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ABSTRACT

Stroke in pregnancy is a global leading cause of maternal morbidity and mortality.
Pregnancy is a hypercoagulable state characterized by changes in the levels of hemostatic
factors, including prothrombin and thrombin, starting at the beginning of gestation. While
this hypercoagulability evolved to help the body face the hemostatic challenge of delivery,
it can increase the risk of prothrombotic complications and cardiovascular conditions, such
as stroke. Pregnant women have a 3-fold greater risk of stroke compared to nonpregnant
age-matched people. In the presence of preeclampsia (PE), stroke risk increases to 6-fold.
PE is a serious hypertensive disorder of pregnancy associated with new-onset hypertension
and extensive multi-organ system dysfunction. PE complicates 6 - 8% of pregnancies
worldwide and is the second leading cause of maternal morbidity and mortality in the
United States. This disorder further heightens the already hypercoagulable state of
pregnancy. Thrombin is a key coagulatory protein that works to arrest bleeding by cleaving
fibrinogen into fibrin. However, thrombin is also known to be vasoactive via protease-
activated receptors (PARs). PAR types 1 and 2 are found in vasculature throughout the
body and can have impacts on vascular tone. In physiological conditions, endothelial cells
primarily mediate the vascular effects of PARs. Yet PARs in vascular smooth muscle cells
can be induced under pathological conditions and elicit vasoconstriction. In stroke,
additional vasoconstriction could increase cerebrovascular resistance and ultimately
increase hypoxia and ischemia, worsening neuronal injury in critical brain regions. To
investigate thrombin in the brain and cerebrovasculature in an experimental model of
preeclampsia (ePE), this study sought to determine the reactivity of brain parenchymal
arterioles (PAs), the expression of PARs in those blood vessels, and the levels of
prothrombin and thrombin in circulating plasma and cerebrospinal fluid (CSF). PAs from
nonpregnant (NP), healthy late-pregnant (LP), and ePE rats were isolated and pressurized
within an arteriograph system to study their reactivity to thrombin. PAR expression in the
smooth muscle cells of PAs were examined via Western blot and immunohistochemistry.
Prothrombin and thrombin levels in plasma and CSF were assessed via enzyme-linked
immunoassays. This study found that thrombin was elevated 12- and 14-fold in plasma
from rats with ePE compared to NP and LP rats, respectively. Prothrombin was found in
ePE plasma, whereas NP and LP prothrombin levels were undetectable. In CSF, thrombin
was found in all groups and was elevated significantly in the LP CSF (NP: 0.137 = 0.014
ng/mL; LP: 0.241 + 0.015 ng/mL, p < 0.05; ePE: 0.192 £ 0.028 ng/mL). In isolated PAs,
thrombin produced modest vasoconstriction that was similar between groups and appeared
endothelium-independent. PARs 1 and 2 were found expressed on PAs, which could
mediate thrombin’s vasoactivity. This study demonstrates the presence of thrombin in
brains from NP, LP, and ePE animals, as well as thrombin receptors on cerebral
intraparenchymal vessels that were modestly reactive to thrombin. The presence of
thrombin in CSF suggests its expression and secretion by cells within the brain, the role of
which requires further investigation. Together, the results of this study highlight that
thrombin plays not only a coagulatory but a vasoactive role in cerebrovasculature during
pregnancy and PE, and may contribute to maternal stroke outcome.
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ePE+Indo+L-NAME; p < 0.05 by one-way ANOVA with multiple
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CHAPTER 1:

INTRODUCTORY COMPREHENSIVE

LITERATURE REVIEW



1.1 Hemodynamic and Cerebrovascular Changes During Pregnancy

During pregnancy, the body experiences widespread, significant adaptations in nearly
every physiological system throughout the body. The adaptations in the cardiovascular,
hemostatic, and endocrine systems that begin early in gestation have impacts throughout
the maternal body and have evolved to facilitate both fetal-placental growth and maternal
survival [1 - 4]. The maternal brain and cerebral circulation, specifically, undergo
especially unique changes compared to the rest of the body to maintain cerebral
homeostasis [5]. From changes in the structure and function of cerebral arteries, to the
blood brain barrier, and the hemodynamics of cerebral blood flow; the brain goes through
extensive change to maintain the delicate microenvironment amongst the global hormonal

and cardiovascular changes throughout the rest of the body [4, 5].

The brain is a particularly unique organ with specified physiological needs that enable
it to carry out its complex, critical processes. Separated physically and biochemically by
the skull and blood-brain barrier, the brain is a distinct microenvironment that closely
maintains hemostasis, intracranial and intravascular pressure, and cerebral blood flow [2,
6]. In pregnancy, this precise maintenance of the cerebral circulation must adapt in
response to the substantial hemodynamic changes seen in other organ systems [1, 2, 6].
Gestation is associated with changes in all aspects of hemostasis. For example, there is an
average increase of plasma volume by 40 - 50%, increased cardiac output, and decreased
peripheral vascular resistance [2, 6]. In particular, pregnancy is a hypercoagulable state
characterized by a marked increase in most pro-coagulation factors and decrease in anti-

coagulation factors [1].



There is a significant rise in the concentrations of clotting factors V, VII, VIII, IX, X,
XI1 and von Willebrand factor during pregnancy [1]. Specifically, factor VIII and von
Willebrand factor are elevated late in gestation and reach maximal concentrations around
delivery [1]. Fibrinogen concentration prominently increases and can reach levels twice
that of non-pregnant levels [1, 7]. Factors XI and XIII are pro-coagulant factors that both
decrease during pregnancy [1, 8]. Normal pregnancy is also associated with an increase in
platelet levels compared to nonpregnant healthy women, particularly in the third trimester
[8, 9]. Notably, there is known to be a significant increase in prothrombin fragments and
thrombin-antithrombin complexes [7 - 11]. When longitudinally evaluating thrombin
generation from preconception to postpartum, McLean et. al found that the majority of
women generate increasing levels of thrombin as pregnancy continues and thrombin
generation, specifically the activation of coagulation by tissue-factor, increases during
pregnancy even though individuals vary considerably in their baseline thrombin generation

levels [12].

Conversely, there are key changes in physiological anticoagulants and fibrinolytic
activity in gestation. Fibrinolysis is the enzymatic cascade that when activated deploys the
trypsin-like protease plasmin to split the insoluble fibrin of a clot into soluble degradation
products [13]. The fibrinolytic system works to breakdown and dissolve thrombi, thus
helping to protect against thrombotic occlusion of vessels. Plasma fibrinolytic activity is
reduced during gestation, beginning within the first weeks of the first trimester and

remaining low during labor followed by a return to normal activity shortly after delivery



[1, 13]. Overall, it is believed that pregnancy-induced hormonal changes, especially the

rise in estrogen levels, drive the transformation into a prothrombotic state [8, 12, 14].

Together, these widespread hemodynamic changes elevate the potential thrombotic
activity throughout the body and establish the hypercoagulable state of pregnancy. This
hypercoagulability presumably evolved to help the body face the significant hemostatic
challenge of delivery [1]. Because maternal and fetal-placental blood flow are intimately
intertwined, these hemodynamic adaptations also contribute to the maintenance of blood
supply necessary for placental function and fetal health [1, 4, 15]. Complications of the
maternal circulation’s ability to clot and arrest bleeding can be life-threatening. In fact,
maternal hemorrhage, which includes bleeding from the antepartum through postpartum
periods, is the leading cause maternal morbidity and mortality worldwide [12, 16].
However, this state can also increase the risk of prothrombotic complications and

cardiovascular conditions, such as stroke [17].



1.2 Stroke in Pregnancy and Preeclampsia

Stroke is the second leading cause of death worldwide and the third leading cause of
disability [60, 61]. The American Heart Association (AHA) and the American Stroke
Association (ASA) broadly defines stroke to include ischemic stroke (1S) due to central
nervous system arterial or venous infarction or hemorrhagic stroke (HS) including
intracerebral hemorrhage (ICH) and subarachnoid hemorrhage (SAH) [17]. In adults,
within ages corresponding to commonly defined child-bearing years between 15 - 44, the
incidence of stroke is 10 per 100,000 [18, 20]. Variability in the causes of stroke in young
adults is higher than seen in older populations [18]. Comorbidities such as hypertension,
hyperlipidemia, and diabetes mellitus; and altered coagulation states such as pregnancy and

preeclampsia increase stroke risk, particularly in adult IS [18, 19].

In pregnancy specifically, stroke is a leading cause of maternal morbidity and mortality
throughout the world [17, 18]. Pregnancy-related stroke can additionally lead to disability
that can impact a woman’s ability to care for herself and children, as well as have broader
personal and professional effects [17]. While estimates of pregnancy-related stroke
incidence vary, a meta-analysis study by Swartz et. al reported that stroke affects 30.0 per
100,000 pregnancies with the highest risk in the peripartum and postpartum periods [18].
They additionally report that central venous sinus thrombosis, IS, and HS impact roughly
equal number of pregnancies at 9.1, 12.2, and 12.2 per 100,000 [18]. When ultimately
compared to age-matched people, pregnant women have a 3-fold increase in the risk of
stroke [18]. The upregulation of coagulation factors and overall hypercoagulable state of

pregnancy is a key contributor to that increased stroke risk.
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Pregnancy-related stroke risk rises to 6-fold in the presence of preeclampsia (PE) [18].
The American College of Obstetricians and Gynecologists (ACOG) defines PE as a
disorder of pregnancy associated with new-onset hypertension that often occurs after 20
weeks of gestation and frequently near-term [21]. Traditionally, the definition of PE
included the presence of new-onset proteinuria. However recent guidelines, including those
issued by ACOG, now state that while PE can often be accompanied by proteinuria, the
disorder can present with de novo hypertension and symptoms of maternal multi-organ
system dysfunction and abnormal protein levels in urine [21, 22]. Diagnostic markers of
PE outside of hypertension include thrombocytopenia, renal insufficiency, impaired liver
function, pulmonary edema, new-onset headache that is resistant to medication, and/or

visual symptoms [21].

Hypertensive disorders of pregnancy occur in women all over the world and contribute
to maternal mortality in both developed and developing regions. PE is estimated to
complicate between 2 - 8% of pregnancies globally [21, 23]. Hypertensive disorders are
responsible for nearly 26% of maternal deaths in Latin America and the Caribbean. Across
Africa and Asia, it is reported that about 9% of maternal deaths are attributed to
hypertensive disorders during gestation [23, 24]. In the United States, not only has the
incidence of PE increased, but the risk of severe PE has increased as well. From 1987 to
2004, the US rate of PE increased by 25% [25]. Additionally, the risk of PE in patients
giving birth in 2003 was 6.7-fold greater compared to those in 1980 [25, 26]. From Stevens

et. al, PE reportedly cost $2.18 billion in the US in 2012 due to patient complications within



the first 12 months of delivery. $1.03 billion of which was due to healthcare costs of the

mothers, while $1.15 billion came from care for the infants [26, 27].

While PE can only occur in pregnancy and early postpartum, its effects have been
associated with health risks and conditions later in life. Meta-analysis-based reviews, such
as Wu et al., have demonstrated that PE was associated with increased risk of future heart
failure, coronary heart disease, cardiovascular disease death, and stroke even when
adjusting for age, body mass index, and diabetes mellitus [28]. PE can also have direct
pathological impacts on the maternal brain and cerebrovasculature, including blood-brain
barrier disruption, cerebral blood flow autoregulation, stroke, and long-term cognitive
outcomes [28 - 30]. Importantly, by introducing dysregulation of coagulation, platelets,
adhesion ligands, and hematologic factors, PE further increases the hypercoagulable state

of pregnancy [31].

1.2.1 The Middle Cerebral Artery and Parenchymal Arterioles in Stroke

While several pathophysiology mechanisms are thought to lead to PE, the
associated endothelial dysfunction, oxidative stress, increased vascular stiffness, and
super-hypercoagulability likely drive that increased stroke-risk [17, 32 - 34]. Although
stroke of all subtypes can occur anywhere in the brain, the middle cerebral artery (MCA)
is the most common artery involved in acute stroke [17, 34]. Branching from the internal
carotid artery, the MCA and its four main branches provides blood supply in part to the

frontal, temporal, and parietal lobes of the brain. Beyond that, the MCA also supplies blood



to deeper regions such as the thalamus, internal capsule, and caudate nucleus via smaller

intracerebral vessels that branch from it [34 - 37].

Parenchymal arterioles (PAs) are high resistance blood vessels that dive into the brain
parenchyma. PAs regulate cerebral blood flow to critical brain structures including the
frontoparietal white matter tracts (WMTSs) of the sensorimotor cortex and basal ganglia
[30]. PAs are a part of the cerebral microcirculation that can be affected by pregnancy and
PE. A study by Cipolla et al. reported that isolated PAs from late-pregnant animals had
larger lumen diameters than those from nonpregnant animals, both when myogenic tone
was present and when passive, due to pregnancy-induced outward remodeling. That
outward remodeling was specifically reported to be hypotrophic in nature and at the
expensive of the vascular wall where wall thickness was decreased during pregnancy yet
outer diameter remained unchanged [38, 39]. Using an experimental model of preeclampsia
(ePE), which was utilized in the research within the body of this thesis, Johnson and Cipolla
reported that impaired function was present in PAs from animals with ePE by way of

impaired conducted vasodilation, reversal of the structural remodeling associated with



normal pregnancy, and elevated circulating proinflammatory cytokines leading to a state

of oxidative stress [30].

Figure 1.1: Graphical illustration of the experimental model of PE accomplished by
feeding pregnant rats a high cholesterol diet.
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PAs and the MCA notably contribute to cerebral perfusion and cerebrovascular
resistance, making them crucial regulators of cerebral blood flow during ischemia and
reperfusion [40]. In fact, it has been reported that in response to ischemia and reperfusion,
the cerebral endothelium of PAs from rats compensates to prevent the loss of basal
myogenic tone [40]. Given their direct relationship with the MCA and their unique role in
cerebral blood flow during and after stroke, parenchymal arterioles present an important
element of cerebral microcirculation to be studied when investigating the complex

relationship and impacts of stroke pregnancy and preeclampsia [30, 40].



1.3 Thrombin

One of the procoagulation factors that is increased in healthy gestation and further
heightened in PE is prothrombin and its activated form, thrombin. Thrombin is a
multifunctional blood-derived serine protease that plays a major role in the coagulation
cascade [41 - 43]. At the intersection of the intrinsic and extrinsic coagulation pathways,
thrombin works to arrest bleeding by cleaving soluble fibrinogen into insoluble fibrin,
which in turn stabilizes clot formation [41]. Once activated by Factor XIII, thrombin also

influences the cross-linking of the fibrin monomers to produce a firm fibrin clot [41, 42].

1.3.2 Vasoactive Effects of Thrombin and Protease-Activated Receptors

While thrombin is widely recognized as a coagulatory protein responsible for clot
formation during wound healing, thrombin can also have non-hemostatic effects and is
known to be vasoactive [43, 44]. Thrombin stimulates a broad range of cellular responses,
including immune reactions and inflammation, in a variety of cell types [45]. Notably,
thrombin can have various cellular impacts on endothelial and smooth muscle cells of
blood vessels via protease-activated receptors (PARs) [44, 45]. PARs are G-protein
coupled receptors characterized by seven transmembrane domains that span the cell
membrane and the family consists of four members, PAR-1, -2, -3, and -4. Proteases
activate PARs by cleaving the extracellular N-terminus to create a tethered ligand, which
triggers a conformational change within the receptor that initiates various intracellular
signaling pathways (Figure 1.2) [44, 45]. Among their potential protease agonists,

thrombin is a major agonist for PAR-1, -3, and -4, while PAR-2 is activated by trypsin
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[46]. All four PARs are widely expressed in the brain cell types, including neurons,
microglia, astrocytes, and oligodendrocytes [46]. Studies have shown that PARs can
contribute to neuroprotection and neurodegeneration, particularly through their pro-
inflammatory effects [41, 46].

Figure 1.2: Thrombin’s role in clot formation as well as its ability to initiate intracellular
processes by activating PARs.
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Takahashi et. al showed that in isolated and pressurized porcine retinal arterioles,
thrombin caused biphasic vasoactivity in a concentration-dependent manner. That is,
vasoconstriction at low concentrations and vasodilation at high concentrations [44].
Thrombin was additionally shown to cause endothelium-dependent biphasic response in
porcine renal interlobar arteries mainly by activating PAR-1, where vasorelaxation was
mediated by nitric oxide and hyperpolarizing factors and vasoconstriction was mediated
by thromboxane A2 and prostaglandin H2 [47]. In porcine pulmonary and canine cerebral
arteries, thrombin caused vasoconstriction [48 - 50]. Thrombin caused vasodilation in
newborn porcine pulmonary arteries and in the coronary arteries of pigs, dogs, and humans

[51 - 55].
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PAR-1 and -2 are found within the vascular system and contribute to the mediation of
various vascular effects, including vascular tone [56, 57]. In physiological conditions,
endothelial cells primarily mediate the vascular effects of PARs. However, PARS in
smooth muscle cells can be induced under pathological conditions and elicit
vasoconstriction. For example, Kuwabara et al. reported that thrombin causes more
pronounced vasoconstriction in pulmonary vessels from rats with experimental pulmonary
arterial hypertension than in vessels from normotensive rats [57]. Thrombin may therefore
have vasoactive effects on the rat cerebral circulation via PARs in the vascular cell walls.
Furthermore, those vasoactive effects could vary in pregnancy and PE, a hypertensive
pathology that impacts cerebrovasculature structure and function. In stroke, additional
vasoconstriction could increase cerebrovascular resistance and ultimately increase hypoxia

and ischemia, worsening neuronal injury in critical brain regions.
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1.4 Project Goals and Hypotheses

The research encompassed by this thesis was an investigation into the vasoactive role
of thrombin in pregnancy and experimental preeclampsia in the cerebrovasculature of rats,
specifically in cerebral PAs. We investigated the vasoactive effects of thrombin in isolated
and pressurized PAs from rats with ePE compared to those from nonpregnant (NP) and
normal late pregnant (LP) rats. The PAs that supply the frontoparietal white matter tracts
and the basal ganglia were specifically targeted, isolated, pressurized, and studied within
an arteriograph system. This study sought to determine the reactivity of brain parenchymal
arterioles (PAs), the expression of PARs in those blood vessels, and the levels of
prothrombin and thrombin in circulating plasma and cerebrospinal fluid (CSF). It was
hypothesized that prothrombin and thrombin levels would be elevated in plasma and CSF
in LP rats compared to NP, and further elevated in ePE. Finally, we hypothesized that
thrombin would cause vasoconstriction in PAs and that PAR expression would vary in
pregnancy and PE, potentially in correspondence with the observed vasoactive effects of

thrombin.
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CHAPTER 2: MATERIALS AND METHODS
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The following chapter is intended to provide additional information on some of

the experimental techniques utilized in this research presented in Chapter 3.

2.1 Isolated Vessel Experiment

To investigate the potential vasoactive effects of thrombin in PAs, an isolated
vessel system was utilized to observe the changes in lumen diameter of individual PAs
in real-time. Isolated vessel experiments allow researchers to study vessels and record
their reactivity to different variables outside of the brain while still under physiological
conditions of intravascular pressure. Changes in lumen diameter and wall thicknesses are
recorded in order to obtain calculated measures such as percent change in lumen
diameter, percent constriction or dilation, as well as reactivity or sensitivity to specific
stimuli introduced into the system.

After the brain is dissected from the skull, it is placed in cold, oxygenated
artificial cerebral spinal fluid (aCSF). To isolate and dissect PAs, a 2 mm thick section
of cerebral cortex that contains the MCA is microsurgically cut from the brain. Under a
microscope, the section of cerebral cortex was then separated using forceps to uncover
the PAs branching off of the MCA into the white matter tract contained in the cross-
section. PAs branching off of the MCA that were > 1.0 mm in length and entering the
frontoparietal white matter tracts of cerebral cortex were dissected along with the portion
of MCA the vessels traced back to. This dissection yielded a “T-shaped” vessel section
consisting of the PA intended to be studied and the upstream portion of MCA. This

geometry allowed for the PA to be mounted onto glass cannulas in the arteriograph
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chamber, as shown in Figure 2.1, by threading the glass cannula through the wider MCA
and then into the PA lumen while decreasing how much the targeted PA was handled by
forceps. Surgical threads were then tied around the vessel to secure the vessel walls to
the cannulas and close the intraluminal space. The arteriograph chamber ensures that the
PA is bathed in circulating aCSF at physiological temperature and pH, 37° C + 0.02 and
7.4 £0.02. This aCSF is oxygenated using a physiologically relevant blood gas mixture,
which controls the pH of the bath.

Intravascular pressure can then be controlled with a pressure servo, to stimulate
the vessel and assess myogenic tone and reactivity. Changes in intravascular pressure can
stimulate the development of myogenic tone, or the physiological, dynamic state of pre-
constriction that blood vessels tightly regulate in vivo to control vascular resistance and
blood flow. The vessels undergo leakage tests to ensure that the intraluminal space is
closed, and shear stress is not damaging the endothelium. After demonstrating that they
can hold pressure throughout the leakage test, PAs are equilibrated at an intravascular
pressure of 20 mmHg for 1 hour. Pressure is then increased stepwise to 120 mmHg.
Lumen diameters are recorded at each pressure to determine if the vessels develop
spontaneous myogenic tone and to measure myogenic reactivity. For the remainder of
the experimental protocol utilized in this research, intravascular pressure is set to 40
mmHg. The remaining sections of experimental protocol are further explained in Chapter

3.
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Figure 2.1: A graphic representation of the isolated vessel experiment system and an isolated
cerebral artery in an arteriograph. Part B of this sub-system schematic includes the arteriograph,

shown in purple, on the microscope stage.
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3.1 Abstract

Objectives

To investigate the vasoactive potential of thrombin in brain parenchymal arterioles
(PASs) in nonpregnant (NP), healthy late pregnant (LP) rats and rats with experimental
preeclampsia (ePE).

Study Design

This was an investigative study utilizing isolated, pressurized PAs from female rats that
were bathed in increasing doses of thrombin in an arteriograph system (NP n=13,LPn=
12, ePE n = 13). Prothrombin and thrombin-antithrombin levels in plasma and
cerebrospinal fluid (CSF) were analyzed via enzyme-linked immunosorbent assay
(ELISA). Expression of protease-activated receptor (PAR) types 1 and 2 in PAs were
investigated via Western blot (WB) and immunohistochemistry (IHC) images.

Main Outcome Measures

Changes in lumen diameter and wall thicknesses were recorded to assess vasoconstriction
or vasodilation as well as structural properties of the PAs. Constriction to thrombin with
and without inhibition of cyclooxygenase (COX) and nitric oxide synthase (NOS) was a
principal outcome measure. Relative levels of prothrombin fragments 1+2 and thrombin-
antithrombin complex in plasma and CSF were compared. Using IHC, sections of PAs
were stained for PAR-1 and -2 and localized using a-smooth muscle actin for smooth
muscle. Protein levels of PAR-1 and -2 detected via WB were normalized to NP levels.

Results

Thrombin and prothrombin were elevated in plasma in rats with ePE compared to NP and
LP plasma. Thrombin was found in CSF in all groups and was significantly elevated in LP
CSF (NP: 0.137 + 0.014 ng/mL, LP: 0.241 + 0.015 ng/mL, ePE: 0.192 £ 0.028 ng/mL).
COX and NOS inhibition caused greater constriction in PAs from healthy pregnant rats
than in PAs from NP rats, however PAs from ePE rats did not exhibit that same
constriction. Thrombin was a modest vasoconstrictor in parenchymal arterioles when COX
and NOS were both uninhibited and inhibited. Thrombin decreased myogenic reactivity in
PAs from rats with ePE, but not in NP and LP PAs.

Conclusions

These findings suggest that thrombin has modest constrictive effects on cerebrovasculature
in pregnancy and PE, which may occur via activation of PARs in the smooth muscle of the
vasculature.
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3.2 Introduction

Pregnancy is a hypercoagulable state associated with widespread hemodynamic
changes encompassing increases in pro-coagulation factors, such as fibrinogen and
prothrombin, and decreases in anti-coagulation factors and fibrinolytic activity [1, 2]. The
physiological changes that lead to this state begin early in gestation and can last more than
8 weeks postpartum [3]. This prothrombotic state can be further heightened by
preeclampsia (PE), a common yet serious disorder of pregnancy characterized by
hypertension and extensive maternal multi-system dysfunction [4, 5]. PE complicates 2-
8% of pregnancies worldwide and is the second leading cause of maternal morbidity and
mortality [6, 7]. While the pronounced hemodynamic changes that occur during pregnancy
promote healthy placental function and help face the hemostatic challenge presented during
delivery, these changes can predispose women to thrombotic complications and
cardiovascular conditions, such as stroke [8].

Prothrombin, the inactive precursor of the pivotal coagulation enzyme thrombin, is
among the pro-coagulation factors that increase during gestation [3, 9]. Thrombin is a
platelet-activated serine protease that drives the coagulation cascade by cleaving fibrinogen
into fibrin, which crosslinks to stabilize platelet plug formation and arrest bleeding [9, 10].
Thrombin can also play a non-hemostatic role in arresting bleeding as a vasoactive
circulatory protein. It has been shown to be a vasoconstrictor via protease-activated
receptors (PAR) in the circulation of multiple organ systems, including cerebral arteries

[10, 11, 12].
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The hypercoagulable state of pregnancy contributes to the increased risk of
maternal stroke, which affects 30.0 out of every 100,000 pregnancies [2]. Compared to
age-matched people, pregnant women have a 3-fold increased risk of stroke [2]. PE further
increases that risk to 6-fold and while the pathophysiology that leads to PE is not
definitively characterized, the associated endothelial dysfunction, oxidative stress,
increased vascular stiffness, hypertension, and super-hypercoagulability likely drive that
increased stroke-risk [2, 5, 13, 14].

Stroke can be a devastating complication of pregnancy and occur anywhere in the
brain; however, the middle cerebral artery (MCA) is the most common artery involved in
acute stroke [8, 15]. The MCA supplies blood to the temporal, frontal, and parietal lobes
of the brain as well as deeper brain regions via vessels branching from it, including
parenchymal arterioles (PAs). PAs are high resistance blood vessels that dive into the brain
parenchyma and regulate cerebral blood flow to deeper brain structures including the
frontoparietal white matter (WM) tracts of the sensorimotor cortex and basal ganglia [16].
The experimental model of preeclampsia used in this study has also been shown to cause
dysfunction of PAs and these vessels are a growing focus for understanding PE’s effects
on cerebrovasculature [16].

In the present study, we investigated the vasoactive role of thrombin in pregnancy
and experimental preeclampsia in the cerebrovasculature of rats, specifically in cerebral
parenchymal arterioles (PAs). Using an experimental model of preeclampsia, we
investigated the vasoactive effects of thrombin in isolated and pressurized PAs from rats

with experimental preeclampsia (ePE) compared to those from nonpregnant (NP) and
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normal late pregnant (LP) rats. Specifically, we studied the PAs that supplied the
frontoparietal WM tracts and the basal ganglia. We investigated prothrombin and
thrombin-antithrombin complex levels in plasma and cerebrospinal fluid (CSF) of NP, LP,
and ePE rats. Finally, we investigated expression levels of PARs 1 and 2 via Western Blot,

paired with immunohistochemistry images of the PAs to localize PAR expression.
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3.3 Materials and Methods

3.3.1 Animals

All experiments were conducted using virgin, NP or LP Sprague-Dawley female
rats between 10 and 18 weeks of age (Charles River, Canada). Rats were housed singly
with enrichment in the University of Vermont Animal Care Facility, an Association for
Assessment and Accreditation of Laboratory Animal Care International (AAALAC)
accredited facility. Rats were maintained on a 12-hour light/dark cycle and allowed access
to food and water ad libitum. Pregnant rats were used late in gestation on day 20 of a 22
day gestation. All procedures were approved by the Institutional Animal Care and Use
Committee (IACUC) and conducted in accordance with the National Institutes of Health
(NIH) Guide for the Care and Use of Laboratory Animals. The investigator was not blinded
to animal group during experiments, as this was not possible due to the visual difference
in body size during pregnancy. The order of experiments, however, was randomized by
animal group (randomizer.org). All euthanasia was under isoflurane anesthesia according

to NIH guidelines.

3.3.2 Rat Model of experimental PE (ePE)

PE is a known state of dyslipidemia that has been associated with maternal
endothelial dysfunction, inflammatory responses, and peroxynitrite generation in cerebral
arteries [12 — 15]. It is thought that dyslipidemia could play a contributing role in the
pathogenesis of PE and could be a risk factor for the disease [16, 17]. Pregnant rats were

maintained on a high cholesterol diet (Prolab rat chow with 2% cholesterol and 0.5%
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sodium cholate; Scotts Distributing Inc., Hudson, NH, USA) from days 7 — 20 of gestation
to induce dyslipidemia. This model has additionally shown to induce symptoms congruent
with PE such as elevated blood pressure, maternal endothelial dysfunction, and increased

inflammatory markers such as TNF-a and 8-isoprostane [13, 14].

3.3.3 Measurement of circulating factors via enzyme-linked immunosorbent assays
(ELISAS)

To investigate if ePE affected prothrombin and thrombin levels on both the
circulatory side and neuronal side of the blood brain barrier, plasma levels of prothrombin
fragments 1+2 and thrombin-antithrombin (TAT) complex as well as CSF levels of TAT
complex were measured using commercially available ELISA kits for Prothrombin
Fragment 1+2 (NBP3-06906, Novus Biologicals, Centennial, CO, USA) and TAT (NBP2-
68132, Novus Biologicals, Centennial, CO, USA). Plasma was collected from NP, LP, and
ePE rats via cardiac puncture into lithium heparin blood collection tubes and spun at 2500
G for 10 minutes. CSF was collected microsurgically from the cisterna magna from rats
under isoflurane anesthesia and centrifuged at 1000 G for 20 min. Plasma and CSF samples
were measured undiluted and in duplicate. A portion of the CSF samples were pooled to

make up the required volumes for the ELISA.

3.3.4 In-vitro isolated vessel experiments
NP, LP, or ePE rats were decapitated under deep isoflurane anesthesia (3% oxygen)

and brains immediately removed and placed in cold, oxygenated artificial cerebrospinal
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fluid (aCSF). In accordance with the dissection protocol of Johnson and Cipolla, a section
of cerebral cortex that was 2 mm thick containing the MCA were dissected from the brain,
and a PA was isolated and pressurized [16]. PAs were equilibrated at an intravascular
pressure of 20 mmHg for 1 hour. After which, pressure was increased stepwise to 120
mmHg. Lumen diameter and wall thickness were recorded at each pressure to determine if
the vessels developed spontaneous myogenic tone and to measure myogenic reactivity.

Intravascular pressure was set to 40 mmHg for the remainder of the experiment.

Reactivity to NS309, a small- and intermediate-conductance calcium-activated
potassium (SK/IK) channel agonist, was used to test viability. To investigate the response
of PAs to thrombin, cumulative doses were added to the bath and lumen diameters were
recorded at each dose. A separate group of PAs from each group were given single doses
of indomethacin (10~5 M) and L-NAME (10~3 M) prior to receiving thrombin to inhibit
the two major endothelium-dependent dilatory pathways, COX and NOS, respectively [17,
18]. In the presence of thrombin, intravascular pressure was increased in a stepwise manner
to 120 mmHg to measure myogenic reactivity. At the end of each isolated vessel
experiment, aCSF was replaced with aCSF containing zero calcium and 0.5 mm EGTA.
Diltiazem (10~> M) and Papaverine (10~* M) were added to obtain fully relaxed

measurements of passive lumen diameter and biomechanical properties.

3.3.5 Measurement of PAR expression via Western Blot
After dissection, remaining PAs branching from the MCA were dissected,
collected, and suspended in aCSF, and snap-frozen with liquid nitrogen to be stored at -80°

C. PAs from NP, LP, and ePE rats were pooled for protein expression levels of PARs 1
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and 2 via WB. For protein extraction, samples were pooled by group and homogenized in
a glass Dounce tissue grinder 3 mL lysis buffer comprising: 50 mM Trizma hydrochloride,
150 mM NaCl, 10 mM EDTA, 0.25% deoxycholate, 1% nonylphenol polyethylene glycol
detergent, 10% glycerol, 1% sodium dodecyl sulphate, IMM dithiothreitol and 1%
protease inhibitor at 1:200 (Sigma P8340). The homogenate was transferred and
centrifuged at max speed for 10 min at 4° C. 12% gel membranes were blocked for 1 hour
at room temperature, and subsequently incubated overnight at 4° C with two primary
antibodies: an affinity purified rabbit polyclonal antibody raised against synthesized
peptide derived from human PAR1, 1:500 (Invitrogen, ThermoFischer, Waltham, MA,
USA), and a mouse monoclonal antibody raised against amino acids 37-50 of human PAR2
(Santa Cruz Biotechnology Inc., Dallas, TX, USA). Membranes underwent repeated
washing in TBST and incubation in secondary antibodies for 1 hour at room temperature,
specifically a goat anti-rabbit (LI-COR, Lincoln, NE, USA) and donkey anti-mouse (LI-
COR, Lincoln, NE, USA) were used. Densitometry of PAR1 and PAR2 bands was
determined with Odyssey Imaging software (5" generation). All experiments were done in
triplicate. The ratio of PAR1/beta-actin or PAR2/beta-actin intensity was calculated for

each sample in each group and normalized to the NP group.

3.3.6 Localization of PARs via IHC
To investigate the localization of PARs 1 and 2 within the vessel walls of PAs,
immunohistochemical staining was performed for PAR1, PAR2, and a-smooth muscle

actin. PAs were fixed while pressurized at 40 mmHg in 10% formalin for 30 minutes and
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stored in phosphate-buffered saline at 4° C until being paraffin embedded for
immunohistochemistry. According to standard procedures, 3 um sections were cut and
prepared for immunofluorescence. PAR1 and PAR2 were stained for on separate sections
using rabbit anti-PAR-1 (ThermoFisher PA5-116040) or rabbit anti-PAR-2 (Abcam
ab180953), respectively, at 1:50, 1:100, and 1:200. Goat anti-rabbit 1gG (Invitrogen
A21429) was used as a secondary antibody. Both PARs were captured at a wavelength of
647 nm. o-Smooth Muscle Actin (aSMA) was stained with anti-SMA to identify the
smooth muscle medial layer and captured at 555 nm. Sections were imaged on a Nikon
A1R HD Confocal Microscope. Images were captured at x20 magnification for each PA

using NIS-Elements Ar (version 4.30.02; Nikon United States, Tokyo, Japan).

3.3.7 Drugs and solutions

NS309, indomethacin, L-NAME, diltiazem, and papaverine were purchased from
Sigma-Aldrich (St. Louis, MO, USA). The bovine thrombin used was sourced from
BioPharm Laboratories LLC (Bluffdale, UT, USA). Stock solutions of indomethacin, L-
NAME, diltiazem, and papaverine were made weekly and stored at 4 °C until use. NS309
was diluted into dimethyl sulfoxide, and thrombin into double-distilled H2O, and stock
solutions were aliquoted and stored until use at - 20 °C and - 80 °C, respectively. Isolated
PA experiments were performed using aCSF containing (mM): NaCl 122.0, NaHCO3 26.0,
NaH3PO4 1.25, KCI 3.0, MgCl> 1.0, CaCl, 2.0, and glucose 4.0. Buffer solutions were
made each week and stored without glucose at 4 °C. Glucose was added immediately

before each experiment. aCSF was aerated with 5% CO», 10% O, and 85% N> to maintain
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pH at 7.40 + 0.05 and the temperature within the arteriograph chamber bath was maintained

at 37.0 £ 0.2 °C throughout the experiments.

3.3.8 Data calculations

At each intravascular pressure, percent tone was calculated by the equation % Tone
= [ - (Qactive / Qpassive)] * 100%; @active is the lumen diameter under physiological conditions
and opassive 1S lumen diameter under fully relaxed conditions at that same pressure.
Reactivity to NS309 was calculated from the equation: % Reactivity = [(Qdose - Pbaseline) /
(Ppassive - Pbaseline)] * 100%; where the @dose IS the lumen diameter after treatment with a
specific concentration of drug and @naseline IS the starting diameter of the vessel before any
drug treatment. Percent change in diameter from baseline to indomethacin was calculated
using the equation: % Change = [(Qdose - Pbaseline) / (Pbaseline)] * 100%. Percent change to L-

NAME and to thrombin were also calculated using the aforementioned equation.

Distensibility of the PAs was calculated using the equation: [(@passive = Ppassive at 5
mmHg) (opassive at 5 mmig)] * 100%; WHEre gpassive at 5 mmHe IS the passive diameter at an
intravascular pressure of 5 mmHg. Outer diameter (pouter) Was calculated at each pressure
using the equation: Qouter = Qinner + 2WT; Where @inner IS the lumen diameter of the fully

relaxed PA and WT is the measured wall thickness. Cross-sectional area was calculated
using the equation: (%)2 — n(%)2 at pressures within the range 5 - 200 mmHg.
All diameter and WT measurements were converted to centimeters to calculate wall
tension, wall stress, and wall strain. Wall tension was calculated by converting each

pressure across the range from mmHg into dynes/cm? x (%)2. Wall stress was
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calculated at each pressure using the equation: Wall Stress = wall tension / WT. Wall strain
was calculated using the equation: Wall Strain = [(@passive = Qpassive at 5 mmHg) / Qpassive at 5

mmHg]. The stiffness parameter  was calculated using the following regression equation

[19, 20]

(pouter _ 1)
Ps

p
In(—) = B(

Ps
where p is the intravascular pressure, psis a reference pressure chosen in the physiological
pressure range, @outer IS the outer diameter, and os is the outer diameter of the vessel at the

reference pressure. The reference pressure was chosen to be 40 mmHg because it lies

within the physiological pressure range.

3.3.9 Statistical analyses

Results are presented as mean = SEM. After running Shapiro-Wilk normality tests,
one-way ANOVAs were used to determine differences between the three groups. For
percent change to indomethacin and L-NAME, two-way ANOVAs were utilized to
compare the effects of drug and pregnancy-state. Differences were considered significant
at p < 0.05. All ANOVASs had post-hoc Tukey’s to correct for multiple comparisons and

were performed using GraphPad Prism 8 (GraphPad Software Inc., San Diego, CA, USA).
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3.4 Results

3.4.1 Coagulation factor levels in plasma and CSF

Prothrombin fragments 1+2 were found in the plasma from rats with ePE but was
undetectable in NP and LP plasma (Fig. 3.1A). Plasma levels of thrombin-antithrombin
(TAT) were similar in plasma from NP and LP rats. However, TAT levels in plasma from
rats with ePE were significantly greater than both NP and LP groups (Fig. 3.1B). CSF
levels of TAT were detected in all three groups (Fig. 3.1C). A nonparametric Kruskal-
Wallis test reported that the median CSF thrombin levels CSF varied significantly (p <
0.05). Thus, circulating levels of prothrombin and thrombin-antithrombin levels were
elevated in ePE compared to NP and LP rats, but CSF levels of thrombin-antithrombin in

ePE were not.
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Figure 3.1: Hemostatic Factors in Pregnancy and Preeclampsia. (A) Prothrombin
fragments 1 + 2 levels from plasma from NP, LP, and ePE rats collected via cardiac
puncture and analyzed via ELISA. (B) TAT levels from plasma from NP, LP, and ePE
rats collected via cardiac puncture and analyzed via ELISA. (B) TAT levels from plasma
from NP, LP, and ePE rats collected via cardiac puncture and analyzed via ELISA. ****
p < 0.0001 vs. NP and LP one-way ANOVA with Tukey’s multiple comparisons post-hoc
tests. (C) TAT levels from CSF from NP, LP, and ePE collected from the cisterna magna
and analyzed via ELISA. One-way ANOVA with multiple comparisons post-hoc tests.
revealed that LP CSF thrombin concentration was significantly greater than NP CSF
thrombin (p < 0.05).
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3.4.2 Reactivity of isolated PAs

NS309 was administered to assess vessel viability and caused vasodilation of PAs
in all groups, with the maximum concentration (10~° M) eliciting similar dilations between
groups (92 £ 2% in NP, 86% * 4% in LP, and 87 £ 2% in ePE). Fig. 3.2A shows
representative tracings of lumen diameters of PAs from NP, LP, and ePE rats in response
to indomethacin and L-NAME. When comparing percent change from baseline (Fig. 3.2C),
there was a significant effect of drug (F(1,34) = 19.53; p < 0.01 by 2way ANOVA) and effect
of pregnancy status (F(,3s) = 10.70; p < 0.01 by 2way ANOVA), with Indomethacin causing
greater constriction in PAs from LP rats compared to PAs from NP and ePE rats. PAs from

LP rats exhibited significantly more change from baseline to indomethacin than the ePE
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group. NOS-inhibition by L-NAME caused vasoconstriction in all three groups as each
grouped exhibited negative percent change from baseline. PAs from ePE rats exhibited

significantly greater constriction in response to L-NAME than to Indomethacin (Fig. 3.2C).
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Figure 3.2: The role of COX- and NOS-pathway inhibition in vasoconstriction. (A)
Representative lumen diameter tracings of PAs from nonpregnant (NP; top panel), late
pregnant (LP; middle panel), and experimental preeclamptic (ePE, bottom panel) rats in
response to cumulative treatment with Indomethacin and L-NAME. (B) Lumen diameters
of PAs from NP, LP, and ePE rats in consecutive dose of Indomethacin and L-NAME. (C)
Percent change from baseline in lumen diameter of PAs in response to COX and NOS
pathway inhibition. (D) Percent change from previous dose in lumen diameter of PAs in
response to COX and NOS pathway inhibition. * p < 0.05 by two-way ANOVA with post-
hoc Tukey test.
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Cumulative doses of thrombin were administered and changes in lumen diameter
were measured at each concentration from baseline at 0 mU/mL to 50 mU/mL. Thrombin
was administered extraluminally both alone (NP, LP, and ePE) and after the PAs were

administered indomethacin and L-NAME (NP+Indo+L-NAME, LP+Indo+L-NAME, and
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ePE+Indo+L-NAME). Thrombin elicited modest vasoconstriction in PAs from NP, LP,
and ePE rats (Fig. 3.3). The highest concentration of thrombin caused similar constriction
in PAs from NP, LP, and ePE rats both with and without COX and NOS inhibition (Fig.

3.4).

Figure 3.3: Reactivity of PAs from nonpregnant (NP), late-pregnant (LP), and
experimental preeclamptic (ePE) rats to thrombin. Graphs showing lumen diameter
responses of PAs from (A) NP rats, (B) LP rats, and (C) ePE rats; and percent change in
diameter of PAs from (D) NP rats, (E) LP rats, and (F) ePE rats.
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To determine the effect of thrombin on myogenic reactivity and tone in
parenchymal arterioles, intravascular pressure was increased stepwise from 20 mmHg to
120 mmHg while the PAs were bathed in 50 mU/mL thrombin and changes in lumen
diameter were measured. Percent myogenic tone was calculated to compare to the percent
tone exhibited by the PAs prior to the administration of thrombin. Before thrombin, vessels
from all 3 groups maintained similar lumen diameters across the pressure range and
exhibited similar percent tone at the highest intravascular pressure (33 = 2% in NP, 32
2% in LP, and 35 £ 3% in ePE). Once in 50 mU/mL thrombin, the NP and LP group
exhibited more tone at 120 mmHg (41 £ 9% in NP and 42 + 8% in LP); whereas PAs from

ePE rats exhibited less tone at 26 + 5%.
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Figure 3.4: Reactivity of PAs from NP, LP, and ePE rats to thrombin with and without
COX and NOS inhibition. Graphs showing lumen diameter responses of PAs from (A)
NP, LP, and ePE rats; and (B) lumen diameter responses of PAs from NP, LP, and ePE
rats with indomethacin and L-NAME present (NP+Indo+L-NAME, LP+Indo+L-NAME,
ePE+Indo+L-NAME); (C) percent change in diameter of PAs from NP, LP, ePE rats;
and (D) percent change in diameter of PAs from NP, LP, and ePE rats with indomethacin
and L-NAME present. (* LP+Indo+L-NAME vs. ePE+Indo+L-NAME; p < 0.05 by one-
way ANOVA with multiple comparisons).
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3.4.3 Structural and biomechanical properties of PAs

Passive lumen diameters (Fig. 3.5A), wall thickness (Fig. 3.5B), and percent
distensibility (Fig. 3.5C) of PAs from NP, LP, and ePE rats were similar. To investigate
vascular stiffness in pregnancy and ePE, wall-stress strain curves were calculated and were
similar between groups (Fig. 3.5D). In addition, the stiffness parameter f was also

calculated and stiffnesses were similar between groups (Fig. 3.5E).

Figure 3.5: Structural and biomechanical properties of PAs. Graphs showing (A)
passive lumen diameter, (B) vascular wall thickness, (C) percent distensibility, (D) stress-
strain curves, and (E) mean values of the stiffness parameter £ of PAs from NP, LP, and
ePE rats.
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3.4.4 Expression of PARs 1 and 2 in PAs

Protein bands of PARs 1 and 2 were analyzed relative to B-actin levels and then
normalized to NP levels as a control (Fig. 3.6A — B). Based on the PAR1 control from
mouse brain tissue lysates, similar PAR1 protein levels were observed across the groups at
44 kDa. A second band at 70 kDa was observed and indicated greater protein levels in the
LP group (Fig. 3.6A). Two protein bands were analyzed for PAR2 expression, both
indicated similar protein levels across groups (Fig. 3.6B). Comparative photomicrographs
of NP, LP, and ePE PAs stained for PAR1 or -2 showed localization of PAR1 in the smooth
muscle of PA vessel walls of all three groups, and PAR2 in the ePE group (Fig. 3.6E and

3.6H).
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Figure 3.6: Expression of PARs 1 & 2 in PAs. (A) WB gels of PAR1 and (B) PAR2.
Calculated expression levels of (C) native PAR1, (D) glycosylated PAR1, (F) native

PAR2, and (G) glycosylated PAR2. Photomicrographs of PAs stained for (E) PAR1

(white) or (H) PAR2 (white), aSMA (red), or both channels overlaid.
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3.5 Discussion

As a leading cause of maternal morbidity and mortality, the increasing incidence
of stroke in pregnancy is a pressing concern of patients and clinicians alike. The increasing
rate of PE is suggested to be a driving factor for the rising incidence of stroke [2, 8]. PE
puts increased stress on the cardiovascular system in the form of increased arterial stiffness,
increase in vascular resistance, vascular remodeling, endothelial dysfunction, and oxidative
stress [2, 8, 13, 14]. PE-associated cardiovascular dysfunction can negatively impact
maternal health during pregnancy and the postpartum period and has been suggested to
have lasting impacts on cardiovascular and brain health later in life [18, 28, 29]. Furthering
our understanding of the effects of PE on cerebrovascular health could strengthen support
for pregnant and preeclamptic women in the short- and long-term.

Considering PE increases the already hypercoagulable state of pregnancy, it was
expected that prothrombin and thrombin levels in LP rats would be elevated from NP rats
and more elevated still in ePE. During normal pregnancy in humans, prothrombin increases
as gestation continues and PE further increases prothrombin levels during pregnancy and
postpartum [30, 32]. The current study showed that TAT levels in LP rats were similar to
NP, and that prothrombin levels were undetectable in both LP and NP. When comparing
LP and NP TAT levels only, a one-way ANOVA revealed that LP levels were significantly
greater than NP levels yet that significance was masked by the significantly greater TAT
levels in ePE plasma. It has been measured that prothrombin time, or the time required for
prothrombin to be activated and contribute to clot formation, decreases in pregnant rats as

gestation continues [39]. Where plasma was collected late in gestation, thrombin may be
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circulating more in its active form than inactive prothrombin due to the decrease in
activation time, which may account for the undetectable LP levels when measured using
ELISAs. That prothrombin levels were elevated in ePE suggests that ePE may disrupt this
decrease in prothrombin time in rats. Similarly, PE alters prothrombin time in humans as
mean prothrombin time in patients with PE was found to be 15.27 seconds compared to a
mean prothrombin time of 13.72 seconds in normal pregnancy [55].

In CSF, TAT was found in all three groups and was significantly elevated in
LP CSF compared to NP. However, the ePE TAT levels were not significantly
increased. That thrombin was found in CSF gives relevance to studying thrombin’s
vasoactive properties in PAs that are surrounding by CSF as opposed to pial arteries
because the intraparenchymal vessels may experience those vasoactive effects from
CSF thrombin in addition to the thrombin circulating in plasma. Prothrombin,
thrombin, and PARs have been localized to astrocytes and neurons in the brain [40 -
42]. Specifically, prothrombin mRNA expression is greatest in the cerebral cortex [43].
It has been suggested that high concentrations of thrombin in the brain have damaging
cellular effects, while low concentrations are neuroprotective. By activating PAR-1,
thrombin has been seen to have anti-inflammatory effects and contribute to endothelial
barrier stabilization through signaling of activated protein C, thus serving a cellular
protective role [40, 44]. Thrombin can be additionally protective against cellular insults
including glucose deprivation and reactive oxygen species [40, 44]. However, Krenzlin
et al. reported that high CSF thrombin concentrations were associated with poorer

functional neuronal outcome following intracerebral hemorrhage (IHC) in humans
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[44]. The concentrations observed in the current study were similar to the healthy
human control levels in the associative IHC study by Krenzlin et al. [44]. Mechanisms
by which thrombin can damage cerebral cells include TNF-alpha upregulation,
neuronal cell apoptosis, and degradation of basal lamina matrix fibers such as collagen
IV and laminin [44]. Importantly, pregnancy has been shown to be protective against
stroke in rats due to robust collateral flow and greater ischemic tolerance, but ePE was
associated with greater infarction due to poor collateral flow, endothelial dysfunction,
and oxidative stress [45]. In the current study, the increased thrombin concentration in
healthy LP CSF but not ePE CSF may indicate a protective role in healthy pregnancy
that is disrupted in ePE. However, further investigation is needed to identify a specific
cellular mechanism. The current study also indicates that thrombin may be expressed
by cerebral cells, such as neurons and astrocytes, in rats and that expression may

increase in pregnancy.

Inhibition of COX and NOS caused greater constriction in PAs from healthy
pregnant rats than in NP but was not seen in ePE PAs. Pregnancy is a high nitric oxide
state, and the vasodilatory effects of NOS are believed to contribute to decreased peripheral
vascular resistance in response to the increase in blood volume [33 - 35]. COX activity
contributes to a healthy pregnancy on the maternal and fetal sides by influencing uterine
contraction and fetal development [36]. The results of the current study indicate a greater
role of COX, likely along COX-1 and prostacyclin, and NOS in cerebrovasculature during
pregnancy compared to in NP rats [53, 54]. That vessels from ePE constricted less than the

LP group suggests that ePE disrupts or dampens the increased COX and NOS activity seen
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in healthy pregnancy. Furthermore, the ePE group showed significantly greater constriction
to L-NAME than to indomethacin, indicating a potentially greater role of NOS in
regulating vascular tone of PAs than COX during ePE albeit still decreased compared to

healthy pregnancy.

WB analysis showed expression of PAR-1 and PAR-2 in PAs in pregnant and ePE
rats and IHC photomicrographs showed localized PARs in the smooth muscle layer.
Despite each PAR type being activated at a unique extracellular N-terminus, the PAR
family share structural and sequential similarity in their transmembrane domains [47, 48].
Based on the PAR-2 control band of mouse brain tissue lysate in the PAR-1 blot, it is
believed that the PAR-1 antibody was cross-reactive and attached to PAR-2 proteins as
well. In blots for PAR-1 and PAR-2, two distinct bands were observed, one that
corresponded with the control bands of each receptor, and additional bands at higher
molecular weights. The higher molecular weight band could be due to a posttranslational
modification. N-linked glycosylation is a common post-translational process in G-coupled
protein receptors in which oligosaccharides attach to extracellular domains of the receptor
[49, 50, 51]. Glycosylation causes structural and function modification that are important
for receptor maturation and can increase the molecular weight of the receptor [49, 50].
PAR-2 possesses 2 N-linked sequins, one on the second extracellular loop and one on the
N-terminus itself, and glycosylation at these sites can account for up to 60 kDa of PAR-2’s
molecular weight, which can ranges from 45 to 100 kDa [49]. Given the higher band in all
groups at about 90 kDa, it is believed that both native and glycosylated PAR-2 were
detected at similar levels in NP, LP, and ePE PAs. PAR-1 contains the most N-linked
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glycosylation sites of all 4 PAR types, three on the N-terminus and two on the extracellular
loop [50, 52]. This can result in changes in its molecular weight, which has been shown to
range from 34 - 100 kDa [50]. In the PAR-1 blot, a prominent band at 70 kDa appeared in
the LP group accompanied by lesser bands in the NP and ePE group at that molecular
weight. It is believed that expression of native PAR-1 was similar in PAs from all three
groups, but that protein levels of glycosylated PAR-1 were increased in LP PAs. PAR-1
glycosylation is thought to be important for cell surface receptor expression [50]. These
results suggest that PARs -1 and -2 are expressed in PAs in rats during pregnancy and PE,
and furthermore that levels of glycosylated PAR-1 are greater during healthy pregnancy,

but those levels are dampened to near non-pregnant levels in ePE.

The current study showed that thrombin was a modest vasoconstrictor in PAs in
female rats. In human and porcine coronary arteries, it caused vasodilation, yet
vasoconstriction in porcine pulmonary and canine cerebral arteries [10 - 12]. However,
little is known about thrombin’s vasoactive properties in cerebral vessels in rats, and its
impacts during pregnancy and experimental PE. PARs 1 and 2 can mediate COX activation
and NOS production [24, 44]. Thrombin-induced vasoconstriction was similar with and
without COX and NOS inhibition, indicating that there are additional cellular pathways
besides COX or NOS by which thrombin could activate PARs and cause vasoconstriction.
Using real-time confocal microscopy, thrombin was shown to induce increases in
intracellular calcium and contraction in cerebral arteries less than 50 um in diameter [46].

Considering the PAs utilized in the current study were of similar size, thrombin’s modest
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vasoconstrictive effects may occur through the activation of the PARs of the smooth

muscle in cerebrovasculature.
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3.6 Conclusion

The hypercoagulable state induced by pregnancy, and super-hypercoagulable
state of PE, drives both protection against bleeding and the risk of cardiovascular events
that can be life-threatening for pregnant women. Rising maternal morbidity and mortality,
in large part by maternal stroke, presents a clear need to focus on the reactivity of
cerebrovasculature to conditions induced during pregnancy and PE. It is well established
that PE causes widespread maternal vascular dysfunction, and it has been previously shown
that ePE adversely affects PA structure and function [13, 14, 16]. The current study found
that thrombin and prothrombin were elevated in plasma in ePE rats compared to NP and
LP rats. Thrombin was found in the CSF of rats of all groups and was significantly greater
in LP CSF. Additionally, COX and NOS inhibition caused greater constriction in PAs from
healthy pregnant rats than in NP, but that increase in constriction was not seen in ePE.
Finally, the findings in the current study indicate that thrombin is modestly vasoconstrictive

in the cerebrovasculature of rats during pregnancy and ePE.

In combination with ePE-driven vascular dysfunction, thrombin-induced
vasoconstriction in PAs could increase vascular resistance, which may lead to decreased
cerebral blood flow to the frontoparietal WM tracts of the sensorimotor cortex and basal
ganglia. Increased vascular resistance can lead to greater shear stress on vascular walls and
endothelial damage, further contributing to the endothelial dysfunction in PE [5]. In the
event of maternal stroke, hypoperfusion to structures so critical for cognitive function could
exacerbate ischemia and hypoxia; and ultimately magnify neuronal injury, worsening

stroke outcome. However, the extent to which thrombin-induced vasoconstriction
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contributes to worsened stroke outcome during pregnancy compared to other driving
factors remains to be investigated. The way in which thrombin contributes to stroke risk is
likely related to its procoagulant potential in addition to its vasoactive influences, and the
relative contribution of these factors is likely difficult to isolate. Understanding the effects
of thrombin on the cerebrovascular during pregnancy and PE may allow for development
of more precise stroke risk assessments and inform recommendations to help protect

pregnant women in the short- and long-term.
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4.1 Discussion, Future Work, and Conclusions

Stroke in pregnancy is a leading cause of maternal morbidity and mortality
throughout the world [1, 2]. The upregulation of coagulation factors, such as thrombin, and
overall hypercoagulable state associated with pregnancy are key contributors to the 3-fold
increase in stroke risk for pregnant women and subsequent 6-fold increased stroke risk
associated with preeclamptic pregnancies [2]. The results of the current study suggest that
thrombin, a procoagulation factor known to increase during pregnancy and PE, is a modest
vasoconstrictor in intraparenchymal arterioles in the brains of rats, likely by activation of
PARs in vessel wall smooth muscle cells, and that the vasoconstrictive effects persist in
pregnancy and PE [3]. Thrombin’s vasoconstrictive effects may lead to decreased lumen
diameter of the penetrating arterioles, which could increase vascular resistance.
Importantly, increased vascular resistance could lead to decreased cerebral blood flow, or
hypoperfusion, in the sensorimotor cortex and frontoparietal white matter tracts that the
PAs perfuse. Not only is proper perfusion crucial in physiological conditions, but in the
event of stroke in the MCA region, hypoperfusion through the PAs that may be providing
collateral flow around the stroke could increase ischemia and hypoxia in that peri-infarct
region. Increased ischemia and hypoxia would then contribute to greater neuronal injury
and ultimately worsen stroke outcome (Figure 4.1). It is important to note that the way in
which thrombin contributes to stroke risk is likely related to its vasoactive influences in
addition to its prothrombotic potential and that the relative contributions of these factors is

likely difficult to ascertain.
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Figure 4.1: Graphical illustration of proposed mechanism by which thrombin may
contribute to maternal stroke outcome.
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Furthermore, thrombin’s modest vasoconstrictive effects likely occur through the
activation of the PARs of the smooth muscle in cerebrovasculature. WB analysis showed
that protein levels of native PAR-1 were similar in NP, LP, and ePE PAs yet protein levels
of what is thought to be glycosylated PAR-1 is increased in LP PAs as compared to NP.
Additionally, ePE PAs did not express that same increase in glycosylated PAR-1. These
results suggest that PAR-1 levels or PAR-1 glycosylation may increase during pregnancy
and could have a physiological, and potentially protective, effect that is disrupted by ePE.

PAR-1 glycosylation is thought to be important for cell surface expression of the receptor
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[3], which could indicate that increased PAR-1 cell surface expression in
cerebrovasculature presents a physiologically protective mechanism in pregnancy, likely
by way of the intracellular cascades that activated PAR-1 interacts with. PAR signaling is
known to activate a variety of intracellular signaling pathways by interacting with
heterotrimeric G-proteins, namely Gq and Gi [4, 5]. Further investigation is necessary to
determine what signaling pathways are specifically associated with PAR activation in
cerebrovasculature during pregnancy. Where PAR expression has been reported in various
regions of human and rat brains such as the hippocampus and striatum, PARSs may also be
expressed in the vasculature of those regions [6, 7]. Comparative IHC imaging and WB
analysis should be performed to investigate PAR expression in other cerebrovascular
regions like hippocampal arterioles [6, 7]. Specifically, coronal brain sections could be
stained to investigate colocalization of PARs within cerebrovasculature beds, as a
limitation of the current study was not having proper sample size to quantitatively
colocalize PAR-1 and -2 in the smooth muscle cells of PAs.

In the current study, indomethacin and L-NAME were administered to the isolated
and pressurized PAs to inhibit COX and NOS. Inhibiting those pathways isolated
thrombin’s vasoactive effects to the smooth muscle cells of the vessel walls. However, it
cannot be definitively concluded based on the results of the current study that thrombin-
induced vasoconstriction occurs strictly through activation of PARs. Takahashi et al.
studied endothelium-denuded retinal arterioles to investigate thrombin reactive in smooth
muscle cells and found that intraluminal administration of thrombin elicited similar

vasoconstriction to extraluminal administered thrombin [8]. Additionally, that study
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investigated thrombin reactivity for the retinal arterioles in the presence of pharmacological
inhibitors of PARs and protein kinase C (PKC) and found that blocking PARs and PKC
reduced thrombin-induced vasoconstriction [8]. These techniques could be applied to an
isolated vessel study of cerebral arterioles to further elucidate the mechanisms by which
thrombin is vasoactive in the brain and if thrombin’s vasoactive are to PAR-activated in
PAs. If thrombin-induced constriction persists with PAR-inhibition, then thrombin may
interact with other cellular mechanisms in cerebrovasculature. Furthermore, thrombin-
induced constriction could be compared to the percent constriction caused by a
pharmacological PAR-1 activating peptide and intracellular calcium levels could be
immunohistochemically monitored in real-time using confocal imaging.

The current study showed that thrombin and prothrombin were significantly
elevated in the plasma from ePE rats compared to NP and LP plasma. This study also found
thrombin to be present in the CSF of NP, LP, and ePE rats. In contrast the plasma thrombin
levels, thrombin levels in CSF were significantly elevated in LP CSF rather than in ePE.
While increased plasma levels aligned with our hypotheses, the presence of in CSF at the
recorded posed additional questions. CSF thrombin levels were notably greater in all
groups compared to the corresponding thrombin plasma levels. As shown in Table 4.1 and
Figure 4.2, CSF thrombin were orders of magnitude greater than plasma thrombin levels.
Additional investigation and techniques may be necessary to better compare plasma and
CSF thrombin concentrations. When investigating serum and plasma thrombin
concentrations as biomarkers of Alzheimer’s disease development, Malecka and

Ferapontova 2021 utilized a direct electrocatalysis based on oxygen reduction reactions

66



and DNAzyme labeling to detect femtomolar levels of thrombin [9]. Techniques such as
this may provide more sensitive and selective methods to determine thrombin in rat CSF
with lower sample volumes thus avoiding the need to pool samples to fulfil the required
volumes of ELISA Kkits, which was a limitation of the current study. Where CSF thrombin
levels were increased in LP rats, there may be a physiological function for thrombin’
vasoactive in intraparenchymal vessels during pregnancy; potentially in relation to the
increased levels of glycosylated PAR-1 seen in the LP group. Thrombin can serve a neuro-
physiological function, such as supporting neuronal development, cellular proliferation and
differentiation or other thrombin-induced cellular functions that may be an advantageous,
and potentially protective, change in the brain during pregnancy or may be a result of the
unique cerebrovascular adaptations to pregnancy [10]. These results not only suggest that
thrombin is expressed or produced by cerebral cells in rats, but that the expression is up-
regulated in healthy pregnancy but not in a pathological state of pregnancy. Ultimately, the
results of this study highlight that thrombin plays not only a coagulatory but a vasoactive
role in cerebrovasculature during pregnancy and PE, and may contribute to worsened

maternal stroke outcome.
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Table 4.1:

Thrombin-antithrombin (TAT) levels (average £ SEM) in plasma and CSF from NP, LP, and

ePE rats in pg/mL obtained by ELISAs.

TAT in Plasma (pg/mL) TAT in CSF (pg/mL)

NP average 0.486 + 0.011 137 £ 14.224
LP average 0.557 £ 0.011 241 +14.844
ePE average 6.598 + 1.248 192 + 28.000

Figure 4.2: Thrombin-antithrombin (TAT) levels (average + SEM) in plasma and CSF

from NP, LP, and ePE rats in pg/mL obtained by ELISAs.

3004

_|

TAT (pg/mL)
o - n
=) o S
=) a ]

!

68



[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

4.2 References

Miller EC, Leffert L. Stroke in Pregnancy: A Focused Update. Anesth Analg.
2020 Apr;130(4):1085-1096. doi: 10.1213/ANE.0000000000004203.

Swartz RH, Cayley ML, Foley N, Ladhani NNN, Leffert L, Bushnell C, McClure
JA, Lindsay MP. The incidence of pregnancy-related stroke: A systematic review
and meta-analysis. Int J Stroke. 2017 Oct;12(7):687-697.

doi: 10.1177/1747493017723271.

McLean KC, Bernstein IM, Brummel-Ziedins KE. Tissue factor-
dependent thrombin generation across pregnancy. Am J Obstet Gynecol.
2012 Aug;207(2):135.e1-6. doi: 10.1016/j.ajog.2012.05.027. Epub 2012 Jun 11.

Vouret-Craviari V, Grall D, Chambard JC, Rasmussen UB, Pouysségur J, Van
Obberghen-Schilling E. Post-translational and activation-dependent
modifications of the G protein-coupled thrombin receptor. J Biol Chem. 1995 Apr
7;270(14):8367-72. doi: 10.1074/jbc.270.14.8367. PMID: 7713946.

Gieseler F, Ungefroren H, Settmacher U, Hollenberg MD, Kaufmann R.
Proteinase-activated receptors (PARS) - focus on receptor-receptor-interactions
and their physiological and pathophysiological impact. Cell Commun Signal.
2013 Nov 11;11:86. doi: 10.1186/1478-811X-11-86. PMID: 24215724; PMCID:
PMC3842752.

Heuberger DM, Schuepbach RA. Protease-activated receptors (PARS):
mechanisms of action and potential therapeutic modulators in PAR-driven
inflammatory diseases. Thromb J. 2019 Mar 29;17:4. doi:
10.1186/512959-019-0194-8. Erratum in: Thromb J. 2019 Nov 6;17:22.
PMID: 30976204; PMCID: PMC64401309.

Price R, Mercuri NB, Ledonne A. Emerging Roles of Protease-Activated
Receptors (PARs) in the Modulation of Synaptic Transmission and Plasticity. Int
J Mol Sci. 2021 Jan 16;22(2):869. doi: 10.3390/ijms22020869. PMID: 33467143;
PMCID: PMC7830300.

Pompili E, Fabrizi C, Nori SL, Panetta B, Geloso MC, Corvino V, Michetti F,
Fumagalli L. Protease-activated receptor-1 expression in rat microglia after
trimethyltin treatment. J Histochem Cytochem. 2011 Mar;59(3):302-11. doi:
10.1369/0022155410397996. Epub 2011 Jan 12. PMID: 21378284; PMCID:
PMC3201157.

Takahashi K, Omae T, Ono S, Kamiya T, Tanner A, Yoshida A. Thrombin-
Induced Responses via Protease-Activated Receptor 1 Blocked by the

69



[10]

[11]

Endothelium on Isolated Porcine Retinal Arterioles. Curr Eye Res. 2018
Nov;43(11):1374-1382. doi: 10.1080/02713683.2018.1496266. Epub 2018 Jul
24.

Malecka K, Ferapontova EE. Femtomolar Detection of Thrombin in Serum and
Cerebrospinal Fluid via Direct Electrocatalysis of Oxygen Reduction by the
Covalent G4-Hemin-Aptamer Complex. ACS Appl Mater Interfaces. 2021 Aug
18;13(32):37979-37988. doi: 10.1021/acsami.1c03784. Epub 2021 Apr 20.
PMID: 33878266.

Shlobin NA, Har-Even M, Itsekson-Hayosh Z, Harnof S, Pick CG. Role of
Thrombin in Central Nervous System Injury and Disease. Biomolecules. 2021
Apr 12;11(4):562. doi: 10.3390/biom11040562. PMID: 33921354; PMCID:
PMC8070021.

70



COMPREHENSIVE BIBLIOGRAPHY

71



Ananth CV, Keyes KM, Wapner RJ. Pre-eclampsia rates in the United
States, 1980-2010: age-period-cohort analysis. BMJ. 2013 Nov 7;347:f6564. Doi:
10.1136/bmj.f6564.

Anumba DO, Ford GA, Robson SC. Nitric oxide signaling mechanisms in the forearm
vasculature of pregnant women. Am J Obstet Gynecol. 2001 Aug;185(2):420. doi:
10.1067/mob.2001.114490. PMID: 11518902.

Bellart J, Gilabert R, Fontcuberta J, Borrell M, Miralles RM, Cabero L.
Fibrinolysis changes in normal pregnancy. J Perinat Med. 1997;25(4):368-72.
Doi: 10.1515/jpme.1997.25.4.368.

Bosnjak JJ, Terata K, Miura H, Sato A, Nicolosi AC, McDonald M, Manthei
SA, Saito T, Hatoum OA, Gutterman DD. Mechanism of thrombin-induced
vasodilation in human coronary arterioles. Am J Physiol Heart Circ Physiol.
2003 Apr;284(4):H1080-6. Doi: 10.1152/ajpheart.00465.2002. Epub 2002 Dec
19.

Brenner B. Haemostatic changes in pregnancy. Thromb Res. 2004;114(5-6):409-
14. doi: 10.1016/j.thromres.2004.08.004.

Brailoiu E, Shipsky MM, Yan G, Abood ME, Brailoiu GC. Mechanisms
of modulation of brain microvascular endothelial cells function by thrombin.
Brain Res. 2017 Feb 15;1657:167-175. Doi: 10.1016/j.brainres.2016.12.011.
Epub 2016 Dec 18.

Centers for Disease Control and Prevention. (2023, March 23). Pregnancy mortality
surveillance system. Centers for Disease Control and Prevention.
https://www.cdc.gov/reproductivehealth/maternal-mortality/pregnancy-mortality
surveillance-system.htm

Cipolla MJ. The adaptation of the cerebral circulation to pregnancy:
mechanisms and consequences. J Cereb Blood Flow Metab. 2013 Apr;33(4):465-
78. doi: 10.1038/jcbfm.2012.210. Epub 2013 Jan 16.

Cipolla MJ. The Cerebral Circulation. San Rafael (CA): Morgan & Claypool Life Sciences;
2009. PMID: 21452434,

Cipolla MJ, Bullinger LV. Reactivity of brain parenchymal arterioles
after ischemia and reperfusion. Microcirculation. 2008 Aug;15(6):495-501.
Doi: 10.1080/10739680801986742.

Cipolla MJ, Liebeskind DS, Chan SL. The importance of comorbidities in
ischemic stroke: Impact of hypertension on the cerebral circulation. J Cereb Blood

72


https://www.cdc.gov/reproductivehealth/maternal-mortality/pregnancy-mortality

Flow Metab. 2018 Dec;38(12):2129-2149. Doi: 10.1177/0271678X18800589.
Epub 2018 Sep 10.

Cipolla MJ, Sweet JG, Chan SL. Cerebral vascular adaptation to pregnancy and
its role in the neurological complications of eclampsia. J Appl Physiol (1985).
2011 Feb;110(2):329-39. Doi: 10.1152/japplphysiol.01159.2010. Epub 2010 Nov
11.

Cipolla MJ, Tremble SM, DeLance N, Johnson AC. Worsened Stroke Outcome in a Model
of Preeclampsia is Associated With Poor Collateral Flow and Oxidative Stress.
Stroke. 2023 Feb;54(2):354-363. doi: 10.1161/STROKEAHA.122.041637. Epub
2023 Jan 23. PMID: 36689585; PMCID: PMC9888018.

Cipolla MJ, Vitullo L, McKinnon J. Cerebral artery reactivity changes during pregnancy
and the postpartum period: a role in eclampsia? Am J Physiol Heart Circ Physiol.
2004 Jun;286(6):H2127-32. doi: 10.1152/ajpheart.01154.2003. Epub 2004 Jan
29. PMID: 14751854.

Coulson RJ, Chesler NC, Vitullo L, Cipolla MJ. Effects of ischemia and myogenic
activity on active and passive mechanical properties of rat cerebral arteries. Am
J Physiol Heart Circ Physiol. 2002 Dec;283(6):H2268-75. doi:
10.1152/ajpheart.00542.2002. Epub 2002 Aug 29. PMID: 12388247.

Clapp JF 3", Capeless E. Cardiovascular function before, during, and after
the first and subsequent pregnancies. Am J Cardiol. 1997 Dec 1;80(11):1469-73.
Doi: 10.1016/s0002-9149(97)00738-8.

Cocks, T., Fong, B., Chow, J. et al. A protective role for protease-activated receptors in the
airways. Nature 398, 156160 (1999). https://doi.org/10.1038/18223

Compton, S. J. (2003). Glycosylation and proteinase-activated receptor function. Drug
Development Research, 59(4), 350-354. https://doi.org/10.1002/ddr.10303

de Haas S, Ghossein-Doha C, van Kuijk SM, van Drongelen J, Spaanderman ME.
Physiological adaptation of maternal plasma volume during pregnancy: a
systematic review and meta-analysis. Ultrasound Obstet Gynecol. 2017
Feb;49(2):177-187. Doi: 10.1002/uog.17360.

Derkach DN, Ihara E, Hirano K, Nishimura J, Takahashi S, Kanaide H.
Thrombin causes endothelium-dependent biphasic regulation of vascular tone in
the porcine renal interlobar artery. Br J Pharmacol. 2000 Dec;131(8):1635-42.
Doi: 10.1038/sj.bjp.0703737.

Deschepper CF, Bigornia V, Berens ME, Lapointe MC. Production of thrombin and

73


https://doi.org/10.1038/18223
https://doi.org/10.1002/ddr.10303

antithrombin 111 by brain and astroglial cell cultures. Brain Res Mol Brain Res.
1991 Oct;11(3-4):355-8. doi: 10.1016/0169-328x(91)90045-y. PMID: 1661827.

Devis P, Knuttinen MG. Deep venous thrombosis in pregnancy:
incidence, pathogenesis and endovascular management. Cardiovasc Diagn Ther.
2017 Dec;7(Suppl 3):S309-S319. Doi: 10.21037/cdt.2017.10.08.

Di Cera E. Thrombin as procoagulant and anticoagulant. J Thromb Haemost. 2007
Jul;5 Suppl 1:196-202. doi: 10.1111/j.1538-7836.2007.02485.x. PMID:
17635727.

Dihanich M, Kaser M, Reinhard E, Cunningham D, Monard D. Prothrombin mRNA is
expressed by cells of the nervous system. Neuron. 1991 Apr;6(4):575-81. doi:
10.1016/0896-6273(91)90060-d. PMID: 2015093.

Driscoll ME, Bollu PC, Tadi P. Neuroanatomy, Nucleus Caudate. 2022 Jul 25.
In: StatPearls [Internet]. Treasure Island (FL): StatPearls Publishing; 2023 Jan.

Emos MC, Khan Suheb MZ, Agarwal S. Neuroanatomy, Internal Capsule.
2022 Jun 13. In: StatPearls. Treasure Island (FL): StatPearls Publishing; 2023 Jan.

Erez O, Romero R, Kim SS, Kim JS, Kim YM, Wildman DE, Than NG, Mazaki-Tovi S,
Gotsch F, Pineles B, Kusanovic JP, Espinoza J, Mittal P, Mazor M, Hassan SS,
Kim CJ. Over-expression of the thrombin receptor (PAR-1) in the placenta in
preeclampsia: a mechanism for the intersection of coagulation and inflammation.
J Matern Fetal Neonatal Med. 2008 Jun;21(6):345-55.  doi:
10.1080/14767050802034859. PMID: 18570113; PMCID: PMC2614826.

Erez O, Romero R, Vaisbuch E, Kusanovic JP, Mazaki-Tovi S, Chaiworapongsa
T, Gotsch F, Fareed J, Hoppensteadt D, Than NG, Yoon BH, Edwin S, Dong Z,
Espinoza J, Mazor M, Hassan SS. High tissue factor activity and low tissue factor
pathway inhibitor concentrations in patients with preterm labor. J Matern Fetal
Neonatal Med. 2010 Jan;23(1):23-33. Doi: 10.3109/14767050902994770.

Espinoza, J., Vidaeff, A., Pettker, C., & Simhan, H. (2020). Gestational
hypertension and preeclampsia. The American College of Obstetricians and
Gynecologists, 135(6). https://doi.org/10.1097/a0g.0000000000003891

Faraci FM, Heistad DD. Regulation of the cerebral circulation: role of endothelium and
potassium channels. Physiol Rev. 1998 Jan;78(1):53-97. doi:
10.1152/physrev.1998.78.1.53. PMID: 94571609.

Glusa E. Endothelium-dependent relaxant effect of thrombin on isolated
pig coronary arteries. Biomed Biochim Acta. 1988;47(10-11):S67-70.

74



Gieseler F, Ungefroren H, Settmacher U, Hollenberg MD, Kaufmann R.
Proteinase-activated receptors (PARS) - focus on receptor-receptor-interactions
and their physiological and pathophysiological impact. Cell Commun Signal.
2013 Nov 11;11:86. doi: 10.1186/1478-811X-11-86. PMID: 24215724; PMCID:
PMC3842752.

Girija P., Rama M. Assessment of Coagulation profile & its correlation with severity of
preeclampsia in women of Odisha. A comparative cross sectional study. Int J
Basic App Physiol. 2014;3(1):139-145.

Grimsey N, Soto AG, Trejo J. Regulation of protease-activated receptor signaling by post-
translational modifications. IUBMB Life. 2011 Jun;63(6):403-11. doi:
10.1002/iub.442. Epub 2011 Mar 24. PMID: 21438117; PMCID: PMC3121918.

Grisaru D, Zwang E, Peyser MR, Lessing JB, Eldor A. The procoagulant activity
of red blood cells from patients with severe preeclampsia. Am J Obstet
Gynecol. 1997 Dec;177(6):1513-6. Doi: 10.1016/s0002-9378(97)70100-5.

Hale SA, Schonberg A, Badger GJ, Bernstein IM. Relationship
between prepregnancy and early pregnancy uterine blood flow and resistance
index. Reprod Sci. 2009 Nov;16(11):1091-6. Doi: 10.1177/1933719109341843.
Epub 2009 Aug 5.

Han C, Chen Y'Y, Dong JF. Prothrombotic state associated with preeclampsia.
Curr Opin Hematol. 2021 Sep 1;28(5):323-330.
Doi: 10.1097/MOH.0000000000000678.

Han C, Huang P, Lyu M, Dong J. Oxidative Stress and Preeclampsia-Associated
Prothrombotic State. Antioxidants (Basel). 2020 Nov 17;9(11):1139. Doi:
10.3390/antiox9111139.

Han L, Liu X, Li H, Zou J, Yang Z, Han J, Huang W, Yu L, Zheng Y, Li L. Blood
coagulation parameters and platelet indices: changes in normal and preeclamptic
pregnancies and predictive values for preeclampsia. PLoS One. 2014 Dec
2;9(12):e114488. doi: 10.1371/journal.pone.0114488. PMID: 25464515;
PMCID: PMC4252147.

Hammer ES, Cipolla MJ. Cerebrovascular Dysfunction in
Preeclamptic Pregnancies. Curr Hypertens Rep. 2015 Aug;17(8):64.
Doi: 10.1007/s11906-015-0575-8.

Hausvater A, Giannone T, Sandoval YH, Doonan RJ, Antonopoulos CN,
Matsoukis IL, Petridou ET, Daskalopoulou SS. The association between

75



preeclampsia and arterial stiffness. J Hypertens. 2012 Jan;30(1):17-33.
Doi: 10.1097/HJH.0b013e32834e4h0f.

Hayashi K, Handa H, Nagasawa S, Okumura A, Moritake K. Stiffness and elastic behavior
of human intracranial and extracranial arteries. J Biomech. 1980;13(2):175-84.
doi: 10.1016/0021-9290(80)90191-8. PMID: 7364778.

Hellgren M. Hemostasis during normal pregnancy and puerperium.
Semin Thromb Hemost. 2003 Apr;29(2):125-30. Doi: 10.1055/s-2003-38897.

Heuberger DM, Schuepbach RA. Protease-activated receptors (PARS): mechanisms of
action and potential therapeutic modulators in PAR-driven inflammatory
diseases. Thromb J. 2019 Mar 29;17:4. doi: 10.1186/512959-019-0194-8. Erratum
in: Thromb J. 2019 Nov 6;17:22. PMID: 30976204; PMCID: PMC6440139.

Hirano K, Kanaide H. Role of protease-activated receptors in the vascular
system. J Atheroscler Thromb. 2003;10(4):211-25. Doi: 10.5551/jat.10.211.

Homer CS, Brown MA, Mangos G, Davis GK. Non-proteinuric pre-eclampsia:
a novel risk indicator in women with gestational hypertension. J Hypertens.
2008 Feb;26(2):295-302. Doi: 10.1097/HJH.0b013e3282f1a953.

Houliston RA, Keogh RJ, Sugden D, Dudhia J, Carter TD, Wheeler-Jones CP.
Protease-activated receptors upregulate cyclooxygenase-2 expression in human
endothelial cells. Thromb Haemost. 2002 Aug;88(2):321-8. PMID: 12195707.

Huppertz B. Placental origins of preeclampsia: challenging the current hypothesis.
Hypertension. 2008 Apr;51(4):970-5. doi:
10.1161/HYPERTENSIONAHA.107.107607. Epub 2008 Feb 7. PMID:
18259009.

lannucci J, Grammas P. Thrombin, a Key Driver of Pathological Inflammation
in the Brain. Cells. 2023 Apr 23;12(9):1222. Doi: 10.3390/cells12091222.

James AH. Pregnancy-associated thrombosis. Hematology Am Soc Hematol Educ
Program. 2009:277-85. doi: 10.1182/asheducation-2009.1.277. PMID:
20008211.

Johnson AC, Cipolla MJ. Altered hippocampal arteriole structure and function in a rat
model of preeclampsia: Potential role in impaired seizure-induced hyperemia. J
Cereb Blood Flow Metab. 2017 Aug;37(8):2857-2869. doi:
10.1177/0271678X16676287. Epub 2016 Jan 1. PMID: 27815419; PMCID:
PMC5536792.

76



Johnson AC, Cipolla MJ. Impaired function of cerebral parenchymal arterioles
in experimental preeclampsia. Microvasc Res. 2018 Sep;119:64-72.
Doi: 10.1016/j.mvr.2018.04.007. Epub 2018 Apr 26.

Johnson AC, Cipolla MJ. The cerebral circulation during pregnancy: adapting
to preserve normalcy. Physiology (Bethesda). 2015 Mar;30(2):139-47.
Doi: 10.1152/physiol.00048.2014.

Katan M, Luft A. Global Burden of Stroke. Semin Neurol. 2018 Apr;38(2):208-
211. doi: 10.1055/5-0038-1649503. Epub 2018 May 23. PMID: 29791947.

Khan KS, Wojdyla D, Say L, Gulmezoglu AM, Van Look PF. WHO analysis
of causes of maternal death: a systematic review. Lancet. 2006 Apr
1;367(9516):1066-1074. Doi: 10.1016/S0140-6736(06)68397-9.

Kahn ML, Zheng YW, Huang W, Bigornia V, Zeng D, Moff S, Farese RV Jr, Tam C,
Coughlin SR. A dual thrombin receptor system for platelet activation. Nature.
1998 Aug 13;394(6694):690-4. doi: 10.1038/29325. PMID: 9716134.

Krenzlin H, Frenz C, Schmitt J, Masomi-Bornwasser J, Wesp D, Kalasauskas D,
Kerz T, Lotz J, Alessandri B, Ringel F, Keric N. High CSF thrombin
concentration and activity is associated with an unfavorable outcome in patients
with intracerebral hemorrhage. PloS One. 2020 Nov 11;15(11):e0241565. Doi:
10.1371/journal.pone.0241565. PMID: 33175864; PMCID: PMC7657554.

Kuklina EV, Tong X, Bansil P, George MG, Callaghan WM. Trends in pregnancy
hospitalizations that included a stroke in the United States from 1994 to 2007:
reasons for concern? Stroke. 2011 Sep;42(9):2564-70. doi:
10.1161/STROKEAHA.110.610592. Epub 2011 Jul 28. PMID: 21799174.

Kuwabara Y, Tanaka-Ishikawa M, Abe K, Hirano M, Hirooka Y, Tsutsui
H, Sunagawa K, Hirano K. Proteinase-activated receptor 1 antagonism
ameliorates experimental pulmonary hypertension. Cardiovasc Res. 2019
Jul 1;115(8):1357-1368. Doi: 10.1093/cvr/cvy284.

Lindheimer MD, Taylor RN, Roberts JM, Cunningham FG, Chesley
LC. Introduction, history, controversies, and definitions. In: Taylor RN, Roberts
JM, Cunningham FG, Lindheimer MD, editors. Chesley’s hypertensive disorders
in pregnancy. Boston: Academic Press/Elsevier; 2014.

Luo W, Wang Y, Reiser G. Protease-activated receptors in the brain:
receptor expression, activation, and functions in neurodegeneration and
neuroprotection. Brain Res Rev. 2007 Dec;56(2):331-45. Doi:
10.1016/j.brainresrev.2007.08.002. Epub 2007 Aug 29.

77



Majed BH, Khalil RA. Molecular mechanisms regulating the vascular prostacyclin
pathways and their adaptation during pregnancy and in the newborn. Pharmacol
Rev. 2012 Jul;64(3):540-82. doi: 10.1124/pr.111.004770. Epub 2012 Jun 7.
PMID: 22679221; PMCID: PMC3400831.

Maki J, Hirano M, Hoka S, Kanaide H, Hirano K. Involvement of reactive
oxygen species in thrombin-induced pulmonary vasoconstriction. Am J Respir
Crit Care Med. 2010 Dec 1;182(11):1435-44. Doi: 10.1164/rccm.201002-
02550C. Epub 2010 Jul 16.

Malecka K, Ferapontova EE. Femtomolar Detection of Thrombin in Serum and
Cerebrospinal Fluid via Direct Electrocatalysis of Oxygen Reduction by the
Covalent G4-Hemin-Aptamer Complex. ACS Appl Mater Interfaces. 2021 Aug
18;13(32):37979-37988. doi: 10.1021/acsami.1c03784. Epub 2021 Apr 20.
PMID: 33878266.

Miller EC, Leffert L. Stroke in Pregnancy: A Focused Update. Anesth Analg.
2020 Apr;130(4):1085-1096. Doi: 10.1213/ANE.0000000000004203.

Miller EC, Wilczek A, Bello NA, Tom S, Wapner R, Suh Y. Pregnancy, preeclampsia and
maternal aging: From epidemiology to functional genomics. Ageing Res Rev.
2022 Jan;73:101535. doi: 10.1016/j.arr.2021.101535. Epub 2021 Dec 3. PMID:
34871806; PMCID: PMC8827396.

Minami T, Sugiyama A, Wu SQ, Abid R, Kodama T, Aird WC. Thrombin and phenotypic
modulation of the endothelium. Arterioscler Thromb Vasc Biol. 2004
Jan;24(1):41-53. doi: 10.1161/01.ATV.0000099880.09014.7D. Epub 2003 Oct 9.
PMID: 14551154,

Misaki T, Satoh Y, Saino T, Ogawa A. The role of protease-activated receptors on the
intracellular calcium ion dynamics of vascular smooth muscles, with special
reference to cerebral arterioles. Arch Histol Cytol. 2006 Mar;69(1):49-60. doi:
10.1679/aohc.69.49. PMID: 166092609.

Mizuno O, Hirano K, Nishimura J, Kubo C, Kanaide H. Mechanism
of endothelium-dependent relaxation induced by thrombin in the pig coronary
artery. Eur J Pharmacol. 1998 Jun 12;351(1):67-77. Doi: 10.1016/s0014-
2999(98)00292-1.

McBride CA, Bernstein IM, Sybenga AB, McLean KC, Orfeo T, Bravo MC. Placental

Maternal Vascular Malperfusion is Associated with Prepregnancy and Early
Pregnancy Maternal Cardiovascular and Thrombotic Profiles. Reprod Med

78



(Basel). 2022 Mar;3(1):50-61. doi: 10.3390/reprodmed3010006. Epub 2022 Mar
8. PMID: 36923963; PMCID: PMC10012330.

McDermott, M., Miller, E. C., Rundek, T., Hurn, P. D., & Bushnell, C. D.
(2018). Preeclampsia Association With Posterior Reversible Encephalopathy
Syndrome and Stroke. Stroke, 49(3), 524-530.
https://doi.org/10.1161/strokeaha.117.018416

McLean KC, Bernstein IM, Brummel-Ziedins KE. Tissue factor-
dependent thrombin generation across pregnancy. Am J Obstet Gynecol.
2012 Aug;207(2):135.e1-6. Doi: 10.1016/j.aj0og.2012.05.027. Epub 2012 Jun 11.

Nakamura K, Hatano Y, Mori K. Thrombin-induced vasoconstriction in
isolated cerebral arteries and the influence of a synthetic thrombin inhibitor.
Thromb Res. 1985 Dec 1;40(5):715-20. Doi: 10.1016/0049-3848(85)90309-3.

Ng YS, Stein J, Ning M, Black-Schaffer RM. Comparison of clinical
characteristics and functional outcomes of ischemic stroke in different vascular
territories. Stroke. 2007 Aug;38(8):2309-14. Doi:
10.1161/STROKEAHA.106.475483. Epub 2007 Jul 5.

Nogles TE, Galuska MA. Middle Cerebral Artery Stroke. 2023 Apr 3. In:
StatPearls. Treasure Island (FL): StatPearls Publishing; 2023 Jan.

Peters T, Henry PJ. Protease-activated receptors and prostaglandins in inflammatory lung
disease. Br J Pharmacol. 2009 Oct;158(4):1017-33. doi: 10.1111/j.1476-
5381.2009.00449.x. PMID: 19845685; PMCID: PMC2785524.

Petitti DB, Sidney S, Quesenberry CP Jr, Bernstein A. Incidence of stroke
and myocardial infarction in women of reproductive age. Stroke.
1997 Feb;28(2):280-3. Doi: 10.1161/01.str.28.2.280.

Pinheiro JM, Andersen TT, Malik AB. Receptor mechanism of thrombin-
mediated pulmonary vasodilation in neonates. Am J Physiol. 1993 Oct;265(4 Pt
1):L.355-9. Doi: 10.1152/ajplung.1993.265.4.L.355.

Pompili E, Fabrizi C, Nori SL, Panetta B, Geloso MC, Corvino V, Michetti F,
Fumagalli L. Protease-activated receptor-1 expression in rat microglia after
trimethyltin treatment. J Histochem Cytochem. 2011 Mar;59(3):302-11. doi:
10.1369/0022155410397996. Epub 2011 Jan 12. PMID: 21378284; PMCID:
PMC3201157.

Price R, Mercuri NB, Ledonne A. Emerging Roles of Protease-Activated
Receptors (PARs) in the Modulation of Synaptic Transmission and Plasticity. Int

79


https://doi/

J Mol Sci. 2021 Jan 16;22(2):869. doi: 10.3390/ijms22020869. PMID: 33467143,;
PMCID: PMC7830300.

Prusakiewicz et al. Molecular Basis of the Time-Dependent Inhibition of
Cyclooxygenase by Indomethacin

Shlobin NA, Har-Even M, Itsekson-Hayosh Z, Harnof S, Pick CG. Role of Thrombin in
Central Nervous System Injury and Disease. Biomolecules. 2021 Apr
12;11(4):562. doi: 10.3390/biom11040562. PMID: 33921354; PMCID:
PMC8070021.

Sokolova E, Reiser G. Prothrombin/thrombin and the thrombin receptors PAR-1 and
PAR-4 in the brain: localization, expression and participation in
neurodegenerative diseases. Thromb Haemost. 2008 Oct;100(4):576-81. PMID:
18841278.

Soto AG, Trejo J. N-linked glycosylation of protease-activated receptor-1 second
extracellular loop: a critical determinant for ligand-induced receptor activation
and internalization. J Biol Chem. 2010 Jun 11;285(24):18781-93. doi:
10.1074/jbc.M110.111088. Epub 2010 Apr 5. PMID: 20368337; PMCID:
PMC2881801.

Spiezia L, Visentin S, Radu C, Bon M, Woodhams B, Cosmi E, Simioni
P. Association between increased FVIla-antithrombin complex/FVlla ratio
and pre-eclampsia. J Matern Fetal Neonatal Med. 2013 Sep;26(13):1352-4.
Doi: 10.3109/14767058.2013.784265. Epub 2013 Apr 16.

Steegers EA, von Dadelszen P, Duvekot JJ, Pijnenborg R. Pre-eclampsia. Lancet.
2010 Aug 21;376(9741):631-44. Doi: 10.1016/S0140-6736(10)60279-6. Epub
2010 Jul 2.

Stevens W, Shih T, Incerti D, Ton TGN, Lee HC, Peneva D, Macones GA, Sibai
BM, Jena AB. Short-term costs of preeclampsia to the United States health
care system. Am J Obstet Gynecol. 2017 Sep;217(3):237-248.16. q
doi: 10.1016/j.ajog.2017.04.032. Epub 2017 Jul 11.

St-Louis I, Singh M, Brasseur K, Leblanc V, Parent S, Asselin E. Expression of COX-1
and COX-2 in the endometrium of cyclic, pregnant and in a model of
pseudopregnant rats and their regulation by sex steroids. Reprod Biol Endocrinol.
2010 Aug 24;8:103. doi: 10.1186/1477-7827-8-103. PMID: 20735829; PMCID:
PMC2936314.

Swartz RH, Cayley ML, Foley N, Ladhani NNN, Leffert L, Bushnell C, McClure
JA, Lindsay MP. The incidence of pregnancy-related stroke: A systematic review

80



and meta-analysis. Int J Stroke. 2017 Oct;12(7):687-697.
Doi: 10.1177/1747493017723271.

Szarka A, Rig6 J Jr, Lazér L, Beko G, Molvarec A. Circulating
cytokines, chemokines and adhesion molecules in normal pregnancy and
preeclampsia determined by multiplex suspension array. BMC Immunol. 2010
Dec 2;11:59. Doi: 10.1186/1471-2172-11-59.

Takahashi K, Omae T, Ono S, Kamiya T, Tanner A, Yoshida A. Thrombin-
Induced Responses via Protease-Activated Receptor 1 Blocked by the
Endothelium on Isolated Porcine Retinal Arterioles. Curr Eye Res. 2018
Nov;43(11):1374-1382. Doi: 10.1080/02713683.2018.1496266. Epub 2018 Jul
24.

Tillery LC, Epperson TA, Eguchi S, Motley ED. Featured Article: Differential regulation
of endothelial nitric oxide synthase phosphorylation by protease-activated
receptors in adult human endothelial cells. Exp Biol Med (Maywood). 2016
Mar;241(6):569-80. doi: 10.1177/1535370215622584. Epub 2016 Jan 4. PMID:
26729042; PMCID: PMC4950326.

Thilaganathan B, Kalafat E. Cardiovascular System in Preeclampsia and Beyond.

Hypertension. 2019 Mar;73(3):522-531. doi:
10.1161/HYPERTENSIONAHA.118.11191. PMID: 30712425; PMCID:
PMC6380450.

Tripodi A. Thrombin generation: a global coagulation procedure to investigate
hypo- and hyper-coagulability. Haematologica. 2020 Sep 1;105(9):2196-2199.
Doi: 10.3324/haematol.2020.253047.

Urasoko Y, He XJ, Ebata T, Kinoshita Y, Kobayashi J, Mochizuki M, Ikeya M. Changes
in blood parameters and coagulation-related gene expression in pregnant rats. J
Am Assoc Lab Anim Sci. 2009 May;48(3):272-8. PMID: 19476716; PMCID:
PMC2696830.

Veerareddy S, Cooke CL, Baker PN, Davidge ST. Vascular adaptations to pregnancy in
mice: effects on myogenic tone. Am J Physiol Heart Circ Physiol. 2002
Dec;283(6):H2226-33. doi: 10.1152/ajpheart.00593.2002. Epub 2002 Aug 22.
PMID: 12388224,

Vouret-Craviari V, Grall D, Chambard JC, Rasmussen UB, Pouysségur J, Van Obberghen-
Schilling E. Post-translational and activation-dependent modifications of the G
protein-coupled thrombin receptor. J Biol Chem. 1995 Apr 7;270(14):8367-72.
doi: 10.1074/jbc.270.14.8367. PMID: 7713946.

81



Walfish M, Neuman A, Wlody D. Maternal haemorrhage. Br J Anaesth.
2009 Dec;103 Suppl 1:147-56. Doi: 10.1093/bja/aep303.

Wallis AB, Saftlas AF, Hsia J, Atrash HK. Secular trends in the rates
of preeclampsia, eclampsia, and gestational hypertension, United States, 1987-
2004. Am J Hypertens. 2008 May;21(5):521-6. Doi: 10.1038/ajh.2008.20. Epub
2008 Mar 13.

Walsh, S, Prostaglandins in Pregnancy Glob. libr. women's med., (ISSN: 1756-2228) 2011,
DOI 10.3843/GLOWM.10315

Winn MJ, Ku DD. Investigation of the interrelationship between coagulation
and thrombin-induced EDRF-dependent relaxation in dog coronary artery.
Thromb Res. 1990 Dec 1;60(5):405-14. Doi: 10.1016/0049-3848(90)90223-y.

White RP, Chapleau CE, Dugdale M, Robertson JT. Cerebral arterial
contractions induced by human and bovine thrombin. Stroke. 1980 Jul-
Aug;11(4):363-8. Doi: 10.1161/01.str.11.4.363.

World Stroke Organization - What We Do. World Stroke Organization. (n.d.).
https://www.world-stroke.org/what-we-
do#:~:text=Each%20year%2C%20almost%2014%20million,leading%20cause%
200f%20disability%20worldwide.

Wu P, Haththotuwa R, Kwok CS, Babu A, Kotronias RA, Rushton C, Zaman A,
Fryer AA, Kadam U, Chew-Graham CA, Mamas MA.. Preeclampsia and
Future Cardiovascular Health: A Systematic Review and Meta-Analysis. Circ
Cardiovasc Qual Outcomes. 2017 Feb;10(2):e003497.
Doi: 10.1161/CIRCOUTCOMES.116.003497. Epub 2017 Feb 22.

Yang CC, Hsiao LD, Shih YF, Hsu CK, Hu CY, Yang CM. Thrombin Induces
COX-2 and PGE2 Expression via PAR1/PKCalpha/MAPK-Dependent NF-
kappaB Activation in Human Tracheal Smooth Muscle Cells. Mediators Inflamm.
2022 Apr 19;2022:4600029. Doi: 10.1155/2022/4600029.

82


https://www.world-stroke.org/what-we-
https://www.world-stroke.org/what-we-

APPENDIX A: SUPPLEMENTAL MATERIAL

83



Figure 5.1:

Myogenic reactivity of PAs. (A) Pressure-diameter curves of PAs from nonpregnant
(NP), late pregnant (LP), and experimental preeclamptic (ePE) rats and (B) percent tone across the
pressure range 20 — 120 mmHg.

A
1207 -+ NP (n=13)
1 © LP(n=12)
E 100 + ePE (n=13)
=
S 804
T
§ 607
o ]
§ 404
£
=
3 20-
0 I 1 1 1 1 1
20 40 60 80 100 120

Pressure (mmHg)

Tone (%)

80+

60+

404

20+

84

B NP (n=13)

10 LPén 12)
B ePE (n=13)
20 40 60 80 100 120

Pressure (mmHg)



Figure 5.2:

Myogenic reactivity of PAs before and after thrombin. (A) Pressure-diameter
curves of PAs from nonpregnant (NP), late pregnant (LP), and experimental preeclamptic (ePE)
rats; and (B) pressure-diameter curves of PAs from NP, LP, and ePE rats when bathed in 50
mU/mL thrombin. (C) Percent tone across the pressure range 20 — 120 mmHg; (D) percent tone
across the pressure range 20 — 120 mmHg of vessels bathed in 50 mU/mL thrombin.
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Figure 5.3: The role of small- and intermediate-conductance calcium-activated potassium
channels in vasodilation. (A) Lumen diameters of PAs from nonpregnant (NP), late pregnant
(LP), and experimental preeclamptic (ePE) rats and (B) percent reactivity to SK/IK channel
activation.
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