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Summary

As the prevalence of hypertensive orders increases, particularly pre-eclampsia
superimposed on a background of chronic hypertension (SPE), so too does the
global disease burden they represent. Not only are these disorders detrimental to
both mother and child during the course of pregnancy, they also have lasting long-
term effects to future cardiovascular health for both. Despite this, relatively little is
known about the generation and development of these multifactorial disorders. In
combination with the effects of potential treatments to offspring health, the
resultant scope for therapeutic interventions is severely limited. The stroke-prone
spontaneously hypertensive (SHRSP) rat is an established model of chronic
hypertension during pregnancy that can be further stressed by infusion of
angiotensin Il (ANGII) in mid-gestation to create a pre-eclamptic phenotype that

closely mimics the clinical manifestation of SPE in humans.

This thesis aimed to optimise and characterise a novel rodent model of SPE to
provide a useful tool in understanding the underlying pathophysiology of the
condition and in testing potential therapeutic strategies. The objectives were to
assess the maternal, fetoplacental and neonatal response to SPE development in
the SHRSP; evaluate the use of magnesium sulphate (MgSQ4) as a preventative
therapeutic in the context of SPE; investigate the underlying genetic mechanisms
that may influence abnormal uterine artery remodelling due to maternal
hypertension; and, finally, to validate these genetic mechanisms in vitro. A variety
of in vivo and ex vivo techniques were employed in the generation and
assessment of the optimised SPE rodent model. Pregnant SHRSP dams infused
with  750ng/kg/min ANGII were found to exhibit signs of impaired maternal
cardiovascular, renal and placental function alongside the abnormal uterine artery
remodelling already characteristic of the SHRSP. Further, the offspring of these
dams were more likely to be growth restricted and preliminary evidence suggested
neonatal gene expression may be altered. When MgSO4 was administered in a
preventative capacity in daily drinking water, it was shown to improve maternal
blood pressure, proteinuria and weight. However, MgSO4 was ineffective at
improving maternal cardiac function or uteroplacental flow and was observed to
worsen fetal growth restriction. To better understand the maternally-derived factors
in this impaired uterine artery remodelling associated with hypertensive

pregnancy, RNA-sequencing was used to assess the genetic profiles of early



pregnancy uterine arteries in SHRSP and normotensive WKY. Though the two
strains shared a conserved response to pregnancy, there were striking differences
in pathways related to vascular function, notably reactive oxygen species (ROS)
production and calcium (Ca?*) signalling. Finally, using a combination of whole
uterine arteries and vascular smooth muscle cells (UAVSMCs) derived from them,
the gene expression patterns relating to ROS and Ca?* were investigated to
validate them. Though studies were preliminary and sample sizes small, there was
evidence of altered ROS production, NOX subunit expression and UAVSMC Ca?*
release between WKY and SHRSP.

This work has provided information on an optimised, novel rodent model of super-
imposed pre-eclampsia that may be used as a potential tool in investigating the
pathophysiology of the condition or in assessing the long-term consequences of
an adverse in utero environment. It has also deepened our understanding of the
effects of prolonged MgSO4 exposure during pregnancy and highlighted the need
for an optimised, standardised dosing regime in humans. Furthermore, this work
has generated novel insights into the genetic factors that influence uterine artery

remodelling and their functional consequences in early hypertensive pregnancy.
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Chapter 1: Introduction



1.1 Adapting to the Normal Pregnancy

The average human pregnancy typically lasts between 266 to 294 days, or 38 to
42 weeks, from the time of conception (normally determined by the date of the last
menstrual period of the mother) (Bhat and Kushtagi, 2006). During this relatively
short gestational time frame, almost all of the maternal biological systems are
placed under significant stress. To adapt to this stress, these maternal systems
undergo major physiological adaptations in order to support the growing fetus
whilst protecting the mother. Developing an understanding of these changes is key
in identifying areas at risk of derangement and subsequent pathological states
(Soma-Pillay et al, 2016). Amongst these systems, those that control blood
pressure and vascular remodelling are particularly sensitive to changes induced by

pregnancy.

1.1.1 Placental Development

Perhaps one of the biggest maternal adaptations to pregnancy in all mammals is
the development of the placenta. The placenta is a unique organ that is only found
during pregnancy and is immediately lost upon delivery. Its primary function is to
facilitate the exchange of gases, nutrients and waste products between the mother
and developing fetus whilst keeping the two circulatory systems separate (Ji et al,
2013). It also functions as the fetal renal, respiratory, hepatic, gastrointestinal and
immune systems whilst producing several pregnancy-associated hormones and
growth factors designed to protect the fetus from the maternal immunological
response (Guttmacher et al, 2014; Ji et al, 2013). Placental development varies
greatly between species and is usually categorised based on gross shape and the
histological structure of the maternal-fetal interface. There are four placentation
types based on structure: diffuse, multicotyledonary, zonary and discoid (or
bidiscoid) (Furukawa et al, 2014, Fig. 1.1). Though there is great variation in terms
of placental structure, the main cell types, molecular mechanisms and functions
are conserved across mammalian species. Placentae can also be categorised by
the histologic relationship between the chorion and uterine wall into three types:
epitheliochorial, endotheliochorial and haemochorial (Furukawa et al, 2014, Fig.
1.1). Both humans and rats share a haemochorial placental structure that is

distinguished by its depth of trophoblast invasion into the maternal tissues.



a. Diffuse b. Multicotyledonary

c. Zonary d. Discoid

c. Hemochorial type c. Hemochorial type c. Hemochorial type
(Hemomonochorial) (Hemodichorial) (Hemotrichorial)

Figure 1.1: Summary of Placental Structure Classifications
(Sourced: Furukawa et al, 2014).

(A) llustrations of the classification of mammalian placentae based on gross
structure of materno-fetal exchange area in relation to the chorionic sac. (B)
lllustrations of the classification of mammalian placentae based on histologic
relationship between chorion and uterine wall. (BM; basement membrane,
Cy; cytotrophoblast, En; endometrium, FB; fetal blood, FV; fetal vessel, MB;
maternal blood, MI; maternal interstitium, MV; maternal vessel, ST; specific
trophoblast, Sy; syncytiotrophoblast, Te; trophectoderm).



1.1.1.1 Human

In humans, the placenta is the first organ to form in the pregnancy and originates
from the blastocyst- formed by sequential divisions of the fertilized ovum (Fig. 1.2,
Clift and Schuh, 2013). A successful pregnancy may only occur when the
endometrium has been altered by ovarian hormones that are secreted in a cyclic
fashion, otherwise known as the luteal phase of the menstrual cycle. This limits the
period of receptivity for implantation. Once the blastocyst is formed following
fertilisation, implantation is initiated by rising levels of oestrogen and progesterone
(Gude et al 2004). This occurs 6-7 days post-conception following blastocyst
formation (Frank, 2017). The blastocyst is formed of two distinct cell populations:
the inner cell mass (or embryoblast), and the trophectoderm (or trophoblast)
(Maltepe and Fisher, 2015). Upon adhering to the uterine epithelium, the
blastocyst immediately begins dividing to create new cell populations that will
become the distinct placental layers and invades deep into the uterine wall (Ji et
al, 2013). The trophoectoderm is composed of a single layer of cytotrophoblasts
(CTBs). Following implantation to the uterine wall, these trophoblasts located at
the pole of the blastocyst proliferate to form a double layer. These layers fuse in a
process known as syncytial fusion to create the first syncytiotrophoblasts (STBs)
of the developing placenta, occurring approximately two weeks post-conception
(Frank, 2017; Gerbaud and Pidoux, 2015). During this time, a constant cycle of
CTB proliferation and fusion maintains these two populations and creates the fetal
portion of the placenta- the chorionic plate (Maltepe and Fisher, 2015). From the
initial population of CTBs, some penetrate the newly formed layer of STBs to
become extravillous cytotrophoblasts (EVTs, also known as endovascular
trophoblast) (Gude et al, 2004). These EVTs invade the maternal decidua,
myometrium and uterine spiral arteries in a retrograde fashion (Lyall et al, 2001).
The spiral arteries undergo substantial dilatation and the vascular smooth muscle
cells become dedifferentiated and the maternal endothelium is replaced by EVTs

for the duration of the pregnancy (Fig. 1.3, Frank, 2017).

1.1.1.2 Rodent

The placentae of rodents (mice and rats) can be separated into distinct layers: the
decidua and mesometrial triangle (or metrial glands), the junctional zone (also
referred to as the basal zone), the labyrinth zone and the chorionic plate (Fig. 1.4,

Small et al, 2016a). Human placentae share all of these layers with the exception



that the labyrinth zone in rodents, containing three trophoblast layers, equates to
the placental villi, containing only one layer, in humans with both having different
gross structures (De Rijk et al, 2002). Placental development in rats begins with
stem cells that originate from the trophoectoderm of the blastocyst following
implantation, similar to humans (Soares et al, 2012). A key differentiation between
human and rodent placentation is the means by which the endometrium is altered
to receive the blastocyst at implantation. In humans, decidualisation of the
endometrium is triggered by hormone fluctuations during the menstrual cycle. In
rodents, however, decidualisation is triggered in response to the implantation itself,
usually occurring at days 4 or 5 of pregnancy (Fonseca et al, 2012). Additionally,
whilst the blastocyst first attaches on the anti-mesometrial side of the uterus in
both species (Fig 1.3), the mature placenta in rats is formed on the mesometrial
side (Fig 1.4, De Rik, 2002). Following successful implantation, the
trophoectoderm consisting of two layers, mular and polar respectively, begins to
differentiate into various populations of trophoblast. The mular trophoectoderm
becomes primary trophoblastic giant cells whilst the polar trophoectoderm
differentiates into the ectoplacental cone, subsequently invading the decidua
(Furukawa et al, 2019). Secondary giant trophoblast cells begin to arise at the
margins of the ectoplacental cone (Fonesca et al, 2012). Beneath the
trophoectoderm are two layers of STBs that undergo fusion, much like in human
placental development to create further populations of CTBs that become either
secondary giant trophoblast cells, spongiotrophoblasts (endocrine functions),
glycogen cells or interstitial invasive trophoblasts (situated between the
vasculature) (Furukawa et al, 2014; Fonesca et al, 2012; Soares et al, 2012).
These secondary giant trophoblast cells are analogous to human EVTs and exhibit
the same invasive activity, particularly in the uterine spiral arteries (Soares et al,
2012). The ectoplacental cone further differentiates to become the junctional and
labyrinth zones (Furukawa, 2019). The mesometrial triangle is formed from
decidualised endometrial stromal cells, uterine natural killer cells, spiral arteries
and glycogen-cell origin trophoblasts as well as fibroblasts from early to mid-

gestation (Furukawa et al, 2014).
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Figure 1.2: Formation of the Blastocyst Following Fertilisation
(Sourced: Clift and Schuh, 2013).

Following fertilisation of the egg, the zygote travels along the fallopian tube
towards the uterus. During this time, it undergoes successive rounds of cell
division, eventually becoming the blastocyst, composed of two distinct cell
populations. The blastocyst implants into the uterine wall and the fetus and
placenta begin to develop via various cell lineages.
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Figure 1.3: Invasion of the Maternal Vasculature by Extravillous
Trophoblasts
(Sourced: Pijnenborg et al, 2006).

Once the population of EVTs has been established, they begin to invade the
maternal uterine spiral arteries retrogradely, extending through the decidua
and myometrium in the first trimester. The arteries dilate and become low-
resistance vessels to increase uteroplacental perfusion to meet the demands
of the fetus. They replace the maternal endothelium to give resistance to
vasoconstrictors until term. Black arrows = direction of trophoblast invasion.
Red arrows = direction and extent of blood flow. (EVT; extravillous
cytotrophoblast).
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Figure 1.4: Representative lllustrations of Rat Placental
Layers and Embryo Implantation Site
(Sourced: Small et al, 2016a; De Rijk et al, 2002).

(A) Representative mid-sagittal section of a rat placenta in late
gestation, stained with H&E, showing the mesometrial triangle
(Mes), decidua (Dec), junctional zone (Jx), labyrinth zone (Lab)
and chorionic plate (CP). (B) lllustration depicting embryo
implantation in the uterus of the rat.



1.1.2 Cardiovascular & Haemodynamic Adaptations

Alterations to the maternal cardiovascular system are crucial in providing the
developing fetus with an adequate environment that balances uteroplacental flow,
oxygenation and nutrient delivery to the placenta. These changes also serve to
protect the mother from the physiological stress of pregnancy (Melchiorre et al,
2012). Some of these adaptations have been well characterised for several years,
with changes to maternal heart rate, cardiac output, blood pressure and vascular
resistance among the first documented (Chapman et al, 1998; Davison and
Dunlop, 1980; O’'Day, 1997). Many of the physiological adaptations to pregnancy
begin in early gestation reaching a plateau in mid-gestation that peaks once more
at the time of delivery (Carlin and Alfirevic, 2008). Clapp and Capeless (1997)
studied groups of nulliparous and multiparous participants prior to and throughout
pregnancy. They documented a substantial increase in cardiac output (CO) by 8
weeks of gestation in both first and second pregnancy groups. Such findings have
been found in multiple studies using both invasive and non-invasive techniques. It
is now generally accepted that CO begins to rise in the first trimester, peaking in
the third trimester to approximately 30-50% of non-pregnant measurements in
singleton pregnancies (Abbas et al, 2005). In twin pregnancies, CO may rise a
further 15% (Sanghavi and Rutherford, 2014). This increase in CO in early
gestation is attributed to the concurrent rise in stroke volume occurring in the same
time frame of 30% (Carlin and Alfirevic, 2008; Tan and Tan, 2013). In late
gestation, the increase in CO is maintained by the increase in maternal heart rate
of ~10-20bpm (Soma-Pillay et al, 2016). The increase in stroke volume is likely
due to early increases in left ventricular mass and end-diastolic volume as the
heart becomes dilated and increases myocardial contractility whilst afterload

decreases in the first trimester (Soma-Pillay et al, 2016).

Both CO and stroke volume are linked to the rising maternal heart rate during
pregnancy that functions to compensate for a decrease in peripheral vascular
resistance (PVR). Decreases in PVR contribute to increased preload and reduced
afterload in the maternal heart and can been seen as early as the seventh week of
gestation, with PVR further decreasing by up to 40% (vs. non-pregnant values) by
the time of the third trimester (Sanghavi and Rutherford, 2014). During pregnancy,
there is a steady increase in blood and plasma volume that is apparent as early as

week seven which plateaus at 32 weeks leading to a total increase between 45-



50% (O’Day, 1997). There is also an increase in red cell mass of ~25%, which
also contributes to increased preload (Chapman et al, 1998; Carlin and Alfirevic,
2008). Whilst the increase in red cell mass facilitates a higher exchange of oxygen
between mother and fetus, it is believed that the far more substantial rise in
plasma volume prevents increased blood viscosity to promote placental perfusion
and prevent thrombosis (Carlin and Alfirevic, 2008). Unlike stroke volume, diastolic
and mean arterial pressures decrease by approximately 10% in healthy
normotensive pregnancies by gestational week 7 to 8 continuing to fall until around
week twenty-four and rising thereafter until term (Tan and Tan, 2013). Mean
arterial pressure is directly proportional to CO and PVR. The rise in CO and fall in
PVR appear to be parallel, explaining the comparatively small falls in mean arterial
pressure and diastolic blood pressure (Melchoirre et al, 2012; Tan and Tan, 2013).
Systolic pressure remains relatively stable throughout pregnancy but may
decrease slightly in early to mid-gestation, though to a lesser extent than diastolic
blood pressure (Abbas e al, 2005). It is likely that changes in blood pressure occur
secondary to the fall in PVR and compensatory rise in CO, though they are not
sufficient to prevent a small decrease in pressures (Carlin and Alfirevic, 2008). As
a result of the various haemodynamic changes in the maternal cardiovascular
system (summarised in Fig. 1.5) combined with increased maternal heart mass
there is an increased consumption of oxygen (Thornburg et al, 2000). In tandem
with these is a dramatic shift in cardiac metabolism from glucose utilisation in early
pregnancy to fat burning in late pregnancy, a change that temporally parallels the
fetal metabolic demand rather than the maternal haemodynamic demand and
allows the heart to develop insulin resistance (Liu and Arany, 2014). Together,
these alterations in cardiovascular function create an efficient transport system for

oxygen and nutrients that meets the demands for both mother and fetus.
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Figure 1.5: Summary of Cardiovascular Adaptations to a Normal
Pregnancy
(Sourced: Liu and Arany, 2014).

Over the course of a normal pregnancy heart rate, cardiac output, blood
volume and stroke volume begin to rise in the first trimester, steadily increasing
until birth before returning to normal levels post-partum. Additionally, systemic
vascular resistance and mean arterial pressure decrease throughout
pregnancy by approximately 10% whilst red cell mass increases on average by
20-30%.

1.1.2.1 Uterine Vascular Remodelling

The uterus is supplied by the main uterine artery, originating from the hypogastric
artery, providing ~80% of total uteroplacental blood flow with the rest supplied by
the ovarian arteries (Cicinelli et al, 2006; Osol and Moore, 2013). Upon contact
with the myometrium the uterine artery branches into the arcuate arteries before
further branching into the radial arteries. These run toward the endometrium where
they branch once more into the spiral arteries (SpA), so called due to their
normally tightly coiled shape, which run parallel to the endometrial surface before

finally connecting to the endometrial veins via capillaries (James et al, 2017, Fig.



1.6). During the menstrual cycle, the SpA undergo a rapid period of arterial growth
leading to the increased endometrial thickness that persists during pregnancy
(Pijenborg et al, 2006). This rapid growth is characterised as outward hypertrophic
remodelling, whereby the lumen of the SpA is doubled in humans (with similar
findings in other mammals such as rats) with minimal thickening of the vascular
wall itself, resulting in an increased cross-sectional area (Osol and Mandala,
2009). Additionally, in multiparous animals like the rat, the uterine arteries also
increase their axial length to accommodate changes in the size of the uterus
during pregnancy, though this has not yet been documented in humans (Osol and
Moore, 2013).

As previously described, implantation of the blastocyst into the prepared
endometrium results in the production of EVTs which invade the maternal decidua
and SpA. Consequently, the SpA undergo significant structural and functional
changes that transform the high-resistance, low-flow tightly coiled SpA into large
diameter, high flow vessels that lack responsiveness to maternal vasoactive
factors. This also occurs in the larger radial and arcuate vessels which dilate to
increase blood flow towards the uterus and placenta (James et al, 2017). These
remodelling processes begin at conception and are normally completed by the end
of the second trimester and are proposed to occur in three stages (Chen et al,
2012). Successful remodelling of the vasculature is crucial for a normal, healthy
pregnancy. The first stage is thought to be mediated by the decidua occurring pre-
implantation, where cells originating from the decidualised endometrium secrete a
variety of factors (including matrix metalloproteinases (MMPs), cytokines and
growth factors) that stimulate or inhibit trophoblast invasion into the SpA and
interstitium (Sharma et al, 2016). In the second stage, the vascular smooth muscle
and endothelium of the vessel begin to deteriorate due to interstitial invasion post-
implantation. This disorganisation results in the invasion of the arterial lumen by
EVTs which replace the lost vascular smooth muscle and endothelium thereby
transforming the SpA (Chen et al, 2012). EVTs within the vascular lumen begin to
clump together during early pregnancy forming a vascular plug which functions to
create a low-oxygen environment to stimulate further EVT invasion and placental
development as well as protect the fetus from oxidative stress. (Pijenborg et al,
2006). The remodelling process is summarised in Fig. 1.7. As the pregnancy
progresses, low-oxygen due to vascular plugging is slowly overcome by

progressive arterial remodelling, breakdown of the plug and angiogenesis within



the placenta to prevent hypoxia (Chen et al, 2012; James et al, 2017). Following
delivery, the vasculature reverts to its non-pregnant state following re-

endothelisation of the SpA (Scott et al, 2009; Pijenborg et al, 2006).
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Figure 1.6: Comparative Anatomy of Uterine Vasculature in
Humans and Rodents
(Sourced: Osol and Mandala, 2009).

lllustrations showing the anatomy of the uterine circulation in humans
(A) and rodents (B). The uterine arteries arise from the hypogastric
artery in humans and from the aorta in rodents. The main artery
branches into the arcuate arteries which branch into the radial arteries
and finally the spiral arteries that run beneath the endometrial surface.
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Figure 1.7: lllustration of the Events During Spiral Artery
Remodelling
(Sourced: Pijenborg et al, 2006).

A depiction of the stages of trophoblast invasion and subsequent
remodelling of the spiral arteries during pregnancy. The first stage is
decidua-associated with the release of numerous factors that begin to
alter the environment to promote trophoblast invasion. Interstitial
trophoblasts begin to invade and disrupt vascular and endothelial cells.
This allows for the further invasion of the arterial lumen by EVTs. The
trophoblasts become embedded into the vessel walls, degrading the
vascular and endothelial components which are replaced by
trophoblasts, widening the lumen and increasing flow. At term, the
maternal vasculature begins to reverse these processes through re-
endothelisation. (EVTs; extravillous/endovascular trophoblasts).



1.1.3 Local Alterations in Immune Cells

Pregnancy is a strange phenomenon when viewed through the lens of the immune
system. In a normal healthy pregnancy, the fetus arises from both maternal and
paternal cells which in turn allows it to express paternal antigens, creating a semi-
allogenic invasive entity that should be rejected by the maternal immune system
(Jabrane-Ferrat and Siewiera, 2014). Though the maternal and fetal blood
supplies never come into direct contact, fetal antigen shedding does occur in the
intervillous space, and it is not yet understood whether maternal T cells sense
these antigens at all or whether they make specific adjustments to ensure
tolerance (Wallace et al, 2012). It has been proposed that the control of immune
related functions during pregnancy is regulated by other immune cell types within
the uterus. Of these cells, uterine natural killer cells (UNKs, also known as decidual
natural killer cells) represent a substantial proportion (> 40%) and begin to
accumulate in the decidua during the normal menstrual cycle and throughout early
pregnancy (Wallace et al, 2012). During the first trimester uNKs amass in and
around the SpA but by 20 weeks of gestation they begin to decline such that only
small numbers are present at term (Pijenborg et al, 2006). Of note, uNKs differ
from NKs normally found in the peripheral blood. uNKs express different surface
markers such as CD69, CD9 and NKp44, show differential gene expression in
comparison to peripheral blood NKs and have a higher expression of a number of
receptors including chemokine receptors suggesting uNKs have specific
pregnancy-related functions (Parham, 2004). The unique expression profile of
uNKs favours a cytokine-secreting role as opposed to the cytotoxic defensive role
of NKs in peripheral blood (Jabrane-Ferrat and Siewiera, 2014). Interestingly, as
uNKs decline in late gestation they are replaced by a growing population of T cells
that can represent up to 80% of the immune cell population at term (Wallace et al,
2012).

As discussed in 1.1.2.1, SpA remodelling is first initiated by cells residing within
the decidua that secrete a variety of factors. The spatiotemporal distribution of
UNKs suggests they participate in SpA remodelling. Indeed, many have
speculated that uNKs play a direct role in remodelling by interacting with EVTs.
This is supported by the finding that EVTs express MHC class | molecules,
specifically those that function as excellent ligands for uNK receptors (Parham,
2004). Additionally, Smith and colleagues (2009) showed that uNKs and



macrophages were found within the SpA prior to EVT invasion and reported
evidence of vascular smooth muscle cell loss and disruption alongside endothelial
damage and layer separation. uNKs may also influence vascular remodelling
independently of EVTs through the production of a variety of angiogenic factors
including angiopoietins -1 and -2, and vascular endothelial growth factor (Robson
et al, 2012). It is proposed in the literature that invading uNKs and decidual
macrophages begin to disrupt vascular smooth muscle cells through the
production of matrix metalloproteases (MMPs), particularly MMP-2 and MMP-9
(Chen et al, 2014; Robson et al, 2012). Concurrently, uNKs secrete chemokines
and cytokines such as interleukin-8 which is known to attract fetal trophoblast cells
and promote EVT invasion (Jabrane-Ferrat and Siewiera, 2014; Sharma et al,
2016). EVTs may also aid in the recruitment of uNKs and other immune cell types
to the decidua by secretion of chemokines leading to a positive feedback loop
(Jabrane-Ferrat and Siewiera, 2014). During the latter half of pregnancy once SpA
remodelling is complete, the population of uNKs dwindles and is replaced by a
period of mild systemic inflammation that persists until term as directed by the
maternal-fetal interface (Parham, 2004). The complex and precise interactions
between local maternal immune cells and fetal trophoblasts is necessary for the
completion of a successful pregnancy. A disruption of any one of these

interactions may subsequently lead to a pathological state.

1.1.4 Renal Adaptations

Due to the various changes to the maternal haemodynamic profile, during a
normal pregnancy the kidneys undergo significant structural and functional
changes to cope (Fig. 1.8). The decreases in PVR and mean arterial pressure lead
to an increase in renal plasma flow and glomerular filtration rate (Hussein and
Lafayette, 2014). Increased renal plasma flow during pregnancy leads to an
increase in kidney size of 1-1.5 cm by mid-pregnancy (Soma-Pillay et al, 2016).
Glomerular filtration rate has been found to increase by 20% as early as
gestational week four, peaking at 180mL/min in the first trimester (Hussein and
Lafayette, 2014; Carlin and Alfirevic, 2008). Complementary to the increase in
glomerular filtration rate there is a decrease in serum creatinine levels and an
increase in its urinary clearance, along with other urinary proteins (Odutayo and
Hladunewich, 2012). These changes are reflected in changes to tubular function

where glucose reabsorption in the proximal and collecting tubules is less effective



with varied levels of excretion (Soma-Pillay et al, 2016). The changes to
glomerular filtration rate during gestation also result in an increase of filtered
sodium and its subsequent reabsorption, leading to a net retention of sodium to
sustain the increased plasma volume despite significant vasodilation (Tan and
Tan, 2013). Several signalling systems are affected in a pregnancy-specific

manner, particularly the renin-angiotensin aldosterone system.

GLOMERULAR
HEMODYNAMICS

= Vasodilatation

¢ Increase in RPF and GFR

[ TUBULAR FUNCTION

* Altered tubular reabsorption
of protein, glucose, amino
acids and uric acid

ANATOMICAL

¢ Increase in kidney size (1 cm) ¢
e Dilation of the collecting
system (R>L)

| ELECTROLYTE BALANGE

¢ Increased total body sodium
up to 900-1,000 meq

* Increased total body potassium
up to 320 meq

= Decrease in set point for thirst
and ADH release

¢ Expansion of plasma volume

Figure 1.8: Summary of Renal Adaptations to a Normal Pregnancy
(Sourced: Odutayo and Hladunewich, 2012).

During the normal pregnancy increases in RPF and GFR lead to an increase
in kidney size. There is vasodilation of the renal vasculature and the
collecting system. These lead to changes in tubular function and
consequentially, electrolyte balance. These changes are, in part, controlled
by changes in the response to the RAAS. (RPF; renal plasma flow, GFR;
glomerular filtration rate, RAAS; renin-angiotensin-aldosterone system).

1.1.4.1 The Renin-Angiotensin Aldosterone System

The renin-angiotensin aldosterone system (RAAS) is one of the crucial players in
determining maternal blood volume, and by extension blood pressure, vascular
tone in the arteries and sodium homeostasis (Patel et al, 2017). Renin is the rate-
limiting step of the RAAS and is formed by the proteolytic cleavage of prorenin,

produced in the granular cells of the kidney (Patel et al, 2017). The release of



renin is tightly controlled by local baroreceptors located at the juxtaglomerular
apparatus and by the uptake of NaCl at the macula densa (Sparks et al, 2014). In
the classical RAAS, renin acts on angiotensinogen released from the liver,
converting it to angiotensin | (ANGI). Renin has interactions with many other cells
and is itself secreted by many cell types. In humans, a renin receptor has been
identified and is expressed in the heart, brain and placenta with localisation in the
uterine vessels where it has been shown to enhance the production of ANGI (Paul
et al, 2006). ANGI is then converted to angiotensin Il (ANGII) by angiotensin-
converting enzyme (ACE). ANGII is the primary vasoactive peptide produced by
the RAAS and has several functions throughout the body including direct vascular
effects such as vasoconstriction, remodelling and angiogenesis and indirect
effects such as alterations in fluid homeostasis and inflammation (Si et al, 2018;
Mirabito Colafella et al, 2019). The vascular effects of ANGII are primarily initiated
by the angiotensin type 1 receptor (AT1R). The AT4R is expressed in all of the
organ systems that control blood pressure and signals through the inositol
triphosphate pathway to stimulate the release of Ca?* and via reactive oxygen
species to activate downstream targets (Sparks et al, 2014; Forrester et al, 2018).
Binding of ANGII to the AT1R also causes aldosterone secretion leading to fluid
retention and increased arterial pressure (Arendse et al, 2019). Activation of the
AT1R has also been found to induce transcription via Janus kinase (Sparks et al,
2014).

The classical RAAS has been well characterised by researchers for many years.
This characterisation has led to the identification of an alternative axis to the
RAAS, the so-called counter-regulatory axis (Ocaranza et al, 2020). In this axis
ANGI is produced as normal but is converted to the angiotensin (1-7) and (1-9)
(Ang-(1-7), Ang-(1-9)) peptides by ACE2, the only known homolog of ACE (Cohen
et al, 2020). ACE2 may also utilise ANGII as its substrate in the production of Ang-
(1-7) (Ocaranza et al, 2020). ACE2 expression is largely confined to the heart and
kidneys, suggesting a role in blood pressure control (Paul et al, 2006). Ang-(1-7)
signals via the Mas receptor and AT2R whilst Ang-(1-9) signals via the AT2R only
(Patel et al, 2016). In contrast to the actions of ANGII, Ang-(1-7) activation of the
Mas receptor results in nitric oxide release and vasodilation alongside a reduction
in oxidative stress and inflammation (Cohen et al, 2020). Thus, it appears that
Ang-(1-7) directly antagonises the actions of ANGII. Similarly, activation of the

AT2R is considered to be protective by eliciting vasodilatory, anti-proliferative and



anti-inflammatory actions (Mirabito Colafella et al, 2019). There is also evidence
that the AT2R may bind the AT1R forming a heterodimer, directly influencing its
function independently of AT2R activation (Paul et al, 2006). The classical and

counter-regulatory axes of the RAAS are summarised in Fig. 1.9.
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Figure 1.9: Summary of The Classical and Counter Regulatory Axes of

the Renin-Angiotensin-Aldosterone System

(Sourced: Ocaranza et al, 2020).

In the classical axis of the RAAS, angiotensinogen produced in the liver is
converted to ANGI in the kidney by renin. This is then converted to ANGII by
ACE which activates the AT+4R to increase vascular tone and consequently,
blood pressure within the arteries. ANGII also promotes inflammation,
fibrosis, oxidative stress and fluid retention. The counter regulatory axis
branches at the point of ANGI production. From here ANGI is converted by
ACE2 to Ang-(1-9) and Ang-(1-7) which activate the MasR and AT2R. This
produces a net anti-inflammatory, anti-proliferation, vasodilatory effect that
lowers blood pressure. (ACE/ACE2; angiotensin-converting enzyme/two,
ANGI; angiotensin I, ANGII; angiotensin Il, AT12R; angiotensin 1/2 receptor,
Ang-(1-7)/ (1-9); angiotensin-(1-7)/ (1-9), RAS/RAAS; renin-angiotensin-
aldosterone system, MasR; Mas receptor).




11.4.2 The Renin-Angiotensin Aldosterone System During
Pregnancy

Normal pregnancy is associated with an upregulation of the renin-angiotensin-
aldosterone system. This is required to fulfil the increased salt demand to support
the expansion of the cardiovascular system (Lumbers et al, 2019). This is
achieved by activation of the circulating and local tissue RAAS alongside the
normal RAAS, which contain all of the components required to synthesise ANGII
independently from the liver (Lumbers and Pringle, 2014). ACE expression,
however, is unaltered by pregnancy (Fu et al, 2019). Tissue RAAS are present
within the ovaries, uteroplacental unit and decidua during pregnancy and are
activated to varied degrees dependant on the stage of gestation (Lumbers and
Pringle, 2014). The placental RAAS is expressed from six weeks of gestation
onwards and in addition to its roles in blood volume regulation, it stimulates
angiogenesis and trophoblast invasion (Lumbers et al, 2019). Renin levels begin
to rise as a result of production by the ovaries and decidua after week 20 (Patel et
al, 2017; Cheung and Lafayette, 2013). This is preluded by rising prorenin levels.
Prorenin, once thought to be biologically inactive, may signal via the prorenin
receptor to produce ANGI and ANGII by exposing the renin catalytic site of

prorenin prior to increases in renin itself (Lumbers and Pringle, 2014).

Circulating levels of angiotensinogen are also increased via an increase in its
production by the liver (Lumbers and Pringle, 2014). The rising levels of
angiotensinogen coincide with the rising levels of oestrogen produced by the
placenta in early pregnancy (Sanghavi et al, 2014; Soma-Pillay et al, 2016).
Together, these effects culminate in an increase in circulating ANGII (Cheung and
Lafayette, 2013). It is therefore surprising that despite increases in ANGII, normal
pregnancy is characterised by a fall in mean arterial pressure. This is due to a
developed resistance to ANGII during gestation which is lost post-partum. This
resistance may be explained by the presence of other vasoactive substances such
as progesterone, vascular endothelial growth factor and relaxin (Cheung and
Lafayette, 2013). Ang-(1-7) during pregnancy is increased and contributes to
vasodilation alongside the downregulation and monomeric composition of the
AT1R and upregulation of AT2R (Lumbers et al, 2019). The increased release of
Ang-(1-7) may be due to the increased circulating levels of ANGIlI and high
expression of ACE2 within the placenta that is observed in early pregnancy

(Lumbers and Pringle, 2014). This heightened ACE2 expression is limited to non-



invasive syncytiotrophoblasts. Maternal activation of the mineralocorticoid receptor
by rising levels of aldosterone, additionally, appears to be essential for trophoblast

growth and normal placental function (Sanghavi et al, 2014).



1.2 Hypertensive Disorders of Pregnancy

Hypertensive disorders of pregnancy remain one of the most common
complications of pregnancy, affecting 5-10% of all pregnancies (Moussa et al,
2014). They are regarded as syndromes, caused by the influence of both genetic
and acquired factors (Umesawa and Kobashi, 2017). There are a variety of
associated risk-factors that may lead to or exacerbate the negative outcomes
associated with a pregnancy affected by these disorders including obesity,
maternal age and multiparity, among others (Hutcheon et al, 2011). As the
incidence of both hypertension and obesity continues to rise worldwide,
understanding the underlying pathology of these disorders and identifying targeted
therapies is becoming an area of great importance in order to translate research

findings to clinical practice (Moussa et al, 2014).

1.2.1 Classification of Disorders

The classifications and diagnostic criteria of these disorders varies internationally
but can generally be divided into four distinct categories based on their clinical
presentation: (1) pre-existing or chronic hypertension, (2) gestational hypertension,
(3) pre-eclampsia (PE) and (4) chronic hypertension with superimposed pre-
eclampsia (SPE) (Naderi et al, 2017). All hypertensive disorders of pregnancy are
categorised by an elevated blood pressure, or hypertension, defined as a systolic
pressure = 140mmHg and/or a diastolic pressure = 90mmHg. Some patients may
present with severe hypertension, that is a systolic pressure = 160mmHg and
diastolic pressure =2 110mmHg (Magee et al, 2015). Pre-eclampsia is additionally
defined by the presence (or worsening) of proteinuria at 20 weeks or more of
gestation. Proteinuria itself can be defined by a variety of measurements: either as
a 24-hour urinary protein excretion = 300mg or by an albumin/creatinine ratio =
30mg/mol in singleton pregnancies (= 40mg/mol in multiple pregnancies)
(Hutcheon et al, 2011; Magee et al, 2015).

1.2.1.1 Chronic and Gestational Hypertension

Chronic hypertension is characterised by the presence of an elevated blood
pressure diagnosed prior to or in the first 20 weeks of gestation. Where
hypertension is diagnosed after the first 20 weeks, it may only be classified as
chronic hypertension if the blood pressure remains elevated for 12 weeks post-

partum (Hutcheon et al, 2011). Chronic hypertension is associated with an



increased risk of PE, intrauterine growth restriction, pre-term delivery and
premature separation of the placenta before term (Leeman et al, 2016; Magee et
al, 2015). Chronic hypertension may be complicated by the development of SPE
which can increase the likelihood of adverse maternal-fetal outcomes (Moussa et
al, 2014). Essential, also known as primary, hypertension accounts for

approximately 90% of chronic hypertension cases (Moussa et al, 2014).

Similar to chronic hypertension, gestational hypertension can be identified by an
elevated blood pressure, however this must occur at greater than 20 weeks of
gestation with the absence of proteinuria, and blood pressure must return to pre-
pregnancy levels by 12 weeks post-partum (Naderi et al, 2017). For this reason,
gestational hypertension is unique in that it can only be diagnosed in the post-
partum period as opposed to during the pregnancy (Hutcheon et al, 2011).
Gestational hypertension has an increased risk of PE that varies based upon fetal
age at the time of presentation. Approximately 35% of those who present with
gestational hypertension at <34 weeks develop PE in the following 5 weeks
(Magee et al, 2015). However, patients who in previous pregnancies have
experienced gestational hypertension are more likely to remain in this category
than they are to develop PE (Magee et al, 2015). Where gestational hypertension
presents at = 37 weeks of gestation, it is unlikely to have a substantial effect on
either maternal or perinatal morbidity. These patients do not usually require any

interventions (Moussa et al, 2014).

1.2.1.2 Pre-eclampsia and Super-imposed Pre-eclampsia

In addition to meeting the criteria for hypertension, pregnancies affected by pre-
eclampsia must do so at 20 weeks or more of gestation and additionally must also
meet the criteria for proteinuria or one other severe feature of PE, described in
Table 1.1 (Brown et al, 2018a). Though patients can be prescribed
antihypertensives and modify their lifestyles, PE can be only resolved by delivery
of the placenta. However, it may take 24-hours for improvements to be noticeable
and blood pressure may not fall to normal levels for a further 6 weeks post-partum
(Anthony et al, 2016). Interestingly, it has been found that PE can occur in the
absence of fetus so long as there is a placenta, for example in the development of
hydatidiform moles (Chaiworaponsa et al, 2014). Pre-eclampsia is generally

regarded as the most severe hypertensive disorder of pregnancy and is known to



increase the future risk of cardiovascular disease in both mothers and their
offspring (Tooher et al, 2017). It is unclear whether PE is causative of later life
manifestations of cardiovascular disease or if it is an early indicator of
cardiovascular disease (Bokslag et al, 2017). This difficulty in determining the
association between the two is that many of the risk factors for developing
hypertensive disorders of pregnancy are also risk factors for cardiovascular

disease (Herrara-Garcia and Contag, 2014).

PE is complex in that it is a multi-organ disease with wide ranging effects to both
mother and fetus. As a result, it is possible to reach a diagnosis of PE in the
absence of proteinuria where there is at least one other severe feature of the
disease that may pose a life-threatening risk to either mother or fetus (Table 1.1).
As PE can affect multiple systems, it can vary in severity and duration from one
pregnancy to another and in some cases may present as asymptomatic (Anthony
et al, 2016). There are two distinct subtypes of PE distinguished by time of onset:
early and late. Early-onset PE is considered the more severe, life-threatening of
the two occurring prior to 34 weeks of gestation with late-onset occurring at 34
weeks or later (Lisonkova and Joseph, 2013). Early-onset PE is associated with
placental vascular lesions; however, it only represents ~12% of all PE cases
(Chaiworapongsa et al, 2014). It is unknown whether there are differing
pathological mechanisms between early- and late-onset PE, or whether they
represent gradients of severity. PE is considered dangerous not only due to end-
organ damage, but for the potential progression to eclampsia- the sudden onset of
grand mal seizures in the absence of other neurological conditions (Chen et al,
2014). HELLP syndrome (haemolysis, elevated liver enzymes and low platelets) is
a particularly severe form of PE which is thought to occur as a result of substantial
hepatocellular injury in the form of unruptured hepatic and subcapsular
haematomas (Hutcheon et al, 2011). HELLP syndrome is difficult to diagnose as
blood pressure may only be slightly elevated, contrary to the general criteria for PE
(Moussa et al, 2014). It is now accepted that PE has a placental origin and is
associated with abnormal remodelling of the maternal uterine vasculature (Fig.
1.10).

Similar to PE, SPE can be diagnosed on its own or with severe features. It is
defined as the exacerbation of previously well-controlled hypertension and/or the

onset of new proteinuria or worsening of existing proteinuria (Moussa et al, 2014).



SPE complicates 25% of cases of chronic hypertension during pregnancy (Brown
et al, 2018a). The severe features of SPE include thrombocytopenia, elevated liver
transaminases, new-onset or worsening renal insufficiency, pulmonary oedema

and persistent cerebral or visual disturbances (Guedes-Martins, 2016).



Table 1.1 Summary of Low and High Severity Features of Pre-eclampsia

Severity
Affected System Low High
Cerebrovascular
Headache Haemorrhage leading to
stroke, TIA or RIND
Central Nervous Progression to
System Visual Disturbances eclampsia
(cortical blindness and Posterior reversible
retinal detachment encephalopathy

syndrome

Uncontrollable or severe
hypertension (SBP =

_ Chest pain 160mmHg, DBP =
Cardiovascular & 110mmHg)

Respiratory Systems

Dyspnoea Pulmonary oedema
Falling O2 saturation Myocardial ischaemia or
(<90%) infarction
Thrombocytopenia (<
Increased WBC count 100 x 109L)
Haematological Increased aPPT

Required transfusion of

Decreased platelet blood products

count

Increased serum Acute kidney injury or

creatinine (1.1mg/dL) marked decre_ase n
Renal renal function

Increased serum uric . . .
Required dialysis

acid
Increased transaminase
Nausea and vomiting levels in the liver (> 2x
Hepatic the normal range)

Possible haematoma

Epigastric pain and rupture

IUGR Stillbirth
Absent or reversed
Feto-pl tal
eto-placenta EDF (assessed by Placental abruption

Doppler ultrasound)

The varied effects and presentations of pre-eclampsia in multiple systems in the body,
categorised as low or high severity. High severity symptoms increase the risk of
progression from pre-eclampsia to superimposed pre-eclampsia (on chronic hypertension),
eclampsia and HELLP syndrome. (aPPT,; activated partial thromboplastin time, DBP;
diastolic blood pressure; EDF; end diastolic flow, IUGR; intrauterine growth restriction,
RIND; reversible ischaemic neurological deficit, SBP; systolic blood pressure, TIA;
transient ischaemic attack, WBC; white blood cell). (Anthony et al, 2016; Hutcheon et al,
2011; Leeman et al, 2016; Magee et al, 2015; Moussa et al, 2014; Naderi et al, 2017,
Brown et al, 2018a).
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Figure 1.10: Abnormal Remodelling of the Maternal Vasculature in Pre-eclampsia
(Sourced: Parham, 2004).

In a non-pregnant individual (left), the maternal uterine spiral arteries are high-resistance
vessels with a small diameter, extending from the surface of the uterine wall to connect to the
systemic blood supply. During a normal pregnancy (right) EVTs invade the spiral arteries to
trigger remodelling, increasing the luminal size and blood flow towards the placenta. In pre-
eclampsia (middle), this process is dysfunctional resulting in an inadequate remodelling of the
maternal vessels, preventing sufficient blood flow to the fetus thereby limiting the delivery of
nutrients and oxygen. (EVT; extravillous cytotrophoblast, NK cell; natural killer cell).



1.2.2 Prevalence and Impact

Despite continued efforts to reduce maternal mortality, it remains a large
healthcare concern in developed and developing countries alike. Approximately
five million people give birth each year in the European Union alone (Bouvier-Colle
et al, 2012). According to the World Health Organisation (WHO), in 2017
approximately 295,000 individuals died during or following childbirth, with most
being preventable deaths (World Health Organisation, 2019). WHO defines
maternal mortality as the “death of a woman during pregnancy or within 42 days
after its end regardless of duration or place of pregnancy” (Reinke et al, 2017).
Indeed, maternal mortality has such an impact that it became a target of the
United Nations Millennium Development Goals (MDG); aiming to reduce the
maternal mortality ratio by 75% (for the period 1990 — 2015) (United Nations,
2015). Maternal mortality has declined globally by 45%, likely due to improved
prenatal and antenatal care particularly in rural and developing countries, reflected
by an increase in the number of skilled healthcare professionals attending births
and in the number of antenatal care visits (Gaffey et al, 2015). Despite this
decrease, it has still fallen short of the MDG’s estimates and remains an area of

concern in many countries.

Hypertensive disorders of pregnancy account for approximately 16% of maternal
deaths (Deak and Moskovitz, 2012) and are the second largest cause of death in
the maternal population, following haemorrhage (Say et al, 2014). Hypertensive
disorders of pregnancy, on average, affect 5-10% of all pregnancies worldwide
(Lai et al, 2017). Interestingly, unlike haemorrhage, deaths due to hypertensive
disorders of pregnancy are similar between developed and developing countries
(Say et al, 2014; Kassebaum et al, 2014). The prevalence of hypertensive
disorders of pregnancy varies between countries and is dependent on the disorder
(5.2-8.2% chronic hypertension; 1.8-4.4% gestational hypertension; 0.2-9.2% pre-
eclampsia) (Umesawa and Kobashi, 2017). The disparity in maternal mortality
rates between countries and between studies cannot be ignored and is commonly
attributed to an under- or misreporting of maternal cause of death of up to 50%
(Say et al, 2014; Bouvier-Colle et al, 2012). Additionally, it is unclear in many
reports whether maternal death caused by hypertension during pregnancy is
included as a co-morbidity (or indirect cause) or if it is a direct cause of death

(Kassebaum et al, 2014). These issues in reporting maternal mortality make it



difficult to fully ascertain the impact of hypertensive disorders of pregnancy on a
global scale and how this may change between countries. Consequentially, this
creates difficulties in creating and managing preventative treatment strategies for

various health care services.

Despite these difficulties in reporting maternal mortalities, clinical data collection
has allowed us to identify important risk factors (Table 1.2) that may promote the
development of a hypertensive disorder of pregnancy and to understand how
those affected by these disorders may be affected in their futures. Of concern is
that many of the risk factors identified for hypertensive disorders of pregnancy are
also common risk factors for essential hypertension, such as, obesity, age and
modifiable risk factors (Singh et al, 2016). These similarities make both
hypertension during pregnancy and essential hypertension difficult to easily
classify as both conditions are multifactorial and can be influenced by various
different factors from genetic to environmental. These identified risk factors are
also becoming more common in individuals of child-bearing age, thereby
increasing the likelihood of a pregnancy to be affected by one of these disorders
(Ebbing et al, 2017; Adam, 2017). As the incidence of hypertensive disorders of
pregnancy rises, so too does the incidence of future cardiovascular disease in the
very same population and in their offspring (Davis et al, 2012; Tooher et al, 2017).
The ability to accurately predict high risk individuals and initiate one of the few
preventative treatments available is key in reducing not only maternal and fetal
mortality at the time of pregnancy, but in reducing the number of future

cardiovascular disease cases that may arise from affected mothers and offspring.



Table 1.2. Common Risk Factors in the Development of Hypertensive
Disorders of Pregnancy

Common Maternal Risk Factors

¢ Nulliparity

e Multiparity

¢ Familial history of hypertensive disorder of pregnancy, chronic hypertension,
diabetes mellitus (types | or Il) or renal disease

e Pre-existing hypertension, proteinuria or other cardiovascular disease such as
type | diabetes mellitus

e Smoking (inversely related to PE risk)

e Obesity — BMI = 25kg/m?

e Insulin resistance

e Anaemia

o Maternal age > 40 years

e Pregnancy interval > 6 years

Common shared risk factors among hypertensive disorders of pregnancy. All of the
indicated factors increase maternal risk for developing hypertensive disorders of
pregnancy, with the exception of smoking which has an inverse risk associated with PE.
These risk factors are also common to other types of cardiovascular disease out with
pregnancy. (BMI, body mass index; PE, pre-eclampsia). Ebbing et al, 2017; Magee et al,
2015; Naderi et al, 2017; Tooher et al, 2017; Umesawa and Kobashi, 2016; Wenger,
2014).

1.2.3 Maladaptation’s to Maternal Cardiovascular Function

As outlined in 1.1.2, the ability for the maternal cardiovascular system to adapt to
the rapidly changing needs of the mother and fetus throughout gestation is key in
the completion of a healthy pregnancy. Disruption of any one of these processes
can lead to a number of pathophysiological states that are detrimental to mother
and fetus. Understandably, hypertension during pregnancy is inexplicably linked to
cardiovascular dysfunction. It has been posed by many that pregnancy acts as a
stress test for the cardiovascular system and that development of a hypertensive
disorder of pregnancy merely reflects underlying cardiovascular disease or is an
indicator of those will go on to develop cardiovascular disease in later life (Naderi
et al, 2017). This population of patients are also associated with a four-fold

increase in the development of post-partum heart failure (deMartelly et al, 2021).



There are many similarities in pathophysiology between hypertensive disorders of
pregnancy with few being specific to one disorder alone. In the following sections
of this chapter, the focus will be on pre-eclampsia and super-imposed pre-
eclampsia for brevity as most hypertensive disorders increase the risk for
progression to one of these syndromes thus the underlying pathophysiology is

largely similar.

During pregnancy there is a state of chronic volume expansion that is normally
counteracted by the decrease in peripheral vascular resistance (Sanghavi and
Rutherford, 2014). Studies utilising echocardiography have shown that a mismatch
of these responses, even in healthy pregnancies, can lead to signs of cardiac
maladaptation that typically resolve within 12 months post-partum (Buddeberg et
al, 2018). These maladaptive changes occur in ~45% of PE pregnancies and show
overt diastolic dysfunction that does not resolve with delivery (Buddeberg et al,
2018). Changes in cardiac function are evident long before placental development
in both humans and rodents and literature suggests the volume-overload related
dysfunction predisposes to uteroplacental hypoperfusion and placental stress
which may alter the maternal endothelial response and subsequently give rise to
PE (Gyselaers and Thilaganathan, 2019). Pregnancies affected by PE also show
ECG abnormalities that precede the onset of clinical symptoms that are indicative
of abnormal ventricular repolarisation (Raffaelli et al, 2014). Castleman and
colleagues (2016.) also found evidence of left ventricular remodelling via
increased left ventricular mass, in the form of concentric hypertrophy, and total
vascular resistance in PE pregnancies. Despite speculation that late- and early-
onset PE represent gradients of severity, studies have noted distinct differences in
cardiac function between the two. Early-onset PE was found to be associated with
diastolic dysfunction in the second trimester whilst this evolves in the latter half of
pregnancy in late-onset cases suggesting the causative factors differ in each
(Valensise et al, 2008; Fig. 1.11). Stroke volume has been found to be reduced in
pregnancies with PE when compared to normal pregnancy in the first trimester
alongside reductions in cardiac output, with both being more pronounced in early-

onset cases (Castleman et al, 2016; Gyselaers and Thilaganathan, 2019).

Whilst the precise mechanisms that underlie the pathophysiological changes in the
maternal heart during PE are not fully understood, it is hypothesised that a failure

of the endothelium to elicit vasodilation to maintain falling total peripheral



resistance gives rise to hypertension, increasing systemic pressure and cardiac
output, resulting in multi-organ effects (Anthony et al, 2016). Studies have found
that biomarkers of endothelial activation are increased in PE alongside evidence of
endothelial dysfunction in conduit vessels well before clinical presentation and this
persists post-partum (Tannetta and Sargent, 2013). There is also an elevation of
endothelial adhesion molecules vascular cell adhesion protein 1 (VCAM-1) and
intracellular adhesion molecule 1 (ICAM-1) in severe PE when compared to
normal pregnancy (Ahmed et al, 2016). Endothelial dysfunction in PE is thought to
be induced by rising levels of the placentally-derived anti-angiogenic factors
soluble FMS-like tyrosine kinase-1 (sFlt-1) and soluble transforming growth factor
B (TGFB) co-receptor endoglin (sEng). sFlt-1 levels are indeed raised in PE
pregnancies and are thought to antagonise vascular endothelial growth factor
(VEGF) and placental growth factor (PIGF), both of which are required for
maintenance and integrity of the maternal endothelium (Ahmed et al, 2016;
Tannetta and Sargent, 2013). sEng is known to antagonise the biological effects of
TGFB (required for vascular endothelial maintenance) in a severity dependant
manner alongside sFlt-1 in vivo (Venkatesha et al, 2006). Walshe and colleagues
(2009) found that overexpression of sEng in mice lead to endothelial activation
and the expression of pro-inflammatory molecules involved in leukocyte function,
suggesting the rises in sFlt-1 and sEng cause endothelial dysfunction that
promotes a pro-inflammatory state in PE giving rise to its characteristic
hypertension and proteinuria. Given that both sFlt-1 and sEng are produced within
the placenta, it is unsurprising that abnormal maternal endothelial function has
been linked by many studies to embryo implantation (Gyselaers and
Thilaganathan, 2019). Literature suggests that an increased circulatory burden of
trophoblastic tissue released by the abnormal placenta combines with components
of oxidative stress, inflammation and anti-angiogenesis that alter systemic

maternal endothelial function (Anthony et al, 2016).
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Figure 1.11: Cardiorenal Interactions Underlying Early- and Late-Onset Pre-eclampsia
(Sourced: Gyselaers and Thilaganathan, 2019).

lllustrative representation of the pathophysiological mechanisms that contribute to the
development of cardiac dysfunction in early- and late-onset PE. Early-onset PE is associated
with a deficient cardiovascular reserve that gives rise to ventricular diastolic dysfunction by the
second trimester. In contrast, ventricular diastolic dysfunction in late-onset PE is associated
with a state of chronic volume overload that leads to the development of ventricular diastolic

dysfunction in the latter half of pregnancy. (PE; pre-eclampsia).



1.2.4 Defective Vascular Remodelling

Vascular remodelling is crucial for the successful adaptation of the maternal
systems to a normal pregnancy in order to account for the increase in blood
volume and to adequately regulate maternal blood pressure. Placental pathologies
typically begin to arise during the first trimester in humans but are often unable to
be diagnosed until the last trimester where major functional and structural
abnormalities are easily identifiable (Thompson et al, 2016). Similar changes can
be seen in rodent models of hypertensive pregnancy, such as the spontaneously
hypertensive stroke prone (SHRSP) rat where changes in gene expression have
been identified at gestational day (GD) 6.5 (Scott et al, 2021), whilst structural
changes become apparent in late pregnancy at GD18.5 (Small et al, 2016).

In order for a healthy pregnancy to succeed the maternal spiral uterine arteries
must undergo significant remodelling during placentation, a process which is
initiated by the invasion of EVTs, thereby allowing an adequate flow of blood
towards the fetus. Failure of the EVTs to complete this process leads to ~50%
reduction in uteroplacental flow (Davis et al, 2012). Incomplete invasion of EVTs
causes a failure of the myometrial portion of the SpA to transform in the second
trimester and increases the likelihood for atherosclerotic plaque-like lesions in
these vessels (Chaiworapongsa et al, 2014; Fig. 1.10). It is not clear what
prevents EVTs from invading the SpA in PE. The specificity of EVT invasion into
the arteries suggests the involvement of oxygen or haemodynamics, in particular
the influence of oxygen gradients in directing EVT migration. A persistent hypoxic
state after 9 weeks of gestation may alter trophoblast differentiation resulting in
shallow invasion and poor remodelling, though this theory is yet to be confirmed
(Chaiworapongsa et al, 2014). This chronic hypoxic state is believed to trigger the
release of reactive oxygen species, hypoxia-inducible factor 1-a and TGF-$1
(Verdonk et al, 2014). Indeed, elevated levels of HIF-1a have been noted in
placentae of PE pregnancies (Chaiworapongsa et al, 2014). On the other hand, a
study by Leno-Duran et al (2010) utilising immune-deficient mice showed that their
lack of SpA remodelling did not lead to chronic hypoxia within the placenta.
Additionally, levels of s-FIt-1 remain elevated in placental explants cultured in
atmospheric conditions (Ahmad and Ahmed, 2004). Thus, the theory of persistent

hypoxia as the initiating factor in EVT invasion failure is disputed.



One theory is the involvement of an irregular maternal immune response to the
fetus involving uNKs. A study also utilising immune deficient mice lacking SpA
remodelling found they remained normotensive and did not develop a PE-like
phenotype (Burke et al, 2010). It has been suggested that uNK cells may ‘prime’
the uterus for vascular remodelling prior to EVT invasion through the secretion of
various cytokines (interleukin-8, tumour necrosis factor-a and interferon-y) and
vasoactive factors (angiopoietin-1, ANGII, interferon-y and VEGF), all of which
possess corresponding receptors found in the spiral arteries (Wallace et al, 2012).
There is conflicting evidence on uNK involvement with some studies showing
increased uNK levels measured using immunohistochemistry and flow cytometry
in PE patients, whilst others report a reduction in placental bed biopsies from
those with PE at term (Ahmed et al, 2016). Finally, it has been proposed that
pregnancy-associated hormones present at high concentrations at the fetal-
maternal interface may also be responsible for the initiation of EVT invasion,
namely human chorionic gonadotrophin, progesterone and oestradiol, with all
having various actions such as promotion of angiogenesis, uNK recruitment and
trophoblast differentiation (Chen et al, 2012).

The failure of the SpA to adequately transform inhibits uteroplacental perfusion
and leads to a state of continuous ischaemia/reperfusion injury. This repeated
injury promotes endoplasmic reticulum stress (Tanetta and Sargent, 2013). An
inability of the endoplasmic reticulum to restore cellular haemostasis causes
necrosis and apoptosis of the SBT layer and subsequent oxidative stress and
inflammation. This is recognised by gross pathological changes that include
placental infarctions and ischaemic lesions, particularly in severe PE (Tannetta
and Sargent, 2013; Ma’ayeh et al, 2020). Ischaemia/reperfusion injury is also
thought to increase the secretion of sFlt-1 and sEng into maternal serum and this
underlies some of the maternal clinical presentation of PE (Ma’ayeh et al, 2020).
The oxidative stress caused by recurring ischaemia/reperfusion injury not only
increases trophoblast debris, but also generates pro-inflammatory cytokines and
chemokines (Chaiworapongsa et al, 2014). Oxidative stress can also lead to DNA
damage and inhibition of protein synthesis and nitration, all of which have been
found in PE placentae (Ahmed et al, 2016). Furthermore, pregnancies affected by
PE have been noted to show mitochondrial dysfunction in trophoblasts as well as
decreased expression of superoxide dismutase and glutathione peroxidase, both

crucial factors in maternal antioxidant mechanisms (Ma’ayeh et al, 2020; Ahmed et



al, 2016). Whether increased reactive oxygen species production and oxidative

stress are initiators of PE or rather symptoms of it are still debated.

1.2.5 Dysregulation of the Maternal Renin-Angiotensin
Aldosterone System

In order to compensate for the various haemodynamic changes that occur during
pregnancy, the RAAS undergoes significant shifts in the expression and secretion
of its various components. As the kidneys are heavily involved in the control of
blood volume and therefore blood pressure, it is unsurprising that an inability of the
RAAS to adapt to pregnancy-specific changes is associated with hypertension
during pregnancy or that chronic renal disease is a prominent risk factor in their
development (Vest and Cho, 2014). In contrast to the changes outlined in 1.1.4.2,
during a PE pregnancy there is a marked decrease in plasma volume expansion
which leads to an elevated blood pressure and insufficient uteroplacental perfusion
(Verdonk et al, 2014).

Despite a decrease in circulating volume, almost all the components of the RAAS
are downregulated in PE (Fig. 1.12) (Verdonk et al, 2014). Interestingly, though its
expression is downregulated, there is an increase sensitivity to ANGII in PE that is
apparent from 24 weeks of gestation, causing vasoconstriction (Hussein and
Lafayette, 2014; Chaiworapongsa et al, 2014). The increased sensitivity to ANGII
is due to an upregulation and heterodimerization of the AT+R to bradykinin B2
receptors and the production of AT1R autoantibodies (Hussein and Lafayette,
2014). These autoantibodies are capable of activating AT1Rs in the endothelium
and vascular smooth muscle, stimulating NADPH oxidase (NOX) to produce ROS
and stimulate placental sFlt-1 production (Chaiworapongsa et al, 2014; Chen et al,
2014). It is well known that the RAAS is heavily involved in angiogenesis in several
tissues. ANGII is known to induce angiogenesis via an interaction with the AT1R, a
mechanism which may underlie placental angiogenesis and spiral artery
transformation (Lumbers and Pringle, 2014). Thus, down-regulation of the RAAS
in hypertensive disorders of pregnancy may contribute to defective vascular
remodelling and abnormal placentation. Additionally, the presence of ATiR
autoantibodies may also have an effect in inhibiting angiogenesis. Whilst the
circulating levels of angiotensinogen are unaltered in PE, there is an alteration in
the type of angiotensinogen. That is, in PE there is an increase in a high molecular

mass form of angiotensinogen complexed with proMBP (proform of eosinophil



major basic protein), altering the kinetics of its cleavage by renin and potentially
contributing to the observed reduction in plasma renal activity (Verdonk et al,
2014). Renin production is known to be overall suppressed in PE; however, some
theorise that increased local renin production within the placenta may occur in
response to placental ischaemia (Hussein and Lafayette, 2014). Suppression of
renin production in the kidneys is thought to be a result of AT1R activation by
autoantibodies thereby interfering with the ANGII-renin feedback loop (Verdonk et
al, 2014). There is also evidence that both aldosterone and Ang-(1-7) are reduced

in pregnancies affected by PE (Verdonk et al, 2014).

PE is often associated with glomerular lesions, where the glomeruli become
enlarged and renal plasma flow is reduced due to swelling and hypertrophy of the
endothelial cells within the glomerular capillaries (Karumanchi et al, 2005). This
particularly affects the fenestrated endothelium of glomeruli where the swelling
causes loss of fenestrations (Tannetta and Sargent, 2013). This endotheliosis
results in a decreased glomerular filtration rate and recent studies have shown
evidence that there is also a loss of size and charge selectivity of the glomerular
barrier, contributing to the proteinuria that is characteristic of PE in particular
(Karumanchi et al, 2005). It is hypothesised that these lesions are mediated by
placental s-Flt-1/sEng associated inhibition of VEGF, PIGF and TGF[ triggered by
autoantibodies (Gyselaers and Thilaganathan, 2019). Disruption of glomerular
endothelial function can trigger further impairment of renal function via podocyte
dysfunction whereby podocytes detach and are excreted in the urine. This is
detectable well before onset of clinical PE symptoms (Gyselaers et al, 2019;
Tannetta and Sargent, 2013).
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Figure 1.12: Changes in RAAS Expression in Pre-eclamptic vs. Normal
Pregnancy
(Sourced: Verdonk et al, 2014).

During the normal pregnancy, components of the RAAS are upregulated. In
contrast, the opposite is true of PE where almost all RAAS components are
downregulated leading to renal dysfunction. This contributes to the elevated
blood pressure, endothelial dysfunction, reduced blood volume and proteinuria
characteristic of PE. = suppressed levels vs normal pregnancy,
squares = increased levels and squares no change. Solid lines =
stimulation and dashed lines = inhibition. (PE; pre-eclampsia, RAAS; renin-
aldosterone-angiotensin system).

1.2.6 Prediction, Prevention & Intervention Strategies

Perhaps the biggest therapeutic strategy for PE lies not in finding a cure, but
rather screening pregnancies to predict the disorder. This includes screening for
associated risk factors (Table 1.2), maternal history and routine blood pressure
measurements during antenatal visits (Dadelszen and Magee, 2016). More
recently, a first-trimester screening protocol has been developed that included

monitoring of mean arterial pressure, uterine artery pulsatility index and serum



PIGF concentrations. This protocol has shown promising success, identifying 90%
of cases of early-onset PE with a 5% false positive rate (Poon et al, 2009).
However, the protocol was less successful in identifying late-onset cases. Despite
this, the ratio of sFlt-1 to PIGF is still considered to be a useful biomarker in
predicting PE, with serum levels of sFlt-1 increasing 4-5 weeks prior to clinical
onset and decreasing PIGF levels observable at 9-11 weeks prior to clinical onset
(Naderi et al, 2017). Second- and third-trimester screening targets for PE include
placental perfusion measurements alongside assessment of maternal cardiac
output and renal function (Dadelszen and Magee, 2016). Though there are many
screening tools available, there is no one test that can accurately and reliably

predict the development of PE.

Where an individual is considered to be at high risk for the development of PE
one of many potential preventative strategies may be initiated. Many have
reviewed the role of calcium supplementation (1-2g/day) and have found
significant reductions in PE risk by 55% in normal dietary intake groups and 64%
in low dietary calcium groups (Lassi et al, 2014). Calcium also appears to have a
protective effect on maternal mortality as well as lowering the risk of low birth
weight and still birth (Dadelszen et al, 2016). Magnesium homeostasis is also
crucial during a healthy pregnancy and magnesium deficiency has been linked to
PE development (de Araujo et al, 2020). Magnesium levels are reduced in
erythrocyte membranes, brain, muscle and in the plasma of those with PE during
pregnancy (Rylander, 2015). Similarly, magnesium deficiency has also been
associated with cardiovascular death and stroke (Rylander, 2015). Indeed, studies
have reported a reduced PE risk when pregnant individuals were given
magnesium supplementation (de Araujo et al, 2020). On the other hand, a
systematic review of ten clinical trials showed no significant effect of magnesium
supplementation on PE risk, still birth or fetal growth restriction (Makrides et al,
2014) leaving the debate very much ongoing. Finally, aspirin, an anti-platelet agent
thought to target the imbalance between vasoconstrictor thromboxane A2 and
vasodilator prostacyclin, may also be used to prevent pre-eclampsia in high-risk
groups. Evidence has emerged that shows a consistent reduction in PE risk,
preterm birth and other adverse pregnancy outcomes in those given low-dose
daily aspirin (Lassi et al, 2014; Naderi et al, 2017; Ma’ayeh et al, 2020)



Despite a lack of understanding on the underlying pathology of PE, there are a
wide variety of treatments designed to monitor and manage its symptoms that are
becoming more common practice worldwide. When treating any hypertensive
disorder of pregnancy, there must be a consideration for the health and well-being
of both the fetus and the mother. For this reason, many antihypertensive agents
are contraindicated that would normally be used such as ACE inhibitors and
angiotensin-receptor blockers due to an increased risk of fetal hypotension,
intrauterine growth restriction, renal failure and other congenital malformations
(Folk, 2018). It should be noted that unless there are severe features of the
disease present, antihypertensive treatment is reserved for mothers with chronic
hypertension in lieu of non-pharmacological treatments such as lowering dietary
sodium, regular blood pressure monitoring and blood tests and the potential for
premature delivery depending on clinical circumstances (National Institute for
Health and Care Excellence, 2011). Where the use of an antihypertensive is
deemed appropriate, the target blood pressure is 140/90mmHg and a diastolic
pressure no lower than 80mmHg to prevent compromised uteroplacental perfusion
and fetal hypotension (National Institute for Health and Care Excellence, 2011).
However, this is considered a borderline blood pressure and does not remove the

risk of further complications.

Antihypertensive treatments that are approved for the control of maternal blood
pressure are determined on the desired effect: long-term management postpartum
or acute lowering of blood pressure. In the case of the former, oral agents are
commonly used and include the a-/B-blocker labetalol, Ca%*-channel blockers such
as nifedipine, diltiazem or verapamil or centrally acting adrenergic agonists
including methyldopa and clonidine (Moussa et al, 2014). Other options include
second-line agents such as the diuretic hydrochlorothiazide, though these are
avoided in PE patients suffering from volume depletion (Moussa et al, 2014).
Labelatol and nifedipine may also be used in an acute setting as well as
hydralazine or sodium nitroprusside (Lassi et al, 2014; Moussa et al, 2014). Whilst
these agents may be effective in lowering maternal blood pressure, they merely

treat the signs and symptoms of PE, thus new treatments are severely lacking.

Novel treatments for PE are currently being researched with a focus on
immunological approaches. One such example is the use of an antidigoxin

antibody fragment digibind to target the elevated levels of endogenous digitalis-like



factors, such as marinobufagenin, in PE which has been found to lower maternal
blood pressure and preserve renal function in women with PE (Oparil and
Schmieder, 2013). Other approaches include the use of short interfering RNAs to
target the elevated levels of sFlt-1. Turanov and colleagues (2018) found that a
single dose of hydrophobically modified asymmetric siRNAs targeted against sFlt-
1 produced therapeutic benefit in a baboon model of PE in the absence of adverse
outcomes for the fetus. However, many of these novel therapeutics require

validation and are a long way from the clinic.

Other interventions during pregnancy are aimed at reducing the risk of further
complication and progress to a more severe form of disease. Magnesium sulphate
therapy (MgSOs) is indicated in women with PE to prevent the progression to
eclampsia and has been found in several trials to reduce stillbirths, maternal death
and seizure reoccurrence (Lassi et al, 2014). However, MgSO4 has shown other
beneficial effects. In a rodent model of PE using Q-nitro-L-arginine methyl ester (L-
NAME), MgSO4 significantly decreased proteinuria and maternal blood pressure,
increased production of nitric oxide, decreased levels of serum sFlt-1 and sEng
and reduced fetal mortality (Korish, 2012). Further, MgSO4 improved cardiac
function in ex vivo hearts of pregnant rats given L-NAME by preventing cardiac
depression, maintaining stroke volume and prolonging diastolic relaxation (Coates
et al, 2006). This lends further weight to the hypothesis that magnesium deficiency

plays a role in the generation of PE.



1.3 Maternal and Fetal Genetics

Evidence in the literature suggests that maternal and fetal genetics play an
influential role in the development of hypertensive disorders of pregnancy. Indeed,
a familial maternal history of PE is a risk factor not only for the development of PE
in subsequent pregnancies but also for future cardiovascular disease, particularly
in early-onset cases (Herrera-Garcia and Contag, 2014). There is also evidence to
suggest that paternal genes may play a role as seen by the effects of changing
partners and an increased risk associated with fathers born from a PE pregnancy
or those who had previously fathered a PE pregnancy (Burton et al, 2019). This is
perhaps unsurprising given that by its nature the placenta obtains 50% of its

genetic information from the father.

Though it is hypothesised that maternal, paternal and fetal genes influence the
development of hypertensive disorders of pregnancy, most studies concerning the
genetics of hypertensive disorders of pregnancy are focused on the placenta. The
placental genome is normally identical to that of the fetus as both are derived from
the same conceptus material. However, the human placenta has a high capacity
for mosaicism- spontaneously arising chromosome aberrations- which may trigger
abnormal placental development (Gobbo et al, 2020; Coorens et al, 2021).
Additionally, epigenetic alterations occur frequently throughout gestation. DNA
methylation is low at the time of implantation; however, it has been found to
increase between 28-40 weeks in humans which is thought to alter placental gene
expression in response to environmental factors such as smoking or diet
(Novakovic et al, 2011). Though hypertensive disorders of pregnancy stem from a
placental origin, maternal gene expression patterns should not be overlooked as a
contributing player to placental dysfunction as it is the maternal genetic response
that controls placentation, immunological tolerance of the fetus and appropriate

adaptation of the cardiovascular system.

1.3.1 The Maternal-Fetal Gene Conflict Theory

Whilst it is clear that genetics plays a role in the pathology of pre-eclampsia, the
contribution of maternal, paternal and fetal genes is unclear. One theory is that in
a normal pregnancy, the fetal gene expression pattern increases the transfer of
nutrients to the fetus whilst the maternal expression pattern functions to restrict

this nutrient transfer within specific boundaries to ensure optimal maternal health



(Ali and Khalil, 2015). The placenta is known to alter its genetic and phenotypic
response to a wide range of factors; studies have shown this can include changes
in the surface area available for nutrient transfer as well as the abundance of
nutrient transporters and metabolic rate (Burton and Fowden, 2012). This indicates
that maternal nutrient allocation to the fetus can be manipulated directly by
alterations to the placenta or indirectly by systemic changes in nutrient availability.
Therefore, asymmetry in the genes expressed by the mother and fetus may create
a situation where these genes are in conflict with one another. This conflict may
lead to the inappropriate spatiotemporal initiation of signalling events that could
precede or influence impaired placentation and vascular remodelling during

pregnancy (Kobayashi, 2015).

This gene-conflict scenario is thought to be partially influenced by imprinted genes.
Imprinted genes are preferentially expressed in a parent-of-origin manner within
the placenta, such that imprinted paternal genes increase placental and fetal
growth whilst imprinted maternal genes function in the opposite manner (Fowden
and Moore, 2012). These imprinted genes are able to alter resource allocation by
affecting trophoblast differentiation and organisation as well as vascularisation
(Fowden and Moore, 2012). Indeed, a maternal familial history of hypertensive
disorders of pregnancy is a known risk factor for their development.
Epidemiological studies have found an increased prevalence of PE in daughters
(23%) and daughters in-law (10%) related to those with a history of PE
pregnancies. However, there was no association between paternal familial risk
factors (Herrera-Garcia and Contag, 2014). Some studies contest this and claim to
show an association between paternal familial history and PE (Burton et al, 2019).
Despite the lack of information on the directional flow of information between fetus
and mother, several studies have identified genes that may increase the

susceptibility to develop disorders such as PE.

Genome-wide linkage studies have identified multiple gene loci on multiple
chromosomes, suggesting PE is a multi-genic disorder (Ali and Khalil, 2015).
Global gene expression patterns were analysed in the placentae of control and PE
patients. Thirty-six differentially expressed genes were identified in PE placentae,
of these thirty-one were downregulated including VEGF, hypoxia-inducible factor,
leptin, angiotensinogen, various cytokines and tumour necrosis factor-a (Founds et

al, 2009). In a more recent review, 250 differentially expressed genes were



identified across three data sets comparing control and PE placentae. Of these,
228 were upregulated and 22 were downregulated in PE (Mohamad et al, 2020).
Other studies have shown altered maternal gene expression in pathways related
to pregnancy maintenance, metabolism, oxidative stress and metabolism,
embryogenesis and development, implantation, placentation and decidualisation,
immune modulation and vascular function (Kobayashi, 2015). It has been shown
by Doridot and colleagues (2013) that fetal/paternal genes can also greatly impact
pregnancy outcome. When transgenic male mice overexpressing STOX1 (a
transcription factor associated with impaired trophoblast invasion) were crossed
with wild-type females to create heterozygous fetuses, mothers showed severe
gestational hypertension, proteinuria and an increased plasma level of anti-
angiogenic factors alongside alterations to kidney and placental histology similar to
the changes seen in PE (Doridot et al, 2013). This lends weight to the gene-
conflict theory. However, it is unclear in these studies to what degree, if any, these
expression changes were causative of a poorer pregnancy outcome like PE, or

whether they represent a response to placental and vascular dysfunction.

Though these studies can provide information on potential genetic drivers of
hypertensive disorders of pregnancy, they are not without their limitations. As
aforementioned, the placenta has a high capacity for spontaneous mutations that
are unrelated to either maternal or paternal gene expression patterns. These
somatic mutations have been shown to alter pregnancy outcome (Coorens et al,
2021; Eggenhuizen et al, 2021). Whilst this chromosomal mosaicism is most
prevalent in the pre-implantation stages and embryos appear to select against
cells carrying spontaneous mutations, it is estimated that one third of embryos
reaching the blastocyst stage still present with spontaneous chromosome
abnormalities (Eggenhuizen et al, 2021). These mutations can give rise to a
number of phenotypes in the fetus such as aneuploidy, with most resulting in
miscarriage in the early embryo (Gobbo et al, 2020). However, in cases where this
mosaicism is confined to the placenta alone it is possible for the fetus to survive
until term despite placental dysfunction. Though the fetus may survive,
pregnancies affected by this confined mosaicism are associated with fetal growth
restriction (Eggenhuizen et al, 2021). A study by Coorens et al (2020) found that
the placenta is more akin to a patchwork of individually distinct genetic units that
each vary from the last despite being sampled from the same placental region.

Therefore, whilst genome-wide linkage studies can provide an indicator of



potential genes and pathways involved in hypertensive disorders of pregnancy,
many of these studies used single samples from one region of the placenta.
Additionally, there was little uniformity in the regions of the placenta sampled
between studies. Given the high capacity for somatic mutations or mosaicism
within the placenta, it is almost impossible to draw certain conclusions from

genome-wide linkage studies.

1.3.2 Omics Technologies and Hypertensive Disorders of
Pregnancy

Historically, understanding the pathophysiology of complex disorders, particularly
multi-genic disorders, has focussed on protein-coding genes. In recent years,
however, research has broadened our understanding of how disease states can
arise not only from coding portions of the genome, but from non-coding portions.
RNA, or ribonucleic acid, has been found to exist in a variety of structures and in a
variety of locations playing multiple roles in protein coding, transcriptional
regulation, nuclear architecture and messenger RNA (mRNA) stability as well as

translation and post-translational modifications (Gong et al, 2021).

‘Omics’ technologies refer to a collection of disciplines aimed at characterising and
quantifying pools of biological molecules that may translate to molecular structure,
function and/or interactions. Genomics concerns the genome, transcriptomics
examines transcribed genes (mMRNA), proteomics is the large-scale study of
proteins and metabolomics is the study of metabolite production. Omics
technologies have been instrumental in the field of pregnancy research,
particularly in the search for biomarkers of complex hypertensive disorders of
pregnancy such as PE (Benny et al, 2020; Odenkirk et al, 2020; Liu et al, 2019).
Both proteomics and metabolomics have been used to examine the placentae of
patients with and without PE alongside investigating potential changes in proteins

or metabolites in animal models of PE (Kedia et al, 2019; Mary et al, 2021).



1.3.2.1 Transcriptomics

Whole transcriptome analyses are also increasingly being employed as an
unbiased approach to investigate the genetic and epigenetic contribution to
disease manifestation. Due to the dynamic nature of pregnancy, transcriptome
analysis can be used to understand the accompanying patterns of transient gene
expression of the placenta in healthy and diseased conditions such as PE,
recurrent pregnancy loss or fetal growth restriction, among others (Gong et al,
2021; Li et al, 2022). Generally speaking, across the literature two approaches are
used to profile the transcriptome: microarrays and next-generation RNA
sequencing (Yong and Chan, 2020). Microarrays use modified complementary
DNA templates of an RNA sample set. These templates become hybridised to a
set of DNA probes fixed to a solid surface (Cox et al, 2015). Binding to the DNA
probes then elicits either direct or indirect detection of fluorescence which can be
used to quantify gene expression (Cox et al, 2015). However, it is limited in that it
cannot detect gene expression if the species-specific gene-probe is not present in
the array. As microarrays provide information on specific genes rather than the
whole genome, it is difficult across studies to reach a consensus due to differing
study designs and probe choices. If studies were to use similar arrays there is the
danger of artificially inflating the significance of certain expression changes.
Moreover, much of the microarray data generated from placentae was produced
when RNA biology was less well understood and not all transcripts were
detectable by available probes (Yong and Chan, 2020). RNA sequencing is more
sensitive when compared to microarrays and is able to detect rare or novel RNA
transcripts in the coding and non-coding portions of the whole genome, is not
bound by species and is able to detect single-nucleotide variations (Yong and
Chan, 2020).

Several studies using microarray-based genome wide profiling have been
conducted in placental tissues from human PE pregnancies to attempt to identify
susceptibility genes. Literature reports the involvement of genes related to
metabolism, oxidative and vascular stress and the immune system, among others
(Louwen et al, 2012; Kobayashi, 2015). A review of single nucleotide
polymorphism (SNP) arrays based on phenotype data generated from genome
wide association studies by Benny and colleagues (2020) found associations with

genes involved in calcium signalling and the control of follicle-stimulating hormone



levels. Profiling with RNA sequencing has shown the upregulation of genes with a
known association with PE such as Flt-1, PIGF and VEGF as well as hypoxia
signalling and transcription factor networks (Benny et al, 2020). Gong et al (2021)
also reported an increased expression of follistatin-like 3 at the gene level which
was reflected by an increased level of protein in the serum of patients with PE or

fetal growth restriction and was identified by RNA sequencing.

The majority of these studies have focussed on protein-coding genes, and whilst
this has been effective, the advent of sequencing technologies has allowed us to
investigate non-coding RNAs. More than 93% of the genome is known to be
transcribed, however, a mere 2% of this is mMRNA with the remaining made up of
non-coding RNAs (Casamassimi et al, 2017). These RNAs are small (<200
nucleotides in length) and include micro-RNA, piwi-interacting RNA, small
interfering RNA, transfer RNA, circular RNA and small nucleolar RNA (Cox et al,
2015). A distinct subtype of non-coding RNAs are long non-coding RNAs (IncRNA)
which are over 200 nucleotides in length. All of these RNA subtypes have been
shown to have varied effects on gene expression including translational
repression, mMRNA degradation and silencing of transposons and repetitive
sequences to maintain genomic stability (Casamassimi et al, 2017). LncRNAs
appear to have additional functions as key regulators of gene expression including
acting as micro-RNA host genes or sponges, antisense transcription factor decoys
or guides for chromatin remodelling (Fig. 1.13). Unlike many other RNA subtypes,
IncRNA research is still in its early days and characterisation of these IncRNAs
and their potential involvement in pathophysiological states is complicated as a

result.

Another obstacle in the application of transcriptomics to investigating hypertensive
disorders of pregnancy is the use of placental tissue. Whilst these disorders stem
from a placental origin, the placenta itself is composed of many distinct cell types
each with specific roles and thus expression patterns. It has also been shown that
the placental transcriptome provides dynamic, state-specific information and this
transcriptome is distinct between each of the placental layers in rats (Shankar et
al, 2012). Some studies have sought to counteract this by using single cell RNA
sequencing. One such study focussed on the profiles of individual cell populations
arising from the placenta and maternal decidua, thus informing our understanding

of the maternofetal interface. Researchers found distinct transcriptional signatures



for decidual stromal and uterine natural kKiller cells (Nelson et al, 2016). However,
this analysis was only able to detail the maternal response in relation to shallow
trophoblast invasion without examining the maternal vasculature. Thus, whilst our
understanding of specific pathways may be enhanced there is still no
understanding of the ways in which these populations interact and thus influence
one another. Additionally, most of these studies have focussed on placental or
decidual tissue at term. The ethical limitations and inaccessibility issues
surrounding uterine tissue samples from early gestational time points presents a
significant barrier in determining whether these expression changes at term are
causative of dysfunctional placentation or merely reflect a maternal adaptation to
it. To add to this, very few studies as a result have used samples from the
maternal spiral arteries, which are key in the development of a healthy pregnancy
and hypertensive disorders of pregnancy, severely limiting our understanding of
the early genetic events that underlie maternal vascular remodelling in response to

functional and dysfunctional placentation.
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Figure 1.13: Diverse Functions of Long non-coding RNAs
(Sourced: Sweta et al, 2019).

LncRNAs are now being recognised as key regulators of genome regulation via
variety of actions. A) Guide IncRNAs may activate or inhibit gene expression
through re-localisation of regulatory factors by chromatin modifying enzyme. B)
Scaffold IncRNAs help transient ribonucleoprotein complex assembly. C)
LncRNAs may also act as decoys, binding transcription factors to inhibit its
regulation. D) LncRNA sponges are able to bind microRNA and inhibit their
influence on gene expression. E) They may also function as primary microRNA
precursors to direct specific microRNA expression. F) Finally, transcription of
IncRNAs may also initiate long range gene regulation in regulatory portions of
the genome.



1.4 Animal Models of Hypertensive Pregnancy

Modern biomedical research has benefitted substantially by the advent of
accessible model organisms — particularly rodents — to study pathophysiological
processes. This is particularly true in the context of hypertension and pregnancy.
Whilst it is possible to study human placental samples at term, or in rare cases
from elective abortions, this provides us with only a snapshot of the dynamic
processes involved in healthy and hypertensive pregnancy (Guttmacher et al,
2014). Additionally, it is incredibly difficult to assess changes that occur in the
cardiovascular, renal and uteroplacental systems in humans during pregnancy as
the most reliable of these procedures are often invasive and confer additional risk

to the fetus.

As outlined in 1.1.1, both humans and rats share a haemochorial placenta with
only a few differences in gross structure and organisation. For this reason, they
are an excellent model of pregnancy. However, the benefits of utilising rats to
understand haemochorial placentation and the genetic and physiological changes
of early gestation are not universally agreed upon with some expressing concerns
of evolutionary divergence (Soares et al, 2012). Despite this, rodent models of
pregnancy and its related disorders have proven useful in understanding both the
underlying mechanisms and maternal responses to healthy and hypertensive
pregnancy. It is important to note that no animal model is perfect in recapitulating
human hypertensive pregnancy and researchers must exercise care when

extrapolating from such models.

Hypertensive rat strains have proven to be very useful when investigating
hypertensive pregnancy and range from the stroke-prone spontaneously
hypertensive rat that is bred with a predisposition to hypertension to strains in
which a high dietary salt intake is necessary to elicit hypertension, such as the
Dahl salt-sensitive strain, mimicking the environmental factors that influence the

development of hypertension in humans (Graham et al, 2005).



1.4.1 The Stroke-Prone Spontaneously Hypertensive Rat

The stroke-prone spontaneously hypertensive (SHRSP) rat is a genetic model of
severe hypertension and cerebral stroke first derived by Okamoto and colleagues
in 1974. This was achieved by selective breeding of Wistar Kyoto (WKY) rats that
had spontaneously developed hypertension when fed a Japanese diet (high
sodium, low potassium and protein) rather than the normal Western chow. After
many generations of selective breeding, the strain known as the spontaneously
hypertensive (SHR) rat was created. A subset of these severely hypertensive rats
were observed to develop symptoms of stroke at high frequency when fed a high-
salt diet. Further selective breeding of these animals led to the generation of the
SHRSP strain (Carswell et al, 2005, Fig. 1.14A). As the use of this strain in
research has increased worldwide, several smaller closed colonies have been
created by successive inbreeding within institutions including the University of

Glasgow which now maintains the SHRSP.Gcrc strain (Fig. 1.14B).

Male SHRSP rats have been found to develop severe hypertension with a systolic
pressure between 170-200mmHg at 10-12 weeks of age in the SHRSP.Gcrc
strain, with further rises in blood pressure as they age. The SHRSP have the
highest systolic pressure of all spontaneously hypertensive strains with pressures
as high as 240mmHg, compared to maximal systolic pressures in the SHR strain
(Nabika et al, 2012). The SHRSP are also far more likely to suffer from stroke
(80% vs 10% in SHR: Nabika et al, 2012). In contrast to the SHRSP and SHR,
WKY rats show a stable normotensive systolic pressure of approximately 140-
150mmHg from 6 weeks onwards (Kato et al, 2015). Further study of the SHRSP
strain over the years has revealed that this hypertension is associated with
endothelial dysfunction, left ventricular hypertrophy and renal damage (Harvey et
al, 2017; He et al, 2014; Kato et al, 2015). These phenotypes closely mimic those
seen in human essential hypertension. Additionally, as in humans, female SHRSP
rats though hypertensive have a lower blood pressure than their male counterparts
(Davidson et al, 1995).

It is known that genetic influences can contribute up to 50% of variability related to
blood pressure in human essential hypertension (Saavedra, 2009). In parallel to
the genetic studies taking place in humans, researchers have sought to

understand the genetic development of hypertension in rodent models in hopes it



may aid in the identification of candidate genes. The use of these inbred models
such as the SHRSP is advantageous as they provide genetic homogeneity and
control of environmental factors alongside the usefulness of specific normotensive
and hypertensive inter-crosses in studying genetic linkage that is otherwise
impossible in human studies (Graham et al, 2005). The study of these models has
largely utilised quantitative trait loci mapping, a phenotype-driven approach that
has the potential to identify novel genes involved in disease (Carswell et al, 2005).
However, no model is perfect. Though rodent models of hypertension do share
common features, evidence suggests that the pathogenic mechanisms differ
between strains, particularly inbred sub-strains maintained at different institutions
despite sharing a similar genetic background (Saavedra, 2009). For example, the
SHRSP/Izm sub-strain exhibits increased blood pressure from 6 weeks of age
whilst the SHRSP/Kyo sub-strain did not exhibit increased blood pressure until 10
weeks of age (Kato et al, 2015). Despite these shortcomings, rodent models of
hypertension continue to provide insights into the control of blood pressure in both

humans and rats.
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Figure 1.14: Generation of the WKY, SHR and SHRSP Strains and Their
Inbred Sub-strains
(Sourced: Nabika et al, 2012).

(A) Selective breeding of WKY rats lead to the generation of the first SHR rats
in the University of Kyoto, Japan by Okamoto in 1963. This was followed by the
generation of the SHRSP strain in 1974. (B) Subsequent generations were
bred worldwide in a variety of institutions and locations, leading to the array of
inbred sub-strains now available including the Glasgow based strains, denoted

as Gerce.



1.4.1.1 Modelling Hypertensive Pregnancy in the SHRSP

The maijority of studies investigating cardiovascular disease and hypertension in
the SHRSP have focussed solely on males. This is, generally, due to the fact that
male SHRSP rats tend towards a higher blood pressure and development of end-
organ damage in comparison to females of the strain as well as the outdated
assumption that the female oestrous cycle introduces population heterogeneity
(Masineni et al, 2005; Plevkova et al, 2020). Whilst it is true that hormone
fluctuations in female subjects, particularly during pregnancy, can affect drug
metabolism- this has been proven to be of little consequence in most
investigations of disease given that most diseases already show sex differences
unrelated to hormone levels (Plevkova et al, 2020). This bias within preclinical
research over the years has led to a lack of knowledge of vascular disease in

females.

The SHRSP response to pregnancy was first described in the late 1970s and early
1980s (McCarthy and Kopin, 1978; Yamada et al, 1981). These studies described
the maintenance of a hypertensive blood pressure profile throughout pregnancy in
the SHRSP in contrast to a reduced blood pressure in pregnant WKY dams.
These early studies also reported a reduced reproductive success (reflected by
reduced litter size and rate of delivery) in pregnant SHRSP rats (Yamada et al,
1981). Subsequent research investigated changes within the placenta during
pregnancy in the SHRSP showing a decreased blood flow and placental Na*-K*-
ATPase activity and increased hypertrophy within blood vessels (Fuchi et al,
1995a; Fuchi et al, 1995b). Despite these early advances, far fewer studies have
been conducted in the SHRSP than the SHR strain (23 results versus 314 results
for the search terms “SHRSP pregnancy” and “SHR pregnancy” respectively,
minus duplications; search conducted in PubMed, May 2022). Of these 23 studies
examining SHRSP pregnancy, only eight have investigated the maternal vascular
response. Of these eight, only five studies focussed on the remodelling of the
uterine arteries themselves and the potential effects on placentation (Fuchi et al,
1995a; Small et al, 2016a; Small et al, 2016b; Barrientos et al, 2017; Scott et al,
2021).

The reduced cross-sectional area of SHRSP uterine arteries versus WKY first

reported by Fuchi et al (1995a) was later seen by Small et al (2016a) in the



SHRSP.Gcre versus WKY.Gcrc, alongside evidence of increased vessel stiffness
and resorption rate, reduced uteroplacental flow and decreased litter size that was
not reversible when blood pressure was controlled with the calcium channel
blocker nifedipine. They also showed an increased mRNA expression of hypoxia-
inducible factor 1a and superoxide dismutase 1 and glycogen cell loss in the
SHRSP placenta, suggesting the deficient remodelling of the uterine arteries in the
SHRSP may cause altered placental function though a direct link was not
confirmed in the study (Small et al, 2016a). Further study by Small and colleagues
(2016b), provided evidence that the dysfunctional vascular remodelling of SHRSP
dams was influenced by the inflammatory response. They showed that treatment
of pregnant SHRSP rats with the anti-inflammatory etanercept improved blood
pressure, litter size, placental glycogen content and uteroplacental blood flow
(Small et al, 2016b). Barrientos et al (2017) sought to characterise the remodelling
of the spiral arteries of the SHRSP further via histological analysis of trophoblast
invasion in the mesometrial triangle. They found that SHRSP placentae presented
with defective endovascular trophoblast invasion in comparison to WKY
(Barrientos et al, 2017). Recent work has sought to disseminate the underlying
genetic factors that influence uterine vascular remodelling in the SHRSP prior to
structural and functional changes within the vessels with several pathways
identified as potentially having a causative role (Scott et al, 2021). Despite
advancements in our understanding of the SHRSPs maternal response to
pregnancy, particularly relating to vascular remodelling and placentation, it is still
unclear why the SHRSP experience these impairments. Though our
understanding of the SHRSP as model of chronic hypertension during pregnancy
is far from complete, the similarities between the SHRSP and human hypertensive
pregnancy make it an excellent tool in the study of hypertensive disorders of

pregnancy.

1.4.2 The Reduced Uteroplacental Perfusion Model

Though the underlying mechanisms of PE are not fully understood, it is accepted
that a key component of disease development is reduced uteroplacental perfusion
leading to hypoxia and ischaemia/reperfusion injury as a result of impaired
vascular remodelling and shallow trophoblast invasion (Li et al, 2012). The
reduced uteroplacental perfusion (RUPP) procedure originated in the 1970s where

clipping and complete ligation of the uterine and ovarian arteries was conducted in



female baboons, which was found to induce hypertension and proteinuria during
pregnancy (Cavanagh et al, 1977). It was not until the 1990s that the RUPP
procedure was carried out in rats to serve as a model of de novo PE development
similar to humans (Casper and Seufert, 1995). The model has since been further
optimised to the procedure now routinely used in rats by the Granger lab by
clipping the lower abdominal aorta and ovarian arteries, as opposed to the
previous method of clipping the aorta below the renal arteries, reducing

uteroplacental flow by =40% in gravid rats (Alexander et al, 2001).

In detail, the RUPP procedure involves using silver clips to compress an occlude
the lower abdominal aorta just above the iliac bifurcation. Due to compensatory
blood flow to the placenta in rats occurring via an adaptive increase in ovarian
blood flow, both the left and right ovarian arteries are also clipped before the first
segmental artery to inhibit the uterine blood supply (Fig 1.15A; Fushima et al,
2016). This procedure is carried out in mid-gestation, normally on GD14, and has
been shown to mimic the physiological features of PE in humans. These include
hypertension, proteinuria, fetal growth restriction (decreased litter size and pup
weight), impaired renal function (reduced glomerular filtration rate and renal
plasma flow), increased vascular reactivity, endothelial dysfunction and increased
peripheral resistance as well as impairment of cardiac function (Fushima et al,
2016; Li et al, 2012; Bakrania et al, 2022). RUPP rats have also been shown to
have a pro-inflammatory response to pregnancy and increased serum and
placental levels of sFIt-1 and decreased plasma VEGF and PIGF as seen in
human PE cases (Li et al, 2012). Though the development of hypertension in this
model is not spontaneous, the associated symptoms of RUPP surgery have been
found to be pregnancy specific as surgical reduction in uteroplacental perfusion
did not elicit a blood pressure response in virgin control rats (Alexander et al,
2001).

The RUPP model of PE is advantageous as it is able to capture a number of
features of the disease seen in humans. Of note, the development of fetal growth
restriction in this model is useful in understanding how impairment of the maternal
response to hypertensive pregnancy influences fetal programming and future
cardiovascular disease development- a feature that is not shared by all animal
models of PE. Additionally, the surgery itself is not specific to rodents only allowing

for the study of nonhuman primates (Li et al, 2012). The RUPP model can be a



useful tool in the study of potential therapeutic approaches that may not be
appropriate for study in human pregnancy. However, the RUPP model does come
with some substantial limitations. Firstly, an increase in blood pressure following
RUPP surgery is not guaranteed across or even within species. This is due to the
fact that the surgery itself is rather precise in nature with respect to the locations of
arterial clips and gestational timing. Additionally, the average rat gestation is
roughly 22 days. Thus, clipping of the arteries on GD14 leaves only a very narrow
window for study. The use of honhuman primates gives a much longer window of
study with placentation that is much more akin to humans, however it is incredibly
costly. Second, as the induction of hypertension in this model is surgical it is
unable to recapitulate immune mechanisms, trophoblast invasion or vascular
remodelling deficiencies that have been noted in early hypertensive pregnancy (Li
et al, 2012). Third, as a result of the restriction of the abdominal aorta a common
complication of the procedure is hindlimb ischaemia that can progress to complete
paraplegia in approximately 8% of surgeries (Morton et al, 2019). Furthermore, it is
difficult to ascertain whether the cardiovascular effects of RUPP surgery are solely
pregnancy-specific or rather a response to the procedure itself. Evidence has been
shown to suggest RUPP surgery has a distinct impact on sympathetic nerve
activity and cardiac output that is not otherwise seen in rodent pregnancy and in
cases of hindlimb ischaemia, the PE phenotype may be a result of systemic
hypoxia rather than of the uteroplacental unit specifically (Morton et al, 2019;
Sholook et al, 2007). This can be overcome by clipping the ovarian and uterine
arteries only, so called the selective RUPP model, which has been shown to
capture the physiology of PE without affecting hindlimb blood flow (Fig. 1.15B;
Morton et al, 2019). Finally, the RUPP model is unable to mimic the glomerular
endotheliosis of PE and the progression of severe PE to HELLP syndrome seen in
humans (Li et al, 2012).
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Figure 1.15: lllustrative Examples of Arterial Clipping in the RUPP and
selective RUPP Models
(Sourced: Morton et al, 2019).

(A) In the RUPP model, silver clips are placed above the iliac bifurcation of the
lower abdominal aorta and on the left and right ovarian arteries. (B) In the
selective RUPP model, silver clips are placed in the left and right ovarian
arteries between the ovary and uterine horn as well as the left and right uterine
arteries just below the supply to the first fetus. (RUPP; reduced uteroplacental
perfusion).



1.4.3 Genetic Models

As outlined in 1.3, maternal and fetal genetics are known to play a role in the
development of hypertensive disorders of pregnancy such as PE. Though PE is a
multifactorial, polygenic disease that is impossible to reproduce perfectly in animal
models, a successful approach adopted by researchers involves focussing in on a
specific phenotype and engineering genetic manipulations that mimic it. One such
model is the endothelial nitric oxide synthase knockout (eNOS), which seeks to
model endothelial dysfunction, common to PE. This approach was largely inspired
by the finding that disruptions in nitric oxide related pathways alongside
polymorphisms in the nitric oxide synthase gene have been identified in patients
with PE (Alpoim et al, 2014; Alpoim et al, 2013). However, this has yielded mixed
results. Pregnant eNOS”- mice showed a decreased blood pressure whilst non-
pregnant knockout mice showed a marked increase in blood pressure that
returned following pregnancy (Cushen and Goulopoulou, 2017). eNOS”- mice do
show features of fetal growth restriction as in PE but the results with regards to
maternal hypertension have been inconsistent, likely due to compensation by one
of the other nitric oxide synthase isoforms (Huang et al, 1995; Shesely et al,
2001).

There have been several knockout models generated in attempts to understand
placental vascularisation and artery remodelling as a result of trophoblast invasion.
These include the ubiquitin ligase ankyrin repeat and SOCS box containing 4
(ASB4) knock-out, as variants of ASB4 - an imprinted gene - have been linked to
human obesity, a known risk factor for PE (Mizuno et al, 2002; Vagena et al,
2022). In the placentae of ASB4 deficient mice, there was impaired trophoblast-to-
endothelial cell differentiation resulting in poor vascularisation (Townley-Tilson et
al, 2014; Li et al, 2016). The role of the immune system in vascular remodelling
and placentation during healthy and hypertensive pregnancy has been well
evidenced in the literature. It comes as no surprise then that several genetic
manipulation models of components of the immune response have been
generated. These include deficiencies in complement component 1q, interlukin-4
and interleukin-10 each of which show one or more symptoms that are similar to
human PE including mild hypertension, proteinuria, renal pathology and elevated
sFlt-1 though none showed features of fetal growth restriction (Bakrania et al,
2022; Cushen and Goulopoulou, 2017).



Other genetic models are concerned with the overexpression of select genes. One
example is the storkhead box 1 (STOX1) transcription factor transgenic
overexpression mouse model. STOX1 is expressed in EVTs and influences their
invasion during normal placental development (Cushen and Goulopoulou, 2017).
Studies have shown that the paternally inherited allele Y153H which results in
STOX1 overexpression is a high-risk allele for decreased EVT invasion and PE
development, though this association is highly debated (Yong et al, 2018). In
response to this issue, Doridot and colleagues (2013) presented a mouse model of
PE symptoms induced by paternally inherited STOX1 overexpression. Wild-type
female mice with fetus’ heterogenous for STOX1 overexpression exhibited severe
gestational hypertension, proteinuria and increased circulating levels of sFlt-1 and
sEng, common biomarkers of PE in humans (Doridot et al, 2013). Interestingly,
female mice overexpressing STOX1 show a return to baseline measures following
delivery but experience long-term alterations to cardiac function and the local
cytokine profile mimicking the increased cardiovascular disease risk in post-PE
patients (Miralles et al, 2019).

One of the best characterised genetically linked models of PE is the borderline
hypertensive 5 (BPH/5) mouse strain. This strain has an elevated blood pressure
throughout its adult life span and has a similar spontaneously increasing blood
pressure profile during pregnancy to SPE (Davisson et al, 2002). Alongside
hypertension these mice also experienced endothelial dysfunction, increased
uterine vascular resistance, proteinuria, diminished litter size and placental
dysfunction (Cushen and Goulopoulou, 2017). A more recent study has shown
that BPH/5 mice also have abnormal trophoblast invasion (Bakrania et al, 2022).
However, one thing all of these genetic models share is that they utilise mice
rather than rats. Though mice do share some similarities with humans with regards
to placental development the commonalities are not enough to extrapolate findings
to humans, particularly those related to trophoblast invasion which is

comparatively shallow in mice versus humans.

1.4.4 Pharmacological Intervention Models

Hypertensive disorders of pregnancy can be mimicked pharmacologically by the
administration of substances known to cause vascular dysfunction through

inflammation and endothelial damage. As with genetic models however, there is



no one pharmacological model that accounts for all the characteristics of human
PE. A common clinical biomarker for the detection of PE is an elevated serum sFlt-
1 (Naderi et al, 2017). Many animal models have been developed to mimic this
phenotype to assess the effects on angiogenesis during pregnancy. One such
model administered sFlt-1, which binds VEGF and PIGF, in both pregnant
Sprague-Dawley rats via adenovirus injection into the tail vein (Maynard et al,
2003). Pregnant rats receiving sFlt-1 exhibited significant hypertension and
proteinuria alongside glomerular endotheliosis but there was no analysis of fetal
growth. Notably, those receiving a lower dose of sFlt-1 showed a milder
phenotype, much like the varied severities of PE noted in humans (Maynard et al,
2003). The long-term effects of elevated sFlt-1 have also been studied in mice
using the same model. Pruthi et al (2015) found that at two months post-partum
following PE (adenoviral sFlt-1 injection), mice that experienced injury to the left
common carotid artery showed histological features of abnormal vascular
remodelling. However, a study by Bytautiene et al (2010) found that mice exposed
to sFIt-1 during pregnancy did not show evidence of abnormal vascular function in
the carotid artery at eight months post-partum. Thus, the usefulness of this model
is debated.

Studies have shown that patients with PE show a two-fold increase in placental
and plasma tumour necrosis factor-a (TNF-a) (Cornelius et al, 2019). TNF-a has
also been shown to cause vascular dysfunction in both humans and rodents
(Small et al, 2016b). For these reasons coupled with its involvement in the immune
response, TNF-a has been utilised to model pregnancy-induced hypertension in
rodents. Infusion of the proinflammatory cytokine has been found to elevate blood
pressure and increase the expression of the precursor of endothelin-1, a known
vasoconstrictor peptide (Bakrania et al, 2022; Schiffrin, 2001). The role of TNF-a
as a potential therapeutic target in PE has also been investigated by utilising the
SHRSP model of chronic hypertension during pregnancy. Pregnant SHRSP rats
had elevated levels of placental TNF-a and were administered the TNF-a inhibitor
etanercept. Following treatment, researchers showed improvements in blood
pressure, placental glycogen levels, uterine artery function and uteroplacental flow

but not in fetal growth measurements (Small et al, 2016b).

There are many models that seek to induce hypertension by inducing

vasoconstriction. Of these, the most popular and most reviewed model is the L-



NAME model of PE. This model replicated the endothelial dysfunction of PE by
inhibiting nitric oxide synthase- though it is not yet confirmed whether nitric oxide
plays a definitive role in the pathogenesis of PE (Sunderland et al, 2010).
Pregnant Sprague-Dawley rats that were administered L-NAME by means of
osmotic mini pump on GD17 onwards showed evidence of hypertension, fetal
growth restriction, proteinuria and elevated levels of sFlt-1 and sEng (Yallampali
and Garfield, 1993; Ramesar et al, 2011). However, the role of nitric oxide in PE
has not reached a consensus as genetic knockout of its production, as discussed
prior, does not produce a PE phenotype during pregnancy. Despite this, the L-
NAME model has been used extensively in hypertensive pregnancy research to

study therapeutic agents (Sunderland et al, 2010).

As our understanding of the various pathways implicated in the generation of PE
grows, more novel pharmacological intervention models are being generated. One
such model involves infusion of the peptide hormone arginine vasopressin (AVP).
AVP plays a crucial role in osmotic homeostasis and thus blood pressure
regulation (Cushen and Goulopoulou, 2017). AVP secretion is not measured
directly, but by its surrogate marker plasma copeptin. Copeptin was first shown to
be elevated as early as the sixth week of gestation in pregnancies that
subsequently developed PE by Santillan et al (2003). This led to the development
of the AVP infusion model whereby mice received a mini pump 3 days prior to
mating that administered AVP throughout gestation. These mice showed evidence
of hypertension, proteinuria, renal glomerular endotheliosis, fetal growth restriction
and an increased rate of embryo resorption (Santillan et al, 2003). Though this
novel model seems promising, the underlying mechanisms of its PE-like
symptoms are not well understood. Whilst the links between AVP and PE are not
fully characterised, a recent study showed that a polymorphism of the AVP
promoter region was associated with pre-eclampsia in humans thus it still shows

promise as a model of PE (Erfanian et al, 2019).

1.4.5 Renin-Angiotensin Aldosterone System Manipulation
Models

The RAAS is incredibly important in the development of a healthy pregnancy in
both humans and rodents and dysregulation of this system has long been
associated with hypertensive disorders of pregnancy, particularly PE (Verdonk et

al, 2014). Alterations to the RAAS in rodents have been utilised in many ways in



attempts to model PE. Some groups have investigated the effects of genetic
manipulation of certain RAAS components to mimic the changes observed in PE,
such as the angiotensinogen-renin transgenic overexpression model. In this
model, female Sprague-Dawley rats overexpressing angiotensinogen are crossed
with males overexpressing renin. Crossing these strains caused dams to develop
severe gestational hypertension, proteinuria, elevated levels of circulating and
uteroplacental ANGII and decreased fetal weight in late gestation similar to late-
onset PE and SPE (Bohlender et al, 2000; Hering et al, 2010). Interestingly, this
cross does not work in the reverse order i.e., males overexpressing
angiotensinogen and females overexpressing renin. A similar model has been
created in mice which also develop a SPE-like phenotype (Bakrania et al, 2022;
Takimoto et al, 1996). Though this model does exhibit the symptoms of PE the
overexpression of RAAS elements does not replicate the decreased levels of renin

noted in these patients (Hussein and Lafayette, 2014).

Though there is an overall decrease in ANGII expression during PE pregnancies
there is an increased ANGII sensitivity that results in vasoconstriction (Hussein
and Lafayette, 2014; Chaiworapongsa et al, 2014). This is, in part, due to the
production of autoantibodies against the AT+ receptor (AT1-AA) which upon
binding to and activation of the AT1R lead to downstream activation of NADPH
oxidase. This results in the production of ROS and subsequent activation of the
transcription factor NF-kB, increasing the production of inflammatory mediators
(Herse et al, 2008; Campbell et al, 2019). Studies have shown that individuals who
suffered from pre-eclampsia during pregnancy still produced these autoantibodies
up to eight years post-partum (Rieber-Mohn et al, 2018). This has resulted in the
creation of the AT1-AA chronic excess model in which purified rodent AT+1-AA are
administered from GD12 to GD19 in pregnant Sprague-Dawley rats. These
animals experience significantly increased mean arterial pressure and placental
endothelin-1, however no effects were observed on fetal or placental weights
(LaMarca et al, 2009). Further investigation has revealed this model also has
mitochondrial dysfunction and elevated levels of sFit-1 and sEng (Cunningham et
al, 2019; LaMarca et al, 2012). Of note, hypertension in this model can be
attenuated by an endothelin-1 receptor type A antagonist or TNF-a blockade,
seemingly replicating the angiogenic imbalance and proinflammatory states
associated with PE (Sunderland et al, 2010).



Both of these models have highlighted the important role of ANGII in association
with the increased sensitivity to it seen in human PE. ANGII has previously been
used to induce hypertension in normotensive animals to study alterations in
cardiac function and reactive oxygen species production (Nishiyama et al, 2001;
Laursen et al, 1997). When ANGII is delivered to normotensive rodents during
pregnancy, they develop a PE-like phenotype with impaired vascular remodelling,
increased blood pressure, placental inflammation and fetal growth restriction as a
result of increased cardiovascular stress (Xue et al, 2017; Shirasuna et al, 2015).
This model has been further developed by the Graham lab who utilise the
chronically hypertensive SHRSP. By delivering ANGII via osmotic mini pump from
GD10 onwards in the pregnant SHRSP they have developed a novel model of
SPE that exhibits worsening hypertension, cardiac dysfunction, proteinuria and
renal pathology, impaired uteroplacental flow, fetal and placental growth restriction
and changes in placental gene expression, all mimicking the human phenotype
(Morgan et al, 2018). These symptoms increase in severity as the dose of ANGII
increases. Though this model shows promise further work is required to fully
understand the underlying mechanisms of these pathological changes in response
to ANGII and how these can potentially inform our understanding of PE and SPE

in humans.



1.5 Hypothesis and Aims

The SHRSP rat serves as an excellent model of genetically linked chronic
hypertension during pregnancy that can be stressed further to produce a

phenotype similar to superimposed pre-eclampsia.

The Graham lab has previously modelled SPE in the SHRSP with ANGII at doses
of 500 and 1000ng/kg/min but experienced a failure of the model to significantly
mimic the severity of the human phenotype at the low dose and welfare concerns
at the high dose. These welfare concerns included a total body weight loss of
>20% of pre-pregnancy weight and a general deterioration of animal health
resulting in early sacrifice alongside total pregnancy loss in the days following
infusion of 1000ng/kg/min in some SHRSP dams. We hypothesised this model
could be optimised and fully characterised at a dose of 750ng/kg/min ANGII. In
Chapter 3, we aimed to achieve this by implantation of an osmotic mini pump and

assessment of maternal and fetal outcomes.

MgSOQOs4 is routinely used in clinical practice to prevent the progression from pre-
eclampsia to eclampsia. It is also known to induce production of NO and improve
endothelial function. We hypothesised MgSO4, administered as a 1% w/v solution
in drinking water, could serve as a preventative therapeutic in our optimised rodent
model of SPE. We aimed to test this in Chapter 4 by utilising the optimised model

generated in Chapter 3 and assessing maternal and fetal outcomes.

The Graham lab has previously generated transcriptomic data derived from the
uterine arteries of pregnant (GD6.5) and non-pregnant SHRSP and WKY dams.
We utilised this data set to further examine the changes in gene expression
profiles in response to pregnancy in both strains in Chapter 5, hypothesising that
SHRSP dams would show distinct changes in gene expression that preceded
structural and functional changes. Further to investigating gene expression
changes, we hypothesised that the changes noted for calcium signalling and ROS
production could be validated in vitro. In Chapter 5, we aimed to achieve this by
isolating primary vascular smooth muscle cells from the uterine arteries of both
SHRSP and WKY (pregnant and non-pregnant) and examining calcium release,
measuring ROS generation and validating gene expression levels via Tagman®
PCR.



Chapter 2: General Materials and Methods



2.1 General Laboratory Practice

All procedures noted in this thesis were conducted in a laboratory setting following
local regulations pertaining to laboratory health and safety. A laboratory coat, non-
powdered nitrile gloves and, where appropriate, safety glasses were worn at all
times during in vitro procedures. For in vivo procedures, local practices related to
animal handling and safety were followed at all times. During animal
experimentation, colour-coded scrubs provided by the university were worn.
Reagents considered to be hazardous to human health were handled and
disposed of according to the manufacturer’s safety data sheets and the Control of
Substances Hazardous to Health regulations. Risk assessments, where

appropriate, were completed prior to experimental work.

Laboratory equipment and reagents were of the highest grade commercially
available. All equipment was ensured to be in working order and cleaned
thoroughly prior to and after use. Glassware and re-usable plasticware were
cleaned by soaking in Decon 75 detergent (Decon Laboratories Ltd., Sussex) and
rinsed with distilled water before being dried at 37°C. All other plastics were single
use and sterile. This included eppendorfs ranging in volume from 0.5 to 2mL
(Greiner Bio-One, Gloucestershire, UK), 15 and 50mL Corning® centrifuge tubes
(VWR, Leicestershire, UK), 5 and 20mL Sterilin™ containers (VWR,
Leicestershire, UK) and Corning® cell culture flasks and plates (VWR,
Leicestershire, UK).

To measure volumes of liquid ranging from 0.1uL to 1000uL a calibrated Gilson
pipette was used with appropriately sized, sterile tips (Greiner Bio-One,
Gloucestershire, UK). In experiments involving ribonucleic acid, RNAse free
eppendorfs and pipette tips were used as well as nuclease-free water (Qiagen,
Manchester, UK). For volumes of 1mL to 25mL Stripette® serological pipettes
were used with an electronic pipette filler (ThermoFisher Scientific, Paisley, UK).
For volumes larger than 25mL, a clean measuring cylinder was used. Solid
reagents were weighed on either a Mettler Toledo PB1501 balance (sensitive to
0.1g) or a Sartorius Extend balance (sensitive to 0.0001g).

Solutions were dissolved using a Jenway 1000 combination hotplate/stirrer (Fisher

Scientific, Loughborough, UK). To mix solutions, a mini vortex 2800 rpm Lab



Dancer was used (Fisher Scientific, Loughborough, UK). Samples with volume
<2mL were centrifuged using a desktop Eppendorf 5145 R microcentrifuge (Sigma
Aldrich, Dorset, UK) in a temperature range of 4-20°C. Volumes larger than 2mL or
96/384 well plates were centrifuged using a Mega star 3.0R centrifuge (VWR,
Leicestershire, UK). pH adjustments to solutions were made using an Orion STAR
A111 pH meter calibrated using 4.0, 7.0 and 10.0 pH standards prior to each use

as per the manufacturer’s instructions (ThermoFisher Scientific, Paisley, UK).



2.2 General Laboratory Techniques

2.2.1 Nucleic Acid Extraction

All RNA extractions were performed on animal tissues that were snap-frozen in
liquid nitrogen at time of sacrifice using a Qiagen RNeasy Mini Kit (Qiagen,
Manchester, UK). RPE, RW1 and RLT buffers were prepared prior to use by

addition of 100% ethanol as per the manufacturer’s instructions.

Tissue homogenisation was achieved by disruption in 350uL of RLT buffer via
bead-milling in a TissueLyser Il with 3mm steel beads (Qiagen, Manchester, UK)
at 25Hz for 30s twice. Samples were placed on ice between lysis periods. Bead-
milling was performed as the tissues that were used- uterine arteries and neonatal
tissues- were harvested in small amounts. Lysates were then centrifuged at

maximum speed for 3 minutes and the supernatant removed for further use.

RNA was extracted from lysates immediately following homogenisation. 350uL of
70% ethanol was added to the lysate. The sample was transferred to a RNeasy
spin column with 2mL collection tube and centrifuged for 15 seconds at 8000xg.
700uL of RW1 buffer was added to the column and centrifuged for 15 seconds at
8000xg. This was followed by 500uL of RPE buffer, centrifuging for 15 seconds,
another 500uL of RPE buffer and centrifugation for two minutes at 8000xg. Finally,
40uL of nuclease free water was added to the column and centrifuged at 8000 g
for one minute to elute RNA. In some cases, this was repeated to ensure all RNA

had eluted from the column due to the small size of the starting material.

RNA concentration and purity were determined using a Nanodrop
spectrophotometer (ThermoFisher Scientific, Paisley, UK). Nucleic acids were
detected at absorbance readings of 260nm (A2e0). Protein contamination was
detected at 280nm (Azs0) and organic or solvent contamination from the extraction
process at 230nm. A ratio of Azso/A2s0 between 1.9 and 2.1 was considered to

indicate suitable purity. RNA samples were then stored at -80°C until further use.



2.2.2 Reverse Transcriptase Polymerase Chain Reaction (RT-
PCR)

Complementary DNA (cDNA) was prepared with between 50-2000ng of input RNA
in a 20pL reaction volume using the SuperScript™ IV (SSIV) First-Strand
Synthesis kit (ThermoFisher Scientific, Paisley, UK).

The RT-PCR was conducted in a 96-well plate with the final concentrations in
each well detailed in Table 2.1. The total reaction volume within each well was
achieved by addition of NFW up to 20uL. No-template (lacking RNA samples
replaced by NFW) and blank controls (NFW only) were also conducted on the
same plate at the same time. Plates were sealed using adhesive PCR film
(ThermoFisher Scientific, Paisley, UK) and centrifuged at 8000xg for 30 seconds

to ensure all reagents were well mixed.

The RT-PCR was carried out on a MJ Research Tetrad PTC-225 Thermal Cycler
(MJ Research, Massachusetts USA). The temperature cycles are detailed in Table
2.2. Following generation of cDNA, plates were cooled to 4°C and stored at -20°C

until further use.



Table 2.1 Additions and Final Well Concentrations of RT-PCR Reagents for
cDNA Synthesis

Volume Final well
Reagents
Added (ML) | concentration
5x SSIV reverse transcriptase buffer 4.0 1x
10mM dNTP mix (10mM each) 1.0 0.5mM each
100mM DTT (dithioreitol) 1.0 5mM
50uM random hexamers 1.0 2.5uM
40 U/uL RNase OUT™, RNase inhibitor 1.0 2.0 U/uL
200 U/uL SSIV reverse transcriptase 1.0 10.0 U/uL

A summary of the various reagents used in RT-PCR to generate cDNA from an initial RNA
input of 50-2000ng in a 20uL reaction. Details of volumes per reagent added to each well

and the resultant final well concentration per well are given.

Table 2.2 Temperature Cycles for RT-PCR cDNA Synthesis

Thermal Cycler Stage Temperature (°C) Duration (min)
Anneal primers 25.0 10
Transcription and 48.0 30
Enzyme héat dénaturation 95.0 5
Cooling 40 Until target temperature is
reached

A summary of the thermal cycler stages in RT-PCR for cDNA synthesis from RNA.



2.2.3 Real Time Quantitative Polymerase Chain Reaction (qPCR)
2.2.3.1 Tagman® Gene Expression Assay

The Tagman® assay utilises fluorescently labelled probes, with either VIC™ or
FAM™ dyes, specified to the target gene of interest (GOI). This allows for the
incorporation of the probe into the double stranded structure of DNA during the
reaction, followed by its cleavage in the subsequent cycle where the dye is
separated from a non-fluorescent quencher. The intensity of fluorescence
generated is proportional to the resultant amount of PCR product. The specific
probes used in this assay were from ThermoFisher Scientific (Paisley, UK) and are
detailed in Table 2.3.

Tagman® assays were prepared in 384-well MicroAmp™ Reaction Plates
(ThermoFisher Scientific, Paisley, UK) with 1.0uL (for uterine and mesenteric
arteries) or 2.0uL (for neonatal tissue) of cDNA, generated in section 2.2.2. Assays
were carried out in duplex (uterine arteries) or triplicate (neonatal tissue)
depending on the starting material. The GOI was labelled with a FAM™ probe,
and the housekeeper GAPDH was labelled with a VIC™ probe. The final volume
of 5uL/well was achieved by addition of Tagman® Universal Master Mix Il
(ThermoFisher Scientific, Paisley, UK). Plates were sealed with adhesive PCR film
(ThermoFisher Scientific, Paisley, UK) and centrifuged at 8000xg for 30 seconds
to ensure reagents were incorporated and at the base of the well. Tagman®
assays were conducted using a QuantStudio 12K Flex Real-Time PCR system
(ThermoFisher Scientific, Paisley, UK) under standard cycling conditions. Ct

values were analysed using the 2(-AA Ct) method (Livak and Schmittgen, 2001).



Table 2.3 Details of Rat Specific Tagman® Probes for gPCR

Gene Fluorescent
Gene Name Assay ID
Symbol Label
Angiotensin | converting
Ace2 Rn01416293_m1 FAM-MGB
enzyme 2
p22phox Cyba Rn00577357_m1 FAM-MGB
Gp91-phox Cybb Rn00576710_m1 FAM-MGB
Glutathione peroxidase 1 Gpx1 Rn00577994 m1 FAM-MGB
Peroxisome proliferator
Ppara Rn005566193_m1 FAM-MGB
activated receptor alpha
Osteopontin Spp1 Rn00681031_m1 FAM-MGB

A summary of the rat specific Tagman® probes used to quantify gene expression during
real time gPCR. The suffix _m1, under Assay ID, denotes that the probe spans exon
junctions and thus quantifies only specific forms of mMRNA, preventing the detection of
genomic DNA.

2.2.4 Biochemical Urine Analysis

Urine samples were collected at a variety of gestational time points, as outlined in
section 2.3.5. Samples were thawed and briefly centrifuged at low speed
(<1000xg) at 4°C to remove any debris from collection. 200uL of urine was used
for biochemical analysis. The concentrations of albumin and creatinine were
determined for each sample using the Roche Cobas C311 Analyser (Roche
Diagnostics Ltd., West Sussex, UK). Albumin was detected using the Albumin
Gen.2 Tina-Quant assay and creatinine was detected using the Creatinine Jaffe
Gen.2 assay. These assays are designed for the photometric detection of their
respective proteins in urine. These were used in conjunction with the Total Protein
Urine/CSF assay control kit (all from Roche Diagnostics Ltd., West Sussex, UK).

The concentrations of each protein were then expressed as a ratio of albumin to



creatinine, as creatinine should remain constant despite strain, treatment or

gestational time point differences.

2.2.5 Tissue Processing and Sectioning

Upon harvesting at time of sacrifice, detailed in section 2.4, tissues were fixed in
10% neutral buffered formalin for 12-24 hours at room temperature (Sigma Aldrich,
Dorset, UK). Tissues were washed two times in phosphate buffered saline
[137mM NaCl, 2.7mM KCI, 4.3mM NazHPO4, 1.47mM KH2POg4; pH 7.4] (PBS) to
remove traces of fixative and stored in 70% ethanol at room temperature until
further processing. Tissues were placed in labelled histology cassettes
(ThermoFisher Scientific, Paisley, UK) which were then placed in 60°C paraffin
wax inside a Citadel 1000 processor (Fisher Scientific, Loughborough, UK).
Tissues were processed by exposure to a timed sequence of alcohol and xylene at
different concentrations over a period of 8 hours and 30 minutes, as outlined in
Table 2.4. Following this, tissues were embedded in paraffin wax (<60°C) using
the Shandon Histocentre 3 embedding centre (ThermoFisher Scientific, Paisely,
UK). Blocks were cooled at -20°C overnight prior to sectioning with a Leica
RM2235 Microtome (Leica Biosystems, Milton Keyes, UK). Placentae and kidneys
were cut transversely through the centre and placed cut side down. Sections were
5um in thickness and were placed in 40°C water before being transferred to a
silane treated microscope slide and then baked overnight at 60°C. Prior to
staining, slides were deparaffinised by soaking in Histo-Clear (FisherScientific,
Loughborough, UK) and rehydrated by soaking in decreasing concentrations of
ethanol (100-70%) following by deionised water (dH20). All staining procedures
were carried out at room temperature. Once staining was complete, slides were
dehydrated by reversing the previous ethanol gradient (70-100%) followed by
Histo-Clear (Table 2.5). Coverslips were mounted over stained sections using
DPX mounting medium that was allowed to set overnight (Sigma Aldrich, Dorset,
UK).



Table 2.4 Processing Conditions for Formalin Fixed Rodent Tissues

Solution

Incubation Time

70% Ethanol
85% Ethanol
90% Ethanol
95% Ethanol
100% Ethanol
100% Ethanol
100% Ethanol
Xylene
Xylene
Paraffin Wax
Paraffin Wax

A summary of the individual steps of formalin fixed tissue processing, detailing the

solutions and incubation times of each step. The resultant tissues were embedded in

15 minutes
15 minutes
25 minutes
25 minutes
15 minutes
15 minutes
15 minutes
30 minutes
30 minutes
30 minutes
30 minutes

paraffin wax blocks for use in histology.

Table 2.5 Summary of Slide Preparation Prior to and Following Staining

Stage Solution Incubation Time
Deparaffinisation Histo-Clear 2 x 5 minutes
100% Ethanol 5 minutes
90% Ethanol 5 minutes
Rehydration
70% Ethanol 5 minutes
dH>0O 5 minutes
Staining
70% Ethanol 5 minutes
Dehydration 90% Ethanol 5 minutes
100% Ethanol 5 minutes

Deparaffinisation

Histo-Clear

2 X 5 minutes

A summary of the individual steps to prepare sections mounted onto silane treated slides
for staining. Slides deparaffinised, rehydrated and stained. Following staining, slides are

dehydrated and deparaffinised once more.



2.2.6 Histology
2.2.6.1 Periodic Acid Schiff Staining

Periodic Acid Schiff staining was used to detect polysaccharides and therefore
identify glycogen containing cells in placental sections. Reagents were left on the
benchtop to acclimatise to room temperature prior to use. Sections were incubated
in 0.5% w/v periodic acid (in dH20) for 5 minutes. This was followed by rinsing
three times with dH20 for approximately 3 minutes each, for a total of 10 minutes,
to remove excess stain. Sections were then incubated in Schiff's reagent (Sigma
Aldrich, Dorset, UK) under dark condition for 15 minutes. The sections were
washed under a running tap for 5 minutes before counter-staining with Harris
haematoxylin (CellPath, Powys, UK) for 2 minutes. Sections were washed for a
final time under a running tap for 5 minutes to remove excess stain and then

dehydrated according to Table 2.5.

2.2.6.2 Picrosirius Red Staining

Picrosirius red staining was used to identify fibrosis by staining for total collagen in
kidney sections. Following deparaffinisation and rehydration (Table 2.5), sections
were transferred to Weigert's Haemotoxylin (freshly made according to
manufacturer’s instructions; Sigma Aldrich, Dorset, UK) and incubated for 10
minutes. Sections were then washed under a running tap for a further 10 minutes.
A 0.1% picrosirius red solution was prepared using 0.1% w/v Sirius red F3B
(Sigma Aldrich, Dorset, UK) in dH20. Sections were incubated in the picrosirius
red solution for 60 minutes under dark conditions. This was followed by removal of
excess stain by washing twice for 5 minute each time in acidified water (0.01N v/v
hydrochloric acid in dH20). Excess moisture was removed before mounting

coverslips as detailed in section 2.2.5.

2.2.6.3 Threshold Quantification of Staining in ImageJ

All slides were blinded prior to imaging. Approximately 5-6 images were taken with
a 4x objective on an EVOS XL Core Imaging System (ThermoFisher Scientific,
Paisley, UK). These images were images laced together using Microsoft Image
Composite Editor 2.0 (Microsoft, Washington, USA). Positive staining was
identified and quantified using the threshold quantification method in Imaged

software (National Institutes of Health, Bethesda, USA). The image type was



converted to a red:blue:green stack and viewed using the green channel for both
Periodic Acid Schiff and Picrosirius red stains. The threshold was set to maximum
to capture all pixels in the image before being adjusted to identify areas of positive
staining only. This process gave values for the total area and positively stained
area. This was then expressed as a percentage of whole tissue as positively

stained area / total area x 100.



2.3 In Vivo Procedures

2.3.1 Animals

The stroke-prone spontaneously hypertensive (SHRSP) and Wistar Kyoto (WKY)
rat strains used in this thesis were generated from inbred strains that have been
maintained in-house by brother x sister mating in the University of Glasgow since
1991. Animals were housed under a controlled 12hour light/dark cycle with a
constant temperature of 21+3°C. They were maintained on a normal diet with ad
libtum access to food and water (Rat and Mouse No.1 Maintenance Diet
Expanded, Special Dietary Services, UK). All animal procedures were approved by
the Home Office according to the Animals (Scientific Procedures) Act (1986) and
ARRIVE guidelines (Kilkenny et al, 2010). Animal procedures were carried out
under project licenses 60/9021 and PP0895181.

2.3.1.1 Time Mating

Age-matched, virgin female SHRSP and WKY rats were bred between 12-14
weeks of age. They were time mated for up to four days with males of the same
strain in a mesh bottomed breeding cage. Successful mating was confirmed by the

presence of a coital plug and denoted as gestational day 0.5.

2.3.2 Anaesthetic Procedures

When necessary, rats were anaesthetised using an induction box filled with 5%
isoflurane in 1.5L/min of medical oxygen connected to an activated charcoal
fluosorber filter canister (Harvard Apparatus, Massachusetts, USA). Once
anaesthetised, rats were transferred to a mask in either a supine or prone position
or on their side with nose and mouth fully secured inside the mask. Once
transferred, anaesthesia was maintained at 1.5-2% isoflurane for recovery
procedures. Where anaesthesia was terminal, rats were maintained at 5%

isoflurane.



2.3.3 Radiotelemetry

Radiotelemetry involves the use of an implanted transmitter in the abdominal aorta
of rats to enable continuous live monitoring of haemodynamic measurements.
Systolic, diastolic and mean arterial pressures alongside heart rate and activity
were directly monitored using the Ponemah telemetry system (Data Sciences
International, Minneapolis St Paul, USA). Prior to implantation, the probe was
sterilised by 24-hour incubation in Actril ® cold sterilant (VWR, Leicestershire, UK)

at room temperature and calibrated within £5mmHg.

Surgery was conducted at 10 weeks of age under aseptic conditions. The
operating table was covered with a sterile surgical cover and a sterile surgical
gown and gloves were worn at all times. Instruments were sterilised by autoclaving
prior to use. Where multiple animals were receiving surgery in a single day a new
set of gloves was worn for each animal and instruments were resterilised. Virgin
female rats were anaesthetised as outlined for recovery procedures in section
2.3.2. Prior to the procedure animals received 5mg/kg carprofen analgesic
subcutaneously. Hair was removed from the abdomen and swabbed with a 4% w/v
chlorhexidine gluconate solution (HiBiScrub®). A no.11 scalpel was used to
perform a midline laparotomy through the abdominal wall. The peritoneal cavity
was cleared to expose the abdominal artery and iliac bifurcation. Once the
surrounding connective tissue and fat had been cleared away, three MERSILK®
Ethicon suture ties (NuCare, Bedfordshire, UK) were placed around the arteries as
depicted in Figure 2.1 to temporarily occlude blood flow. A 22-guage needle bent
to an approximate 45° angle was used to make an incision just above the iliac
bifurcation. The catheter of the sterile probe was inserted up towards the renal
arteries and secured with a small cellulose patch and tissue adhesive. The probe
was secured into place by suturing to the abdominal wall using ETHILION®
Ethicon nylon sutures (NuCare, Bedfordshire, UK) and the animal closed using
VICRYL® Ethicon re-absorbable sutures (NuCare, Bedfordshire, UK) Animals
were recovered on surgical Vetbed bedding in a 37°C incubator and returned to
their home cage atop the matching receiving pad. Following a two-week recovery
period, animals were time mated as described in section 2.3.1.1 and returned to
their home cage following successful mating. After confirmation, probes were

switched on and data collected at a sampling rate of 10 seconds every five



minutes until parturition where they were sacrificed under terminal anaesthesia
(2.3.2).

Superior
mesenteric artery

Left renal artery
Right renal artery

Abdominal aorta

Inferior mesenteric
artery

Iliac bifurcation

lliac
arteries

Figure 2.1: lllustration of Ligation Points During Radiotelemetry Probe
Implantation
(Adapted from: Servier Medical Art)

A depiction of the structure of the arteries proximal and distal to the abdominal
aorta. Prior to implantation, blood flow was occluded by ligating the abdominal
and iliac arteries as indicated by the thick black curves. An incision was made
just above the iliac bifurcation (shown by red oval) and the catheter of the
probe inserted upwards along the abdominal aorta. The probe was secured to
the abdominal wall. This illustration was created using artwork from Servier
Medical Art, licensed under the Creative Commons Attribution 3.0 Unported
License.

2.3.4 Tail Cuff Plethysmography

Systolic blood pressure was measured prior to pregnancy and on gestational days
6.5, 14.5 and 18.5 using tail-cuff plethysmography. Measurements were generally
made in the early afternoon between 12:00 and 14:00 hours to minimise diurnal
variation. The animals were acclimatised to the procedure prior to pregnancy.
Animals were warmed in a pre-warmed induction box with heat lamps at

approximately 30-32°C for 10-20 minutes to induce vasodilation of the tail arteries.



Animals were gently restrained using a warm, dry towel and placed on an electric
blanket to maintain body temperature with the tail exposed. A blood pressure
occlusion cuff followed by a pressure transducer cuff, which measures blood
pressure based on volume changes, were placed at the base of the tail. These
were connected to a programmed electro sphygmomanometer to ensure
consistent inflation-deflation in 1mmHg steps up to 250mmHg and register
pressure changes detected by the transducer cuff. Upon inflation, systolic
pressure was measured when blood flow to the tail artery was occluded by
pressure in the cuff. An average of six readings per animal were taken and used to

calculate mean systolic blood pressure.

2.3.5 Metabolic Cage Urine Sampling

Rats were placed into individual metabolic cages prior to pregnancy and at
gestational days 6.5 and 18.5. All animals were acclimatised to the cages for two
hours on two occasions before 24-hour measurements were made at pre-
pregnancy and beyond. Rats had access to 200mL of drinking water and the
standard diet ad libtum. The final remaining volume and any lost to spillage was
recorded following a 24-hour time period. Urine and faecal matter were separated,
and total urine volume was recorded before aliquoting into 2mL eppendorfs and

storage at -80°C.

2.3.6 Blood Sampling by Tail Venesection

Blood samples were collected from the tail vein prior to pregnancy and on
gestational days 6.5, 14.5 and 18.5. Animals were heated in pre-warmed
incubation boxes for 10 minutes prior to the procedure to induce vasodilation. Rats
were anaesthetised for recovery procedures as in 2.3.2. Following confirmation of
anaesthesia, rats were placed on their side. One of three tail veins (two lateral and
one dorsal) were punctured with the tip of a sterile no.11 scalpel at an approximate
45° angle. Where multiple animals were being sampled, a new scalpel was used
for each animal. Roughly 0.5mL of blood was collected into a heparinised
collection tube on ice and gentle pressure was applied upon withdrawal of the
scalpel at the puncture wound to stop any bleeding prior to recovery from
anaesthesia. Heparin inhibits thrombin formation and thus clotting, allowing for
plasma separation. Haematocrit was performed by transfer of a small volume of

blood into specialised haematocrit capillary tubes sealed at one end and



centrifugation at 5000rpm for 15 minutes to separate the plasma. Percentage red
blood cell (RBC) mass was calculated as RBC length (mm)/Total length (mm) x
100. The remainder of the samples were centrifuged for 15 minutes at 5000rpm

and 4°C to isolate plasma. This was aliquoted and stored at -80°C.

2.3.7 Transthoracic Echocardiography

Echocardiography was performed at pre-pregnancy and at gestational days 6.5,
14.5 and 18.5. Rats were lightly anaesthetised throughout the procedure
according to section 2.3.2. The thoracic and abdominal fur was removed by
shaving and the area cleaned of stray hair. Rats were placed in a supine position.
Aquasonic ultrasound gel (BioMedical Instruments, ZolInitz, Germany) was applied
to exposed skin as an ultrasound coupling medium. Rats were imaged trans-
abdominally and trans-thoracically using an Acuson Sequoia C256 imager fitted
with a 15 MHz linear array transducer (Siemans, Surrey, UK). The heart was
imaged along a para-sternal short-axis view to obtain M-mode images for 6-7
cardiac cycles, repeated two times. Hearts were then imaged along an apical 4-
chamber view to assess mitral valve flow using pulse wave Doppler for 6-7 cardiac
cycles in duplicate. During the procedure tibial length was also measured to

standardise measurements.

Analysis of the echocardiographic images was carried out using ImagedJ software
(National Institutes of Health, Bethesda, USA). Distance (in mm) between M-mode
waveform peaks and troughs was measured (shown in Fig. 2.2A) and used to
calculate estimations of stroke volume (SV), cardiac output (CO), left ventricular
mass (LVM), ejection fraction (EF), fractional shortening (FS) and relative wall
thickness (RWT). Calculations can be found in the appendix. Mitral flow images
were analysed by measuring the ratio between the peak of the E wave and the A
wave (E:A) and deceleration time taken for the E wave to return from peak to
baseline (DT’E) (Fig. 2.2B).

2.3.8 Doppler Ultrasound of Uterine Arteries

Uterine artery Doppler ultrasound was conducted at the same time as
echocardiography and prepared as described in 2.3.7. The uterine artery was
located lateral to the uterus in the lower abdomen using the colour Doppler P-

mode. Once location was confirmed, the transducer was placed parallel to the



artery and the pulse wave Doppler recorded for 6 cycles in duplicate (Fig. 2.3). In
cases where an animal was only pregnant in one horn, measures were only taken
from the pregnant horn. Peak systolic velocity (PSV) and end diastolic velocity
(EDV) were measured from six consecutive cardiac cycles in duplicate.
Resistance index (Rl) was calculated as (RI = [PSV-EDV]/PSV) and
systolic/diastolic ratio (S/D; calculated as PSV/EDV; Fig. 2.3). As pregnancy
progresses, it is possible to detect the fetal heartbeat by sweeping the transducer
over the lower abdomen until a fetus is identified. The fetal heartbeat was then
recorded for approximately 6 cycles to confirm viability of the pregnancy. Doppler
ultrasound images were analysed using ImagedJ software (National Institutes of
Health, Bethesda, USA).
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Figure 2.2: Representative Echocardiography Images

Cardiac functional parameters were calculated using a short-axis parasternal
view to visualise the left ventricle for M-mode images (A) and mitral flow
assessed using an apical four-chamber view (B). M-mode images were
analysed by measuring the AWT and PWT for both systole and diastole as well
as ESD and EDD. Images of the mitral valve were analysed by calculating the
ratio of the E wave (passive filling) to the A wave (active filling) and the DTE.
(AWT(s/d); anterior wall thickness in systole/diastole, ESD; end systolic
diameter, EDD; end diastolic diameter, PWT(s/d); posterior wall thickness in
systole/diastole, DT’E; deceleration time of the E wave).
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Figure 2.3: Representative Doppler Ultrasound Image of the Uterine
Artery

Uteroplacental flow was calculated using colour Doppler ultrasound in the
uterine arteries. Images were analysed by measuring PSV (long pink lines)
and EDV (short blue lines) over six consecutive cardiac cycles (shown by

box). Where animals were only pregnant in one horn, measurements
were taken from the pregnant horn only. (PSV; peak systolic velocity, EDV;
end diastolic velocity).



2.4 Sacrifice Procedure

Animals were euthanised on gestational day 6.5, 18.5 or following parturition by
exsanguination under terminal anaesthesia as in section 2.3.2. Some animals
were sacrificed as virgin controls in the same manner as pregnant animals.
Exsanguination was performed by creating a midline incision and opening of the
thoracic cavity by blunt dissection and breaking of the rib cage on either side.
Once the heart was exposed, the aorta was severed, and the heart removed for
further processing. The method of culling was also the method for confirmation of

death, as removal of the heart ensures permanent cessation of the circulation.

2.4.1 Cardiac Puncture Blood Sampling

Blood sampling via cardiac puncture was conducted just prior to exsanguination
under terminal anaesthesia (2.3.2). Once the heart was exposed as detailed in
2.4, a 21-guage needle attached to a 5mL syringe was inserted into the apex of
the heart and the left ventricle. Approximately 4-5mL of blood was slowly drawn
into the syringe. The total volume of blood harvested was then split equally
between either a heparin coated or EDTA coated BD Vacutainer ® tube (NuCare,
Bedfordshire, UK) and kept on ice for haematocrit measurement and plasma

isolation (detailed in section 2.3.6).

2.4.2 Maternal Tissue Collection

Following blood collection, maternal tissues were harvested and cleaned. Whole
organ weights (unless otherwise indicated) were recorded using a Sartorius
Extend balance (Appendix 7.1.1). Following whole organ weighing, the atria and
right ventricle were removed from the maternal heart and the left ventricle weighed
before dissection. The lower apex was removed, and the upper portion halved.
The middle section of the heart was placed in 10% neutral buffered formalin for
histological assessment (section 2.2.5) and the apex halves and upper left
ventricle were snap frozen in liquid nitrogen. Whole organ weights were also
recorded for the lungs, liver, left and right kidneys with renal fascia removed, brain
and spleen. The right kidney, brain and lungs were halved with one half in formalin
and the other snap frozen in liquid nitrogen. The liver and spleen were cut into
three portions with one snap frozen and another placed in formalin. The left kidney
was quartered and snap frozen. The adrenals were also removed and snap frozen

or placed in formalin. All snap frozen tissues were stored at -80°C until use.



A hysterectomy was performed, and the entire gravid/non-gravid uterus was
removed and weighed. It was then placed in chilled calcium free phosphate
buffered saline (PBS) to humanely euthanise the fetuses (if appropriate) by cooling
followed by decapitation to confirm death by cessation of the circulation. The
uterine arteries and veins were dissected from each uterine horn and placed on
ice in calcium free PBS to preserve them for later dissection (2.4.3). Dams with <4
fetuses were excluded from further study (Table 2.6). One animal in the
SHAM+MgSO4 group of Chapter 4 was excluded due to a sudden death with no
obvious cause (Table 2.6). The number of successfully implanted fetuses and
resorptions were recorded alongside their locations, if applicable. The intestines
were also collected in their entirety and placed into chilled calcium free PBS and

kept on ice until further dissection (2.4.3).

Table 2.6 Summary of Dams Excluded From Further Study in Chapters 3 & 4

Chapter 3 — Experimental | \ pecruited <4 fetuses Final N No.
Group

WKY 9 0 9

SHAM 13 2 117

ANGII 20 1 19*
g?::)'t)er 4 — Experimental No. Recruited <4 fetuses Final N No.
SHAM 2 0 2

ANGII 3 0 3
SHAM+MgSO4 5 0** 4
ANGII+MgSO4 6 1 5

A summary of the number of dams excluded from further study per group in each chapter
based on the exclusion criteria of <4 fetuses present at time of sacrifice. *5 animals
progressed to partition for neonatal and/or telemetry measurements. 3 animals
progressed to partition for neonatal and/or telemetry measurements. **1 animal was
excluded out with the given criteria due to a sudden death that following post-mortem did

not have any obvious cause.



2.4.3 Artery Dissection

Uterine arteries were dissected and snap frozen for later RNA extraction (section
2.2.1) or reactive oxygen species measurement (section 6.3.2) or stored in chilled
calcium free PBS for vascular smooth muscle cell isolation (section 2.5.1). The
main uterine artery (Fig. 2.4) was dissected using a microscope in a sterile
sylgard-coated plate in calcium free PBS. After careful removal of the surrounding
adipose tissue to expose the artery, it was gently separated from the uterine vein
and the vein discarded. The arteries were halved and either snap frozen in liquid
nitrogen or transferred to chilled, sterile F-12 Hams Nutrient Mix media [1TmM L-
glutamine, 14mM sodium bicarbonate, 1mM sodium pyruvate] (Thermofisher
Scientific, Paisley, UK) supplemented with 100lU/mL penicillin, 100ug/mL
streptomycin, 2mM L-glutamine (all ThermoFisher Scientific, Paisley, UK) and

stored at 4°C for up to one hour before use in vascular smooth muscle isolation.

In the case of mesenteric artery dissection, the intestines were transferred and
spread out on a sterile sylgard-coated plate in calcium free PBS. The 15t order
mesenteric artery was identified, and the arterial tree followed down to the 3™
order mesenteric arteries. These 3™ order arteries were microscopically dissected
in the same manner as the uterine arteries. Third order mesenteric arteries were
then either snap frozen for RNA extraction (section 2.2.5) or reactive oxygen

species measurement (section 6.3.2).



Radial

arteries

Figure 2.4: The Anatomy of the Pregnant versus Non-Pregnant Rat
Uterine Vasculature
(Adapted from: Mandala and Osol, 2011).

Comparative images of a pregnant and non-pregnant uterine horn from a rat,
showing the arrangement of the major fetoplacental units and vascular
structure. The portion of the main uterine artery, minus the uterine vein, used
in experiments is shown between the thick blue lines in the pregnant and non-
pregnant uterine horns. This dissection was repeated on the opposite uterine
horn in each animal.



2.4.4 Fetoplacental Tissue Collection

At gestational day 18.5, each fetoplacental unit was carefully dissected in chilled
calcium free PBS. The amniotic fluid was drained by puncturing the amniotic sac
and the fetal membranes removed. Both fetal and placental tissues were gently
blotted on absorbent paper towel to remove excess fluids. The umbilical cord was
severed, and the fetus and its matching placenta weighed whole and recorded
(Appendix 7.1.2). Two placentae from each dam were chosen at random. These
placentae were not weighed, rather, one was placed whole (including the
mesometrial triangle) into 10% neutral buffered formalin for 24 hours at room
temperature and one was snap frozen whole in liquid nitrogen. Of the placentae
that were weighed whole, three were randomly chosen. These three placentae
were carefully dissected into their individual placental layers: mesometrial

triangle/decidua, junctional zone, chorionic plate and labyrinth (Fig. 1.4).

2.4.4.1 Assessment of Fetal Growth and Weight Distribution

Anthropomorphic measurements of fetal growth were performed for each fetus of
each litter. Fetuses were weighed whole and measurements of fetal crown-rump
length, head circumference and abdominal circumference were recorded using a
length of MERSILK® Ethicon suture tie (NuCare, Bedfordshire, UK) soaked in
PBS (Kusinski et al, 2012; Fig. 2.5). Following this, the head was removed. Each
individual body was weighed followed by its matching head and recorded
(Appendix 7.1.2). Fetal growth trajectories were determined by plotting the
average fetal weight. The individual fetal weights were pooled for all fetuses of that
strain and/or treatment group. These weights were used to construct a histogram
of fetal weight distribution using frequency distribution bin centres of 0.05g. A non-
linear regression was performed with Gaussian distribution for each strain and/or
treatment group which presented the data as a percentage of the total population.
Clinically, fetal growth restriction is determined by calculating the lowest 5%
percentile of predicted fetal weight (Nardozza et al, 2017). The lowest 5
percentile was determined in the WKY and vehicle control groups and the
percentage of fetuses that fell below this threshold for other strain/treatment
groups was calculated. If a recorded fetal weight fell into this category the fetus

was diagnosed with growth restriction.
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Figure 2.5: A Representation of Anthropomorphic Measurements of
Fetal Growth

The morphometry of each fetus was measured using a length of MERSILK®
Ethicon suture tie soaked in PBS and a ruler. Head circumference was
measured just above the eyes and nose. Abdominal circumference was
measured where the umbilical cord inserts into the abdomen. Crown-rump
length was measured from the top of the head (intersecting with the head
circumference) down to the base of the tail, following the curvature of the
spine. This image depicts a GD18.5 SHRSP fetus.

2.4.5 Neonatal Sacrifice and Tissue Collection

Neonates were sacrificed on either day 1 or day 5 following birth by overdose of
anaesthetic. Neonates were injected intra-peritoneally with 200uL of Dolethal
200mg/mL solution (pentobarbital sodium) followed by decapitation to confirm
death by cessation of the circulation. The thoracic cavity was opened, and the
neonatal heart, thoracic aorta and kidneys were dissected and snap frozen in
liquid nitrogen before storage at -80°C until they were used for RNA extraction
(section 2.2.1).



2.5 Uterine Vascular Smooth Muscle Cell Culture

2.5.1 Primary Cell Isolation

Uterine arteries were dissected from non-pregnant and GD6.5 rats as described in
section 2.4.3. Once dissected and stored in chilled F-12 Hams Nutrient Mix media
[TmM L-glutamine, 14mM sodium bicarbonate, 1mM sodium pyruvate,
supplemented with 1001U/mL penicillin, 100pug/mL streptomycin, 2mM L-glutamine]
(all ThermoFisher Scientific, Paisley, UK) arteries were stored at 4°C for up to one
hour until use. The 4 artery segments from each animal (each artery from the left
and right uterine horns halved) were divided into two eppendorfs and digested in
F-12 media supplemented with 2mg/mL bovine serum albumin (Sigma, Dorset,
UK), 250U/mL collagenase type-l (ThermoFisher Scientific, Paisley, UK or
Worthington Biochemical, Berkshire, UK), 0.5U/mL elastase (Sigma, Dorset, UK)
and 0.4mg/mL soybean trypsin inhibitor (Sigma, Dorset, UK) pre-incubated at
37°C for five minutes to aid enzyme activation. During digestion, two artery
segments from the same horn of the same animal were placed in 1mL of warmed
enzyme supplemented F-12 media and incubated at 37°C for 30-40 minutes with
gentle agitation in a Biometra OV2 mini hybridisation oven (Thistle Scientific,
Glasgow, UK). The incubation was halted when artery segments had softened and
appeared ‘fluffy’. The vessels were homogenised using a 1mL syringe and
needles of increasing gauge size; 21G, 23G and 25G respectively. The vessels
and digestion media were passed through each needle size five times in the same
syringe. Homogenised arteries were centrifuged at 1200xg for three minutes at
room temperature. The digestion media was removed, and the pellet resuspended
in 500uL of pre-warmed, 37°C complete F-12 media [100IU/mL penicillin,
100pg/mL  streptomycin, 2mM L-glutamine, 10% v/v bovine serum albumin]
(Gibco™ ThermoFisher Scientific, Paisley, UK). The primary cell suspension of
1mL per animal was split between 3 wells (300uL/well) in a 12-well culture plate
and topped up with 1.7mL of complete F-12 media which was incubated at 37°C
with 5% CO:2 in a Heracell™ 240i CO2 incubator (FisherScientific, Loughborough,
UK). Each plate contained UAVSMCs isolated from 2 animals in triplicate. Of the
remaining 6 wells, 3 were filled with 2mL of sterile PBS and 3 with 2mL of
complete media to act as controls. Cell culture plates were incubated between 48-
72 hours to allow for adhesion. Following adhesion, the media was changed to
complete Dulbecco’s Modified Eagles Medium (DMEM) with Glutamax™

supplement [4mM L-glutamine, 5.5mM D-glucose, 1mM sodium pyruvate, 44mM



sodium bicarbonate] (Gibco™ ThermoFisher Scientific, Paisley, UK) and
1001U/mL penicillin, 100pg/mL streptomycin, 2mM L-glutamine and 10% v/v fetal

bovine serum.

2.5.2 Maintenance of the Primary Cell Line

Cells were monitored daily by visual inspection, and the culture medium was
refreshed every 48-72 hours. Cells were used for live-cell fluorescent Ca?* imaging
when they reached 80% confluency at p0. To freeze cells, they were trypsinized
and resuspended as above in 1mL complete DMEM media with 10% sterile
dimethyl sulfoxide, a cryoprotective agent that maintains the cellular osmotic
balance. This suspension was placed into a cryovial (Alpha-Laboratories,
Hampshire, UK) which was placed into a room temperature Mr. Frosty™ Freezing
Container (ThermoFisher Scientific, Paisley, UK) filled with isopropanol. The
container was then placed in -80°C conditions to ensure slow, uniform cooling of
the cells to reduce intracellular crystal formation. Cells were removed from the Mr.

Frosty containers after 24 hours and stored at -80°C.

2.6 Statistical Analysis

Animals were assigned to different treatment or gestational groups randomly and
following the ARRIVE (Animal Research: Reporting of /n Vivo Experiments)
guidelines (Kilkenny et al, 2010) for all in vivo studies. Results are presented as
the mean t the standard error of the mean (SEM) unless stated otherwise.
Telemetry data obtained from the Ponemah system included hourly averages
which were converted into 12-hour averages for each parameter to mimic the
day/night cycle of lighting (section 2.3.1). Maternal and fetal data were compared
between treatment and/or strain groups by restricted maximum likelihood (REML)
mixed model effects analysis with Tukey’s post hoc testing unless otherwise
stated. For all analyses, N is used to represent the number of adult females and n
is used to represent the number of individual offspring. The cycle threshold values
of gene expression data obtained from Tagman® gqPCR were normalised to the
housekeeper gene, GAPDH (glyceraldehyde-3-phosphate dehydrogenase) to
obtain delta cycle threshold (ACT) values. ACT values were used for statistical
analysis using students t-tests. ACT values were used to express the relative
quantity of gene expression by normalisation to the relevant control group (WKY

non-pregnant or SHRSP vehicle control) and expressed as 2*2CT. Statistical



analyses were conducted, and graphical data representations constructed using
Prism 9.4.0 GraphPad Software© (California, USA). Statistical significance was
determined by p value less than 0.05 with confidence intervals of 95%. Further

information on specific statistical tests are detailed in the following results
chapters.



Chapter 3: Optimisation and Characterisation of a
Novel Rodent Model of Superimposed Pre-
eclampsia



3.1 Introduction

Of all hypertensive disorders of pregnancy, pre-eclampsia superimposed on a
background of pre-existing hypertension complicates 25% of cases of chronic
hypertension during pregnancy (Brown et al, 2018a). SPE is defined clinically as
the occurrence or worsening of proteinuria at 20 weeks or more of gestation in
addition to pre-existing hypertension, or any other feature used to diagnose pre-
eclampsia as outlined in Table 1.1 (Hutcheon et al, 2011; Magee et al, 2015; Vest
and Cho, 2014). The prevalence of SPE is increasing, likely due to an increase in
the presence of maternal risk factors in those of childbearing age such as
increasing maternal age, multiparity, pre-existing cardiovascular disease and its
comorbidities or an increased body mass index, among others (Agrawal and
Wenger, 2020). Given the increased incidence of SPE, particularly in the Western
world, detection of the disease is crucial as it can impact high risk individuals with
pre-existing hypertension whose condition may deteriorate rapidly. This can be
further complicated by the fact that those that are premenopausal are not routinely
screened for hypertension throughout their entire reproductive period despite
evidence that alterations in ovarian hormones play an important role in blood
pressure regulation (Maric-Bilkan et al, 2014). Additionally, SPE can be difficult to
distinguish from worsening of chronic hypertension. Indeed, pre-existing
hypertension that could potentially develop to SPE can be masked in the first and
second trimesters by the physiological pregnancy-associated decrease in blood

pressure that naturally occurs (Khedagi and Bello, 2021).

Despite its significant impact, the pathology of SPE is poorly understood. As
discussed in section 1.1.4.2, activation of the renin-angiotensin-aldosterone
system (RAAS) is required for a successful pregnancy. This functions to support
the expansion of the cardiovascular system and contributes heavily to the
increased blood volume and cardiac output observed in healthy pregnancy
(Lumbers et al, 2019). In order to maintain the RAAS during gestation extra-renal
sources of renin are utilised. The largest extra-renal sources of renin are the
ovaries and placenta, which regulate the local RAAS and increased production of
ANGII (angiotensin Il) during gestation (Patel et al, 2017; Cheung and Lafayette,
2013). Paradoxical to the rise in ANGII production, there is diminished sensitivity
to its pressor response (Cheung and Lafayette, 2013). Hypertensive disorders of

pregnancy have been associated with dysregulation of the RAAS and subsequent



hypersensitivity to ANGII which contributes to the elevated maternal blood
pressure, proteinuria, endotheliosis and volume retention characteristic of these
disorders (Hussein and Lafayette, 2014). Additionally, ANGII has been shown to
induce angiogenesis via interaction with one of its receptors, AT1R- a mechanism
that may underlie spiral artery transformation and healthy development of the
placenta, thus dysregulation of the RAAS may also affect uterine vascular

remodelling (Lumbers and Pringle, 2014).

Unsurprisingly, ANGII infusion has been utilised by several groups as an
experimental model of hypertension in normotensive rodents to induce cardiac,
renal and vascular pathologies (Nyugen et al, 2015; Ruddy et al, 2017; Blanc et al,
2004). Far fewer studies have investigated the impact of ANGII infusion during
pregnancy, particularly the effects on maternal outcomes. One such study by
Shirasuna and colleagues (2015), found that high dose ANGII infusion in
normotensive wild-type and immune deficient mice resulted in maternal
hypertension and proteinuria and reduced fetal weight that was associated with
placental inflammation. Similar maternal effects were observed by Xue et al
(2017), who found that male offspring of pregnant Sprague-Dawley rats infused
with ANGII had an increased pressor response to ANGII in adulthood that was
associated with an increased renal nerve activity and abundance of
proinflammatory cytokines in the brain. Other studies have utilised transgenic
models (section 1.4.5) that stimulate ANGIlI overproduction in the placenta
(Bohlender et al, 2000; Hering et al, 2010). These have shown that an
upregulation of placental-specific ANGII results in similar maternal and fetal
outcomes to ANGII infusion. Together, these studies share the consensus that an
increase in both local and circulating ANGII during gestation results in the clinical

features commonly associated with pre-eclampsia and SPE in humans.

As previously discussed in section 1.4.1.1, the stroke-prone spontaneously
hypertensive rat (SHRSP) demonstrates an elevated blood pressure throughout
gestation with evidence of reduced uteroplacental blood flow and fetal and
placental abnormalities conjunctive with common hypertensive complications in
human pregnancy (Small et al, 2016a). Furthermore, SHRSP demonstrate a
failure to respond to the cardiovascular demands of pregnancy even in the
absence of chronic hypertension (Small et al, 2016b). Interestingly, these

complications do not prevent the SHRSP from successfully carrying their fetuses



to term, producing viable offspring. Morgan et al (2018) have shown that the
SHRSP can be stressed via the infusion of ANGII to develop a superimposed pre-
eclamptic phenotype alongside chronic hypertension. This novel rodent model of
superimposed pre-eclampsia was initially characterised at a low dose of
500ng/kg/min and a high dose of 1000ng/kg/min ANGII which was delivered
subcutaneously from GD10.5 to GD18.5 via osmotic mini pump. Whilst the model
was successful in inducing changes associated with SPE such as reduced
uteroplacental flow (Morgan et al, 2018), the low dose failed to accurately
recapitulate the disease in full whilst the high dose was associated with a reduced

survival rate, early removal from the study and subsequent welfare concerns.



3.2 Hypothesis & Aims

We hypothesised that the rodent model of superimposed pre-eclampsia developed
by Morgan and colleagues (2018) could be optimised and fully characterised at a
dose of 750ng/kg/min of ANGII following the same timeline and protocols

previously published.

We aimed to achieve this by delivering an insult to the cardiovascular system at
mid-gestation by surgically implanting an osmotic mini pump in pregnant SHRSP
dams to mimic the 20-week time point in human gestation. Once implanted the
mini pump subcutaneously infused ANGII until the end of the study. We
investigated both maternal and fetal outcomes in response to SPE development in
treated SHRSP rats. A small number of animals were allowed to progress to
parturition. This allowed us to additionally investigate the neonatal response to
ANGII in utero. We hypothesised that a dose of 750ng/kg/min ANGII would have a
detrimental impact on maternal, fetal and neonatal outcomes and would mimic the

human phenotype of the disease without causing any significant welfare concerns.



3.3 Materials and Methods

Animals were housed and mated as previously described in section 2.3.1.
Phenotypic measurements including blood pressure (section 2.3.4), blood
sampling (2.3.6) echocardiography (2.3.7) and uterine artery doppler assessment
(2.3.8), were taken one week prior to mating (pre-pregnancy, PP) and at
gestational days (GD) 6.5, 14.5 and 18.5. Metabolic cage urine sampling was
conducted at PP and on GD 6.5 and 18.5 to analyse proteinuria (sections 2.2.4,
2.3.5). A subset of SHAM and ANGII animals underwent telemetry probe
implantation surgery (section 2.3.3) two weeks prior to time mating to provide a
continuous measurement of blood pressure, heart rate and activity throughout
gestation. These animals were allowed to progress to parturition and their
offspring used to assess the neonatal response to hypertensive pregnancy.
Maternal, fetal and placental tissues and measurements were collected at GD18.5,
just prior to the fall in maternal blood pressure seen at the end of SHRSP
pregnancy (Small et al, 2016a). Full details of tissue collection and dissection can
be found in sections 2.4.2, 2.4.3, 2.4.4 and 2.4.5. Placentae were harvested and
either fixed for histological analysis or snap frozen to investigate gene expression
and reactive oxygen species generation. Further details of these methods can be
found in the general materials and methods (sections 2.2.3, 2.2.6). Neonatal
tissues were collected as detailed in section 2.4.5 to investigate potential changes

in gene expression (2.2.3) in response to hypertensive pregnancy.

3.3.1 Angiotensin Il Infusion via Osmotic Mini Pump

ANGII at a dose of 750ng/kg/min or 0.9% w/v NaCl saline solution were delivered
via osmotic mini pumps implanted subcutaneously. The dose was determined
using results and guidance from Morgan et al (2018) who developed the model.
Prior to pump implantation, SHRSP dams were weighed on GD9.5 and randomly
assigned to one of two groups: SHAM (saline) or ANGII. A group of age-matched

control WKY dams were weighed for saline pump implantation.

ANGII or saline solutions were infused at an approximate constant rate of 0.5uL/hr
from GD10.5 for 8 days until termination at GD18.5 using AZLET® 2002 osmotic
mini pumps (Charles River, Kent, UK). The flow rate was constant for 14 days,
thus ANGII delivery was stable throughout gestation. Preparation of the ANGII

solution was carried out in a sterile environment and the pump was handled whilst



wearing sterile, latex- and powder-free gloves at all times. A stock ANGII solution
of 50ug/uL was created by dissolving 50mg of human ANGII (Sigma Aldrich,
Dorset, UK) in NFW. The volume reservoir of the AZLET® 2002 mini pump is
200uL, therefore doses were prepared at 300uL to allow for overfilling of the pump
to ensure complete filling and that no air was present in the pump. Individual
doses for each animal were calculated using the weight obtained on GD9.5 and
assigned group as well as pump flow rate. Once prepared, mini pumps were
stored overnight at room temperature in sterile 5mL Sterilin™ containers filled with
sterile saline solution. This was to prime the pumps to ensure that upon

implantation the pump would begin to deliver either ANGII or saline immediately.

3.3.2 Mini Pump Implantation Surgery

Surgery was carried out on GD10.5 under standard aseptic conditions. SHRSP
and WKY dams were anaesthetised as in section 2.3.2 and maintained at 2%
isoflurane in 1.5L/min of oxygen in a prone position. Prior to the procedure animals
received 5mg/kg carprofen analgesic subcutaneously. The right flank of the animal
was shaved, cleaned and swabbed with a 4% w/v chlorhexidine gluconate solution
(HiBiScrub®). A superficial incision approximately 3cm in length was made in the
skin parallel to the shoulder with surgical scissors. This incision was lifted carefully
with toothed forceps and the muscle and skin layers gently separated by opening
and closing blunt tipped surgical scissors to create a subcutaneous pocket for the
pump. The mini pump was removed from saline solution and carefully placed
within this subcutaneous pocket, with the flow moderator pointing towards the rear
of the animal. The incision was closed by suturing with VICRYL® Ethicon re-
absorbable sutures (NuCare, Bedforshire, UK). Animals were then recovered in
their home cages. Welfare checks were carried out daily from this point until study

end.



3.4 Results

3.4.1 The Maternal Response to Hypertensive Pregnancy

3.4.1.1 ANGII Influence on Changes in Maternal Weight

A normal healthy pregnancy is associated with a reversible increase in weight due
to development of the fetus and increases in maternal adipose, specific organs
and blood volume. There was a significant treatment effect of ANGIl on body
weight across gestation (p<0.0001), non-gravid weight (p<0.0001) and the
percentage change in body weight (p=0.0314). WKY control dams exhibited a
gradual increase in weight throughout gestation (196.3+7.2g PP vs 252.314.4g
GD18.5). SHRSP vehicle treated dams also experienced a gradual increase in
maternal weight with a similar trajectory (142.6+3.4g PP vs 219.1+4.8g GD18.5)
though they weighed significantly less than WKY dams (p<0.0001). Though dams
receiving ANGII exhibited a pregnancy-associated increase in weight from PP
(148.9+4.59) to GD6.5 (183.0+£3.99), this plateaued once the pump was inserted
on GD10.5 with only a slight increase noticeable at GD18.5 (192.5+7.1g). By
GD18.5, ANGII dams weighed significantly less than SHAM (p<0.05). ANGII dams
weighed significantly less than WKY dams across pregnancy (p<0.0001, Fig.
3.1A). Both SHAM and ANGII groups had significantly lower non-gravid weights
(maternal weight independent of the uteroplacental unit) when compared to the
WKY control group (p<0.001, Fig. 3.1B). The percentage change in body weight
across gestation revealed that there was a statistically significant strain-dependant
difference between WKY (15.6+£1.6%) and SHAM (21.7+0.7%) dams at GD6.5
(p<0.05). Though there was no significant difference between WKY and ANGII
dams at GDG6.5, the percentage of weight gain was similar in SHAM and ANGII
dams (22.0£2.5%). Following pump implantation, ANGIl-infused dams saw a
reduction in the percentage of weight gain such that by GD18.5 both ANGII
(34.31£3.4%) and WKY (30.7+3.3%) dams had a significantly reduced weight gain
that was not seen in SHAM (49.0+£3.2%) treated animals (p<0.05, Fig. 3.1C). Thus,
infusion of ANGII in mid-gestation led to a reduction in weight gain when
compared to SHAM.
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Figure 3.1: Changes in Maternal Weight from Pre-Pregnancy to Term

Maternal weight was recorded prior to and throughout pregnancy. There was
a significant treatment effect of ANGII on body weight across gestation
(p<0.0001), non-gravid weight (p<0.0001) and the percentage change in body
weight (p=0.0314). (A) The weight change across pregnancy, including the
uteroplacental unit, showed all groups experienced an increase in maternal
weight prior to mini pump implantation (GD10.5) though there was a
significant strain-dependant effect between WKY and SHAM/ANGII dams
(****p<0.0001/+22+p<.0001). Following pump implantation, both WKY (N=7)
and SHAM (N=6) dams showed a continued increase in weight, though SHAM
dams weighed significantly less than WKY dams at GD18.5 (****p<0.0001). In
dams receiving ANGII (N=12), maternal weight plateaued between pump
implantation and GD14.5. ANGIlI dams showed a further slight increase in
weight by GD18.5 but weighed significantly less than WKY and SHAM
animals (¢**p<0.001, {p<0.05). Data analysed using restricted maximum
likelihood mixed-effects analysis with Tukey’s post hoc testing. (B) The
pregnancy-independent maternal weight at GD18.5 was significantly lower in
both- SHAM and ANGII groups when compared to WKY controls
(****p<0.0001). Data analysed by one-way ANOVA with Tukey’s post hoc
testing. (C) The percentage change in body weight (relative to PP measures)
showed that at GD6.5 there was a significant strain-dependant difference
between WKY and SHRSP (*p<0.05). Following ANGII infusion, the rate of
weight gain slowed in infused SHRSP dams such that both WKY and ANGII
had a significantly lower percentage weight gain than SHAM at GD18.5
(*p<0.05). Significant main effects of ANGII treatment were found for all
measures. Data analysed by restricted maximum likelihood mixed effects
analysis with Tukey’s post hoc testing.



3.4.1.2 Blood Pressure Profile of ANGIl-Infused SHRSP Dams

Systolic blood pressure was monitored throughout gestation in all groups by tail-
cuff plethysmography; detailed in the general materials and methods in section
2.3.4. A small subset of SHAM and ANGII animals were monitored using surgically
implanted radio-telemetry probes (section 2.3.3). All SHRSP dams were borderline
hypertensive prior to pregnancy when compared to WKY dams as a reference
strain (SHAM: 145.1+5.6mmHg, ANGII: 142.1£4.1mmHg, WKY: 137.214.8mmHg,
ns.). Figure 3.2A illustrates the blood pressure profile of each group at PP and
GD6.5, 14.5 and 18.5 by tail-cuff. There was a significant main treatment effect of
ANGII on blood pressure (p=0.002). WKY mothers showed an initial decrease in
systolic blood pressure (SBP) between PP and GD6.5 (128.9+4.3mmHg GD6.5),
followed by a rise (143.1£10.5mmHg) before a final small decrease at GD18.5
(139.8+7.1mmHg). By contrast, SHAM mothers exhibited an early pregnancy
increase in SBP (153.1£4.3mmHg GD6.5) before a gradual decline in SBP by
GD18.5 (124.1+£3.3mmHg). Animals that received ANGII treatment shared a
similar SBP profile to SHAM animals from PP to GD6.5 (145.1+8.3mmHg). Upon
pump implantation on GD10.5 this group experienced a worsening of their
hypertension by GD14.5 (171.6£5.4mmHg, p<0.05 vs WKY) with SBP continuing
to rise until GD18.5 (181.2+7.6mmHg, p<0.0001 vs SHAM, p<0.001 vs WKY). The
systolic, diastolic (DBP) and mean arterial (MAP) blood pressure profiles of
animals that underwent telemetry surgery mirrored the results from tail-cuff (Fig.
3.2B-D). Both SHAM and ANGII dams shared a similar profile from PP to the time
of mini pump implantation, though both groups tended have higher blood pressure
levels than those that were monitored via tail-cuff. Following mini pump surgery,
SHAM dams showed a gradual decrease in blood pressure with a small increase
at parturition. ANGII dams demonstrated an immediate increase in blood pressure
followed by a decrease from GD13.5 to GD16.5, at which time blood pressure
began to continuously rise until parturition. Heart rate was also monitored in these
groups. There were no significant differences in heart rate throughout gestation
between SHAM and ANGIlI dams. ANGII animals appeared to have a loss of
diurnal regulation of heart rate following pump implantation until GD13.5 where

diurnal differences were restored.
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Figure 3.2: The Maternal Blood Pressure Profile from Pre-Pregnancy to
Term in Response to ANGII Treatment

Systolic blood pressure was recorded at pre-pregnancy (PP) and three
specific gestational time points (pre ANGII: GD6.5, post-ANGII: 14.5 and 18.5)
in WKY (nuclease free water), SHRSP SHAM (saline) and ANGII treated
dams (750ng/kg/min). (A) Alterations in SBP across pregnancy measured by
tail-cuff plethysmography. SHRSP dams in both groups were borderline
hypertensive prior to pregnancy in comparison to normotensive WKY dams as
a reference strain. There was a significant main treatment effect of ANGII on
blood pressure (p=0.002). At GD6.5 WKY (N=8) dams showed a decrease in
SBP whilst SHAM (N=7) and ANGII (N=14) dams showed a rise in SBP
(*p<0.05). By GD14.5 SHAM SBP had fallen to a range comparable to WKY.
ANGII animals suffered a further increase in SBP (+p<0.05) that continued to
GD18.5 whilst SBP in both SHAM and WKY dams continued to fall gradually
(***/1t11p<0.001). Data analysed using restricted maximum likelihood mixed-
effects analysis with Tukey’spost hoc testing. Blood pressure profiles for
systolic (B), diastolic (C) and mean arterial (D) pressure were recorded prior
to and continuously throughout pregnancy in a small number of SHAM (N=2)
and ANGII (N=2) animals via implanted radiotelemetry probes. Heart rate (D)
was also recorded. The profiles of SBP, DBP and MAP aligned with the
measurements generated by tail-cuff. Heart rate did not differ significantly
between SHAM and ANGII animals, however between GD10.5 and GD13
ANGII animals appeared to lose diurnal variation in heart rate. This was
restored on GD13 and remained comparable to SHAM animals until
parturition where SHAM animals exhibited a sharp decline in heart rate whilst
ANGII animals a sharp increase. No statistical testing.



3.4.1.3 Cardiac Function in Response to ANGIlI Treatment in
SHRSP Dams

Echocardiographic assessment of cardiac function was carried out prior to and
throughout pregnancy in all groups (section 2.3.7). Significant main treatment
effects of ANGIl were found in stroke volume (p=0.0230), cardiac output
(p=0.0011) and relative wall thickness (p=0.0180). Figure 3.3A shows that in a
normotensive pregnancy, stroke volume remains stable as pregnancy progresses
(0.26£0.03mL PP vs 0.28+0.05mL GD18.5) whilst cardiac output tended to
gradually increase (81.02+9.07mL/min PP vs 97.50+20.55mL/min GD18.5, Fig.
3.3B). SHAM mothers also shared a relatively stable stroke volume across
pregnancy (0.26£0.01mL PP vs 0.25+0.02mL GD18.5), however, cardiac output
did not increase in this group. Rather, it also remained constant throughout
gestation (95.67+8.7mL/min PP vs 84.641+11.1mL/min GD18.5). ANGII treatment
in SHRSP dams resulted in a marked fall in stroke volume by GD14.5, though this
was not significant, (0.25£0.03mL PP vs 0.17+£0.02mL GD14.5, p=0.06) that
persisted until time of sacrifice (0.19£0.02mL). A similar pattern was observed in
cardiac output in this group, with a significant drop following mini pump
implantation (74.93+£8.15mL/min PP vs 52.28+7.59mL/min GD14.5, p<0.05 vs
WKY). This effect was sustained though cardiac output increased somewhat by
GD18.5 (61.86+£5.89mL/min, p<0.05 vs WKY). Relative wall thickness (RWT) was
used as a measure of left ventricular hypertrophy and therefore dysfunction in
pregnant dams (Fig. 3.3C). There were no significant differences in RWT across
gestation in WKY or SHAM groups, however RWT increased significantly on
GD14.5 in the ANGII treated group (p<0.05, 0.48+0.02 PP vs 0.63+0.06mm
GD14.5). On GD14.5 RWT was significantly increased in ANGII animals when
compared to WKY (0.44£0.03mm) and SHAM (0.41+£0.03mm, p<0.05 vs WKY,
p<0.01 vs SHAM). By GD18.5 there were no significant differences between
groups in RWT, though the ANGII had a higher RWT than WKY or SHAM groups
(0.491£0.06mm WKY; 0.39£0.04mm SHAM; 0.56£0.07mm ANGII). Ejection fraction
(Fig. 3.3D) was not significantly different across pregnancy in each of the groups..
This effect was also observed in fractional shortening (Fig. 3.3E).
Echocardiographic estimations of left ventricular mass were normalised to tibial
length, as upon reaching sexual maturity at ~12 weeks tibial growth slows
significantly such that tibial length was stable for the duration of the study, and no

changes were observed over the course of gestation or between groups (Fig.



3.3F). The left ventricles were dissected and weighed at time of sacrifice. These
weights were normalised to tibial length and were in agreement with
echocardiography data (Fig. 3.3G). Further investigation revealed no significant
effect of ANGII infusion on blood flow through the mitral valve, a measure of
diastolic dysfunction (Fig. 3.3H). However, there appeared to be a strain
dependant effect at GD18.5 with SHAM dams (2.76+0.84) showing a higher E:A
ratio than WKY (1.541£0.14) on GD18.5 that was not observed in the ANGII group
(1.97+£0.33). This strain dependent difference may also be present in the
deceleration time of the E wave between WKY and SHRSP animals at pre-
pregnancy, with a potentially increased deceleration time in WKY compared to
ANGII dams (Fig. 3.3l, 68.7971+5.852msec WKY; 49.984+3.241msec ANGII).
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Figure 3.3: Echocardiographic Estimations of Cardiac Function and Left
Ventricular Mass Pre- and Post-ANGII Infusion

Echocardiography was carried out pre-pregnancy (PP) and on GD6.5, 14.5 and
18.5. Significant main treatment effects of ANGII were found in stroke volume
(p=0.0230), cardiac output (p=0.0011) and relative wall thickness (p=0.0180).
(A) Stroke volume remained stable throughout pregnancy in WKY (N=6) and
SHAM (N=6) but decreased following ANGII (N=12) infusion in the treatment
group (p=0.06). (B) Cardiac output gradually increased during the course of
pregnancy in WKY dams. SHAM mothers experienced an initial increase
followed by a decrease in cardiac output following mini pump surgery. ANGII
infusion resulted in a significant decrease in cardiac output compared to WKY
and SHAM that was not recovered by GD18.5 (*p<0.05). (C) RWT was
significantly increased at GD14.5 in ANGIlI dams when compared to WKY dams
(*p<0.05) as was ejection fraction. Ejection fraction as also increased relative to
SHAM (*p<0.05) (D). This was also observed in fractional shortening (E). There
were no differences in left ventricular mass (F,G) or mitral valve function (H,l)
as a result of ANGII infusion. Data analysed using restricted maximum
likelihood mixed-effects analysis with Tukey’s post hoc testing or one-way
ANOVA with Tukey’s post hoc testing, as appropriate.

3.4.1.4 Uterine Artery Blood Flow Measured /In Vivo

Uterine artery blood flow was analysed in the uterine artery using Doppler
ultrasound imaging throughout gestation (section 2.3.8, Fig. 3.4A). Arterial blood
flow was determined by calculating the systolic/diastolic (S/D, Fig. 3.4B) ratio and
the resistance index (RI, Fig. 3.4C). A significant main treatment effect of ANGII
was noted for RI (p<0.001) but not S/D. Rl was significantly increased at GD18.5
in ANGII dams (0.57£0.02) in comparison to WKY dams (0.38+0.02, p<0.01). S/D
was not significantly different between WKY, ANGII and SHAM animals following
mini pump implantation. Rl was significantly increased in ANGII (5.73+0.66)
versus SHAM (3.01+£0.32) at GD6.5 prior to surgery (p<0.05). This may have been
due to operator technical error or poor image quality as at GD6.5 there was no
difference in treatment between the groups. Similar to ANGII treated mothers,
SHAM mothers also showed a significantly increased Rl at GD18.5 when
compared to WKY mothers (0.62+0.05, p<0.05).
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Figure 3.4: Pulse Wave Doppler Ultrasound Assessment of the Uterine
Artery

Blood flow through the uterine artery was assessed by analysing waveform
measurements captured prior to and throughout pregnancy. (A) Representative
examples of these waveforms. A significant main treatment effect of ANGII was
noted for RI (p<0.001) but not S/D. (B) Peak end systolic and diastolic volumes
were calculated as detailed in the methods and expressed as a ratio. S/D was
not different between ANGII (N=12) versus WKY (N=6) or SHAM (N=6) at
GD18.5. (C) Resistance index was calculated using the peak end systolic and
diastolic volumes. Rl was significantly increased in both SHAM and ANGII
mothers compared to WKY mothers at GD18.5 (*p<0.05, +p<0.01). Rl was
significantly increased in ANGII versus SHAM groups on GD6.5 (1p<0.05).
Data analysed using restricted maximum likelihood mixed-effects analysis with
Tukey’s post hoc testing, where appropriate.



3.4.1.5 Influence of ANGII Infusion on the Renal System

Twenty-four hour water intake and urine output were measured at pre-pregnancy
(PP) and on GD6.5 and 18.5 using metabolic cages (2.3.5). There was a
significant main treatment effect of ANGII on water intake (p=0.0089), urine output
(p=0.0001) and water intake proportional to urine output (p=0.0003). There were
no differences in water intake in early pregnancy (Fig. 3.5A). By GD18.5, water
intake was significantly decreased in SHAM versus WKY and ANGII groups
(33.3£0.8mL, 52.6+7.5mL and 53.4+3.1mL, respectively, p<0.001 SHAM vs WKY,
p<0.0001 SHAM vs ANGII). A similar pattern was observed in urine output (Fig.
3.5B), which was significantly decreased at GD6.5 (p<0.05) and 18.5 (p<0.0001)
in SHAM mothers compared to WKY mothers (. At GD18.5 urine output was
significantly increased in ANGII versus SHAM mothers (33.8£2.9mL vs.
12.29+0.8mL, p<0.0001). The effect of ANGII treatment on urine output was
preserved when corrected for fluid intake and expressed as a proportional urine
excretion (Fig. 3.5C, GD6.5: p<0.05 SHAM vs WKY, GD18.5: p<0.0001 SHAM vs
WKY, p<0.001 SHAM vs ANGII).

Urinary samples collected at the time points mentioned previously were analysed
to determine the albumin:creatinine ratio (ACR, Fig. 3.5E) as an indication of
proteinuria (2.2.4). ACR appeared to increase over the course of pregnancy in
WKY animals (1.26+0.24pg/umol/L PP vs 3.93+0.40pg/umol/L GD18.5, ns.) whilst
SHAM animals saw an apparent decrease across pregnancy (0.34+0.14pg/umol/L
PP vs 0.16+0.01pg/umol/L GD18.5, ns.). ACR seemed to increase following ANGII
infusion in SHRSP dams (0.39+0.06ug/umol/L PP vs 163.06+98.6ug/umol/L
GD18.5, p<0.01). This increase appeared to far exceeded levels experienced by
WKY and SHAM dams with ACR increased at GD18.5 relative to both.

Kidney morphology was assessed following sacrifice using picrosirius red staining
(Fig. 3.5D). The assessment of positive staining was restricted to the cortex and
medulla regions and expressed as a percentage of total kidney area (Fig. 3.5F).
There was a significant main treatment effect of ANGII on picosirius red staining
within the kidneys (p=0.0215). Positive staining was markedly increased in SHRSP
dams that received ANGII in comparison to SHAM dams (27.80%£7.23% vs
3.32+0.63%, *p<0.05). Though positive staining was higher in kidneys from ANGII



treated SHRSP than in WKY kidneys (12.73+3.88%) this was not statistically

significant.



Water Intake (ml)

Treatment effect B Treatment effect
* WKY 1-00089 - p=0.0001 lulule
o SHAM
s ANGII ’_*‘*** 601 * * kK
804 = 504
. £ 50 A
» = 40 *
60+ 4 ERa A
a8
r' 8 30 A
40- A i
N g 204 o A
=
204 D 104 L
o
0
0 Q o )
] © CE
QQ b‘? .\G., N

. Gestational Day
Gestational Dav

Treatment effect *okok ok

C 100+ P=0.0003
90-
80-

*
704 A Abk
o *
50 { o
40-
30-
20-
10-
0
& ©°

Gestational Day
WKY SHAM

Urine Excretion Proportional
to Water Intake Volume (%)

* %k
hz]
\%u

Treatment ° PP F Treatment effect
effect o 65 p=0.0215

. p=0.0579 A 185 80

- *

S 550 . g 70— —

E 450 € 60+ s

G N ©

3350—_ b 50—

o 2507 ® 40-

£ 150 =

£ 1507 % 30

© 50 o o [ ]

e 1 a 20- °e

o 10 5

£ 2 10-

E 0-

a o

< WKY SHAM ANGII & & &

Nl



Figure 3.5: Influence of ANGII Infusion on Kidney Function and
Morphology

Metabolic cages were used to collect twenty-four hour measurements of water
intake and urine output prior to and throughout pregnancy. There was a
significant main treatment effect of ANGIl on water intake (p=0.0089), urine
output (p=0.0001) and water intake proportional to urine output (p=0.0003). (A)
Water intake was significantly increased in WKY (N=7) and ANGII (N=12)
dams at GD18.5 compared to saline treated SHAM N=8) dams (***p<0.001,
****p<0.0001). (B) Urine output was significantly decreased during early
pregnancy in SHAM mothers versus WKY (GD6.5, *p<0.05). Urine output was
significantly lower in SHAM animals than in WKY or ANGII treated animals at
GD18.5 (****p<0.0001). This effect was preserved when urine output was
corrected for fluid intake (C). Data analysed by restricted maximum likelihood
mixed-effects analysis with Tukey’s post hoc testing. (D) Representative
images of positive picrosirius red staining in kidneys from all groups. (E) ACR
was significantly increased following ANGII (N=5) infusion and was significantly
higher than WKY (N=5) or SHAM (N=5) (GD18.5, **p<0.01). Data analysed by
two-way ANOVA with Tukey’s post hoc testing, (F) There was a significant
main treatment effect of ANGII on positive staining within the kidneys
(p=0.0215). Positive picrosirius staining in kidneys from GD18.5 was
significantly higher in ANGII (N=7) versus SHAM (N=6) but not WKY (N=5)
animals (*p<0.05). Data analysed by one-way ANOVA with Tukey’s post hoc
testing.

3.4.2 Offspring Outcomes in Hypertensive Pregnancy
3.4.2.1 Fetal Weight and Size Distribution

ANGII treatment did not significantly affect the number of pups in each litter at
either the fetal (Fig. 3.6A) or neonatal (Fig. 3.6B) stages. Fetal weights and
anthropomorphic measurements were collected at GD18.5 following sacrifice.
Fetuses that were exposed to ANGII in utero appeared to have a reduced fetal
weight (1.00+£0.09g; Fig. 3.7A) compared to those born to SHAM (1.32+0.119g)
mothers but were similar to those born to WKY mothers (1.13+0.02g). Abdominal
circumference appeared to be decreased in SHAM relative to ANGII (Fig. 3.7C,
ns.). Offspring from ANGII dams appeared to have a slightly decreased head
circumference than those from WKY or SHAM (24.5£1.3mm, 25.6£0.9mm, and
26.6x1.1mm respectively, ns.; Fig. 3.7B). Analysis via one-way ANOVA revealed a
significant main treatment effect of ANGIl on crown-rump length (p=0.0078).
Crown-rump length was significantly increased in SHAM offspring only versus
WKY (p<0.01, Fig. 3.7D). ANGII offspring crown-rump length was significantly
lower than SHAM (p<0.05). There was no statistically significant difference in the

head:body ratio (an indicator of head sparing fetal growth restriction) between



groups (Fig. 3.7E). Fetal weight data was also expressed as a weight distribution
curve to represent the data in a more clinically relevant format (Fig. 3.7F). The 5"
centile for WKY fetal weights was calculated as weights that fell below 1.02g. This
centile threshold was used as a control reference to determine which fetuses
would be classified as clinically growth restricted in this model. It was calculated
that 33.33% of ANGII offspring fell below the threshold for fetal growth restriction
whilst 0.00% of SHAM offspring were classified as growth restricted.
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Figure 3.6: The Number of Offspring per litter at the Fetal and Neonatal
Stages

The number of offspring in each litter was recorded at GD18.5 to capture the
fetal stage and at the time of live birth for neonatal. (A) Infusion of ANGII
(N=12) into SHRSP dams did not significantly influence the number of offspring
per litter on GD18.5 when compared to SHAM (N=6) or WKY (N=4) dams.
Data analysed by one-way ANOVA. (B) There was no significant effect of
ANGII (N=4) treatment versus SHAM (N=3) animals on neonatal litter size.
Data analysed by two-tailed unpaired ¢ test.
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Figure 3.7: Fetal Growth Parameters in Response to Chronic
Hypertension and ANGII Infusion

At GD18.5, fetuses were removed from the uterine horn and all amniotic fluid,
placental tissue and associated membranes were removed. Analysis via one-
way ANOVA revealed a significant main treatment effect of ANGII on crown-
rump length (p=0.0078). (A) There was an observed decrease in fetal weight
in ANGII (N=7,) offspring when compared to SHAM (N=6) that was similar to
WKY (N=5) offspring. (B) No significant differences in head circumference
were observed. (C) Abdominal circumference appeared to be lower in ANGII
compared to SHAM offspring. (D) There was a significantly increased crown-
rump length in SHAM versus WKY offspring (**p<0.01). ANGII offspring had a
significantly lower crown-rump length than SHAM but not WKY offspring
(*p<0.05). (E) No significant differences in head:body were found between
groups though ANGII offspring may have had an increased ratio that may
indicate head-sparing growth restriction. Data analysed by one-way ANOVA
with Tukey’s post hoc testing. (F) The proportion of total fetal weights at
GD18.5 that fell below the 5" centile (red line) was determined by constructing
a non-linear fit of frequency distributions for each group. The 5" centile was
determined from WKY controls. ANGII (n=33 pups), SHAM (n=23 pups) and
WKY (n=44 pups).

3.4.3 Placental Characteristics

Placental weight appeared to be reduced in offspring from ANGII dams
(0.233+0.02g) when compared to those from SHAM dams (0.284+0.02g, p=0.09,
Fig. 3.8A). Placental weight was not significantly different between WKY offspring
(0.242+0.01g) and those from SHAM or ANGII groups. The fetal:placental ratio did
not significantly differ between treatment groups, however ANGII offspring ratios
(4.05+0.38) appeared to be lower than WKY or SHAM offspring (4.82+0.19 and
4.79+0.22, respectively, ns., Fig. 3.8B). Gross placental morphology was
assessed using periodic acid Schiff staining to the various placental layers. A
significant main treatment effect of ANGIlI was seen in positive staining within the
junctional zone (p=0.0014). The intensity of positive staining within the junctional
zone was significantly decreased in both SHAM (11.97+£2.57%, p<0.01) and ANGII
(16.94+2.84, p<0.01) placentae when compared to those from WKY pregnancies
(30.92+2.86%, Fig. 3.8D).
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Figure 3.8: Placental Characteristics Following ANGII Infusion

Once separated from the fetus, each placenta was gently blotted with
absorbent paper to remove excess fluid. (A) Treatment with ANGII (N=7) may
have resulted in a decrease in placental weight when compared to SHAM
(N=5) placentae, though this was not significantly different to the weights of
WKY (N=5) placentae. (B) The fetal:placental ratio did not significantly differ
between groups though there may be a tendency towards a decreased ratio in
ANGII (N=6) offspring when compared to both SHAM (N=5) and WKY (N=5)
groups. (C) Representative images of positive periodic acid Schiff staining in
placentae from all groups. (D) A significant main treatment effect of ANGII was
seen in positive staining within the junctional zone (p=0.0014). Positive periodic
acid Schiff staining of the junctional zone of the placenta was significantly
decreased in both SHAM (N=6, **p<0.01) and ANGII (N=8, **p<0.01) treated
placentae when compared to those from WKY (N=5) pregnancies. Data
analysed by one-way ANOVA with Tukey’s post hoc testing.

3.4.4 Neonatal Outcomes

3.4.4.1 Neonatal Weight

A subset of animals in the SHAM and ANGII groups were allowed to progress to
parturition to examine the neonatal response to hypertensive pregnancy. The
number of live births per litter was recorded on the day of birth (Fig. 3.6B). There
were no differences in the number of neonates per litter between SHAM and
ANGII treated dams. Neonatal weight was recorded on the day of birth and at 5
days after birth. A significant main treatment effect of ANGIl was observed in
neonatal weight (p<0.0001). At both day 1 and day 5 after birth, neonates from
dams treated with 750ng/kg/min ANGII weighed significantly less than those from
SHAM dams (5.40+0.06g vs. 3.8310.12g, p<0.0001 day 1, 8.07+0.10g vs.
5.04+0.18g, p<0.0001 day 5, Fig. 3.9).
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Figure 3.9: Live Neonatal Weight on Day 1 and Day 5 After Birth

Neonatal weights were recorded on the day of birth (D1) and at 5 days after
birth (D5). A significant main treatment effect of ANGII was observed in
neonatal weight (p<0.0001). At D1, neonatal weights in offspring exposed to
ANGII in utero (n=5 pups) were significantly decreased versus weights from
offspring born to SHAM mothers (n=7 pups, ****p<0.0001). This pattern
between SHAM (n=10 pups) and ANGIlI (n=19 pups) was even more
pronounced at D5 (****p<0.0001). Data analysed by two-way ANOVA with
Tukey’s post hoc testing.

3.4.4.2 Changes in Neonatal Gene Expression

gRT-PCR was performed to investigate the neonatal expression of genes
including Nox2, Ace2, Ppara, Gpx1 and Spp7 in kidneys, hearts and thoracic
aortae from ANGII and SHAM pregnancies (Fig. 3.10). These genes were chosen
due to their known involvement in vascular remodelling and function as well as
their known correlation with cardiovascular disease. Tissue from one neonate from
a single litter per group were analysed, hence each group represents triplicate
measures in n=1. Due to n=1/group/tissue no statistical analysis was conducted.
Variation between the technical replicates was detected for all genes tested,
suggesting the assay was not of high quality. This operator variability limited any

conclusions that could be drawn about the data.
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Figure 3.10: Gene Expression of Genes Related to Cardiovascular
Disease in Neonatal Tissue

Gene expression of the genes (A) Ppara, (B) Gpx1, (C) Spp1, (D) Ace2 and (E)
Nox2 were analysed using qRT-PCR and are presented as a relative
expression normalised to the housekeeper gene Gapdh calculated from 224CT,
Due to limited n numbers (n=1/group/tissue in triplicate) and high operator
variability no statistical analysis was conducted.



3.5 Discussion

This chapter has provided evidence that super-imposed pre-eclampsia can be
mimicked in SHRSP rats at a dose of 750ng/kg/min when delivered mid-gestation
without causing extreme weight loss. The data presented indicates that SHRSP
dams treated with ANGII had significant impairment of their haemodynamic and
cardiovascular response to pregnancy when compared to SHAM treated SHRSP
and normotensive WKY dams. Clinical indicators of severe pre-eclampsia such as
a further elevated blood pressure, decreased cardiac output and proteinuria
alongside evidence of fetal growth restriction and placental abnormalities were all

documented in ANGII treated dams.

The SHRSP has a genetically determined predisposition towards chronic
hypertension that makes it an ideal candidate for the study of hypertensive
disorders of pregnancy such as pre-eclampsia. This study utilised normotensive
WKY animals treated with saline to mimic a normal pregnancy as well as
hypertensive SHRSP dams that also received saline to represent a treatment
control group. Vehicle treated WKY dams demonstrated a consistent weight gain
throughout pregnancy as did vehicle treated SHAM dams. Weight gain plateaued
in ANGlI-treated SHRSP dams at GD14.5 and by GD18.5 was significantly lower
than SHAM. . A healthy pregnancy in humans is associated with an increase in
total body weight, with the gravid uterus accounting for only 10% of this weight
gain (Thornburg et al, 2015). This is due to the increase in the maternal heart
alongside an increase in blood volume, and its increased consumption of oxygen
and therefore energy requirements, leading to an increase in cardiac output to
ensure adequate organ and placental perfusion to maintain the fetus (Thornburg et
al, 2000). This also results in a shift in cardiac metabolism to meet the metabolic
demands of the fetus in late gestation as fetal growth increases (Liu and Arany,
2014). Though ANGII administration slowed maternal weight gain it did not prevent
it, however it did significantly decrease non-gravid weight relative to WKY mothers.
The ANGII group also suffered from diminished cardiac output in late gestation
following ANGII delivery when compared to SHAM and WKY. Reduced maternal
weight gain and impaired cardiac output are associated with poorer fetal outcomes
and increased severity of pre-eclampsia in humans (Wallace et al, 2017, Stott et
al, 2018).



Both tail cuff plethysmography and radiotelemetry confirmed that ANGII
administration was responsible for the observed increase in systolic and diastolic
pressures. However, it is unclear why there were no differences in pre-pregnancy
systolic pressures between WKY and SHRSP as has been previously reported
(Small et al, 2016a, Small et al, 2016b). These differences were reported using
radio-telemetry, whereas WKY dams were not investigated by telemetry in this
study but rather by tail-cuff plethysmography. This deviation from the literature
may be due to the different techniques used. In addition to this, radiotelemetry
revealed that ANGII also resulted in a loss of diurnal regulation of heart rhythm.
Short-term alterations to arterial blood pressure are mediated by the baroreceptor
reflex. Normally, activation of the arterial baroreceptor reflex by a rise in systemic
pressure (as was observed in this study) leads to a decreased activation of
sympathetic neurons that innervate the heart and peripheral vessels. This results
in bradycardia, reduced cardiac contractility and peripheral vasodilation to reduce
heart rate and counteract the increase in systemic pressure (La Rovere et al,
2008). However, immediately following mini pump implantation surgery, SHRSP
animals in this study exhibited an increase in heart rate. Heart rhythm returned to
normal by GD11.5 in SHAM animals but continued to rise until GD12.5 in ANGII
dams. This may be attributed to a blunting of the baroreceptor response by high
levels of central ANGII prior to infusion on GD10.5. SHR rats have been shown to
have increased central levels of renin, ACE and ANGII in comparison to WKY rats
(Paull et al, 1997). This hyperactivation of the central RAAS may also be present
in SHRSP dams and may explain the altered acute response to ANGII infusion in
this study. This may also account for the loss of diurnal variation differences for a
short-period following pump implantation in this group, as the constant firing of
these receptors in addition to a sudden increase in circulating ANGIlI may have
resulted in receptor desensitisation and thus temporary loss of diurnal control.
ANGII dams also exhibited a significant increase in relative wall thickness on
GD14.5 relative to WKY and SHAM dams, indicating hypertrophy as a result of
hypertensive stress. This evidence, coupled with the finding that dams receiving
ANGII also appeared to suffer from a decrease in stroke volume, is in agreement
with the literature and echoes the hallmarks of cardiac dysfunction present in
human cases of SPE (Buddeberg et al, 2018; Castleman et al, 2016).

Super-imposed pre-eclampsia is associated with endothelial dysfunction and

defective vascular remodelling of the maternal uterine spiral artery, resulting in



intermittent placental ischaemia and subsequent reperfusion injury that gives rise
to fetal growth restriction (Morgan et al, 2018; Small et al, 2016a). Small and
colleagues (2016a) have previously shown that the SHRSP have defective
pregnancy-dependant remodelling of the maternal uterine artery and reduced
uteroplacental blood flow in comparison to their normotensive WKY counterparts.
This effect was also seen in SHAM animals in this study. Treatment with ANGII did
not significantly alter uterine artery blood flow in vivo when compared to SHAM.
This may be due to the arteries of the SHRSP already being in a state of maximal
impairment, thus treatment with ANGII is unable to further alter uterine artery
function. It may be that the lack of response within the uterine artery in this study is
a result of a low exposure time during pregnancy (8 days total) in comparison to
studies in non-pregnant animals, or that delivering ANGII systemically does not
affect the vessel in the same way that local uteroplacental ANGII would (Hering et
al, 2010; Xue et al, 2017).

Treatment of pregnant SHRSP dams with ANGII resulted in altered renal function
in reference to SHAM dams, as evidenced by an increased urine production and
proteinuria. The ACR was significantly increased in ANGIlI mothers in comparison
to both SHAM and WKY mothers despite an increase in water consumption and
urine production. The increased urine production is in contrast to the normal
physiological actions of ANGII in the kidney where it promotes water retention
(Mirabito Colafella et al, 2019). This may be explained by the abnormalities in
kidney morphology observed in this study. Kidneys exposed to ANGII during
pregnancy had significantly higher positive staining for picrosirius red (an indicator
of fibrosis) than their SHAM counterparts. Previous work has shown that ANGII
infusion in the pregnant SHRSP also causes morphological abnormalities in the
renal corpuscle (Morgan et al, 2018). This provides some evidence that ANGII
infusion has a detrimental impact on renal function, however further assessment of
glomeruli filtration rates would be beneficial in this model. Additionally,
investigation of the expression levels of the various RAAS components would be

beneficial in determining how closely this model recapitulates the human condition.

It is well known that this defective remodelling has an impact on offspring health
and has been implicated in fetal growth restriction (FGR) (Davis et al, 2012).
Alongside assessment of maternal health, this study also investigated the effect of

elevated ANGII on fetal and placental development. Though there was no effect of



ANGII on litter size at either the fetal or neonatal stages, there was a significant
decrease in fetal weight for offspring exposed to ANGII in utero. Neonatal weight
was also significantly reduced in ANGII offspring at days 1 and 5 post-birth. Fetal
growth restriction is defined as a failure of the fetus to reach its intrauterine
potential for growth and development as a result of compromised placental
function (Nardozza et al, 2017) and commonly occurs in pregnancies complicated
by PE (Obata et al, 2020). Whilst FGR and PE may share some risk factors, FGR
on its own confers additional risks to the fetus independently of its occurrence with
PE such as increased risk of stillbirth, perinatal mortality and long-term health
defects (Nardozza et al, 2017). In clinical practice, FGR is determined from the
population average of fetal weights whereby fetuses weighing below the lowest
10, 5% or 3 percentile of population weights are classified as growth restricted
(Nardozza et al, 2017). In this study, 33.33% of ANGII fetuses fell below the 5™
percentile threshold for FGR confirming the fetal effects of this model at the study
dose. Though this effect was confirmed to persistent in neonates, offspring
development following parturition was studied in a limited capacity. A follow-up
study of offspring exposed to ANGII in utero would be beneficial in determining
whether this model also increases offspring risk of cardiovascular disease as is

seen in those born from pre-eclamptic mothers in humans (Tooher et al, 2017).

Dysregulation of the maternal RAAS has been implicated in the dysfunctional
spiral artery remodelling that leads to placental insufficiency in PE resulting in FGR
and pathophysiological responses by the offspring in later life (Lumbers and
Pringle, 2014; Xue et al, 2017). The cause of ANGII-infused FGR in this model is
unclear as there was no effect of ANGII on uteroplacental blood flow, however
placental weight was significantly reduced in ANGII dams. Although the
fetal:placental ratio was not significantly different between groups, ANGII offspring
appeared to have a decreased ratio compared to SHAM. This would suggest that
there was no restriction to nutrient availability in the placenta and fetus from
impaired flow, however neonatal weight was significantly lower in ANGII-treated
offspring. It is possible that significant alterations to blood flow occurred after
GD18.5 and were not measured in this study. This study did not investigate the
spiral arteries of the placenta, but this would be of interest in future experiments
perhaps by histological staining for markers of vascular remodelling within the
mesometrial triangle, particularly given this models’ links to the development of

FGR and PE (Tanetta and Sargent, 2013). It may also be worth examining



placental function and transport in this model by investigating the expression of
select transporter proteins as well as placental and fetal concentrations of their
substrates. Though uteroplacental blood flow was unaffected, histological analysis
of the placentae of both ANGIl treated and SHAM SHRSP dams revealed
abnormalities. Periodic acid-Schiff staining of the junctional zone showed a
significantly decreased percentage of positive staining in the junctional zone in
both SHAM and ANGII dams when compared to WKY dams. PAS staining
identifies glycogen-containing cells within the placental layers which are known to
disappear prior to parturition (Akison et al, 2017). Though the exact function of
glycogen cells within the junctional zone is not fully understood, they are
hypothesised to be a potential energy source in late gestation that is utilised by the
placenta and/or the fetus (Coan et al, 2006). Therefore, depletion of glycogen cells
following ANGII infusion may account for the changes in placental weight and FGR
observed in this study despite there being no effect of ANGII on uteroplacental

blood flow.

Current literature in the field fails to provide consistent results for the presence of
metabolic and genetic markers of disease in offspring from mothers with pre-
eclampsia in humans, therefore, further research is warranted. In addition to
assessing the effects of ANGlII-infusion on fetal growth, qRT-PCR was performed
to investigate the expression of genes known for their involvement in vascular
remodelling and various cardiovascular diseases. Due to the small sample size,
statistical testing was not performed on this data. No conclusions could be made
on the relative level of expression of the selected genes. All gPCR reactions were
performed with the absence of standard curves; thus the validity of the assay
could not be determined. Additionally, small sample sizes (n=1) and high variability
between replicates of the same sample prevented the collection of any meaningful

data.

Both Ppara and Spp1 are involved in the functioning of the immune system and
elevated levels of Spp71 expression have been linked to chronic kidney disease
and renal failure (Kaleta, 2019). Additionally, renal failure itself is a prominent risk
factor for the development of cardiovascular disease, particularly hypertensive
disorders of pregnancy (Vest and Cho, 2014). Ace2 is a key component of the
RAAS responsible for removing ANGII by converting it to Ang(1-7) in the heart and
kidneys, which via its actions on the AT2R antagonises the actions of ANGII



(Ocaranza et al, 2020; Cohen et al, 2020). Ace2 can also be found in vascular
endothelial cells and macrophages and its increased expression in these cell types
has been observed in diseased states, suggesting Ace2 may be implicated in
hypertension and cardiovascular disease despite its vasodepressor actions or that
its expression may be elevated as a secondary response to the disease process
(Kuriakose et al, 2021). This suggests that an adverse in utero environment may
alter offspring gene expression towards a pro-inflammatory, vasoconstrictive
pathogenic state that increases the risk for later life cardiovascular and kidney
disease (Davis et al, 2012; Tooher et al, 2017). Gpx1 is known as the secondary
defence against reactive oxygen species and free radicals in the mitochondria
(Yeh et al, 2018). Conflicting results have been reported concerning the
expression of Gpx71 and its relationship to pre-eclampsia. Studies have reported
both decreased and increased levels of Gpx7 in whole blood, plasma and
placentae of pre-eclamptic patients (Boutet et al, 2009). Due to the small sample
size of neonatal tissue and variability in the technical replicates observed in this
study, conclusions are limited. Increasing the number of samples by replicating
this study with more n numbers would be beneficial to validate this finding. For any
future qPCR studies, the inclusion of standard curves to enable assay validation

and optimisation is crucial to ensure reliability in the data generated.

In summary, infusion of ANGII in the pregnant SHRSP rat significantly impacts
maternal cardiovascular, renal and uteroplacental systems in addition to potentially
restricting fetal growth. Fetal growth restriction in this model may be in part
mediated by placental dysfunction. Though this study did investigate neonatal
outcomes further study of offspring generated from this model would be a useful
tool in understanding the impact of hypertensive disorders of pregnancy on adult
SHRSP development. The changes observed in maternal systems closely
mimicked those observed in human pre-eclampsia, thus this model could be
utiised to investigate the long-term impacts of pre-eclampsia on maternal
cardiovascular health post-pregnancy. This model was able to recapitulate human
super-imposed pre-eclampsia in hypertensive rodents without negatively impacting
animal welfare with regards to weight loss. We chose not to infuse WKY rats with
ANGII in this study as previous work by a former student showed that WKY dams
have an extremely low tolerance to ANGII infusion, even at a lowered dose of
500ng/kg/min, that resulted in excessive loss of body weight. These results

demonstrate that this model has the potential to improve our understanding of pre-



eclamptic conditions, aid in determining the underlying causes and associated
risks of pre-eclampsia in the chronically hypertensive population and provide a

useful tool for the assessment of novel therapeutic strategies.



Chapter 4: Magnesium Sulphate as a Preventative
Therapeutic in Rodent Super-imposed Pre-
eclampsia



4.1 Introduction

The prevalence of hypertensive disorders of pre-eclampsia, including SPE, are on
the rise and have become a leading cause of maternal and fetal mortality (Say et
al, 2014). Whilst the underlying cause of SPE is not fully understood, many risk
factors have been implicated in its development such as maternal weight or age,
multiparity and maternal body mass index (Agrawal and Wenger, 2020). Though
pharmacological interventions are severely lacking for SPE, one of the most
commonly used approaches in clinical practice is the use of magnesium (Mg?*)
supplementation in the form of magnesium salts to prevent seizure occurrence in

severe cases of SPE (Lassi et al, 2014).

Magnesium is the fourth most common cation in the human body, surpassed only
by calcium (Ca?*), potassium (K*) and sodium (Na*) (Chrysant and Chrysant,
2019). It is estimated that Mg?* plays a role as a cofactor in as many as 325
enzymatic reactions related to the production of ATP (adenosine triphosphate),
blood pressure control, muscle contraction, nerve conduction and bone strength,
to name only a few (Severino et al, 2019). The recommended dietary intake of
Mg?* per day is approximately 280mg for an adult female and is mainly sourced
from green leafy vegetables, cereals, meats and drinking water (James, 2010).
During pregnancy, the recommended intake for Mg?* increases to 360-400mg
daily. Magnesium deficiency, or hypomagnesaemia (serum Mg?* <0.74mmol/L), is
becoming increasingly common in the Western world with foods in these regions
containing 30-50% less Mg?* than the recommended daily amount, exacerbated
by the increasing consumption of processed foods (Fanni et al, 2021; Guerrera et
al, 2009; Chrysant and Chrysant, 2019). Other factors such as gastrointestinal
malabsorption or the use of medications such as diuretics or laxatives may also
contribute to magnesium deficiency (Severino et al, 2019). Hypomagnesaemia has
the potential to increase the onset of de novo hypertension or worsen pre-existing
hypertension and increase the incidence of cardiovascular disease (Chrysant and
Chrysant. 2019).

Studies have shown that hypomagnesemia is commonly observed in a wide range
of cardiovascular diseases such as heart failure, diabetes mellitus, hypertension,
stroke, arrhythmia and low serum levels of Mg?* were a predictor for all-cause

mortality (Liu and Dudley Jr., 2020; Guerrera et al, 2009). Magnesium is



additionally known to participate in metabolic and vascular homeostasis as well as
modulate inflammation and oxidative stress. It is believed that hypomagnesaemia
may also play a role in endothelial dysfunction and atherogenesis (Severino et al,
2019). Pregnant individuals are at particularly high risk of magnesium deficiency
as Mg?* levels decline during pregnancy, reaching their lowest at the end of the
first trimester (James, 2010). Low Mg?* levels have been linked to severe
hypertension during pregnancy as early as 1998 (Khedun et al, 1998).
Hypomagnesaemia during pregnancy may contribute to placental insufficiency and
thus the development of SPE by inducing vasospasms in the uterine spiral arteries
and increasing the risk for fetal growth restriction (James, 2010). Magnesium
deficiency during pregnancy also increases the risk of premature labour as it can
result in uterine excitability that may be exacerbated by maternal stress (Fanni et
al, 2021). Literature suggests that low Mg?* levels may impact fetal programming.
A study by Schlegel and colleagues (2017) found that male rats that developed
fetal hypomagnesaemia as a result of restriction of Mg?* in the maternal diet
presented in adulthood with signs of increased anxiety and a reduced expression
of NMDA receptor subunits (N-methyl-p-aspartate) within the hippocampus. Other
studies in animal models have found that restriction of maternal dietary Mg?*
intake results in abnormal fat metabolism, insulin resistance and diabetes (James,
2010).

The role of hypomagnesaemia in the generation of pre-eclampsia is debated,
though magnesium deficiency is considered a predisposing factor to PE (Chiarello
et al, 2018). It has been reported that pre-eclamptic individuals have lower red
blood cell membrane and brain concentrations of Mg?* than those with normal
pregnancies (Nelander et al, 2017). During PE there is an accumulation of Mg?* in
the fetal circulation which is hypothesised to result from alterations in maternal
Mg?* metabolism (Borekci et al, 2009; Chiarello et al, 2018). Yang et al (2014)
showed evidence of a reduced expression of the magnesium channel TRPM7 (M-
type transient receptor potential channel 7) in hypoxic primary placental cells and
in samples from pre-eclamptic placentae at term. The use of magnesium salts in
pre-eclamptic pregnancy to prevent the increase of disease severity to eclampsia,
seizures and maternal death has been a part of standard clinical care for many
years (Chrysant and Chrysant, 2019; Guerrera et al, 2009). Administration of
MgSO4 has been found in various studies to reduce the risk of eclampsia by 50%

as well as reduce hospital and intensive care unit admissions and was more



effective than other common treatments in eclampsia patients (Guerrera et al,
2009; Grober et al, 2015; James, 2010). In the rat L-NAME model of PE (section
1.4.4) other beneficial actions of MgSOs4 were shown including decreased
maternal blood pressure, proteinuria and reduced serum s-Flt1 and sEng
alongside increased nitric oxide production (Korish, 2012). MgSOa4 also improved
ex vivo heart function in this model (Coates et al, 2006). Despite this, the
mechanism of action of this treatment has never been clearly defined nor has
there been an agreement on the minimum effective dosing schedule in humans
(Chiarello et al, 2018). A Cochrane review of magnesium supplementation
concluded that based on cumulative evidence from ten trials involving 9090
pregnancies, there was no clear beneficial effect of Mg?* during pregnancy,
however it was noted that eight of the ten trials were of low to moderate quality
(Makrides et al, 2014). This leaves the question of the relationship between

hypomagnesaemia, MgSOa4 therapy and pre-eclampsia still unanswered.



4.2 Hypothesis & Aims

Utilising the rodent model of super-imposed pre-eclampsia optimised in chapter 3,
we hypothesised that oral administration of MgSOa4 in place of normal drinking

water may be beneficial to maternal and fetal outcomes in rodent SPE.

We aimed to investigate this by daily dosing of 1% w/v solution of MgSOu in place
of normal drinking water. We examined both maternal and fetal outcomes in
pregnant SHRSP rats infused with ANGII that received daily MgSOs from
gestational day 0.5. We hypothesised that magnesium supplementation in the
form of MgSO4 would be beneficial in improving maternal blood pressure and

uteroplacental flow as well as fetal growth in a rodent model of SPE.



4.3 Materials and Methods

Animals were housed and mated as outlined in section 2.3.1. Animals were
randomly allocated to one of four treatment groups: saline only (SHAM),
750ng/kg/min ANGII (ANGII), saline with MgSO4 (SHAM+MgSO4) and ANGII with
MgSOs (ANGII+MgSO4). The ANGIlI dose was calculated and prepared as
described in 3.3.1. ANGII was delivered by a subcutaneously implanted osmotic
mini-pump that was present from GD10.5 (3.3.2). Phenotypical characterisation
included blood pressure measurement (2.3.4), blood sampling (2.3.6),
echocardiography (2.3.7) and uterine artery doppler assessment of uteroplacental
blood flow (2.3.8). These measurements were conducted prior to pregnancy (PP)
and at gestational days (GD) 6.5, 12.5 and 18.5. Proteinuria was assessed as
described in section 2.2.4 using urine samples obtained at PP and on GD6.5 and
18.5 by metabolic cage sampling (2.3.5). Animals were sacrificed on GD18.5 and
maternal, placental and fetal tissues and measurements were collected. Full
details on tissue collection and dissection are discussed in sections 2.4.2 to 2.4.5.
Placentae were harvested and either fixed for histological analysis or frozen for
future studies. Further details of these methods can be found in the general
materials and methods (sections 2.2.3, 2.2.6). Due to the impact of COVID-19 on
research, data points from Chapter 3 from the SHAM and ANGII groups were

included in the data analysis presented within this Chapter.

4.3.1 Magnesium Sulphate Dosing in Drinking Water

Animals in the SHAM+MgSO4 and ANGII+MgSOs4 groups were treated from GDO0.5
with a 1% w/v solution of MgSOs in place of their normal drinking water. MgSQOa4
water was prepared by dissolving 10g of anhydrous magnesium sulphate
(ThermoFisherScientific, Paisley, UK) in 1 litre of deionised water. Animals were
provided with 200mL of MgSO4 water that was refreshed daily. The concentration
of MgSO4 was determined from previous studies using rodents (Soltani et al,
2005; Hasanein et al, 2006).



4.4 Results

4.4.1 MgS0O4 and the Maternal Pregnancy Profile

44.1.1 MgSO4 Improves Maternal Weight Gain in Hypertensive
Pregnancy

A normal pregnancy is partially characterised by a reversible increase in weight
that is independent of the uteroplacental unit, known as non-gravid weight gain.
Non-gravid weight was determined on GD18.5 by weighing the whole carcass
following removal of the uteroplacental unit (Fig. 4.1). Analysis by two-way ANOVA
revealed no significant main effect of either ANGII or MgSO4 on non-gravid weight.
SHAM control dams showed a healthy weight gain with a non-gravid weight of
189.1+£5.29. MgSO4 did not appear to have an effect on weight gain with the
SHAM+MgSO4 group non-gravid weight measuring 189.2+1.0g. Treatment with
ANGII infusion in SHRSP dams resulted in an apparent decrease in non-gravid
weight (174.0+£3.7g). The addition of MgSOa4 drinking water in the ANGII group
lead to an observed increase in non-gravid weight when compared to ANGII alone
that was not statistically different from untreated SHAM animals (189.117.5q).



Figure 4.1: Non-gravid Weight at GD18.5 in Response to MgSO;4
Treatment

Maternal non-gravid weight was recorded on GD18.5 by removal of the entire
uteroplacental unit following sacrifice and weighing the whole carcass.
Analysis by two-way ANOVA revealed no significant main effect of either
ANGII or MgSO4 on non-gravid weight. SHAM animals receiving saline only
(N=9) did not significantly differ from SHAM animals who also received
MgSOs (N=4). Treatment of SHRSP dams with ANGII (N=17) resulted in an
observed decrease in maternal non-gravid weight when compared to SHAM
dams. The addition of MgSOs drinking water to ANGII treated animals (N=4)
led to a non-significant increase in maternal non-gravid weight compared to
ANGII alone. Data analysed by two-way ANOVA.



4.4.1.2 Blood Pressure Profiles in Response to MgSO4

Systolic blood pressure was monitored throughout gestation in all groups by tail-
cuff plethysmography; detailed in the general materials and methods in section
2.3.4. All animals in this study were borderline hypertensive prior to pregnancy.
Using REML mixed-effects analysis, a significant main treatment effect on systolic
blood pressure was found (p=0.0008). Figure 4.2 illustrates the systolic blood
pressure profiles of each group at PP and on GD6.5, 12.5 and 18.5 by tail-cuff.
Further analysis using post hoc multiple comparisons indicated both ANGII and
MgSO4 affected blood pressure. Both SHAM and ANGII dams exhibited an
increase in blood pressure from PP to GD6.5 prior to mini pump surgery (SHAM:
143.624.0mmHg PP, 151.9+2.7mmHg GD®6.5; ANGIl: 139.9+3.7mmHg PP,
168.7£5.1mmHg GDG6.5). In contrast, groups receiving MgSO4 drinking water
appeared to experience an initial decrease in blood pressure at GD6.5 that was
lower when comparing the SHAM and ANGII to ANGII+MgSOs4 groups
(SHAM+MgSOa4: 141.6£6.7mmHg PP, 137.5t11.2mmHg GD6.5; ANGII+MgSOa:
139.2+3.6mmHg PP, 124.4+4.3mmHg GDG6.5). SBP rose sharply following mini
pump surgery in dams receiving ANGII by GD12.5. The use of MgSO4 in SHAM
animals led to a marked decrease in SBP (123.334.9mmHg GD12.5) in
comparison to SHAM alone (149.7+2.8mmHg GD12.5; p=0.059) and ANGII alone
(168.7£5.1mmHg GD12.5; p<0.001). There was no difference in blood pressure
between ANGII and ANGII+MgSO4 dams at GD12.5. By GD18.5, dams receiving
ANGII only experienced a worsening of their hypertension with a blood pressure
significantly higher than all other groups (178.4+7.1mmHg; p<0.01 vs.
142.9+2.6mmHg ANGII+MgSO4, p<0.0001 vs. 128.0+3.4mmHg SHAM and
125.4+6.7mmHg SHAM+MgSOs4). There was no difference in blood pressure
between SHAM and SHAM+MgSO4 mothers at GD18.5.
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Figure 4.2: The Maternal Blood Pressure Profile Across Gestation in
Response to ANGII and MgSO4

Systolic blood pressure was recorded at pre-pregnancy (PP) and three
specific gestational time points (pre ANGII: GD6.5, post-ANGIIl: GD12.5 and
GD18.5) in SHRSP SHAM (saline) and ANGII treated dams (750ng/kg/min)
with or without daily MgSO4 drinking water. Alterations in SBP across
pregnancy were measured by tail-cuff plethysmography. Statistical analysis
showed a significant main treatment effect on blood pressure (p=0.0008)
SHRSP dams in all groups were borderline hypertensive prior to pregnancy.
Comparisons between groups during post hoc analysis revealed both ANGII
and MgSOs affected blood pressure. At GD6.5 SHAM (N=10) and ANGII
(N=17) dams exhibited an increase in SBP whilst SHAM+MgSO4 (N=4) and
ANGII+MgSO4 (N=5) dams showed a decrease. Following pump implantation
on GD10.5, animals receiving ANGII showed increased SBP by GD12.5
(f'Tp<0.001  ANGII vs. SHAM+MgSOs, #p<0.05 ANGII+MgSOs vs.
SHAM+MgS04). On GD18.5, the ANGII group exhibited blood pressure that
was significantly higher than all groups (¥p<0.01 vs. ANGII+MgSOs4;
*x*[1TT1p<0.0001 vs. SHAM/SHAM+MgSO4). Though MgSO4 water appeared
to decrease SBP when compared to ANGII alone, ANGII+MgSO4 mothers
remained more hypertensive at GD18.5 than control SHAM mothers. Data
analysed using restricted maximum likelihood mixed-effects analysis with
Tukey’s post hoc testing.



4.4.1.3 Echocardiographic Assessment Following ANGIl and
MgSO4 Treatment in SHRSP Dams

Echocardiographic assessment of cardiac function was carried out prior to and
throughout pregnancy in all groups (section 2.3.7). Following REML mixed-effects
analysis, a significant main treatment effect was reported for stroke volume
(p=0.0007), relative wall thickness (p=0.0053) and left ventricular mass measured
weekly (p=0.0409). Figure 4.3A llustrates the changes in stroke volume
throughout pregnancy in the groups. Stroke volume tended to remain relatively
stable across gestation (0.26£0.02mL PP; 0.25+0.04mL GD12.5, 0.26£0.02mL
GD18.5) in the control SHAM group. Addition of MgSO4 to drinking water in SHAM
dams lead to an observed increase in SV throughout pregnancy (0.18+0.02mL
GD6.5; 0.27+0.01mL GD18.5, ns.). Post hoc comparisons between groups
indicated that, following an initial increase in SV between PP (0.24+0.03mL) and
GD6.5 (0.26+0.02mL), treatment with ANGII led to a significant decrease in SV by
GD12.5 (0.17+0.02mL, p<0.05 vs. PP, p<0.01 vs. GD6.5) that did not recover to
SHAM levels at GD18.5 (0.19+0.02mL, p<0.05). A similar observation, though
non-significant, for SV was observed in those receiving both ANGIlI and MgSO4
(0.17+£0.03mL PP; 0.13+0.02mL GD12.5) that did not reach SHAM levels by
GD18.5 (0.19+0.00mL). Relative wall thickness (RWT) was used as a measure of
left ventricular hypertrophy and therefore dysfunction in pregnant dams (Fig.
4.3D). Tukey’s post hoc analysis indicated that RWT was not significantly different
between groups from PP to GD6.5. Treatment with ANGII resulted in a significant
increase in RWT compared to SHAM (p<0.01, GD12.5). Addition of MgSOs in
ANGII-infused dams led to a further significant increase in RWT relative to SHAM
and SHAM+MgSO4 groups (p<0.05, p<0.0001 respectively). RWT appeared to
remain relatively consistent throughout pregnancy in the SHAM and
SHAM+MgSOs4 groups. Ejection fraction (Fig. 4.3C) was not significantly different
between groups or across gestation within groups. A similar result was observed
for fractional shortening (Fig. 4.3B). Echocardiographic estimations of left
ventricular mass were normalised to tibial length as upon reaching sexual maturity
at ~12 weeks tibial growth slows significantly such that tibial length was stable for
the duration of the study (Fig. 4.3E). When groups were compared during post hoc
analysis, left ventricular mass (measured weekly) was significantly increased in
the MgSO4 groups when compared to ANGII alone on GD18.5 (1.21£0.1g/mm
ANGII vs. 1.70£0.1g/mm ANGII+MgSOs4; 1.72+0.1g/mm SHAM+MgSO4). The left



ventricles were dissected and weighed at time of sacrifice. These weights were
normalised to tibial length but were not in agreement with echocardiography data,
as there was no significant effect of either ANGII or MgSOs4 detected (Fig. 4.3F).
This may represent operator variability in echocardiographic image capture or

analysis rather than a true significant result.

Figure 4.4A shows the changes in maternal heart rate (HR) across gestation in all
four groups. Batch variability was detected at PP. This variability was introduced
due to a pause in research as a result of COVID-19 (see Impact Statement). All
animals that received MgSQO4 treatment were studied one year later than SHAM or
ANGII only animals and results for SHAM and ANGII groups included values from
Chapter 3. Statistical analysis using REML mixed-effects analysis showed that
there was significant main treatment effect in both HR (p=0.0003) and CO
(p<0.0001). A significant main treatment effect was also noted for CO normalised
to tibial length (p=0.0002). Tukey’s multiple comparisons post hoc testing indicated
that HR was significantly reduced in ANGII+MgSOa4 rats compared to ANGII at PP
(*p<0.05) and a similar pattern was observed between SHAM+MgSO4 and SHAM
groups (ns.). This pattern persisted throughout gestation and by GD18.5, HR was
significantly lower in ANGII+MgSO4 dams compared to SHAM (*p<0.05) and
ANGII dams (**p<0.01). HR was significantly reduced in SHAM+MgSO4 animals
versus ANGII animals at GD18.5 (*p<0.05) and appeared to be lower than SHAM
only (ns.). Due to the variability between batches prior to treatment, it is unclear
whether these changes in maternal heart rate are a result of MgSOs treatment. Of
the estimates of cardiac function, cardiac output, is the only calculation that relies
on HR. Therefore, the variability in maternal heart rate also affected cardiac
output. To mitigate this effect, we calculated Acardiac output (ACO) as the
difference in cardiac output at each gestational time point relative to baseline (PP)
measurements for each individual animal (Fig.4.4C), normalised cardiac output to
tibial length (Fig. 4.4D) and presented these alongside the raw CO values (Fig.
4.4B). Following normalisation to tibial length, post hoc analysis indicated that
cardiac output was significantly decreased in dams receiving ANGIl only at
GD12.5 (30.51+3.1mL/min/g, p<0.05) compared to PP values. This observation
was also noted for raw cardiac output values, though to a higher degree of
significance (p<0.01, PP vs GD12.5, ANGII). ACO in the SHAM group seemed to
decline between GD6.5 (10.3+14.2%) and GD12.5 (-11.3+21.5%) before
increasing on GD18.5 (26.9+34.1%) (Fig. 4.4C, ns.). The pattern in SV observed



in SHAM+MgSO4 animals was also observed in ACO (18.3+19.2% GDG.5;
92.6+23.0% GD18.5, ns.). ACO in the ANGII group followed a similar pattern to
that of SHAM animals and was not significantly different. This was not the case
with ANGII+MgSO4 dams, where there appeared to be a slight decrease between
GD6.5 (21.2437.6%) and GD12.5 (0.1£19.8%) that plateaued untii GD18.5
(3.1£11.0%, ns.) indicating that by late gestation cardiac output was not
significantly different to PP measurements. These corrections were unable to
correct for the batch variation present between MgSO4 groups and their normal

drinking water counterparts.
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Figure 4.3: Echocardiographic Estimations of Cardiac Function Following
MgSO0a Intervention in Hypertensive Dams

Echocardiography was carried out pre-pregnancy (PP) and on GD6.5, 12.5 and
18.5. Following REML mixed-effects analysis, a significant main treatment
effect was reported for stroke volume (p=0.0007), relative wall thickness
(p=0.0053) and left ventricular mass (p=0.0409). (A) SV remained stable
throughout pregnancy in SHAM (N=6) and steadily rose in SHAM+MgSO4
dams (N=4) but decreased following ANGII infusion (N=14, */**p<0.05/0.01
PP/GD6.5 vs GD12.5). Addition of MgSO4 to ANGII treated dams (N=5)
drinking water did not prevent but rather appeared to exacerbate this decline in
SV (*p<0.05 vs SHAM, GD12.5). (D) RWT was not significantly different
between groups from PP to GD6.5. On GD12.5 ANGII+MGSO4 animals
showed a significantly increased RWT when compared to all other groups
(*p<0.05 vs SHAM+MgSOy4, **p<0.0001 vs. SHAM). RWT was also significantly
increased in SHAM vs ANGII (**p<0.01). These patterns were preserved at
GD18.5 but were not significant. No differences between treatment groups
were seen in calculated fractional shortening (B) or ejection fraction (C). Left
ventricular mass (E) was significantly lower in ANGII vs MgSO4 groups at
GD18.5 (*p<0.05 vs SHAM+MgSO4/ANGII+MgSQa4). Left ventricular mass at
time of sacrifice (F) revealed this difference to be artificial as a result of image
capture or analysis operator variability. Data analysed using restricted
maximum likelihood mixed-effects analysis with Tukey’s post hoc testing or
two-way ANOVA with Tukey’s post hoc testing where appropriate.
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Figure 4.4: Maternal Heart Rate and Cardiac Output Following MgSO4
Intervention in Hypertensive Dams

Echocardiography was carried out pre-pregnancy (PP) and on GD6.5, 12.5 and
18.5. Statistical analysis using REML mixed-effects analysis showed that there
was significant main treatment effect in both HR (p=0.0003) and CO
(p<0.0001). A significant main treatment effect was also noted for CO
normalised to tibial length (p=0.0002). (A) Maternal heart rate was significantly
lower in ANGII+MgSO4 (N=5) vs. ANGII (N=14) only rats at PP due to batch
variability (*p<0.05). SHAM+MgSO4 dams (N=4) also appeared to have a lower
HR than SHAM (N=7) only at PP. This variability persisted throughout
gestation. At GD18.5, HR was significantly reduced in the ANGII+MgSO4 group
compared to ANGII (**p<0.01) and SHAM (*p<0.05) groups. SHAM+MgSO4
may have had a lower HR than SHAM at GD18.5 and a significantly lower HR
than ANGII (*p<0.05). (B) Raw cardiac output values across gestation for all
groups. CO significantly decreased following ANGII infusion in SHRSP dams
(**p<0.01 GD6.5 vs. GD12.5). (C) ACardiac output gradually increased during
the course of pregnancy in SHAM+MgSOs4 dams (ns.). All other groups,
however, experienced an initial increase followed by a decrease in ACO
following mini pump surgery that appeared to be reversed by GD18.5 (ns.). (D)
When CO was normalised to tibial length, ANGII led to a significant decrease in
CO at GD12.5 (*p<0.05). Data analysed using restricted maximum likelihood
mixed-effects analysis with Tukey’s post hoc testing.

4.4.1.4 Uterine Artery Blood Flow Measured /n Vivo

Uterine artery blood flow was analysed by Doppler ultrasound imaging throughout
gestation (section 2.3.8, Fig. 4.5). Arterial blood flow was determined by
calculating the systolic/diastolic (S/D, Fig. 4.5A) ratio and the resistance index (R,
Fig. 4.5B). There was no effect of either ANGIl or MgSOas on either Rl or S/D
across gestation. There appeared to be an increase in S/D and Rl in ANGII treated
dams at GD6.5, though there was no significant main treatment effect. As this
occurred prior to pump implantation, this rise at GD6.5 may be due to image

quality or operator variability as no treatment was administered by this time.
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Figure 4.5: Pulse Wave Doppler Ultrasound Assessment of the Uterine
Artery

Blood flow through the uterine artery was assessed by analysing waveform
measurements captured prior to and throughout pregnancy. There was no
significant main treatment effect on Rl or S/D. (A) Peak end systolic and
diastolic volumes were calculated as detailed in the methods and expressed as
a ratio. S/D was not different between ANGIlI (N=13), SHAM (N=7),
SHAM+MgSOs4 (N=3) or ANGII+MgSO4 (N=5) dams . (B) Resistance index was
calculated using the peak end systolic and diastolic volumes. Rl was not
significantly different across gestation or treatment groups. MgSO4 had no
effect on uterine blood flow in either SHAM or ANGII treated dams. Data
analysed using restricted maximum likelihood mixed-effects analysis..



4415 MgSO; Alters Water Homeostasis and Alleviates
Proteinuria in ANGIl-Infused SHRSP Dams

Twenty-four hour water intake and urine output were measured at pre-pregnancy
(PP) and on GD6.5 and 18.5 using metabolic cages (2.3.5). Analysis via REML
mixed-effects revealed there was a significant main treatment effect on water
intake (p=0.0199) and urine output (p=0.0003). This significant main treatment
effect persisted when these measures were expressed as a proportion (p=0.0003).
At PP, there were no differences in water intake or urine output (Fig. 4.6A, 4.6B).
No significant differences were noted between groups for either water intake or
urine output at GD6.5. Using Tukey’s post hoc multiple comparisons, it was
observed that by GD18.5, animals receiving ANGII exhibited a significant increase
in both water intake (51£3mL vs. 34+1mL) and urine output (31+£3mL vs. 13+1mL)
when compared to SHAM controls (p<0.0001, p<0.001, respectively). Addition of
MgSOs to drinking water in ANGII-infused dams resulted in a significant decrease
in both water intake and urine output compared to ANGII only (p<0.01, p<.0.0001,
respectively). Following correction for fluid intake, urine output was expressed as a
proportional urine excretion (Fig. 4.6C). No significant differences were noted at
PP or GD6.5. The proportion of urine excretion to fluid intake was significantly
increased on GD18.5 in the ANGII group relative to SHAM controls (60+4% vs.
39+2%, p<0.01). The effect of MgSO4 in ANGII-infused dams was preserved when
urine output was corrected (20+4%, p<0.001). Of note, proportional urine excretion
in ANGII+MgSO4 mothers was significantly decreased in comparison to SHAM

controls (p<0.05).

Urinary samples collected from the aforementioned gestational time points were
analysed to determine the albumin:creatinine ratio (ACR; Fig. 4.6D) as a measure
of proteinuria (2.2.4). There was no significant main treatment effect detected in
ACR. SHAM controls appeared to experience a decrease in proteinuria in early
pregnancy that was sustained untili GD18.5 (0.34+0.11ug/pmol/L  PP;
0.16+0.04ug/umol/L GD6.5; 0.13+0.03ug/pmol/L GD18.5, ns.). No additional effect
of MgSO4 drinking water on proteinuria in SHAM animals was detectable. ANGII-
infused dams saw an apparent increase in proteinuria across pregnancy
(0.39+0.06pg/umol/L PP; 4.27+3.61ug/umol/L GD6.5, ns.) that by GD18.5 was
observed to be higher than SHAM controls (163.5£98.56ug/pmol/L; ns). MgSOa4
appeared to somewhat reverse the effect of ANGII infusion and decreased ACR at
GD18.5 (11.96+5.81ug/pmol/L; ns).
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Figure 4.6: MgSO4 Decreases Urine Output Proportionally to Water Intake
and Proteinuria in ANGIl-Infused Dams in Late Gestation

Metabolic cages were used to collect twenty-four hour measurements of water
intake and urine output prior to and throughout pregnancy in SHAM (N=9),
SHAM+MgSO4 (N=4), ANGII (N=15) and ANGII+MgSO4 (N=5 Analysis via
REML mixed-effects revealed there was a significant main treatment effect on
water intake (p=0.0199) and urine output (p=0.0003). This significant main
treatment effect persisted when these measures were expressed as a
proportion (p=0.0003). (A) Water intake, (B) Urine output. Urine output was
expressed as a proportion to correct for fluid intake (C). When corrected, there
were no significant differences in proportional urine excretion at PP or GD6.5
between groups. At GD18.5 ANGII-infusion significantly increased proportional
urine excretion relative to SHAM controls (**p<0.01). MgSO4 drinking water in
ANGII-infused dams significantly decreased proportional urine excretion
(***p<0.001 vs. ANGII) to levels that were also significantly lower than SHAM
(*p<0.05). Data analysed by restricted maximum likelihood mixed-effects
analysis with Tukey’s post hoc testing. (D) ACR appeared to be increased
following ANGII (N=5) infusion and seemed to be higher than SHAM (N=6) at
GD18.5. ACR appeared reduced at GD18.5 when ANGII-infused dams were
given MgSOs (N=5) drinking water throughout pregnancy. SHAM+MgSO4
animals were not included in the analysis (N=2). Data analysed by restricted
maximum likelihood mixed-effects analysis with Tukey’s post hoc testing, as
appropriate.

4.4.2 Fetal and Placental Outcomes in Response to ANGII and
MgSO;4

4.4.2.1 Litter Size, Fetal Weight and Morphometry

Neither ANGII-infusion nor MgSO4 drinking water significantly altered litter size
(Fig. 4.7A). Fetal weights and anthropometric measurements were collected at
GD18.5 following sacrifice. There was a significant main effect of both ANGII
(p=0.0008) and MgSO4 (p=0.0113) on fetal weight. Exposure to ANGII in utero
resulted in a significant decrease in fetal weight when compared to SHAM
(1.02+0.069g vs. 1.30+£0.10g, p<0.05, Fig. 4.7B). This was not reversed with MgSO4
(0.80+0.11g), which also resulted in a significantly decreased fetal weight
compared to SHAM (p<0.01) and SHAM+MgSOa4 (p<0.05). This decrease was
also observed compared to ANGII alone (0.80+0.11g, ns.). There may also have
been a reduction in fetal weight in SHAM+MgSO4 animals relative to SHAM
controls (1.00£0.11g, ns.). A similar finding between the groups was observed in
head circumference, where a significant main effect was detected for ANGII
(p=0.0219) and MgSOs4 (p=0.0051). (Fig. 4.8A). There was a main effect of ANGII
(p=0.0092) but not MgSO4 in crown-rump length. Crown-rump length (Fig. 4.8B)

appeared to be lower in SHAM+MgSO4 (28+£1mm) and was significantly lower in



ANGII (28x1mm, p<0.05) than in the SHAM group (32+1mm). Fetuses from the
ANGII+MgSO4 group had a crown-rump length that was significantly lower still
than ANGII alone (27+2mm, p<0.05). Significant main effects for both ANGII
(p=0.0111) and MgSO4 (p=0.0161) were found in abdominal circumference (Fig.
4.8C). Abdominal circumference was significantly lower in ANGII+MgSO4
(19£2mm) offspring when compared to those from SHAM (26£1mm) pregnancies
(p<0.01). Though non-significant, it appeared that addition of MgSOs4 in either
SHAM (22+1mm) or ANGII dams resulted in an observed decrease in abdominal
circumference. ANGII alone (22+t1mm) may also have decreased abdominal
circumference when compared to SHAM (ns.) Analysis by two-way ANOVA
revealed a significant main effect of MgSO4 (p<0.0001) but not ANGII in the
head:body ratio (Fig. 4.8D), which was used as indicator of head-sparing fetal
growth restriction. Post hoc multiple comparisons showed that, in utero exposure
of SHAM dams with MgSOs resulted in a significant increase in head:body ratio
(0.50£0.03 SHAM+MgSO4 vs. 0.3410.03 SHAM, p<0.0001). A combination of
ANGII infusion and MgSOs4 drinking water resulted in a significantly increased
head:body ratio compared to both SHAM and ANGII only (0.56+0.03, p<0.0001 vs.
ANGII, p<0.001 vs. SHAM).
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Figure 4.7: Litter Size and Fetal Weight Following ANGII and MgSO4
Intervention

The number of offspring and fetal wight in each litter was recorded at GD18.5.
(A) Infusion of ANGII (N=15) into SHRSP dams did not significantly influence
the number of offspring per litter on GD18.5 when compared to SHAM (N=8).
MgSOs did not have a significant influence on litter size in either the
SHAM+MgSO4 (N=4) or ANGII+MgSOs (N=5) groups. (B) There was a
significant main effect of both ANGII (p=0.0008) and MgSOs (p=0.0113) on
fetal weight. Fetal weight was significantly decreased as a result of ANGII
infusion vs. SHAM (*p<0.05). There was also a significant decrease vs. SHAM
in the ANGII+MgSO4 group (**p<0.01) that may have been lower than ANGII.
SHAM+MgSO4 fetuses also appeared to have a reduced fetal weight
compared to SHAM. Data analysed by two-way ANOVA with Tukey’s post hoc
testing, as appropriate.
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Figure 4.8: Anthropometric Measurements of Fetal Growth

At GD18.5, fetuses were removed from the uterine horn and all amniotic fluid,
placental tissue and associated membranes were removed. (A) A significant
main effect was detected for ANGII (p=0.0219) and MgSO4 (p=0.0051) in head
circumference; SHAM+MgSO4 (N=4), ANGII (N=10) and ANGII+MgSO4 (N=5)
groups relative to SHAM (N=7) controls. MgSO4 alone or in combination with
ANGII resulted in a significant decrease in head circumference relative to
SHAM (*p<0.05) or ANGII alone (*p<0.05). There was a main effect of ANGII
(p=0.0092) but not MgSOs4 in crown-rump length (B). ANGII resulted in a
significant decrease in crown-rump length compared to SHAM (*p<0.05) that
was not reversed by MgSO4 (*p<0.05, *p<0.05 vs. SHAM+MgSOQO4). Abdominal
circumference showed a significant main effect from both ANGII (p=0.0111)
and MgSOs4 (p=0.0161, C). Abdominal circumference was significantly lower in
ANGII+MgSOs4 offspring versus SHAM (**p<0.01). There may also have been a
decrease in SHAM+MgSOs relative to SHAM and ANGII relative to
ANGII+MgSOs4. (D) Analysis by two-way ANOVA revealed a significant main
effect in head:body ratio of MgSO4 (p<0.0001) but not ANGII. Head:body ratio
was calculated as an indicator of head-sparing fetal growth restriction and,
following post hoc analysis, was found to be significantly increased for SHAM
and ANGII in combination with MgSO4 in comparison to SHAM or ANGII only
(***p<0.0001 SHAM/ANGII vs SHAM+MgSO4+/ANGII+MgSO4, ***p<0.001
SHAM vs. ANGII+MgSOs4, *p<0.05 SHAM +MgSOs4 vs. ANGII, respectively).
Data analysed by two-way ANOVA with Tukey’s post hoc testing, where
appropriate.



4.4.2.2 Placental Characteristics

There was a significant main effect of both ANGIl (p=0.0024) and MgSOs4
(p=0.0310) on placental weight. Placental weight was significantly reduced in
those born to mothers infused with ANGII versus SHAM controls (0.225+0.01g vs.
0.288+0.02g, p<0.05, Fig. 4.9A). Offspring from ANGII+MgSOs4 dams
(0.204+0.019g) also exhibited a significantly decreased placental weight relative to
SHAM (p<0.01, p<0.05 vs 0.233+0.017; SHAM+MgSO4 that was also lower than
ANGII only (ns). Whilst not statistically significant, there appeared to be a nominal
reduction in placental weight in SHAM+MgSO4 offspring compared to SHAM
(0.233+0.02g, ns.). The fetal:placental ratio did not differ significantly between
groups, however, there was a pattern of a reduced ratio in both groups receiving
ANGII that was more pronounced in offspring exposed to both ANGIlI and MgSOa4
in utero (4.43£0.32 ANGII, 3.96+0.49 ANGII+MgSO4 vs. 4.93+0.23 SHAM, Fig.
4.9B, ns.). There did not seem to be an effect of MgSO4 alone in SHAM animals
(4.91+£0.41 SHAM+MgSOa4, ns.).
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Figure 4.9: Placental Weight and the Fetal:Placental Ratio Following
ANGII and MgSO4

Once separated from the fetus, each placenta was gently blotted with
absorbent paper to remove excess fluid. There was a significant main effect of
both ANGII (p=0.0024) and MgSOs (p=0.0310) on placental weight. (A)
Treatment with ANGII (N=10) resulted in a significant decrease in placental
weight when compared to SHAM (N=7) placentae (*p<0.05). Placental weight
was also significantly reduced in ANGII+MgSO4 compared to SHAM+MgSOa4
(*p<0.05) and SHAM placentae (**p<0.01). (B) The fetal:placental ratio did not
significantly differ between groups though there was a pattern of a decreased
ratio in both ANGII and ANGII+MgSOs offspring when compared to both SHAM
and SHAM+MgsOg offspring. Data analysed by two-way ANOVA with Tukey’s
post hoc testing, where appropriate.



4.5 Discussion

The work presented in this chapter has shown that administration of magnesium
sulphate salt (MgSOa) as a 1% w/v solution in place of normal drinking water as a
preventative therapeutic during hypertensive pregnancy improves maternal weight
gain, blood pressure and proteinuria. However, MgSO4 treatment is detrimental to
fetal growth and maternal cardiac function and did not improve indices of maternal
uteroplacental blood flow. Further study and characterisation are required to
understand the role of magnesium during hypertensive pregnancy and whether its
use could open a new avenue of therapeutics, particularly in the case of super-

imposed pre-eclampsia.

Reversible weight gain is an important indicator of a healthy pregnancy, with the
fetus accounting for 28% of total gestational weight gain (Dalfra’ et al, 2022). Other
sources of maternal weight gain include amniotic fluid, uterine and breast tissue,
fat stores and changes to blood and fluid volume (Thornburg et al, 2015; Dalfra’ et
al, 2022). Evidence in the literature shows that failure to gain an appropriate
amount of gestational weight can result in adverse fetal and neonatal outcomes
(Thornburg et al, 2015). In a meta-analysis of 196,670 participants examining
weight gain across pregnancy, Voerman and colleagues (2019) showed that the
risk of adverse outcomes was increased where gestational weight gain was either
below or above the optimal range. All groups in this study demonstrated a
consistent weight-gain throughout pregnancy. When non-gravid weight (total body
weight minus the gravid uterus) was measured at GD18.5, it was found that
ANGIl-infusion at mid-gestation in the SHRSP may have resulted in a decrease in
non-gravid weight relative to SHAM controls that was rescued by MgSQa. Mg?* is
involved in protein synthesis, insulin metabolism and blood glucose control
(Grober et al, 2015). Subclinical hypomagnesemia is often associated with a loss
of appetite and constipation (Gréber et al, 2015). Additionally, evidence suggests
that a balanced magnesium status is an important factor in carbohydrate
metabolism (Fiorentini et al, 2021). Thus, it appears that supplementation of SPE-
like ANGII-infused dams with MgSO4 may improve maternal weight gain via
appetite control. Food intake was not measured in this study but could be

investigated in the future using metabolic cages.



MgSOu4 resulted in a significant fall in systolic blood pressure, confirmed by tail-cuff
plethysmography, in both ANGIl-treated and SHAM mothers. Magnesium
supplementation in those with hypertension as means to lower BP has yielded
inconsistent results. Several studies have shown a significant reduction in BP
alongside a significant increase in serum Mg?* and urinary Mg?* excretion when
Mg?* was used as an intervention in cases of mild to moderate hypertension
(Kowano et al, 1998; Jee et al, 2002; Houston, 2011). Other studies have shown
that there is no beneficial effect of Mg?* supplementation in hypertension
(Dickinson et al, 2006). With regards to pregnancy, serum Mg?* has been shown
to decline over the course of pregnancy and has been found to be significantly
decreased in red blood cell membranes of individuals with pre-eclampsia versus
normotensive pregnancies (Dalton et al, 2016; Nelander et al, 2017). Further, a
deficiency of magnesium has been linked to the development of pre-eclampsia
(Chiarello et al, 2018). Mg?* is known to influence vascular tone via a number of
mechanisms. Its action as a natural Ca?* channel blocker results in the production
of vasodilatory prostaglandins and competes for binding sites on vascular smooth
muscle cells reducing intracellular calcium and sodium (Houston, 2011).
Magnesium also increases the production of nitric oxide by endothelial cells,
improving endothelial function and decreasing total peripheral resistance
(Fiorentini et al, 2021; Schutten et al, 2018). It is unknown which of these actions
may be responsible for the beneficial effect on maternal SBP in this study, or

indeed if it is a combination of mechanisms.

In a normal pregnancy, changes to cardiac function are apparent as early as the
first trimester, with rising cardiac output and stroke volume functioning to offset the
decline in peripheral resistance and increase in left ventricular mass (Sanghavi
and Rutherford, 2014; Soma-Pillay et al, 2016). This is not the case during
hypertensive pregnancies, where volume-overload related stress results in
diastolic dysfunction that is evidenced by increased left ventricular mass, vascular
resistance and reduced SV and CO (Gyselaers and Thilaganathan, 2019;
Castleman et al, 2016). In this study, ACO trended towards a reduction in the
chronically hypertensive SHAM and SPE-like ANGII groups by GD12.5 (relative to
PP values) before rising at GD18.5. SV tended to rise over the course of gestation
in SHAM animals but tended towards an overall decrease across gestation in the
ANGII group. MgSOs4 did not significantly improve either ACO or SV in ANGII-

infused dams. Mg?* is also known to influence myocardial metabolism and Ca?*



homeostasis by preventing activation of L-type Ca?* channels in the myocardium
and modulation of intracellular ion concentrations by interactions with several
transporters that regulate the cardiac action potential (Fiorentini et al, 2021).
MgSOa4 has been shown to improve cardiac function in the L-NAME model of SPE
(Coates et al, 2006). Further studies have shown that MgSO4 increases CO and
SV in both animal models and pre-eclamptic patients (James, 2010). There was
no beneficial effect of MgSO4 on ACO or SV in ANGII-infused SHRSP dams in this
study. With regards to ACO, any potential beneficial effect of MgSO4 may have
been obscured by the batch variability introduced by the COVID-19 pandemic. To
combat the small n numbers generated due to COVID-related restrictions, data
points for the ANGII and SHAM groups from Chapter 3 were added to the results
of Chapter 4. This non-contemporaneous study design introduced the batch
variation observed in the raw heart rate and cardiac output data. Alternatively, this
may be, in part, due to alterations in Mg?* metabolism following ANGII. Both ANGII
and aldosterone have been reported to alter intracellular concentrations of Mg?*
(Touyz et al, 2001). In human PE, it has been shown that though ANGII production
is decreased there is an increased sensitivity to it as well as an accumulation of
Mg?* in the fetal circulation that may arise from altered Mg?* metabolism (Verdonk
et al, 2014; Chiarelllo et al, 2018). Therefore, it may be possible that infusion of
ANGII resulted in a depletion of intracellular magnesium in maternal tissues and
accumulation in fetal tissues. It should also be noted that due to the administration
method of MgSOs in this study the exact dose delivered in drinking water cannot
be accurately controlled and may have varied between individual animals which
creates difficulties in ascertaining its beneficial effects. Measurement of the
maternal magnesium status as well as that of the placenta and fetus would be of
great interest in this model to understand how ANGII alters Mg?* status and

availability during hypertensive pregnancy.

Deficiencies in remodelling of the maternal uterine spiral arteries have long been
associated with the development of hypertensive disorders of pregnancy and have
been confirmed to occur in normal SHRSP pregnancies (Small et al, 2016a).
There was no effect of either ANGII or MgSO4 on indices of uteroplacental flow as
measured by Doppler ultrasound in this study. This was unexpected, given the
known actions of Mg?* on the vasculature as discussed previously. However, the
benefit of MgSO4 on uteroplacental flow has been debated in the literature.

Though Shcauf and colleagues (2009) showed an increase in blood volume in the



uterine arteries of pre-eclamptic patients, there was no statistical difference in
resistance index 24 hours after intravenous MgSOs4. A similar finding was
observed when MgSO4 was given to a small cohort of individuals with pre-term
labor, where RI did not change following a 6 hour infusion of MgSO4 (Guden et al,
2016). Conversely, a study by Souza et al, (2010) found that both Rl and S/D in
the uterine artery decreased in severely pre-eclamptic individuals receiving an i.v.
loading dose of MgSO4 after 20 minutes. This was also seen by Maged and
colleagues (2016) following a similar short-term protocol in a similar population.
Much of the literature is comprised of small scale studies in local patient
populations, thus larger-scale studies and further investigation of the effects of
MgSO4 during pregnancy are required to understand its actions on maternal and

fetoplacental blood flow.

In agreement with results from Chapter 3, infusion of ANGII in pregnant SHRSP
dams led to increased water intake and urine production alongside proteinuria at
GD18.5 compared to SHAM. ANGII+MgSO4 dams had significantly reduced
intake, output and proteinuria at GD18.5 compared to ANGII alone, though none of
these were similar to SHAM levels. Previous work in rodent models has shown a
renoprotective effect of MgSO4 in female diabetic rats, improving surgically
induced renal ischemia/reperfusion injury (Akan et al, 2016). The kidneys play a
major role in Mg?* homeostasis, with the glomeruli filtering 70% of total serum
Mg?*, of which 96% is reabsorbed by the renal tubules (Blaine et al, 2015). Renal
Mg?* excretion is dependent on serum Mg?*. However, due to the large stores of
Mg?* that exist within bone and soft tissue, it is possible for serum Mg?* to present
within the normal ranges, thereby maintaining renal excretion, even though
intracellular stores may be depleted (Fiorentini et al, 2021). Indeed, this has been
shown to occur in hypertensive humans and rats (Barbagallo et al, 2021).
Therefore, MgSO4 added to drinking water may have resulted in elevated
intracellular renal Mg?* prior to and following ANGII administration, preventing
depletion due to worsening hypertension. In support of this, magnesium in drinking
water generally has a higher bioavailability (Barbagallo et al, 2021). Additionally,
Mg?* is known to modulate the immune response and subclinical Mg?* deficiency,
as is observed in hypertensive pregnancies, creates a low-grade chronic state of
inflammation which is theorised to underlie the proteinuria characteristic of pre-
eclampsia (Maier et al, 2021; Karumanchi et al, 2005). Supplemental MgSO4 may

prevent this inflammation and resultant tissue damage, improving renal function



and decreasing proteinuria. Assessment of fibrosis and renal morphology, similar

to the methods carried out in Chapter 3, would be of interest in this study.

Fetal growth restriction is known to occur in hypertensive disorders of pregnancy,
including pre-eclampsia, and has been shown to occur in the pregnant SHRSP
when infused with ANGII (Obata et al, 2020; Morgan et al, 2018). Magnesium has
been linked to FGR whereby MgSO4 treatment has been shown to reduce the risk
of low birthweight, preterm birth and stillbirth (Fanni et al, 2021; Lassi et al, 2014).
Similar findings have been seen in rodent models where MgSOs increased fetal
and placental weights in a rat model of IUGR (Kazemi-Darabadi and Akbari,
2020). This was not the case in this study, where ANGII infusion combined with
MgSOs drinking water resulted in a significant decrease in head circumference,
fetal and placental weights and significantly increased head:body ratio relative to
SHAM and ANGII alone. Some evidence exists that suggests antenatal MgSOy4 in
pre-eclamptic women results in adverse neonatal outcomes due to fetal
hypermagnesemia (Abbassi-Ghanavati et al, 2012; Elasy and Nafea, 2022,
Mittendorf et al, 2002). Mg?* has previously been shown to be actively transported
against a maternal-fetal concentration gradient in the rat placenta (Greer, 1994). In
humans, pre-eclamptic placentae have been found to exhibit a decreased
clearance of MgSOas (Brookfield et al, 2016). It has been reported that fetuses
exposed to prolonged administration of MgSO4, as was the method of this study,
experience a higher incidence of complications than those exposed for relatively
short durations as is more common when used in clinical practice for the treatment
of pre-eclampsia (Kamitomo et al, 2000; James, 2010; Narasimhulu et al, 2017).
This may explain the effect of MgSO4 on fetal and placental outcomes observed in
this study. Further study on MgSOs4 and fetoplacental outcomes would be

advantageous in understanding the detrimental impact of MgSOy4 in this model.

To conclude, pregnant SHRSP dams infused with ANGII experience the classical
symptoms of super-imposed pre-eclampsia. Treatment of these dams with MgSOa4
improved maternal systolic blood pressure, weight gain and proteinuria but did not
improve fetal and placental outcomes when compared to ANGII alone.
Additionally, MgSO4 in addition to ANGII administration showed a significantly
worse outcome for multiple fetal and placental measures of in utero growth
compared to ANGII alone and was ineffective in improving uteroplacental blood

flow. The use of MgSOs in the treatment of pre-eclampsia and the benefit to



maternal and fetal outcomes is still widely debated. Many of the studies available
on MgSO4 use during hypertensive pregnancies are of low to moderate quality and
large-scale meta-analyses fail to show a positive correlation. This study may be
improved by monitoring the maternal, fetal and placental Mg?* status as well as
renal histopathology at time of sacrifice. It may also be of benefit to investigate
alternative dosing routes and regimes in this model and comparing fetal outcomes
to determine if prolonged exposure to MgSOq is the underlying cause of further
FGR in this study.
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5.1 Introduction

Hypertensive complications during pregnancy are abundantly common worldwide
and have been attributed as a leading cause of maternal mortality (Say et al,
2014). Hypertensive disorders of pregnancy (HDP) encompass both known
hypertension before pregnancy and de novo hypertension; diagnosed on or after
20wk gestation and includes gestational hypertension, preeclampsia, chronic
hypertension, and superimposed preeclampsia (Brown et al, 2018b). The
complicated multifactorial nature of these disorders means that there is large
variability in clinical presentations and severity (Cunningham and LaMarca, 2018).
Conditions such as preeclampsia are major contributors to poor fetal development,
resulting in intrauterine growth restriction and premature birth (Stojanovska et al,
2016). Furthermore, these conditions can impact the health of both the mother and
offspring in later life, with the increased risk of development of cardiovascular
disease and type 2 diabetes (Barker and Osmond, 1986; Barker et al, 1989;
Barker et al, 1993; Wilson et al, 2003; Sattar et al, 2003; Hubel et al, 2000).

Hypertensive pregnancies share similarities in the vascular dysfunction
phenotypes observed in the placental bed and the phenotypes that underpin
cardiovascular diseases (Sattar and Greer, 2002). During normal uncomplicated
pregnancies, major uteroplacental vascular remodelling occurs transforming the
uteroplacental vessels from narrow, muscular, and vasoactive arteries to more
flaccid, open vessels that are less responsive to vasoconstrictive and dilatory
agents (Pijenborg et al, 2006; Osol and Mandala, 2009). Maternal blood is then
able to freely flow into the intervillous space, thus allowing adequate exchange of
nutrients, gases, and waste products between mother and fetus, via the placenta.
In HDP, the uteroplacental vasculature fails to remodel sufficiently, thus impairing
uteroplacental blood flow. This has the potential to result in fetal growth restriction,
placental ischemic-reperfusion damage, and increased antiangiogenic and
proinflammatory factors, which are released into the circulation leading to systemic
vascular dysfunction (Burton et al, 2009; Robertson et al, 1967). Spiral arteries
from patients with preeclampsia have been found to have shallower remodelling,
retain a contractile phenotype, and do not show a pregnancy-dependent increase
in flow-mediated vasodilation (Lyall et al, 2013). Furthermore, there is evidence
that this remodelling is initiated before the invasion of placental-derived

trophoblast cells. A study by van der Heijden et al. (2005) in pseudopregnant mice



provides evidence that the initiation of uteroplacental vascular remodelling can
occur in the absence of any conceptus material, suggesting that the uterine
arteries can be “primed” by maternal factors to respond appropriately to more

major placental-dependent remodelling events.

Examining the uteroplacental vascular gene expression in these early remodelling
stages is a key for understanding the vascular responses to HDP. Studies have
examined the differential gene expression over gestation in humans and rodents
and found pregnancy-dependent changes in the expression of hormone receptors,
calcium, and potassium channels and growth factors in the uterine artery (Osol
and Mandala, 2009; Pastore et al, 2012; Mishira et al, 2018; Hu et al, 2019).
However, studies examining the genetic profile of the uterine arteries response to
pathophysiological pregnancy are lacking. The majority of studies investigating
gene expression changes associated with abnormal vascular remodelling
responses in HDP have focused on term placental or decidual gene expression
(Lian et al, 2010; Herse et al, 2012; Wang et al, 2012). Thus, the mechanisms
behind impaired early pregnancy-dependent remodelling are still elusive due to
inaccessibility of uterine artery tissue and ethical issues with tissue from early-
pregnancy timepoints. Animal models of HDP can be used to overcome this

obstacle.

The stroke-prone spontaneously hypertensive rat (SHRSP) demonstrates an
elevated blood pressure throughout gestation with evidence of reduced
uteroplacental blood flow and fetal and placental abnormalities conjunctive with
common hypertensive complications in human pregnancy (Small et al, 2016a).
Furthermore, SHRSP demonstrates a failure to respond to the cardiovascular
demands of pregnancy even in the absence of chronic hypertension. Nifedipine-
treated SHRSP dams did not develop hypertension, yet still demonstrated a failure
of uterine artery pregnancy-dependent remodelling and an impaired uteroplacental
blood flow compared with the normotensive Wistar—Kyoto rat (WKY) (Small et al,
2016a), suggesting that the SHRSP-impaired remodelling is directed by maternal
genetic differences and not pre-existing hypertension. This study aimed to
determine the difference in gene expression response to early pregnancy between
SHRSP and WKY, to identify differential gene expression patterns that may

underlie adverse vascular remodelling response to pregnancy.



5.2 Hypothesis & Aims

It was hypothesised that uterine arteries harvested in early gestation from
hypertensive SHRSP dams would show an altered gene expression profile relative

to uterine arteries from normotensive WKY controls.

We aimed to investigate this by performing RNA sequencing and Ingenuity
Pathway Analysis® of expression profiles for genes related to vascular function in
RNA extracted from uterine arteries from non-pregnant and pregnant SHRSP and
WKY animals on GD6.5.



5.3 Methods
5.3.1 Animals and Mating

All animal procedures were approved by the Home Office according to the Animals
(Scientific Procedures) Act (1986) (Project License 60/9021) and followed ARRIVE
guidelines. SHRSP and WKY rats (obtained via brother x sister mating in-house at
the University of Glasgow) were housed in controlled 12-h light/dark conditions
with a constant temperature (21 £ 3°C) with ad libitum access to water and
standard diet (Rat and Mouse No.1 Maintenance Diet, Special Diet Services).
Virgin females of each strain were time mated at 12 wk (x4 days) of age with stud
males of the respective strain, with pregnancy (P) confirmed by the presence of
copulation plug [gestational day (GD) 0.5]. On GD 6.5, dams were euthanized, and
the uterine artery only was isolated and cleaned of connective tissue and adipose
tissue for use in either myography experiments or snap-frozen for RNA extraction.

Age-matched virgin SHRSP and WKY were used as nonpregnant (NP) controls.

5.3.2 Uterine Artery Myography

Uterine arteries were dissected and prepared for wire myography as previously
described (Morgan et al, 2018). Main uterine artery segments only were used for
all myography experiments and radial arteries along with any other vessels were
dissected and discarded. Briefly, after mounting and normalization to 13.3 kPa, the
contractile and relaxation responses of arteries were assessed using dose
responses to noradrenaline (1 x 108 to 1 x 107 mol/L), carbachol, and sodium
nitroprusside (both 1 x 10°to 2 x 10° mol/L). A pressure myograph system
(Danish Myo Technology) was used to determine external and internal diameters
over a range of physiological pressures (10-120 mmHg). These were then used to
calculate the cross-sectional area (um?) = 41 x (De? — Di?), where De = external

diameter and D = internal diameter. Group sizes were between n = 5-11 animals.

5.3.3 RNA Sample Preparation and Sequencing

Uterine artery RNA was extracted using the miRNeasy Mini Kit (Qiagen) according
to manufacturer's instructions after homogenization in Qiazol using a
TissuelLyserll. Total RNA quality was assessed using the Eukaryote Total RNA
PicoChip on an Agilent Bioanalyzer 2100 (Agilent Technologies, UK). RNA quality



was accepted with an RNA Integrity Number (RIN) >7. RNA was extracted

from N = 3 animals per group.

A minimum of 100 ng of total RNA was used for RNA-sequencing (RNA-Seq)
library preparations. Total RNA libraries were prepared with ribosomal-depleted
RNA using the lllumina TruSeq Stranded Total RNA with Ribo-Zero Gold Kit
(lumina), following manufacturer’s instructions. Sequencing was performed on a
NextSeq500 Illumina sequencing system, with paired-end sequencing at a depth
of 50 million reads per sample. Adapter and quality trimming of the reads were
performed using CutAdapt and Sickle software packages, with FastQC used to
ensure suitable sequence quality throughout processing. Reads were aligned
using TopHat and the gene annotation build used was the Ensembl Rnor_6
reference genome, version 81. Differential expression was assessed using
DESeq2 software package (Bioconductor 3.6) across four comparisons: WKY NP
vs. P, SHRSP NP vs. P, WKY NP vs. SHRSP NP, and WKY P vs. SHRSP P.
Principal component analysis (PCA) was performed using Python with sklearn
StandardScaler. Due to the design of this study, a gene’s fold change was
expressed relative to nonpregnant expression, thus a negative fold change implies
a reduction in expression in the nonpregnant uterine artery compared with
pregnant. RNA-Seq data were deposited to Annotare 2.0 (Accession No.:E-MTAB-
10212).

5.3.4 Pathway Analysis

The differentially expressed protein coding transcripts were investigated using
Ingenuity Pathway Analysis® (IPA®; Qiagen). This functionally correlated transcript
expression profiles from each comparison group to gene expression and
highlighted biologically relevant pathway changes. The differentially expressed
transcripts were filtered with padj < 0.05, and to confirm quantifiable expression, the
fragments per kilobase of transcript per million mapped reads (FPKM) criteria was
>1.0. An expression analysis was conducted for each data set of differentially
expressed genes (DEGs) specific to either WKY or SHRSP with common changes
removed, to highlight key disease and functional pathway involvement. This was
further investigated using a core comparison analysis of the strain-specific

datasets to identify differences in canonical pathways and assign activation z-



scores for each comparison group. Comparisons were made between

nonpregnant (NP) and GD 6.5 pregnant (P) for each strain.

5.3.5 Statistical Analysis

All data are presented as means + SE, unless otherwise stated. No data points
were excluded during analysis. Myography data were analysed using area under
the curve compared using two-way ANOVA with Tukey post hoc test. Expression
analyses within IPA® were conducted automatically, using the Fisher's exact test
of significance (P < 0.05) to prevent over representation in relation to the
knowledge database of IPA® which compares gene expression in the literature

with the study set.



5.4 Results

5.4.1 Early Pregnancy Did Not Alter Uterine Artery Structure or
Function

Significant main ANOVA effects were detected in active effective pressure
(p=0.015), the relaxation response to sodium nitroprusside (p=0.05), external
diameter (p=0.012) and internal diameter (p=0.0026) only. The contractile and
relaxation responses of the uterine arteries to noradrenaline and carbachol were
not significantly different between strains and pregnancy (Fig. 5.4A-B). The
relaxation response to sodium nitroprusside was significantly reduced in SHRSP
NP compared to WKY NP arteries (Fig. 5.4C, *P < 0.05). There were no significant
uterine artery functional changes between NP and GD 6.5 in response to
increasing luminal pressure (Fig. 5.4D-F). However, there was a strain-dependant
response, whereby NP WKY uterine arteries demonstrated a significantly
increased external and internal diameter compared with NP SHRSP arteries (*P <
0.05, **P < 0.01 NP WKY vs. NP SHRSP; Fig. 5.4D-E). There were no significant
differences across pregnancy or strain in cross-sectional area (Fig. 5.4F).
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Figure 5.1: Isolated Uterine Artery Function & Structure

Isolated uterine artery function and structure was analysed ex vivo by wire and pressure myography in response to varying
concentrations (1x10° — 2x10°M) of vasoactive stimuli and varying pressures along a gradient of 10-110mmHg. There was no
significant difference in the area under the curve of the pregnancy-dependent responses to noradrenaline (A) or carbcachol (B). The
area under the curve of the relaxation response to sodium nitroprusside was significantly reduced in SHRSP NP versus WKY NP
arteries (*p<0.05, C). External (D) and internal (E) diameters were significantly increased in NP WKY uterine arteries compared to NP
SHRSP arteries (*p<0.05, **p<0.01). There were no significant differences in uterine artery cross-sectional area (F). Data presented as
mean + SEM and analysed using two-way ANOVA with Tukey’s post hoc test of the area under the curve; N=5-11. NP= non-pregnant.



5.4.2 Pregnancy Induces Strain-Specific Changes to Gene
Expression as Early as GD6.5

The principal component analysis (PCA) plot (Fig. 5.2A) demonstrates a clear
separation between both pregnancy state (PC1: 23.2% variance) and strain (PC2:
16.3% variance). The significant differentially expressed genes (DEGs) were
separated by biotype [protein coding, long-noncoding intergenic RNA (lincRNA),
microRNA (miRNA), small RNA, and pseudogenes] and the proportions
represented were found to be similar in WKY and SHRSP across pregnancy (Fig.
5.2B). WKY uterine arteries were found to have 552 DEGs, with 173 DEGs
upregulated and 379 DEGs downregulated in early pregnancy. SHRSP uterine
arteries had 842 pregnancy-specific DEGs, with 180 DEGs upregulated and 662
DEGs downregulated (Table 5.1). The number of significant DEGs that were novel
for each comparison group and those that were common between strains are
shown in Fig. 5.2C. The biological relevance of these 188 common DEGs is
outlined in Table 5.2, which details the 15 most significant biological functions
predicted by IPA to be most likely influenced by pregnancy that are common to
both strains achieved via pathway enrichment analysis based on gene expression
profiles. All DEGs for both WKY and SHRSP that were altered by pregnancy were
visualized by volcano plots, with the most significant genes [-log1o(P-value) = 10]

labelled by gene name (Fig. 5.2D).
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Figure 5.2: Alterations in the Number of Differentially Expressed Genes
and Composition of RNA Types in SHRSP and WKY

(A) The principal component analysis of non-pregnant (NP) and GDG6.5
pregnant (P) uterine artery gene expression from WKY and SHRSP rats,
showing the ordination of all samples and the top two principle components,
PC1 (Pregnancy variance = 23.2%) and PC2 (Strain variance = 16.3%). (B)
The biotype profiles demonstrate the proportions of the different biotypes
represented by the significantly differentially expressed genes. lincRNA = long
non-coding RNA, miRNA = microRNA. (C) Venn diagram showing the number
of DEGs specific to SHRSP (654) or WKY (364), or in common between strains
(188), across pregnancy determined by IPA®. (D) The DEGs altered by
pregnancy in WKY and SHRSP represented by volcano plots. p-values were
adjusted for multiple comparisons and transformed by —logio. DEGs with a —

logio(p-value) 210 are labelled by gene name.

Table 5.1 The number of up- and downregulated DEGs across pregnancy
and strain, highlighting the number of DEGS in common or unique.

Non-Pregnant vs Pregnant WKY vs SHRSP
WKY  SHRSP Common Non- Pregnant Common
Pregnant
Upregulated 173 180 44 214 131 56
Downregulated 379 662 144 179 75 41
Total 552 842 188 393 206 97



Table 5.2 The top 15 biological functions and diseases associated with the
188 DEGs associated with pregnancy in both SHRSP and WKY

Biological Diseases & Functions -log(p-value)
Cell cycle 13.119
Cellular Assembly & Organisation 12.827
DNA Replication, Recombination & Repair 12.827
Cancer 11.570
Organismal Injury & Abnormalities 11.570
Reproductive System Disease 11.570
Cell Death & Survival 10.535
Protein Synthesis 8.391
Neurological Disease 8.156
Cellular Movement 8.099
Cardiovascular System Development & Function 7.533
Cellular Development 7.255
Cellular Growth & Proliferation 7.255
Gastrointestinal Disease 7.223
Hepatic System Disease 7.223

Biological diseases and functions were determined using ingenuity pathway analysis (IPA®)
pathway enrichment analysis based on gene expression. The diseases and functions that
the 188 in-common differentially expressed genes (DEGs) are most likely to influence are
listed at the top, with a greater -logio(P-value) suggesting increased likelihood of
involvement in the uterine arteries adaptation to pregnancy. SHRSP, spontaneously
hypertensive stroke-prone rats; WKY, Wistar—Kyoto rats.

5.4.3 SHRSP and WKY Dams Show Distinct Differences in
Pathway Activation During Early Pregnancy

Ingenuity pathway analysis® was used to correlate early pregnancy-dependent
changes in gene expression to biologically relevant changes in canonical
pathways. Core comparison analysis of pregnancy-dependant DEGs specific to
either strain (WKY = 364, SHRSP = 654, Fig. 5.2C) revealed differences in
activation z-score between several predicted canonical pathways and biological
functions/diseases (Fig. 5.3). Z-scores, measures of predicted directional activity,
were assigned by IPA® based on the pattern of gene expression changes across
pregnancy and then ranked using hierarchical clustering. In our data set, an
increased z-score implies an increased activation of that pathway in NP uterine

arteries compared with GD 6.5, thus a pregnancy-associated reduction. WKY



dams demonstrated an increase in z-score, thus a reduced activity in pregnant
uterine arteries, of several pathways involved in energy production and the renin-
angiotensin-aldosterone system (RAAS) (Fig. 5.3A). In contrast, the SHRSP group
demonstrated negative z-scores and pregnancy-associated activation of the
aforementioned pathways alongside an increased activation of pathways related to
the immune response and cell cycle control (Fig. 5.3A). While WKY and SHRSP
shared similarities in activation predictions for apoptosis, morbidity/mortality and
organismal death in disease and biological function pathways, although through
different mechanisms, SHRSP-specific DEGs also influenced the response of
several types of immune cells (Fig. 5.3B). Pathways with activation scores that
were different between strains and/or known to affect vessel function were chosen

for further analysis.
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Figure 5.3: Pathway Activation Analysis in SHRSP and WKY Uterine
Arteries

The core comparison pathway analysis of canonical pathways (A) and those
related to biological functions/diseases (B) of non-pregnant (NP) and GD6.5
(P) uterine artery gene expression from WKY and SHRSP rats. Pathways
were ranked by hierarchical clustering and assigned z-scores as area
measures of the predicted direction of activity such that a positive score was
associated with increased pathway activation in NP compared to GD6.5
uterine arteries, thus a pregnancy associated reduction.

5.4.4 Early Pregnancy Is Associated with Alterations in
Inflammatory Response Genes

The increased activation of pathways related to the immune response in SHRSP
uterine arteries directed the investigation into gene expression changes in
inflammatory response. Both WKY and SHRSP arteries showed differential gene
expression that suggests an increased local inflammatory response to pregnancy
by GD 6.5 (Fig. 5.4). Nineteen DEGs were common to both strains (Fig. 5.4; Table
5.3); however, the number of genes influencing pregnancy-associated
inflammatory response were greater in SHRSP uterine arteries than WKY (89 vs.
38, respectively) (Fig. 5.4; Tables 5.4 and 5.5). Taken together, these data
suggest that hypertensive SHRSP dams experience an elevated immune

response to pregnancy compared with WKY.
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Figure 5.4: Predicted Interaction Network of Inflammatory Response
Genes

Predicted interaction network of the inflammatory response in non-pregnant
(NP) or GD6.5 (P) uterine arteries in SHRSP and WKY dams. The genes in
common (same direction, similar fold-change) are shown in the lower semi-
circle. There were more genes involved in this response in SHRSP uterine
arteries than WKY. Here, green represents an increased expression and red
a decreased expression in pregnant (GD6.5) vs non-pregnant uterine arteries.



Table 5.3 Common inflammatory genes that were differentially expressed in response to pregnancy.

Ensembl Gene WKY SHRSP

Common Inflammatory genes Gene Symbol ID NP vs P NP vs P

(ENSRNO)  |padj FC padj FC
Adrenomedullin Adm G00000027030 /0.028520 1.76 7.87x10° 231
Phospholipase A2 Pla2g2a G00000016945 |4.21x1022 -7.11 1.06x1011  -4.27
Heme oxygenase 1 Hmox1 G00000014117 |0.012645 -1.84 2.84x10° -3.21
Actin Filament Associated Protein 1 Like 2 Afapll2* G00000017164 |0.000383 1.60 0.001470 1.51
Insulin-like growth factor 1 Igf1** G00000004517 [1.36x10°6  -2.22 2.97x107  -2.26
PDZ binding kinase Pbk G00000015308 |0.016036  -2.27 4.16x10>  -3.21
TNF alpha induced protein 6 Tnfaip6 G00000050792 |0.020741  -2.19 5.37x10°  -3.09
Oxidized low density lipoprotein (lectin-like) receptor 1 Olrl G00000056219 [0.002504 -2.60 0.000174 -2.89
Lumican Lum G00000004610 |0.010963 -2.03 0.001921 -2.18
CD163 molecule Cd163 G00000010253 0.006994 -1.76 0.000118 -2.01
Perilipin 2 Plin2 G00000007060 |0.025994  -1.59 0.014596 -1.60
Proenkephalin Penk* G00000008943 |0.007917 -2.13 0.001593 -2.24
Ficolin A Fcna G00000017063 10.013236 -1.87 0.014109 -1.80
Coagulation factor Il (thrombin) receptor F2r G00000048043 [0.005514  -1.59 0.024149 -1.46
Netrin 1 Ntnl G00000003947 10.025481 141 0.025089 1.39
Complement C6 C6 G00000024115|0.000191 -2.91 0.014595 -2.10
Annexin A2 Anxa2 G00000010362 |0.030614 -1.64 0.024361 -1.63
Matrix metalloproteinase-28 Mmp28 G00000061904 |0.015311 1.78 0.022709 1.69
Ectonucleotide pyrophosphatase/phosphodiesterase 3 Enpp3 G00000013791 |0.000830 -2.07 1.60x10° -2.52

The fold change (FC) and false discovery rate (padj) of 20 significant (padj <0.05) DE genes that are common to both WKY and SHRSP

uterine arteries during the first 6 days of pregnancy. *indicates 2 or more transcript variants for that gene.




Table 5.4 Differential gene expression of inflammatory genes specific to WKY pregnancy

WKY
WKY Specific Inflammatory Gene Symbol Ensembl Gene 1D NP vs P
(ENSRNO) -
padj FC
ATP binding cassette subfamily D, member 2 Abcd2 G00000173208 0.014944 -2.08
Adhesion G protein-coupled receptor E5 Adgre5 G00000123146 0.003724 1.43
Adenosine Al receptor Adoral G00000163485 0.017430 -2.24
Peroxiredoxin 5 Prdx5 G00000126432 0.032492 -1.56
C-X-C motif chemokine ligand 13 Cxcl13 G00000156234 0.000031 -3.33
Solute carrier family 1 member 5 Slcla5* G00000105281 0.001642 -2.03
Peroxisome proliferator-activated receptor gamma Pparg* G00000132170 0.005440 -2.33
Heat shock protein family D member 1 Hspdl G00000144381 0.028752 -1.57
Integrin subunit alpha 9 Itga9 G00000144668 0.032359 1.34
Cysteine dioxygenase type 1 Cdol G00000129596 0.001210 -2.24
Arachidonate 15-lipoxygenase Alox15 G00000161905 0.003980 -2.41
Hydroxycarboxylic acid receptor 2 Hcar2 G00000182782 0.015378 -2.28
Galectin 3 binding protein Lgals3bp G00000108679 0.046384 -1.68
ISG15 ubiquitin-like modifier Isg15 G00000021802 0.005119 -2.33
Fatty acid binding protein 4 Fabp4* T00000014701 0.001000 -2.79
Adiponectin, C1Q and collagen domain containing Adipog*? G00000181092 0.002005 -2.34
Free fatty acid receptor 4 Ffard G00000021763 0.016327 -2.27
Ephrin B1 Efnb1 G00000006877 0.037403 -1.60
ADP-ribosyltransferase 3 Art3* G00000002256 0.022197 -1.85
Phospholipase C, gamma 2 Plcg2 G00000051986 0.001342 1.51
Drosha ribonuclease Il Drosha G00000013451 0.035892 1.36
$100 calcium binding protein B S100b G00000001295 0.0021668 -2.27
Estrogen Receptor 1 Esrl G00000019358 0.046925 -1.43
Matrix metallopeptidase 2 Mmp2 G00000016695 0.046187 -1.60
Leptin Lep G00000045797 0.007917 -2.34
Legumain Lgmn G00000007089 0.037070 -1.70
Lipoprotein lipase Lpl G00000012181 0.004264 -2.23
Mitochondrial NADH dehydrogenase Il Mt-nd2 G00000031033 0.045737 1.90
Purinergic receptor P2X 7 P2rx7 G00000001296 0.040142 143
Peptidylprolyl isomerase B Ppib G00000016781 0.047338 -1.52
Secreted fizzle related protein 1 Sfrpl G00000017783 0.000471 -1.99
Thrombospondin 4 Thbs4 G00000012471 0.026375 191
CD63 molecule Cd63 G00000007650 0.009079 -1.66
C-X-C motif chemokine ligand 14 Cxcl14 G00000011984 0.041624 -2.05
CCAAT enhancer binding protein alpha Cebpa G00000010918 0.046410 -1.92
Chondroitin sulfate proteoglycan 4 Cspg4 G00000017208 0.049504 1.73

The fold change (FC) and significance of this change (padj) of all 36 significant (padj <0.05) DE genes that are specific to WKY uterine arteries during the
first 6 days of pregnancy. * indicates 2 or more transcript variants for that gene; 2All transcripts of that gene were found to have a significantly altered

expression.



Table 5.5 Differential expression of inflammatory response genes specific to SHRSP pregnancy

. Ensembl Gene ID SHRSP
SHRSP Specific Inflammatory genes Gene Symbol NP vs P
(ENSRNO) :
pad] FC
Spi-1 proto-oncogene Spil G00000012172 0.000059 -1.75
Pentraxin 3 Ptx3 G00000012280 0.000009 -3.19
Leukocyte immunoglobulin like receptor B4 Lilrb4* G00000027811 0.000011 -3.02
Transglutaminase 2 Tgm2 G00000012956 0.000139 1.64
HCK proto-oncogene, Src family tyrosine kinase Hck G00000009331 0.000073 -2.01
Sphingosine-1-phosphate receptor 3 S1pr3* G00000014524 0.000844 1.69
Lysozyme Llyz G00000005825 0.000138 -2.36
Phospholipase A2 group VII Pla2g7 G00000025691 0.000093 -2.71
RB transcriptional corepressor like 1 Rbl1 G00000006921 0.000326 -2.20
Tyro protein tyrosine kinase binding protein Tyrobp G00000020845 0.000318 -2.35
Rac family small GTPase 2 Rac2 G00000007350 0.000893 -1.63
Leukocyte immunoglobulin like receptor B3 Lilrb3 G00000058422 0.000063 -2.08
Complement C3a receptor 1 C3arl 00000009211 0.000477 -2.21
Fc fragment of IgE receptor Ig Fcerlg G00000024159 0.000652 -2.12
Complement C5a receptor 1 Charl G00000047800 0.002403 -1.84
BCL2-related protein Al Bcl2al G00000047606 0.000652 -2.22
Coronin 1A Corola G00000019430 0.001174 -1.96
Myeloid differentiation primary response 88 Myd88 G00000013634 0.002852 -1.50
CD74 molecule cd74* G00000018735 0.005292 -1.64
Arachidonate 5-lipoxygenase IAlox5* G00000012972 0.000399 -1.86
Galectin 3 Lgals3* G00000010645 0.002633 -1.95
Gremlin 1 Grem1 G00000026053 0.000604 -2.63
NCK associated protein 1like Nckapll* G00000036829 0.000171 -1.74
Phosphatidylinositol-4,5-bisphosphate 3-kinase y Pik3cg G00000009385 0.004194 -1.51
Allograft inflammatory factor 1 Aif1* G00000000853 0.008599 -2.07
Colony stimulating factor 1 receptor Csf1r*+ G00000018414 0.014309 -1.68
LYN proto-oncogene, Src family tyrosine kinase Lyn 00000008180 0.004068 -1.70
Capping actin protein, gelsolin like Capg G00000013668 0.005868 -1.56
Lymphocyte cytosolic protein 1 Lcpl* G00000010319 0.002581 -1.90
C-X-C motif chemokine ligand 14 Cxcll4 G00000011984 0.003266 -2.45
TNF alpha induced protein 8 like 2 Tnfaip8I2 G00000021100 0.006413 -1.76
Cytochrome b-245 alpha chain Cyba 00000013014 0.008045 -1.61
Complement C1q binding protein Clgbp G00000006949 0.001100 -1.46
Vav guanine nucleotide exchange factor 1 Vavl G00000050430 0.008920 -1.67
phospholipase A2 Pla2g2d G00000016826 0.008458 -1.82




SAM and SH3 domain containing 3
Fcfragment of IgG receptor Ilb
Cytochrome b-245 beta chain

CD33 molecule

Cathepsin B

BH3 interacting domain death agonist
Integrin subunit beta 2

Chitinase 3 like 1

Myosin IF

Fcfragment of IgG receptor Ia

TNF receptor superfamily member 1B
B-cell linker

Ceramide synthase 6

NLR family, pyrin domain containing 3
Toll-like receptor 7

Protein tyrosine phosphatase, non-receptor type 6
Chemokine (C-C motif) receptor 5
Lymphocyte-specific protein 1
Heparanase

Toll-like receptor 2

Arachidonate 5-lipoxygenase activating protein
Gelsolin

Integrin subunit alpha L

Myosin light chain kinase

E2F transcription factor 2
Hyaluronoglucosaminidase 1

C-C motif chemokine receptor 1
Prostaglandin-endoperoxide synthase 2
Chemokine (C-C motif) ligand 7

C-type lectin domain family 12 member A

Sash3
Fcgr2b*
Cybb
Cd33
Ctsb

Bid
Itgh2
Chi3l1
Myolf
Fcgria*
Tnfrsf1b
Blnk
Cersb
Nirp3*
Tir7
Ptpn6*
Ccr5*
Lspl
Hpse
Tir2
\Alox5ap
Gsn*
Itgal
Mylk*
E2f2
Hyall
Ccrl
Ptgs2
Ccl7
Clec12a

00000004409
G00000046452
G00000003622
00000037331
G00000010331
00000012439
00000001224
G00000053272
00000008409
G00000021199
G00000016575
G00000013967
G00000024595
G00000003170
00000004249
G00000014294
G00000049115
00000020300
G00000002188
00000009822
G00000000s07
G00000018991
G00000017980
G00000002215
G00000047741
00000015858
G00000006715
00000002525
G00000000239
G00000054860

0.008173
0.013710
0.010194
0.008200
0.016124
0.024038
0.020822
0.012719
0.021748
0.012514
0.023990
0.014363
0.025914
0.044205
0.019507
0.000652
0.017069
0.046625
0.021449
0.022074
0.022028
0.033501
0.030319
0.046507
0.031763
0.033276
0.026110
0.029288
0.000907
0.008586

-1.69
-1.67
-1.84
-1.97
-1.65
-1.40
-1.46
-1.97
-1.49
-1.90
-1.48
-1.89
-1.51
-1.52
-1.90
-1.94
-1.86
-1.36
-1.83
-1.98
-1.91

1.55
-1.57

1.43
-1.60

1.54
-1.93
-1.87
-2.58
-1.95




FA complementation group A Fanca G00000016706 0.027502 -1.78
FA complementation group D2 Fancd2 G00000061085 0.003360 -2.25
Fc fragment of IgG receptor Illa Fcgr3a/Fcgr3b G00000024382 0.006589 -2.02
PX domain containing serine/threonine kinase like Pxk G00000008024 0.000012 -1.47
Thymosin beta 4 X-linked ITmsb10/Tmsb4x G00000042499 0.003274 -1.71
Tubulin beta 3 class Il Tubb3 500000017209 0.008508 -2.15
CD1d molecule Cdid G00000016451 0.046340 -1.66
Fc fragment of IgG receptor Ig Fcerlg 600000024159 0.000652 -2.12
FGR proto-oncogene, Src family tyrosine kinase Fgr G00000009912 0.046468 -1.47
H2b clustered histone 1 H2bcl G00000016865 0.002965 -2.46
Heme binding protein 1 Hebp1l G00000000024 0.043935 -1.74
Interleukin 6 116 G00000010278 0.037185 -2.03
Membrane spanning 4-domains A2 Msda2 G00000020993 0.035666 -1.81
NDRG family member 2 Ndgr2 G00000010389 0.001650 1.44
Neural precursor cell expressed, developmentally downregulated 9 Nedd9 600000014548 0.036454 132
Phospholipase A2 group IVA Pla2gda G00000002657 0.028490 -1.77
Protein kinase C beta Prkch G00000012061 0.013710 -1.65
Selectin L Sell G00000002776 0.008520 -2.28
Sphingosine kinase 1 Sphk1 G00000010626 0.032870 -1.66
Toll-like receptor 1 Tirl G00000038722 0.029859 -1.94
Tubulin alpha 4a [Tubada 00000003597 0.043889 -1.54
WASP actin nucleation promoting factor \Was G00000031058 0.001202 -1.78

The fold change (FC) and false discovery rate (padj) of all 89 significant (padj <0.05) DE genes that are specific to SHRSP uterine arteries during the first 6
days of pregnancy. *indicates 2 or more transcript variants for that gene. * 2 or more transcripts of that gene were found to be significantly differentially

expressed in one or both comparison group.



5.4.5 SHRSP Uterine Arteries Have a Pregnancy-Associated
Increase in NOX2 Expression

Pathway analysis also revealed that SHRSP uterine arteries are associated with a
prediction of increased production of reactive oxygen species (ROS) via NADPH
oxidase in early pregnancy (z-score = 1.34 WKY vs. -3.05 SHRSP). The
expression of key genes involved in the production of nitric oxide and reactive
oxygen species in WKY uterine arteries did not change in response to pregnancy,
whereas SHRSP arteries experience a pregnancy-associated increase in
expression (Fig. 5.5, Table 5.5). SHRSP uterine arteries demonstrated an
increased expression of two NADPH oxidase (NOX) subunits p22-phox, p67-phox,
gp91, and p40-phox in the pregnant SHRSP compared with NP. This suggests an
increase in NOX2 expression, and, therefore, ROS production in early pregnancy

that does not occur in early WKY pregnancy.
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Figure 5.5: Predicted Interaction Network of NOX2 and ROS Production

Predicted expression network for the production of nitric oxide and reactive
oxygen species (ROS) in non-pregnant (NP) or GD6.5 (P) uterine arteries in
WKY (A) and SHRSP (B) dams. No changes were detected in WKY uterine
arteries. SHRSP arteries showed an increased expression of four NOX2
subunits, PKC=protein kinase C, PP1/PP2a=protein phosphatase complex
1/2a and PI3K= phosphatidylinositol kinase complex 3. NOX2= NADPH
oxidase 2. Here, green represents an increased expression, red a decreased
expression, grey no change and a green/red representing conflicting
expression in pregnant (GD6.5) vs non-pregnant uterine arteries.



Table 5.6 Genes involved in ROS production via NADPH Oxidase in the SHRSP pregnancy.

SHRSP

Gene Symbol NP vs P
Gene Name Rat Human padj FC
NADPH oxidase 2
Cytochrome b-245 a chain Cyba p22-phox |0.0080 -1.61
Cytochrome b-245 B chain Cybb Gp91 0.0102 -1.84
Neutrophil cytosolic factor 2 Ncf2*? p67-phox  |5.75x10° -1.94
Neutrophil cytosolic factor 4 Ncf4 p40-phox  |9.59x10° -2.20
Neutrophil cytosolic factor 1 Ncf1* p47-phox  |0.1881 -1.18
Phosphatidylinositol 3 kinase complex
Fibroblast growth factor receptor 3 Fgfr3* FGFR3 0.0466 1.56
Phosphatidylinositol-bisphosphate 3-kinase catalytic subunit y Pik3cg PIK3CG 0.0042 -1.51
Protein phosphatase 1/2A complex
Protein phosphatase, Mg?*/Mn?* dependent 1L Ppm1l PPM1L 0.0431 1.37
Protein phosphatase 1 regulatory inhibitor subunit 14B Ppp1r14b  |PPP1R14B |9.61x107° -1.74
Protein phosphatase 1 regulatory subunit 3C Ppp1r3c PPP1R3C 0.0141 1.74

The NADPH oxidase subunit genes and the associated complexes had a significantly altered expression in SHRSP (padj <0.05;
shown in bold). The same genes did not reach significance in WKY. * indicates 2 or more transcript variants for that gene. Ncf2P

is a non-coding processed transcript in rat.



5.4.6 Calcium Signalling Genes Were Differentially Altered in WKY
and SHRSP Arteries in Response to Pregnancy

IPA® revealed gene expression patterns in WKY that suggested a reduction in
Ca?* signalling in GD 6.5 uterine arteries (Fig. 5.6). There was a significant
decrease in expression of Plcg2, Itpr2, and Myh6 and an increase in Calm1
expression in pregnant WKY uterine arteries (Table 5.6). The same expression
pattern was not observed in the DEGs from SHRSP arteries (Fig. 5.6B), where
there was a decrease in expression of Plc/1 and Mylk and an increase in Prkcb
expression. This suggests a reduction in Ca?* release and increased sequestering
of Ca?* in WKY pregnancy, whereas the DEGs in SHRSP uterine arteries suggest

an activation of Ca?* signal transduction in early pregnancy.

WKY vessels also demonstrated a pregnancy-dependant reduction in the
expression of RAAS genes leading to a predicted decrease in Ca®* release
downstream of the angiotensin receptor type 1 (AT1R) (Fig. 5.7A). In contrast,
SHRSP pregnant vessels demonstrated an increase in expression of genes
involved in RAAS signalling in the uterine artery (Fig. 5.7B), thus a predicted
activation of pathways downstream of AT1R that results in the production of ROS

and vasoconstriction (Table 5.7).
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Figure 5.6: Predicted Interaction Network for Adrenergic Signalling

Predicted expression network for adrenergic calcium signalling in non-pregnant (NP) or GD6.5 (P) uterine
arteries in WKY (A) and SHRSP (B) dams. WKY demonstrated a predicted pregnancy-dependant reduction in
expression of PLC= phospholipase C, ITPR2= Inositol 1,4,5-triphosphate receptor type 2 and Myosin= Myosin
heavy chain 6, alongside an increased expression of CALM1= calmodulin 1. SHRSP showed a pregnancy-
dependant increase in the expression of PRKCB= protein kinase C beta and a reduced expression of MYLK=
myosin light chain kinase and PLC= phospholipase C. Here, green represents an increased expression, red a
decreased expression, no change and a green/red representing conflicting expression in pregnant
(GD6.5) vs non-pregnant uterine arteries.



Table 5.7 The significantly differentially expressed genes involved in calcium release and regulation.

NP vs P
Gene Symbol Ensembl Gene ID
Genes involved in Ca?* release in WKY padj FC
Calmodulin 1 Calm1l ENSG00000198668 0.013824 -1.45
Myosin heavy chain 6 Myh6 ENSG00000197616 0.029213  2.03
Inositol 1,4,5-trisphosphate receptor type 2 ltpr2 ENSG00000123104 0.037560 1.32
Phospholipase C gamma 2 Plcg2 ENSG00000197943 0.001342 1.51
NP vs P
Gene Symbol Ensembl Gene ID
Genes involved in Ca?* release in SHRSP pad; FC
Protein kinase C beta Prkcb ENSG00000166501 0.013710 -1.65
Myosin light chain kinase Mylk* ENSGO00000065534 0.046507 1.43
Phospholipase C like 1 Plcl1 ENSG00000115896 0.041570 1.40

The false discovery rate (padj) and fold change (FC) of significant (padj <0.05) DE gene transcripts in WKY and SHRSP

intracellular calcium release. * indicates 2 or more transcript variants for that gene. * 2 or more transcripts of the gene were found

to be significantly differentially expressed.
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Figure 5.7: Predicted Interaction Network for Renin-Angiotensin-
Aldosterone System (RAAS) Signalling

Predicted expression network for renin-angiotensin-aldosterone system
(RAAS) signalling in non-pregnant (NP) or GD6.5 (P) uterine arteries in WKY
(A) and SHRSP (B) dams. WKY demonstrated a predicted pregnancy-
dependant reduction in expression of PLCy = phospholipase C gamma,
ITPR2= Inositol 1,4,5-Trisphosphate receptor type 2, MEKK1= Mitogen-
activated protein kinase kinase kinase 1. SHRSP showed a pregnancy-
dependant increase in the expression of SHP-1= Protein tyrosine
phosphatase non-receptor type 6, NOX = NADPH oxidase, PKC= protein
kinase C, PAK= p-21 activated kinase 1, PI3K= Phosphatidylinositol-4,5-
bisphosphate 3-kinase catalytic subunit gamma. Here, green represents an
increased expression, red a decreased expression, no change and a
green/red representing conflicting expression in pregnant (GD6.5) vs non-
pregnant uterine arteries.



Table 5.8 The significantly differentially expressed genes involved in the renin-angiotensin-aldosterone system.

NP vs P
) ) ) Gene Symbol Ensembl Gene ID
Genes involved in RAAS in WKY pad; FC
Mitogen-activated protein kinase kinase kinase 12 Map3k12 ENSG00000139625 0.047338 1.30
Mitogen-activated protein kinase kinase kinase 1 Mekk1 ENSG00000095015 0.004423 1.54
Inositol 1,4,5-trisphosphate receptor type 2 Itpr2 ENSG00000123104 0.037560 1.32
Phospholipase C gamma 2 Plcg2 ENSG00000197943 0.001342 1.51
NP vs P
Gene Symbol Ensembl Gene ID
Genes involved in RAAS in SHRSP pad; FC
Protein kinase C beta Prkcb ENSG00000166501 0.013710 -1.65
Cytochrome B-245 B chain Cybb ENSG00000165168 0.010194 -1.84
p-21 activated kinase 1 Pak1 ENSG00000149269 0.024970 -1.52
Phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic subunity Pikc3g ENSG00000105851 0.004194 -1.51
Protein tyrosine phosphatase non-receptortype 6 Shp-1 ENSG00000111679 0.000625 -1.94

The false discovery rate (padj) and fold change (FC) of significant (padj <0.05) DE gene transcripts in WKY and SHRSP RAAS

signalling.




5.4.7 SHRSP and WKY Dams Show Distinct Differences in Genes
Related to Energy Production During Early Pregnancy

WKY uterine arteries demonstrated an overall increase in the expression of genes
related to oxidative phosphorylation in pregnant relative to nonpregnant arteries,
with a z-score of —2.53. The z-score for SHRSP was 0, indicating that this pathway
is not involved in the early adaptation to pregnancy in this strain. IPA® revealed the
DEGs were related to increased expression of components of complexes |, Ill, IV,
and V in WKY dams across the first 6 days of gestation (Table 5.9; Fig. 5.8A). This

change in expression was not observed in SHRSP uterine arteries.
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Figure 5.8: Predicted Interaction Network for Oxidative Phosphorylation
Signalling Complexes

Predicted expression network for oxidative phosphorylation signalling in non-
pregnant (NP) or GD6.5 (P) uterine arteries in WKY (A) and SHRSP (B)
dams. WKY demonstrated a predicted pregnancy-dependant increase in
expression of components of complexes Ill, IV and V. WKY also
demonstrated a conflicting expression in complex I. No changes were
detected in SHRSP uterine arteries. Here, green represents an increased
expression, red a decreased expression, no change and a green/red
representing conflicting expression in pregnant (GD6.5) vs non-pregnant
uterine arteries.



Table 5.9 The differentially expressed genes involved in mitochondrial function changes due to pregnancy in WKY.

WKY
Gene Ensembl NP vs P
Symbol Gene ID
Gene name padj FC
Complex |
Nadh:ubiguinone oxidoreductase subunit A3 Ndufa3 ENSG00000170906 0.022197 -1.75
Nadh:ubiguinone oxidoreductase subunit A13 Ndufal3 ENSG00000186010 0.027977 -1.37
Nadh:ubiquinone oxidoreductase core subunit S2 Ndufs2 ENSG00000158864 0.047252 -1.41
Mitochondrially encoded NADH:ubiquinone oxidoreductase core subunit 2 Nd2 ENSG00000198763 0.045737 1.90
Complex I
Cytochrome | Cycl ENSG00000179091 0.038197 -1.35
Complex IV
Cytochrome c oxidase subunit 5A Coxb5a ENSG00000178741 0.021279 -1.73
Cytochrome c oxidase subunit 8A Cox8a ENSG00000176340 0.024036 -1.53
Complex V
FO complex
ATP synthase, H* transporting, mitochondrial fO complex subunit C3 (subunit 9) Atp5g3 ENSG00000249253 0.015354 -1.79
ATP synthase, H* transporting, mitochondrial fO complex subunit F2 Atp5j2 ENSG00000254283 0.004097 -1.69
F1 complex
ATP synthase, H* transporting, mitochondrial F1 complex, B polypeptide Atp5b ENSG00000110955 0.011745 -1.49

The fold change (FC) and false discovery rate (padj) of mitochondrial genes that were significantly differentially expressed in

WKY non-pregnant (NP) vs pregnant (P) and the FC and padj of the same genes from SHRSP NP vs P. Significance is defined

as padj <0.05. *genes which have multiple transcripts.




5.5 Discussion

This study focussed on specific changes in the gene expression profile of uterine
arteries in WKY and SHRSP rats from nonpregnant to GD 6.5. It complements
many other studies that have examined differential gene expression across
pregnancy in both humans and rodents (Hubel et al, 2000; Lash et al, 2006; Lash
et al, 2016; Robson et al, 2019). However, to our knowledge, it is the first to
examine expression changes in early pregnancy, before functional and structural
changes in the uterine arteries in a model of chronic hypertension. We identified
differential expression of 364 pregnancy-specific genes in WKY and 654 in
SHRSP. These specific DEGs in WKY were predicted to be involved in pathways
related to increased energy production and reduced calcium signal transduction,
whereas SHRSP-specific changes were predicted to influence the immune
response and activate pathways leading to vasoconstriction. Despite similarities in
pregnancy-associated gene expression in both strains, our data suggests that
uterine arteries in SHRSP dams demonstrate an altered genetic response in early
pregnancy that may lead to maladaptive changes and failed priming of the arteries

and thus, deficient remodelling.

We have previously shown that the SHRSP exhibits deficient uterine artery
remodelling, reflected by altered vascular structure and function and
uteroplacental blood flow at GD 18.5 (Small et al, 2016a). This was not the case at
the early pregnancy (GD 6.5) time point examined in the current study, with uterine
arteries responding to vasoactive substances and having similar structure to WKY.
From the prediction analysis performed using IPA®, we found that both SHRSP
and WKY dams shared gene expression changes indicating that a necessary
vascular response to pregnancy is conserved between strains. The biological
functions associated with the 188 pregnancy-specific DEGs in common between
WKY and SHRSP were associated with processes involved in vascular
remodelling. However, out with this set of shared genes in common, the
pregnancy-dependant specific gene expression changes were observed to differ
greatly between WKY and SHRSP suggesting an additional stress response
present in SHRSP only. This may be in part due to pre-existing hypertension in
this strain. Blood pressure was not measured in this study, thus the assumption
that the SHRSP dams included in this study were hypertensive relative to WKY

controls was based on historical data from previous generations. Previously, in



chapter 3 of this thesis, results have shown no significant differences in blood
pressure at pre-pregnancy between SHRSP and WKY dams, therefore this
assumption may not be accurate. This may not be the case at GD6.5, where
results in chapter 3 have shown a divergence in blood pressure between the two,
though this was non-significant. However, it is worth noting that in previous studies
amelioration of the SHRSP dam’s pre-existing hypertension does not resolve their
observed abnormal uterine artery remodelling at GD18.5. (Small et al, 2016a). We
have previously shown that treatment with nifedipine before and throughout
pregnancy in the SHRSP while controlling their blood pressure - and as a result
limiting the known direct effects of hypertension on oxidative stress and
inflammatory cell activation (Barakonyi et al, 2014; Yang et al, 2013; Paravicini
and Touyz, 2008) - did not improve measures of uterine artery function including
assessment via myography and Doppler ultrasound in vivo at GD 18.5 (Small et al,
2016a). We chose not to include a nifedipine-treated SHRSP control in this study
based on these previous findings. It has been shown that nifedipine alters the
expression of genes related to Ca?*-signalling, inflammation and ROS production
in the heart, brain and livers of SHR rats compared to non-treated SHR (Lee et al,
2012). It may be useful to investigate the gene expression of nifedipine-treated
SHRSP uterine arteries in future work to understand how it exerts a beneficial

effect on blood pressure without altering uterine artery function.

We chose to further investigate gene expression changes related to the
inflammatory response pathway, given the known importance of uterine-specific
natural killer (uNK) cells, decidual macrophages, and other maternal immune cells
in coordinating appropriate trophoblast invasion into the spiral arteries (Mor et al
2011), and the association between an exaggerated inflammatory response in the
placental bed of hypertensive pregnancies (Barakonyi et al, 2014). Although both
strains demonstrated an increased local inflammatory response to pregnancy, this
was much greater in the SHRSP suggesting that hypertensive SHRSP dams
experience an abnormally elevated immune response in response to pregnancy,
as early as GD 6.5. Indeed, an abnormal immune response has been implicated in
early gestation as an initiating factor that may interfere with crucial interactions
between uterine natural killer cells and trophoblasts, resulting in systemic
inflammation, impaired placentation, and dysregulated vascular remodelling
(Taylor and Sasser, 2017). An array of factors can contribute to impairment of the

immune response, one of which is reactive oxygen species (ROS) produced by



NADPH oxidase (NOX). In macrophages, ROS released to the extracellular space
by membrane-bound NOX in chronic inflammatory conditions has been shown to
impair the function of T cells and NK cells (Yang et al, 2013). Oxidative stress, or
ROS accumulation, produced by NOXs is also known to play a role in the
development and maintenance of hypertension (Paravicini and Touyz, 2008). IPA
predicted an increase in ROS production via increased expression of NOX2 in
SHRSP but not WKY uterine arteries in early pregnancy. This suggests that
hypertensive SHRSP dams experience an increase in ROS production in early
pregnancy, which may contribute to the elevated immune response and abnormal

uterine artery function observed in later pregnancy.

Mitochondrial function is crucial in early pregnancy, as in the first trimester there is
a heavy reliance on glucose utilization for the increased production of ATP to meet
the increased maternal and fetal energy requirements (Thornburg et al, 2000).
Analysis of the proteome in placental tissue from normotensive and preeclamptic
pregnancies demonstrates an association between preeclampsia, inflammation,
and mitochondrial dysfunction (Xu et al, 2018). In our data, there was an overall
increase in the expression of genes involved in oxidative phosphorylation in
pregnant WKY uterine arteries. However, SHRSP uterine arteries did not
demonstrate any gene expression changes in the pathway across pregnancy. This
implies that in early hypertensive pregnancy either energy production is already at
its peak preventing further increases or it is unable to respond to the demands of
pregnancy. This inability to adapt to changing energy requirements may contribute
to a dysregulated immune response, impaired later vascular remodelling, or

predicted changes in calcium signalling and transduction.

Given the importance of Ca?* signalling in a myriad of functions required to
complete a healthy pregnancy, together with studies demonstrating a decrease in
serum Ca?* in hypertensive pregnancies (Adamova et al, 2009), we chose to
investigate expression changes in the a-adrenergic signalling pathway in this
study. The DEGs in WKY uterine arteries indicate a pregnancy-associated
reduction in Ca?* release and sequestering. This may contribute to the decrease in
peripheral vascular resistance and blood pressure normally experienced during
pregnancy. Gopalakrishnan et al (2020) highlighted that the typical transcriptome
response to pregnancy, in the rat uterine artery, involves the downregulation of

calcium signalling and vascular smooth muscle contraction pathways. In contrast,



SHRSP uterine arteries demonstrated an increased expression of Prkcb, a
member of the protein kinase C (PKC) family, which is known to mediate vascular
contraction independently of intracellular Ca?* (Gutierrez et al, 2019; Ringvold and
Khalil, 2017), along with an expression pattern suggesting an increased overall
activation of the Ca?* signalling pathway. This suggests a potential mechanism for
the increased contractile response observed in later gestation in SHRSP uterine
arteries (Small et al, 2016a).

Normal pregnancy is associated with an upregulation of RAAS and concurrent
increased resistance to angiotensin Il (ANG II), whereas HDPs (particularly pre-
eclampsia) are associated with an increased sensitivity to ANG Il and suppression
of the RAAS (Verdonk et al, 2014; Hussein and Lafayette, 2014). IPA analysis of
the RAAS pathway revealed a pregnancy-dependant decrease in expression of
RAAS genes in WKY uterine arteries and an increased expression of genes
downstream of angiotensin receptor 1 (AT4R) in SHRSP uterine arteries. These
data suggest that although there is evidence of a decrease in Ca?* release in WKY
uterine arteries, in SHRSP arteries, the pathways downstream of AT1R have an
increased activation, leading to increased ROS production and vasoconstriction.
However, animal models with excessive RAAS activation also result in
preeclampsia like symptoms and there is evidence that demonstrates a role for
autoantibody activation of AT+R and its downstream effectors leading to
vasoconstriction (Verdonk et al, 2014). Interestingly, these downstream effectors
include NOX and other genes that were also implicated in the increased
production of ROS and immune response demonstrated in SHRSP uterine arteries

in early pregnancy.

This study sought to examine the specific differences in gene expression in
response to early pregnancy in the normotensive WKY and hypertensive SHRSP
uterine artery. Taken together, our data provides evidence that hypertension
during pregnancy results in distinct gene expression changes in pathways
influencing uterine artery vascular function that are not seen in normotensive
pregnancy. These pathway changes may underlie or contribute to the adverse
vascular remodelling and resultant placental ischemia and systemic vascular
dysfunction in later stages of gestation seen in hypertensive disorders of

pregnancy in rodents. In the absence of human uterine artery samples from an



early gestational time point, the results here may lend some insight into

maladaptive responses in human hypertensive pregnancies.



Chapter 6: Genetic and Functional Validation of
Early Pregnancy Expression Profiles in SHRSP and
WKY Arteries



6.1 Introduction

During a normal pregnancy, calcium (Ca?*) is important in the formation of the fetal
skeleton. Indeed, studies have shown that maternal Ca?* absorption significantly
increases in the second and third trimesters and is directly correlated to maternal
Ca?* intake (Hacker et al, 2012). This is achieved by increased intestinal
absorption, decreased renal excretion and increased bone resorption (Lafond and
Simoneau, 2006). This increase in absorption is mediated by calcitrol in the
absence of increases to parathyroid hormone serving to increase blood Ca?*
(Hacker et al, 2012; Lafond and Simoneau, 2006). The recommended Ca?* intake
per day for women 19-51 years old is 1000mg/day, with 78% of women over 20
years of age failing to meet this daily allowance (Adamova et al, 2009). In
hypertensive pregnancies, serum concentrations of Ca?* are reduced relative to a

normal pregnancy (He et al, 2016).

Calcium signalling is exceptionally versatile, with elevated intracellular Ca?* being
responsible for the activation of many cellular processes including gene
transcription, cell proliferation, differentiation, necrosis and apoptosis (Baczyk et
al, 2011). Functioning of the cardiovascular system, in particular, is highly
associated with changes in Ca?*. Of note is the role of Ca?* in the constriction of
vascular smooth muscle cells (VSMCs) and vasodilation in endothelial cells
(Adamova et al, 2009). A common feature of hypertensive disorders of pregnancy
is endothelial dysfunction leading to an increase in vascular tone (Possomato-
Vieira and Khalil, 2016). An inverse relationship between Ca?* intake and
symptoms of pre-eclampsia was first reported in 1980 (Belizan and Villar, 1980).
Following several studies, it has now been shown that there is an association
between serum hypocalcaemia and pre-eclampsia (Kumuru et al, 2003; Jain et al,
2009; Sukonpan and Phupong, 2004). Despite this, calcium supplementation in
pre-eclampsia has produced mixed results. There are many studies in the
literature that support the role for calcium supplementation to prevent pre-
eclampsia occurrence in low Ca?* intake, and thus increased PE risk, individuals
(Patrelli et al, 2012; Hofmeyr et al, 2018). On the other hand, a World Health
Organisation randomised controlled trial of 8,325 pregnant participants with low
Ca?* intake receiving supplementation showed that calcium supplementation did

not prevent pre-eclampsia, though it did reduce its severity (Villar et al, 2006).



Due to the importance of Ca?* in vascular function and its association with PE,
studies utilising animal models have been conducted to assess how the
expression of Ca?* handling proteins may change in normotensive and
hypertensive rodents in a pregnancy-dependant manner. Recent data generated
from Ingenuity Pathway Analysis (Chapter 5) shows that in normotensive uterine
arteries, pregnancy results in an increase in the expression of calmodulin-1
(CALM1; modulation of cardiac ion channel function, activation of contractile
machinery), and a decreased expression of inositol-triphosphate receptor (ITPR2;
release of Ca?* from intracellular stores) and phospho-lipase C (PLC; generation
of IP3 and activation of IP3R) (Scott et al, 2021). In contrast, hypertensive arteries
show an increase in the expression of protein kinase C B (PRCKB; enhances Ca?*
currents) and a decrease in the expression of myosin-light chain kinase (MYLK;
contractile machinery) and PLC (Scott et al, 2021). This indicates a differential
response to Ca?* between normal and hypertensive pregnancy, though the exact

mechanisms that underlie this and their contribution to pathology are unclear.

Another important regulator of VSMC function are reactive oxygen species (ROS),
(Bertero and Maack, 2018). ROS are widely recognised signalling molecules with
functions across a broad range of cell types and are generated as by-products of
mitochondrial activity or by enzymes out with the mitochondria such as NADPH
oxidases (Gorlach et al, 2015). ROS production is naturally balanced by
endogenous antioxidant activity, with scavengers removing excess ROS to
prevent oxidative stress (Zorov et al, 2014). Normal pregnancy is characterised by
a pro-oxidant period where ROS production is heightened (Tendrio et al, 2019).
During hypertensive pregnancies, abnormal placentation leads to oxidative stress
within the placenta that results from increased NADPH oxidase and mitochondrial
activation, resulting in an increase in pro-inflammatory cytokines and endothelial
dysfunction (Guerby et al, 2021; Phoswa and Halig, 2021). Many studies have
shown that pro-oxidant activity is exacerbated during hypertensive pregnancy
(Rogers et al, 2006; Schoots et al, 2021). It has been documented that in
hypertension, VSMC Ca?* homeostasis is modulated by NAPDH oxidase activity
and ROS production (Touyz et al, 2018). Previous work in Chapter 5 has shown
that in uterine arteries from pregnant hypertensive rats, there is an increased
expression of NADPH oxidase subunits that may result in an increase in ROS

production, which may contribute to the vascular dysfunction and increased blood



pressure evident in late gestation in the SHRSP rat (Scott et al, 2021; Morgan et
al, 2018).

Calcium and ROS go hand in hand in regulating vascular tone and VSMC function.
A disruption in the production and maintence of either one has the potential to lead
to pathological states. Though there is evidence in the literature to show a
relationship between Ca?*, ROS and VSMC function in hypertensive pregnancy
the mechanisms that underlie any potential pathology are unclear. In this study,
we sought to validate the gene expression patterns observed in Chapter 5 in
pregnant and non-pregnant WKY and SHRSP uterine arteries to further

investigate the influence of these on uterine artery function in early pregnancy.



6.2 Hypothesis & Aims

Based on evidence generated in Chapter 5, we hypothesised that there would be
a functional difference in Ca?" handling, ROS generation and NOX subunit
expression between WKY and SHRSP uterine arteries on gestational day 6.5

relative to non-pregnant controls.

We aimed to investigate this by performing live cell fluorescent Ca?* imaging in
uterine artery vascular smooth muscle cells (UAVSMCs) to assess intracellular
Ca?* release. We also performed electron paramagnetic resonance (EPR)
spectroscopy quantification of ROS production and Tagman® gene expression
assays for NOX2 subunits p22-phox and gp91.



6.3 Materials and Methods

Animals were housed and mated as outlined in section 2.3.1. Animals were
randomly allocated to one of four groups: WKY non-pregnant (NP), WKY pregnant
(P; gestational day 6.5), SHRSP NP or SHRSP P. Uterine or mesenteric arteries
from pregnant WKY or SHRSP rats or virgin, age-matched controls were dissected
as in the general materials and methods (2.4.3). These arteries were either stored
at -80°C until use in either EPR or Tagman®, or immediately used to isolated

uterine artery vascular smooth muscle cells for live-cell fluorescent Ca?* imaging.

6.3.1 Validation of NOX2 Subunit Gene Expression via Tagman®
Gene Expression Assay

RNA was extracted from whole, frozen uterine or mesenteric arteries harvested at
time of sacrifice (section 2.2.1). Following quality control, cDNA was generated
from these RNA samples via RT-PCR (2.2.2). This was then utilised in a qPCR
Tagman® gene expression assay to determine the relative expression of NOX2
subunits p22-phox (Human: Cyba) and gp971 (Human: Cybb). Details of the
Tagman® assay and the specific probes used can be found in section 2.2.3.1.

6.3.2 Measurement of ROS Production via Superoxide anion (02")
Quantification by Electron Paramagnetic Resonance (EPR)
Spectroscopy

The cell-permeable spin-trapping probe CMH (1-hydroxy-3-methoxycarbonyl-
2,2,5,5-tetramehtylpyrrolidine; Enzo Life Sciences, Exeter, UK) was used to detect
intracellular superoxide anion concentration. Frozen uterine or mesenteric arteries
were homogenised by addition of 100uL of lysis buffer (Tissue Protein Extraction
Reagent, ThermoFisherScientific, Paisley, UK) and disruption using a TissuelLyser

Il for 2 minutes at 25Hz (Qiagen, Manchester, UK).

Samples were then incubated for 30 minutes at 37°C following addition of 50uL of
modified Krebs/HEPES buffer of pH 7.35 [99mM NaCl, 4.7mM KCI, 2.5mM CaClz,
2.5mM MgSOs4, 24.7mM NaH2COs, 1.0mM K(PH204), 11.1mM D-Glucose, 20mM
HEPES-Na; additional 0.05mM CMH, 5uM DETC (diethyldithiocarbamate) and
25uM deferoxamine]. Following incubation, approximately 50uL of each sample
was loaded into a capillary glass tube (Noxygen Science Transfer & Diagnostics,

Elzach, Germany) and placed inside the e-scan spectrometer cavity for reading.



Samples were read using a benchtop Bruker e-scan EPR spectrometer (Blue
Scientific, Cambridge, UK). The remaining 30uL of lysate was used to quantify
total protein by the BCA method (Pierce™ BCA Protein Assay Kit, ThermoFisher
Scientific, Paisley, UK).

Results are expressed as a percentage relative to WKY NP controls calculated
from the spectrum amplitude value (arbitrary units) per ug of protein. Spectrometer
acquisition parameters were microwave power 21.98mV; microwave frequency
9.463GHz; no. of scans 30; sweep width 50G; modulation amplitude 2G;
conversion time 656ms; time constant 656ms; resolution 512 points and receiver
gain 1x10°. Sample temperature was kept at 37°C by a NOX-E.4-TGC
Temperature and Gas Controller unit (Noxygen Science Transfer & Diagnostics,
Elzach, Germany) connected to the spectrometer. EPR spectra trace data was

quantified using WinEPR software (Bruker, Coventry, UK).

6.3.3 Live-Cell Fluorescent Intracellular Calcium Imaging

Vascular smooth muscle cells from uterine arteries (UAVSMC) were isolated and
cultured as outlined in general materials & methods section 2.5. Cells were used
after reaching 80% confluency in a 12-well plate at p0. 72 hours prior to imaging,
cells were starved using DMEM (-) L-glutamine starvation media [25mM D-
glucose, 1mM sodium pyruvate, 44mM sodium bicarbonate] (Gibco™,
ThermoFisher Scientific, Paisley, UK) and 100IU/mL penicillin, 100ug/mL
streptomycin and 0.5% v/v fetal bovine serum (FBS). This ensured that all cells
were at the same growth cycle stage and there was no FBS in the media during

the experiment, as this can alter readings.

Intracellular calcium release was measured using the fluorescent calcium indicator
Cal-520®°AM (ab171868, Abcam, Cambridge, UK). This dye works by preloading
the cells. Once inside the cell, lipophilic blocking groups are cleaved from the dye
causing it to remain intracellularly. When calcium is released, the calcium-sensitive
dye produces fluorescent signals that can be detected and quantified. Once cells
had been starved for 72 hours, they were incubated with Cal-520®AM. Briefly, the
starvation media was removed, and cells washed with sterile PBS. A working 5uM
Cal-520°AM/DMEM-HEPES solution was created by addition of 2.5uL of 1mM
Cal-520°AM stock to 1mL of DMEM-HEPES media [5.5mM D-Glucose, 25mM
HEPES, 1mM sodium pyruvate] (Gibco™, ThermoFisher Scientific, Paisley, UK)



and 2mM L-glutamine, 1001U/mL penicillin, 100ug/mL streptomycin and 0.5% v/v
FBS. 400uL of 5uM Cal-520°AM/DMEM-HEPES was added per well and the
culture plate covered with tinfoil to protect the dye from light. The plate was then
incubated at 37°C and 5% CO:2 in a Heracell™ 240i CO2 incubator
(FisherScientific, Loughborough, UK) for 75 minutes. After 75 minutes, the Cal-
520®AM/DMEM-HEPES solution was removed and cells were washed once with
1mL of Ca?*-free HEPES solution [20mM HEPES, 130mM NaCl, 5mM KCI, 1mM
MgCl2, 10mM D-glucose, 0.1mM EDTA; pH 7.4]. 800uL of Ca®'-free HEPES
solution was added to each well and cells were further incubated at room

temperature for 30 minutes, protected from light.

Live-cell microscopy was used to visualise calcium release with a Zeiss Axio
Observer Z1 microscope (Carl Zeiss Ltd, Cambridge, UK). Culture plates were
placed on a heated mount set to 37°C and cells brought into focus with bright field
microscopy settings at 10x magnification. Each well was recorded for 6 minutes in
the dark. Once cells were located, the microscope was switched to fluorescence
detection of wavelengths Ex/Em 460/525nm. Baseline fluorescence was recorded
for 2 minutes. At 2 minutes, 100uL of 1mM ANGII (Abcam, Cambridge, UK) was
added to the well and timed for 2 minutes. At 4 minutes, 100uL of 1mM ionomycin
(ThermoFisher Scientific, Paisley, UK) was added and the well recorded for a

further 2 minutes. This process was repeated for each well on each plate.

The mean fluorescence intensity in the field of vision was recorded every 1.2
seconds using ZEN Microscopy software (Carl Zeiss Ltd, Cambridge, UK).
Average baseline values (0-2 minutes) were subtracted from all subsequent
intensity measurements to construct a trace of intracellular Ca?* release in
response to ANGII and ionomycin. The difference in peak and baseline ANGII-

stimulated or ionomycin-stimulated Ca?* release was calculated.



6.4 Results

6.4.1 Cyba Expression in WKY and SHRSP Pregnant Uterine
Arteries

The expressions of NOX2 subunits Cyba (p22-phox) and Cybb (gp91) in uterine
and mesenteric arteries from NP and P WKY and SHRSP rats was validated by
gRT-PCR. Alongside a possible increase in Cyba expression in WKY P vs NP
uterine arteries, there appeared to be an increase in relative Cyba expression in
pregnant WKY uterine arteries compared to SHRSP (Fig 6.1A). Pregnancy may
have resulted in a decreased expression of Cyba in SHRSP uterine arteries, which
appeared lower than WKY P uterine arteries (ns.). There were no apparent
differences in relative Cybb expression between strains or as a result of pregnancy

in uterine arteries (Fig. 6.1B).

Expression patterns of Cybb but not Cyba in response to pregnancy seemed to be
similar between WKY and SHRSP mesenteric arteries. Whilst not statistically
significant, there may have been an increase in the relative expression of Cyba in
pregnant WKY mesenteric arteries. Pregnancy did not seem to elicit a change in
expression in SHRSP mesenteric arteries (Fig. 6.1C). There appeared to be an
overall increased relative expression of Cybb in WKY versus SHRSP mesenteric
arteries (Fig. 6.1D; ns.). Both SHRSP and WKY mesenteric arteries seemed to
exhibit a similar response to pregnancy, with decreased expression of Cybb.

It is not possible to draw firm conclusions from this data, as the operator variation
that can be seen between samples creates a large degree of error, likely a result
of pipetting error between replicates within each sample. Additionally, the high
standard deviation value between technical replicates in the housekeeping gene

Gapdh indicates that its expression is not stable (Table 6.1).
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Figure 6.1: Validation of Cyba and Cybb Expression in Uterine &
Mesenteric Arteries using Tagman® qRT-PCR

(A) Cyba expression appeared to be increased in pregnant WKY (N=3)
uterine arteries relative to NP WKY (N=3) and pregnant SHRSP (N=3).
Expression seemed to decrease in SHRSP pregnancy (N=3 NP). (B) There
were no significant differences in Cybb expression across strain or pregnancy
in uterine arteries. (C) No significant differences were detected in Cyba
expression in WKY or SHRSP mesenteric arteries, though there appeared to
be an increase in WKY pregnancy. (D) Whilst non-significant, there may have
been a decrease in Cybb expression in response to pregnancy in WKY and
SHRSP mesenteric arteries. Data analysed by two-way ANOVA with Tukey’s
post hoc testing. Values are expressed as the mean relative expression *
SEM normalised to the housekeeper gene Gapdh calculated from 224CT,



Table 6.1 Average Cycle Threshold Values and Standard Deviation for Gapdh, Cyba and Cybb in WKY and SHRSP arteries

GAPDH CYBA GAPH CYBB

Group Avg CT ,Oé\;ngvT Group Avg CT pé‘;ngvT Group Avg CT As\;ngvT Group Avg CT AS‘;QDEVT
W’EZANP 31.342 3.26 W’mNP 30.462 0.93 W’m’vp 31.460 2.50 W’mNP 31.019 0.59
WKYPUA | 31.800 078 | WKYPUA | 29315 037 | WKYPUA | 31.800 078 | WKYPUA | 29.135 0.24
SHRSPNP | 31.466 196 | SHRSPNP | 30565 056 | SHROPNP I 31466 196 | SHRSPNP | 29630 0.17
SHRSPP | 30751 039 | SPRSPP | 31383 024 | SHRSPP 1 32014 072 | SPRSPP | 30587 0.28

WY NP 30580 2.60 WY NP | 33638 0.34 WY NP | 35.105 419 WY NP | 34838 0.12
WKYPMA | 30.783 097 | WKYPMA | 31.949 058 | WKYPMA | 31619 102 | WKYPMA | 33173 0.48
SHRSPNP | 29321 025 | SHRSENP | 31 491 007 | SHRSPNP I 3100 099 | SHRSENP | 35 371 0.34
SHROPP | 29.267 139 | SHRSPP | 31465 042 | SHESEP | 28363 607 | SHESFP | 31363 0.38

The average cycle threshold (CT) values and standard deviation (StDev) of the cycle threshold value between technical
replicates (measured in duplicate) for WKY and SHRSP pregnant (P) and non-pregnant (NP) uterine (UA) or mesenteric (MA)
arteries. Values are given for the housekeeping gene Gapdh in relation to the target genes: either Cyba or Cybb. High standard

deviation of CT values in the housekeeper indicated the assay was not of high quality.




6.4.2 ROS Production is Altered in Uterine and Mesenteric
Arteries During Pregnancy in SHRSP and WKY

ROS production was measured in lysates generated from intact WKY and SHRSP
NP and P uterine and mesenteric arteries by quantifying O via EPR. There were
no significant differences in O2" generation/ug of protein as a result of strain or
pregnancy in uterine or mesenteric arteries (Fig. 6.2A, 6.2C). Superoxide anion
generation was lower in SHRSP NP uterine arteries relative to WKY NP controls
(12.7£1.7%, ns.) and appeared to increase in response to pregnancy (60.2+29.4%
SHRSP P vs. WKY NP, ns., Fig. 6B). In mesenteric arteries, Oz generation was
reduced as a result of pregnancy in WKY rats (31.3£12.2% vs. WKY NP, p=0.09;
Fig. 6D). There was significantly less ROS production in SHRSP NP compared to
WKY NP mesenteric arteries (18.0£1.0%, p<0.05). Though there may have been
an increase in ROS in SHRSP P mesenteric arteries compared to SHRSP NP, this
was still lower than the WKY NP group (28.5+£2.9%).
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Figure 6.2: Superoxide Anion (O2") Generation in Response to
Pregnancy in WKY and SHRSP Arteries

(A, B) O2" generation was not significantly different between groups in uterine
arteries (WKY P (N=4); NP (N=4) arteries). There did appear to be an
increased generation in SHRSP P (N=5) vs. NP (N=3) arteries. (C,D) There
was a significant reduction in O2™ generation in SHRSP NP compared to WKY
NP mesenteric arteries (*p<0.05). Oz generation appeared to decrease in
response to pregnancy in WKY (p=0.09). A similar pattern between WKY NP
vs. P and SHRSP NP vs. P uterine artery ROS was observed in mesenteric
arteries.. Raw EPR/ug values analysed by two-way ANOVA with Tukey’s post
hoc testing. Percentage values normalised to WKY NP as control analysed by
Kruskal-Wallis test with Dunn’s multiple comparisons post hoc testing.



6.4.3 Differences in Calcium Release in Uterine Arteries

Intracellular Ca?* signalling was investigated using fluorescent Cal-520®AM. Figure
6.3A shows the trace of fluorescent intensity in UAVSMCs from non-pregnant and
pregnant WKY and SHRSP rats in response to ANGII and ionomycin (Ca?*
ionophore). The first peak between 2-4 minutes represents ANGII-stimulated Ca?*
release. There was an accelerated response to ANGII in pregnant WKY UASMCs,
peaking at approximately 2.7 minutes. The peak ANGII response in non-pregnant
WKY UAVSMCs, on the other hand, did not occur until approximately 3.0 minutes.
This was similar in SHRSP P cells. There was no difference in the area under the
curve of ANGII-stimulated release between groups (Fig. 6.3B). This was not the
case for ionomycin-stimulated release, represented by the second peak between
4-6 minutes. All groups reacted to ionomycin within a similar time. The peak
response to ionomycin trended towards a reduction in pregnant SHRSP
UAVSMCs compared to both WKY P and WKY NP cells (Fig. 6.3C, ns.). The area
under the curve revealed a potential increase in ionomycin-stimulated Ca?*

release in pregnant WKY UAVSMCs compared to non-pregnant.

Due to technical issues with preparation of UAVSMCs and suspension of research
activities due to COVID-19 disruptions (see Impact Statement) it was not possible
to complete Ca?* release experiments in non-pregnant SHRSP cells or to reach n

numbers in all other groups that would have allowed for statistical testing



A Calcium

A 8001
— WKY NP
-~ WKY P
700 --- SHRSPP
600+ | \ i
\"l
II'|
T 5004 i |
a
% 400 = | ]
i) " . E |.‘\
300 i "\h
[ iii;
200 ‘Hl!r;
[ s Y
1 e YR
100 WX Vit FikAEEiA ‘ ‘!'---!3‘-&'-|‘3.~ '!: E, I l"":"'5"’5‘;:5r:.t-';n.‘~e.:::;--=:.g;-:- IS
QQ Q‘J ,\Q '\‘: q’t: 'IP n’S) 'b‘, b-“ h‘) %‘b <°‘3 bﬁ
Time (min)
UM ANGI 1M lonomycin
B 300 C 700 .
275 o 650
250 600 _I_ —I—
= ; 550
< 225 ] 2 500 °
(5) 2009 = 2 o 450
= 400
< <
175 350 o
150 300
0 | | | 0 ;- | | |




Figure 6.3: Intracellular Calcium Release in WKY and SHRSP Uterine
Artery Vascular Smooth Muscle Cells

(A) Intracellular Ca?* release was measured over 6 minutes. Fluorescent
baseline was established between 0-2 minutes and subtracted from the trace to
calculate ACalcium. ANGII was added at 2 minutes and baseline re-established
before addition of ionomycin at 4 minutes. The response to ANGII was delayed
in WKY NP (N=2) and SHRSP P (N=1) UAVSMCs compared to WKY P (N=3).
(B) The area under the curve for peak ANGII-stimulated Ca?* release. No
differences were observed between groups. (C) The area under the curve for
peak ionomycin-stimulated Ca?* release. There was an increase in WKY P vs.
WKY NP cells. AUC seemed to decrease in cells from pregnant SHRSP uterine
arteries versus WKY NP and WKY P. No statistical testing.



6.5 Discussion

This chapter focused on validating the gene expression profiles of age-matched,
non-pregnant and gestational day 6.5 WKY and SHRSP uterine arteries. Few
studies have investigated gene expression during early pregnancy, and far fewer
have focused specifically on changes in the maternal vasculature despite its
central involvement in the development of hypertensive disorders of pregnancy.
Combined with the findings of Chapter 5, these results provide some insight into
the strain-dependant differences between WKY and SHRSP in early pregnancy.
These changes in gene expression and vascular function may contribute to
defective maternal vascular remodelling normally observed in the SHRSP as a

model of chronic hypertension during pregnancy.

We have previously reported that in early pregnancy, SHRSP but not WKY uterine
arteries have an increased expression of NADPH oxidase 2 (nicotinamide adenine
dinucleotide phosphate oxidase 2; NOX2) subunits p22-phox (Cyba) and gp91
(Cybb) that were predicted to increase ROS production (Scott et al, 2021). The
family of NOX enzymes is unique in that their sole function is to generate ROS in
the form of either superoxide anion (O2™) or hydrogen peroxide (Gorlach et al,
2015). Hyperactivation of NOX leads to an accumulation of O2™ and subsequently
reduces NO bioavailability and uncouples eNOS (Guerby et al, 2021). This can
lead to endothelial dysfunction. The results of this study confirm that there is a
strain-dependent response to pregnancy between WKY and SHRSP. However,
there is disagreement between gqRT-PCR results and those generated in Chapter
5. Here, we observed a non-significant increase in p22-phox expression in
pregnant WKY that was not indicated by previous results. This does, however,
agree with the literature that normal pregnancies are characterised by an initial
pro-oxidant period (Tendrio et al, 2019). This pro-oxidant period is a result of
vascular plug formation in the maternal spiral arteries that functions to promote
trophoblast invasion, vascular remodelling, early placental development and
protection of the fetus against oxidative stress (Pijenborg et al, 2006). The results
of this study indicate that despite an increase in p22phox expression, there
appears to be a reduced generation of O2™ in response to pregnancy in WKY. As it
is a regulatory subunit, p22phox does not only form NOX2 but rather is able to
form heterodimers that create any one of the NOX isoforms as well as bind to the

other regulatory subunits (Bedard and Krause, 2007). One such isoform is NOX4,



which in contrast to the other NOX isoforms has been shown to have a protective
role in the vasculature (Vermot et al, 2021). NOX4 produces hydrogen peroxide
which stimulates vasodilation during hypertensive or inflammatory stress
(Schroder et al, 2012). NOX4 is unique in that it does not require the other
cytosolic subunits to activate and appears to be constitutively active (Bedard and
Krause, 2007). Thus, the increase in p22phox expression but resultant decrease in
Oz generation in pregnant WKY arteries may be due to activation of NOX4, which
would agree with the protective pro-oxidant activity described in literature, rather
than NOX2. This may also explain why this was not detected in the results of
Chapter 5, where IPA specifically focused on the NOX2 pathway of ROS
generation. It is important to note that standard curves were not performed for
gPCR reactions, thus the efficiency for the target and control genes (i.e., double
the cDNA exhibits the expected cycle threshold value) was not validated, thus the

data cannot be accurately quantified.

Previous work suggested that there would be an increased expression of both
NOX2 subunits in pregnant SHRSP uterine arteries (Scott et al, 2021). There
appeared to be an increase in gp97 but not p22-phox expression in pregnant
SHRSP. Gp91 is a catalytic subunit that forms the membrane-bound core of active
NOX2 (Bedard and Krause, 2007; Vermot et al, 2021). NOX2 is expressed in a
variety of cell types including endothelial cells, vascular smooth muscle cells,
cardiomyocytes, fibroblasts and inflammatory cells (Bedard and Krause, 2007). As
these experiments utilised intact arteries, it is unclear which cell type is
responsible for the increased gp91 expression. P22-phox normally associates with
gp91 to provide stability and it was believed that both subunits were required to
produce an active enzyme (Vermot et al, 2021). Gp91 was shown by Gorlach and
colleagues (2000) to contribute to endothelial dysfunction and impaired vascular
relaxation in mouse aortae via endothelial specific O2" production. Further
research has shown that even when p22phox expression is low or absent, gp917 is
still able to oxidise NADPH and thus produce superoxide (Ezzine et al, 2014).
Additionally, sera from pre-eclamptic patients have been shown to induce the
expression of gp97 but not p22phox in human umbilical vein endothelial cells
(Matsubara et al, 2010). The hypothesis that gp97 may produce Oz independently
of p22phox expression in SHRSP pregnancy may be supported by EPR results.
Whilst non-significant, there seemed to be an increase in O2™ generation in

pregnant SHRSP uterine arteries. Previous studies have shown that in aortic



VSMCs and ring preparations, O2™ generation is generally increased in untreated
SHRSP rats compared to WKY, as measured both by chemiluminescence and
EPR (Lappas et al, 2005; Kerr et al, 1999; Wu et al, 2001). This was not the case
in our study where superoxide generation was lower in SHRSP NP versus WKY
NP uterine arteries. ROS are relatively short-lived and can be altered by the
process of homogenisation as disruption of cellular membranes can alter substrate
concentrations (Murphy et al, 2022). This may explain the variability present in the
WKY NP control and the differences in O2™ production compared to literature, as
results of previous studies were performed in intact tissue or cultured cells as
opposed to homogenates as in this study. These differences may also be
explained by the differences in vascular beds studied. Further study of the specific
types of ROS generated in WKY and SHRSP uterine arteries would be
advantageous in understanding the role of ROS in the maternal uterine

vasculature during normotensive and hypertensive pregnancy.

The interactions that occur between ROS and Ca?* can be considered bi-
directional, whereby changes in the signalling of one can alter the other and are
highly cell-type specific (Gorlach et al, 2015). In addition to the predicted changes
in ROS production identified in Chapter 5, results also predicted a strain-
dependent response in Ca?* signalling between WKY and SHRSP pregnancies.
To investigate this, functional Ca?* signalling in UAVSMCs was performed. There
was no difference in the ANGII response, however, there may have been an
increase in ionomycin-induced intracellular Ca?* release in pregnant WKY
UAVSMCs versus non-pregnant. Though the expression patterns generated
previously may suggest reduced Ca?* release, they also suggest this may be due
to accumulation of Ca?* intracellularly. lonomycin is a narrow-spectrum ionophore
with a strong attraction to divalent cations such as Ca?", and even low
concentrations can cause the sarcoplasmic reticulum to empty as much as 70%
into the extracellular space (Smith et al, 1989). Thus, the absence of effect by
ANGII on intracellular release coupled with the concurrent increased release by
ionomycin in pregnant WKY UAVSMCs may provide evidence that though
intracellular Ca?* is not reduced, it is sequestered in the sarcoplasmic reticulum,
which agrees with the expression patterns observed previously (Scott et al, 2021).
lonomycin-induced calcium release was reduced in UAVSMCs from pregnant
SHRSP, however as this was a preliminary study (due to COVID-19 related

disruptions) the sample size of this group was N=1 so it is unclear whether this



result is representative or anomalous. Conducting further experiments with greater
numbers as well as performing qRT-PCR experiments for the specific genes
related to Ca?* signalling identified by IPA would be of great interest in validating
and understanding the functional implications of hypertension on Ca?* signalling in

early pregnancy.

In summary, this study provides further evidence that there is a strain-dependent
response to pregnancy between normotensive WKY uterine arteries and
hypertensive SHRSP. Though this study was unable to fully validate the previously
reported gene expression patterns of Chapter 5, we have shown that NOX subunit
expression and ROS production are significantly altered between WKY and
SHRSP early pregnancies, prior to any structural remodelling. To support this, we
observed differences in ROS generation between the two in local uterine and
systemic mesenteric arteries. We have also provided preliminary functional
evidence that there may be alterations to Ca?* handling in response to pregnancy
in the WKY, however further study and inclusion of SHRSP cells would be
advantageous in understanding the consequences of pregnancy on uterine artery

Ca?* handling in normotensive and hypertensive circumstances.



Chapter 7: General Discussion



Pregnancy may be considered one of the most physiologically stressful tests of an
individual’s life. Adapting to pregnancy challenges almost all of the major maternal
systems and derangement of any one of these processes can result in
pathological states (Wenger, 2014). Hypertension is increasing in prevalence
rapidly in modern society, with an estimated one third of the adult population
worldwide affected (Singh et al, 2016). This, in turn, has resulted in an increased
incidence of hypertensive disorders of pregnancy (Agrawal and Wenger, 2020).
The impact of this has been significant, with a long-term increase in the risk for
adverse cardiovascular health in both mothers and offspring becoming apparent
(de Martelly et al, 2021; Tooher et al, 2017; Cirillo and Cohn, 2015; Stojanovska et
al, 2016; Bokslag et al, 2016). Further, the influence of the maternal
cardiovascular, renal and immune systems have now been identified as key
components in the development of hypertensive disorders of pregnancy
(Gyselaers and Thilaganathan, 2019). Though our understanding of the underlying
pathology of these disorders has improved, there is still much to learn. Combined
with the ethical and legal limitations within pregnancy research, now more than
ever there is a prominent need for the development of animal models that can

recapitulate these disorders and inform future research directions.

The stroke-prone spontaneously hypertensive (SHRSP) rat is a known model of
chronic hypertension that persists throughout pregnancy and has been well
characterised over the years (Yamada et al, 1981; Fuchi et al, 1995a; Small et al,
2016a). Recently, the SHRSP has been utilised to produce a model of super-
imposed pre-eclampsia. This stems from evidence in the literature that shows the
noticeable involvement of the RAAS in pre-eclampsia development, specifically
that of ANGII. Research has shown that in patients with PE, there is an increased
sensitivity to circulating ANGII that impacts vascular function and placental
development (Hussein and Lafayette, 2014; Chaiworapongsa et al, 2014). This is
in conjunction with an increase in AT+ receptor autoantibodies, which stimulate
ROS production via NOX (Chen et al, 2014). Furthermore, ANGII is routinely used
in non-pregnant normotensive animals to induce hypertension (Nishiyama et al,
2001; Lauresen et al, 1997) and has been noted to produce a PE-like phenotype
when administered during normotensive rodent pregnancy (Xue et al, 2017;
Shirasuna et al, 2015). Initially developed by the Graham group, the SHRSP
model of SPE is achieved by infusion of ANGII from mid-gestation, specifically at

the point of placental development (Morgan et al, 2018). Prior to the work of this



thesis, this model had been tested at two doses of ANGII: a ‘low’ dose of
500ng/kg/min and a ‘high’ dose of 1000ng/kg/min. This was novel as it showed an
adaptability of the model to study variations in severity, a known characteristic of
PE and SPE (Anthony et al, 2016). However, the ‘low’ dose did not fully
recapitulate all indicators of SPE, whilst animals receiving the ‘high’ dose had a
reduced survival rate, reduction in maternal body weight, deterioration of general
animal health and total pregnancy loss giving rise to welfare concerns. The work of
this thesis sought to optimise this model at a mid-dose of 750ng/kg/min in hopes
that animals would exhibit the signs and symptoms of SPE whilst protecting their
overall welfare and improving survival. As detailed in Chapter 3, this study found
that pregnant SHRSP rats infused with 750ng/kg/min of ANGII developed a
disease phenotype that was highly similar to human patients with SPE. ANGII
infusion resulted in a significant, detrimental impact to maternal cardiovascular and
renal function; altered placental development and potentially restricted fetal
growth. This provides evidence that this optimised dose creates a replicable SPE
phenotype that shows high similarity to the human condition whilst protecting

animal welfare and could prove to be a useful tool in PE research.

The patterns suggestive of fetal growth restriction following ANGII in the pregnant
SHRSP in this thesis are somewhat in contrast with results reported in the
literature. Some studies conclude that the SHRSP does not experience FGR by
GD18.5 in comparison to normotensive pregnancy, even though there is evidence
of abnormal uterine artery remodelling and reduced uteroplacental flow (Small et
al, 2016a; Small et al, 2016b; Morgan et al, 2018). Indeed, this agreed with our
observations of untreated SHRSP. Conversely, other studies have shown
evidence that SHRSP offspring do experience FGR (Barrientos et al, 2017).
Reduced uteroplacental perfusion associated with maternal vascular disease is
considered responsible for a majority of FGR cases, particularly concerning
hypertensive disorders of pregnancy (Nardozza et al, 2017; Tannetta and Sargent,
2013; Fisher, 2016). The increase in circulating ANGII in this study resulted in an
increase in the percentage of offspring considered growth restricted, in agreement
with results generated at the previous ‘high’ dose of ANGII (Morgan et al, 2018),
alongside significant reductions in fetal weight and crown-rump length. However,
this was in the absence of any additive effect of ANGII on uteroplacental perfusion.
Interrupted uteroplacental blood flow has long been considered as one of the main

pathological factors that give rise to the abnormal placentation associated with PE.



Even so, not all individuals with PE experience altered placentation and FGR.
Research now suggests that FGR is associated with early-onset PE as opposed to
late-onset PE, where there is an absence of abnormal uterine artery Doppler
leading to the suggestion this PE sub-type is driven by maternal and not placental
factors (Gatford et al, 2020; Madazli et al, 2014). Similar findings in cases of SPE
have also been reported, with a decreased frequency of abnormal uterine artery
Doppler and FGR despite having lower placental weights at term (Stanek, 2017).
Indeed, there appears to be a dose-response relationship between uteroplacental
ischaemia and PE onset (Ismail, 2018). Given that the pregnant SHRSP already
experiences impaired uteroplacental flow, the addition of systemic ANGIlI may
have significantly stressed maternal systems towards a PE phenotype but may
have been unable to cross this potential ischaemia threshold to affect
uteroplacental flow. The study results made clear the effect of ANGII on the
placenta itself, evidenced by reduced placental weight and histological
abnormalities relative to SHAM and WKY, similar to human SPE. A possible
suggestion is that the pre-existing hypertension in the SHRSP confers some sort
of protective effect within the uteroplacental circulation against the additional
hypertensive stress of ANGII infusion. There is certainly room for further
characterisation in this model to identify the underlying mechanisms that may
explain the disconnect between uteroplacental flow, FGR and placental outcomes

and how this may potentially translate to similar findings in SPE patients.

Though the exact cause of the adverse in utero environment in this model is not
clear, what is apparent are the potential long-term effects of such an environment
to offspring. Literature has documented the increased cardiovascular risk in
offspring born from hypertensive pregnancies, however, few studies have sought
to investigate the mechanisms by which this occurs. Thus, this thesis aimed to
provide insight into these mechanisms by assessing neonatal outcomes. The
observed tendency for FGR in ANGII fetuses was preserved and more prominent
in ANGII neonates, suggesting these offspring acquired a developmental handicap
as a result of ANGII. To explore this further, gqRT-PCR was performed for genes
known to relate to vascular function and cardiovascular disease in SHAM and
ANGII neonates. The small sample size did not allow for firm conclusions,.
Although no significant results were generated, this work offers potential insight
into the pathways that may be involved in the increased risk for adverse

cardiovascular health in hypertensive pregnancy offspring. Further investigation to



validate this finding has already begun, with a follow-up study of these offspring
into adulthood underway by another member of the Graham lab. These findings
will be advantageous in understanding the underlying pathology of increased
cardiovascular risk in offspring born to hypertensive pregnancies. It would also be
beneficial to further investigate the placentae of affected dams in this model to

gain insight as to how ANGII infusion creates an adverse in utero environment.

Treatment options for hypertensive disorders of pregnancy are severely lacking,
with currently available options aimed at either controlling maternal blood pressure
or preventing progression to a more severe form of disease. Though several
agents do exist that lower maternal blood pressure (Lassi et al, 2014; Moussa et
al, 2014), this alone does not resolve any of the underlying pathology. Magnesium
sulphate is a commonly used agent in SPE patients to prevent seizures and the
progression to HELLP syndrome (Moussa et al, 2014). Despite the widespread
clinical use of MgSO4 in these patients, relatively little is understood of its
mechanism of action. Some studies have investigated the effect of antenatal
MgSOs on rodent maternal outcomes and have observed improvements to blood
pressure, cardiac function, proteinuria and decreased production of PE biomarkers
(Coates et al, 2016; Korish, 2012). However, these studies were conducted in
normotensive Sprague-Dawley or Wistar rats with artificially-induced hypertension,
thus they do not accurately depict SPE. To our knowledge, there are no studies
examining maternal, fetal and placental outcomes in response to MgSO4 treatment
in the pregnant SHRSP. Therefore, the work presented in Chapter 4 of this thesis
sought to investigate these outcomes in both the untreated and ANGII-infused
pregnant SHRSP.

A key distinction between this study and those previously published on MgSO4
therapy in human PE is that normally, MgSO4 is given as an initial large
intravenous loading dose (4-6g) followed by a twenty-four-hour infusion at a
smaller maintenance dose (1-2g/h) (Moussa et al, 2014). Once patients are
stabilised they undergo delivery. In contrast, we used MgSO4 in our rodent model
as a preventative measure against SPE itself, rather than to prevent its
progression to eclampsia, by administering MgSO4 continuously from conception
to delivery. We observed significant improvements to maternal weight, systolic
blood pressure and proteinuria. However, MgSO4 also reduced maternal cardiac

function and inhibited fetal growth further than ANGII alone. The kidneys play a



key role in the regulation of Mg?* homeostasis, primarily through re-absorption in
the thick ascending limb of the loop of Henle and distal convoluted tubule (Fanni et
al, 2021). SPE is associated with glomerular lesions and loss of size and charge
selectivity of the glomerular barrier alongside a reduction of 30-50% in glomerular
filtration rate (Karumanchi et al, 2005). Magnesium deficiency, though not shown
to be a direct cause of PE, is considered a predisposing factor in its generation
with PE patients presenting with decreased serum Mg?* due to accumulation in the
fetal circulation (Chiarello et al, 2018). Together, this suggests that in this rodent
model of SPE, ANGII-infusion may lead to renal intracellular Mg?* deficiency that
is prevented by daily MgSO4 administration, thereby preventing damage to the
glomeruli and thus proteinuria. These protective effects to kidney function may
also underlie the improvements in blood pressure noted in this model, though this
is unconfirmed. Previous studies have shown evidence of a renoprotective effect
of MgSOys, reversing histopathological changes to the glomerular capillaries and
Bowman’s capsule as well as improving maternal blood pressure in an L-NAME
model of PE (Korish, 2012). Whilst this work did not investigate any specific
mechanisms, it did generate evidence that was suggestive of an improvement in
kidney function following MgSO4 that agrees with evidence in the literature.
Further characterisation of the use of MgSO4 in this model has the potential to

lend further insight into its mechanism of action in maternal systems.

An unexpected outcome of this study was that MgSOs therapy resulted in
worsening fetal growth restriction and did not improve indices of uteroplacental
flow. In both humans and rodents, MgSOs4 has been shown to reduce the
incidence of FGR and increase both fetal and placental weights in hypertensive
pregnancy (Fanni et al, 2021; Kazemi-Darabadi and Akbari, 2020). This may be
explained by the method of MgSO4 administration in this study. Though MgSOs is
often used in clinical practice, it is less often given in a preventative context but
rather in circumstances where the patient is already eclamptic to prevent seizure
reoccurrence, therefore the length of treatment is reduced in comparison to our
study (Gordon et al, 2014). Further, MgSO4 therapy in rodent models is usually
initiated in mid-gestation, rather than at time of conception. Antenatal MgSO4 use
has been suggested by many studies to result in fetal hypermagnesemia and
adverse neonatal outcomes, particularly where administration is prolonged
(Karimoto et al, 2000; James, 2010; Narasimulu et al, 2017). We have previously

hypothesised that infusion of pregnant SHRSP rats with ANGII results in an



accumulation of Mg?* in the fetal circulation, as is observed in human PE
(Chiarello et al, 2018). Therefore, the added Mg?* provided by long-term MgSQ4
drinking water (which has a higher bioavailability (Barbagallo et al, 2021)) may
have resulted in fetal hypermagnesemia in ANGIl-infused dams, leading to
significantly reduced fetal and placental growth. Though the work presented in
Chapter 4 supports a harmful rather than a beneficial role of MgSO4 in fetal
outcomes, it highlights the dangers of antenatal MgSO4 use and reinforces the
need for a structured and optimised dosing regimen when used in pregnancy,
particularly in cases of PE and eclampsia where fetal toxicity is more likely
(Brookfield et al, 2016). Assessing outcomes in response to varied dosing
regimens and/or routes of MgSO4 as well as assessment of the maternal and

fetoplacental Mg?* status in this model in future work would be beneficial.

Given that neither ANGII-infusion nor MgSO4 therapy altered uteroplacental flow,
we hypothesised that the pregnant SHRSP may already have a predisposition to
dysfunctional vascular remodelling of the uterine arteries. Therefore, one of the
main aims of this thesis was to investigate the underlying mechanisms that may be
responsible at an early gestational time-point, prior to any functional or structural
changes to the uterine artery. In the rodent pregnancy by GD6.5 implantation is
complete, but the placenta has not developed, thus only maternal effectors are
responsible for any potential differences observed (Soares et al, 2012). It was
confirmed via myography that at GD6.5 there were no significant differences in
vessel properties between NP and GD6.5 arteries for both strains. This suggested
that the impairments observed in late gestation were not due to maternal
hypertension alone but may have a genetic component, supported by evidence in
the literature of abnormal remodelling in SHRSP dams where their hypertension
was ameliorated by nifedipine (Small et al, 2016a). Few studies have investigated
gene expression changes in the uterine arteries in the context of hypertensive
pregnancy and even fewer at an early gestational time point. To our knowledge,
this is the first to study gene expression patterns at an early gestational time point
in a rodent model of chronic hypertension during pregnancy. Ingenuity Pathway
Analysis® revealed a vast number of pregnancy-dependant expression changes in
both WKY and SHRSP, however only a small portion of these were investigated
further in subsequent analysis. Whilst there were distinct differences in expression
patterns between GD6.5 WKY and SHRSP arteries, there were also a number of

changes in common between the two strains. This provides evidence that there



are essential, conserved pregnancy adaptations that occur in both strains

regardless of hypertensive status.

In the context of the WKY, IPA® identified an expression profile with overarching
themes of increased energy production and reduced Ca?* signalling whilst the
SHRSP profile presented a pattern of expression suggestive of exacerbated
immune involvement, increased oxidative stress and vasoconstriction. SHRSP
uterine arteries were shown to have an increased gene expression of NOX2
subunits gp97 and p22-phox that was linked to increased ROS production. NOX2
is widely distributed in the vasculature and has been shown to contribute to ROS-
induced vascular damage when overactivated, as in hypertension (Forte et al,
2016). Indeed, inhibition or depletion of NOX2 in animal models has been shown
to be protective against ANGII-induced oxidative stress and hypertension (Fan et
al, 2022; Chan and Baumbach, 2013). In Chapter 6 we aimed to confirm these
findings by gRT-PCR of NOX2 subunits and quantification of superoxide
production, as superoxide is the main ROS species produced by NOX2 (Gérlach
et al, 2015). In agreement with IPA® data, there appeared to be an increased
expression of gp9171 but did not observe an increase in p22-phox expression in
GD6.5 SHRSP uterine arteries. Though this disagrees with the predictions of IPA®
somewhat, it does agree with the finding that gp97 but not p22-phox expression is
increased in the sera of PE patients (Matsubara et al, 2010). We also observed
what appeared to be an increase in O2™ production in response to pregnancy at a
local and systemic level in arteries from GD6.5 SHRSP dams. This led to the
hypothesis that gp91, the catalytic subunit that forms the core of active NOX2, is
able to generate ROS independently of p22-phox, which is normally required for
stability (Bedard and Krause, 2007; Vermot et al, 2021). This is supported by
evidence in the literature that shows ROS production via activation of gp917 in the
absence of p22-phox (Ezzine et al, 2014). Results of this study were suggestive of
a decrease in O2" generation in GD6.5 WKY uterine arteries as hypothesised,
however this was in the presence of an increase in p22-phox expression that was
not highlighted by IPA® analysis. This may be explained by the fact that p22-phox
is a regulatory subunit that forms a part of any one of the NOX isoforms, including
the constituently active NOX4 which produces hydrogen peroxide (Vermot et al,
2021; Bedard and Krause, 2007). Hydrogen peroxide is known to be protective in
the vasculature by promoting vasodilation (Schroder et al, 2012). This may explain

the decrease in O2" generation despite an increase in p22-phox expression in



WKY uterine arteries in response to pregnancy and provides evidence of a
protective pro-oxidant period in early rodent pregnancy that mirrors that seen in
healthy human pregnancy (Tendrio et al, 2019). The contrast between the WKY
and SHRSP early response to pregnancy provides new insights on the impact of
chronic maternal hypertension on oxidative stress and may, in part, explain the
observed vascular dysfunction of these arteries in late gestation, similar to that

observed in humans.

The expression patterns produced by IPA® also highlighted the involvement of
vascular smooth muscle cell Ca?* signalling, whereby normotensive pregnancy
was characterised by a decrease in Ca?* signalling and possible retention of Ca?*
in the sarcoplasmic reticulum whilst hypertensive pregnancy showed an increased
expression of Prkcb, which is known to induce vascular contraction independently
of Ca?" (Gutierrez et al, 2019; Ringvold and Khalil, 2017). Functional Ca?*
signalling in uterine artery vascular smooth muscle cells from GD6.5 WKY and
SHRSP uterine arteries was performed to validate these expression patterns. Due
to research limitations out-with our control, the data could not be analysed
statistically and only a small number of samples were used. Despite this, there
appeared to be an increase in ionomycin-induced but not ANGII-induced Ca?*
release in pregnant WKY UAVSMCs. This appears to contrast with earlier
predictions of reduced Ca?" in WKY pregnancy. lonomycin was used in these
experiments as its strong attraction to divalent cations promotes sarcoplasmic
emptying of Ca?*, even at relatively low concentrations (Smith et al, 1989). Taking
this into consideration, this work suggests that rather than a reduction in
intracellular Ca?*, WKY pregnancy results in sequestering of Ca®* and reduced
release of Ca?* from the sarcoplasmic reticulum. This also explains the reduced
expression of /tpr2 identified by IPA®. The lack of SHRSP cells did not allow for
any investigation of the effect of hypertension on intracellular Ca?* in early
pregnancy. It would be beneficial to extend this work in the future to include more
n numbers to fully validate these findings at the functional and genetic level as well
as investigate other important pathways identified in previous analysis. The work
presented in this thesis has highlighted the involvement of both ROS and Ca?* in
the uterine artery response to early hypertensive pregnancy and has identified
further pathways and molecules of interest. Though it must be acknowledged that
blood pressure was not measured in the animals used for IPA® analysis and

results in chapter 3 showed no difference in blood pressure at pre-pregnancy



between WKY and control SHRSP dams. Therefore, the assumption that the
SHRSP animals included in this study were hypertensive may not be accurate.
Future studies of this nature should include systolic blood pressure measurement
in dams prior to uterine artery harvest. These novel insights will undoubtedly prove
useful in understanding how chronic maternal hypertension can alter the genetic
priming of the uterine arteries during pregnancy and could have the potential to
deepen our understanding of the same early pregnancy processes in human
hypertensive pregnancy. This may have the potential to improve future prediction

and prevention efforts.

It is important to note that for all studies, calculations of power and sample size
were not performed in advance. Therefore, it is possible that the work presented in
this thesis may not be sufficiently powered to prevent against type | or type Il error,
particularly where samples sizes are small. Prospective power calculations are
used to estimate the probability of rejecting the null hypothesis in a larger
population by observing the effects in a sample of said population. Though it is
possible to calculate study power retrospectively based on the chosen level of
significance, sample effect size and sample size, these results are not informative.
By assuming that the sample effect size is equivalent to the population effect size,
one assumes that the study sample is not biased and represents a random set of
observations. However, this random component disappears once data from the
study sample is collected. In other words, these ‘random’ observations become
fixed constants (Dziak et al, 2018). Additionally, post hoc power is intrinsically
linked to the chosen p-value, such that low values (high significance) will always
have high power and high values (low significance) will always have low power
(Hoenig and Heisey, 2001). Therefore, retrospective calculations of power are
conceptually flawed and as such were not performed in this thesis. Given the
analysis issues relating to small sample sizes throughout this thesis, it is
imperative that future work includes power and sample size calculations prior to

data collection to ensure a robust study design.

The work of this thesis has provided information on an optimised, novel rodent
model of super-imposed pre-eclampsia that may be used as a potential tool in
investigating the pathophysiology of the condition or in assessing the long-term
consequences of an adverse in utero environment. This tool was utilised to

explore whether a routinely used seizure prophylaxis in severe pre-eclamptic



patients could be used as a preventative therapeutic in SPE. This study has
furthered our understanding of the effects of MgSQOu in the context of hypertensive
pregnancy for both maternal and fetal outcomes and highlighted the unmet need
for research on standardised dosing regimens to prevent negative impacts to fetal
health. Finally, this thesis has provided novel insights into the genetic factors that
may influence uterine artery remodelling in early hypertensive pregnancy and has
generated preliminary evidence of direct functional consequences of these genetic

alterations that has the potential to inform future research directions in humans.



Chapter 8: Appendix



8.1 Sacrifice Sheet
8.1.1 GD18.5 Maternal Data

Date GD

Strain

ID

Maternal Weight

Tibia

Whole- LV-

Heart EDTA [] Heparin [_]

Fix |:| Freeze |:|

Whole-
Lungs
Fix |:| Freeze |:|
Whole-
Liver
Fix |:| Freeze |:|
Whole-
Spleen
Fix |:| Freeze |:|
R- L-
Kidneys
Fix [] Freeze [ ]
Whole-
Brain

Fix [] Freeze [ ]

Adrenals Fix |:| Freeze |:|

Whole-
ARTERY
Uterus
Fix |:| Freeze |:|
Formalin|:| IB |:|
Placentas

Freeze: Dec |:| Lab |:| Jx |:| Chorionic




8.1.2 Fetal and Placental Data

Fetal
Date: Location
Strain:
Maternal ID:
Maternal weight:
GD............
Fetal Fetal Placental Fetal weights
whole . Head Body C:R HC AC Notes
ID weight

weight




8.2 Echocardiographic Calculations
Stroke volume (ml) = EDV/ESV

Cardiac output (ml/min) = SV x HR

Ejection Fraction (%) = (SV/EDVol) x 100

Fractional shortening (%) = (EDD-ESD/EDD) x 100
Left ventricular mass (g) = (0.8 x ASEcube) + 0.6/1000
Where ASEcube = 1.04 x (IVSTd + LVIDd + PWTd)3 -LVIDd3
LVIDd = average EDD x 10

IVSTd = average AWTd x 10

APWTd = average PWTd x 10

EDVol = 1.047 x LVIDd3

ESV =1.047 x (Average EDDs)3

HR = Determined by counting the number of peaks observed in 1000msec during

M-mode imaging
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