ABSTRACT
SUDIKSHYA PAUDEL. Temporal and Spatial Expression of Adrenomedullin and Its Receptors
in the Porcine Uterus and Peri-implantation Conceptuses. (Under the direction of Dr. Xiaoqiu
Wang).

Adrenomedullin (ADM) is an evolutionarily conserved multi-functional peptide hormone
that regulates implantation, embryo spacing and placentation in humans and rodents. However, the
potential roles of ADM in implantation and placentation of domestic animals, particularly pigs, as
a litter-bearing species, are not known. This study investigated the mMRNA and protein expressions
of ADM and its receptor components that include calcitonin receptor-like receptor (CALCRL; G
protein-coupled receptor bound by ADM), receptor activity modifying proteins (RAMP2 and
RAMP3; dimerized with CARCRL, i.e., CALCRL/RAMP2 or CALCRL/RAMP3) and atypical
chemokine receptor 3 (ACKRS3; a decoy receptor that serves as a cell-autonomous molecular
rheostat to dampen ADM signaling) in uteri from cyclic and pregnant gilts (Days 10-16) as well
as conceptuses (embryonic/fetus and its extra-embryonic membranes) during the peri-implantation
period of pregnancy (Days 10-16) when 30-40% of embryonic death loss occurs. Gilts (n=42)
exhibiting at least two normal estrous cycles were bred via artificial insemination twice and then
assigned randomly to be ovariohysterectomized on Day 10, 11, 12, 13, 14, 15, or 16 of pregnancy
(n=6 gilts/day; Day 0 is day of onset of estrus). Pregnancy was confirmed by the presence of
morphologically normal conceptuses. Each uterine horn was flushed with 20 ml sterile PBS (pH
7.2). Conceptuses had expected morphological features, from spherical (Days 10 and 11), ovoid
and/or tubular (Day 12) to filamentous forms (Days 13 to 16 of pregnancy). Based on the RNA
sequencing data analysis the expression of ADM and its receptors CALCRL and RAMP2 were
highly expressed on Day 12 of pregnant uterus. However, the expression of ACKR3 was decreased
in the pregnant uterus as compared to cyclic uterus at Day 12. Immunohistochemical analyses

revealed that the localization of ADM was only observed in the uterine LE of pregnant gilts



between Days 12 and 16, whereas CALCRL and RAMP2 were expressed in the uterine LE,
glandular epithelia (GE) and stroma between Days 12 and 16 of pregnancy in gilts. In porcine
conceptuses, expression of ADM, CALCRL and RAMP2 proteins increased in trophectoderm cells
between Days 12 and 16 of pregnancy. Further in situ hybridization showed that mMRNA expression
of ADM, CALCRL, RAMP2 and RAMP3 genes increased in the porcine conceptus trophectoderm
between Days 12 and 16 of pregnancy; whereas ACKR3 mRNA increased between Days 13 and
14 of pregnancy but decreased thereafter in the conceptus trophectoderm. These results indicate
that ADM may play functional roles in uterine receptivity as well as survival, growth, and
development of the porcine conceptus during the peri-implantation period of pregnancy. This
research was supported by the Hatch project 1020014 from the USDA National Institute of Food

and Agriculture.
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CHAPTER 1 - LITERATURE REVIEW

Introduction

Embryonic mortality is a major constraint to reproductive performance in all mammalian
species (Bazer, 1975). Estimated embryonic death loss in pigs, ruminants, and most mammals are
20-40%, with two-thirds of those losses occurring during peri-implantation period of pregnancy
(Nancarrow, 1994; Spencer & Bazer, 2004). The successful establishment and maintenance of
pregnancy requires appropriate development of the conceptus (embryonic/fetus and its extra-
embryonic membranes) for pregnancy recognition signaling, which is critical for maintenance of
the corpora lutea (CL) and their continued secretion of progesterone (P4) during pregnancy (Bazer,
1975; Spencer & Bazer, 2004). P4 is required for the development of an intrauterine environment
that supports implantation, placentation and uterine functions essential for birth of healthy
offspring (Spencer, Johnson, Bazer, et al., 2004). During the peri-implantation period of gestation
in pigs and ruminants, conceptuses undergo dramatic morphological transitions from spherical to
tubular to filamentous forms prior to implantation (Spencer & Bazer, 2004). Interactions among
the conceptus and various uterine cell types, especially luminal (LE), superficial glandular (SGE)
and glandular (GE) epithelia and stroma cells, are essential to conceptus development, signaling
for maternal recognition of pregnancy, maintenance of uterine blood flow, water and electrolyte
movement, transport of sugars and amino acids into the uterine lumen, as well as secretion of
proteins by uterine epithelial cells. This orchestrated process is highly dependent on the
composition of histotroph (Bazer et al., 2012; Bazer, Wang, et al., 2015; Bazer et al., 2014; Gao,
Wu, et al., 2009a, 2009b, 2009c, 2009d, 2009e; Gao, Wu, Spencer, Johnson, Li, et al., 2009; J.
Kimetal., 2011; J. Y. Kim et al., 201143, 2011b; Kong et al., 2014; Lenis et al., 2018; Lenis et al.,

2016; Wang, Burghardt, et al., 2015; Wang, Frank, Little, et al., 2014; Wang, Frank, Xu, et al.,



2014; Wang, Johnson, et al., 2015, 2016; Wang, Li, et al., 2016; Wang, Ying, et al., 2014), i.e.,
secretions from uterine LE, sGE, and GE as well as selective transport of nutrients into the uterine
lumen, including enzymes, growth factors, adhesion proteins, cytokines, hormones, amino acids,
glucose and fructose (Spencer, Johnson, Burghardt, et al., 2004). Individual conceptuses may fail
to develop or not develop properly due to failure to respond to various components of histotroph
that orchestrate events of successful growth and development of the conceptus, during the peri-
implantation (Bazer, Wang, et al., 2015; Wang, Burghardt, et al., 2015; Wang, Frank, Little, et al.,
2014; Wang, Frank, Xu, et al., 2014; Wang, Johnson, et al., 2015, 2016; Wang, Li, et al., 2016;
Wang, Ying, et al., 2014). However, the underlying mechanisms for embryonic mortality are not

clearly understood.

Physiology of Early Pregnancy in Gilts/Sows

Gilts (nulliparous females) and sows (parous females) are receptive for mating during
estrus, which lasts for 24 to 72 h (Bazer & First, 1983). Ovulation occurs approximately 44 h after
onset of estrus, and, if the female becomes pregnant, a gestation period of 114 to 115 days follows.
After fertilization, porcine embryos are near the ampullary-isthmic junction of the oviduct. The
four-cell stage embryos enter the uterus on Day 3 (60 to 72 h after onset of estrus) and reach the
blastocyst stage by Day 5 of pregnancy (Geisert, Brookbank, et al., 1982; Geisert, Renegar, et al.,
1982). The spherical blastocyst (0.5-1 mm in diameter) sheds the zona pellucida between Days
6 and 7 and further expands from 2-6 mm in diameter (early spherical blastocyst) to 9-10 mm in
diameter (late spherical blastocyst) between Days 8 and 10. After this time, the development of
porcine embryos diverges dramatically from that of rodents and primates, and the presumptive
placental membranes (trophectoderm and extra-embryonic endoderm) elongate rapidly to a

filamentous form by Day 16; i.e. the blastocyst transforms from late spherical (Day 10, 9-10 mm),



to tubular (Day 11, 11-50 mm), to early filamentous (Day 12, 100 mm), mid filamentous (Days 13
to 14, 100-200 mm) and late filamentous (Days 14 to 16, 800-1000 mm) form. It is during this
period of morphological and functional transition that 30 to 40% of the conceptuses die due to a
failure to elongate and establish extensive contact between trophectoderm and uterine LE, that is
required for uptake of secretions from uterine glands needed for survival of the conceptus (Bazer
& Johnson, 2014).

After hatching from the zona pellucida, blastocysts undergo an initial expansion at about
0.25 mm/h between the early (Day 8, < 7 mm) and late (Day 10, 9-10 mm) spherical stages (Bazer
& Johnson, 2014). Following that, there is a remarkable increase in the rate of elongation to 30-45
mm/h between late spherical (Day 10, 9-10 mm) and early filamentous (Day 12, 100 mm) stages,
that occurs within a few hours, primarily due to an increase in cellular remodeling and hypertrophy
(Geisert, Brookbank, et al., 1982). No differences in total DNA and a 40% reduction in mitotic
index was observed in porcine conceptuses between Days 10 and 12, indicating that cellular
hyperplasia does not account for initial elongation of pig blastocysts (Bazer & First, 1983; Bazer
& Johnson, 2014). However, total DNA and RNA in pig conceptuses increase exponentially from
Days 12 through 16, as blastocysts elongate from 100 to 1000 mm in length (Bazer & First, 1983,
Bazer & Johnson, 2014; Geisert, Brookbank, et al., 1982). Coincident with initiation of blastocyst
elongation is the initiation of estrogen production by porcine conceptuses with the peak production
on Days 10 to 12 (Knight et al., 1977; Robertson & King, 1974; Stoner et al., 1986) that results in
a marked increase in uterine secretions from both uterine GE and conceptus trophectoderm,
including but not limited to arginine (Arg), glutamine (GIn), glutamate (Glu) leucine (Leu),

citrulline (Cit), ornithine (Orn), glycine (Gly), proline (Pro), SPP1, PGF2a, PGE2, and



plasminogen activator (Bazer, Johnson, et al., 2015; Fazleabas et al., 1982; Geisert, Renegar, et

al., 1982; Geisert, Thatcher, et al., 1982).

Hormonal Patterns during Pregnancy of Gilts/Sows

Hormonal events associated with the first 14 days of the estrous cycle and pregnancy are
essentially identical in pigs. After that time, however, functional CL must be maintained for the
duration of pregnancy. Loss of CL function at any stage of gestation leads to abortion within 24 to
36 h (Beltetal., 1971). Concentrations of progesterone (P4) in plasma are 30 to 40 ng/ml between
Days 12 and 14 of pregnancy, decrease to 10 to 25 ng/ml by Day 25 of pregnancy (Guthrie et al.,
1974; Knight et al., 1977; Robertson & King, 1974), and then remain fairly constant until about
Day 100 of gestation. Then, P4 levels decline slowly to parturition (Day 114 to 115), when they
decrease abruptly to less than 1 ng/ml. The aromatase activity to produce estradiol increases during
Day 14 and 18 in porcine conceptus during pregnancy (Gadsby et al., 1980). Concentrations of
estradiol (E2) and estrone (E1), both free and conjugated forms, in plasma change during
pregnancy in pigs; however, E1SO4 is the predominant form of estrogens in plasma during
pregnancy. Porcine blastocysts begin to produce estrogens at the 10 mm spherical stage (Bazer &
First, 1983; Geisert, Renegar, et al., 1982). Estrone sulfate (E1SO4) in maternal plasma reflects
secretion of estrogens by pig conceptuses that is triphasic with peaks on Day 10 (0.8 ng in uterine
flushing) to 12 (3.4 ng in uterine flushing) (Geisert, Renegar, et al., 1982), 16 (60 pg/ml) to 30 (3
ng/ml), and 60 (35 pg/ml) to term (114 days; 3 ng/ml) (Knight et al., 1977; Robertson & King,
1974; Stoner et al., 1986). Those high concentrations of E1SO4 are coincidental with initiation of
blastocyst elongation, expansion and development of the allantois, and rapid fetal growth, and

preparation for parturition, respectively (Bazer & First, 1983; Bazer & Johnson, 2014).



Uterine Histotroph and Pregnancy

All mammalian uteri contain uterine glands that produce or selectively transport a complex
array of proteins and other molecules known collectively as histotroph. Uterine glands are required
for normal conceptus development (Bazer et al., 2008; Bazer et al., 2009; Spencer et al., 2007) as
they are highly secretory during the luteal phase of the estrous cycle and throughout pregnancy in
livestock species (Bazer & First, 1983; Bazer et al., 2009; Guillomot, 1995; Perry, 1981; Roberts
& Bazer, 1988). Components of histotroph necessary for elongation and development of
conceptuses are transported into the uterine lumen via specific transmembrane transporters,
receptors, or by pinocytosis, to be taken up by conceptus trophectoderm (Bazer et al., 2008; Bazer
et al., 2009). In the Uterine Gland Knockout ewe model that lacks uterine glands and histotroph
production, these animals fail to exhibit normal estrous cycles or maintain pregnancy beyond Day
14 (Gray et al., 2002; Kelleher et al., 2019). Female mice lacking uterine glands are infertile
whereby the blastocysts fail to implant due to the interference of uterine secretions (Kelleher et al.,
2017). Similarly in pigs, estrogen exposure for 2 weeks after birth, inhibits neonatal development
of uterine glands (adenogenesis), thereby disrupting adult uterine function permanently with
respect to reproductive performance (Bartol et al., 1993; Chen et al., 2010; Cooke et al., 2013;
Tarleton et al., 2003). Because placentation is superficial in the pig, as it is in the cow, ewe, and
mare, the direct transfer of nutrients or histotroph from endometrial surface and glandular
epithelium to the chorionallantois occurs at least through the second trimester of gestation.
Therefore, it is necessary to study the functional roles of histotroph including, but not limited to
enzymes, growth factors, adhesion proteins, cytokines, hormones, amino acids, glucose and
fructose, on growth and development of embryos/fetuses during implantation and throughout the

placentation period of pregnancy.



Adrenomedullin (ADM)

Adrenomedullin (ADM) was first discovered in the human pheochromocytoma, a novel
hypotensive peptide with a potent and long-lasting hypotensive effect (Kitamura et al., 1993).
Distribution of adrenomedullin  was examined with highest concentration on the
pheochromocytoma with 1,900+450 fmol/mg wet weigh, compared with that of normal adrenal
medulla which contained 150£24 fmol/mg. The concentration of adrenomedullin in lung and
kidney is less than 1% of that of normal adrenal medulla but the total amount of adrenomedullin
in lungs and kidney is considerably larger than the total amount in adrenal medulla (Kitamura et
al.,, 1993). The protein encoding gene ADM encodes for the precursor preprohormone,
preproadrenomedullin, which is 185 amino acids (AAs) long in human and mice (Kitamura et al.,
1993; Sakata et al., 1993), and 188 AAs long in pigs (Kitamura et al., 1994). The matured product
of ADM is composed of 52 amino acids in humans and pig (with only one amino acid difference),

and 50 amino acids in mouse (Figure 1).

Mouse AM YRQSMN--QGSRSNGCRF GTC TFQK LAHQIYQLTDKDKDGMAPRNKISPOGY 50
Human AM YRQSMNNF QGLRSFGCRF GTC TVOK LAHQIYQFTDKDKDNVAPRSKISPOGY 52
Pig AM YRQSMNNF QGLRSFGCRF GTC TVQK LAHQIYQFTDKDKDGVAPRSKISPOGY 52

dhdkkkk  kk kk kdkkdhkkkk hkdkkkhrkkkekkhkhk ok e kkk kkkkhkk

*when amino acids are identical
:‘when amino acids are different but the function is conserved
.when amino acids are different but the function is semi-conserved

Figure 1. The amino acid sequence of ADM in different species, aligned for comparison.

Localization of ADM
Since ADM was first discovered, it has been identified in number of organ systems. ADM

in human blood plasma serves as a circulating hormone that regulates the systemic blood pressure
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(Ichiki et al., 1995; Kitamura et al., 1993). ADM is also found to be released from vascular
endothelial cells and to act directly on the vascular smooth muscle cells in rats, humans, porcine,
and bovine (Sugo et al., 1994). Expression of ADM is correlated directly with the increase in
vascular density and endothelial cell proliferation in the leiomyomas of myometrium in humans
(Hague et al., 2000), which may account for the vascular proliferation during the development of
these structures. The ADM gene is also expressed in the human placenta and leukocytes (Trollmann
et al., 2002). The upregulation of ADM is associated with hypoxic-ischemic complications of the
fetus, suggesting that ADM may be a potential marker of asphyxia or hypoxia (Trollmann et al.,
2002). The oviduct in rat produces large amounts of ADM which is believed to result in increased
ciliary beat frequency, and decreased muscular contraction (Liao et al., 2010). ADM is highly
expressed in the dental pulp stem cells during G2/S/M phase of cell division, and promotes the
proliferation, and inhibits apoptosis, of dental pulp stem cells in humans (Zhu et al., 2016).

The localization of ADM and its receptors suggests that it has autocrine or paracrine modes
of action (Montuenga et al., 1997). Signal transduction pathway for ADM’s actions occurs via its
interaction with its receptors (e.g. Calcitonin Receptor Like Receptor (CALCRL)), and Receptor
Activity Modifying Proteins (RAMPs), which are coupled with G-proteins that activates the
adenylate cyclase and increases the intracellular level of Cyclic adenosine monophosphate (CAMP)
(McLatchie et al., 1998). It has been demonstrated that ADM elevates c-fos (a proto-oncogene
protein product) expression and Activator Protein 1 (AP-1) binding activity in smooth muscle cells
and myocytes (Sato & Autelitano, 1995). These effects could have been achieved via regulation
of Protein Kinase A (PKA), Protein Kinase C (PKC) or Mitogen-Activated Protein Kinase

(MAPK) signaling cascades.



Receptors of ADM

ADM belongs to calcitonin gene related peptides (CGRP) family. Other family members
include calcitonin, amylin, intermedin (i.e., adrenomedullin 2) and calcitonin-receptor-stimulating
peptide. Human ADM is composed of 52 AAs with a disulfide bond that forms a six membered
ring structure similar to that found in CGRP and pancreatic amylin (Ichiki et al., 1995; Kitamura
et al., 1993). ADM initiates signal transduction through the receptor complexes consisting of G-
protein coupled receptor Calcitonin Receptor Like Receptor (CALCRL) and Receptor Activity
Modifying Proteins (RAMPs), a family comprised of RAMP1, RAMP2 and RAMP3. Inactive
CALCRL are cytosolic and the heterodimerization of the RAMP2 or RAMP3 with CALCRL
results in activation and translocation of specific ADM receptor 1 (ADM;1: CALCRL/RAMP2)
and/or ADM receptor 2 (ADM2: CALCRL/RAMP3) to the plasma membrane (Hay et al., 2004).
Heterodimerization of RAMP1 with CALCRL forms a CGRP receptor complex which can also
bind to ADM, but with much lower affinity than that to AM1 and AM2 (Hay et al., 2004;
McLatchie et al., 1998).

Another ADM receptor, ACKR3, was initially described as a regulator of the vasodilator
peptides, calcitonin gene-related peptides (CGRP) and ADM (Kapas & Clark, 1995). ADM binds
to ACKR3 with high affinity which suggested that ACKR3 could be an additional CGRP and
ADM receptor (Quinn et al., 2018). A study by Autelitano and Tango determined that all of the
ADM receptors were found to be expressed in rat lungs, although only ACKR3 was detectable in
vascular smooth muscle cells (VCMC), suggesting that ACKR3 may be an important modulator
of ADM function in VSMC (AUTELITANO & Tang, 1999). ACKR3 knock-out mice (Ackr3™)
mice had ventricular septal defects and semi-lunar heart valve malformations (Sierro et al., 2007).

The haploinsufficiency of ADM in Ackr3” mice reversed cardiac and lymphatic



hyperproliferation, demonstrating that ACKR3 could act as a decoy receptor, and is required as a
molecular rheostat for controlling ADM ligand during embryonic development (Klein et al., 2014).

Overexpression of the ADM ligand in Adm"/M

mice results in gross cardiac enlargement due to
cardiac hyperplasia during embryogenesis, which closely phenocopies the dysmorphic cardiac
hyperplasia of Ackr3” mice. Moreover, although there are no changes in survival rates between
wildtype and Ackr3*" mice, Ackr3*"- mice with genetic Adm overexpression exhibit increased

lethality further illustrating the critical importance of ACKR3 in titrating ADM levels. (Klein et

al., 2014)

Expression of ADM in reproductive organs

In the normal human female reproductive tract, mMRNA and protein levels of ADM and its
receptors have been localized throughout all structures of the female reproductive system with
marked expression in the epithelial cells of the uterus, fallopian tubes, and blood vessels
(Nikitenko et al., 2000). The localization of ADM immunoreactivity in the uterus appears closely
related to the menstrual phases in humans (Asada et al., 1999; Elkas et al., 2000; Michishita et al.,
1999). During the proliferative phase there is a more intense cytoplasmic staining of the epithelial
lining and the glandular endometrial cells than the stromal and myometrial elements (Cameron &
Fleming, 1998; Jacobs et al., 1998; Laoag-Fernandez et al., 2000). Conversely, during the
secretory phase, ADM staining increases in the stromal cells and decreases in the epithelial
component, including the secreting uterine glands. The myometrium exhibits cytoplasmic
immunoreactivity in the proliferative phase that becomes nuclear staining in the secretory phase
(Jacobs et al., 1998). However, Asada and co-workers (1999) did not observe ADM

immunoreactivity in the myometrium, but did find prominent ADM immunostaining in both the



glands and the epithelium of the endocervix. The Fallopian tube epithelium and stroma also
demonstrated cyclic regulation of ADM expression (Asada et al., 1999; Jacobs et al., 1998).

In addition, ADM expression increases in uterus of rat during normal pregnancy (Upton et
al., 1997). In the rat ovary, many cell types show ADM positive staining, including the granulosa
and thecal cells, cells of the corpus luteum, and the germinal epithelium (Abe et al., 1998). ADM
expression in the granulosa lutein-containing cells increases from mid-luteal phase to early
pregnancy in human (Abe et al., 2000; Moriyama et al., 2000). ADM expression has also been
found highly expressed in human and rat placenta, particularly in the cytotrophoblast and
syncytiotrophoblast cells (Marinoni et al., 1998; Montuenga et al., 1998; Montuenga et al., 1997;
Morrish et al., 1996). Hayashi et al reported mMRNA and protein expression of ADM and its
receptor-related genes CALCRL, RAMP2 and RAMP3 in the bovine uteroplacental tissues
between days 25 and 250 of pregnancy. ADM and its receptors are expressed in uterine caruncles,
inter-caruncular endometrium, extra embryonic membrane including cotyledonary villi and inter-
cotyledonary chorion throughout the pregnancy with two peaks of expression on days 60 and 200
of pregnancy (Hayashi et al., 2013).

ADM is also present in the mammary glands, particularly in the epithelia of small and large
ducts and in the terminal end buds of glands (Asada et al., 1999; Jahnke et al., 1997). ADM
immunoreactivity was also found in the milk present in the ducts, suggesting a secretion of the
peptide into the milk. This observation was later confirmed by Western blotting and RIA (Jahnke
et al., 1997; Pio et al., 2000). ADM receptors have been identified in almost all regions of the
female reproductive system (Jacobs et al., 1998), particularly in follicular and corpus luteum cells
(Abe et al., 2000). CALCRL and RAMP proteins have been reported in human endometrial

endothelial cells (Nikitenko et al., 2001) and in rat uterus (Yanagita et al., 2000), and the number
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of ADM receptors has been shown to increase in pregnancy (Upton et al., 1997). ADM receptors
are also expressed in placental and umbilical arteries in human (Apodaca et al., 2000) and in the
mammary glands in mouse (Jahnke et al., 1997).

The presence of ADM in the male reproductive system seems to be less conspicuous than
in the female reproductive system. ADM immunoreactivity was reported in testis of rats in some
studies (Montuenga et al., 1998; Sakata et al., 1994; Shoji et al., 1995), but was not found in other
studies (Cameron & Fleming, 1998). According to Asada et al. (1999) ADM immunoreactivity
was present in ductal epithelia of epididymis but was absent from the seminiferous tubules. ADM
and ADM receptors have been described in testicular peritubular myoid cells (Rossi et al., 2000;
Santiemma et al., 2001) and ADM receptors have been found in vas deferens of guinea pig (Poyner
et al., 1999). The highest expression of ADM in the male reproductive tract occurs in the prostate
gland (Asada et al., 1999; Jiménez et al., 1999). ADM protein and mRNA are widespread in
prostatic glandular epithelia of human and rats, whereas proadrenomedullin N-terminal 20 peptide
(PAMP) immunoreactivity is restricted to neuroendocrine cells of the utriculus, where they
colocalize with chromogranin and serotonin (Jiménez et al., 1999; Pewitt et al., 1999). ADM
expression in prostatic glands in rats is induced by androgens (Pewitt et al., 1999).

Role of ADM in regulation of cell growth

Both stimulation and inhibition of cell proliferation have been reported upon exposure to
synthetic ADM. This differential behavior may be cell context dependent. For instance, ADM
stimulates proliferation of the zona glomerulosa cells of the adrenal cortex through CGRP1
receptors and activation of MAPK (Andreis et al., 2000; Nussdorfer, 2001; Semplicini et al., 2001),
whereas PAMP did not have any effect (Nussdorfer, 2001). ADM also acts as a growth factor for

normal skin (Martinez et al., 1997) and human oral keratinocytes (Kapas et al., 1997). ADM, but
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not PAMP, is involved in C6 glioma cell proliferation (Moody et al., 1997) and has proliferative
effects in the Swiss 3T3 fibroblast cell line (Isumi et al., 1998; Withers et al., 1996) and in many
tumor cells lines (Miller et al., 1996). ADM induces osteoblast proliferation, probably through an
interaction with amylin receptors (Cornish et al., 2001; Cornish et al., 1997; Naot et al., 2001).
However, the antiproliferative action of ADM has also been found in rat cardiac fibroblasts (Horio
etal., 1999; Tsuruda et al., 1999) and in mesangial cells (Plank et al., 2005). ADM is also involved
in proliferation reduction of vascular smooth muscle cells (Dunzendorfer et al., 2000; Horio et al.,
1999; Kano et al., 1996; Tsuruda et al., 1999) cultured cardiomyocytes (Tsuruda et al., 1998), and
human teratoblastoma cells (Moody et al., 2000). The growth effects of PAMP are poorly
understood because few studies have focused on this peptide. PAMP reduces growth of human
neuroblastoma cells, TGW by inhibiting N-type Ca2* channels through a pertussis toxin-sensitive
G-protein (Ando et al., 1997). Although ADM-induced inhibition of endothelial cell growth was
reported in a single case (Michibata et al., 1998), ADM potential for inducing growth in endothelial
cells has been reported (Zhao et al., 1998). The second possibility of inducing growth seems to be
more relevant in light of the many reports on the angiogenic abilities of ADM in both normal and
pathological situations, especially as studied in endometrial tissues (Hague et al., 2000; Kim, 1999;

Nikitenko et al., 2000; Oehler et al., 2001; Tomikawa et al., 1999; Zhao et al., 1998).

Role of ADM as antiapoptotic factor

ADM is also an antiapoptotic survival factor. This was first observed in rat endothelial
cells, where ADM reduces serum deprivation-induced apoptosis via a cAMP independent
mechanism (Kato et al., 1997). It was later reported that this action was also cGMP independent
(Sata et al., 2000). The up regulation of the Max gene product in an autocrine or paracrine manner

is the mechanism proposed to explain the antiapoptotic activity of ADM (Shichiri et al., 1999). In
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addition, ADM increased survival of hypoxia-induced apoptosis in Ishikawa cells (a cell line
established from human endometrial adenocarcinoma) overexpressing this regulatory peptide, and
this effect was concomitant with an elevation in B-cell lymphoma 2 (Bcl-2) levels (Oehler et al.,

2001).

Role of ADM in nervous system

There are several studies that reports the presence of ADM in the pituitary (Cameron &
Fleming, 1998; Ichiki et al., 1995; Nussdorfer, 2001; Nussdorfer et al., 1997; Sakata et al., 1994).
ADM concentration in pituitary extracts was higher than in the brain (Hwang & Tang, 1999;
Takahashi, 2001; Takahashi et al., 1997). Immunocytochemical studies in several mammalian
species, including humans, have shown a widespread expression of ADM in the adenohypophysis
and the neural lobe, whereas the intermediate lobe showed a lower amount (Asada et al., 1999;
Montuenga-Badia et al., 2000). ADM is also present in the organ, colocalizing with follicle-
stimulating hormone (FSH) in the gonadotrophs of mammals (Montuenga-Badia et al., 2000). In
addition, ADM-positive nerve fibers have been observed in the hypothalamus-neurohypophyseal
tract (Ueta et al., 1999).
Role of ADM in female reproductive system

A study in rats by Li et al., has shown increase of ADM gene expression during the
development of ovarian follicles from small antral follicle, large antral follicle and Corpus Luteum
(CL) (Lietal., 2011). ADM also regulated the production of progesterone in CL. The regulation
was dependent on the stage of pregnancy, inhibitory at early and late pregnancy but stimulatory
during the mid-pregnancy. ADM increased the ciliary beat frequency in the oviduct of rats and
relaxes the basal tone of the oviduct (Liao et al., 2010). The haploinsufficiency of the ADM and

its related genes leads to reduced fertility, defects in implantation, placentation, and fetal growth.
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The Adm™*" female mice showed reduced pinopode numbers on the uterine luminal epithelial
surface of mice (Li et al., 2008), which might be the cause of poor uterine receptivity. While
studying the knockdown of Adm gene in mice, homozygous Adm-null embryos of the mice die in
mid gestation with extreme hydrops fetalis and cardiovascular abnormalities (Caron & Smithies,
2001). The functional role of adrenomedullin was studied in genetically reduced ADM expression
heterozygous Adm™" mice. The heterozygous Adm*" mice had reduced fertility, with the Adm™
embryos were more affected than those of Adm*- and Adm*"* embryos (Li et al., 2006). Embryos
of the most affected genotypes, had defects in the trophoblast cell invasion and leading to impaired
placentation and fetal growth and fetal spacing leading to decreased fertility.

By prenatal Day 8 (E8) of mouse development, ADM was intensively expressed in the
decidual cells and chorionic plate of the placenta and in the endodermal cells of the yolk sac,
whereas the embryonic tissues were almost totally devoid of immunoreactive ADM. ADM mRNASs
was particularly abundant in trophoblastic giant cells (Montuenga et al., 1998; Montuenga et al.,
1997). The developing heart was the first organ that expressed ADM in the embryo proper. In
addition, it was the organ that showed higher levels of immunoreactivity through all stages of
mouse (Montuenga et al., 1998) and rat (Montuenga et al., 1997). ADM is indispensable for
normal heart development, and its absence results in serious cardiovascular abnormalities causing
embryos to die in mice (Caron & Smithies, 2001).

A strong expression of ADM was found in uterus, ovary, and anterior pituitary and some
fluctuations of the peptide along the menstrual cycle have been described, pointing to important
roles for ADM in female reproductive physiology (Cameron & Fleming, 1998; Marinoni et al.,
2000; Montuenga-Badia et al., 2000). In in vitro fertilization studies, elevations of ADM content

in follicular fluid have been found during the late follicular phase and have been suggested to be a
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potential marker of decreased ovarian response (Manau et al., 1999; Manau et al., 2000). These
results have also been interpreted as being part of a hypothalamus-pituitary-ovary feedback
mechanism (Marinoni et al., 2000). PAMP was localized together with FSH in the secretory
granules of pituitary gonadotropic cells, suggesting a role for this peptide in regulation of
folliculogenesis (Montuenga-Badia et al., 2000). Effects of ADM on the uterus include
vasodilatation of local vessels, uterine smooth muscle relaxation, angiogenesis, antiapoptotic
actions, and antimicrobial activities (Hague et al., 2000; Nikitenko et al., 2000; Oehler et al., 2001).
During a later period of human pregnancy, ADM contributes to the maintenance of uterine
quiescence through CGRP receptors in myometrial cells (Casey et al., 1997; Di lorio et al., 1998).
ADM plasma levels increase dramatically during normal pregnancy (Marinoni et al., 1997,
Martinez et al., 1999). In pregnant rats, ADM levels are elevated by progesterone and they seem
to contribute to the maintenance of a vasodilatation state as an adaptation to the needs of pregnancy
(Jerat & Kaufman, 1998). These elevated levels of ADM expression can also be appreciated in
fetoplacental tissues, amniotic fluid, and umbilical plasma during normal pregnancy (Marinoni et
al., 1998). ADM could also be responsible for the reduction in stretch-induced ANF release

observed during pregnancy (Kaufman & Deng, 1998).

Role of ADM in male reproductive system

The unique function of ADM in the male reproductive system, which has been well
documented, concerns penile erection. Intracavernosal injection of ADM induces an increase of
penile blood flow and penile erection in normal cat specimens (BIVALACQUA et al., 1998;
Ozbek et al., 2000). ADM potency on penile erection is lower than the potency exhibited by VIP,
but higher than that exhibited by nociceptin, CGRP, and several other substances (Champion,

Wang, Hellstrom, et al., 1997). This ADM action is performed through CGRP receptors and is not
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mediated by nitric oxide or opening of K+-ATP channels (Champion, Wang, Shenassa, et al.,
1997). ADM, PAMP, and their receptors have been found in rat and human prostate glands

(Jiménez et al., 1999).

Role of ADM on fetal growth and development

Three independent groups have published data on ADM knockout mice (Caron & Smithies,
2001; Shimosawa et al., 2002; Shindo et al., 2001). In all cases, the embryos of animals
homozygous for the deletion died in mid-gestation, indicating the indispensable role of ADM in
fetal morphogenesis and maintenance of pregnancy. The first report came from the University of
North Carolina at Chapel Hill (Caron & Smithies, 2001) and these mice were obtained by replacing
the ADM gene-coding sequence with a DNA fragment encoding enhanced green fluorescence
protein. The homozygous null animals developed extreme hydrops fetalis and cardiovascular
abnormalities before dying. Some of these modifications included overdeveloped ventricular
trabeculae and thinner arterial walls. In a second knockout experiment, Shindo et al. (2001)
reported similar findings regarding the lethality of the deletion of the ADM gene. Nevertheless, in
this case, the most striking abnormality in the knockout mice was the presence of severe
hemorrhage, both under the skin and in internal organs. Electron microscopy studies of the blood
vessels of young embryos showed a defect in the basement membrane of the capillaries that
allowed efflux of blood cells to the interstitial space. Interestingly, heterozygous animals were able
to survive to adulthood. These mice exhibited elevated blood pressure and lower nitric oxide levels
than normal animals. In both these studies the whole gene was knocked out and therefore
production of both ADM and PAMP was interrupted. In a very recent study, only ADM was
deleted, allowing normal production of PAMP (Shimosawa et al., 2002). Here, again, the

homozygous null animals were not viable whereas the heterozygous mice survived. When the
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heterozygous animals were subjected to stressful conditions including treatment with angiotensin
Il or a high-salt diet, they developed perivascular fibrosis and intimal hyperplasia in the coronary
arteries. These data strongly support the hypothesis that ADM acts as a protective agent against
cardiovascular damage.
Role of ADM in fertility and implantation

An important role of ADM in fertility and implantation has come from well-characterized
animal models. Findings have implicated ADM in even the earliest stages of pregnancy. Li et al.,
showed that in a rat model, ovarian ADM expression increases from small antral follicles to large
antral follicles to the formation of the corpus luteum, and ADM appears to be involved in the
regulation of progesterone production from the corpus luteum (Li et al., 2001). ADM also increases
ciliary beat frequency and reduces contraction in the rat oviduct, pointing to a role for ADM-
mediated regulation of embryo transport to the uterus (Liao et al., 2010). Expression of ADM and
its receptor components are induced in the luminal epithelium of the murine uterus as early as
pregnancy Day 0.5. By the peri-implantation period, ADM is expressed both by the blastocyst
trophectoderm and the uterine luminal epithelium and stroma at the implantation site (Li et al.,
2008). Therefore, the peptide is abundantly expressed throughout the female reproductive tract
from the earliest stages of pregnancy. Homozygous deletion of Adm results in embryonic lethality
with abnormal development of the heart and lymphatic vascular system (Fritz-Six et al., 2008).
However, female mice heterozygous for Adm (50% ADM expression) survive and are a very useful
model for the study of haploinsufficiency of ADM during pregnancy. Adm™~ female mice have a
significantly reduced pregnancy success rate compared to wild type females, even though
ovulation and fertilization occurs normally in these mice. This reduced pregnancy rate persists

even when wild type blastocysts are transferred to the Adm™~ female, indicating that reduced
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maternal ADM is responsible for the uterine receptivity defects in this model (Li et al., 2006).
Furthermore, Adm*™~ female mice have reduced numbers of uterine pinopodes (referred to as
uterodomes in humans), which are plasma membrane extravasations of the uterine luminal
epithelium that faithfully mark the window of uterine receptivity (Li et al., 2008). Even when
implantation is successful in the Adm*~ female, fertility defects persist. The litter sizes of Adm™"~
female mice are reduced when mated to wild type males, while normal litter sizes are born to wild
type females mated to Adm™~ males. The implantation sites in pregnant Adm™~ females are
abnormally spaced and overcrowded, resulting in increased rates of embryo loss and remarkable
subfertility (Li et al., 2006). Therefore, even a modest 50% reduction in maternal expression of
ADM is sufficient to cause major implantation and fertility complications in genetic mouse
models. This strong genetic and physiological evidence from rodent models is beginning to be
translated to clinical medicine as well. For example, Marinoni et al. has found that elevated ADM
levels in follicular fluid is associated with negative outcomes in in vitro fertilization patients

(Marinoni et al., 2010).

Role of ADM in placentation and maternal-fetal circulation

One of the most essential maternal responses to pregnancy is the vascular remodeling of
uterine spiral arteries, which ensures adequate blood flow to the developing fetus. The
development of the placenta is central to this process. The earliest stages of placental development
in humans and rodents occur during implantation, when trophectoderm cells from the blastocyst
attach and invade into the wall of the receptive uterus. These trophectoderm cells differentiate into
multinucleate trophoblast cells termed extravillous cytotrophoblasts in humans and giant
trophoblast cells in rats and mice, which invade the uterine lining and establish the vascular

connection between fetal placental tissue and the maternal blood supply (Lee & DeMayo, 2004).
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High ADM expression is present in the trophectoderm cells and persists in trophoblast giant cells
in the mouse (Li et al., 2006), and positive staining for ADM expression in the extravillous
cytotrophoblast lineage has been shown in the normal term placenta in humans (Nikitenko et al.,
2001). Support for a role for ADM in trophoblast invasion has come from in vitro studies. Zhang
et. al. showed that ADM induces proliferation and invasion in JAr cells, a choriocarcinoma cell
line, and in HTR-8/SV neo cells, a first trimester cytotrophoblast cell line (Zhang et al., 2005). In
isolated fetoplacental vascular beds and stem villous arteries previously constricted with a
thromboxane sympathomimetic, ADM infusion induces a dose-dependent vasodilation, suggesting
that ADM may help maintain low placental vascular resistance (Hoeldtke et al., 2000). Ross et al.,
found that ADM treatment in rats induces relaxation of the uterine artery and this effect is enhanced
in pregnancy or with estradiol treatment, providing further evidence for a functional role for ADM
in maintaining vascular tone in pregnancy (Ross et al., 2010). In women with unexplained
recurrent pregnancy loss, high plasma ADM was associated with increased uterine artery
pulsatility index and an increased number of previous miscarriages, from which the authors
suggest that increased ADM may be acting in a compensatory role (Senna et al., 2008).
Role of ADM in pregnancy related complications

Pre-eclampsia is a disease characterized by hypertension in the placenta. There are several
studies on the variations of ADM in this disease, but a great deal of controversy remains as to
whether ADM levels increase or decrease in these patients. One study based on samples taken
from amniotic fluid and umbilical vein plasma reported that ADM seems to be increase locally in
fetal fluid of pre-eclamptic patients. It was concluded that ADM is necessary to maintain placental
(LOW?) vascular resistance and fetal circulation at physiological levels (Di lorio et al., 1998). In

contrast, another study found decreased ADM synthesis in syncytiotrophoblasts and no differences
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in the amnion and extravillous trophoblast cells (Kanenishi et al., 2000). There is also variability
in the results of experiments that studied ADM plasma levels. Again, some studies reported
elevations (Lauria et al., 1999) or diminutions (Hata et al., 1997) in the levels of ADM in pre-
eclamptic patients; however, other reports showed no differences in ADM plasma levels between
women with pre-eclamptic and normal pregnancies (Jerat et al., 2001; Minegishi et al., 1999). In
animal models of preeclampsia, there was an increase in ADM plasma levels. These levels
increased as well in fetal membranes and in blood taken from the umbilical artery (LU et al., 1999;
I. Makino et al., 1999; Y. Makino et al., 1999). ADM has also been associated with some fetal
disorders. ADM and its receptors have been implicated in pregnancies complicated by
oligohydramnios, a fetoplacental response to vascular compromise (Apodaca et al., 2000). In
addition, fetuses with intrauterine growth restriction and abnormal umbilical artery function have
also shown a marked elevation of ADM plasma levels as a response to reduced utero-placental
blood flow (Di lorio et al., 2000). Also, there are some indications that absence of ADM may
induce nonimmune hydrops fetalis (Caron & Smithies, 2001).

Defects in the ability of trophectoderm cells to fully invade the maternal uterine wall and
remodel vessels are thought to underlie many serious reproductive conditions (Chaddha et al.,
2004; Lala & Chakraborty, 2003). Given that female mice heterozygous for Adm exhibit marked
subfertility, and that homozygous deletion of Adm causes embryonic lethality, it is not surprising
that altered ADM expression has been associated with several of these pregnancy complications.
ADM in gestational diabetes

To date, there is relatively limited data available on whether ADM levels are altered in
gestational diabetes. Martinez et. al. showed no change in plasma ADM levels in pregnant women

with gestational diabetes, compared to pregnant women without gestational diabetes (Martinez et
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al., 1999). Di lorio et al. also found that ADM levels were not changed in the maternal circulation,
but found higher ADM levels in the amniotic fluid of pregnant diabetic women (Di lorio et al.,
2001). Plasma ADM was found to be unchanged in pregnant women with type | diabetes mellitus
(T1DM) (Loukovaara et al., 2005), and in a subsequent study ADM was found to be unchanged in

the plasma of women with gestational diabetes (POyhdnen - Alho et al., 2010). These data suggest

that circulating ADM may not be altered in pregnant women with gestational diabetes, but fetal or
placental ADM production may be elevated, potentially resulting in the observed increased

amniotic fluid ADM concentration.

ADM in preeclampsia

Based on the known roles for ADM in trophoblast invasion and vascular adaptation to
pregnancy, there is significant interest in determining whether changes in ADM peptide or
expression levels contributes to the pathogenesis of preeclampsia (PE). Results from an
experimental rat model of maternal hypertension further piqued this interest. In this model,
whereby administration of the inhibitor of nitric oxide synthases L-NAME (nitro-L-arginine
methyl ester) during gestation, results in hypertension and pup mortality, maternal infusion of
ADM attenuated the hypertensive phenotype (I. Makino et al., 1999). However, results from
human studies have been highly variable and controversial. One of the earliest studies examining
ADM levels in PE, by Hata et al. found that circulating ADM levels were reduced in women with
PE (Hata et al., 1997). But a multitude of other studies have found markedly variable results. For
example, studies have shown either decreased (Bo¢-Zalewska et al., 2011; Kanenishi et al., 2000;
Knerr et al., 2002) or increased (Gratton et al., 2003) ADM mRNA levels in placental tissues of
preeclamptic (PE) patients. Attempts to look at ADM protein levels have been equally variable.

ADM peptide production from purified cytotrophoblast cultures of preeclamptic patients was
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shown to be decreased (Li et al., 2003), and the majority of studies looking at plasma levels of
ADM have been inconsistent, showing both increased (Bo¢-Zalewska et al., 2011; Di lorio et al.,
1998; Lauria et al., 1999; Senna et al., 2008), decreased (Dikensoy et al., 2009), and unchanged
(Jerat et al., 2001; Minegishi et al., 1999) ADM levels in PE. Al-Ghafra et al. attempted to clarify
the role of ADM in PE by limiting their study to patients with severe PE and by separating patients
by term versus preterm delivery; they found that ADM protein levels were increased in fetal
membranes in PE patients with both term and preterm gestation, and ADM mRNA levels were
also increased in preterm choriodecidual tissue in PE patients (Al-Ghafra et al., 2006). Though
there is strong evidence for altered ADM levels being either a cause or a secondary effect in PE,
it is clearer that more controlled experiments to address the direction of the change and the exact

role of ADM PE are needed.

ADM and preterm birth

It has long been thought that altered ADM levels may be present in cases of preterm birth.
Human studies dating back over 10 years ago have suggested that ADM protein may be elevated
in patients with preterm birth. The Di lorio laboratory has published several studies on this subject,
finding increased amniotic ADM levels in cases of preterm premature rupture of membranes
(PPROM) (Di lorio et al., 1999), and increased amniotic fluid ADM in patients with preterm labor
(Di lorio et al., 2001). Elevated second trimester amniotic fluid levels of ADM have also been
reported in patients that go on to preterm deliveries (Yamashiro et al., 2002). Glucocorticoids may
be involved in the regulation of ADM levels in pregnancy, as administration of betamethasone to
stimulate fetal lung maturity in patients at risk for preterm birth resulted in significantly increased
maternal and fetal plasma ADM levels (Marinoni et al., 2006). However, a 2009 study by lavazzo

et al. found that there was no change in ADM levels in spontaneous preterm delivery or preterm
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premature rupture of membrane (PPROM) (lavazzo et al., 2009), suggesting that further studies
may still be needed in this area. In addition to genetic and environmental causes, it is interesting
to speculate as to whether ADM may play a role in another major cause of preterm birth —
ascending intrauterine bacterial infections, which are thought to account for 25-40% of preterm
births (Goldenberg et al., 2008). The spread of microorganisms to the amniotic cavity causes the
activation of toll-like receptors and the release of proinflammatory cytokines, leading to increased
prostaglandins and the stimulation of premature uterine contractions and degradation of fetal
membranes (Challis et al., 2009; Romero et al., 2007). There are multiple characteristics of ADM
that implicate it as a regulator of innate immunity and host defense (Zudaire et al., 2006). These
include its six-member cysteine ring structure which is a characteristic of both human and murine
beta-defensins (Bauer et al., 2001) and which allows these molecules to penetrate bacterial cell
membranes, and the known anti-inflammatory effects of ADM (Christiaens et al., 2008). The
potent bactericidal properties of ADM (Allaker et al., 2006) and its high level of expression in the
skin, oral cavity cervical mucosa, fetal membranes, and breast milk (Allaker et al., 1999;

Trollmann et al., 2002) also support its role as a possible mediator of host defense.

ADM and intrauterine growth restriction

Numerous rodent models have provided evidence for the necessity of ADM in normal fetal
growth. Yallampalli’s laboratory found that antagonism of ADM during pregnancy resulted in
intrauterine growth restriction (IUGR), abnormal placental vascularization, and increased fetal
resorption, in the rat (Witlin, 2002). Similar studies in the mouse have shown that Adm*~ mothers
have a high rate of fetal growth restriction, which occurs in all fetal genotypes. The incidence of
fetal growth restriction was highest among Adm™~ embryos, indicating that both maternal and fetal

ADM may contribute to normal fetal growth (Li et al., 2006). Results from human studies have
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not been as consistent. Two early studies found that elevated ADM levels in the umbilical plasma
and amniotic fluid, respectively, were associated with reduced fetal growth (Di lorio et al., 2000;
Yamashiro et al., 2002), which could be a compensatory effect. However, a 2001 study by
Yamashiro et al. and a more recent study by Akturk et al. showed no difference in ADM
concentrations between small for gestational age and appropriate for gestational age infants
(Akturk et al., 2007; Yamashiro et al., 2001). Based on animal studies, it is likely that altered ADM
levels may contribute to either the development of IUGR or the resulting adaptive compensation
to other primary causes of IUGR. However, the inconsistencies between studies in the human
population points to the necessity of further studies to determine with certainty how changes in
ADM levels may be involved in the pathogenesis of growth restricted pregnancies.
Conclusion

Given that ADM s critical for implantation, placentation and spacing of blastocysts in
human and rodents, it is imperative that the function and regulation of ADM as related to uterine
receptivity, as well as growth and development of conceptus during the pregnancy in all domestic
animals be established. This is particularly relevant for pigs as they are the litter bearing species
with high incidence of early embryonic death (30-40%), naturally occurring intrauterine growth

restriction, and frequent occurrences of stillborn piglets (3-9%) (Bazer et al., 2014).
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CHAPTER 2 - DATA MINING REVEALS THAT THE EXPRESSION OF ADM IS
INCREASED IN PORCINE ENDOMETRIUM DURING PREGNANCY

Abstract

Adrenomedullin (ADM) is an evolutionarily conserved multi-functional peptide hormone
that regulates implantation, embryo spacing and placentation in humans and rodents. However, the
potential roles of ADM in implantation and placentation in pigs are not known. In this Chapter,
we performed a data-mining based analysis to investigate the expression patterns of ADM and its
receptors components (CALCRL, RAMP1, RAMP2, RAMP3, and ACKR3) in uteri from cyclic
and pregnant gilts as well as the uterine compartments within pregnant uterine endometrium i.e.,
Luminal epithelium (LE), Glandular epithelium (GE) and Stromal cells (S). The mRNA levels of
ADM, CALCRL, RAMP2, RAMP3 and ACKR3 were increased (P<0.05) in porcine endometrium
between days 6 and 18 of estrous cycle; whereas RAMP1 mRNA remained unchanged. Re-analysis
of Laser Capture Microdissection (LCM)-based RNA-Seq data further revealed that ADM mRNA
was expressed in endometrial LE and S, but not GE, at both cyclic (CD) and gestational (GD) day
12; whereas CALCRL, RAMP2 and ACKR3 mRNAs were detected in all three compartments.
Moreover, in pregnancy, expression of ADM in LE and S were stimulated, while that of ACKR3
in LE, GE and S, were inhibited. The mMRNA levels of CALCRL and RAMP2 were not affected by
pregnancy in LE, GE and S. Together, these results provided the rationale to further investigate
the temporal and cell-specific expressions of ADM and its receptor components in porcine

endometrium and conceptuses during peri-implantation period of pregnancy.
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Introduction

The endometrium is the inner layer of the uterus and is composed of epithelial cells, stromal
cells, immune cells, and endothelial cells which contribute to the vasculature of the uterus. The
epithelial cells form a single layer of columnar epithelium (luminal epithelial cells; LE) that faces
the lumen of the uterus. Epithelial cells (glandular epithelium; GE) which invaginate within the
endometrial stroma (S), form distinct structures with a secretory function named endometrial
glands. These glands are branched-tubular structures that develop through the endometrial stroma
reaching the myometrium. The structure and function of these glands dynamically change
throughout the estrous cycle and during pregnancy. During the peri-implantation period of
pregnancy, glands achieve their peak functional role, together with LE, providing histotroph to
facilitate the embryo-endometrial crosstalk. The endometrial stroma, on the other hand, responds
to ovarian progesterone and/or conceptus signals, and actively communicates with LE and GE to
further support the establishment and maintenance of pregnancy (Ashary et al., 2018; Mazur et al.,

2015).

Within the first week of pregnancy, the mammalian embryo undergoes sequences of
developmental changes, that includes cleavage, morula and blastocyst stages, which is similar in
all mammalian species. After hatching from the zona pellucida, pig blastocysts undergo rapid
morphological transitions from large spheres of 10 to 15 mm diameter, to tubular (15 mm by
50mm) to filamentous (I mm by 100 to 200 mm) forms between Days 10 and 12 of pregnancy and
achieve a final length of 800 to 1000 mm between Days 12 and 15 of pregnancy (Bazer et al.,
1982). During this peri-implantation period of pregnancy, endometrial secretions driven by ovarian

progesterone and conceptus signals, which are essential for conceptus growth and development.
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To date, a number of studies have been performed to analyze transcriptomic alterations in the
porcine endometrium in response to various embryonic signals and different pregnant states,
generating a large amount of high content datasets. Thus, in this Chapter, we performed a data
mining-based analysis of two publicly available porcine endometrial RNA-Seq datasets and

identified mMRNA levels of ADM and its receptor components in a timely and cell-specific manner.

Materials and Methods

The porcine endometrial transcriptome datasets GSE108570 and GSE109539 were obtained

from the Gene Expression Omnibus (GEO) repository (https://www.ncbi.nlm.nih.gov/gds).

Experimental design for GSE108570

Twenty-one crossbred gilts (Landrace X Yorkshire) gilts of similar age (6-8 months) and
weight (100-200kg) were utilized in this study after experiencing at least two normal estrous cycle
of 18-22 days. Gilts were observed daily for estrous behavior in the presence of boars. The day on
which estrous behavior was first exhibited was designated as Day 0. The ovary, endometrium and
oviduct tissues of the gilts were collected on Days 0, 3, 6, 9, 12, 15, and 18 of estrous cycle (n=3
gilts/day) by hysterectomy to encompass the whole stages of the estrous cycle. Endometrial tissues
were dissected free of myometrium from the middle portion of the uterine horns. Tissues were

snap-frozen in liquid nitrogen and stored at -80 degrees for RNA extraction (Kim et al., 2018).

The total RNA was extracted from the endometrium using TRIzol reagent (Invitrogen, Life
Technology, Carlsbad, CA) according to the manufacturer’s recommendations. The quality of
RNA was assessed by spectrophotometry and integrity of RNA was validated by electrophoresis

in 1% agarose gel. The mRNA of 1ug of total RNA was converted into a library of template
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molecules suitable for subsequent cluster generation using the reagents provided in the Illumina®
TruSeq™ RNA Sample Preparation Kit. Firstly, the poly-A containing mRNA molecules were
purified using poly-T oligo attached magnetic beads. Following the purification, the mRNA was
fragmented into small pieces using divalent cations under elevated temperature. The cleaved
mMRNA fragments were copied into first strand cDNA using reverse transcriptase and random
primers. This was followed by second strand cDNA synthesis using DNA Polymerase | and RNase
H. These cDNA fragments then underwent an end repair process, the addition of a single ‘A’ base,
then ligation with adaptors. The products were then purified and enriched with PCR to create the
final cDNA library. The libraries were then quantified using qPCR according to the gPCR
quantification guide by the manufacturer and quantified using an Agilent Technologies 2100
Bioanalyzer. The cDNA libraries were sequenced using the paired-end sequencing by Illuminal

HiSeq 2000.

Experimental design for GSE109539

Eight prepuberal gilts were bought from a livestock trader (crossbreeds of German
Landrace and Piétrain) and received a single injection of 750 IU PMSG (Intergonan®, MSD
Animal Health Innovation GmbH, Schwabenheim, Germany) and 72 h later 750 1IU hCG
(Ovogest®, MSD Animal Health Innovation GmbH) to synchronize ovulation. Gilts of the
“pregnant” group (n=4) were inseminated twice (24 h and 36 h after hCG) with a standard dose
of German Landrace semen whereas gilts of the “non-pregnant” control group (n=4) were
inseminated with the supernatant of centrifuged (10 min, 3000 rpm) semen of the same boar. Gilts
were slaughtered on Day 12 after insemination. Endometrial samples (medial part of the uterine

horns) were collected and snap-frozen in liquid nitrogen and stored at — 80° until preparation for
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Laser capture microdissection (LCM). Pregnancy was confirmed by the presence of filamentous
conceptuses in the flush of the uterine horns. Briefly, frozen endometrium samples were cut in
10um thick sections with a Leica CM1950 clinical cryostat (Leica Biosystems, Germany),
mounted onto membrane slides (MembraneSlide NF 1.0 PEN, Zeiss, Germany), and stained using
a modified, rapid Cresyl violet staining protocol to identify LE, GE, and stromal cells. Briefly, the
slides were first fixed with 70% ethanol (Sigma), and quickly washed in 50% ethanol. Cresyl violet
was used to stain for 3 min, and then the stained slides were washed again with 50%, 70%, 100%
ethanol, respectively (dip slides two/three times into each solution). Finally, the slides were dried
at room temperature. All solutions were prepared with RNase-free water. The target cells from the
sections were captured using an LCM Zeiss 200 M (inverse) microscope (Zeiss PALM
Microsystems, Germany). When satisfactory cutting was achieved, the target tissue was lifted to
the LCM cap (AdhesiveCap 200 clear, Zeiss, Germany) and 50 pl extraction buffer was used to

incubate the LCM samples at 42 °C for 30 min to lyse the cells.

Total RNA was isolated from luminal epithelium, glandular epithelium, and stromal
samples of each pig using the PicoPure RNA Isolation Kit (Applied Biosystems™, Vilnius,
Lithuania) following the manufacturer’s instructions. Integrity and quantity of the RNA were
assessed using the Agilent RNA 6000 Pico assay on the Agilent 2100 Bioanalyzer (Agilent
Technologies, Waldbronn, Germany). The quality of the isolated total RNA extracted from LE,
GE, and S ranged from 6.6 to 9.4 (RNA integrity number, RIN). Most of the samples which had a
RIN around 8 were used to prepare a total of 24 RNA-seq libraries for biological replicates per
group (n=4 gilts) and cell type. The Ovation SoLo Single Cell RNA-Seq System (NuGen
Technologies, San Carlos, USA) was used for preparing RNA-Seq libraries starting from 500 pg

of total RNA (corresponding to no more than 50 cells) according to the manufacturer’s
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recommendations. The number of PCR cycles for the first amplification step (determined by gPCR
according to the manual) was between 15 and 20, and for most of the samples was 17. The 24
libraries were prepared from each individual sample for the three cell types of each replicate of
both experimental groups. Then, all individual barcoded libraries were pooled for sequencing on
two lanes of a single-read flow cell on an Illumina HiSeq 2500 instrument. Sequencing and de-

multiplexing were performed at the Functional Genomics Center Zurich (FGCZ).

Bioinformatics and data analysis

The raw RNA-Seq reads from both GSE108570 and GSE109539 datasets were initially
processed by filtering with average quality score greater than 20. Reads which passed the initial
processing were aligned to the pig reference genome (Sscrofa 11.1) using TopHat version 2.0.4
(Trapnell et al., 2009) and assembled using Cufflinks version 2.0.2 (Trapnell et al., 2010). BigWig
files were generated from normalized bedgraph file of each sample using bedGraphToBigWig.
Scores represent normalized mapped read coverage. Expression values of RNA-Seq were
expressed as FPKM (fragments per kilobase of exon per million fragments) values. Differential
expression was calculated using Cuffdiff (Trapnell et al., 2010). Transcripts with FPKM >1,
g<0.05, and at least 1.5-fold change were defined as differentially expressed genes (DEGs). For
individual MRNA of interests, the normality of data and homogeneity of variance were tested using
the Shapiro-Wilk test and Brown-Forsythe test in Statistical Analysis System, respectively
(version 8.1.; SAS Institute). Data were analyzed by least squares one-way analysis of variance
and post hoc analysis (the Fisher least significant difference) with each gilt as an experimental

unit. Data are expressed as means with SEM. P<0.05 was considered statistically significant.
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Results
Effect of estrous cycle on expression of ADM in porcine endometrium

The mRNA Expression was measured in terms of Fragments per Kilobase of transcripts
per Million mapped reads (FPKM). In porcine endometrium, expression of ADM mRNA increased
(P<0.05) between days 6 and 18 of estrous cycle with the highest expression at cyclic day 15 (6.8-
fold, as compared to cyclic day 6) (Figure 2a).
Effect of estrous cycle on expressions of CALCRL, RAMP2, RAMP1, RAMP3 and ACKR3 in
porcine endometrium

As the receptor components of ADM, mRNA expressions of CALCRL and RAMP2
gradually increased (P<0.05) in porcine endometrium between days 6 and 18 of estrous cycle
(Figure 2a). In particular, endometrial CALCRL mRNA levels reached the highest on cyclic day
15 with 5.1-fold increases (P<0.05, as compared to cyclic day 6) and then dropped between days
15 and 18 of estrous cycle, whereas RAMP2 mRNA increased by 2.2-fold (P<0.05) between days
6 and 18 of estrous cycle (Figure 2a). While mRNA levels of RAMP1 remained unchanged,
RAMP3 mRNA were first increased by 1.6-fold between days 6 and 12 and decreased thereafter
(Figure 2b). In addition, ACKR3 mRNA expression was lower between days 6 and 9 of estrous
cycle and increased on day 12 of estrous cycle and maintained its high level on days 15 and 18
(Figure 2b).
Effect of pregnant status on cell-specific expressions of ADM associated genes in porcine
endometrium
After mining the cell-type specific RNA-Seq data, ADM mRNA were detected in both LE and S,
but not GE, of porcine endometria at day 12 of estrous cycle (CD12) and gestation (GD12);

whereas MRNAs of CALCRL, RAMP2 and ACKR3 genes were expressed in endometrial LE, GE
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and S in both cyclic and pregnant pigs (Figure 2c). In particular, pregnancy stimulated ADM
MRNA levels by 10.5- and 2.3-fold (P<0.05) in LE and S, respectively; and inhibited ACKR3
MRNA levels by 83.3%, 48.8% and 66.5%, in LE, GE, and S, respectively. No significant
differences in mMRNA levels of CALCRL and RAMP2 were detected in endometrial LE, GE or S

between cyclic and pregnant animals (Figure 2c).

Discussion

Adrenomedullin is a highly conserved peptide hormone required for intra-uterine spacing
of blastocysts and angiogenesis during early pregnancy in rodents. This is the first study to
investigate the relative mRNA expression of ADM and its related receptors on pig endometrium
using a data-mining based analysis of two publicly available RNA-Seq datasets. We determined
that the ADM and several of its associated receptor mRNA expressions were increased during
estrous cycle, and pregnancy, but their expression patterns in endometrial LE, GE and S was

differentially regulated.

Previous studies have shown that ADM is highly expressed in the reproductive tissues of
humans (Cameron et al., 2002) and rats (Cameron & Fleming, 1998). In the normal human female
reproductive tract, mRNA and protein levels of ADM and its receptors have been localized
throughout all structures of the female reproductive system with marked expression in the
epithelial cells of the uterus, fallopian tube, and blood vessels (Nikitenko et al., 2000). ADM also
increased ciliary beat frequency and reduced contraction in rat oviduct, pointing to a possible role
for ADM in mediating the regulation of embryo transport to the uterus (Liao et al., 2010).
Expression of ADM and its receptor components are induced in the LE of the murine uterus as
early as gestational day 0.5, lending support for the notion that ADM is required for embryo

implantation and placentation in humans and mice. Insufficient levels of ADM expression in the
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murine uterus causes abnormal placentation (Matson & Caron, 2014) and post-parturition
complications (Karpinich et al., 2013). ADM administration to the murine endometrium results in
increased water transport and formation of pinopodes in epithelia (Brooke C Matson et al., 2017).
During the peri-implantation period of pregnancy in rodents, ADM is produced by both blastocyst
trophectoderm and the uterine LE and stroma at the implantation site (Manyu Li et al., 2008). In
addition, ADM is an angiogenic, anti-inflammatory and vasodilatory protein consistent with its
likely role in cardiac, lymphatic and vascular system. (Karpinich et al., 2013). Similar to rodents,
pig is also a litter-bearing species that faces early embryonic loss and fetal crowding. Thus, it is
imperative that expression patterns of ADM and its receptor components in porcine endometrium
be established. This data-mining based analysis of RNA-Seq datasets provided basic evidence of
the presence of ADM and its associated receptor components in both cyclic and pregnant porcine
endometrium. Thus, we proposed to investigate further, the temporal and cell-specific expressions
of ADM and its associated receptor components in the endometrium, as well as in conceptuses,

during peri-implantation period of pregnancy in pigs.
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Figure 2. Gene expression of ADM and its receptors in pig endometrium based on RNA-seq

data. (a, b) Effects of estrous cycle on ADM associated gene expression in porcine
endometrium. n=3. Different superscript letters denote significant differences (P<0.05). (c)
Effects of pregnancy on ADM associated gene expression in each compartment of porcine

endometrium. N=4. LE, luminal epithelium; GE, glandular epithelium; S, stromal cells; CD,

cyclic day; GD, gestational day. *P<0.05; ***, P<0.001. Data are presented as means + SEM.
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CHAPTER 3 - TEMPORAL AND SPATIAL EXPRESSION OF ADRENOMEDULLIN
AND ITS RECEPTORS IN PORCINE UTERUS AND PERI-IMPLANTATION

CONCEPTUSES.

Abstract

Adrenomedullin (ADM) is an evolutionarily conserved multi-functional peptide hormone
that regulates implantation, embryo spacing and placentation in humans and rodents. However, the
potential roles of ADM in implantation and placentation of domestic animals, particularly pigs, as
a litter-bearing species, are not known. This Chapter investigated the expression patterns of ADM
MRNA and protein as well as its receptor components that include calcitonin receptor-like receptor
(CALCRL; G protein-coupled receptor bound by ADM), receptor activity modifying proteins
(RAMP2 and RAMP3; dimerized with CARCRL, i.e., CALCRL/RAMP2 or CALCRL/RAMP3)
and atypical chemokine receptor 3 (ACKR3; a decoy receptor served as a cell-autonomous
molecular rheostat to dampen ADM signaling) in uteri from cyclic and pregnant gilts (Days 10-
16) as well as conceptuses (embryonic/fetus and its extra-embryonic membranes) during peri-
implantation period of pregnancy when 30-40% of embryonic death loss occurs. Gilts (n=42)
exhibiting at least two normal estrous cycles were bred via artificial insemination twice and then
assigned randomly to be ovariohysterectomized on Day 10, 11, 12, 13, 14, 15, or 16 of pregnancy
(n=6 gilts/day; Day 0 is day of onset of estrus). Pregnancy was confirmed by the presence of
morphologically normal conceptuses. Each uterine horn was flushed with 20 ml sterile PBS (pH
7.2). Conceptuses had expected morphological features, from spherical (Days 10 and 11), ovoid
and/or tubular (Day 12) to filamentous forms (Days 13 to 16 of pregnancy). Immunohistochemical
analyses revealed localization of ADM only in the uterine luminal epithelia (LE) of pregnant gilts

between Days 12 and 16; whereas CALCRL and RAMP2 were expressed in the LE, glandular

65



epithelia (GE) and stroma of endometrium between Days 12 and 16 of pregnancy in gilts. In
porcine conceptuses, expression of ADM, CALCRL and RAMP2 proteins increased in
trophectoderm cells between Days 12 and 16 of pregnancy. Further in situ hybridization have
shown that mMRNA expression of ADM, CALCRL, RAMP2 and RAMP3 genes increased in the
porcine conceptus trophectoderm between Days 12 and 16 of pregnancy; whereas ACKR3 mRNA
increased between Days 13 and 14 of pregnancy but decreased thereafter in the conceptus
trophectoderm. These results indicate that ADM may play functional roles in uterine receptivity
as well as survival, growth, and development of the porcine conceptus during the peri-implantation

period of pregnancy.
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Introduction

Embryonic mortality is a major constraint to reproductive performance in all mammalian
species. Estimated embryonic death loss in pigs, ruminants, and most mammals are 20-40%, with
two-thirds of those losses occurring during peri-implantation period of pregnancy. The successful
establishment and maintenance of pregnancy requires appropriate development of the conceptus
(embryonic/fetus and its extra-embryonic membranes) for pregnancy recognition signaling which
is critical for maintenance of the corpus luteum (CL) that secrete progesterone (P4). P4 is required
for an intrauterine environment that support implantation, placentation, and uterine functions
essential for birth of healthy offspring. During the peri-implantation period of pigs and ruminants,
conceptus undergoes dramatic morphological transition from spherical to tubular to filamentous
forms prior to implantation. Interactions among the conceptus and various uterine cell types,
especially luminal (LE), superficial glandular epithelium (sGE) and glandular (GE) and stroma
cells, are essential to conceptus development, transport of sugars and amino acids into the uterine
lumen, as well as secretion of protein by uterine epithelial cells. This orchestrated process is highly
dependent upon the composition of histotroph, i.e., secretions from uterine LE, sGE, and GE as
well selective transport of nutrient into uterine lumen, including enzymes, growth factors, adhesion
proteins, cytokines, hormones, amino acids, glucose, and fructose. Individual conceptus may fail
to develop or not develop properly due to failure to respond to various components of histotroph
that orchestrate events during the peri-implantation period of successful growth and development
of the conceptus. While the underlying mechanism of embryonic mortality is not clearly
understood. Expression of adrenomedullin (ADM), an evolutionary conserved peptide hormone
required for implantation and embryo spacing in humans and rodents could have a potential role

in implantation and placentation during pregnancy in pig. Thus, this Chapter investigated the
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temporal and spatial expressions of ADM and its receptor components in porcine uterus and peri-

implantation conceptuses.

Material and Methods

All experimental and surgical procedures were in compliance with the Guide for Care and
Use of Agriculture Animals in Research and Teaching and approved by Institutional Animal Care
and Use Committee of North Carolina State University.
Animal model and sample collection

Sexually mature gilts (F1 cross of Yorkshire X Landrace sows and Duroc boars) were
maintained at the North Carolina State University Educational Swine Unit. Gilts were observed
daily for signs of estrus (Day 0) and exhibited at least two estrous cycles of normal duration (18-
21 days) prior to being used in experiments. Cyclic gilts were assigned randomly and
hysterectomized on either Day 10, 11, 12, 13, 14 or 15 of the estrous cycle (n=3-6 gilts/day), while
pregnant gilts, they were bred via artificial insemination (Al) at 12 and 24 h after detection of
estrus and assigned randomly to be hysterectomized on either day 10, 11, 12, 13, 14, 15, or 16 of
pregnancy (n=6 gilts/day). After hysterectomy, each uterine horn of all gilts was flushed with 20
ml sterile phosphate buffered saline (PBS, pH7.2). Pregnancy was confirmed by the presence of
morphologically normal conceptuses in the uterine flushing. After recovering the conceptuses
from the uterine flushings with transfer pipette, the recoverable volume of uterine flushings were
recorded. Conceptuses were fixed in fresh 4% paraformaldehyde (PFA; prepared in PBS, pH 7.2)
for 48 h and then in 70% ethanol for 24 h. The fixed tissues were dehydrated through a graded
series of alcohol to xylene and embedded in Paraplast-Plus (Sigma-Aldrich, St. Louis, MO).
Sections (~1 cm) of uterine wall of the cyclic and pregnant uterine horn were fixed in fresh 4%

PFA for eventual embedding in Paraplast-Plus as described above. The remaining endometrium
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from the uterine horn were dissected from myometrium, frozen in liquid nitrogen and stored in -
80°C for future use. Uterine flushings were clarified by centrifugation (5,000 x g for 15 min at
4°C), aliquoted and stored in -80°C for future studies.
RNA in situ hybridization analyses

RNAscope in situ hybridization (ISH) (Advanced Cell Diagnostic, Newark, CA, USA) was
performed according to the manufacturer’s instructions using paraformaldehyde-fixed uterine and
conceptus tissues (~5 um) as well as customized probes Ss-ADM (819541), Ss-CALCRL
(819561), Ss-RAMP2 (819551), Ss-RAMP3 (857371), and Ss-ACKR3 (819571) for porcine
ADM, CALCRL, RAMP2, RAMP3 and ACKR3, respectively. A porcine peptidylprolyl
isomerase B probe (Ss-PPIB; 428591) and a bacterial DapB gene probe (310043) were used as
positive and negative controls, respectively. The HD 2.5 Red Detection Kit (322360-USM,;
Advanced Cell Diagnostic) was used for visualization of probe binding. Briefly, the sections were
deparaffinized in Citrisolve (14201213, Decon Labs) 3 times for 5minutes followed by incubation
in 100% ethanol (CAS# 64-17-5) 2 times for 3 minutes then let it airdry for 5 minutes. The tissues
were pretreated with hydrogen peroxide for 10 min at room temperature. The target retrieval was
performed by placing the tissue rack in boiling target retrieval solution then treated with protease
at 40°C for 30 minutes. Samples were circled with Hydrophobic Barrier Pen (H-4000; Vector
Labrotories). For hybridization, the slides were then incubated in the order of the following
solution: target probes (including customized probes, and probes for positive and negative control)
for 2 h at 40°C, Amplifier-1 for 30 min at 40°C, Amplifier-2 for 15 min at 40°C, Amplifier-3 for
30 min at 40°C, Amplifier-4 for 15 min at 40°C, Amplifier 5 and 6 for 30 and 15 min respectively
at room temperature. The signal detection was done using the label probe RED-A and RED-B at

the ratio of 1:60 for 10 minutes at room temperature. The slides were counterstained with 50%
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hematoxylin (MHS32-1L, Sigma aldrich) for 1 minutes followed by 40 seconds of saturated
lithium carbonate (1.54g lithium carbonate in 100ml of ddH20). The slides were then washed in
water 5-6 times and airdried for 30 min and fixed with coverslip.
Immunohistochemical analyses

Immunohistochemical (IHC) localization of ADM, CALCRL and RAMP2 protein in
porcine uterine and conceptus tissues (~5um) was performed as described previously (Wang,
Frank, Little, et al., 2014; Wang, Frank, Xu, et al., 2014; Wang et al., 2018). Goat anti-ADM
polyclonal immunoglobulin G (IgG; AF6108; R&D systems, Minneapolis, MN, USA), rabbit anti-
CALCRL polyclonal 1gG (NLS6731; Thermo Fisher, Waltham, MA, USA) and rabbit anti-
RAMP?2 polyclonal IgG (PA5-21953; Invitrogen, Waltham, MA, USA) were used at dilutions of
1:200, 1:500, 1:500, respectively. Antigen retrieval was performed using antigen unmasking
solution (H-3300; Vector Laboratories, Burlingame, CA, USA) for ADM, CALCRL and RAMP2.
Purified nonrelevant goat or mouse 1gG was used as a negative control to replace the primary
antibody at the same final concentration. For ADM, ADM-overexpressed (ADM°¥CE) mouse
uterine tissue at Day 4.5 (PPD 4.5) of pseudopregnancy and ADM-deleted (ADM™) mouse
placenta were used as positive and negative controls, respectively. Immunoreactive proteins were
visualized in sections using the Vectastain ABC Kit (PK-6100; Vector Laboratories), following
the manufacturer’s instructions, and 3,3’-diaminobenzidine tetrahydrochloride (D8001; Sigma-
Aldrich) was used as the color substrate. Sections were counterstained with hematoxylin before
dehydrating and affixing coverslips with Permount. Digital images of uteri and conceptuses were
captured using an Axioplan 2 microscope with an Axiocam HR camera and Axiovision 4 software

(Carl Zeiss, Thornwood, NY, USA).
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Results
Localization of ADM mRNA and protein in porcine endometria and conceptuses

ISH analyses was used to detect ADM mRNA in a cell-specific manner in uteri of cyclic
and pregnant gilts, as well as conceptuses (Figure 3.1). In cyclic gilts, ADM mRNA was weakly
detectable in uterine LE and GE on days 10, 11, 14 and 15 of the estrous cycle (Figure 3.1, left
column). In pregnant gilts, ADM mRNA in uterine LE and GE was detectable between days 10
and 12, and visually abundant only in uterine LE between days 13 and 16 with the strongest
expression on day 14 of pregnancy (Figure 3.1, mid column). In porcine conceptuses, ADM
mRNA abundance was weak on days 10 and 11, but visually stronger in trophectoderm (Tr) and
extraembryonic endoderm (En) between days 12 and 16 of pregnancy (Figure 3.1, right column).

Unlike mRNA levels, immunoreactive ADM protein was detectable by IHC analyses in
uterine LE and GE, as well as stromal cells of cyclic and pregnant gilts (Figure 3.2). However,
ADM protein in uterine LE was visually greater for pregnant than cyclic gilts between days 12 and
16 (Figure 3.2, left and mid columns). In addition, ADM protein was detectable in conceptuses
between days 10 and 11, but visually abundant in conceptus Tr and En between days 12 and 16 of
pregnancy (Figure 3.2, right column). Together, the expression of ADM gene increased
significantly in cells of the uterus (particularly in LE) and in conceptus tissue during early
pregnancy.
Localization of CALCRL, RAMP2, RAMP3, and ACKR3 mRNAs and/or proteins in porcine
endometria and conceptuses

Next, we investigated the localization of ADM receptors ADM; (CALCRL/RAMP2) and
ADM:; (CALCRL/RAMP3), and associated component ACKR3 at mRNA and/or protein in uteri

of cyclic and pregnant gilts and in conceptuses (Figures 3.3-3.8).
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CALCRL mRNA and protein were detectable in uterine LE, GE, and stromal cells of
cyclic and pregnant gilts, as well as Tr and En of conceptuses (Figures 3.3 and 3.4). In cyclic
gilts, CALCRL mRNA and protein were expressed weakly in uterine LE, GE and stromal cells
between Days 10 and 11, undetectable in uteri between Days 12 and 13, and then visually
abundant in the uteri between Days 14 and 15. On the other hand, CALCRL mRNA and protein
were strongly expressed in superficial GE (SGE) and GE between Days 10 and 11, and in uterine
LE between Days 12 and 16 of pregnancy. In peri-implantation conceptuses, CALCRL mRNA
and protein were weakly expressed in Tr between Days 10 and 11, but visually abundant in Tr
and En between Days 12 and 16 of pregnancy.

Both RAMP2 mRNA and protein were expressed weakly in uterine LE, GE and stromal
cells on Days 10, 11, 14 and 15, but were undetectable between Days 12 and 13 of the estrous
cycle in gilts (Figures 3.5 and 3.6). In contrast, expression of RAMP2 mRNA and protein was
visually abundant in uterine LE, GE and stromal cells between Days 10 and 16 of pregnancy.
Furthermore, RAMP2 mRNA and protein were expressed in Tr and En of conceptuses and
visually abundant between Days 12 and 16 of pregnancy.

Due to the limited sources of antibodies, localization of RAMP3 and ACKR3 genes were
only detected at the mMRNA level via in situ hybridization (Figures 3.7 and 3.8). RAMP3 mRNA
in uterine LE, GE and stroma was detectable on Days 11, 14 and 15 of the estrous cycle and
visually abundant between Days 13 and 16 of pregnancy (Figure 3.7). In porcine conceptuses,
RAMP3 mRNA was expressed in Tr and En and visually abundant between Days 12 and 16 of
pregnancy (Figure 3.7). In addition, ACKR3 mRNA was expressed weakly in uterine LE and GE
between Days 12 and 13, but visually abundant at Days 10, 11, 14 and 15 of the estrous cycle in

gilts (Figure 3.8). In pregnant gilts, ACKR3 mRNA in uterine LE was abundant on Day 10 and
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expressed weakly between Days 11 and 16 of gestation; whereas expression of ACKR3 mRNA in
uterine GE and stromal cells was strong on Day 10, remained visually elevated through Day 15,
and undetectable to Day 16 (Figure 3.8). In porcine conceptuses, ACKR3 mRNA was detectable

in Tr between Days 14 and 16 of pregnancy.

Discussion

Adrenomedullin (ADM) is a highly conserved peptide hormone required for intra-uterine
spacing of blastocyst and angiogenesis during early pregnancy in rodents (Kathleen M. Caron &
Oliver Smithies, 2001; Manyu Li et al., 2008). ADM levels in human amniotic fluid are also
inversely correlated with birth weight and length of babies (Patricia M Lenhart & Kathleen M
Caron, 2012). However, little is known about the expression patterns of ADM and its receptors, as
well as the significance of ADM in the porcine uterus and conceptuses during early pregnancy.
This is the first report of changes in ADM and its associated components (CALCRL, RAMP2,
RAMP3 and ACKR3) during the estrous cycle and peri-implantation period of pregnancy in pigs.

We investigated the sources of ADM using ISH and IHC analysis. ADM mRNA was
expressed mainly by uterine LE and sporadically by uterine GE, but not by uterine stromal cells
during early pregnancy. However, at the protein level, ADM was detectable in stromal cells,
indicating the transport of ADM from maternal blood into the uterine tissue cells. Even though the
expression of ADM mRNA increased significantly in both cyclic and pregnant porcine uteri
between Days 10 and 16, the increase was greater during pregnancy. This suggests that the uterine
expression may be progesterone (P4)-induced and estradiol (E2)- stimulated as conceptus E2 is
the pregnancy recognition signaling in pigs. On the other hand, ADM mRNA and protein were
also expressed in the porcine conceptus Tr and En and most abundant between Days 12 and 16 of

pregnancy, with greatest expression on Days 12 and 15 respectively. This also suggests a
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significant role for ADM in the initiation of conceptus elongation and implantation as porcine
conceptuses elongate most rapidly from Day 12 to Day 16 and undergo implantation.

ADM signals through its receptor complexes ADM1 (CALCRL/RAMP2) and/or ADM2
(CALCRL/RAMP3) on cells (Hay et al., 2004; Kuwasako et al., 2011). CALCRL is a G-protein
coupled receptors whereas RAMPs contribute to CALCRL translocation towards the plasma
membrane. Unlike ADM that is expressed primarily by uterine LE, expression of CALCRL,
RAMP2 and RAMP3 was greatest in uterine LE, GE, and stromal cells of pregnant gilts; since
they are a prerequisite for ADM to exert its functional roles during early pregnancy, perhaps this
pattern of expression is understandable. Meanwhile, as a decoy receptor to dampen the ADM
signaling (Kuwasako et al., 2011), expression of ACKR3 was not affected by days of estrous cycle
but decreased in endometria of pregnant gilts between Days 10 and 16 of pregnancy. The decrease
in expression of the decoy receptors ACKR3 was most notable in uterine LE and is consistent with
the cellular mechanisms to increase ADM signaling as part of enhancing the window of receptivity
to implantation.

Notably, the components of ADM receptors, i.e., CALCRL, RAMP2 and RAMP3 were
expressed in the porcine conceptus Tr and En during the peri-implantation period of pregnancy,
suggesting both paracrine and autocrine effects of ADM on growth and development of porcine
conceptuses. Meanwhile, the significant increase in CALCRL and RAMP2, but not RAMP3,
particularly between Days 14 and 16 of pregnancy further suggest that: 1) ADM1
(CALCRL/RAMP2) is the regulatory receptor of ADM in the conceptuses in response to
pregnancy; and 2) there is a positive correlation between ADM signaling and conceptus behavior
of Tr in terms of elongation, migration and adhesion as porcine conceptus elongates from mid(100-

200mm) to late-filamentous (800-1000mm) forms, and begins to attach between Days 14 and 16
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of pregnancy (Fuller W Bazer & Gregory A Johnson, 2014; Rodney D Geisert et al., 1982).
Interestingly, ACKR3 was also detectable in Tr between Days 14 and 16 of pregnancy. ACKR3 is
a cell-autonomous molecular rheostat to dampen ADM signaling (Klein et al., 2014). Recent
reports indicate that RAMP3 can mediate rapid recycling of ACKR3 and enhance angiogenesis in
the retina postnatally (Mackie et al., 2019). Understanding the precise mechanisms by which
expression of ACKR3 serves as non-signaling receptors to control the functional dosage of ADM

in growth and development of porcine conceptuses in future research.
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Figure 3.1. Localization of ADM mRNA in pregnant and cyclic porcine endometrium and
conceptuses. Adrenomedullin expression in the cyclic porcine Uterus was very low. ADM was
upregulated in the pregnant uterus and concepuses in early pregnancy days starting from day 12.
N=3. C, cyclic; P, pregnant; LE, luminal epithelium; GE, glandular epithelium; S, stromal cells;
Tr, Trophectoderm cells; En, extraembryonic endoderm; NC, Negative Control; PC, Positive

Control.
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Figure 3.2. Localization of ADM protein in pregnant and cyclic porcine endometrium and

conceptuses. Adrenomedullin expression in the cyclic porcine uteri was very low. ADM was
upregulated in the pregnant uterus in early pregnancy days starting from day 12. ADM was
upregulated on trophectoderm cells from day 12 porcine conceptuses. N=3. C, cyclic; P, pregnant;
LE, luminal epithelium; GE, glandular epithelium; S, stromal cells; Tr, Trophectoderm cells; En,
extraembryonic endoderm; IgG, goat immunoglobulin-G; NC, Negative Control; PC, Positive
Control.

79



[CALCRL mRNA]

| Endometrium || Conceptus |

b S0,

—|l10P —

hoe |l —|2p &5

pec o —=—|her T —|lteP

B v I s
N e i

Figure 3.3. Localization of CALCRL mRNA in pregnant and cyclic porcine endometrium

and conceptuses. CALCRL mRNA expression in the cyclic porcine uteri was very low. CALCRL
was upregulated in the pregnant uterus in early pregnancy days starting from day 12. CALCRL
MRNA was upregulated in Trophectoderm cells from day 12 of porcine conceptuses. N=3. C,
cyclic; P, pregnant; LE, luminal epithelium; GE, glandular epithelium; S, stromal cells; Tr,

Trophectoderm cells; En, extraembryonic endoderm; NC, Negative Control; PC, Positive Control.
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Figure 3.4. Localization of CALCRL protein in pregnant and cyclic porcine endometrium

and conceptuses. CALCRL expression in the cyclic porcine uteri was very low. CALCRL was
upregulated in the pregnant uterus in early pregnancy days starting from day 12. N=3. C, cyclic;
P, pregnant; LE, luminal epithelium; GE, glandular epithelium; S, stromal cells; Tr,
Trophectoderm cells; En, extraembryonic endoderm; rlgG, rabbit immunoglobulin-G as negative

control.
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Figure 3.5. Localization of RAMP2 mRNA in pregnant and cyclic porcine endometrium and

conceptuses. RAMP2 mRNA expression in the cyclic porcine uteri was very low. RAMP2 was
upregulated in the pregnant uterus in early pregnancy days starting from day 10. N=3. C, cyclic;
P, pregnant; LE, luminal epithelium; GE, glandular epithelium; S, stromal cells; Tr,
Trophectoderm cells; En, extraembryonic endoderm; rlgG, rabbit immunoglobulin-G as negative

control.
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Figure 3.6. Localization of RAMP2 in pregnant and cyclic porcine endometrium and
conceptuses. RAMP2 protein expression in the cyclic porcine uteri was very low. CALCRL was
upregulated in the pregnant uterus and conceptuses in early pregnancy days starting from day 12
and maintained its high level through day 16. N=3. C, cyclic; P, pregnant; LE, luminal epithelium;
GE, glandular epithelium; S, stromal cells; Tr, Trophectoderm cells; En, extraembryonic

endoderm; rlgG, rabbit immunoglobulin-G as negative control.

83



[RAMP3 mRNA]

| Endometrium ” Conceptus

g

E |
N | e et e e | Y

Fept by X

Figure 3.7. Localization of RAMP3 mRNA in pregnant and cyclic porcine endometrium and

conceptuses. RAMP3 expression in the cyclic porcine uteri was very low. RAMP3 was upregulated
in the pregnant uteri and conceptuses beginning on day 12, and the higher level was maintained
throughout early pregnancy. N=3. C, cyclic; P, pregnant; LE, luminal epithelium; GE, glandular
epithelium; S, stromal cells; Tr, Trophectoderm cells; En, extraembryonic endoderm; NC,

Negative Control; PC, Positive Control.
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Figure 3.8. Localization of ACKR3 mRNA in pregnant and cyclic porcine endometrium and

conceptuses. ACKR3 mRNA expression in the cyclic porcine uteri was high. ACKR3 was
downregulated in the pregnant uteri during early pregnancy. N=3. C, cyclic; P, pregnant; LE,
luminal epithelium; GE, glandular epithelium; S, stromal cells; Tr, Trophectoderm cells; En,

extraembryonic endoderm; NC, Negative Control; PC, Positive Control.
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CHAPTER 4 - CONCLUSIONS AND FUTURE DIRECTIONS

Based on the literature outlined in Chapter 1, it is clearly evident that ADM play key roles
in the reproductive performance in mammalian species. ADM and its receptors are highly
expressed in reproductive tissues of humans and rodents, including the uterine endometrium
(Hague et al., 2000), fetal membranes (Trollmann et al., 2002), placenta (Minegishi et al., 1999),
stromal macrophages (Zhao et al., 1998), and trophoblast cells (Gratton et al., 2003; Marinoni et
al., 1998; Montuenga et al., 1997; Yotsumoto et al., 1998). In rats, ADM increases from small
antral follicles to large antral follicles to the formation of the CL, indicating its role in the
regulation of P4 production from the CL (Li et al., 2011). ADM also stimulates the frequency of
ciliary beats and reduces contraction of the rat oviduct, suggesting its role in regulation of embryo
transport to the uterus (Liao et al., 2011). In mice, ADM and its receptors are induced in uterine
LE as early as gestational day (GD) 0.5, and AM is expressed by both conceptus trophectoderm
and uterine LE and stromal cells at implantation sites during the peri-implantation period (Li et
al., 2008). Due to the embryonic lethality in homozygous Adm-null mice, the heterozygous Adm™*"
(50% AM expression) mice have been studied (Caron & Smithies, 2001) and females have a
significantly reduced pregnancy success rate compared to wild type females, despite having rates
of ovulation and fertilization that are normal (Lenhart & Caron, 2012; Li et al., 2006). The
implantation sites in pregnant Adm*~ females are abnormally spaced leading to crowding of
implantation sites resulting in increased rates of embryo loss and a reduction in prolificacy (Li et
al., 2006). This reduced pregnancy rate persists even when wild-type conceptuses are transferred
to Adm*" female, suggesting that reduced maternal ADM is responsible for defects in uterine
receptivity, implantation and/or placentation (Li et al., 2006). In domestic animals, Hayashi et al.

reported expression of ADM system (AM, CALCRL, RAMP2 and RAMP3) genes in bovine utero-
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placental tissues between days 25 and 250 of pregnancy (Hayashi et al., 2013). ADM and its
receptors are expressed in uterine caruncles, intercaruncular endometrium, extra-embryonic
membranes including cotyledonary villi and intercotyledonary chorion throughout pregnancy with
the two peaks of expression on days 60 and 200. However, little is known about the ADM system
in the porcine reproductive tissue. Given that ADM is critical for implantation, placentation and
spacing of blastocysts in humans and rodents (Lenhart & Caron, 2012; Li et al., 2008; Li et al.,
2006; Matson et al., 2017), it is imperative that the function and regulation of ADM as related to
uterine receptivity, as well as growth and development of conceptus during the pregnancy in all
domestic animals be established. This is particularly relevant for pigs as they are the litter-bearing
species with a high incidence of early embryonic death (30-40%), naturally occurring intrauterine
growth restriction, and frequent occurrences of stillborn piglets (3-9%) (Leenhouwers et al., 2001;
Mesa et al., 2006; Redmer et al., 2004; Tuchscherer et al., 2000; Vallet et al., 2011; Vallet et al.,
2014; Wang et al., 2014; Wang et al., 2010; Wu et al., 2008; Wu et al., 2006).

This is the first report of changes in ADM and its associated components (CALCRL,
RAMP2, RAMP3 and ACKR3) in endometrial and/or conceptus tissues during the estrous cycle
and peri-implantation period of pregnancy in pigs. In Chapter 2, we first performed a data-mining
based analysis on two publicly available RNA-Seq datasets of porcine endometria, investigating
the expression patterns of ADM and its receptor components (CALCRL, RAMP1, RAMP2,
RAMP3 and ACKR3) in uteri from cyclic and pregnant gilts as well as the specific cell types (LE,
GE and S) of pregnant uterine endometrium. Thus, in Chapter 3, ISH and IHC analyses were
further used to investigate the temporal and cell-specific expressions of ADM and its receptor
components in porcine endometrium and conceptuses during peri-implantation period of

pregnancy. In summary, ADM as well as its receptors were highly expressed in both uterine
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endometria and conceptuses during peri-implantation period of pregnancy. Because ADM is a
multifunctional regulatory peptide hormone known to influence the spacing of blastocysts and
angiogenesis, understanding its precise roles and mechanisms of action during early pregnancy in
pigs is a prerequisite for improving reproductive efficiency in swine. Therefore, future studies will
further dissect the functional role of ADM signaling on peri-implantation conceptus growth and
development, as well as pre-implantation spacing of blastocysts and uterine capacity using in vitro
and in vivo loss-of-function studies with pigs. The correlation between concentrations of ADM in
reproductive fluids (e.g., serum, amniotic and allantoic fluids) and reproductive health status

throughout the gestation will also be investigated in pigs.
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