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Thesis Abstract

The placenta is a major determinant of fetal growth and central to fetal programming effects
that impact postnatal performance and health. Most reports in human and animals on prenatal
growth and programming are based on studies of term placentae and/or birth weight, but
information at critical time points of development on (i) fundamental gross morphological and
histomorphological characteristics and developmental changes of the placenta that could
impact embryo/fetal growth, (ii) influence of sex-specific placental and umbilical cord
phenotype on sex differences in fetal growth, (iii) contribution of placenta and umbilical cord
in mediating effects of genetics and epigenetics on heterotic fetal growth, and (iv) differences
in placental expression of insulin-like growth factor (IGF) system components between sexes
and fetal genetic groups, are generally lacking. This information is highly relevant for both
animal production and human health, and the present study used cattle, a major livestock
species and valuable biomedical animal model, to address research questions and close gaps

in knowledge.

Purebred and reciprocal cross Bos taurus taurus (Angus, A) and Bos taurus indicus
(Brahman, B) concepti recovered at the late embryo (Day 48, n=60) and early accelerated
fetal growth (Day 153, n=73) stages (term, 277-291) were used to examine effects of fetal sex
and genetics on a broad range of conceptus traits. Data analyzed using general linear models
included gross- and histomorphological parameters of the placenta, umbilical cord traits and
fetal fluid volume as well as clinical-chemical parameters, circulating IGFs in cord blood, and

tissue-specific transcript abundances of IGF system components.

The main findings include (i) the significant contribution of convex but not flat
placentomes to embryo-fetal growth as revealed by the exclusive positive relationships
between number of convex placentomes and embryo-fetal weights and the higher number and

average weight of convex placentomes in placentae of BpaternaXAmaernal and AXA concepti,



XVi

which ultimately show the highest birth weights; (ii) fetal sex effects on placental and
umbilical cord phenotype which mediate sex-specific fetal growth, where normal female
fetuses display hallmarks of intrauterine growth restriction that provide a mechanism for sex-
differences in susceptibility to non-communicable diseases; (iii) heterosis of BxA hybrids in
utero that is characterized by polar overdominance of paternal B genome on umbilical cord
phenotype and complements the superior maternal A genome effects on placenta, a clear
indication of heterosis due to high capacity for nutrient extraction and high capacity for
nutrient supply; and (iv) differences in circulating IGF2 and transcript abundance of IGF2 in
fetal brain and heart between sexes, as well as differences in expression of IGF2, IGF2R,
H19, AIRN in placenta between fetal genetic groups demonstrate the important role of IGF2

for fetal growth at mid-gestation.

In conclusion, the results of the present study support the hypothesis that differences
in placental and umbilical cord phenotypes between males and females and between
purebreds and reciprocal cross hybrids determine variation in intrauterine growth at mid-
gestation and contribute to programming of postnatal performance and health. Future studies
to be explored include analyses of growth factors associated with development of the
placental vasculature and umbilical cord, and involvement of additional imprinted gene

clusters in prenatal growth and development.
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1.1 Introduction

The placenta is an organ where fetal and maternal tissues are apposed for purposes of
physiological exchange (Wooding and Burton, 2008b). Although the placenta is a transient
organ, it performs a variety of functions with a common purpose of providing a favourable
environment for fetal growth and development (Schneider, 1996). One of the critical
functions of the placenta is to provide essential nutrients and oxygen to the fetus. Metabolites
and gases from maternal circulation cross the placenta via fetal trophoblast cells in contact
with maternal uterine tissue and enter fetal capillaries which culminate in umbilical cord
vessels of the fetus. Thus, the placenta and umbilical cord vessels are vital components of the
supply line of the fetus and the tight correlation observed between placental weight and birth
weight (Greenwood et al., 2000, Salafia et al., 2008, Roland et al., 2012) demonstrates that

the placenta is a primary determinant of fetal growth.

Impaired placental development or umbilical cord abnormality where the supply line
of the fetus is affected, often leads to fetal growth restriction (Bruch et al., 1997, Chen et al.,
2002, Platz and Newman, 2008, Morrison, 2008). Intrauterine growth restriction (IUGR) is
associated with an increased risk of a range of neonatal problems, including increased
mortality and morbidity (Rosenberg, 2008). In addition, epidemiological studies in human
have shown that low birth weight is associated with increased standardized adult mortality
ratios for coronary heart disease (Barker et al., 1993, Martyn et al., 1996) and incidence of
type 2 diabetes (Forsén et al., 2000), indicating that adaptation to a suboptimal intrauterine
environment may lead to programming of chronic diseases in adulthood (Barker, 1995,
Godfrey and Barker, 2000). Fetal programming has been studied extensively in human and
animal models and now forms the basis of the developmental origins of health and disease
hypothesis (Vuguin, 2007, Gluckman et al., 2008, Longtine and Nelson, 2011, Hanson and
Gluckman, 2015). Therefore, as a regulator of fetal growth, the placenta is also a major

determinant of fetal programming (Lewis et al., 2011).
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The impacts of fetal programming and growth restriction are highly relevant to
domestic animal production. For example, IUGR is a major concern in livestock industries
due to its postnatal consequences (Wu et al., 2006). Low birth weight in animals is associated
with poor thermoregulation and high pre-weaning mortality with long-term effects on
postnatal performance and carcass quality. This includes poor capacity to exhibit
compensatory growth, low average daily gain and feedlot weight, older age at market, low hot
carcass weight and small eye muscle area in beef cattle (Ferrell, 1989, Greenwood, 2006).
Others report low efficiency of energy utilization in sheep and less lean and tender meat in
pigs (Greenwood et al., 1998, Gondret et al., 2006). Similar to fetal growth restriction in
human, IUGR in livestock is strongly associated with placental insufficiency (Wu et al., 2006,

Barry et al., 2008).

Understanding the factors that impact on placental structure and function is therefore
important, due to its key role in regulating fetal growth. For example, sexual dimorphism in
placental characteristics, fetal biometric indices and birth weight have been reported in human
and several large animal species, including sheep and cattle (Lubchenco et al., 1963,
Alexander, 1964, Eley et al., 1978, Verburg et al., 2008, Eriksson et al., 2010, Almog et al.,
2011, Melamed Nir et al., 2013). Sex-specific placental morphology and biometric indices
and ratios, depicting sexual dimorphism in growth, have been associated with sex differences
in long-term health outcomes in human (Forsén et al., 1999, Eriksson et al., 2010) and
animals (Gilbert and Nijland, 2008). Newborns of different ethnic groups (Yeung et al.,
2003) and animals with different genetic potential for growth, including hybrids, have
different placental weights and birth weights (Anthony et al., 1986, Ferrell, 1991, Allen et al.,
2002). These studies suggest that effects of sex and genetics on conceptus traits and birth
weight are mediated by their effects on placental phenotype. However, while most reports in
humans and animals are based on study of term placentae and birth weight, it is important to

understand the influence of sex and genetics on placental and hence fetal growth, in utero.
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Thus, examination of placental and fetal phenotypes at critical time points of development is

required.

Studies on placental and fetal growth have implications for both human health and
animal production and can be performed using a suitable animal model. In addition to mouse,
livestock species including cattle, sheep and pig, are widely used as models for prenatal
growth, fetal physiology and placental biology of human. However, differences in gestation
period, placental morphology and gene expression, and fetal characteristics between human
and animals should be considered when choosing a suitable model to answer specific research
questions (Table 1.1). Cattle are valuable tools in biomedical research because they have a
similar gestation period (Andersen and Plum, 1965) and carry a single conceptus with similar
growth trajectory (Ott and Doyle, 1982, Ferrell, 1989) and maturity at birth as human (Martin,
2003, Dwyer, 2005, Xiang et al., 2013, Xiang et al., 2014). Although the cattle placenta is
structurally different from human placenta, its similarity in growth pattern (Ferrell, 1989) and
gene expression related to hormonal activity (Barreto et al., 2011) makes cattle placenta an
appropriate model to understand pregnancy complications associated with placental
dysfunction in human. Cattle have also been used for decades as models for in vitro
fertilization and somatic cell nuclear transfer technologies (Constant et al., 2006, B&hr and
Wolf, 2012) where fetal abnormalities such as large offspring syndrome observed in assisted
reproduction technology (ART)-derived calves are highly similar to Beckwith-Wiedman
syndrome seen in children conceived through ART (Constant et al., 2006, Chen et al., 2013,
Polejaeva et al., 2016). In addition, developmental programming of progeny outcomes in
beef cattle has important implications for the beef cattle industry (Sullivan et al., 2009,
Funston and Summers, 2013, Hernandez-Medrano et al., 2015). Therefore, use of cattle in
assessing effects of sex and genetics on placental and fetal characteristics may provide
valuable insights for a better understanding of the impact of placental factors on fetal growth

at critical time points of development.



Table 1.1 Comparison of gestation period and placental and offspring characteristics in human and animal models.

Human Cattle Sheep Pig Mouse
Gestation period, weeks 40 40 21 16.3 3
Placental gross morphology Discoid Cotyledonary Cotyledonary Diffuse Discoid
(Wooding and Burton, 2008b)
Placental histomorphology Hemochorial Synepitheliochorial ~ Synepitheliochorial Epitheliochorial Hemochorial

(Wooding and Burton, 2008b)

Placental growth
(Ferrell, 1989, Wu et al., 2005)

Placental interdigitation pattern
(Telugu and Green, 2008, Gundling
and Wildman, 2015)

Similarity in placental gene
expression between human, cattle,
and mouse

(Barreto et al., 2011)

Number of offspring

Maturity of offspring at birth
(Dwyer, 2005, Martin, 2003)

Average birth weight, kg

Placental weight
increase until near
term

Villous

Shares expression of
93 genes with cattle
and mouse

One

Intermediate between
precocial and altricial

3.2
(Battaglia and
Lubchenco, 1967)

Placental weight
increase until near
term

Villous

Shares expression of
167 genes with
human, but 23 of
those are specific in
human and cattle,
and not expressed in
mouse or zebrafish

One

Precocial

35
(Brown et al., 1993)

Placental weight
reaches maximum at
mid-gestation

Villous

No data

One, two to four

Precocial

5
(Dwyer et al., 2005)

Placental weight
increases until near
term

Folded

No data

Litter

Intermediate between
precocial and altricial

1.3
(Gondret et al., 2006)

Placental weight
reaches a maximum
later in gestation and
declines near term

Labyrinthine

Shares expression of
157 genes with
human, but 16 of
those are specific in
human and mouse,
and not expressed in
cattle or zebrafish

Litter

Altricial

0.0013
(Wagner and
Christians, 2010)




In this review, fundamental information on development and characteristics of the
bovine placenta with focus on beef cattle is presented, followed by discussion of the effects of
factors such as fetal sex and genetics on placental development and characteristics. Evidences
for sex-specific fetal adaptation leading to sex bias in adult diseases and the potential
contributions of a sexually dimorphic placenta in mediating these effects are considered.
Effects of maternal and paternal genetics on placental traits are also covered. For genes
regulating fetal growth and development, literature reviewed here is limited to the insulin-like
growth factor (IGF) system, which includes imprinted genes that play a pivotal role in

regulating placental and fetal growth and development during the first half of pregnancy.

1.2 Literature Review

1.2.1 Development and structure of the bovine placenta

Prior to the establishment of placental structures, the bovine conceptus anchors itself
halfway between the cervix and uterotubal junction and fills up the ipsilateral or gravid horn
by elongating during days 13-17 post fertilization (Guillomot and Guay, 1982, Wooding and
Burton, 2008a). This type of attachment is loose, but at day 18 of gestation the close
apposition between the trophoblast and uterine epithelium renders the attachment more firm
(Guillomot and Guay, 1982). Between days 19-20 adhesion occurs via microvillus
interdigitation between the two tissues (Guillomot and Guay, 1982). The allantois emerges
from the embryo proper at day 23 and initial vascularization is observed at day 26 (Curran et
al., 1986, Assis Neto et al., 2010). The allantois extends rapidly and fuses with the chorion to
form the chorioallantois at day 32 (Melton et al., 1951). The allantoic vessels connected to
the umbilical cord are visible by day 33 (Assis Neto et al., 2010). Cotyledons begin to
develop at the surface of the chorioallantois around this time, and interdigitation of the
chorioallantois with the uterine caruncles progresses to placentome formation at day 37 (Assis

Neto et al., 2010). This sequence of events happens at a later time in the contralateral or non-
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gravid horn where development of placentomes begins at day 60 of gestation in this horn
(Curran et al., 1986). The higher vascular perfusion of the endometrium in the ipsilateral horn
compared to the contralateral horn during the periods of attachment (days 14-18), cotyledon
development (days 25-30) and placentome formation (days 40-60), appear to support earlier

placentome formation in the gravid horn (Ford et al., 1979, Silva and Ginther, 2010).

Establishment of the placental vasculature including umbilical cord vessels indicates
the start of haemotrophic nutrition (Wooding and Burton, 2008a). As gestation progresses
there is a corresponding increase in nutritional requirements of the fetus to sustain rapid
growth. In human, cattle and sheep, placental growth is outpaced by fetal growth during the
second half of pregnancy (Prior and Laster, 1979, Ott and Doyle, 1982, Ehrhardt and Bell,
1995). This is depicted by logarithmic increase in fetal weight compared with little or no
significant increase in placental weight during the later stages of pregnancy. Although
placental growth slows in the second half of pregnancy, this is compensated by extensive
remodelling, particularly of the placenta’s histomorphological architecture (Mayhew et al.,
1994, Kaufmann et al., 2004, Reynolds et al., 2005a). This and the development of the
placental microvasculature allows increased umbilical blood flow for more efficient
transplacental exchange to support rapid fetal growth during this stage (Reynolds et al.,

2005a).

1.2.1.1 Gross morphological characteristics of the bovine placenta

The cotyledonary placenta of cattle is organized into 75-120 placentomes (Roberts,
1971). Others report that total placentomes varied from 30-130 (Laven and Peters, 2001) and
20-150 (Wooding and Burton, 2008c). The number of placentomes initially increases with
placental growth, reaches its highest number at mid-gestation and remains constant thereafter
(Laven and Peters, 2001). In buffaloes and yaks, the majority of the placentomes are found in
the gravid horn (Abdel-Raouf and Badawi, 1966, Liu et al., 2010), and in cattle the number of

placentomes in the gravid horn is approximately twice the number of placentomes in the non-
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gravid horn (Stickland and Purton, 1977, Laven and Peters, 2001). Although the cattle uterus
contains a total of 89-155 total nodules or caruncles before pregnancy (Atkinson et al., 1984),
the 65-88 placentomes present in the placenta near term at day 271 (Ferrell, 1991) indicate
that not all caruncles participate in placentome development (Wooding and Burton, 2008c¢).

While the number of placentomes remains constant in the second half of pregnancy,
placentome and total placental weight continue to increase, but at a slower rate relative to
fetal weight (Prior and Laster, 1979, Laven and Peters, 2001). Thus, an increase in placental
weight, rather than in placentome number, occurs to meet the increasing requirements of fetal
growth. This is consistent with findings that weights of total placenta, cotyledon and fetal
membrane are positively correlated with birth weight in cattle (Echternkamp, 1993), and the
fact that total placenta weight accounts for 90% of variation in fetal weight in sheep
(Greenwood et al., 2000). Low protein (Sullivan et al., 2009) or low to medium energy (Prior
and Laster, 1979) diets fed to heifers beginning in the first trimester of gestation lead to
higher cotyledonary weight which appears to be a compensatory mechanism to meet fetal
demands for nutrients. Therefore, in cases of maternal dietary restriction, placental
adaptations in weight may occur to facilitate transfer of available nutrients.

Placentomes vary in shape in ruminant species (Schmidt et al., 2006, Liu et al., 2010),
and include flat and convex placentome types in cattle (Laven and Peters, 2001) and concave,
flat and everted placentome types A to D in sheep (Vatnick et al., 1991, refer to Table 1.2).
In cattle, it has been reported that flat placentomes are more common in the gravid than the
non-gravid horn, but not all placentae examined and estimated to range from day 101-160 of
gestation, contained at least one flat placentome (Laven and Peters, 2001). The flat
placentome type was described to resemble placentome type C in sheep (Laven and Peters,
2001), while the “normal” placentome type appears to be convex and mushroom-shaped
(Schmidt et al., 2006, refer to Figure 1.1). In sheep, types A and B predominate throughout
gestation, though types C and D are often seen towards the end of gestation (Osgerby et al.,

2004). Furthermore, early to mid-gestation nutrient restriction drives a change in placentome
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shape from type A towards the type D without significantly decreasing total placental and
fetal weights (Steyn et al., 2001) indicating that placental weight alone is not sufficient to
explain changes in placental efficiency and functional capacity (Reynolds et al., 2005b).
However, in cattle, comprehensive studies characterizing flat and convex placentome types

and their roles in embryo-fetal growth have not yet been conducted.

Table 1.2 Placentome types in sheep.

Type A

Type B

Type C

Type D

Classification

(Vatnick, 1991;
Ward et al., 2006)

Inverted, typical

for sheep.

Fetal tissue
has begun to
grow over the

Flat

Maternal tissue

Everted

Resembles late

Maternal tissue ~ maternal on one surface gestation bovine
completely tissue. and fetal tissue  placentome.
surrounding on the other.
fetal tissue.
(black shading is fetal tissue)
Placentome morphology at day 130 of gestation”
(Vonnahme et al., 2008)
Number ~58 -59% -85% -91%
Average weight ~ 8.48¢g +25% +78% +141%
Average diameter ~2.50 cm +12% +45% +64%

*Percentage relative to Type A, example, Type B is 59% lower in number than Type A
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Flat Convex

e e,

10mm

Figure 1.1 Bovine placentome types at mid-gestation (Estrella et al., Chapter 2).
Histomicrograph images of flat (left) and convex (right) bovine placentome sections from
Day 153 bovine resource of the present study. The bottom histomicrographs are only half of

a placentome.

1.2.1.2 Histomorphological characteristics of the bovine placenta

Histological classification of the ruminant placenta is synepitheliochorial, wherein the
uterine epithelium in contact with the chorion, remains intact throughout pregnancy (Figure
1.2, Wooding and Burton, 2008b). Histological features of the developing bovine placentome
during the first and last trimesters are well described (King et al., 1979, King et al., 1980,
Leiser et al., 1997, Leiser et al., 1998, Aires et al., 2014). Remodelling of the bovine
placentome begins with attachment of the chorioallantois followed by interdigitation of fetal
chorionic villi with the maternal caruncular crypts. The chorionic intermediate and secondary
villi eventually branch out forming elaborate conical shaped villous trees (Leiser et al., 1998).
A previous finding suggests that caruncular crypts and chorionic villi develop simultaneously
(King et al., 1979), while a more recent report showed that placentome formation begins with
proliferation of caruncular stromal cells leading to caruncular projections beginning at day 28
of gestation (Aires et al., 2014). Further studies may be needed to elucidate the functional

significance of the caruncular stroma in placentome formation.
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In human placentae, histomorphometric parameters describing placental growth and
development include volume and volume density of different placental cell types (Mayhew,
2009). For example, a decrease in fetal mesenchyme volume indicates connective tissue
attenuation and is part of the developmental process of bringing maternal and fetal
circulations into close proximity (Rurak, 2001). Surface area of the villi and intervascular
barriers are also morphometric indicators of transplacental exchange including nutrient
transfer via passive diffusion (Mayhew, 2009). The contact zone between the mother and
fetus is expressed as surface density (surface area per unit volume of the placenta), which is
associated with increasing complexity of feto-maternal indentation patterns (Baur, 1977,
Leiser et al., 1998). This and thinner barrier thickness contribute to increased placental
efficiency as gestation progresses (Fowden et al.,, 2009). Although bovine placenta is
cotyledonary and synepitheliochorial, compared to the discoid, hemochorial human placenta,
similar histomorphometric measures are appropriate for analysis of the bovine placenta.
Futhermore, histomorphometric measures have been used to examine placentae of other
animal species including guinea pigs (Roberts et al., 2001), mouse (Coan et al., 2004), sheep

(MacLaughlin et al., 2005), horse (Veronesi et al., 2010) and pig (Biensen et al., 1999).

Figure 1.2 Diagrammatic representation of synepithelichorial placentation in bovine.
A synepitheliochorial placenta consists of six tissue layers separating fetal and maternal blood
and has specialized trophoblast giant cells or binucleate cells (with two blue circles) capable

of migrating and fusing with the uterine epithelium to form a syncytium (three circles).
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Other unique characteristics of the synepitheliochorial ruminant placenta are the
presence of binucleate cells and feto-maternal syncytium. Binucleate cells represent 20% of
trophoblast cells throughout pregnancy in goat (Wango et al., 1990) and cattle (Wooding and
Burton, 2008c), and 28-30% of trophoblast cells at 4-9 months of gestation in water buffalo
(Carvalho et al., 2006). Although binucleate cells are common, mono- and trinucleate cells
with similar features to binucleate cells are also observed, and the term ‘trophoblast giant cell’
is used to cover differences in nuclei number (Klisch et al., 1999b). Trophoblast giant cells
migrate and fuse with the uterine epithelium to deliver pregnancy-associated glycoproteins
and placental lactogen close to the maternal blood circulation (Wooding and Wathes, 1980).
Further, trophoblast giant cells may be diploid or polyploid, suggesting that gene expression
of biologically important compounds may be enhanced and higher quantities of these products
are delivered to the uterine epithelium (Klisch et al., 1999a, Klisch et al., 2004). It was
proposed that mononucleate cells, another type of trophoblast cell, which display typical
features of a mononuclear cuboidal or columnar epithelial cell, may give rise to trophoblast
giant cells (Klisch et al., 1999b). Mononucleate cells represent 75% of the trophoblast
population and are found at the feto-maternal interface to facilitate nutrient exchange

(Igwebuike, 2006).

While these studies described histological features of the bovine placentome,
histomorphometric measurements of proportion and volume of bovine placental cell types and
surface for transplacental exchange are limited to comparisons between placentae from
pregnancies generated by artificial insemination versus those generated with in vitro
fertilization embryos (Constant et al., 2006). Furthermore, others focused on differences
between embryo culture systems (Miles et al., 2005, Miles et al., 2004) and study of
angiogenesis (Vonnahme et al.,, 2007). Therefore, histomorphometric measurements of

bovine placentomes from normal pregnancy sampled at different gestational ages are needed.
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1.2.2 Placental insufficiency and hallmarks of intrauterine growth restriction

Intrauterine growth restriction (IUGR) and small for gestational age (SGA) are
frequently used synonymously in human to describe low and/or restricted growth in utero, but
these terms reflect different concepts (Hobbins, 2008). Small for gestational age is a
statistical definition and denotes a fetus/neonate with anthropometric values below the tenth
birth weight centile obtained from a reference population (Bertino et al., 2012). Thus a SGA
neonate may be genetically small and normal and not affected by growth restricting processes
that cause IUGR. On the other hand, IUGR refers to a functional condition and denotes
fetuses unable to achieve their growth potential due to maternal, placental or fetal factors
(Bertino et al., 2012). Placental insufficiency is associated with deterioration in the placenta’s
ability to deliver nutrient and oxygen to the fetus (Gagnon, 2003) and is a major cause of
IUGR (Baschat et al., 2012). A reduction in placental size is associated with IUGR (Platz and
Newman, 2008), while histomorphology of the placenta is also altered with significant
reduction in diameter, density and branching of the placental villi, and number and area of
fetal capillaries (Macara et al., 1996, Chen et al., 2002). Blood flow resistance is largely
determined by the placental microvasculature and umbilical cord vessel tracts (Adamson,
1999), thus an umbilical cord that is thin with lower amount of Wharton’s jelly (Di Naro et
al., 2001) and with smaller cord vessels (Bruch et al., 1997) clearly indicates poor placental

blood flow.

In addition to lower fetal weight in IUGR, there is asymmetric growth of fetal organs,
where brain and heart growth are spared at the expense of the liver (Baschat et al., 2012).
Asymmetric IUGR is a form of fetal adaptation to intrauterine undernutrition and indicative
of preferential blood flow favouring the delivery of nutrients and oxygen to the brain and
heart (Cetin et al., 2008). Animal models of IUGR where placental supply and umbilical
blood flow are altered via surgical removal of endometrial caruncles prior to pregnancy or

single umbilical artery ligation result in fetuses or neonates with similar phenotypes as seen in
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human IUGR, i.e., high ratios of brain weight to liver weight, brain weight to body weight,
and heart weight to body weight (Anthony et al., 2003, Barry et al., 2008, Morrison, 2008).
Body composition is also altered where IUGR newborns have low ponderal index and limited
fat stores (Petersen et al., 1988, Larciprete et al., 2005). These structural changes are
associated with alterations in physiology and metabolism of the fetus. Impaired blood flow in
IUGR correlates with high incidences of fetal hypoxia and acidosis because of decreased
oxygen transport to the fetus and increased accumulation of carbon dioxide and/or lactate
(Kingdom and Kaufmann, 1997, Marconi et al., 2006, Marconi and Battaglia, 2012). Clinical
chemistry of cord blood from IUGR fetuses/newborns demonstrated lower concentrations of
glucose, oxygen and cholesterol and higher carbon dioxide, lactate and haemoglobin
concentrations and higher y-glutamyl transferase activity in comparison to fetuses with
normal heart rates and pulsatility indices or newborns with appropriate weight for gestational
age (Pardi et al., 1993, Nieto-Diaz et al., 1996, Johnson et al., 2003). Differences in
hormones regulating fetal growth are also evident. For example, high concentrations of
circulating thyroid stimulating hormone and thyroxine and low levels of circulating insulin-
like growth factor (IGF) 1, IGF2 and IGF binding proteins were reported for fetuses/newborns
with IUGR (Thorpe-Beeston et al., 1991, Guidice et al., 1995). Expression of IGF2 and
IGF1R in placentae of IUGR newborns were upregulated (Abu-Amero et al., 1998) and in a
negative relationship with birth weight (Iniguez et al., 2010), suggesting a compensatory
increase in placental IGF2 as a counter regulatory mechanism against deficiency in nutrient
supply. Thus, a spectrum of markers, ranging from biometric indices and ratios to the clinical
chemistry of cord blood and expression of IGFs in term placentae, is altered in IUGR fetuses

and neonates.
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1.2.3 Placenta mediates sex-specific growth

1.2.3.1 Sex-specific fetal adaptations

The Australian Bureau of Statistics projected that a male born in Australia from 2006
to 2008 would live 4.5 years less than an age-matched female. The lower life expectancy of
males compared to females may be attributed to the higher mortality rate of males across all
age groups, with ischaemic heart disease as the leading cause of death in adult males. Data
from the USA shows that the fetal mortality rate of males is 6% higher than females
(MacDorman and Gregory, 2013). Adverse perinatal outcomes including high incidence of
premature births, true umbilical cord knots, and nuchal cord are also more common in males
(Vatten and Skjerven, 2004, Aibar et al., 2012). Even in newborns with very low birth
weights, morbidity and mortality rates are significantly higher in males than females

(Stevenson et al., 2000).

While low birth weight is associated with cardiovascular disease in both sexes,
biometric indices including birth length relative to placental weight in females and ponderal
index relative to head circumference in males, have stronger associations with coronary heart
disease than birth weight (Forsén et al., 1999). In men who were in utero during the
November 1944-1945 Dutch Famine, a large placental surface area was associated with
hypertension in later life (van Abeelen et al., 2011). In another study, hypertension in men is
associated with a larger placental diameter whereas, in women, hypertension is associated
with short diameter and smaller surface area of the placenta (Eriksson et al., 2010). This
suggests that placental morphology and biometric indices and ratios are more sensitive
indicators of sex-specific fetal adaptation than birth weight. It is likely that sex-specific
structural, physiological and metabolic alterations in the fetus and placenta have long term
outcomes that contribute to sex-bias in the prevalence of chronic diseases. Consistent with
this are findings from animal models of placental insufficiency and maternal under-nutrition

which resulted into sex-specific fetal programming of metabolic syndrome and hypertension
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(Woods et al., 2005, Owens et al., 2007, Hernandez-Medrano et al., 2015). For example,
male but not female progeny of mothers fed a moderately protein restricted diet during

pregnancy became hypertensive in adulthood (Woods et al., 2001, Woods et al., 2005).

Several reports suggest female resilience in the presence of intrauterine insults. For
example, growth-restricted female fetuses of untreated asthmatic mothers tend to adapt by
slowing down their growth, contrary to male fetuses who maintain their growth trajectory
despite the suboptimal intrauterine environment (Murphy et al., 2003). These different
adaptation strategies prepare the female fetus to survive but render the male fetus vulnerable
to further insults as gestation progresses (Clifton, 2010). Altered sex ratio favouring birth of
more females shortly after the 1959 Great Leap Forward famine in China appears to be in
agreement with the hypothesis that female offspring are ‘nutritionally less expensive’ to
produce than males and thus would have better chances of surviving harsh environmental
conditions (Myers, 1978, Song, 2012). Males born from mothers who smoke heavily during
pregnancy have greater reduction in weight and fat as compared to females (Zarén et al.,
2000). Head circumference at birth is also smaller in male, but not female, offspring of
mothers who smoked heavily, suggesting males are more affected by smoking than females
(Zarén et al., 2000). In a bovine model, biparietal diameter was lower in male fetuses whose
mothers received a low, compared to high, protein peri-conception diet, whereas no
differences were observed in female fetuses, again indicating that in utero, males are more
sensitive to maternal dietary perturbations than females (Copping et al., 2014). Sex-specific
fetal adaptations are most likely mediated by the placenta through observed sexual

dimorphisms in placental structure, gene expression and function.

1.2.3.2 Sexual dimorphism in the placenta
Different placental characteristics are associated with cardiovascular disease in men
and women (Eriksson et al., 2010) suggesting that sex-specific fetal adaptations to intrauterine

insults are mediated by the placenta. Since the Placenta fetalis bears the same genetic make-
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up as the fetus, it is expected to have the same autosomes and sex chromosomes as the fetus
(Clifton, 2010). Therefore, placental morphology and function may underlie differences

between placentae of males and females.

Placental weight and efficiency, as well as fetal weight, are increased in males
compared to females (Thomson et al., 1969, Eley et al., 1978, Eriksson et al., 2010),
indicating more nutrients are delivered by the placenta to support the male’s greater
propensity to grow. Male placentae have higher fetal capillary volume (Mayhew et al., 2008),
larger umbilical cord vein diameter (Verburg et al., 2008) and longer umbilical cord
(Georgiadis et al., 2014) with higher amount of Wharton’s jelly than females (Filiz et al.,
2011) suggesting sex differences in placental blood flow. Consistent with this are differences
in blood flow resistance indices between male and female fetuses during the first trimester
(Prefumo et al., 2003), last trimester (Verburg et al., 2008) and before induction of labour
(Prior et al.,, 2013). Sex differences in placenta and umbilical cord morphology may
contribute to the higher incidence of females being diagnosed or born with [IUGR compared to
males (Melamed et al., 2010, Borzsonyi et al., 2011, Aibar et al., 2012), however, this

requires further study.

Sex-specific placental gene expression may contribute to sexually dimorphic fetal
growth and adaptation. Sexual dimorphism in expression of several genes is evident in
placentae of mice (Gabory et al., 2012) suggesting the presence of genes that are inherently
regulated in a sex-specific manner. For example, as compared to males, genes highly
expressed in female placentae include those with roles in immune regulation, indicating that
female placentae have a greater immune response to varied stimuli (Sood et al., 2006).
Consistent with this, more genes associated with growth, inflammation and immune pathways
are altered in female placentae from pregnancies complicated with asthma relative to control
and male placentae (Osei-Kumah et al., 2011). Interestingly, low and very high fat diets elicit

up-regulation of genes associated with controlling uptake or excretion of compounds, ion and
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fluid movement, in female placenta (Mao et al., 2010). This suggests that the female
placenta’s increased sensitivity to changes in maternal diet may provide protection against in
utero perturbations. On the other hand, in mice, placentae of male, but not female, fetuses of
mothers fed a high fat diet exhibited down-regulation of genes involved in connective tissue
disorders and implicated in vascular development, suggesting that vascularity is affected more
in placentae of males than females (Gabory et al., 2012). Furthermore, placentae of female
fetuses from mice fed a high fat diet show global hypomethylation and greater changes in
expression of imprinted genes from different clusters compared to placentae of the male
fetuses (Gallou-Kabani et al., 2010). These studies demonstrate that male and female
placentae have different transcriptomic and epigenomic responses to identical challenges in

utero.

1.2.4 Fetal, maternal and paternal genetic effects on placental traits

The use of embryo transfer allows fetal genetic effects on placental characteristics and
fetal weight to be examined separately from maternal effects. Embryos with Bos taurus
taurus (Charolais) genetics transferred to cows with Bos taurus indicus (Brahman) genetics
have heavier fetal weights than Brahman embryos transferred into Charolais cows
demonstrating that Charolais fetuses have greater growth potential than Brahman fetuses
regardless of maternal uterine environment (Ferrell, 1991). However, when compared with
Charolais embryos in Charolais cows, embryos transferred into Brahman cows have lower
fetal weights at day 272 of gestation (Ferrell, 1991). This study therefore indicates that fetal
genome is the primary determinant of growth, but variation in the uterine environment can
limit or support rapid fetal growth during the last trimester of gestation. Similar observations
are seen in embryo transfer experiments in sheep (Sharma et al., 2012) and horse (Allen et al.,
2002). Concurrent to differences in fetal weight, weight and amounts of RNA and DNA of

the cotyledon are also affected by fetal genome, while maternal uterine environment did not
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contribute to differences (Ferrell, 1991), indicating that the Placenta fetalis mediates the

acquisitive drive of the fetus for nutrients.

Effects of maternal breed have been observed in placental membrane weight, average
weight of placentomes (Bellows et al.,, 1993) and placentome number (Ferrell, 1991),
suggesting maternal control of fetal growth mediated by the placenta varies between breeds.
While effects of sire breed on fetal and birth weights are reported (Reynolds et al., 1980,
Paschal et al., 1991), studies investigating sire breed effects on placental traits are limited to
effects of Bos t. taurus (Angus) sires selected for high or low progeny birth weights on
average placentome weight, placental fluid volume and ratio of total placentome weight to
estimated fetal weight (Anthony et al., 1986). Information on parental and fetal genome

effects on placental histomorphology and umbilical cord traits are also lacking.

1.2.5 Heterosis

Heterosis or hybrid vigor is a biological phenomenon where the hybrid F1 offspring
exhibit increased level of growth or fitness relative to parental breeds. There are three
conventional heterosis hypotheses based on standard genetic models, namely, dominance,
overdominance and epistasis (Hochholdinger and Hoecker, 2007). Here, heterosis is thought
to result from complementing action of superior dominant alleles inherited from both parents
that suppress the effects of unfavourable alleles as in the case of the dominance hypothesis,
and by the allelic or non-allelic gene interactions at multiple loci for overdominance and
epistasis hypotheses, respectively (Hochholdinger and Hoecker, 2007). The terms
“dominant” and “overdominant” are often used to describe hybrid performance or gene
expression level, but this leads to confusion with the hypotheses mentioned above and thus
these terms are avoided (Hochholdinger and Hoecker, 2007, Springer and Stupar, 2007).
These conventional hypotheses are not sufficient to fully explain heterosis, as heterosis effects
still cannot be predicted and frequently have to be determined in test-crosses (Lippman and

Zamir, 2007, Springer and Stupar, 2007).
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Modelling data have indicated that genomic imprinting, i.e., parent-of-origin specific
monoallelic gene expression, can mimic overdominance (Chakraborty, 1989). In 1996, polar
overdominance, a non-Mendelian model of inheritance, was proposed to explain the
expression of generalized muscular hypertrophy in heterozygous lambs which inherited the
callipyge mutation from their father (Cockett et al., 1996). Polar overdominance is present
when the phenotype of one type of heterozygous progeny differs from the reciprocal cross
depending on the parental origin of alleles and also differs from the two parental homozygotes
(Figure 1.3). Changes in imprinted gene expression and trans-interaction between the
products of reciprocally imprinted genes appear to be the underlying mechanisms of polar
overdominance (Georges et al., 2004). Recent studies using intercrosses between large and
small inbred strains of mouse, which focused on genomic imprinting (parent-of-origin) effects
on phenotypic traits, revealed imprinting patterns of maternal and paternal expression and
dominance imprinting. The latter mode of expression was further sub-classified as either
bipolar or polar over- or underdominance (Wolf et al., 2008). In addition to sheep and mouse,
similar patterns of polar overdominance were reported in pig (Kim et al., 2004) and human

(Wermter et al., 2008).

Crossbreeding of Bos taurus indicus and Bos taurus taurus is widely used to exploit
heterosis effects on reproductive and pre- and postweaning traits, including birth weight
(Koger, 1980). These two types of cattle originate from different wild ancestors in terms of
subspecies status and represent a maximum intraspecies divergence (Hiendleder et al., 2008).
Birth weight is the endpoint of fetal growth and is a strong predictor of weaning weight and
postnatal performance (Gregory et al., 1979, Thrift, 1997). Interestingly, Bos t. indicus
(Brahman) sired progeny in Bos t. taurus (Angus) cows show polar overdominance in birth
weight as these hybrids have significantly higher birth weights than either purebred or
reciprocal cross which has birth weights similar to purebred Brahman calves (Reynolds et al.,

1980, Brown et al., 1993). This polar overdominance pattern in birth weight persists after
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Figure 1.3 Diagrammatic representation of non-mendelian inheritance of the callipyge
phenotype in sheep.
Callipygous animals are characterized by generalized muscular hypertrophy primarily

around the hindquarters attributed to a dominant point mutation of the callipyge locus on
ovine chromosome 18. (A) Non-callipygous (‘normal’) rams mated to heterozygous
callipygous ewes produce non-callipygous (‘normal’) offspring.  (B) Heterozygous
callipygous rams mated to non-callipygous ewes produce 50% callipygous and 50% non-
callipygous (‘normal’) offspring. (C) The callipygous heterozygote which inherited the
mutation from the father displays polar overdominance compared to the other phenotypes of

the homozygote and its reciprocal cross.
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embryo transfer (Amen et al., 2007b, Dillon et al., 2015), and therefore excludes intrauterine
effects of Bos t. taurus as cause of the observed fetal overgrowth. Others also reported sex
differences in Brahman sired progeny with Bos t. taurus dams, where males are generally
significantly heavier than females and heavier than both sexes of the reciprocal cross (Paschal
et al., 1991, Amen et al., 2007a, Dillon et al., 2015). These studies suggest non-mendelian
genetic factor and/or epigenetic factors of the conceptus as cause of this heterotic prenatal
growth in one of the hybrids. However, so far, studies in cattle are limited to assessing
heterosis in postnatal traits such as birth weight and additional studies are needed to determine

the role of the placenta and umbilical cord in mediating heterotic fetal growth.

1.2.6 Insulin-like growth factor (IGF) system

1.2.6.1 Expression of IGFs in the placenta

The insulin-like growth factor (IGF) system plays a central role in regulating feto-
placental growth and development (Roberts et al., 2008). IGF1 and IGF2 promote cell
proliferation, differentiation, migration and survival primarily by binding with the IGF type 1
receptor (IGF1R) on target cell surfaces (Jones and Clemmons, 1995, Forbes and Westwood,
2008). IGFs may also bind to the insulin receptor (INSR) at a lower affinity than IGF1R,
affecting both mitogenic and metabolic responses of the tissue. The IGF type 2 receptor
(IGF2R) preferentially binds IGF2 for lysosomal degradation (Jones and Clemmons, 1995,
Brown et al., 2009), although a direct signalling role of IGF2R in placenta has been reported

(McKinnon et al., 2001).

In sheep, IGF2 mRNA is highly expressed in the fetal mesoderm found at the tips of
the invading placental villi and is moderately expressed in the caruncular stroma during early
placental development (Reynolds et al., 1997). On the other hand, IGF1 mRNA expression in
the maternal caruncle is low and decreases as gestation progresses, while IGF1 mRNA in the
fetal placental tissue is undetectable (Reynolds et al., 1997). In sheep, IGF1R is moderately

expressed in the caruncles prior to implantation, but is also undetectable in either maternal or



23
fetal portions of the placentome beginning day 30 of gestation when interdigitation between
the caruncles and allantochorion occurs (Reynolds et al., 1997). Similarly, in cattle at day 16
of gestation, IGF1 and IGF1IR mRNA expression is low in the sub-epithelial stroma and
caruncular stroma, respectively, while IGF2 is again highly expressed in the caruncular
stroma (Robinson et al., 2000). By day 25 of gestation, IGF1 and IGF1R are expressed at low
levels in placental tissue compared to the higher expression levels of IGF2 and IGF2R
(Moore et al., 2007). Beginning from the fetal stage at day 50 to mid-gestation, moderate to
intense staining of IGF1 and IGF2 in fetal villi and maternal stromal and epithelial placental
tissues is observed (Ravelich et al., 2004). In human placentae, examined from six weeks of
gestation to term, IGF2 is more abundantly expressed than IGF1 in all gestational stages and
is expressed in the chorionic mesoderm and cytotrophoblastic column of the placental villi,
while IGF1R is expressed at low levels in all cell types (Han et al., 1996). Consistent with
gene deletion studies in mice (Baker et al., 1993, Constancia et al., 2002), the higher IGF2
expression indicates a more significant role for IGF2 in placental development than for IGF1.
The low IGF1R expression in the sheep placentome suggests that IGFIR may not be
mediating the actions of IGF2 in the placenta (Wathes et al., 1998). In human placenta,
IGF2R is expressed in the maternal compartment facing the microvillous membrane surface
of the syncytiotrophoblast (Fang et al., 1997). While IGF2R is commonly associated with
IGF2 clearance, extravillous trophoblast cell invasiveness and migration in vitro is enhanced
by IGF2 acting through IGF2R via inhibitory G-proteins and stimulation of the MAPK
pathway (McKinnon et al., 2001). Thus, IGF2R can alternatively function as a signalling

receptor (Harris et al., 2011).

The action of IGFs is modulated by six IGF binding proteins. These IGFBPs can
sequester and bind IGFs and thus inhibit their action. The majority of IGFs in circulation are
bound to the IGFBP3-acid labile subunit which functions as a reservoir for IGF release (Jones

and Clemmons, 1995). IGFBP1, -2, and -4 are low molecular weight IGFBPs, where IGFBP1



24

and IGFBP2 more effectively inhibit IGF1 and IGF2, respectively, while IGFBP4 and
IGFBP6 consistently inhibit the action of both IGFs (Jones and Clemmons, 1995, Duan and
Xu, 2005). IGFBP5 can adhere to the extracellular matrix and may potentiate IGF1’s effect
on DNA synthesis (Jones and Clemmons, 1995). Expression of IGFBP2,-3, and -4 is
localized in the maternal caruncular stroma in sheep, which suggests that these binding
proteins may be involved in controlling growth of the invading fetal villi during early
gestation (Reynolds et al., 1997), while IGFBP6 mRNA is detected in maternal placental villi
(Osgerby et al., 2004). In cattle, IGFBP-1 is expressed in deep uterine glands but not in fetal
villi during the first half of pregnancy, while IGFBP-2 is localized in deep stromal tissue of
the maternal caruncle, and little or no staining is observed for IGFBP-3 in any placental tissue
(Ravelich et al., 2004). In human placentae, all six IGFBPs are expressed in the maternal

decidua, where IGFBP1 is the most abundantly expressed binding protein (Han et al., 1996).

1.2.6.2 Imprinted genes of the IGF system

Each parent contributes equally to the genetic complement of the fetus, but a subset of
placental genes is imprinted and expressed depending on whether they are paternally or
maternally inherited (Reik and Walter, 2001). Since one of the alleles is transcriptionally
silenced, imprinted genes are functionally haploid. Imprinting usually occurs through
methylation of cytosines in areas rich in CpG dinucleotides, such as those found in

transcription sites or promoter regions of many genes (Deaton and Bird, 2011).

Most imprinted genes are expressed in the placenta and are involved in regulating fetal
growth (Reik and Walter, 2001). Based on the genetic conflict theory, paternally expressed
genes function to increase resource allocation from the mother, thus promoting growth,
whereas maternally expressed genes have the opposite role (Moore and Haig, 1991). A recent
report showed the relationship between expression of key imprinted genes from human
chorionic villi early in gestation and term placentae with biometric measurements and birth

weight (Moore et al., 2015). For example, maternally expressed pleckstrin homology-like



25
domain family A member 2 (PHLDAZ2) and growth factor receptor-bound protein 10 (GRB10)
from term placentae are negatively correlated with birth weight and head circumference,
respectively. On the other hand, chorionic villi expression of paternally expressed IGF2 and
maternally expressed IGF2R are positively correlated to birth weight (Moore et al., 2015).
These findings suggest IGF2/IGF2R are important in setting the growth potential of the fetus
early in pregnancy and PHLDA2 and GRB10, as maternally expressed genes, suppress growth
in late pregnancy to avoid risk of a macrosomic newborn (Moore et al., 2015). It appears that
while parental genomes in the conceptus have conflicting interests, they reach a point of
cooperation because they share a common objective of perpetuating the offspring (Moore and
Haig, 1991). Thus, the placental phenotype is the result of a carefully-regulated balance

between expression of paternal and maternal genomes.

To date, there are 35 imprinted genes described in cattle (http://igc.otago.ac.nz) which
include IGF2R, IGF2, and H19, that were first discovered using mouse models (Barlow et al.,
1991, Bartolomei et al., 1991, DeChiara et al., 1991, Ferguson-Smith et al., 1991). The
reciprocal functions of IGF2 and IGF2R appear to recapitulate the conflict theory and
disruption of their expression invariably results in small or overgrowth phenotypes. For
example, gene deletion in mice has demonstrated that igf2 deficiency results in smaller
placentae and fetal growth retardation (DeChiara et al., 1990, Baker et al., 1993) while igf2r
mutation in the maternal allele produces placental and fetal overgrowth (Lau et al., 1994,
Ludwig et al., 1996). There are also studies showing alterations in IGF2R expression in
placentae of large for gestational age newborns (Demetriou et al., 2014) and IUGR (Kumar et
al., 2012). Furthermore, changes in expression of IGF2 are associated with placental and fetal
overgrowth in interspecies hybrid dysgenesis in mouse (Zechner et al., 2002). This suggests

that imprinted genes might also be involved in intraspecies mechanisms governing heterosis.

The maternally expressed H19 downstream of the IGF2 gene is involved in

modulating IGF2 expression in cis and trans (Wilkin et al., 2000, Gabory et al., 2009). Using
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in vivo mouse models of tumorigenesis, H19 has been implicated in tumour suppression
(Yoshimizu et al., 2008). Furthermore, disruption of H19 in mouse results in an overgrowth
phenotype (Gabory et al., 2009). Differentiating cytotrophoblast of the human placenta
expresses H19 in vitro (Rachmilewitz et al., 1992) and more recently, it was shown that a
microRNA embedded in the first exon of H19 targets igflr thereby inhibiting placental
growth during the second half of gestation (Keniry et al., 2012). The paternally expressed
non-coding RNA anti-sense to Igf2r, Airn, was detected in bovine fetal liver samples but is
only expressed at low levels in early concepti tissues (Farmer et al., 2013). Airn is involved
in silencing Igf2r and organic cation transporters OCT2/SIc22A2 and OCT3/SIc22A3, but its

direct role in placental and fetal growth is still unclear (Latos et al., 2012, Monk, 2015).

1.3 Hypothesis and Research Aims

The placenta is central to fetal growth and development and a major determinant of
fetal programming. While most reports in human and animals are based on studies of term
placentae or birth weight, information at critical time points of development are generally
lacking on (i) fundamental gross morphological and histomorphological characteristics of the
placenta that contribute to increased efficiency and impact fetal growth, (ii) the influence of
sex-specific placental and umbilical cord morphology on sexual dimorphism of fetal growth
and its implications for postnatal health, (iii) contribution of placental and umbilical cord in
mediating genetic/epigenetic effects on concepti traits leading to hybrid vigour in fetal
growth, and (iv) differences in expression of the components of the insulin-like growth factor
(IGF) system. These gaps in knowledge are highly relevant to both animal production and
human health, and thus, cattle, a major livestock species and valuable biomedical model for

human female reproduction and pregnancy, are best fit to be utilized for this research.
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1.3.1 General Hypothesis

Differences in placental phenotype of male and female bovine concepti, and between
purebreds and their reciprocal cross hybrids, unfold as the fetus enters accelerated growth at
mid-gestation and determine variation in intrauterine growth which may programme postnatal

phenotype.

1.3.2 Specific Hypotheses

1. In addition to placental weight, there are other gross morphological,
histomorphological and molecular placental traits that contribute to increased placental
efficiency and drive fetal growth in bovine.

2. Sex-specific placental and umbilical cord phenotypes affect nutrient availability and
transfer differently between males and females, and contribute to sex-specific prenatal
growth and adaptation which have long term implications for postnatal performance
and health.

3. Heterosis in fetal growth and birth weight is predominantly controlled by the
conceptus genome and mediated by the placenta with changes in abundances of

imprinted transcripts of genes in the IGF system.

1.3.3 Research Aims

Purebred and reciprocal cross Bos taurus taurus (Angus, A) and Bos taurus indicus
(Brahman, B) concepti recoved at the late embryo (Day 48) and onset of accelerated fetal
growth (Day 153) stages (term 277-291 days) were used in addressing the following research

aims:

1. To establish novel and baseline data on the gross morphological and
histomorphological characteristics of the bovine placenta from late embryonic and
early accelerated fetal growth stages to identify developmental changes and critical

parameters for embyo-fetal growth;
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2. To determine effects of fetal sex on placental-fetal phenotype, cord blood clinical-
chemical parameters and tissue-specific transcript abundances of genes in the IGF
system at the early accelerated fetal growth stage to unravel mechanism of sex-
specific fetal growth and programming of sex-bias in postnatal disease;

3. To analyze effects of hybridization on gross morphological and histomorphological
characteristics of the bovine placenta and on transcript abundances of key imprinted
regulators of conceptus growth from the IGF system at the early accelerated fetal
growth stage to map placental drivers of heterosis in birth weight and correlated

postnatal performance.
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Abstract

Introduction: Placental function impacts growth and development with lifelong
consequences for performance and health. We provide novel insights on placental
development in bovine, an important agricultural species and biomedical model.

Methods: Concepti with defined genetics and sex were recovered from nulliparous dams
managed under standardized conditions to study placental gross morphological and
histomorphological parameters in relation to embryo-fetal weight at the late embryo (Day48)
and early accelerated fetal growth (Day153) stages.

Results: Placentome number increased 3-fold between Day48 and Day153. Placental barrier
thickness was thinner, volume and surface areas and densities of cell types were higher at
Day153 than Day48. We confirmed two placentome types, flat and convex. At Day48,
convex placentomes were higher in number and had a lower proportion of maternal
connective tissue (P<0.01) than flat placentomes. However, this was reversed at Day153,
where convex placentomes were lower in number and had greater volume of placental cell
types (P<0.01- P<0.001) and greater surface area (P<0.001). Importantly, embryo (r = 0.50)
and fetal (r = 0.30) weight correlated with number of convex but not flat placentomes.
Discussion: Extensive remodelling of the placenta increases capacity for nutrient exchange
to support rapidly increasing embryo-fetal weight from Day48 to Day153. The cellular
composition of convex placentomes, and exclusive relationships between convex placentome
number and embryo-fetal weight, provide strong evidence for these placentomes as major
drivers of prenatal growth. The difference in proportion of maternal connective tissue
between placentome types at Day48 suggests that this tissue plays a role in determining

placentome shape.

Keywords: cattle, placentomes, gross morphology, histomorphometry
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2.1 Introduction

Prenatal growth and development strongly influence lifelong performance, health, and
disease (Fowden et al., 2008, Gluckman et al.,, 2008, Barker et al., 2012) and are
commensurate with placental delivery of nutrients and oxygen (Burton and Fowden, 2015). It
is therefore important to understand developmental changes in placental structures that can
impact intrauterine growth. The domestic cow (Bos taurus taurus, Bos taurus indicus) has a
very similar gestation period to human and carries a single conceptus with similar growth
trajectory and maturity at birth (Martin, 2003, Dwyer, 2005, Ferrell, 1989, Xiang et al., 2013,
Xiang et al., 2014). This, and the fact that in vitro fertilization and somatic cell nuclear
transfer cloning have been routinely practiced for decades in this species, makes them
valuable models for biomedical research that are increasingly used beyond reproductive
biology (Constant et al., 2006, Bihr and Wolf, 2012, Hernandez-Medrano et al., 2015).
While investigation of angiogenesis and trophoblast migration has been conducted at different
time points of pregnancy (Pfarrer et al., 2006a, Pfarrer et al., 2006b, Leiser et al., 1997),
currently available data describing the basic gross morphology of the bovine placenta are
limited and often based on specimens without clear information on breed, fetal sex, dam
parity or gestational age (Laven and Peters, 2001, Assis Neto et al., 2010). Furthermore,
previous histomorphological descriptions of the development of placentomes in normal
pregnancy did not include morphometric analysis of placental cell types, barrier thickness or

surface area (Bjorkman, 1969, King et al., 1979).

The cotyledonary placenta of cattle is organized into 75-120 placentomes (Roberts,
1971) and composed of fetal cotyledonary tissue interdigitating with caruncular crypts of the
maternal endometrium (Mossman, 1987). The number of placentomes initially increases with
placental growth and development but remains constant from mid-gestation (Laven and
Peters, 2001). Placentomes vary in shape in ruminant species (Schmidt et al., 2006, Liu et al.,

2010), and include flat and convex placentome types in cattle (Laven and Peters, 2001) and
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concave, flat and everted types in sheep (Vatnick et al., 1991). In sheep, early to mid-
gestation nutrient restriction drives the change in placentome shape from type A (concave)
towards type D (everted), without significantly decreasing total placental and fetal weights
(Steyn et al., 2001). Therefore, placental weight alone is not sufficient to explain changes in
placental efficiency and functional capacity, and cannot provide a complete understanding of

the effects of factors such as nutrition on placental development (Reynolds et al., 2005).

The cotyledonary placenta is further classified histologically as synepitheliochorial,
based on the presence of the feto-maternal syncytium, and the number of cell layers between
the maternal and fetal circulations (Wooding, 1992). In the bovine placenta, both maternal
and fetal tissue layers include an epithelium, connective tissue and capillaries (Wooding and
Burton, 2008). Trophoblast cells constitute the fetal epithelium covering the chorionic villi
penetrating the caruncular crypts (King et al., 1979), while connective tissue forms the villous
core and provides support to the fetal vasculature (Ockleford and Wakely, 1982). Maturation
of chorionic villi involves the formation of long, elaborate and vascularized villous trees and
shrinkage of the fetal mesenchyme (Rurak, 2001). These histomorphological modifications

are essential to achieve a large placental surface area for exchange.

In the present study we used concepti from designed experiments with well-defined
genetics and sex, recovered from nulliparous dams managed under standardized conditions at
Day 48 and Day 153 of gestation, to obtain baseline data and study remodelling of the cattle
placenta from early to mid-gestation. Comparison of late embryonic and early accelerated
fetal growth stages, after adjustment for effects of fetal sex and genetics, revealed important
fundamental information on gross and histomorphological features and developmental
changes of the bovine placenta. These findings include (i) magnitude of increase in placental
weight and placentome number, (ii) changes in numbers of flat and convex placentome types,
(ii1) increase in placental surface density and area, and (iv) decrease in placental connective

tissue and barrier thickness from early to mid-gestation. Our data not only demonstrate
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alterations to increase efficiency in supporting fetal growth but also indicate that the convex
placentome, the number of which correlates with embryo/fetal weight, differs from the flat
placentome in numbers present and in the proportion of maternal connective tissue at Day 48
and volume of placental cell types and surface area at Day 153. These data suggest that
maternal connective tissue plays an important role in determining the shape of the placentome

and that convex placentomes are significant drivers of embryo/fetal growth.

2.2 Methods

2.2.1 Animals

All animals and procedures used in this study were approved by The University of
Adelaide Animal Ethics Committee (N0.S-094-2005). We used two experimental animal
cohorts to examine key parameters of the bovine placenta at two critical time points of
conceptus development (term, 277 — 291 days; Andersen and Plum, 1965); the late embryo
stage (Day 48, n=60; Assis Neto et al., 2010) and the early accelerated fetal growth stage
(Day 153, n=72; Ferrell, 1989). Both resources were generated using Bos taurus taurus
(Angus, A) and Bos taurus indicus (Brahman, B) genetics and contained purebred and
reciprocal cross concepti to span the variation found in major domestic cattle breeds
(Hiendleder et al., 2008). Nulliparous dams at 16-20 months of age were purchased from
farms in South Australia and Queensland and transferred to Struan Agricultural Centre,
Naracoorte, South Australia. Standard estrous cycle synchronization procedures were
performed following an adjustment period of 3-4 weeks after animal purchase, as described
(Anand-Ivell et al., 2011). Pregnancies were established using four (two Angus and two
Brahman) and five (three Angus and two Brahman) bulls for Day 48 and Day 153 cohorts,
respectively. Gestational age was counted as days post conception assuming conception
within 24 h after artificial insemination. Animals in each cohort were fed and managed as

one group. Dam weights at conception and prior to sacrifice were recorded. Rare twin
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pregnancies were excluded from the experiment. Distribution of male and female animals in

each genetic group of each experimental cohort is shown in Table S2.1.

2.2.2 Collection of samples and phenotype data

2.2.2.1 Late embryonic stage (Day 48)

Pregnant animals were sacrificed under standardized conditions in an abattoir. Entire
uteri were recovered and, after opening the gravid horn by longitudinal incision, the seven
largest visible placentomes were removed for weighing and two placentomes close to the
embryo were removed for histology and fixed in ice cold 4% paraformaldehyde and 2.5%
PVP-40 PBS for 24 h. Placentomes were then washed four times with 1% PBS and stored in
70% ethanol until embedding in paraffin. The embryo was removed by cutting the umbilical
cord above the branching vessels. A photographic image of the entire embryo was taken
before the umbilical cord was recovered for preservation in RNAlater (Qiagen, Chadstone,
Australia). The Placenta fetalis, consisting of fetal membranes with cotyledons attached, was
removed from the uterus and after weighing, Placenta fetalis and uterus were stored
separately in 10% buffered formalin. Fetal fluids were collected and measured in a cylinder.
We confirmed a 1:1 w/v relationship in collected fetal fluid sample and converted the
milliliters measured to grams. Placental efficiency was calculated as embryo weight divided
by Placenta fetalis weight as caruncles with signs of interdigitation (see below) were very
small and few in numbers at this developmental stage. Caruncles in the gravid and non-
gravid horns were counted and visually examined using a magnifying glass. Most caruncles
in the gravid horn displayed a rough surface after detachment of the Placenta fetalis,
indicating interdigitation between maternal caruncle and fetal cotyledon for placentome
formation had occurred. In contrast, all visible caruncles in the non-gravid horn, and some
caruncles distal to the embryo in the gravid horn, were smooth and showed no sign of
interdigitation and therefore were not included in further analyses. Caruncles in the pregnant

horn with clear signs of interdigitation, representing the maternal component of the
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placentome, could further be assigned either of two shapes, convex if they were mound shape
or flat if they had a level surface. Some caruncles in the pregnant horn (11.7%) had irregular
shape and/or appeared to have an uneven surface. While we saw two major placentome
shapes, handling (separation of the cotyledon with the caruncle) and storage of the uteri may
have an effect on unevenness of the caruncular surface. Umbilical cord length was measured
based on photographic images of embryos using AnalySIS Five software (Soft Imaging
System Corp., Lakewood CO, USA), while cord weight was recorded after blotting off excess
RNAlater (Qiagen, Chadstone, Australia). The sex of Day 48 embryos was determined by

detection of the SRY gene by PCR as described previously (Anand-Ivell et al., 2011).

2.2.2.2 Early accelerated fetal growth stage (Day 153)

Entire uteri were recovered from pregnant animals at mid-gestation in an abattoir and
opened as described above. The largest placentome was removed, weighed and placed in a
Petri dish with the chorionic plate facing up. A 5 mm-thick cross section of this placentome
was excised from the center of the placentome with dual mounted scalpel blades and fixed in
ice cold 4% paraformaldehyde and 2.5% PVP-40 PBS for 24 h. The section was then washed
four times with 1% PBS and stored in 70% ethanol until embedding in paraffin. After lifting
the fetus from the uterus, the umbilical cord was cut immediately above the branching vessels,
and fetal weight, cord weight and length were recorded. Fetal fluids were weighed and uteri
with attached placentae vacuum-packed and frozen at —22 °C. After thawing, the Placenta
fetalis was carefully detached from maternal caruncles and weighed. Caruncles associated
with cotyledons in each horn were counted, cut off, weighed, inspected, and cross-sectioned
to assign placentome shape as flat or convex. Placentome shape was classified as convex if
the caruncle was mound shaped and at this developmental stage had the outer rim curled up.
Flat placentomes, on the other hand, had an even and level surface. The Placenta materna

weight was calculated as the sum of all individual caruncle weights. For comparisons with
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the Day 48 embryo stage, placental efficiency was calculated by dividing fetal weight by that

of the Placenta fetalis.

2.2.3 Immunohistochemistry and histomorphometric analysis of the placenta

Five micron thick longitudinal sections were cut from paraffin embedded samples and
an indirect double label immunohistochemistry was performed as described previously
(Roberts et al., 2001) with minor modifications. We used 10% porcine serum and 1% BSA in
PBS to block non-specific binding and as a diluent for the anti-body. For Day 48
placentomes, a 1:1000 dilution of the mouse anti-human Vimentin clone Vim3B4
(DakoCytomation, Glostrup, Denmark) antibody and a 1:600 dilution of the mouse anti-
human Cytokeratin AE1/AE3 (Millipore, Temecula LA, USA) antibody was used.
Biotinylated goat anti-mouse antibody (DakoCytomation, Glostrup, Denmark) in 10% porcine
serum at a 1:200 dilution was used as the secondary antibody. For Day 153 placentomes, the
Vimentin antibody was used at 1:10 dilution and the Cytokeratin antibody was used at 1:400.
Hematoxylin (Sigma, St. Louis MO, USA) and Eosin (Sigma, St. Louis MO, USA) were used
as counterstains and negative controls without primary antibodies were included in each

batch.

A high resolution image of the entire stained placental section was captured using the
NanoZoomer C9600 slide scanner (Hamamatsu Photonics K.K., Hamamatsu City, Japan).
Using NDP.view version 1.0.0 (Hamamatsu Photonics K.K., Hamamatsu City, Japan), ten
fields at 200x magnification were selected using random systematic sampling; fields were 1
mm (Day 153) or 50 um (Day 48) apart. Digital images of the fields were imported into
Video Pro software (Leading Edge Pty., Adelaide, Australia) and using an L-36 Merz grid
transparency overlaying the monitor screen, a total of 360 points were counted for each
section. Volume densities of the placental trophoblast, fetal capillaries, fetal connective
tissue, maternal epithelium, maternal capillaries, maternal connective tissue and maternal

septae as ‘other’ tissues were computed as previously reported (MacLaughlin et al., 2005).
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Trophoblast cells stained brown had one or two nuclei and were apposed to the maternal
epithelium. Capillaries or blood vessels, located very close to trophoblast or maternal
epithelial cells, were identified as having darkly stained circular or elongated opening (i.e.,
lumen of a blood vessel) with or without the presence of red blood cells. On the other hand,
connective tissue appeared fibrous and not as darkly stained as a blood vessel or capillary
opening. The volume in cm® of each placental component was determined based on the
weight of analyzed placentomes after confirming a 1:1 w/v relationship in collected Placenta
materna samples. Parameters for surface exchange, such as trophoblast and maternal
epithelium surface density (cm?(g), total surface area (cm?), and barrier thickness (um) were
estimated using intercept counting. One field was counted five times and the coefficient of
variation was less than 5%. Samples used for histomorphometric analyses comprised 41 (flat
n=10, convex n=31) and 69 (flat n=27, convex n=42) placentomes from developmental stages
Day 48 and Day 153, respectively, and had sections with clearly developed interdigitation

betwen the fetal villi and maternal caruncle.

2.2.4 Statistical analyses

The data generated for Day 48 embryos and Day 153 fetuses were analyzed separately,
because the experiments were conducted at different times, i.e., Day 48 and Day 153 concepti
were generated in two consecutive years. We used the general linear model procedure of SAS
(SAS Inst., Cary NC, USA) to calculate means and standard errors of means adjusted for fetal
sex and genetics using the model:

Vij = Si + Gj + €
where yij was the dependent variable, S (i = male, female) was the fetal sex effectand G (j =

AxA, BxA, AxB, and BxB) was the fetal genetic effect.
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To further analyze the effect of placentome type on histomorphometric characteristics,

we used the model:
Vijk = Si + Gj + P + eyjx

where yijk was the dependent variable, S (i = male, female) was fetal sex effect, G (j = AXA,
BxA, AxB, and BxB) was the fetal genetic effect, and P (k = flat, convex) was the effect of
the placentome type. Table S2.2 shows the significance levels of the models and the
variables with significant effect of placentome type. Least square means with standard errors
of the means were compared using two-tailed t-test. Regression analyses were performed for
embryo and fetal weight on placental characteristics, and Pearson product-moment correlation
coefficients were computed for relationships between placental traits. The significance

threshold was P<0.05 for all statistical tests performed.

2.3 Results

2.3.1 Gross morphological characteristics of the placenta

As expected from the rapid changes in embryo-fetal weight and the role of the placenta
in fetal growth and development, we observed strong but nevertheless differentiated increases
from Day 48 to Day 153 of gestation in umbilical cord length (12 fold) and weight (765 fold),
Placenta fetalis weight (17 fold), placental efficiency (42 fold), and fetal fluid volume (33
fold, Figure 2.1). The Placenta materna weight was not determined at Day 48 as individual
caruncles with interdigitation were very small. Placentome number ranged from 22 to 64
(mean 37.9 + 0.71) at Day 48, and 35 to 212 (mean 100.5 + 1.5) by Day 153. At Day 48, all
placentomes were within the gravid horn, with no evident placentome formation in the non-
gravid horn (Figure 2.1). At Day 153 of gestation, the majority (65%) of placentomes were
located in the gravid horn. Of the placentomes in the gravid horn at Day 48, the majority
(88.3%) were prominent and could be classified as either flat or convex, while the remaining

11.7% had an uneven surface and could not be classified or analyzed further. However, by
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Day 153 all placentomes in the gravid and non-gravid horns, irrespective of size, were well

developed and could be classified as flat or convex (see below).

Placentomes with flat or convex shape were the two distinct types found in the placenta
of embryos and fetuses. Representative gravid uterine horns of Day 48 and Day 153
pregnancies, and histological sections of both placentome types, at both developmental stages,
are shown in Figure 2.2A, B. At Day 48, uteri contained a higher proportion of convex

placentomes (52%) than at Day 153 (20%, Figure 2.2C-F).
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Figure 2.1 Key parameters of the bovine conceptus at Day 48 and Day 153 post
conception.

(A) Embryo and fetal weight, (B,C) umbilical cord and (D-I) placental parameters. Bars show
means + SEM adjusted for effects of fetal sex and genetics. Number of individual sampled
for each developmental stage is indicated inside bars. ND: not determined. NA: not

applicable.
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Figure 2.2 Gross morphological characteristics of the bovine Placenta materna at Day 48 (n=60) and Day 153 (n=72) of gestation.

(A, B) Representative uteri with the gravid horn opened and histomicrographs of flat (top) and convex (bottom) placentome types at both developmental

stages. (C-F) Number of each placentome type in the gravid and non-gravid horn. Bars show means + SEM adjusted for effects of fetal sex and genetics.

NA: not applicable.
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No correlations were detected between placental parameters at Day 48, but we
identified significant relationships at Day 153. Here, placentome number in the gravid
(r=0.60, P<0.001) and non-gravid horn (r=0.35, P<0.01), as well as total placentome number
(r=0.55, P<0.001), correlated with Placenta fetalis weight. Correlations obtained for the
gravid (r=0.52, P<0.001) and non-gravid (r=0.25, P<0.05) horns or for total placentome
number (r=0.44, P<0.001) with Placenta materna weight were not as strong. As would be
expected, Placenta fetalis and Placenta materna weights (r=0.60, P<0.0001) were also
correlated. For reasons detailed above, placentome number in both gravid and non-gravid
horns could only be analyzed at Day 153 and we found that these were correlated (r=0.44,
P<0.001). Furthermore, the number of convex placentomes in the gravid and non-gravid
horns was correlated (r=0.63, P<0.001) and we saw a similar relationship for flat placentomes

(r=0.46, P<0.001).

2.3.2 Histomorphological characteristics of the placenta

The chorionic villi at Day 48 (Figure 2.3A) presented in a straight and long pattern with
few emerging lateral branches as compared to the extensive branching of the chorionic villous
trees at Day 153 (Figure 2.3B). In placentomes of both developmental stages, maternal
epithelium and trophoblast cells were the predominant cell types in proportion and volume
(Figure 2.3E-H). At Day 153, the volume density of the fetal connective tissue was lower
(-50%) than at Day 48 (Figure 2.3F), while a marginal decrease in volume density of
maternal connective tissue (-15%) was also observed (Figure 2.3E). Maternal epithelium
(+58%) and trophoblast (+54%) surface density, and maternal epithelium (302 fold) and
trophoblast (292 fold) surface area were higher at Day 153 compared with Day 48 (Figure
2.31-J), whereas maternal epithelium (-30%) and trophoblast (-39%) barrier thicknesses were

thinner at Day 153 (Figure 2.3K).

Each placentome processed for histology was categorized as flat or convex. We

analyzed data for each developmental stage in separate linear models with the effect of
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placentome type fitted in addition to confounding effects of sex and genetics. We found that
convex and flat placentomes were similar in weight at Day 48 (convex 0.19 £ 0.03 g, n=31 vs
flat 0.17 £ 0.03 g, n=10, P>0.05), but convex placentomes were significantly heavier than flat
placentomes at Day 153 (convex 42.16 + 1.6 g, n=42 vs flat 30.45 = 1.9 g, n=27, P<0.001).
The volume density of maternal connective tissue was 41% lower (P <0.01) in the convex
placentome at Day 48 compared to flat placentomes, while volume densities of all other
placental tissue types remained similar between the two placentome types (Figure 2.4A). At
Day 153, volumes of maternal epithelium (+42%, P <0.001), maternal connective tissue
(+39%, P <0.01), maternal capillaries (+32% P<0.01), trophoblast (+38% P<0.001) and fetal
capillaries (+46% P <0.01) were higher in convex than flat placentomes, whereas no
differences were observed between the placentome types at Day 48 (Figure 2.4B). Maternal
(+39%, P <0.001) and trophoblast (+32%, P <0.001) surface areas were again higher in the
convex than in the flat placentome at Day 153, while surface density and barrier thickness
were similar between placentome types at both gestational stages of development (Figure

2.4C).

Figure 2.3

Representative histomicrographs of placentomes showing chorionic villous branching in (A)
Day 48 and (B) Day 153 placentomes. (C-D) Placental types in Day 153 placentome; S —
septa, a — maternal connective tissue, b — maternal capillary, c — maternal epithelium, d — fetal
capillary, e — fetal connective tissue, f — trophoblast cell. Differences in (E,F) volume
densities and (G,H) volume of tissues and (I-K) parameters indicating increased surface for
nutrient exchange. Volume density for each stage totals to 1. Bars show means + SEM

adjusted for effects of fetal sex and genetics.
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Figure 2.3 Histomorphological parameters of the bovine Placenta materna and Placenta fetalis at

Day 48 (n=41) and Day 153 (n=69) of gestation.
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2.3.3 Relationships between embryo / fetal weight and placental

characteristics

Embryo-fetal body weight increased 807 fold from Day 48 to Day 153 of gestation
(Figure 2.1) and weight at both developmental stages correlated with cord weight (embryo
r=0.30 P<0.05; fetus r=0.55 P<0.001), Placenta fetalis weight (embryo r=0.42; fetus r=0.69,
both P<0.001), number of placentomes in the gravid uterine horn (embryo r=0.52; fetus
r=0.50, both P<0.001) and total number of convex placentomes (embryo r=0.50, P<0.001;
fetus r=0.30 P=0.01, Figure 2.5A). Placenta materna weight was also correlated with fetal
weight at Day 153 (r=0.70, P<0.001). At the histomorphological level, we found a positive
relationship between embryo weight and fetal capillary volume density (r=0.32, P<0.05,
Figure 2.5B), but none of the other gross morphological or histomorphological parameters

tested  were  significantly  correlated  with  embryo or  fetal  weight.
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Figure 2.4 Histomorphological differences between flat (black bar) and convex (white bar) placentome types found in the bovine conceptus at Day
48 and Day 153 of gestation.

Volume densities for each placentome type at Day 48 and Day 153 totals to 1. Bars show least square means + SEM adjusted for effects of fetal sex and
genetics. Sample size of placentome type, Day 48 flat n=10, convex n = 31; Day 153 flat n=27, convex n=42. Statistical tests were performed using two-
tailed t-test, where ***P<0.001, **P<0.01.
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Figure 2.5 Relationships of embryo and fetal body weights with (A) gross

morphological and (B) histomorphological characteristics of the placenta.
Regression lines and Pearson product moment correlation coefficients (r) with P-values for

are indicated. P<0.05 are significant. ND: not determined, NA: not applicable.
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2.4 Discussion

The present study utilized well-defined bovine embryo and fetal concepti to close
significant gaps in knowledge about the bovine placenta and to provide baseline data for an
important biomedical model that is also of global importance for animal production. Our data
clearly demonstrate that the bovine placenta undergoes structural remodelling to facilitate
greater feto-maternal exchange as gestation progresses from the late embryonic (Day 48) to

the early accelerated fetal growth (Day 153) stage.

The Placenta fetalis at Day 48 was 12-fold heavier than the embryo, whereas, by Day
153, fetal weight was 4-fold and 5-fold heavier than the Placenta fetalis and Placenta
materna, respectively. The critical role of nutrient supply and blood flow for early embryonic
growth are also evident from significant positive relationships of embryo weight with
placental and umbilical cord weights at Day 48 of gestation. To support rapidly increasing
body weight the Placenta fetalis weight and placental efficiency increase by 17-fold and 42-
fold, respectively, from Day 48 to Day 153. Although not all caruncles may be stimulated to
form the Placenta materna (Telugu and Green, 2008), we found that the total number of
placentomes formed had increased 3-fold between Day 48 and Day 153. The positive
relationship between total placentome number and Placenta fetalis and Placenta materna
weights for the Day 153 conceptus indicates that formation of fewer placentomes may
constrain placental weight at mid-gestation. Others have reported no correlation between
placentome number and total placentome weight using bovine uteri of different gestational
ages derived from an abattoir (Laven and Peters, 2001). However, in our study, Placenta
fetalis weight includes both cotyledon and fetal membrane and, rather than a comparison
broadly across gestation, our efforts focused on Day 153, allowing an increased sample size,

which may contribute to the contrasting results.

Similar to previous reports in cattle (Stickland and Purton, 1977, Laven and Peters,

2001) and other ruminant species (Abdel-Raouf and Badawi, 1966, Liu et al., 2010), our data
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confirm that the number of placentomes is higher in the gravid than the non-gravid uterine
horn at the embryo and fetal stages. Contact between the conceptus and endometrium during
early gestation stimulates increased vascularity and uterine blood flow in the gravid horn
compared to the non-gravid horn (Silva and Ginther, 2010). This, and anchorage of the
conceptus to the endometrium supported by pressure build up from the fetal fluids (Leiser et
al., 1998, Assis Neto et al., 2010), promote the early formation of placentomes in the gravid
horn. We found clear evidence for interdigitation of embryonic with maternal tissue and thus
placentome formation closer to the embryo in the gravid but not the non-gravid Day 48
uterine horn. This is consistent with reports that cotyledon formation starts from chorion
adjacent to the embryonic zone to the chorionic tip but tightly interdigitated chorio-
endometrial connection does not occur until Day 50 (Assis Neto et al., 2010) while
placentome formation in the bovine non-gravid uterine horn was not evident until Day 60 of
gestation (Curran et al., 1986). The distribution of placentomes near the embryo in the gravid
horn at Day 48, and the positive correlation between placentome numbers in gravid and non-
gravid horns at Day 153, indicate that placental development depends on and/or is initiated by
the growth and function of the conceptus. Furthermore, we found a considerable variation in
the number of placentomes ranging from 22—64 (mean 37.9 + 0.71) at Day 48 and from
35-212 (mean 100.5 £+ 1.5) at Day 153. Generally, placentome number described for cattle
ranges from 75-120 (Roberts, 1971) and others have reported cotyledon numbers ranging
from approximately 10-40 using Bos t. indicus specimens with estimated gestational ages of
Day 40-50 (Assis Neto et al., 2010), and placentome number ranging from 42-160 using
abattoir specimens with estimated gestational ages of Day 131-160 (Laven and Peters, 2001).
This observed range in placentome numbers demonstrates that high variation in bovine
placentome number in normal pregnancies and gestational age have to be taken into account
when comparisons between experimental treatments, including embryo technologies such as

in vitro fertilization or somatic cell nuclear transfer cloning, are made (Bertolini et al., 2002,
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Hiendleder et al., 2004, Constant et al., 2006, Yang et al., 2007). Since dams used in the
present study were managed under standardized conditions, it can be expected that the
observed variation in placental parameters is due to random maternal effects, fetal sex and

genetics.

We report for the first time the presence of convex and flat placentomes in the bovine
placenta at Day 48 of gestation. We found more convex than flat placentomes in the gravid
horn at Day 48, but there were more flat than convex placentomes in both uterine horns at
Day 153. A previous study based on abattoir specimens reported that flat placentomes were
more common in the gravid than the non-gravid horn. However, not all placentae examined
that were estimated to range from Day 101-160 of gestation contained at least one flat
placentome (Laven and Peters, 2001). In our defined resource, the high number and
proportion of convex placentomes at Day 48 and the increase in number and proportion of flat
placentomes at Day 153 suggests that flat placentomes develop later than the convex type
placentomes. Placentome conversion has been reported in sheep (Vonnahme et al., 2006),
however, whether conversion of convex to flat placentomes could contribute to the increasing
numbers of flat placentomes observed at Day 153 in bovine is unknown. Interestingly, the
significant difference between the volume density of flat and convex placentomes at Day 48
indicates that the maternal connective tissue of the caruncle may initially contribute in
determining the shape of the placentome. It was recently shown that proliferation and/or
hypertrophy of the caruncular connective tissue leads to the formation of caruncular
projections at Day 28-33 of gestation which develop into trabecular networks where the fetal
chorionic villi can insert and expand (Aires et al., 2014). It is possible that the conceptus
stimulates the caruncular connective tissue to proliferate and develop projections and function

as a mould for placentome formation.

The positive relationship of total number of convex placentomes with embryo and

fetal weight in our data set suggests that in bovine this placentome type plays a more
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significant role in nutrient transport to the fetus than flat placentomes. Convex placentomes
sampled for histology were heavier than flat placentomes, and thus have greater volumes of
placental cell types and surface area for transplacental exchange of nutrients, gases and
wastes. The increase in number and proportion of flat placentomes as gestation progresses,
and a negative correlation coefficient approaching significance (r=-0.23, P=0.051) for total
number of flat and convex placentomes at Day 153 suggest that flat placentomes develop as

the uterus grows and matures to further support fetal growth.

The present study generated histomorphometric data confirming that placental
maturity is associated with profound tissue remodelling between Day 48 and Day 153 of
gestation. Maternal epithelium and trophoblast cells had the highest volumes and volume
densities amongst all placental cell types at both developmental stages, consistent with their
key roles in placental transport. The decrease in fetal and maternal connective tissue volume
density by Day 153 leads to closer proximity of fetal and maternal capillaries and facilitates
greater substance transfer to the fetus. This is consistent with the reduction of placental
barrier thickness by Day 153. Further, the long chorionic stem villi, which had few short
branching intermediate villi at Day 48, developed into elaborate villous trees with extensive
lateral branches and increased surface density and surface area by Day 153 favouring greater
placental substance exchange. Of the placental cell types, only volume density of the fetal
capillaries was found to be positively correlated with embryo weight. At Day 36 post
insemination, bovine cotyledons become macroscopically visible and developing blood
vasculature is evident (Assis Neto et al., 2010). The positive relationship between fetal
capillary volume density and embryo weight suggests that by Day 48 the bovine embryo
derives most of its nutrient supply through haemotrophic exchange of nutrients across the

placenta.

In conclusion, our comprehensive gross and histomorphological parameters obtained

from well-defined resources of Day 48 and Day 153 concepti demonstrated extensive
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remodelling of the bovine placenta to facilitate rapid fetal growth and development. This
includes decreased volume density of placental connective tissue, reduced barrier thickness
and increased surface area for nutrient exchange by Day 153 of gestation. We describe for the
first time, convex and flat placentome types in the bovine Day 48 placenta, which displayed
different maternal connective tissue volume densities. At Day 153, convex placentomes were
fewer, but had greater volume of placental cell types and surface area for placental exchange.
These characteristics can explain the significant and exclusive positive relationship of embryo
and fetal weights with the number of convex placentomes. This suggests a major role for
convex placentomes in nutrient transfer to support fetal growth in the bovine. Further
investigations are needed to determine potential effects of factors such as genetics and

maternal nutrition on the variation in placentome shape.
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Supplemental Tables

Table S 2.1, related to Methods. Numbers of
male (M) and female (F) concepti with
defined Bos taurus taurus (A) and Bos taurus
indicus (B) genetics at the late embryonic
(Day 48) and early accelerated fetal growth
(Day 153) stages (term, 277- 291 days).

Sire genetics listed first.

Genetics Sex Day 48 Day 153
AxA M 11 11
AxA F 8 12
AxB M 5 7

AxB F 8 6

BxA M 10 5

BxA F 12 17
BxB M 3 4
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Table S 2.2, related to Methods. General linear models (Type 111 sums of squares)
with R-squared and significance levels (P-values) of models and variables for

placental parameters with significant effect of placentome type.

Parameters R? P-value

Model Genetics Sex  Placentome

type
Embryo stage (Day 48)
Maternal connective tissue volume 0.27 0.0460 0.0582 0.1106 0.0065
density
Fetal stage (Day 153)
Volume
Maternal epithelium 0.37 <0.0001 0.0138 0.6668 <0.0001
Maternal capillary 0.17 0.0327 0.4184 0.7525 0.0055
Maternal connective tissue 0.28 0.0008 0.0107 0.6730 0.0017
Trophoblast 0.36 <0.0001 0.1120 0.0604 <0.0001
Fetal capillary 0.28 0.0007 0.0832 0.6984 0.0004
Surface area
Trophoblast 0.37 <0.0001 0.0118 0.5138 <0.0001

Maternal epithelium 0.44 <0.0001 0.0047 0.8031 <0.0001
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Abstract

The prevalence of major non-communicable diseases is sex-biased with mounting evidence
for prenatal origins, but the mechanisms for sex-specific fetal programming are unknown.
Here we demonstrate in a bovine model that at mid-gestation, normal females in comparison
to males, manifest hallmarks of asymmetric intrauterine growth restriction (IUGR), including
brain and heart sparing, lower ponderal index, higher y-glutamyl transferase activity and
lower cholesterol levels. Together with differences in placental histomorphology, and female-
specific relationships of brain to body and brain to liver weight ratios with cord vessel
diameters, our data indicate that redistribution of blood flow confers IUGR-like
characteristics to the female conceptus. Furthermore, lower abundance of insulin-like growth
factor 2 (IGF2) transcripts in brain and heart, and lower circulating IGF2 and IGF binding
proteins implicate female-specific restriction of nutrient supply. These adaptations can
explain the female’s greater resilience to growth restricting intrauterine insults and sex-bias in

programming of predisposition to disease.
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3.1 Introduction

Epidemiological studies based on birth weight as a proxy for fetal nutrient supply have clearly
demonstrated that diseases in adulthood such as type 2 diabetes and coronary heart disease
can be programmed in utero (Barker, 1995, Rich-Edwards et al., 1997). The prevalence of
these major non-communicable diseases is sex-biased with lower incidence of diabetes in
females than in males under 60 years of age (Wild et al., 2004) and lower risk for females to
die from cardiovascular disease before the age of 50 (Mikkola et al., 2013). While absolute
differences in birth weight and length between females and males are small, large differences
in body proportions namely, shortness in relation to placental size and in ponderal index in
relation to head circumference at birth, suggest sex-specific prenatal growth and development
(Forsén et al., 1999). Moreover, indicators for hypertension and coronary heart disease later
in life, including ratios between placental parameters and fetal characteristics are sex-specific
(Forsén et al., 1999, Eriksson et al., 2010). The critical role of the placenta in delivering
substrates for growth and development manifests in tight correlations between placental and
fetal weights with lower placental weight and efficiency in females than in males (Thomson et
al., 1969, Almog et al., 2011). Females also have a shorter umbilical cord (Georgiadis et al.,
2014), smaller cord vein diameter and higher cord artery pulsatility index (Verburg et al.,
2008). Sexual dimorphism in the placenta and umbilical cord may therefore affect nutrient
and oxygen supply through the feto-placental circulation and contribute to sex-specific

differences in fetal growth that program long term health outcomes.

The terms small for gestational age (SGA) and intrauterine growth restriction or fetal
growth restriction (IUGR, FGR), are frequently used synonymously to describe low and/or
restricted growth in utero but reflect different concepts (Hobbins, 2008). SGA is a statistical
definition and denotes a fetus/neonate with anthropometric values below the tenth birth
weight centile obtained from a reference population and includes growth restricted as well as

genetically small but otherwise normal fetuses and neonates (Bertino et al., 2012). IUGR, on
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the other hand, refers to a functional condition and denotes fetuses unable to achieve their
growth potential due to maternal, placental or fetal factors (Bertino et al., 2012). Biometric
parameters and body proportions are used to further classify SGA/IUGR fetuses as symmetric
or asymmetric (Rosso and Winick, 1974, Hobbins, 2008, Platz and Newman, 2008).
Hallmarks of asymmetric growth restriction in humans and animal models include higher fetal
brain to liver weight or brain to body weight ratio, i.e. “brain sparing” (Rosso and Winick,
1974, Campbell and Thoms, 1977, Boito et al., 2003, Platz and Newman, 2008) and increased
fetal heart to body weight ratio, i.e. “heart sparing” (Morrison, 2008). Asymmetric growth is
a result of reduced substrate supply and involves compensatory adaptive changes in placental,
umbilical and fetal hemodynamics that include blood flow redistribution to brain and heart at
the expense of other organs such as the liver (Hershkovitz et al., 2000, Cetin et al., 2008).
This is reflected in the clinical chemistry of cord blood from IUGR newborns which has
lower concentrations of glucose and cholesterol and higher y-glutamyl transferase activity in
comparison to appropriate weight for gestational age controls (Nieto-Diaz et al., 1996,
Johnson et al., 2003). Reported changes in the insulin-like growth factor (IGF) system, which
is a principal endocrine regulator of fetal growth (Fowden, 2003), include lower
concentrations of cord blood IGF1, IGF2 and IGF binding proteins in IUGR (Guidice et al.,
1995). Thus, a spectrum of clinical markers, ranging from biometric indices and ratios to the

clinical chemistry of cord blood, is altered in IUGR fetuses and neonates.

Females have a lower birth weight and higher incidence of IUGR than males (Aibar et
al., 2012, Melamed et al., 2010). The higher growth rate of males on the other hand is
associated with greater vulnerability to growth restricting intrauterine insults such as maternal
under-nutrition and smoking, with higher relative reduction of birth weight than in females
(Zarén et al., 2000, Eriksson et al., 2010). We hypothesized that sexual dimorphism in
growth and development of the normal conceptus, which has been linked to sex-specific

differences in postnatal health, could involve the same underlying biological principles and
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mechanisms that manifest in a more extreme and pathological form as clinical IUGR. To
address this question, we generated a large set of normal concepti with a broad range of fetal
weights using an outbred bovine model. This is the best fit animal model as dams carry a
single fetus with gestation length, fetal growth curve and maturity at birth similar to human
(Andersen and Plum, 1965, Ott and Doyle, 1982, Ferrell, 1989, Bolker, 2012, Xiang et al.,
2014). Furthermore, sex-specific in utero programming of postnatal blood pressure was
recently demonstrated in the bovine (Hernandez-Medrano et al., 2015). In the present study,
comprehensive morphometric and histomorphological analyses combined with clinical-
chemical, endocrine and gene expression data demonstrated for the first time that the smaller
phenotype of female fetuses in normal pregnancy is an asymmetric IUGR phenotype
consistent with female-specific redistribution of blood flow in response to constrained
nutrient supply. These adaptations are established by mid-gestation, when the fetus enters the
accelerated growth phase, and can explain greater resilience of females to insults later in

pregnancy and lower risk to adverse perinatal and long term health outcomes.



92

3.2 Results

3.2.1 Hallmarks of growth restriction in normal female concepti

We took advantage of the diverse genetics available in the bovine model to generate,
under standardized conditions, a resource of normal concepti recovered at week 21 (55%
term) with fetal weights ranging from 1750-3980 g (Supplementary Table S3.1). Females
weighed less (—15.0%), had lower skeletal muscle (—10.7%) and bone (-10.8%) mass and
were shorter (—3.6%) and thinner (ponderal index, —9.6%) than males (Fig. 3.1). Absolute
brain (-5.2%), liver (—14.9%), heart (—8.4%), kidney (-14.1%), and lung (—10.5%) weights
were lower in females. However, relative to fetal weight, brain (+11.3%), heart (+8.5%),
skeletal muscle (+4.6%) and bone (+5.3%) weights were higher in females than in males.
Importantly, brain to liver weight ratio was also higher in females (+10.3%).

Placental (—9.3%) and umbilical cord (—14.7%) weights, placental efficiency (—7.1%),
umbilical cord diameter (—6.1%), and umbilical vein (—6.5%) and artery (—7.8%) diameters,
were all lower in females than in males, while umbilical cord length was similar between
sexes (Fig. 3.2). In the female placenta, trophoblast volume (—15.2%), fetal connective tissue
volume (—38.3%) and fetal connective tissue volume density (-32.0%) were also lower
(Supplementary Table S3.2). All other placental tissue components and measurements of
maternal and fetal exchange surface were similar in both sexes (Fig. 3.2, Supplementary

Table S3.2).

In clinical-chemical analyses of cord blood serum, y-glutamyl transferase activity was
higher (+19.5%) and cholesterol serum concentration was lower (-8.5%) in females, while 17
other parameters were similar to males (Fig. 3.3A, B and Supplementary Table S3.3).
Circulating plasma IGF2 (-9.6%) and total IGFBPs (—17.0%), but not IGF1, were lower in
females (Fig. 3.3C). Furthermore, measurement of transcripts of 12 genes within the IGF
system indicated lower abundance of IGF2 transcript in female brain (-37.5%) and heart

(-23.7%), but no differences in liver, skeletal muscle or placenta (Supplementary Fig. S3.1).
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3.2.2 Hemodynamics implicated in female growth restriction

Sex-specific regression analyses of fetal body weight with placental weight and
umbilical cord diameter revealed strong positive relationships in both males and females.
However, significant positive relationships between fetal body weight and umbilical vein and
artery diameters were only present in females. Furthermore, relationships of liver weight with
umbilical vein and artery diameters were very similar and also female-specific (Fig. 3.4A,
Supplementary Fig. S3.2). Regressions of brain to body weight ratio on placental weight and
umbilical cord diameter indicated strong negative relationships in both sexes, but only
females displayed significant negative relationships of brain to body weight ratio with
umbilical vein and artery diameters. Highly similar female-specific relationships were

obtained for brain to liver weight ratio (Fig. 3.4B, Supplementary Fig. S3.3).

Regression analyses of placental and liver weights on cord plasma IGF2 levels
revealed significant negative relationships for female but not male concepti, while fetal
weight was not affected by circulating IGF2. Moreover, brain to liver weight ratio displayed

a female-specific positive relationship with circulating IGF2 (Fig. 3.5).
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Figure 3.1

Representative photographs of male (A) and female (B) fetuses recovered at Day 153 post
conception. Scale bars: 10 cm. (C, E-I) Wet weights obtained after removal of fetuses from
uteri. (D) Body length was measured along the spinal column including cervical, thoracic and
lumbar vertebrae. (J,K) Muscle and bone mass were calculated based on cumulative weights
of 8 representative dissected muscles and 12 major bones as described in methods. (M-T)
Normal female fetuses show major indicators of [IUGR. (M,N) Higher brain to liver weight
and brain to fetal body weight ratios indicate ‘brain sparing’ and (O) higher heart to fetal body
weight ratio, ‘heart sparing’, while (P,Q) kidney to fetal body weight and liver to fetal body
weight ratios were not significantly different between sexes. (R,S) Higher relative muscle
and bone mass and (T) lower ponderal index demonstrate that females are thinner than males.
(C-T) Data are presented as least square means + SEM for males and females with numbers
of individuals indicated inside bars. (C-E, G-T) Two tailed t-test was used to calculate
statistical difference between groups. *P<0.05; **P<0.01; ***P<0.001. (F) Wilcoxon two-

sample test was used. Ws =1242, z=2.97, **P<(.01.
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Figure 3.2 Placenta and umbilical cord phenotype evidence reduced nutrient supply

and blood flow in female concepti.
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Figure 3.2

(A) Placental weight and (B) placental efficiency are lower in females at mid-gestation (Day
153 post conception). (B) Placental efficiency calculated as fetal body weight : placental
weight. (C) Representative photomicrograph shows histological detail of placenta (insert).
Scale bar is 100 pM. Double label immunohistochemistry with Hematoxylin and Eosin as
counterstains differentiates placental tissue components. T: Trophoblast, Co: fetal connective
tissue, Ca:fetal capillary. (D-F) Placental tissue volumes calculated as volume density
multiplied by the weight of the sample. (G-K) Umbilical cord characteristics. (A, B and D-
K) Data are least square means + SEM for males and females with numbers of individuals
indicated inside bars. (A, B, D, E, G, H, J, K) Two tailed t-test was used to calculate
statistical difference between groups. *P<0.05; **P<0.01. (F, I) Wilcoxon two-sample test
was used for fetal capillary volume, Ws =958, z=0.58, P>0.05 and for cord diameter,

Ws =1043, z=2.04,*P<0.05.
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Figure 3.3 Cord blood indicators of growth restriction in female concepti implicate
reduced nutrient supply and liver growth.

(A) As in neonates with intrauterine growth restriction (IUGR), y-glutamyl transferase (GGT) is
elevated in females at mid-gestation (day 153 post conception), indicating sex-specific differences in
hepatocyte maturation and liver growth. Alanine transaminase (ALT) and Alkaline phosphatase
(ALP) are similar in both sexes. (B) Metabolites previously associated with IUGR in neonates. As in
IUGR, cholesterol is lower in females. Glucose and lactate remain unaffected at mid-gestation. (C)
As in JUGR neonates, concentrations of circulating insulin-like growth factor (IGF) 2 and IGF binding
proteins (IGFBP) are lower in females. Fetal IGF expression is positively regulated by nutrient supply
and IGF2 signals fetal demand. (A-C) Data are least square means = SEM for males and females with
numbers of individuals indicated inside bars. With the exception of IGF1, two tailed 7-test was used to
calculate statistical difference between males and females. *P<0.05; ***P<0.001. (C) For plasma

IGF1: Wilcoxon two-sample test, Ws =1029, z=0.5, P>0.05.
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Figure 3.4 Phenotypic relationships of conceptus characteristics reflect female-specific

hemodynamics.

(A) Sex-specific relationships of fetal body weight with placental weight and umbilical cord
characteristics at mid-gestation (day 153). Female-specific positive regressions of body weight on
cord vein and artery diameters demonstrate the growth limiting role of female cord vessels. (B)
Relationships of brain to body weight ratio, an indicator of IUGR, with placental weight, umbilical
cord diameter and cord vessel diameters. Female-specific negative regressions of brain to body
weight ratio on umbilical vessel diameters suggest blood flow redistribution favouring the brain is
enhanced with decreasing vessel diameters. Highly similar relationships were obtained for brain to
liver weight ratio and are presented in Supplementary Figure S3. Regression lines for significant
relationships and Pearson product moment correlation coefficients with P-values are indicated. NS:

not significant, P>0.05.



100

Male Female
2.0 2.0
- o -
] [m] o
x -
- o oy o)
51.5 Ul:t,@]l:ln o 51.5 00
o o
3 0O 0P g 3 g&
&0 o & DDE 810 g >
s s
® ® 00 °
- r=-0.32 M r=-0.43
o NS o P<0.01
& oI—I o oI—!
[} 400 800 0 400 800
IGF2 [ng/mL] IGF2 [ng/mL]
150 150
o
=130 o > 130 o)
: B, .
= F4
1o a %o el o o
o =} fule) ® (o]
3 %0 o 0 3 90 )
: oo : °
> 70 > 70 o0 5
- r=-0.14 - r=-0.38
NS
oI—l oI—c P<0.08
0 400 800 0 400 800
IGF2 [ng/mL] IGF2 [ng/mL]
0.8 08
0.7 07 ° °
- -
u} o-. 0O
2 0.6 H PO E 0.6 o
- oo E 0@
0.5 % By 05 o
£ o. 0O £ o
® 04 il o B ® 04 &
[ o O )
r=0.24 r=0.37
NS P<0.05
o o
0 400 800 0 400 800

IGF2 [ng/mL] IGF2 [ng/mL]

Figure 3.5 Phenotypic relationships provide evidence for involvement of the insulin-like
growth factor axis in nutrient demand signalling of female fetuses.

Relationships of placental and fetal liver weights and brain to liver weight ratio with circulating fetal
insulin-like growth factor 2 (IGF2) in male (left panel) and female (right panel) concepti at mid-
gestation (day 153). Female-specific negative relationship of weights of organs crucial for fetal
growth with IGF2, and the female-specific positive relationship of IGF2 with brain to liver weight
ratio, a major indicator of IUGR, support a role of IGF2 as a fetal demand signal for nutrient supply.
Regression lines for significant relationships and Pearson product moment correlation coefficients

with P-values are indicated. NS: not significant, P>0.05.
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3.3 Discussion

We have demonstrated that the female conceptus in normal pregnancy differs from the male
in a striking array of features that are found in clinical IUGR (Table 3.1). These IUGR-like
characteristics of females are expected to improve adaptive capacity and can explain the
female’s greater resilience to growth restricting intrauterine insults and sex-bias in fetal

programming of predisposition to postnatal non-communicable disease.

At mid-gestation, upon entering accelerated fetal growth, females had a smaller
placenta and lower body weight with lower organ weights than males and differed from males
in major morphometric indicators of ITUGR established in humans (Campbell and Thoms,
1977, Cetin et al., 2008, Platz and Newman, 2008) and animal models (Owens et al., 1994,
Morrison, 2008). These include significantly higher brain to liver-, brain to body- and heart
to body weight ratios of females. The higher relative lean body mass observed in IUGR
newborns (Petersen et al., 1988) is also reflected in the female fetus of the present study,
which is shorter and thinner and has a higher relative muscle and bone mass than males. In
IUGR fetuses, these phenotypic asymmetries are a consequence of preferential blood flow
redistribution to spare fetal brain and heart development in response to limited nutrient supply

(Hershkovitz et al., 2000, Boito et al., 2003, Hobbins, 2008, Cetin et al., 2008).

Lower placental weight and efficiency in the female conceptus are consistent with
previous data indicating sex-specific nutrient supply to the fetus (Thomson et al., 1969,
Eriksson et al., 2010). However, our histomorphometric analyses of the placenta revealed
additional differences between sexes, including lower trophoblast and fetal connective tissue
volumes in females that are also found in the placenta of the IUGR neonate (Mayhew et al.,
2003). Since trophoblast cells in apposition with the maternal epithelium facilitate oxygen
and nutrient transfer (Wooding and Burton, 2008), and fetal placental connective tissue
contains myofibroblasts whose contractile properties can compress or widen the intervillous

space (Feller et al., 1985, Demir et al., 1997), these novel data suggest a mechanism where
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Table 3.1 Biometric indicators of clinical intrauterine growth restriction (IUGR) and
corresponding parameters in normal female concepti at mid-gestation as compared with

males”.

Clinical IUGR Normal female concepti

Size and asymmetry (Platz and Newman, 2008)

Smaller biparietal diameter, head circumference Lower brain weight

Smaller abdominal circumference Lower liver weight

Lower estimated fetal weight or birth weight Lower fetal body weight
Elevated head to abdominal circumference ratio Higher brain:liver weight ratio

Body composition (Cetin et al., 2008; Petersen et al., 2008)

Thinness, low ponderal index Thinner, lower ponderal index

Higher relative lean body mass Higher muscle:fetal body weight ratio
Higher bone:fetal body weight ratio

Reduced subcutaneous fat mass and lean mass Lower muscle and bone mass, fat

mass not determined

Placental characteristics (Platz and Newman, 2008; Mayhew et al., 2003)

Smaller placenta Lower placenta weight
Lower trophoblast volume Lower trophoblast volume
Lower stromal volume Lower fetal connective tissue

volume/ volume density

Lower capillary volume Capillary volume similar to males
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Table 3.1 continued

Umbilical cord characteristics and blood flow

(Bruch et al., 1997; Cetin et al., 2008; Raio et al., 2003)

Increased blood flow resistance Smaller umbilical cord vessel diameters
Umbilical cord length similar to males

Lower umbilical venous volume flow, and/or Smaller umbilical cord vein diameter

smaller umbilical vein cross-sectional area

Thinner umbilical cord Thinner umbilical cord
Centralization of fetal circulation or Higher brain:liver weight ratio
blood flow redistribution Higher brain:fetal body weight ratio

Higher heart:fetal body weight ratio

& Mid-gestation is week 21.
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differences in placental tissue composition contribute to lower nutrient transfer to the female

fetus.

Substrates from trophoblast cells enter the fetal placental capillary networks that
culminate in the umbilical cord vessels (Gude et al., 2004). In the present study, placental
capillary volume and volume density did not differ between sexes, but umbilical cord vein
and artery diameters of female concepti were smaller than those of males. In the course of
uncomplicated pregnancy changes in umbilical vessel diameter correlate with changes in
blood flow (Sutton et al., 1990) and in IUGR, lower umbilical cord vein cross-sectional area
is associated with reduced venous flow (Boito et al., 2002). The effects of our observed
differences in the female placental-umbilical vascular system on blood flow and nutrient
supply are exacerbated by an umbilical cord that is similar in length to males, because blood
flow resistance is proportionate to umbilical vessel length (Adamson, 1999, Sherwood, 2013).
Furthermore, thicker cords contain higher volumes of Wharton’s jelly, which enhances blood
flow to the fetus (Di Naro et al., 2001) and lower cord diameter of females in the present
study likely reflects less Wharton’s jelly (Filiz et al., 2011). In any case, cord compression
selectively increases resistance, especially in the venous outflow tract (Iwamoto et al., 1991,
Adamson, 1999) and resistance to blood flow in smaller umbilical cord vessels of females is
thus amplified by their thinner cord. Overall, our results indicate that an umbilical cord
phenotype that is thin and long, with smaller vein and artery diameters, contributes to fetal

growth restriction in females at mid-gestation.

The analyses of relationships between critical parameters of placental-fetal phenotype
provided further evidence for sex-specific differences in blood supply to the fetus. In both
sexes we observed strong positive relationships of fetal body- and liver weight with placental
weight and umbilical cord diameter, but only females also displayed similar positive
relationships of fetal body- and liver weight with both cord vessel diameters. This indicates

that placental weight and umbilical cord diameter are general determinants of fetal growth,
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while cord vessel diameters have critical growth-regulating effects in the female conceptus
only. In IUGR brain to liver volume ratio is negatively correlated with umbilical venous
volume flow relative to fetal weight, consistent with a restriction of fetal blood supply by
smaller umbilical vein and artery diameters (Boito et al., 2003). Considering the IUGR-like
phenotype of female concepti described in our study, it is therefore not surprising that we
observed negative relationships of fetal brain to liver and fetal brain to body weight ratios
with umbilical vein and artery diameters in females but not males. Taken together, our
analyses of phenotypic relationships indicate that sex-specific phenotypes of both umbilical
vein and artery contribute to lower blood flow in females, as described for asymmetric IUGR

(Bruch et al., 1997, Raio et al., 2003).

High levels of cord blood y-glutamyl transferase (GGT) activity at birth have been
linked to hepatic immaturity (Garcia et al., 1987), placental insufficiency (Bartnicki et al.,
1989) and IUGR (Johnson et al., 2003). This is consistent with higher GGT activity in cord
blood of the female conceptus in the present study, which displayed lower placental capacity
and a broad spectrum of other IUGR characteristics. Furthermore, we found that only in
females were cord vessel diameters positive predictors of absolute liver weight, an indication
for altered blood flow effects on liver growth and maturation. This is also consistent with the
lower cholesterol levels we observed in the female conceptus; another characteristic of IUGR
neonates (Pecks et al., 2012). Fetal de novo cholesterol synthesis occurs predominantly in the
liver and demand for cholesterol is positively related to fetal growth rate (Haave and Innis,
2001). Thus, it appears that serum cholesterol is also affected by altered hemodynamics and
lower perfusion and growth of the female fetal liver. Hypoglycemia is a common feature of
IUGR neonates (Nieto-Diaz et al., 1996), but we found no evidence for lower cord blood
glucose levels in the female conceptus at mid-gestation. This could be due to gestational age

or experimental procedures, i.e., fasting dams prior to sacrifice (see methods).
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The insulin-like growth factor (IGF) system is a major regulator of conceptus growth
(Fowden, 2003) and fetal circulating IGF1 increases throughout gestation while IGF2
increases as gestation progresses and then declines in the third trimester (Reece et al., 1994,
Carretal., 1995). Inthe IUGR neonate cord serum levels of IGF1 and IGF2 are lower than in
controls (Guidice et al., 1995) and, consistent with the described dominant role of IGF2 in
early fetal growth and development (Gluckman, 1995), we found that cord serum IGF2, but
not IGF1 levels, were lower in female concepti at mid-gestation. In addition, IGF2 gene
expression in brain and heart tissue of females was lower than in males, while IGF1 gene
expression was similar in all tissues studied. Our findings imply female-specific nutrient
restriction, since fetal IGF expression is responsive to changes in placental nutritional supply
(Owens et al., 1994, Gluckman, 1995). We found no relationship between fetal weight and
fetal circulating IGF2 in either sex, indicating that growth promoting actions of IGF2 at mid-
gestation are likely mediated through the placenta (Baker et al., 1993, Fowden, 2003). The
female-specific negative relationships of placental and liver weights with circulating IGF2,
and the female-specific positive relationship of brain to liver weight ratio with circulating
IGF2, support the view that IGF2 may act as a fetal demand signal to the placenta, as
previously demonstrated by gene deletion studies in mouse (Constancia et al., 2002,
Constancia et al., 2005). Growth-promoting effects of IGFs are regulated by binding proteins
(IGFBPs) which transport IGFs in plasma, increase their half-life and regulate the availability
of free IGFs (Rosenfeld et al., 1999). Lower IGFBP3 concentrations have been reported in
IUGR neonates (Guidice et al., 1995) and we found lower cord serum total IGFBP levels in
females at mid-gestation, potentially a compensatory mechanism to increase IGF availability
in response to lower circulating IGF2. The mechanisms for differences in circulating IGFBPs
are unclear; we found no sex-differences in expression of IGFBP1-6 genes in fetal brain, heart
muscle, liver, skeletal muscle or placenta. However, lower circulating IGF2 levels observed

in females were accompanied by similar differences in IGF2 gene expression in fetal heart
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(see above), an organ that also displayed consistent trends (each P<0.10) for lower expression
of IGFBP2, -3, and -6 genes in females. Thus, the present data indicate sex-specific

expression of multiple components of the IGF axis.

We have shown that the normal female conceptus at mid-gestation is in a growth-
restricting mode of development that resembles asymmetric IUGR. Female-specific
relationships of fetal body weight and brain to liver weight ratios with umbilical cord artery
and vein diameter indicate that the umbilico-placental vascular system is growth limiting for
female fetuses. This, and reduction in size of critical umbilico-placental structures, creates a
scenario where the female conceptus reorganizes distribution of venous blood flow to favor
brain growth. Higher GGT and lower cholesterol levels in females as symptoms of altered
liver perfusion lend further support to this phenotype, while lower circulating IGF2 indicates
restricted nutrient supply or lower nutrient demand. Based on the extensive body of literature
on prenatal programming of postnatal health and disease (Barker, 1995, Forsen et al., 1999,
Eriksson et al., 2010, Hernandez-Medrano et al., 2015), we postulate that adaptation of
females to lower nutrient supply by mid-gestation at the onset of accelerated growth has (i)
long lasting physiological effects per se and (ii) confers resilience to the female fetus against
insults later in pregnancy. This can explain better adjustment of females to changes in
intrauterine environment (Clifton, 2010), higher risk for males of adverse perinatal outcomes
(Vatten and Skjeerven, 2004, Aibar et al., 2012), and ultimately, sex-bias in non-
communicable disease later in life (Wild et al., 2004, Mikkola et al., 2013). Our study affirms
the need for fetal sex-specific prenatal care to optimize health outcomes. Detailed molecular
profiling of key tissues is now required to identify drivers of sex-specific fetal growth that

will aid in identifying fetuses at risk and in developing intervention strategies.
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3.4 Methods

3.4.1 Concepti

We used Bos taurus taurus (Angus, A) and Bos taurus indicus (Brahman, B) genetics
to generate purebred and reciprocal cross concepti for comparison of placental and fetal
parameters across a range of normal fetal weights (Supplementary Table S3.1). All animals
and procedures used were approved by The University of Adelaide Animal Ethics Committee
(N0.S-094-2005). Nulliparous dams at 16-20 months of age were purchased from farms in
South Australia and Queensland and transferred to Struan Agricultural Centre, Naracoorte,
South Australia. Dams were managed and fed in one group. Pregnancies were established
after standard estrous cycle synchronization procedures following an adjustment period of 3-4
weeks after animal purchase (Xiang et al., 2014). Conceptus sex was unknown until animals
were sacrificed. A total of 45 female and 27 male concepti were recovered at day 153 +1 post

insemination (term 279-291 days, Andersen and Plum, 1965).

3.4.2 Collection of samples and phenotype data

Pregnant animals were fasted 24 h before sacrifice under standardized conditions in an
abattoir. Entire uteri were removed and opened by longitudinal incision and the fetus
removed after clamping and cutting the umbilical cord immediately above the placenta.
Blood samples were collected in Lithium-Heparin-LH and Serum Z S-Monovettes®
(Sarstedt) after cutting the cord above the clamp. Serum and plasma samples were obtained
after centrifugation and stored frozen at —80 °C until further analysis. Fetal weight, cord
weight and length and fetal organ weights (brain, heart, lung, liver and kidneys) were
recorded and organ samples including skeletal muscle (M. semitendinosus) and placenta
(cotyledon) stored in RNAlater (Ambion). A placentome close to the fetus was removed for
histology and placed in a Petri dish with the chorionic plate facing up. A 5 mm-thick cross

section through the center of this placental sample was excised and fixed in ice cold 4%
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paraformaldehyde and 2.5% PVP-40 PBS for 24 h. The sample was then washed four times
with 1% PBS and stored in 70% ethanol until embedding in paraffin. The entire umbilical
cord was washed in 1% PBS and stored in 70% ethanol until further analysis of cord vessels.
After collecting and weighing fetal fluids, eviscerated fetuses and uteri with attached
placentae were vacuum-packed and stored frozen at —22°C until dissection for muscle, bone
and placental parameters (see below). Ratios of organ to body weight were calculated by
dividing organ weights by entire fetus weight. Brain to liver weight ratio was obtained in the
same manner. Placental efficiency was calculated by dividing fetus weight by placental

weight.

3.4.3 Fetal muscle, bone and ponderal index

Four representative muscles/muscle groups from front limb (Musculus supraspinatus), back
(M. longissimus dorsi) and hind limb (M. semimembranosus and M. quadriceps femoris) were
dissected and weighed (Xiang et al., 2013). Fetal muscle mass was calculated as the sum of
the weights of these muscles. Twelve bones, Os mandibulare, Os scapulare, Os humeri, Os
radiale, Os ulnare, Ossa metacarpalia, Os costale VI, Os pelvis, Os femoris, Os tibiale, Ossa
metatarsalia and Columna vertebralis were removed and processed to obtain bone weights
(Xiang et al., 2014). Fetal bone mass was calculated as the sum of the weights of the twelve
bones. Femur length was measured between the most distal points of epiphyses and fetus
length was measured as length of the spinal column. Ponderal index (PI) was calculated as

fetus weight, kg/(total spine length, m)>.

3.4.4 Umbilical cord and umbilical vessel diameters

Umbilical cord diameter was calculated from cord length and weight using the
formula previously reported (Proctor et al., 2013). Cord artery and vein diameters were

measured using a caliper after cross sectioning the cord at mid-length.
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3.4.5 Immunohistochemisty and histomorphometric analysis of the placenta

Five um thick longitudinal slices were cut from embedded samples and an indirect
double label immunohistochemistry performed for three days as described previously
(Roberts et al., 2001) with minor modifications. These included the use of 10% porcine
serum and 1% BSA in 1% PBS to block non-specific binding, and 1:10 and 1:400 dilutions of
the primary antibodies, mouse anti-human Vimentin clone Vim3B4 (DakoCytomation) and
mouse anti-human cytokeratin AE1/AE3 (Millipore), respectively. Biotinylated goat anti-
mouse antibody (DakoCytomation) in 10% pig serum at a 1:200 dilution was used as the
secondary antibody. Hematoxylin (Sigma) and Eosin (Sigma) were used as counterstains and
negative controls without primary antibodies were included in each batch.

A high resolution image of the whole stained placental section was captured using a
NanoZoomer C9600 slide scanner (Hamamatsu Photonics K.K.). Ten fields at 200x
magnification were selected and the first field’s location chosen at random, followed by the
other fields which were 1 mm apart, using the software NDP.view version 1.0.0 (Hamamatsu
Photonics K.K.). Digital images of the fields were imported in Video Pro software (Leading
Edge). With the aid of a L-36 Merz grid transparency overlaying the monitor screen, a total
of 360 points were counted for each section. The volume densities of the different placental
cell types including maternal epithelium, maternal capillaries, maternal connective tissue,
trophoblast, fetal capillaries, fetal connective tissue and large maternal septa as ‘other’, were
computed as previously reported (MacLaughlin et al., 2005). Trophoblast cells stained brown
had one or two nuclei and were apposed to the maternal epithelium. Capillaries or blood
vessels, located very close to trophoblast or maternal epithelial cells, were identified as
having darkly stained circular or elongated opening (i.e., lumen of a blood vessel) with or
without the presence of red blood cells. On the other hand, connective tissue appeared fibrous
and not as darkly stained as a blood vessel or capillary opening. The volume in cm?® of each

placental component was determined based on the weight of analyzed placentomes after
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confirming a 1:1 w/v relationship in collected Placenta materna samples.  Other
morphometric parameters such as trophoblast and maternal epithelium surface density
(cm?/g), total surface area (cm?), and barrier thickness (m) were estimated using intercept

counting. A field was counted five times and the coefficient of variation was less than 5%.

3.4.6 Clinical-chemical parameters in cord serum

Cord serum samples were assayed for electrolytes (total Ca, Cl, Mg, Na, P, K),
metabolites (albumin, cholesterol, creatinine, globulin, glucose, total protein, triglycerides,
urea) and enzymes (ALP, ALT, GGT, GLDH) using the Beckman-Coulter AU Clinical
Chemistry Analyser AU 480 (Beckman Coulter). Lactate and chloride were measured using a

Radiometer 725 (Diamond Diagnostics).

3.4.7 Insulin-like growth factors (IGFs) and total IGF-binding protein (IGFBP) in

cord plasma

Concentrations of cord plasma IGF1, IGF2 and total IGFBP binding were measured
by RIA after separation of IGFs and IGFBPs by size-exclusion HPLC under acidic conditions
as described previously for neonatal bovine plasma samples (Micke et al., 2010). Recovery
of °I-IGF1 was 92.5 + 0.5% for 9 HPLC runs of fetal plasma. Samples were assayed in
triplicate in each assay. Plasma IGF1 concentrations were measured by analysis of
neutralized HPLC fraction 3, in a RIA specific for IGF1 using a rabbit polyclonal antibody to
human IGF1 (GroPep) (Francis et al., 1989). Total IGFBP binding protein (tIGFBP)
concentrations were measured by analysis of neutralized fraction in the same assay. As
IGFBP bind to and sequester **I-IGF1 in this assay, they can be measured due to their effect
of reducing the amount of ***I-IGF1 in the immunoprecipitated pellet, giving an apparent IGF
concentration that reflects the total amount and binding affinity of IGFBP present in plasma
(Sullivan et al., 2009). The inter-assay CV for HPLC separation and RIA of IGF1 was 5.4%
(n = 5 assays) and the intra-assay CV for extraction and assay was 10.9% for a neonatal

bovine plasma QC sample containing 43.9 ng/mL of IGF1. Plasma IGF2 concentrations were
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measured by analysis of HPLC fraction 3 in a RIA specific for IGF2 (Carr et al., 1995). The
inter-assay CV for HPLC separation and RIA of IGF2 was 2.1% (n = 3 assays) and the intra-
assay covariance for extraction and assay was 13.7% for a neonatal bovine plasma QC sample

containing 94.2 ng/mL of IGF2.

3.4.8 Expression of genes from the IGF system in placenta and fetal tissues

Relative expression levels of IGF1, IGF2, IGF1R, IGF2R, INSRA, INSRB, and
IGFBP1-6 were determined by real-time quantitative PCR (QPCR). RNA was extracted from
brain (telencephalon), heart (apex), liver (Lobus hepatis sinister), skeletal muscle (M.
semitendinosus) and placental (cotyledon) tissue using TRI Reagent (Ambion) in combination
with ceramic beads (MoBio Laboratories) and a Precellys 24 tissue homogeniser (Bertin
Technologies) following the manufacturer’s instructions. RNA quantity and quality were
assessed by NanoDrop ND-1000 spectrophotometer (Thermo Scientific) and Agilent RNA
6000 Nano Kit with Bioanalyzer 2100 (Agilent Technology). RNA integrity number
averaged 8.4 for brain, 8.5 for heart, 8.1 for liver, 8.2 for skeletal muscle and 7.2 for placenta.
After DNase treatment (RQ1-DNase, Promega), 500 ng RNA was reverse transcribed using
Superscript 11l First-strand cDNA synthesis kit (Invitrogen) with random hexamer
oligonucleotides following the manufacturer’s instructions. Real-time gPCR reactions were
performed in an Eppendorf Mastercycler ep realplex (Eppendorf Inc.) using 4 pL of 40-fold
or 5.2 pL of 20-fold diluted cDNA, 0.8 pL of 5 pmol/uL primer mix and 6 pL of FastStart
Universal SYBR Green Master (Roche Diagnostics) in a total volume of 12 pL. A standard
curve comprised of a 2-fold serial dilution of pooled cDNA template for each fetal tissue over
eight data points, as well as a non-template control, were included in each gPCR experiment.
Fetal cDNA samples were measured in duplicate and cDNA standard curve data points in
triplicate. Primer sequences and other details of amplicons from 12 target and five reference

genes are shown in Supplemental Table S3.4. Target gene transcript abundance was
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normalized to the geometric mean of the transcript abundances of the most stably expressed

reference genes selected for each tissue using NormFinder (Andersen et al., 2004).

3.4.9 Statistical analyses

We used the general linear model procedure of SAS (SAS Inst.) and performed
ANOVA to determine effects of fetal sex adjusted for fetal genetic effects on investigated
parameters using the model:

Y =S +G; +¢;
where y;; were bovine concepti characteristics, S (; = male, female) was fetal sex effect and G
(= AxA, BxA, AxB, and BxB) was fetal genetic effect. Tables S3.5 to S3.8 show general
linear models and corresponding levels of significance of models and variables for parameters
affected by fetal sex.

Least square means with standard errors of means for male and female fetuses were
computed and compared using two-tailed t-test with a significance threshold of P<0.05. Data
with residuals that failed to follow normal distribution and could not be normalized by
logarithmic transformation were tested by Wilcoxon two-sample test with a significance
threshold of two-sided P< 0.05 (Table S3.9).

To determine  sex-specific  relationships between gross morphological,
histomorphological, endocrine and clinical-chemical parameters, the independent variable of
interest was nested within fetal sex and sex-specific regression slopes were derived using the
model:

Y =S +X(Si)+ei
where y; was the response variable, S (=male, female) the intercept estimate for fetal sex, and
X(S;) corresponded to the independent variable nested within fetal sex. Sex-specific
regression slopes and Pearson correlation coefficients were considered significant at P<0.05.
Regressions and correlations were not adjusted for genetics in order to be able to show

regression slopes and correlation coefficients with actual data points.
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Supplemental Tables

Table S 3.1, related to Results and Methods. Weight range and
numbers of male (M) and female (F) fetuses with defined Bos

taurus taurus (A) and Bos taurus indicus (B) genetics at mid-

gestation (Day 153).

Sire genetics listed first. Least square means + SEM are shown.

Fetal genetics Sex n Weight (kg)
AxA M 11 3.22+£0.10
AxA F 12 2.79+0.10
AxB M 7 2.69+0.12
AxB F 6 2.26 £0.13
B xA M 5 3.15+0.14
B xA F 17 2.64 +0.08
B xB M 4 2.39+0.16
BxB F 10 2.04 £0.10
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Table S 3.2, related to Figure 3.2. Histomorphometric placental parameters for male

and female concepti at mid-gestation (Day 153).

Least square means + SEM are shown.

Male Female P-value®
Volume density of placental tissues,V4
Maternal epithelium 0.413 £ 0.009 0.420 £ 0.007 0.5248
Maternal capillaries 0.062 +0.004 0.065 +0.003 0.5357
Maternal connective tissue 0.065 + 0.004 0.071 £ 0.003 0.2700
Trophoblast 0.374 £ 0.007 0.358 £+ 0.006 0.1096
Fetal capillaries 0.044 +0.003 0.046 +0.002 0.6283
Fetal connective tissue 0.025 = 0.003 0.017 +0.002 0.0079
Others (maternal septa) 0.016 +0.003 0.021 +0.003 0.1548
Volume of placental tissues, cm?
Maternal epithelium 16.40 £1.02 14.74 £0.80 0.2026
Maternal capillaries 241 +£0.18 2.28+0.14 0.5713
Maternal connective tissue 2.62 £0.20 2.45 +.0.16 0.4885
Trophoblast 14.77 £0.85 12,52 £0.67 0.0417
Fetal capillaries 1.79+0.16 1.62+0.12 0.5564
Fetal connective tissue 0.94+0.11 0.58 +£0.08 0.0075
Others (maternal septa) 0.64+£0.14 0.75+£0.11 0.5853



Table S 3.2 continued

Maternal and fetal exchange surface
Trophoblast surface density, cm?/g
Maternal epithelium surface density, cm?/g
Trophoblast surface area, cm?

Maternal epithelium surface area, cm?
Trophoblast barrier thickness, uM

Maternal epithelium barrier thickness, M

244.27 +5.18

255.97 +£5.30

9547.31 + 540.86

10117.42 +£597.48

1540 £0.38

16.34 £0.43

246.22 + 4.06

264.23 +4.14

8634.57 +424.09

9292.49 + 468.49

14.67 £0.30

16.02 £ 0.34

0.7672

0.2227

0.1893

0.2818

0.1405

0.5665

A Two-tailed t-test was used to identify significant differences at P<0.05 except for fetal

capillary volume (P>0.05), volume densities of maternal septa (P>0.05) and

fetal connective tissue (P<0. 01), where Wilcoxon two-sample test was used.
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Table S 3.3, related to Figure 3.3. Cord serum clinical-chemical

parameters for male and female concepti at mid-gestation (Day 153).

Least square means + SEM are shown.

Male Female P-value®
Electrolytes, mmol/L
Total calcium 3.21+0.04 3.18 £0.03 0.5494
Chloride 101.24 +1.21 100.78 +0 .95 0.6035
Magnesium 1.37 £0.03 1.37 £0.02 0.8901
Phosphorus 2.46 = 0.06 2.40+£0.04 0.4021
Potassium 7.55+0.18 7.19+0.14 0.1343
Sodium 137.15+1.49 135.96 +£1.17 0.5608
Metabolites
Albumin, g/L 17.21 +0.29 17.45 +0.22 0.5223
Cholesterol, mmol/L 1.30 £ 0.04 1.19 +£0.03 0.0156
Creatinine, mmol/L 0.10 £0.00 0.10 +£0.00 0.6244
Globulin, g/L 10.27 +0.16 10.29 +0.12 0.9482
Glucose, mmol/L 1.24 +0.10 1.43 +0.08 0.1341
Lactate, mmol/L 11.80 £0.31 11.37 £0.27 0.2314
Total protein, g/L 27.54 £0.46 27.96 £0.36 0.5364
Triglyceride, mmol/L 0.67 £0.02 0.63 £0.16 0.0870
Urea, mmol/L 5.14 £0.40 454 +0.32 0.2508
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Table S 3.3 continued

Enzymes, 1U/L"

ALP 195.33 +10.14 203.04 +7.96 0.5534
ALT 3.01+£0.20 3.23+£0.16 0.3215
GGT 3.94+0.23 4.71+0.19 0.0120
GLDH 4.81+1.36 7.35+1.08 0.1967

A ALP: Alkaline phosphatase; ALT: Alanine transaminase;

GGT: y-glutamyl transferase; GLDH: Glutamate dehydrogenase.

B Two-tailed t-test was used to identify significant differences at P<0.05
except for chloride, sodium, creatinine and GLDH where Wilcoxon two-
sample test was P>0.05.
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Table S 3.4, related to Methods. PCR Primers, annealing temperatures and size of
fragments used in real-time quantitative PCR measurement of transcript abundances for

housekeeping and insulin-like growth factor (IGF) system target genes.

Gene Primers® Ta®  Size® Accession no.P

VPS4A F  GAA GAC AGA AGG CTACTC GGG TG 60 106 NM_001046615.1
R ACAGACCTTTTTGAAGTGTGTTGCT

ACTB F CTCTTCCAGCCTTCCTTCCT 62 245 NM_173979.3
R CCAATCCACACGGAGTACTTG

RPS9 F  TAG GCG CAG ACG GGC AAA CA 60 136 NM_001101152.2
R CCCATACTC GCC GATCAGCTT CA

GAPDH F GGGTCATCATCTCTGCACCT 60 264 NW_003103940.1
R CAT AAG TCC CTC CAC GAT GC

H3F3A F  ACTGCT ACAAAAGCCGCTC 60 231 XM_003586223.1
R ACTTGC CTC CTG CAA AGC AC

IGF1 F GATGCTCTCCAGTTC GTG TGC 58 140  NW_003103925.1
R TCCAGCCTC CTC AGATCA CAG

IGF1R F GATCCCGTGTTCTTCTACGTTC 58 100 XM_606794.3
R AAG CCT CCC ACT ATC AAC AGA A

INSR-A F TCCTCA AGG AGC TGG AGG AGT 59 89  AJ488553
R TTT CCT CGA AGG CCT GGG GAT

INSR-B F TCCTCA AGG AGC TGG AGG AGT 59 110 AJ320235
R TAGCGT CCT CGG CAACAGG

IGFBP1 F ACC AGC CCAGAG AATGTGTC 59 119 NW_003103902.1
R CTGATG GCATTC CAG AGG AT

IGFBP2 F CAC ATC CCC AAC TGT GAC AA 58 114 NW_001494682.3

R GAT CAG CTT CCC GGT GTT AG



Table S 3.4 continued
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IGFBP3

IGFBP4

IGFBP5

IGFBP6

IGF2

IGF2R

CTACGA GTC TCA GAG CAC AG

GTG GTT CAGCGTGTCTTCC

ATG TGC CTG ATG GAG AAA GG

GCCATCCTGTGACTT CCT GT

CAA GCC AAG ATCGAAAGAGACT

AAG ATCTTG GGC GAG TAGGTC T

GGA GAG AAT CCC AAG GAG AGT A

GAG TGG TAG AGG TCC CCG AGT

CTTCGCCTCGTGCTGCTATG

GTCGGTTTATGCGGCTGGAT

GATGGTAATGAGCAGGCTTACC

ATCTCCTCCATCAGCCACTC

58

57

60

60

60

60

103

106

85

100

134

123

NT_181996.1

NM_174557.3

NM_001105327.1

NM_001040495.1

NM_174087.3

NM_174352.2

A Forward (F) and reverse (R) primers are given. ® Annealing temperature.

© Amplicon size in basepairs. ° GenBank accession number of DNA sequence

used for primer design.
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Table S 3.5 General linear models (Type 111 sums of

squares) with R-squared values and significance

levels (P-values) of models and variables for fetal

parameters with significant effect of sex.

Parameters R-square P-value
Model Genetics Sex

Body weight 0.61 <0.0001 <0.0001 0.0001
Body length 0.50 <0.0001 <0.0001 0.0224
Brain weight 0.15 0.0260  0.1709 0.0216
Bone weight 0.44 <0.0001 <0.0001 0.0014
Femur length 0.35 <0.0001 <0.0001 0.0510
Heart weight 0.57 <0.0001 <0.0001 0.0114
Kidney weight ~ 0.52 <0.0001 <0.0001 0.0002
Lung weight 0.52 <0.0001 <0.0001 0.0005
Muscle weight ~ 0.75 <0.0001 <0.0001 0.0022
Brain: Body 0.63 <0.0001 <0.0001 <0.0001
Brain:Liver 0.52 <0.0001 <0.0001 0.0007
Heart:Body 0.21 0.0034 0.0111  0.0045
Muscle:Body 0.61 <0.0001 <0.0001 0.0092
Bone:Body 0.21 0.0028 0.0025 0.0352
Ponderal Index  0.28 0.0020  0.1024 <0.0001




Table S 3.6 General linear models (Type 111 sums of squares) with R-

squared values and significance levels (P-values) of models and variables for

placental parameters with significant effect of sex.

Parameters R? P-value

Model  Genetics  Sex
Placental gross morphology
Total placenta weight 0.53 <0.0001 <0.0001 0.0164
Total placental efficiency 0.36 <0.0001  0.0002 0.0063
Cord weight 0.19 0.0098  0.0117 0.0228
Cord vein diameter 0.29 0.0002  0.0001 0.0102
Cord artery diameter 0.35 <0.0001 <0.0001 0.0014
Placental histomorphology
Fetal connective tissue volume 0.14 0.0455  0.5993 0.0075
Trophoblast volume 0.17 0.0152 0.0294 0.0417
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Table S 3.7 General linear models (Type 111 sums of squares) with R-
squared values and significance levels (P-values) of models and variables for
clinical-chemical and IGF parameters in fetal cord blood parameters with

significant effect of sex.

Parameters R? P-value

Model  Genetics Sex

Clinical-chemical serum parameters

Cholesterol 0.37 <0.0001 <0.0001 0.0156
GGT 0.38 <0.0001 <0.0001 0.0120
Fetal IGF plasma concentration

Fetal IGF2 0.19 0.0071 0.0453 0.0234

Fetal IGFBP 0.35 <0.0001 <0.0001 0.0003

Table S 3.8 General linear models (Type 111 sums of squares) with R-
squared values and significance levels (P-values) of models and
variables for gene expression levels of IGF2 in selected fetal organs

with significant effect of sex.

Parameters R? P-value

Model Genetics Sex

IGF2 Brain 0.17 0.0246  0.0396 0.0343

IGF2 Heart 0.15 0.0321  0.3187 0.0062
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Table S 3.9 Wilcoxon two-sample test results for parameters with
significant effects of sex where residuals do not follow normal

distribution after logarithmic transformation.

Parameters Wilcoxon Two-sample Test

Two sided Pr>/z/

Liver weight 0.0029, z = 2.97, Statistic = 1242
Cord diameter 0.0408, z = 2.05, Statistic = 1043

Fetal connective tissue volume density  0.0079, z = 2.65, Statistic = 1124
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Supplemental Figures
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Figure S 3.1, related to Results. Transcript abundances for genes of the insulin-like
growth factor (IGF) system in tissues of male and female concepti.

Transcript abundances measured for females (white bar) are compared within tissue relative
to values obtained for males (black bar). Data are least square means = SEM relative to males
set as 1 with numbers of individuals indicated inside bars. PCR primers and annealing
temperatures for target and housekeeper genes are presented in supplementary table S2. ND:
Transcript not detected. Two tailed 7-test was used to calculate statistical difference between
groups. " P<0.10; ¥*P<0.05; **P<0.01. Wilcoxon two sample test was used for IGFBP2 in

heart, “P<0.10.
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Figure S 3.2, related to Figure 3.4A. Relationships of liver weight with placental weight
and umbilical cord characteristics in male and female concepti.

Vein: Umbilical cord vein. Artery: Umbilical cord artery. Regression lines for significant
relationships, Pearson product moment correlation coefficients and P-values are indicated.

NS: not significant, P>0.05.
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Figure S 3.3, related to Figure 3.4B. Relationships of brain to liver weight ratio with

placental weight and umbilical cord characteristics in male and female concepti.

Vein: Umbilical cord vein. Artery: Umbilical cord artery. Regression lines for significant

relationships, Pearson product moment correlation coefficients and P-values are indicated.

NS: not significant, P>0.05.
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Abstract

Heterosis, defined as the superior performance of F; hybrids over their parents, has been used
for centuries to increase yield in plants and animals. However, the biological basis of
heterosis is poorly understood as it does not follow standard genetic models. Based on
theoretical prediction that genomic imprinting may mimic overdominance and heterosis, we
investigated if imprinting effects could explain heterosis. We used purebred and reciprocal
cross Bos taurus taurus (Angus, A) and Bos taurus indicus (Brahman, B) cattle that display
one of the strongest known heterotic phenotypes in mammals. We intercepted concepti at
mid-gestation, when the fetus enters accelerated growth but does not yet display heterosis in
weight, to map drivers of heterosis in placenta as the major organ regulating prenatal growth
that predicts postnatal performance. Our analyses at the gross morphological,
histomorphological and molecular levels revealed 9 maternal, 3 paternal and 9 polar
over/underdominance patterns consistent with genomic imprinting effects but only 2 with
additive genetic effects. Strikingly, placental polar overdominance patterns at midgestation
mirrored polar overdominance in birthweight. We found that increased nutrient supply via
maternal A genome effects on placental phenotype, combined with increased nutrient transfer
capacity via polar overdominance effects of paternal B genome on umbilical cord phenotype,
provide the basis for heterosis in birth weight of BXA hybrids. Polar overdominance in
expression of imprinted IGF2R in Placenta fetalis of BxA hybrids, and correlation of
transcript abundance with number of feto-maternal syncytia in placenta, are consistent with an
active signalling role of IGF2R in placenta and a further indicator of superior placental
performance as the driver of heterosis. In conclusion, we have shown that phenotypic
expression patterns consistent with imprinting effects on placental and umbilical cord
parameters and in agreement with the conflict of interest theory of genomic imprinting drive

mammalian heterosis in utero.
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4.1 Introduction

Heterosis is defined as the superior phenotype of first generation hybrids compared to
their parents. This has been used for centuries globally to generate superior plant and animal
phenotypes, but heterosis is also starting to be recognized in human health and disease
(Campbell et al., 2007). However, the mechanistic basis of heterosis is still poorly understood
and conventional heterosis hypotheses based on standard genetic models, i.e., dominance,
heterozygosity per se with overdominance, and epistasis, have generally failed to fully
explain heterosis. As a result, heterosis effects cannot be predicted and frequently have to be
determined in test-crosses (Hochholdinger and Hoecker, 2007, Lippman and Zamir, 2007,
Springer and Stupar, 2007). Work in plants has nevertheless demonstrated that significant
heterosis effects can be caused by single genetic loci (Krieger et al., 2010).

Modelling data have long indicated that genomic imprinting, i.e., parent-of-origin
specific monoallelic gene expression, can mimic overdominance (Chakraborty, 1989). More
recently, epigenetic mechanisms, which regulate gene expression without changing the DNA
sequence, have been correlated with heterosis in plants. This includes changes in DNA
methylation, histone modifications and expression of non-coding RNAs involved in RNA
interference (He et al., 2013, Groszmann et al., 2013). Potential epigenetic components in
mammalian heterosis, on the other hand, have not yet been determined. Recent studies in
crosses between inbred strains of mice to identify imprinting effects on phenotypic traits
demonstrated phenotypic patterns representing maternal, paternal and dominance imprinting
(Cheverud et al., 2008, Wolf et al., 2008b). Dominance imprinting was further sub-classified
into either bipolar, or polar over- or underdominance (Cheverud et al., 2008, Wolf et al.,
2008a). In polar over- and underdominance, one type of heterozygous progeny differs from
the reciprocal cross depending on the parental origin of alleles and differs from the two
parental homozygotes. Polar overdominance was first reported in sheep manifesting

generalized muscle hypertrophy due to the Callipyge mutation (Cockett et al., 1996). The
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non-Mendelian and paternal mode of inheritance of the Callipyge phenotype correlates with
changes in imprinted gene expression and is caused by a mutation in a non-coding RNA and
thought to arise from trans-interaction between transcripts of reciprocally imprinted genes
(Georges et al., 2004, Gao et al., 2015). Polar overdominance has since been reported for a
range of phenotypes in other mammals including human, mouse and pig (Kim et al., 2004,
Cheverud et al., 2008, Wermter et al., 2008, Boysen et al., 2010).

Crosses between Bos taurus indicus and Bos taurus taurus display one of the most
pronounced heterotic phenotypes known in mammals with significant heterosis in a broad
range of phenotypic traits including pre- (+11%) and postnatal (+19%) growth (Brown et al.,
1993a, Brown et al., 1993b). The two types of cattle originate from different wild ancestors
with subspecies status and represent maximum intraspecies divergence (Hiendleder et al.,
2008). Interestingly, the significantly higher birth weight of B. t. indicus sired hybrids is
consistent with polar overdominance. This pattern persisted after embryo transfer (Amen et
al., 2007, Dillon et al., 2015) suggesting that epigenetic factors of the conceptus and not
maternal intrauterine effects are responsible for significantly higher prenatal growth of
hybrids.

Birth weight is a proxy for prenatal growth and development and a strong predictor of
postnatal performance in mammals (Lubchenco et al., 1963, Holland and Odde, 1992). Fetal
programming of birth weight and postnatal phenotype is a well-established paradigm in
human and animal models, with a central role of the placenta providing nutrients and oxygen
for the conceptus (Morrison, 2008, Barker et al., 2012,). The conflict theory of evolution of
imprinting is based on resource allocation to offspring, where paternally expressed genes are
growth promoting and maternally expressed genes have an opposing growth limiting effect
(Moore and Haig, 1991). It is therefore not surprising that imprinted genes play a key role in
the placenta, where a carefully regulated balance between the expression of genes from the

paternal and maternal genomes is required (McMinn et al., 2006).
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The insulin-like growth factor (IGF) system regulates feto-placental growth and
development (Roberts et al., 2008) and includes paternally expressed IGF2 and maternally
expressed IGF2R (Barlow et al., 1991, DeChiara et al., 1991), which recapitulate the conflict
theory with growth promoting and growth inhibiting functions of ligand (IGF2) and receptor
(IGF2R), respectively (Haig and Graham, 1991). Disruption of paternal IGF2 expression
results in a smaller placenta and fetal growth retardation (DeChiara et al., 1990, Baker et al.,
1993) in mouse while disruption of maternal IGF2R expression results in placental and fetal
overgrowth (Lau et al., 1994, Ludwig et al., 1996). Two long non-coding RNAs, the
maternally expressed H19 downstream of IGF2 (Gabory et al., 2010) and the paternally
expressed anti-sense to IGF2R, AIRN (Latos et al., 2012), are involved in IGF2/IGR2R
imprinting. More recently, H19, a master regulator of an imprinted gene network that
controls growth in mouse (Gabory et al., 2009), was shown to harbour microRNAs that limit
placental growth (Keniry et al., 2012). Furthermore, AIRN is involved in the regulation of
imprinted placental genes including organic cation transporters, OCT2/SIc22a2 and

OCT3/SIc22a3 (, Sleutels et al., 2002, Monk, 2015).

The central role of the placenta as a target for genomic imprinting (Wang et al., 2013),
and changes in expression of imprinted genes such as IGF2 (Zechner et al., 2002) associated
with placental and fetal overgrowth due to interspecies hybrid dysgenesis in mouse, lead us to
hypothesize that intraspecies mammalian heterosis involves changes in imprinted gene
expression and is programmed via the placenta in utero. To address this, we intercepted
purebred and reciprocal cross B.t. indicus and B.t. taurus concepti at mid-gestation as they
enter accelerated growth before displaying heterosis in fetal weight to capture the drivers of
heterosis in birth weight. We found polar overdominance in fetal fluid volume, umbilical
cord weight, umbilical artery and vein diameters and placental IGF2R/AIRN expression in B.t.
indicus sired B.t. indicus x B.t. taurus concepti which mirrored reported (Brown et al., 1993b)

polar overdominance in birth weight. Together with positive correlations between
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abundances of imprinted transcripts and placental characteristics our findings indicate for the
first time that heterosis in birth weight is driven by non-Mendelian placental effects that

change placental-umbilical phenotype and increase nutrient supply to the fetus.

4.2 Results

4.2.1 Phenotypic patterns of gross morphological, histological and molecular

parameters of purebred and hybrid concepti

The four different combinations of Bos t. taurus (Angus, A) and Bos t. indicus
(Brahman, B) maternal and paternal genomes revealed twenty-one genomic imprinting
patterns (Wolf et al., 2008a), including maternal- and paternal expression, polar over- and
underdominance, and bipolar dominance, but only two additive patterns (Chen, 2013), for
parameters significantly affected by fetal genetics (Figure 4.1-4.5, Table 4.1).

Maternal or paternal genome effects are characterized by similar means for a hybrid and
its corresponding maternal- or paternal purebred with significant differences between the
different respective hybrid-purebred combinations. We found maternal genome effects for
fetal body weight and the majority of gross and histomorphological placental parameters,
including Placenta materna- and Placenta fetalis- weights, number of placentomes in the
gravid horn, number and average weight of convex placentomes in both uterine horns, volume
of trophoblast cell, surface area of maternal epithelium and trophoblast, and surface density of
maternal epithelium (Figure 4.1-4.3). In all these parameters BxA (paternal genome listed
first) and AxA concepti displayed higher values than AxB and BxB concepti. Paternal
genome effects were present in umbilical cord length and number and proportion of syncytia

with higher values for BxA and BxB than for AxB and AxA concepti (Figure 4.1, 4.4).

In polar over- and underdominance, the phenotypic value for one of the reciprocal
hybrids is significantly higher or lower than those for the three other genome combinations.
We observed polar overdominance in BxA concepti for fetal fluid volume, cord weight, cord

artery and vein diameters and placental IGF2R and AIRN transcript abundances (Figure 4.1,
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4.5). We also classified maternal connective tissue volume as polar overdominant in the BxA
hybrid as comparisons with AxB and BxB concepti were significant (P<0.05) and
comparison with AxA approached significance at P<0.10 (Table 4.1). Maternal epithelium
volume was included although the P-value (P=0.13) for the BxA and AxA comparison was
higher. A clear pattern of polar underdominance was observed for one parameter, Placenta

fetalis efficiency, in the BxA combination (Figure 4.1).

Additive expression patterns, where the reciprocal hybrids are not significantly different
and similar to the parental mean, were found for IGF2 and H19 transcript abundances in the
placenta (Figure 4.5). We found no significant fetal genetic effects on IGF1-, INSRA- and
IGFBP2-5 transcript abundances and placental expression of IGF1R and IGFBP1 and -6 in

our bovine resource was below detection limit.

4.2.2 Relationships between imprinted gene expression and Qross

morphological and histomorphological phenotype

Fetal weight and Placenta fetalis weight were both negatively correlated with placental
expression of IGF2 and H19. In contrast, Placenta materna weight was not correlated with
these transcripts. Furthermore, the total number of syncytia was positively correlated with
IGF2, IGF2R, H19, and AIRN expression, while proportion of syncytia was positively

correlated with IGF2 and H19 only (Figure 4.6).
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length displays paternal expression
pattern. The BXA hybrid exhibits
polar overdominance on cord
phenotype and fetal fluid volume.
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Figure 4.2 Convex and flat placentome types in bovine at mid-gestation, where total
number and average weight of convex placentomes show maternal genome effects.
Purebred (AxA, BxB) and reciprocal cross (BxA, AxB, paternal genome listed first)
placentae. Data presented as least square means £+ SEM. Two tailed t-test used to compare
means where ***P<(0.001, ** P<0.01, **P<0.05. Red line represents the mid-parent value,
1.e., mean value of AA and BB. Representative photomicrographs of convex (A) and flat (B)

bovine placentomes. Scale bar 2.5mm.
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volumes of maternal epithelium and maternal connective tissue show polar

overdominance of the BXA hybrid.

Purebred (AxA, BxB) and reciprocal cross (BxA, AxB, paternal genome listed first)

placentae. Data for volume of placental cell types (panel A) and measurements reflecting

placental exchange (panel B) are presented as least square means = SEM. Two tailed t-test

used to compare means where ***P<(0.001, ** P<0.01, **P<0.05. Red line represents the

mid-parent value, 1.e., mean value of AA and BB.
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Figure 4.4 Number and proportion of different trophoblast cell types, where number and proportion of feto-maternal syncytia display paternal
expression pattern.

Purebred (AxA, BxB) and reciprocal cross (BxA, AxB, paternal genome listed first) placentae. Representative photomicrograph showing different
trophoblast cell types: mononucleate cell (M), trophoblast giant cell (T) and feto-maternal syncytium (S). Scale bar is 100 pM. Data presented as least
square means £ SEM. Two tailed t-test used to compare means where ***P<0.001, ** P<0.01, **P<0.05. Red line represents the mid-parent value, 1.e.,

mean value of AA and BB.
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Figure 4.5 Relative transcript abundance of imprinted and non-imprinted genes
of the IGF system in bovine placentae, where IGF2 and H19 have similar
additive gene expression, and IGF2R and AIRN have similar polar
overdominance expression pattern in BXA.

Purebred (AxA, BxB) and reciprocal cross (BxA, AxB, paternal genome listed first)
placentae. Transcript abundances relative to BxA set to 1. Data presented as least square
means = SEM. Two tailed t-test used to compare means where ***P<0.001, ** P<0.01,
*%P<0.05. Red line represents the mid-parent value, i.e., mean value of AA and BB. I/GFIR,
IGFBPI and IGFBP6 are below detection limit.
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Table 4.1 Summary of phenotypic patterns of conceptus traits with significant effects of fetal genetics

at mid-gestation according to the classification system of Wolf et al. (2008) and Chen (2013). A +in

the respective column designates observed expression pattern.

Conceptus traits"

Maternal

Phenotypic expression pattern

Paternal

Polar Over- Polar Under- Additive
dominance dominance

Gross morphology
Fetus weight

Fetal fluids

Cord weight

Cord length

Cord artery diameter
Cord vein diameter
P. fetalis weight

P. fetalis efficiency
P. materna weight

Placentome number in
gravid horn

Total number of convex placentomes
Average weight convex caruncles
Histomorphology

Maternal epithelium volume
Trophoblast epithelium volume
Maternal connective tissue volume
Maternal epithelium surface density
Maternal epithelium surface area
Trophoblast surface area
Number of syncytia
Proportion of syncytia

Transcript abundances
IGF?
HI19
IGF2R
AIRN

I i

AA AB BA BB

AA AB BA BB

+)’

AB BA BB AA AB BA BB AA AB BA BB
+
+
+
+
+

+
+

'Only parameters with significant fetal genetic effects were included. > One comparison between two least

square means P>0.05.
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Figure 4.6 Relationship between imprinted genes of the IGF system and Placenta

fetalis weight (A), Placenta materna weight (B), number (C) and proportion of

syncytia (D).

Pearson product moment correlation coefficients and significant regression lines with P-

values as indicated.
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4.3 Discussion

We hypothesized that mammalian heterosis is programmed in utero and driven by
heterotic changes in placental phenotype and imprinted gene expression. To address this, we
established a model with purebred and reciprocal cross Bos t. taurus (Angus, A) and B. t.
indicus (Brahman, B) concepti and identified polar overdominance effects in combination
with maternal and paternal genome effects at the gross morphological, histomorphological
and gene expression level as drivers of fetal growth and heterosis in birth weight of the BxA

hybrid (Reynolds et al., 1980, Brown et al., 1993b).

Birth weight of Bos t. indicus-sired progeny from Bos t. taurus dams through natural
mating and embryo transfer are consistently higher compared to purebreds and reciprocal
cross hybrid, indicating that difference in birth weight is not primarily due to the maternally
provided intrauterine environment, but instead may be regulated by epigenetic mechanisms.
Based on patterns reported for mouse postnatally (Cheverud et al., 2008, Wolf et al., 2008a),
we identified phenotypic expression patterns consistent with maternal genomic imprinting for
the majority of gross morphological placental parameters. Here, the BxA hybrid conceptus,
which, upon entering accelerated growth, does not yet display heterosis in fetal weight,
clearly indicates maternal A genome effects which are superior to the AxB cross and BxB
purebred. A higher placental weight, also reflected in an increased number of placentomes
and increased number and weight of convex placentomes, as drivers of fetal growth (Estrella
et al., Chapter 2), provides the basis for increased nutrient supply to the BxA fetus in
accelerated growth. Polar overdominance effects on umbilical cord weight and cord blood
vessel diameters in BxA concepti facilitate better access to this nutrient source as all three
parameters are strong indicators for enhanced blood flow and increased nutrient transfer
(Adamson, 1999, Di Naro et al., 2001, Barbieri et al., 2011). Polar overdominance in fetal
fluid volume provides an additional nutritive and hormonal advantage to the BxA fetus for

increased growth as these fluids are a rich reservoir of electrolytes, metabolites, amino acids
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and growth factors (Baetz et al., 1975, Tabatabaei and Mamoei, 2012) that are absorbed by
the fetus through swallowing, through the lungs or the intramembranous route (Beall et al.,

2012).

The placental nutritive advantage of the BxA hybrid through positive maternal A
genome effects (see above) was also evident in placental histomorphological indicators of
nutrient exchange, including volume of trophoblast, surface area of maternal epithelium and
trophoblast, and surface density of maternal epithelium. Furthermore, we observed polar
overdominance in volume of maternal connective tissue and maternal epithelium of the BxA
hybrid and speculate that this could reflect effects of the hybrid conceptus on Placenta
materna growth (Estrella et al., Chap 2). Maternal connective tissue is stimulated to
proliferate and form caruncular projections where the chorionic villi can interdigitate and
develop (Aires et al., 2014), while the maternal epithelium, in apposition with the trophoblast,

is an important structure for nutrient transport (Wooding and Burton, 2008).

The superior paternal B genome effects on number and proportion of feto-maternal
syncytia with superior B genome effects in BxA and BxB concepti demonstrate the key role
of paternal genome in trophoblast cell migration and syncytium formation. Trophoblast giant
cells are the source of placental lactogen that is delivered close to the maternal circulation
upon fusion of trophoblast binucleate cells with maternal epithelium to form a syncytium
(Wooding and Beckers, 1987, Wooding, 1992). Placental lactogen binds to the growth
hormone receptor (Byatt et al., 1990) and promotes physiological adjustment of the mother
and enhanced uterine histiotrophic nutrient delivery (Soares, 2004). Thus, trophoblast
migration leading to syncytium formation may be a means through which the conceptus can

influence maternal physiology by signalling nutrient demand.

We found strong polar overdominance in expression of IGF2R in BxA placenta and
detected no IGF1R transcript. The latter finding is consistent with results in sheep where

IGF1R is not detectable in placentomes from day 30 of gestation onwards (Reynolds et al.,
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1997). In human extravillous trophoblast, cell invasiveness and migration in vitro is
enhanced by IGF2 acting through IGF2R via inhibitory G-proteins and stimulation of the
MAPK pathway (McKinnon et al., 2001). In light of superior B genome effects on number
and proportion of syncytia (see above), and the polar overdominance in IGF2R expression,
we interpret our data such that IGF2R mediates IGF2 action on trophoblast migration leading
to syncytium formation at similarly high levels in BxA and BxB genome combinations.
However, relative to the BxB purebred excess IGF2R in the BxA hybrid is available to bind
other ligands, including transforming growth factor-beta (Sue et al., 1995), which was
reported to stimulate trophoblast proliferation in bovine (Munson et al., 1996). The present
study also shows that the smaller placenta of the BxB conceptus is compensated for by high
IGF2 expression and syncytium formation driven by the paternal genome. The negative
correlation between IGF2 and placental weight, and the positive correlation between IGF2
and the number and proportion of feto-maternal syncytia, further support a role of IGF2 in
placental development by predominantly promoting trophoblast invasion over that of

proliferation (Dunk et al., 2009).

The expression patterns of H19 and AIRN were highly similar to expression of IGF2
and IGF2R, respectively, as could be expected for co-regulated reciprocally imprinted
transcripts from the two loci. Invading trophoblast cells and differentiating cytotrophoblasts
express H19 in vitro (Rachmilewitz et al., 1992, Mutter et al., 1993). The long non-coding
RNA H19 has anti-proliferative function as a tumour suppressor (Yoshimizu et al., 2008) and
encodes miRNA-675, a negative regulator of placental growth that targets igflr transcript
(Keniry et al., 2012). This explains the negative relationship between H19 transcript level
and Placenta fetalis weight, although the comparatively low correlation coefficient (r =- 0.30)
and positive relationships between the other investigated imprinted transcripts and placental
parameters such as number of syncytia, point to a network of other regulatory factors

including IGF2R (see above). The cis-acting long non-coding RNA AIRN plays an important
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role in regulating imprinted expression of IGF2R, but has no direct role in fetal growth
regulation in mouse (Wutz et al., 2001, Sleutels et al., 2002). AIRN was detected in bovine
fetal liver early in gestation (Farmer et al., 2013), and our study confirms AIRN expression in
bovine fetal placenta. The positive relationship between AIRN expression and number of
syncytia suggests AIRN plays an important role in trophoblast migration, most likely by
regulating imprinted expression of IGF2R. Changes in AIRN expression may also impact
expression of neighbouring organic cation transporters OCT2/SIc22a2 and OCT3/SIc22a3

(Monk, 2015).

We observed polar underdominance in Placenta fetalis efficiency, i.e., gram fetal
weight per gram placental weight, of the BxA hybrid conceptus, which is significantly lower
than those of all other genome combinations. This initially surprising result for the hybrid
combination with the highest birth weight can be explained by considering developmental
stage, high fetal and placental weights that are already well above the parental mean, and
observed polar overdominance effects in placental expression of IGF2R and AIRN, fetal fluid
volume and cord phenotypes of the BxA genome combination. Thus, lower placental
efficiency most likely merely indicates that at the onset of general accelerated fetal growth the
drivers of superior hybrid growth, including high placental weight, are already in place before

rapid fetal weight increase is manifest.

The effects of maternal and paternal genome on conceptus traits in the present study
provides further evidence for the conflict hypothesis where the paternal genome seeks to
maximize, and the maternal genome seeks to limit, resource extraction from the mother
(Moore and Haig, 1991). The paternal genome, where B is superior to A, affects number and
proportion of syncytia suggesting that fetal demand for nutrients is largely determined by the
paternal genome. Consistent with the conflict hypothesis, we observed a majority of placental
traits with maternal expression pattern, where maternal A is superior to B. Polar

overdominance in umbilical cord phenotype and fetal fluid volume of the BxA conceptus is
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driven by the B paternal genome and its interaction with the maternal A genome. This is a
further indicator that the paternal genome affects nutrient transfer to the fetus via enhanced

blood flow and nutrient access through the fetal fluids to support heterotic fetal growth.

In conclusion, we have shown that heterosis unfolds in utero and is driven by non-
additive polar over- and underdominance, maternal- and paternal- genome effects in a number
of parameters critical for fetal growth including imprinted transcripts of the IGF system. The
superiority of the BxA hybrid in birth weight is clearly visible and mirrored in observed polar
overdominance patterns caused by the novel combination of paternal Bos t. indicus and
maternal Bos t. taurus genomes. This specific paternal and maternal genome combination is

characterized by high capacity for nutrient extraction and high capacity for nutrient supply.

4.4 Methods

4.4.1 Animals

All animals and procedures used in this study were approved by The University of
Adelaide Animal Ethics Committee (N0.S-094-2005). We used Bos t. taurus (Angus, A) and
Bos t. indicus (Brahman, B) (epi)genetics and recovered purebred (AxXA and BxB) and
reciprocal cross (AxB, BxA, paternal genome listed first) concepti at the onset of accelerated
fetal growth (Day 153, term 277-291 days) (Andersen and Plum, 1965, Ferrell, 1989).
Animals were purchased from farms in South Australia and Queensland, and were transferred
to and managed as one group at Struan Agricultural Centre, Naracoorte, South Australia.
Pregnancies were established in nulliparous dams at 16-20 months of age using standard
estrous cycle synchronization procedures following an adjustment period of 3-4 weeks after
purchase, as described (Anand-lvell et al., 2011). Two Brahman and three Angus sires were

used.
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4.4.2 Collection of samples and phenotype data

Entire uteri were recovered from pregnant animals in an abattoir and opened by
longitudinal incision. Rare twin pregnancies were excluded from the experiment. After
cutting the largest placentome, a 5 mm-thick cross section was excised from the center with
dual mounted scalpel blades and fixed in ice cold 4% paraformaldehyde and 2.5% PVP-40
PBS for 24 h. The section was then washed four times with 1% PBS and stored in 70%
ethanol until embedding in paraffin. The fetus was removed from the uterus, and the
umbilical cord was cut immediately above the branching cord vessels. Fetal weight, cord
weight and length were recorded. Allantoic and amniotic fluids were weighed combined as
fetal fluids. Uteri with attached placentae were then vacuum-packed and stored frozen at —22
°C. After thawing in the laboratory, the Placenta fetalis was detached from the maternal
caruncles and weighed. Caruncles in each horn were counted, cut off, weighed and cross-
sectioned to assign placentome shape as flat or convex. A placentome shape was classified as
convex if the caruncle was mound shaped and had the outer rim curled up. Flat placentomes,
on the other hand, had an even and level surface. The Placenta materna weight was
calculated as the sum of individual caruncle weights. Placental efficiencies were calculated

by dividing fetal weight with the Placenta fetalis and Placenta materna weights.

4.4.3 Placental histology

Five um thick longitudinal slices were cut from paraffin embedded samples and an
indirect double label immunohistochemistry was performed as described previously (Roberts
et al., 2001) with minor modifications. We used 10% porcine serum and 1% BSA in 1% PBS
to block non-specific binding and as a diluent for the anti-body. Vimentin clone Vim3B4
(DakoCytomation, Glostrup, Denmark) antibody was applied on each section at 1:10 dilution
and the Cytokeratin AE1/AE3 (Millipore, Temecula LA, USA) antibody was used at 1:400.
Biotinylated goat anti-mouse antibody (DakoCytomation, Glostrup, Denmark) in 10% porcine

serum at a 1:200 dilution was used as the secondary antibody. Hematoxylin (Sigma, St. Louis
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MO, USA) and Eosin (Sigma, St. Louis MO, USA) were used as counterstains and negative

controls without primary antibodies were included in each batch.

A high resolution image of the whole stained placental section was captured using the
NanoZoomer C9600 slide scanner (Hamamatsu Photonics K.K., Hamamatsu City, Japan).
Using NDP.view version 1.0.0 (Hamamatsu Photonics K.K., Hamamatsu City, Japan), ten
fields at 200x magnification were selected using a random systematic order; fields were 1 mm
apart. Digital images of the fields were imported into Video Pro software (Leading Edge Pty.,
Adelaide, Australia) and using an L-36 Merz grid transparency overlaying the monitor screen,
a total of 360 points were counted for each section. The volume densities of the placental
trophoblast, fetal capillaries, fetal connective tissue, maternal epithelium, maternal capillaries,
maternal connective tissue and maternal septae as ‘other’ tissues were computed as previously
reported (MacLaughlin et al., 2005). Trophoblast cells stained brown had one or two nuclei
and were apposed to the maternal epithelium. Capillaries or blood vessels, located very close
to trophoblast or maternal epithelial cells, were identified as having darkly stained circular or
elongated opening (i.e., lumen of a blood vessel) with or without the presence of red blood
cells. On the other hand, connective tissue appeared fibrous and not as darkly stained as a
blood vessel or capillary opening. The volume in cm?® of each placental component was
determined based on the weight of analyzed placentomes after confirming a 1:1 wl/v
relationship in collected Placenta materna samples. Parameters for surface exchange, such as
trophoblast and maternal epithelium surface density (cm?/g), total surface area (cm?), and
barrier thickness (um) were estimated using intercept counting. A field was counted five

times and the coefficient of variation was less than 5%.

Trophoblast cell types were further classified and counted as mononucleate,
trophoblast giant cell or feto-maternal syncytium. Mononucleate cells were cuboidal or
columnar in shape with a small cytoplasm and a nucleus. On the other hand, trophoblast giant

cells were identified on the basis of having an enlarged cytoplasm with one or two nuclei.
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The feto-maternal syncytium was multinuclear and present alongside the maternal epithelia.
Proportion of each trophoblast cell type was computed by dividing with the total number of
trophoblast cells. All ten fields per placentome sample were counted and analyzed. Data was

adjusted to number or proportion of trophoblast cell type per given area of 1 mm?.

4.4.4 Expression of genes from the IGF system in placenta

Relative expression levels of IGF1, IGF2, IGF1R, IGF2R, INSRA, INSRB, and IGFBP1-5
were determined by real-time quantitative PCR (QPCR). RNA was extracted from placental
(cotyledon) tissue using TRI Reagent (Ambion) in combination with ceramic beads (MoBio
Laboratories) and a Precellys 24 tissue homogeniser (Bertin Technologies) following the
manufacturer’s instructions. RNA quantity and quality were assessed by NanoDrop ND-1000
spectrophotometer (Thermo Scientific) and Agilent RNA 6000 Nano Kit with Bioanalyzer
2100 (Agilent Technology). After DNase treatment (RQ1-DNase, Promega), 500 ng RNA
was reverse transcribed using Superscript Il First-strand cDNA synthesis kit (Invitrogen)
with random hexamer oligonucleotides following the manufacturer’s instructions. Real-time
gPCR reactions were performed in an Eppendorf Mastercycler ep realplex (Eppendorf Inc.)
using 4 pL of 40-fold or 5.2 pL of 20-fold diluted cDNA, 0.8 pL of 5 pmol/pL primer mix
and 6 pL of FastStart Universal SYBR Green Master (Roche Diagnostics) in a total volume of
12 pL. A standard curve comprised of a 2-fold serial dilution of pooled cDNA template over
eight data points, as well as a non-template control, were included in each gPCR experiment.
Placental cDNA samples were measured in duplicate and cDNA standard curve data points in
triplicate. Primer sequences and other details of amplicons from 11 target and two reference
genes used in normalization of transcript abundances are shown in Supplementary Table S4.1.
Target gene transcript abundance was normalized to the geometric mean of the transcript
abundances of the most stably expressed reference genes selected using NormFinder

(Andersen et al., 2004).
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4.4.5 Statistical analyses

We used the general linear model procedure of SAS (SAS Inst., Cary NC, USA) to
calculate means and standard errors of means for each fetal genetic group adjusted for the
effects of fetal sex using the model:

vij = Si + Gj + gj
where yij was the dependent variable, S (i = male, female) was the fetal sex effect and G (j =
AxA, AxB, BxA, and BxB, sire listed first) was the fetal genetic effect. Table S4.2 shows a
summary of significance levels of models and variables for parameters with significant effect
of fetal genetics. Interactions between fetal genetics and sex were not significant for
investigated parameters and therefore removed from the model. Least square means with
standard errors of the means were compared using two-tailed t-test. Regression analyses and
Pearson product-moment correlation coefficients were computed for relationships of
imprinted gene expression with fetus weight and placental traits. The significance threshold

was P<0.05 for all statistical tests performed.
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Supplemental Tables

Table S 4.1, related to Methods. PCR Primers, annealing temperature (Ta) and size of

fragments used in real-time quantitative PCR.

Gene Primers Ta Size  Accession no.

VPS4A F  GAAGAC AGAAGGCTACTC GGG TG 60 106 NM_001046615.1
R ACAGACCTTTTT GAAGTGTGT TGCT

GAPDH F GGG TCATCATCTCTG CACCT 60 264 NW_003103940.1
R CAT AAG TCC CTC CAC GAT GC

IGF1 F  GATGCTCTCCAGTTCGTGTGC 58 140 NW_003103925.1
R TCC AGC CTC CTC AGA TCA CAG

IGF1R F GATCCCGTGTTCTTCTACGTTC 58 100 XM_606794.3
R AAG CCT CCC ACT ATC AAC AGAA

INSR-A F TCCTCA AGG AGC TGG AGG AGT 59 89  AJ488553
R TTT CCT CGA AGG CCT GGG GAT

IGFBP1 F ACC AGC CCAGAG AATGTGTC 59 119 NW_003103902.1
R CTGATG GCATTC CAG AGG AT

IGFBP2 F CACATC CCC AACTGT GAC AA 58 114 NW_001494682.3
R GATCAG CTT CCC GGT GTT AG

IGFBP3 F CTACGAGTC TCA GAG CAC AG 58 103 NT_181996.1
R GTGGTTCAGCGTGTCTTCC

IGFBP4 F ATGTGC CTG ATG GAG AAA GG 57 106 NM_174557.3
R GCCATCCTGTGACTTCCTGT

IGFBP5 F CAAGCC AAG ATCGAAAGAGACT 60 85 NM_001105327.1
R AAGATCTTG GGCGAGTAGGTCT

IGFBP6 F  GGA GAG AAT CCC AAG GAG AGT A 60 100 NM_001040495.1
R GAG TGG TAG AGG TCC CCG AGT

IGF2 F CITTCGCCTCGTGCTGCTATG 60 134 NM_174087.3

GTC GGT TTATGC GGC TGG AT
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IGF2R F
R
AIRN F
R
H19 F
R

GAT GGT AAT GAG CAG GCT TACC
ATC TCC TCC ATC AGC CACTC

AAT CTC TTG CGG AGT GTT CAT
CTCTGT TGT ATCGTGTCTTTC G
TCA AGA TGA CAA GAG ATG GTG CTA

GGT GTG GGT CGTCCG TTC

60

57

60

60

123 NM_174352.2

136  DQ835615.1

171 NR_003958.2

Forward (F) and reverse (R) primers are given. GenBank accession number of DNA
sequence used for primer design.
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Table S 4.2 General linear models (Type 111 sums of squares) with R-squared

values and significance levels (P-values) of models and variables for fetal and

placental parameters with significant effect of fetal genetics.

Parameters R? P-value

Model  Genetics Sex
Fetal body weight 0.61 <0.0001 <0.0001 <0.0001
Placental gross morphology
Placenta fetalis weight 0.44 <0.0001 <0.0001 0.1726
Placenta materna weight 0.47 <0.0001 <0.0001 0.0042
Total placenta weight 0.53 <0.0001 <0.0001 0.0164
Placenta fetalis weight 0.32 <0.0001 0.0008 0.0097
Total placental efficiency 0.36 <0.0001 0.0002 0.0063
Placentome number gravid horn 0.34 <0.0001 <0.0001 0.7898
Total number of convex placentomes 0.24 0.0008  0.0003 0.6545
Average weight of convex placentome  0.33 <0.0001 <0.0001 0.1880
Cord weight 0.19 0.0098  0.0117 0.0228
Cord diameter 0.24 0.0020  0.0075 0.0074
Cord vein diameter 0.29 0.0002  0.0001 0.0102
Cord artery diameter 0.35 <0.0001 <0.0001 0.0014
Placental histomorphology
Maternal epithelium volume 0.16 0.0202  0.0123 0.2026
Maternal connective volume 0.16 0.0263  0.0121  0.4885
Trophoblast volume 0.17 0.0152  0.0294 0.0417
Maternal epithelium surface density 0.18 0.0094  0.0057 0.2227
Maternal epithelium surface area 0.21 0.0047  0.0025 0.2818
Trophoblast surface area 0.18 0.0120 0.0076  0.1893
Total number of syncytia 0.24 0.0013  0.0013 0.5710
Proportion of syncytia 0.26 0.0006  0.0009  0.3949



Table S 4.2 continued...

Gene expression of IGFs in placenta
IGF2

IGF2R

H19

AIRN

0.18

0.22

0.38

0.33

0.0131

0.0045

<0.0001

<0.0001

0.0062

0.0067

<0.0001

<0.0001

0.8131

0.4891

0.2591

0.9582
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The placenta is central to fetal growth and birth weight and a major determinant of
programming postnatal performance and lifelong health. We used a bovine model with Bos
taurus taurus (Angus, A) and Bos taurus indicus (Brahman, B) genetics and intercepted
purebred and reciprocal cross concepti at mid-gestation (Day 153) before the fetus enters
accelerated growth to investigate effects of fetal sex and genetics on concepti traits, with
special focus on gross morphology and histomorphology of the placenta and gene expression
of the insulin-like growth factor (IGF) system. In addition, we used another experimental
cohort consisting of purebred and reciprocal cross embryos recovered at the late embryonic
stage (Day 48), where the transition from embryo to fetus occurs, to assess developmental
changes in gross morphology and histomorphology of the placenta and their association with

fetal growth.

5.1 Developmental changes in gross morphology and histomorphology of the
bovine placenta associated with embryo-fetal growth

The present study comprehensively characterized bovine placentae recovered at Day
48 and Day 153 of gestation and identified placental characteristics that were positively
related to embryo and fetal weights. Interestingly, we observed that the two placentome
types, i.e., convex and flat, differ in number and in several histomorphometric parameters. At
Day 48 of gestation, higher numbers of convex placentomes were present, compared to flat
placentomes, and convex placentomes had lower volume density of maternal connective
tissue. By Day 153, convex placentomes are fewer in number, but have a higher volume of
different placental cell types and greater surface area for transplacental exchange than flat
placentomes. These characteristics may therefore explain the significant and exclusive
positive relationship of embryo and fetal weights with the number of convex placentomes.
Furthermore, we found that number and average weight of convex placentomes in the four
fetal maternal and paternal genome combinations displayed a maternal expression pattern,

where concepti with maternal A genome (BxA and AxA) had higher values than fetuses with
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maternal B genome (AxB, BxB), while number of flat placentomes did not differ between
groups (Chapter 4). Not surprisingly, BxA and AxA concepti had heavier fetal weights at
mid-gestation compared to the other two genome combinations. Therefore, our findings
suggest a major role for convex placentomes in nutrient transfer to support fetal growth in the

bovine.

At Day 48 of gestation, the majority (88.3%) of placentomes that had developed
according to signs of interdigitation of fetal cotyledon and caruncle were characterized as
convex or flat. The remaining smaller number of developed placentomes (11.7%) was
irregular or had an uneven surface and may have been adversely affected by handling while
the Placenta fetalis was detached or when uteri were stored (See Appendix 1). Histological
sections confirmed only two types of placentomes, convex and flat, where convex
placentomes had lower maternal connective tissue volume density at Day 48 of gestation. It
is possible that maternal connective tissue at Day 48 participates in determining placentome
shape by functioning as a mould. A more recent study showed that shortly after implantation
the maternal stroma forms caruncular projections where the chorionic villi can interdigitate
and develop (Aires et al., 2014). Consistent with our findings, a previous report had also
identified two types of placentomes in the cattle placenta at a fetal crown rump length of 9 cm
(approximately Day 60 of gestation). These were termed ‘pedunculated’ and ‘non-
pedunculated’, the latter type also being typical for buffalo placentomes (Schmidt et al.,
2006). The pedunculated placentome forms a mushroom-like structure with a caruncular
stalk and corresponds to the convex placentome type observed in the present study. On the
other hand, the non-pedunculated placentome is dome shaped without a caruncular stalk and
corresponds to the flat placentome type observed by us. At Day 153, convex placentomes
were lower in number but had greater volumes of different placental cell types and surface
areas than flat placentomes. Since we used different animal cohorts to study concepti at

different developmental stages, it was not possible to directly monitor the growth of these two
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placentome types. Thus, it would be difficult to draw conclusions as to whether convex
placentomes can transform into flat placentomes or are stretched as the uterus grows, which
could potentially result in lower numbers of convex placentomes at Day 153. Further studies
monitoring the ontogenesis of the two placentome types are required to answer specific

questions on potential placentome type transformation in bovine.

Chapter 4 reports significant effects of fetal genetics on the number and proportion of
feto-maternal syncytia, which displayed a paternal expression pattern. Data on number and
proportion of different trophoblast cell types, i.e., mononucleate cells, trophoblast giant cells
(or binucleate cells) and feto-maternal syncytia, were not included in Chapter 2, as complete
data on these cell types were not available for Day 48 concepti. However, the percentage of
mononucleate cells and binucleate cells was reported to remain stable throughout gestation at
about 75% and 20%, respectively in cattle (Igwebuike, 2006, Wooding and Burton, 2008).
Furthermore, the uterine epithelium was described to contain about 2% binucleate cells
(Wooding and Wathes, 1980) which appears to be the feto-maternal syncytium or remnants of
the pyknotic binucleate cell. In the present study, relative to the total number of trophoblast
cells, the percentage of mononucleate cells, trophoblast giant cells, and feto-maternal syncytia
averaged 75%, 22% and 3%, respectively at Day 153 of gestation. Preliminary analysis also
showed that the number and proportion of different trophoblast cell types did not differ

between the two placentome types and were similar for both fetal sexes.

5.2 Sex-specific placental and umbilical cord phenotype mediate sex

differences in fetal growth at mid-gestation

We report the novel finding that normal female concepti at mid-gestation exhibit
hallmarks of intrauterine growth restriction (Chapter 3). While we focused on Day 153
concepti to build on our hypothesis that sexual dimorphism in placenta and umbilical cord at
this important developmental stage mediates female-specific growth resembling IUGR,

previous data have shown that male bovine fetuses are heavier as early as Day 100 of
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gestation (Eley et al., 1978). This led us to explore the effects of sex on a smaller number of
conceptus traits using embryos recovered at Day 48 to better understand what may have
contributed to divergent growth between males and females at Day 153. Interestingly, we
found that in addition to being already heavier, male Day 48 embryos also had heavier
umbilical cords while their Placenta fetalis weight was not significantly different from
females (see Appendix 2). These preliminary results suggest that the umbilical cord, which
provides the conduit for nutrient transfer from the placenta to the fetus, contributes to sex
differences in embryo weight early on and that umbilical blood flow differs between males
and females as early as Day 48 of gestation. Further, our results at Day 153 of gestation
indicate that sex differences in umbilical cord parameters persist as gestation progresses and
precede changes in placental weight and relative growth of fetal organs. At mid-gestation,
where placental weight is lower compared to fetal weight, indicating a shift to higher fetal
demand relative to placental supply (Schneider, 1996), the umbilical cord phenotype of

females has a stronger impact on fetal growth than that of males.

The present study has identified a significant role of the placenta and umbilical cord in
mediating sex-specific fetal growth patterns. Further studies to investigate the mechanisms
responsible for this sexual dimorphism could determine the effects of sex on expression of
growth factors, such as the vascular endothelial growth factor which is involved in
angiogenesis and the development of the vascular system including the placental
microvasculature and umbilical cord (Krukier and Pogorelova, 2006, Pfarrer et al., 2006,
Arroyo and Winn, 2008). While the majority of human IUGR cases are associated with fetal
hypoxia, it was not possible to examine oxygen and carbon dioxide levels in cord blood in the
current study. Sex differences in these blood gases and haemoglobin levels may be
considered for future work. This would provide further information on the association

between hypoxia and y-glutmayl transferase (GGT) activity or components related to
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glutathione synthesis as reported in fetal guinea pigs and young rats (Stastny et al., 1985, Oh

et al., 2008).

Females are more often born with IUGR compared to males (Borzsonyi et al., 2011).
However, even in newborns with very low birth weights, neonatal morbidity and mortality
rate are still higher in males than females (Stevenson et al., 2000). Findings of the present
study have implications for human medicine where we show that female-specific adaptation
to constrained nutrient supply are already established by mid-gestation and may explain
greater resilience of females to insults later in pregnancy. This further supports the need for

development of customized fetal sex-specific prenatal care in human.

5.3 Polar overdominance of paternal genome on umbilical cord phenotype

and maternal genome effects on placenta drive heterosis in utero

In Chapter 4, we identified significant fetal genetic effects on twenty-one conceptus
traits including imprinted transcripts of the IGF system, which displayed phenotypic
expression patterns consistent with maternal- and paternal imprinting or polar over- and
underdominance, as described in mouse (Wolf et al., 2008). Our study strongly indicates that
polar overdominance in combination with maternal and paternal genome effects on placental
and umbilical cord phenotype drives heterosis in utero.

The specific parental genome effects, where superior maternal A genome effect is
evident in placental traits and polar overdominance of paternal B genome is evident in
umbilical cord phenotype and fetal fluid volume, clearly concur with the genetic conflict
hypothesis (Moore and Haig, 1991). In light of this hypothesis and our findings, we interpret
our data such that the maternal genome regulates fetal growth through the placenta, while the
paternal genome supports heterotic fetal growth through its positive polar overdominance
effects on umbilical cord and fetal fluid volume, which facilitate greater resource extraction
from the mother. A different statistical modelling approach to dissect the magnitude of

paternal and maternal genome effects on fetal muscle and bone phenotypes (Xiang et al.,
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2013, Xiang et al., 2014) was also applied to our data to quantify maternal and paternal
genome effects on placental and umbilical cord phenotype (Estrella et al., 2013, see
Appendix 3). The results obtained from this analysis are consistent with the maternal-,
paternal-, and polar overdominance patterns reported and conclusions drawn in Chapter 4.
Future investigation of the association of paternally expressed genes with the umbilical cord
phenotype is warranted.

Here and in Chapter 3, significant contribution of the umbilical cord phenotype to
differences in fetal growth between genetic groups and sex is evident. This strongly suggests
that in addition to placenta as a fetal programming agent, the umbilical cord is a likely
candidate to have long-term effects on postnatal health and performance. Studies leading to
the development of biomarkers for umbilical cord vessel diameter to predict postnatal risk for

poor performance will be useful in human medicine and animal production alike.

5.4 A significant role for imprinted IGF2/H19 and IGF2R/AIRN in placental
development and heterosis

Effects of fetal sex and genetics on tissue-specific transcript abundances of IGF
system components were reported in Chapters 3 and 4. Differences in transcript levels of
IGF2 in fetal brain and heart between sexes and between fetal genotypes in Placenta fetalis at
mid-gestation, as well as lower circulating level of IGF2 in females compared to males,
clearly indicate the more significant role of IGF2 compared to IGF1 at mid-gestation. The
female-specific negative relationship between circulating levels of IGF2 and total placental
weight (Chapter 3), as well as the negative correlation between IGF2 and placental weight,
and the positive correlation between IGF2 and the number and proportion of syncytia
(Chapter 4), further support a role of IGF2 in placental development by predominantly

promoting trophoblast invasion over that of proliferation (Dunk et al., 2009).

Furthermore, transcript abundance of IGF1R in placenta was below the detection

limit, indicating that effects of IGF2 in placenta are largely mediated by IGF2R. Polar



180

overdominance in placental IGF2R expression of the BxA hybrid, together with intermediate
IGF2 expression reported in Chapter 4, suggest that IGF2 action on trophoblast migration and
syncytium formation is through interaction with IGF2R. This concurs with a previous study
which indicated that IGF2 effects on migration of extravillous trophoblast cells were mediated
by IGF2R in vitro (McKinnon et al., 2001). While the bulk of IGF2R mRNA in bovine fetal
tissues is transcribed from the maternally inherited allele, a more recent report demonstrated
substantial expression of transcript from the paternal allele in bovine at Day 80 of gestation
(Bebbere et al., 2013). Thus, analysis of the imprinting status of IGF2R in the placenta at
Day 153 would contribute to further understanding of the maternal and paternal contributions
to polar overdominance expression. Polymorphic and variable imprinting of IGF2R has been
demonstrated in human placenta (reviewed in Bebbere et al., 2013). The expression patterns
of H19 and AIRN were highly similar to expression of IGF2 and IGF2R, respectively. This
further demonstrates the co-regulation and/or interaction of these imprinted genes and their
associated long non-coding (Inc) RNAs. It also points to important roles of these Inc RNAs in
placental growth and development. For example, H19’s anti-proliferative function as a
tumour suppressor (Yoshimizu et al., 2008) and negative regulator of placental growth
(Keniry et al., 2012) is consistent with results of the present study where transcript abundance
of H19 was in a negative relationship with Placenta fetalis weight. On the other hand, AIRN
plays an important role in regulating imprinted expression of IGF2R (Wutz et al., 2001,
Sleutels et al., 2002) but its direct effects on placental development remain unclear. Future
studies on fetal genetic effects could extend to miRNAs and other genes involved in placental
and fetal growth including imprinted transcripts from the Delta-like 1 homologue —

lodothyronine deiodinase type 3 (DLK1-DIO3) imprinted gene cluster.
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5.5 General Conclusions

Using Bos taurus taurus (Angus, A) and Bos taurus indicus (Brahman, B) purebred
and reciprocal cross concepti recovered at mid-gestation (Day 153), and a similar resource of
concepti recovered at the late embryo stage (Day 48), the current study has examined
developmental changes in the placenta that could impact fetal growth and focused on effects
of fetal sex and genetics on conceptus traits, specifically gross morphology and
histomorphology of the placenta, morphology of the umbilical cord, and transcript abundance

of genes from the IGF system.

The main findings of this research project include (i) the significant contribution of
convex placentomes to fetal growth as supported by their exclusive positive relationships with
embryo and fetal weights and their high number and average weight in BXA and AxA
concepti; (ii) fetal sex effects on placental and umbilical cord phenotypes that mediate sex-
specific fetal growth, where females resemble an IUGR phenotype; (iii) significant fetal
genetic effects on placental and umbilical cord phenotypes and imprinted transcripts of the
IGF system, with the superior BxA hybrid birth weight mirrored in observed polar
overdominance patterns caused by the combination of paternal Bos taurus indicus and
maternal Bos taurus taurus genomes; and (iv) differences in circulating IGF2 and transcript
abundance of IGF2 in fetal brain and heart between sexes and differences in transcript
abundances of IGF2, IGF2R, H19, AIRN in placenta between fetuses with different maternal
and paternal genome combinations demonstrate the important role of IGF2/IGF2R and

associated INCRNAs at this stage of fetal development.

In conclusion, the results of this study support the hypothesis that differences in
placental and umbilical cord phenotypes and expression of genes in the IGF system between
males and females and between purebreds and reciprocal cross hybrids determine variation in
intrauterine growth at mid-gestation and contribute to programming of postnatal performance

and health.
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Appendix 1 Caruncles at Day 48 (late embryo stage).

Gravid horn Non-Gravid horn

Caruncle with uneven surface

Developed caruncles with signs of interdigitation are found in the gravid horn but not in the
non-gravid horn at Day 48 (late embryonic stage). Developed caruncles measured
approximately 1-7 mm, while some caruncles presented with an irregular and/or uneven

surface. Scale bar is approximately 3 mm. Arrows point to developed caruncles.
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Appendix 2 Sex differences in selected concepti traits at Day 48 (late embryo stage).

Embryo weight Placenta fetralis weight
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Preliminary analyses of some concepti characteristics at Day 48 of gestation. Data adjusted

for fetal genetics and presented as least square means + SEM. ***P<(.001, **P<0.01
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Appendix 3 Paternal genome effects on placental phenotype at mid-gestation (poster
presented at the 8" World Congress on Developmental Origins of Health and Disease,
2013).
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NOVEL PATERNAL GENOME EFFECTS ON PLACENTAL AND FETAL

PHENOTYPE AT MIDGESTATION
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Background: Inequality of maternal and paternal genomes due to genomic imprinting and
mitochondrial DNA is well established. However, the magnitude of maternal and paternal

genome effects on variation in placental and fetal traits remains to be investigated.

Method: We used Bos taurus and Bos indicus dams and sires to generate both purebred and
reciprocal cross fetuses (n=73) that were collected at day 153 of gestation. Weights and
measurements of placenta, umbilical cord, fetal fluids and fetal organs were analysed by

general linear models with main effects of maternal and paternal genome and fetal sex.

Results: Our results show that parental genomes explained significant amounts of variation
(58-100%, P<0.05-0.0001) in twenty-two placental and fetal traits. Specifically, while

maternal genome largely explains genetic variation in placental traits (90%) and fetal organ
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weights (60-98%), the paternal genome predominantly contributes to variation in umbilical
cord weight and length (73%), placenta (70%) and umbilical cord (83%) efficiencies, and
total fetal fluids weight (73%). Moreover, there are significant paternal genome-determined
correlations between a) fetus and umbilical cord weight (P<0.0001), b) fetal heart and
umbilical cord weight (P<0.001), c) fetal heart weight and umbilical artery (P<0.01) and vein
diameter (P<0.05), d) fetal lung and total fetal fluids weight (P<0.05). The umbilical cord is a
channel for maternal resource transfer to the fetus. Another reservoir of bioactive compounds
the fetus has immediate access to are the fetal fluids. Both characteristics are influenced by
the paternal genome, apparently directed to enhancing fetal growth. On the other hand, the
maternal genome, possibly via maternally expressed genes, regulates resource allocation to

the fetus through changes in placental morphology and weight.

Conclusion: In conclusion, our study shows for the first time, the extent of maternal and
paternal genome contributions to placental and fetal traits. Our data support co-existence of
parental genetic conflict and maternal co-adaptation as explanations for parent-of-origin

effects at the phenotypic level.
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