, 75, 76, 18, 142]. Since thrombus 

formation can ―capture‖ circulating MPs that carry both active TF and PSLG-1 receptor (counter 

receptor of P-selectin), MPs may aid in pathological thrombus propagation. Characterization of 

cell of origin and presence of TF would thus be important to better understand the 

pathophysiology of thrombosis in this model of fetal demise. 

 

Preliminary data demonstrated that LPS-treated dams exhibiting coagulopathies exhibit higher 

levels of circulating MPs than saline-treated pregnant controls, and that etanercept prevented this 

increase (see appendix D, figure 5.2 C). The increased levels of MPs in LPS-treated rats are an 

indication of cell activation, likely mediated by TNF-. If the MPs found in this plasma are pro-

thrombic (i.e. carry TF, etc.) they may provide additional stimulus for the systemic inflammatory 

response and may aid the promotion of coagulopathy in this model [60]. Thus, characterization of 

MP markers and cell of origin is warranted. MPs have the potential of being useful markers of 

inflammation and thrombosis during pregnancy complications.  
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5.2 Inhibition of tissue factor (TF)  

 

The present study determined an association between maternal coagulopathies and impaired 

blood flow preceding fetal death. To establish a causal link however, the coagulation cascade 

must be targeted specifically.  

 

TF is the sole initiator of thrombin generation and fibrin formation [42] and as such, it acts as a 

haemostatic regulator. TF is also involved in inflammation. Blocking TF activity completely 

abrogates inflammation-induced coagulation activation in models of experimental endotoxemia 

[78, 98]. Redecha and colleagues recently demonstrated that inhibition of maternal TF led to 

increased fetal survival in a mouse model of spontaneous fetal loss [112].  Hence, blocking TF in 

vivo and subsequently analyzing coagulopathies, uteroplacental blood flow and fetal survival 

would allow the establishment of a causal link between the coagulation and fetal outcome in our 

model.  

 

TF species specificity and lack of appropriate monoclonal anti-TF antibodies for the rat proved to 

be a challenge in this project. If a suitable antibody is unavailable, an alternative to consider is 

administration of tissue factor pathway inhibitor (TFPI) which has been shown to reduce 

thrombus formation in vivo [83].     
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Appendix A 

Raw data  

 

Table A.1 TEG parameters of saline-treated rats 

R 

(min) 

K 

(min) 

Angle 

(degrees) 

MA 

(mm) 

CI LY30 

(%) 

 

8.5 2 
 

64 
 

68.4 
 

2.7 
 

3.7 
 

12.8 

 

5.2 

 

39.6 

 

65.3 

 

1.8 

 

0 

 

14.1 
 

5.4 
 

34.9 
 

49.6 
 

-1 
 

0.1 
 

12.1 

 

3.8 

 

48.4 

 

71 

 

2.7 

 

0.3 

 
8.7 2.5 58.8 70.8 3.2 0 

 

*5.1 

 

*1.3 

 

*71.5 

 

*73.9 

 

*4.3 

 

*1.9 

 

*The parameters from one rat were considered abnormal (DIC-I-like trace) 

 

 

Table A.2 TEG parameters of non-pregnant LPS-treated rats 

R 

(min) 

K 

(min) 

Angle 

(degrees) 

MA 

(mm) 

CI LY30 

(%) 

 

2.1 0.8 79.7 74.1 4.8 1.6 

4.1 1.2 74.5 74.9 4.6 0 

7.2 1.9 64 71.8 3.6 0 

14.1 4.9 37.8 63.9 1.3 0 
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                                     Table A.3 TEG parameters of LPS-treated rats 

Coagulopathy R 

(min) 

K 

(min) 

Angle 

( Deg) 

MA 

(mm) 

CI LY30 

(%) 

DIC I 2.1 

1.9 
2.6 

1.9 
58.2 

64.1 
46.9 

48.9 
 

0.9 

1.1 
 

78.1 

7.1 
 

       

DIC II 12.6 

11.5 

4.5 

3.6 

42.2 

44.2 

54.3 

50.4 
 

-0.1 

-0.5 

4.3 

22.2 

       

DIC III 17.3 

16.7 

7.1 

12.8 

26.5 

16.7 

64.5 

51.5 

0.9 

-0.8 

0 

0 

       

Hypercoagulable  7.8 

7.9 

4.2 
 

2.1 

2.2 

1.2 

62.3 

64.0 

72.2 

52.6 

67.7 

70.3 

0.3 

2.8 

3.9 

0 

0 

0 
 

Normal 9.2 

10.3 

4.0 

3.2 

45 

52.3 

56.5 

63.8 

1 

1.8 

0 

0.2 

 

 

 

Table A.4  TEG parameters of etanercept + LPS treated rats 

R 

(min 

K 

(min) 

Angle 

(degrees) 

MA 

(mm) 

CI LY30 

(%) 

 

11.6 3.9 45.1 58.7 0.8 0.4 

7.5 2.9 53.2 66.4 2.9 0 

14 6.6 30 57.2 0.4 0.2 

10.2 4.8 39.8 59.2 1.4 0 

* 6.7 1.8 55.9 58.4 1.7 3.6 

*Thromboelastogram was DIC-I-like, thus not included in the mean 
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Table A.5 TEG parameters of etanercept+ saline rats 

R 

(min) 

K 

(min) 

Angle 

(degrees) 

MA 

(mm) 

CI LY30  

(%) 

 

12.2 3.8 46.3 58.5 0.6 0 

10.2 4.5 37.3 65.8 2.5 0.1 

11.5 5.4 35.1 60.5 1.4 0 

        *6.6 3.2 52.6 59.9 2.1 0 

                             *Not included in the mean due hypercoagulability 

 

 

Table A.6 Spiral arteriole peak flow velocity of LPS-treated rats 

       

Time point after LPS 

administration  

      Spiral arteriole peak flow velocity (mm/s)            

Mean 

t0 16.99 22.34 15.88 11.01 16.61 16.57 

t1 15.72 15.95 13.76 9.83 27.07 16.47 

t2 25.20 16.04 13.80 10.34 9.68 15.01 

t3 13.20 13.23 16.84 12.49 8.03 12.76 

t4 16.99 15.52 14.43 9.70 8.20 12.97 

t5 13.42 18.06 12.83 9.46 7.15 12.18 

t6 13.15 9.65 14.4 9.86 - 11.77 

t7 15.28 8.4 11.51 9.33 7.78 10.46 

t8 20.00 4.79 8.48 8.25 6.51 9.61 
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Table A.7 Uterine artery resistance index (RI) of LPS-treated rats 

  

Time point after LPS 

administration 

        Uterine Artery resistance index (RI)           Mean 

t0 0.61 0.43 0.59 0.8 0.59 0.60  

t1 0.6 0.4 0.58 0.85 0.58 0.60  

t2 0.61 0.42 0.58 0.87 0.56 0.61  

t3 0.62 0.54 0.55 0.91 0.53 0.63  

t4 0.63 0.52 0.53 0.87 0.55 0.63  

t5 0.65 0.55 0.53 0.9 0.58 0.64  

t6 0.51 0.57 0.56 0.82 0.55 0.60  

t7 0.58 0.57 0.5 0.8 0.59 0.61  

t8 0.55 0.58 0.44 0.92 0.61 0.62  

        

 

 

Table A.8 Spiral arteriole peak flow velocity of saline-treated rats 

    

Time point after saline 

administration  

        Spiral arteriole peak flow velocity (mm/s)         

Mean 

t0 20.08 13.14 19.71 21.83 18.18 18.59 

t1 20.14 13.53 25.12 21.75 20.44 20.20 

t2 23.47 17.81 22.61 19.65 18.88 20.48 

t3 25.37 17.27 22.06 16.79 15.99 19.50 

t4 30.86 18.66 16.57 15.6 22.46 20.83 

t5 20.08 20.54 18.58 23.83 17.06 20.02 

t6 16.89 17.37 18.74 17.74 18.91 17.93 

t7 16.53 16.61 22.24 24.82 15.29 19.10 

t8 19.3 23.05 21.11 20.36 19.56 20.68 
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                 Table A.9 Uterine artery resistance index (RI) of saline-treated rats 

    

Time point after saline 

administration  

           Uterine artery resistance index (RI)                

Mean 

t0 0.62 0.44 0.53 0.51 0.57 0.53 

t1 0.63 0.38 0.4 0.53 0.5 0.49 

t2 0.66 0.44 0.53 0.53 0.57 0.55 

t3 0.59 0.4 0.5 0.6 0.57 0.53 

t4 0.49 0.42 0.56 0.6 0.47 0.51 

t5 0.58 0.4 0.43 0.57 0.5 0.50 

t6 0.52 0.39 0.49 0.62 0.58 0.52 

t7 0.53 0.4 0.5 0.57 0.6 0.52 

t8 0.49 0.4 0.47 0.6 0.6 0.51 

 

 

 

Table A.10 Effect of maternal LPS administration on uteroplacental blood flow as 

determined by Doppler ultrasound 

Treatment Spiral arteriole peak 

flow velocity (mm/s) 

Uterine artery 

resistance index (RI) 

 

Saline (n=5) 21.15 + 1.08 0.45 +0.03 

LPS (n=5) 10.38 + 3.32* 0.62 + 0.08 

This table represents values of measurements taken after 2.5 hours of LPS administration 

(100ug/kg). 

Asterisk * denotes statistical significance (p <0.05, t-test). 
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Table A.11 Uterine artery resistance index (RI) of etanercept + LPS treated rats  

 

Time point after LPS 

administration 

 

     Uterine artery resistance index (RI)                   Mean 

t0 0.61 0.57 0.44 0.55 0.54 

t1 0.58 0.58 0.55 0.61 0.58 

t2 0.62 0.59 0.59 0.53 0.58 

t3 0.63 0.57 0.59 0.46 0.56 

t4 0.61 0.64 0.56 0.49 0.58 

t5 0.83 0.57 0.57 0.55 0.63 

t6 0.62 0.62 0.48 0.57 0.57 

t7 0.64 0.63 0.49 0.61 0.59 

t8 0.61 0.63 N/A 0.63 0.62 

 

 

 

Table A.12 Spiral arteriole peak flow velocity of etanercept + LPS treated rats  

 

Time point after 

LPS administration 

 

   Spiral arteriole peak flow velocity (mm/s)   

 

Mean 

t0 19.66 14.86 15.23 13.79 15.89 

t1 15.14 24.43 23.23 23.41 21.55 

t2 17.87 21.25 17.19 20.02 19.08 

t3 18.53 20.25 15.11 26.47 20.09 

t4 15.65 19.84 14.06 9.84 14.85 

t5 17.54 19.32 8.42 9.67 13.74 

t6 16.47 15.72 11.1 18.76 15.51 

t7 23.04 21.14 8.3 16.01 17.12 

t8 17.97 19.90 N/A 10.15 16.01 
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Appendix B 

1. Optimized immunohistochemistry protocol for fibrin/fibrinogen.  

 

1. Deparaffinize and hydrate tissue sections 

2. Rinse for 5 minutes in tap water 

3. Antigen retrieval with protinease K working solution for 3 minutes at 37 
o
C 

4. Incubate for 30 minutes in 0.3% H2O2 in methanol.(1mL 30% H2O2/ 99 mL 100 % 

methanol)  

5. Wash in 1x phosphate buffer solution (PBS) for 5 minutes  

6. Incubate for 23 minutes with 10% normal goat serum (NGS)  

7. Block with DAKO protein block for 7 minutes (primary antibody made at this step) 

8. Blot excess serum 

9. Incubate sections for 30 minutes with primary antibody (polyclonal rabbit anti-human 

fibrin antibody) (1:400 dilution in 1x PBS) 

10. Wash slides for 5 minutes in 1x PBS (make secondary antibody at this step)  

11. Incubate for 30 minutes with diluted biotinylated secondary antibody solution (goat anti-

rabbit IgG: 1% NGS + 1/200 secondary) and 3% normal rat serum (NRS) 

12. Wash slides for 5 min in 1x PBS 

13. Incubate sections for 30 min with VECTASTAIN (made 30 minutes before use)  

(2mL PBS + A solution (20uL) swirl + B solution (20uL) swirl) 

14. Wash in PBS for 5 minutes  

15. Incubate in diaminobenzidine (DAB) for approximately 3 minutes 

16. Rinse in tap water 

17. Counter stain with hematoxylin for 12 seconds, clear, and mount   
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Appendix C 

 

C.1 Analysis of uterine artery haemodynamics  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.1C Statistical analysis of uterine artery resistance index One-sample t-test showed 
no statistical significance between the uterine artery resistance indices (RI) at any time point 

compared to the time of injection (A). Values of individual animals revealed opposite trends, 

some decreasing RI over time (green, pink), while others increasing over time (light and dark 
blue) (B). Repeated measures ANOVA revealed no significant difference between RI of LPS vs. 

saline-treated rats at any time point (C). However, the difference in RI between the two groups 

increased over time, reflecting a potential trend towards significance.  
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C.2 Preliminary MP data  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.2C MP analysis. Whole citrated blood collected via cardiac puncture was doubly 

centrifuged to obtain platelet poor plasma (PPP) (1600 g, 20 min; 10,000 g 10 min). PPP was 
aliquoted and immediately frozen at – 80 ºC until further experimentation. Flow cytometry 

analysis was performed to measure the total number of MP/µL of PPP using Annexin-V. The 

following formula was utilized to calculate the number of MP/µL of plasma: [ (+ event) x (beads 

added/beads counted ) X plasma volume (ml)]. Plasma from LPS-treated dams had higher levels 
of circulating microparticles in comparison with that of saline-treated rats. Etanercept 

administration prevented the increase in the levels of circulating MPs. Saline controls, n= 3; LPS 

n= 2; etanercept + LPS,  n=3.  
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Appendix D 

TEG statistical analysis 

 

Table  D1. F test for variance of TEG parameters. 

 
      Note:  F-variance test was performed in each pair of treatment groups. ~ signifies that the      

      variability of groups had a trend towards significance (p< 0.15), while * represents statistical      

      significance (p < 0.05). The F test analyses whether the variation within groups is     

      significantly different between experimental groups. 

 

 

 

 

 

 

 

 

 

 

 

 

F test for variability  

Parameter R K alpha MA CI LY 30 

Saline vs. 

LPS 

p< 0.08 ~ p= 0.075~ p=0.336 p=0.274 p= 

0.128~ 

p=0.006 * 

Saline vs. 

(Etanercept 

+ LPS) 

p= 0.427  p=0.464 p=0.363 p= 

0.116~ 

p= 0.252 p=0.0026 

* 

LPS vs. 

(Etanercept 

+ LPS)  

p= 0.155 P=0.122~ p=0.231 p=0.192 p=0.421 p< 0.0001 

* 
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Table D-2. Chi square analysis 

 

 Normal 

(number of normal animals 
from total number of  animals 

treated) 

Coagulopathy 

(number of abnormal animals 
from total number of animals 

treated). 

Saline 5 1 

LPS  2 9 

Etanercept + LPS 4 1 

Etanercept + Saline  3 1 

Chi square analysis revealed LPS treatment significantly affects the proportion of dams exhibiting 

coagulopathy (p=0.02). 

 

 

 

 

 

 

  


