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ABSTRACT 

 

In most mammals, female reproductive organs including the ovary, oviduct and 

uterus undergo extensive tissue remodeling throughout the estrous cycle and during 

pregnancy. These changes, which are reflective of temporal and spatial specific gene 

expression, are required to promote successful embryonic development and fetal growth, 

particularly during the early pregnancy where early embryonic loss during the first 30 

days of gestation is approximately 20 to 30%. The uterine endometrium nourishes the 

embryo by providing an environment conducive to gamete maturation, fertilization, 

placental attachment and the continued growth of the conceptus. A better understanding 

of these developmental events arbitrating conceptus-endometrial interactions will have 

important applications for understanding prenatal loss and improving domestic animal 

productivity.  

This study has investigated the expression patterns of genes during the estrous 

cycle and pregnancy, and led to the identification of numerous differentially transcribed 

transcripts by using cDNA microarray and qRT-PCR. Not unexpectedly, many of these 



 x

genes are estrogen- and/or progesterone-responsive and, presumably, play key roles in 

establishing and maintaining the pregnancy. Moreover, a number of uterus-specific 

transcripts analyzed and identified in this study are very helpful for a thorough 

understanding of uterine physiology throughout how such transcripts change during the 

estrous cycle and pregnancy. 
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CHAPTER I 

 

INTRODUCTION 

   

The mammalian ovary, oviduct and uterus undergo many striking physiological 

changes during the estrous cycle and pregnancy that arise in response to an array of 

endocrine, paracrine, and autocrine signals. These changes help create the 

microenvironment required for movement of gametes, capacitation of sperm, fertilization, 

successful embryonic development and subsequent fetal growth. Most of the overt 

changes in the reproductive tract are a reflection of temporal- and spatial-specific gene 

expression in the oviduct and uterus.  

In swine, prenatal mortality can reach 30 to 50 % of potential embryos at term due 

to embryonic/fetal mortality during the course of gestation. A disproportionate number of 

embryonic losses occur during the first 30 days of gestation – ranging from 20 to 30% 

(Hanly, 1961; Perry and Rowlands, 1962; Pope, 1994). More specifically, the majority of 

early embryonic loss occurs during the period of conceptus apposition and attachment 

between days 13 to 20.  

Porcine embryos undergo dramatic elongation through rapid cellular restructuring 

at the same time that they are signaling their presence to the mother (Geisert et al., 1982a) 

During this time, the uterine endometrium secretes copious amounts of histotroph, a 

complex mixture of nutritive and growth promoting substances for the embryo. These 

secretions are products of endometrial luminal and glandular epithelial cells, and they 
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include transport proteins, protease inhibitors, cytokines, lymphokines, growth factors, 

ions, and other molecules (Roberts and Bazer, 1988; Kane et al., 1997; Gray et al., 2004).  

This period of conceptus elongation and maternal histotroph production is of 

particular interest to researchers. Clearly there is a complex interplay between the 

conceptus and the mother during this time – which also happens to be the time of greatest 

embryonic loss. A number of hypotheses have been formulated to explain these losses, 

most of which assume a breakdown in the ‘communication’ between the mother and her 

offspring. For example, porcine embryos do not develop synchronously between days 10 

and 12 (Perry and Rowlands, 1962; Geisert et al., 1982a). During this time, porcine 

conceptuses undergo dramatic elongation of the trophectoderm; however, there are 

differences in morphological development between them: for example, long filamentous, 

tubular and spherical embryos having various diameters are present within the same 

uterus (Pope, 1988). The presence of a range of developmental stages is at least partially 

due to different times of ovulation among follicles in the same ovary (Grant et al., 1989). 

The different conceptuses exhibit a range of steroid synthesis capacity as well. It has been 

suggested that conceptuses that are more developmentally advanced relative to their litter 

mates are better able to grow in the histotroph-rich/estrogen-stimulated uterus. The less 

developed conceptuses are compromised in that environment and die off. Additionally, a 

portion of fetal loss may be due to the limited space for embryos in the uterus and 

possibly the limited capacity of the uterus to provide for nutrient exchange. When 

attempting to increase the number of conceptuses in the uterus of pigs (Day et al., 1967; 

Bazer et al., 1969; Vallet, 2000), further losses occurred during later gestation, primarily 

due to limitations in uterine capacity.  



 3

A better understanding of the mechanisms of conceptus - endometrial interactions 

is required if animal scientists are going to be in a position to increase survival of 

offspring and thereby increase reproductive efficiency. The goal of this thesis is to gain a 

better understanding of uterine gene transcriptional changes before, during and after the 

time of maternal recognition of pregnancy. 
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CHAPTER II 

 

LITERATURE REVIEW 

 

PORCINE UTERINE PHYSIOLOGY 

 

 Just as the oviduct influences the behavior of gametes and the early embryo 

through the oviductal luminal microenvironment, the primary function of the mammalian 

uterus is to provide an environment where the conceptus can be nurtured from the 

blastocyst stage until birth. The mammalian embryos enter the uterus approximately 2.5 – 

6 days after conception, depending on the species.  Rodent and primate embryos implant 

at the blastocyst stage soon after hatching from the zona pellucida. In contrast, ungulate 

embryos remain free-floating in the uterine luminal fluid for a relatively long period, until 

implantation (Perry and Rowlands, 1962; Stroband et al., 1985). Upon entering the uterus, 

the embryos undergo cleavage, morulation and blastulation and then hatching from the 

zona pellucida (Geisert et al., 1982b). In swine, a period of high embryonic mortality 

occurs between days 10 to 20 of gestation. Embryonic losses by Day 12 are estimated to 

be 5-10%, whereas embryo losses are around 30% by Days 25 to 30 (Pope, 1994). 

Blastocyst elongation and attachment take place during this time-frame (Perry and 

Rowlands, 1962; Dantzer, 1985), and endocrinological cross-talk (via steroids and 

protein factors) between the endometrium and the conceptus has a pronounced influence 

on conceptus development.  
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The uterus undergoes cyclical secretory and development changes throughout the 

estrous cycle and pregnancy; many of these changes are synchronized to correspond to 

blastocyst development. Temporal changes in uterine secretory proteins have been 

characterized in non-pregnant (NP) gilts (Murray, 1972; Squires 1972) and between 

pregnant and non-pregnant individuals (Roberts, 1988).  

Embryo-derived estrogen induces changes in uterine gene expression on days 11 

and 12. It also plays a major role in maternal recognition of pregnancy, embryonic 

migration and spacing, and advancing uterine secretions prior to the time at which they 

would normally occur in the nonpregnant uterus (Pope, 1994). Therefore, elucidating the 

mechanisms regulating sequential changes in uterine development, particularly 

blastocyst-endometrial interactions during early pregnancy, will lend insight into the 

processes of embryogenesis. The more information that is known about these processes, 

the more opportunities there will be for animal scientists to understand the mechanisms 

and causes of embryo mortality. Having such information has the potential to permit the 

systematic and focused manipulation of gene expression in pregnant swine to improve the 

reproductive efficiency of this species. 
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Porcine Uterine Histo-Architecture and Function 

 In all mammals, the uterus is derived from a specialization of the 

paramesonephric or Mullerian ducts, which develop into the oviduct, uterus, cervix, and 

anterior vagina. Morphogenetic events of uterine development commonly include 

differentiation and growth of the myometrium; differentiation and morphogenesis of the 

endometrial glands; and organization and stratification of the endometrial stroma (Bartol 

et al., 1993 and 1999; Gray et al., 2001a; Spencer and Bazer, 2004). Although uterine 

development is initiated in the fetus, it is completed postnatally with differentiation and 

development of the endometrial glands (Gray et al., 2001; Spencer and Bazer, 2004).  

In pigs, the uterus is connected directly to the isthmus of the oviduct at the 

uterotubal junction (UTJ). Constriction of the uterotubal junction serves as a major 

barrier to sperm transport and prevents excessive numbers of spermatozoa from reaching 

the ampulla, possibly helping to decrease polyspermy in swine. Anatomically, the porcine 

uterus is a bicornuate type, which is characterized by having two long uterine horns and a 

small uterine body. It is comprised of the perimetrium (a thin serosal layer), the 

myometrium (the outer longitudinal and inner circular smooth muscle layers), and the 

endometrium (the inner portion of the uterus composed of the mucosa and submucosa).  

The myometrium exhibits increased contractility in the presence of estrogen (E2) 

and diminished contractility under progesterone (P4) stimulation. The latter condition is 

important for successful attachment of the conceptus, transport of sperm and mucus-like 

material, and the decline in P4 at the end of pregnancy is a major factor in regaining 

uterine contractility to facilitate the expulsion of the fetus and fetal membranes during 

parturition.  
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The endometrium histologically consists of luminal epithelium (LE), glandular 

epithelium (GE), uterine stroma (S, including two stratified stromal compartments: the 

stratum compactum, a densely organized stromal zone; and the stratum spongiosum, a 

more loosely organized stromal zone), blood vessels, and immune cells (Hafez and 

Ludwig, 1977; Stroband et al., 1986; Gray et al., 2001). The endometrium secretes 

materials into the uterine lumen when under the influence of P4; these secretions are also 

important for the establishment and promotion of embryo development, even prior to 

implantation (Bazer, 1993; Roberts and Bazer, 1988). In addition, the simple columnar 

epithelium in the uterine endometrium is comprised of two functionally different cell 

populations: the luminal (LE) and glandular epithelial (GE) cells (Stroband et al., 1986). 

These epithelia are composed of ciliated and non-ciliated secretory cells (predominant 

cells). Ciliated cells are relatively abundant in the LE during all stages of the estrous 

cycle or early pregnancy (Stroband et al., 1986). Apical microvilli are found on the 

surface ultrastructure of both LE and GE secretory cells, and there are no differences in 

the morphology between non-pregnant and early pregnant pigs from estrus up to day 10 

(Hafez and Ludwig, 1977; Stroband et al., 1986). Low circulating estrogen 

concentrations in blood leads to deciliation (Stroband et al., 1986; Krzymowski and 

Stefanczyk-Krzymowska, 2004). In addition, uterine blood supply is significantly 

changed during the estrous cycle in all domestic animals (Ford and Christenson, 1979), 

and flow through the uterine artery is mostly regulated by the estrogen/progesterone ratio 

in arterial blood (Reynolds and Ford, 1984). The uterine blood supply is maximal during 

estrus and ovulation in domestic animals, but it is lowest in pigs on days 10 to 12 of the 

estrous cycle (Ford and Christenson, 1979) and in sheep on days 12 to 13 (Roman-Ponce 



 8

et al., 1983). Specially, the volume of uterine blood flow falls by 30 - 40% on day 12 of 

the porcine estrous cycle compared to the period of around estrus (Ford and Christenson, 

1979).  The uterine endometrium initiates regressive changes after this period of 

diminished circulatory flow (Ford and Christenson, 1979; Krzymowski and Stefanczyk-

Krzymowska, 2004). Moreover, a rupture of the apical surface of the endometrial cells 

occurs during the late luteal phase following the release of large amounts of 

prostaglandin into the surrounding tissues (Hafez and Ludwig, 1977). The endometrial 

cells then undergo both necrosis and apoptosis (Rotello et al., 1989; Harada et al., 1996; 

McCormack et al., 1998; Krzymowski and Stefanczyk-Krzymowska, 2004). Endometrial 

cell death via apoptosis is rapidly increased in the follicular phase when compared to the 

luteal phase in pigs (Wasowska et al., 2001). The number of apoptotic cells in both the 

LE and GE of the endometrium is low during the luteal phase (not significant between 

days 9 and 13); however, the number of apoptotic cells is increased at day 15, with the 

greatest numbers of apoptotic cells in the luminal epithelium (LE) being on days 17-19 of 

the estrous cycle (Wasowska et al., 2001; Krzymowski and Stefanczyk-Krzymowska, 

2004). Apoptotic cell death in the LE and GE is associated with endometrial remodeling. 

The removal of fragmented endometrial cellular debris is accompanied by an increased 

inflow of phagocytes (Hunt et al., 1985; Krzymowski and Stefanczyk-Krzymowska, 

2004).  
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Porcine Uterine Endometrial Glands 

Uterine endometrial glands transcytose, synthesize and secrete large amounts of 

proteins, carbohydrates and lipids, which are particularly important for conceptus 

survival and development in domestic animals including sheep, cattle, pigs, and horses. 

Endometrial glands develop after birth in the mouse (Ogasawara et al., 1983; Bigsby and 

Cunha, 1985), sheep (Bartol et al., 1988; Bartol et al., 1988; Spencer and Bazer 2004) 

and pig (Spencer et al., 1993; Tarleton et al., 1998; Tarleton et al., 1999). In humans, the 

initial events of gland formation occur in utero and are completed in the postnatal period. 

In other words, endometrial glands are absent at birth and begin to develop during the 

first weeks of neonatal life. In pigs, uterine growth and endometrial development is ovary 

independent until postnatal day (PND) 60, because the endometrium continues to develop 

normally up until this time even if ovariectomy is performed at birth (Figure 1) (Bartol et 

al., 1993; Tarleton et al., 1998 and 1999).  

Although absent at birth, endometrial glands of swine begin by bud formation in 

the luminal epithelium, followed by tubulogenesis. Coiling and branching of epithelial 

tubes extend radially from the luminal surface through the endometrial stroma to the 

myometrium by approximately PND 30. Glandular folds of endometrium are intensely 

apparent by PND 60, and a functionally mature uterus is observed by PND 120 when pigs 

are capable of supporting a pregnancy (Bartol et al., 1993; Bal and Getty, 1970; Spencer 

et al., 1993; Tarleton et al., 1998, 1999).  The developmental patterns of uterine glands in 

the neonatal pig are locally regulated in regard to both cell proliferation and 

differentiation (Bartol et al., 1993; Tarleton et al., 1998). 
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Endometrial gland development has been categorized into two periods: 1) the 

infantile period is the onset of endometrial gland development between birth (PND 0) and 

PND 7; and 2) the proliferative period between PNDs 7 and 14, the time at which DNA 

synthesis in newly formed GE is maximal based on a BrdU-labeling index (Spencer et al., 

1993; Tarleton et al., 1999 and 2001). Active glandular morphogenesis within the stromal 

matrix is associated with increased DNA synthesis and GE proliferation between PNDs 7 

and 14.  

In addition to the proliferative period of endometrial development, GE 

differentiates from LE during the first week of the postnatal period (Tarleton, et al., 1998), 

and uterine glands rapidly proliferate between birth (PND 0) and PND 14 (Tarleton et al., 

1999 and 2001). Estrogen functions in a uterotropic role in the neonatal pig (Spencer, et 

al., 1993). Wu and Dziuk (1988) and Tarleton et al. (1998) reported that uterine growth 

and endometrial development in ovariectomized neonatal pigs are an ovary-independent 

phenomena between PND 0 and 60. Moreover, the beginning of porcine endometrial 

gland formation is coordinated with changes in gene expression of the estrogen receptor 

(ER) in stromal cells (S) and nascent GE (Tarleton et al., 1998, 1999 and 2001). Tarleton 

et al., (1998, 1999 and 2001) reported that the ER is abundant in endometrial GE and 

weak in S on PND 15. In the LE, ER is effectively absent at this stage. Such observations 

indicate that the relationships between estrogen (E2) and ER are important for postnatal 

uterine growth and endometrial development. Homozygous ERα-null mice have 

hypoplastic uteri that contain all the characteristic cell types within the uterus, but uterine 

gland numbers are reduced (Lubahn et al., 1993; Curtis et al., 1999). 
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Figure 1. Comparative seminal events of uterine gland morphogenesis in the pig, sheep, rodent, 

and human. Postnatal day (PND) 0 is the day of birth. GD, gestational day. The figure is modified 

from Spencer and Bazer (J. Anim. Sci. 2004. 82: E4-E13) and Gray et al. (Bio Repro. 2001. 65: 

1311-1323).  
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 Furthermore, estradiol-17β valerate (EV) can alter normal endometrial 

development. When administered postnatally, EV can induce a general uterine 

hyperplasia, GE proliferation, and precocious development of endometrial folds in 

neonatal gilts (Bartol et al., 1993; Spencer et al., 1993; Tarleton et al., 1999 and 2003). 

Conversely, in the neonatal pig, administration of the antiestrogen, ICI 182,780, from 

birth can inhibit endometrial maturation and adenogenesis at PND 14, producing glands 

that are markedly retarded (Tarleton et al., 1999 and 2003). Likewise, endometrial gland 

development in sheep could also be prevented by strategic endocrine disruption of early 

postnatal uterine developmental events, thus leading to the creation of the ovine uterine 

gland knockout model (UGKO) (Spencer et al., 1999). Indeed, the UGKO ewe model 

provided the first direct evidence that endometrial glands can directly affect conceptus 

survival and growth in the adult uterus. (Gray et al., 2001 and 2002).  In summary, 

endometrial gland products (histotroph) are critical for embryonic survival and 

development in mammals (Lessey et al., 1992; Lacroix et al., 1996; Dockery et al., 1996; 

Tarleton et al., 1999; Gray et al., 2001).  
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Porcine Uterine Secretions 

 The uterine endometrium synthesizes and secretes large amounts of protein in 

response to progesterone (particularly if it is first ‘primed’ by estrogen exposure). Uterine 

secretions (histotroph) from the uterine endometrial glands and luminal epithelia serve to 

nourish the developing conceptus. In ruminants and pigs, areolae are unique placental 

structures that develop over the mouth of each uterine gland for absorption and transport 

of uterine histotroph at the maternal-fetal interface (Spencer and Bazer, 2004). A variety 

of evidence on endometrial secretions has accumulated to illustrate a number of roles for 

histotroph. For example, uterine secretions are important regulators of conceptus survival 

and development and implantation/placentation in mammals (Gray, 2001a; Spencer and 

Bazer, 2004).  

Pigs possess a non-invasive diffuse type of epitheliochorial placentation, making 

these conceptuses entirely dependant on uterine secretions for all but the most easily 

diffusible molecules. Moreover, the porcine uterus synthesizes different classes of 

protease inhibitors during early pregnancy. Protease inhibitors probably represent a major 

defense mechanism through inhibiting proteases of trophoblast origin and from 

infiltrating neutrophils and mast cells that accompany implantation events (Strickland, 

1976; Bischof, 1995; Badinga, 1999).  

 Most uterine factors, including histo-hematotrophic nutrition, protease inhibitors 

and related substances, are controlled in an auto-, para-, and endocrine manner in the 

uterus to maximize production of histotroph. The amount of material flushed from the 

porcine uterus changes during the estrous cycle and pregnancy. For example, the amount 

of total protein is typically less than 8 mg per uterine horn between days 2 and 8; 
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however, up to 50 mg are present at day 15 (Roberts and Bazer, 1988). The amount and 

composition of protein in uterine flushings does not differ significantly between pregnant 

and non-pregnant (NP) animals until about day 11 (Geisert et al., 1982a). At that time, 

glandular epithelial cells are triggered to induce exocytosis of secretory vesicles in 

response to estrogen production by the conceptuses. NP pigs secrete material into the 

uterus more gradually but the total amount of protein is about the same as in pregnancy 

until about day 15. After this point, the amount of protein from the NP endometrium is 

decreased as progesterone production by the corpora lutea (CL) declines. In contrast, 

secretory activity of the pregnant endometrium is maintained beyond day 15 (Geisert et 

al., 1982a and 1982b; Zavy et al., 1984; Roberts and Bazer, 1988).  

 Among the proteins synthesized by the porcine uterus are large amounts of 

uteroferrin (Uf), retinol-binding proteins (RBP), serine protease inhibitors, glycoproteins 

belonging to the serpin superfamily of proteins, and various growth factors. These 

synthesized and secreted proteins are believed to be important for conceptus growth and 

development in most mammals, including pigs.  

 

Uteroferrin (Uf; also known as ACP5 and TRAP) 

Uteroferrin, also known as purple acid phosphatase, is a basic glycoprotein that is 

the best characterized component of the uterine progesterone-dependent histotroph 

(Roberts and Bazer, 1988; Naseri et al., 2004). Uf is a di-iron-containing purple acid 

phosphatase. A charge-transfer transition between the ferric ion and a tyrosine residue 

provides the distinctive purple coloration (Lauffer et al., 1983). Uf has a molecular 

weight of 35 kDa that is identical to an intracellular tartrate-resistant acid phosphatase 
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normally sequestered in lysosomes (Ling and Roberts, 1993). Uf is also known as TRAP 

due to its resistance to L(+)-tartrate inhibition (Naseri et al., 2004). Uf is highly abundant 

and represents as much as 15% of the recovered total protein in uterine flushings from 

NP and P gilts between days 12 and 16 (Bazer et al., 1975; Roberts and Bazer, 1980 and 

1988).  

Although the physiological function of Uf is poorly understood, it has been 

proposed to be a transplacental iron transporter in mammals with epitheliochorial 

placentation (Renegar et al., 1982; Roberts et al., 1986) and as a mediator in bone 

resorption by osteoclasts (Moonga et al., 1990; Bull et al., 2002). In vitro studies have 

shown that TRAP can act by catalyzing the release of phosphate groups from 

phosphoprotein (Halleen et al., 1998). This reaction modifies both the structure and 

function of the substrates, including bone matrix phosphoproteins (such as, osteopontin, 

bone sialoprotein, and osteonectin) (Ek-Rylander B et al., 1994; Bull et al., 2002).     

Uf gene transcription is governed by progesterone, and Uf is secreted into the 

porcine uterine lumen from the deeper uterine glandular epithelia during pregnancy - 

especially after Day 11 when the embryos elongate (Roberts et al., 1986; Roberts and 

Bazer, 1988; Geisert et al., 1982a, 1982b). Uf, absorbed directly by the placenta through 

specialized cells in the areolae, enters the fetal circulation, where it is distributed to sites 

(such as the liver) of iron metabolism for fetal hematopoiesis or cleared through the fetal 

kidneys and stored in the allantoic fluid (Buhi et al., 1982; Bazer et al., 1991; Renegar et 

al., 1982). The residual iron binds to uteroferrin and is carried to the allantoic sac, where 

it is stored or recycled by transferrin.  
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From analysis of protein secretion from tissue explants, Uf is synthesized and 

secreted throughout gestation until late pregnancy, although protein levels decline during 

the later part of gestation. However, mRNA concentrations reach maximal levels during 

mid-gestation and remain high until close to the time of parturition (Simmen et al., 1988). 

Although the synthesis and secretion of Uf are dependent on progesterone, the role of 

steroid hormones in the regulation of Uf is complex. Progesterone administration into 

ovariectomized gilts causes an increase in mRNA levels and protein secretion into the 

uterine lumen; however, estrogen administration decreases mRNA levels but can 

stimulate Uf secretion (Simmen et al., 1988 and 1989).  

 

Retinol-binding Protein (RBP) 

 Retinol-binding protein (RBP) is a major secretory protein of the liver as well as a 

major component of uterine histotroph and peri-implantation conceptuses of sheep, cattle 

and pigs (Harney et al., 1990 and 1993). RBP is a transport protein (Adams et al., 1981; 

Clawitter et al., 1990) that delivers vitamin A to the conceptuses. Normally, RBP is 

secreted by the liver to transport the alcohol form of vitamin A (retinol) through the 

bloodstream (Clawitter et al., 1990). Porcine uterine RBPs are identical to serum RBP 

(Stallings-Mann et al., 1993). Clawitter et al. (1990) reported that there were differences 

in the isoelectric points of uterine RBPs at different stages of pregnancy but these 

differences appeared to be the result of posttranslational modifications (Stallings-Mann et 

al., 1993).  

 RBP is synthesized in the uterine endometrial epithelium and glands (Harney et 

al., 1994) and represents less than 5% of the recovered total protein in uterine flushings 
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(Adams et al., 1981). The RBP mRNA expression is not significant until at least day 12 

and increases significantly at approximately day 15 during the estrous cycle in gilts 

(Harney et al., 1993), when plasma progesterone levels peak. The RBP mRNA 

expression is elevated and reaches a maximum at day 30, with a second peak occurring at 

about day 90 of pregnancy (Harney et al., 1994). The concentration of RBP secreted on 

day 12 of pregnancy is seven to eight fold higher than that from NP cycling gilts (Trout et 

al., 1992). Moreover, Trout et al. (1992) reported that the concentration of retinol in 

uterine flushings at this time is 100 to 1000 times greater than those found in the blood. 

The presence of RBPs in the uterine flushings of ovariectomized gilts was detected when 

treated with progesterone only, and progesterone plus estrogen, from days 4 to 15 

(Adams et al., 1981; Trout et al., 1991; Groothuis et al., 1997), whereas no detectable 

protein was recovered from gilts treated with estrogen or vehicle alone (Adams et al., 

1981).  However, administration of exogenous estrogen on day 11 to NP gilts increased 

luminal RBP 12 to 24 h later (Trout et al., 1992). More recently, Groothuis et al. (2002) 

reported that cultured luminal epithelial cells (LE) from postpubertal females treated with 

progesterone responded to retinol with increased RBP and RBP mRNA, but estrogen 

decreased RBP and RBP mRNA. Therefore, one must keep in mind that any useful model 

for studying uterine development and uterine secretion must take into account the cell 

types involved (i.e., luminal/glandular epithelial cells or stroma) and puberty status of the 

animals studied (i.e., neonatal, prepubertal, or postpubertal gilts).  
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Uterine Plasmin/Trypsin Inhibitor (UPTI) 

Uterine plasmin/trypsin inhibitors (UPTI) represent a group of related basic, low 

molecular weight proteinase inhibitors (ranging from 10 to 20 kDa) that are secreted 

under the influence of progesterone. These inhibitors are relatively specific for plasmin 

and trypsin, but have a weak affinity for chymotrypsin (Mullins et al., 1980; Stallings-

Mann et al, 1994). Its molecular weight was reported to be 15 kDa when first 

characterized (Mullins et al., 1980); however, Stallings-Mann and colleagues (1994) 

reported that this proteinase-inhibitor had a slightly lower molecular mass of 14 kDa. 

This family is comprised of a group of at least four distinct isoforms which constitute as 

much as 15% of the total protein recovered from uterine flushings of pregnant pigs 

(Fazleasbas et al., 1982).  

UPTI was shown to be present during the luteal phase of the porcine estrous cycle 

(Mullins et al., 1980) and during pseudopregnancy (Fazleabas et al., 1982) when levels of 

progesterone were high. It is synthesized predominantly by the surface epithelium of the 

uterus and not by the deeper glandular epithelium. It is believed to play a role in 

restricting the invasiveness of the pig conceptuses.  

The porcine placenta is of the noninvasive epitheliochorial types in which the 

microvilli on the surface of the trophoblast interdigitate with the epithelial cells lining on 

the uterine endometrium. However, the porcine conceptus at day 12 does secrete large 

amounts of plasminogen activator (Mullins et al., 1980), which can generate the broadly 

specific proteinase, plasmin, from its precursor plasminogen. Not surprisingly then, the 

porcine conceptus is capable of tissue invasion when it is transplanted to an ectopic site, 

such as the kidney capsule or oviduct (Samuel CA, 1971; Samuel and Perry, 1972). 
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Indeed, the extent of trophoblast invasiveness is at least partially dependent upon the 

relative levels and types of proteinases and proteinase-inhibitors that are present 

(Fazleabas, 1982; Roberts and Bazer, 1988). Therefore, the maternal uterus must secrete 

proteinase inhibitors, such as UPTI, to thwart this invasive capability of the porcine 

conceptus. Although UPTI secretions are correlated with circulating progesterone 

concentrations, its initial secretion appears to be augmented by the release of estrogen 

from the elongating conceptuses between days 11 and 13 of pregnancy (Fazleabas et al., 

1983; Stallings-Mann et al., 1994). Indeed, a single injection of estradiol valerate at day 

11 of the estrous cycle significantly increases the inhibitory activity detected in uterine 

flushings when compared to pigs receiving only corn oil (Fazleabas et al., 1983).  

  

Other Uterine Secretory Products 

Consistent with the observations above, mammalian uteri express a number of 

common classes of proteinase inhibitors (e.g., tissue inhibitors of metalloproteinases, 

TIMPs) as well as many species-specific ones (e.g., secretory leukocyte proteinase 

inhibitor, SLPI; and UPTI) (Fazleabas, 1982; Farmer, 1990; Salamonsen, 1995). 

Embryos, regardless of the placenta form they eventually develop, exhibit invasive 

activity when placed into ectopic sites where proteinase inhibitors may not be locally 

produced (Samuel, 1971). Proteinases including plasminogen activator (PA) have been 

associated with implantation and outgrowth of embryos between Days 11 and 14 

(Fazleabas, 1983; Denker, 1980; Kubo, 1981).  

A more complex interaction involves the uterine matrix metalloproteinase (MMP) 

system of the extracellular matrix (ECM), which is comprised of the proteolytic enzymes 
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(MMPs) and their tissue inhibitors (TIMPs). This system is essential in a variety of 

cellular processes such as the dynamic tissue remodeling of the connective tissue 

framework during uterine growth (e.g., cell proliferation, migration, adhesion and 

differentiation). It is tightly regulated throughout the estrous cycle as well as during 

pregnancy, parturition and during postpartum uterine involution (Curry and Osteen, 2003; 

Zhang and Nothnick, 2005). The MMP system is regulated by changes in the levels of 

ovarian steroids and their receptors, gonadotropin-releasing hormone (GnRH), growth 

factors, cytokines and chemokines (e.g., tumor necrosis factors alpha, TNF-alpha; 

interleukin-1-beta, IL1-beta; IL1-alpha; IL-6; epidermal growth factor, EGF; fibroblast 

growth factor, FGF; nitric oxide, NO). Specially, MMP-2 (gelatinase A) and MMP-9 

(gelatinase B) of the MMP subclass mediate degradation of the basement membrane as 

an early event in the process of cellular invasion and tissue expansion; therefore, the 

degradation is important for reproductive tissue growth and remodeling (Cross et al., 

1994; Lenhart et al., 2001).  

 Osteopontin (OPN; secreted phosphoprotein 1, SPP1; bone sialoprotein 1; early 

T-lymphocyte activation 1) is an extracellular matrix protein that binds integrins to 

stimulate cell-cell attachment and communication as an integrin-binding ligand that 

contains an Arg-Gly-Asp (RGD) binding site (Fisher and Fedarko, 2003). OPN has 

potential to influence a variety of physiological processes including bone mineralization, 

cancer metastasis, cell-mediated immune responses, inflammation, and angiogenesis 

(Johnson et al., 2003b). OPN as a highly phosphorylated acidic glycoprotein has also 

influence tissue remodeling at the conceptus-maternal interface by affecting cell-cell and 

cell-extracellular matrix (ECM) communication, increasing cell proliferation, migration 
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and survival, and regulating local cytokine networks (Johnson et al., 2003b; White et al., 

2005). Uterine, placental, and/or conceptus expression of OPN has been demonstrated in 

humans (Young et al., 1990; Omigbodun et al., 1997; Lessey BA, 2002), baboons 

(Fazleabas et al., 1997), mice (Nomura et al., 1988; White et al., 2006), sheep (Johnson et 

al., 1999 and 2001), and pigs (Garlow et al., 2002; White et al., 2005). In humans, OPN 

protein is highly expressed in the uterine glands and on the apical surface of the LE 

during the midsecretory phase, in decidualizing stroma, and on invading cytotrophoblast 

(Young et al., 1990; Omigbodun et al., 1997; Lessey BA, 2002). In pregnant ewes, OPN 

increases in uterine flushings between days 11 and 17, and OPN mRNA is up-regulated 

by progesterone in the endometrial GE; however, the protein itself is localized at the 

apical endometrial LE, GE, and conceptus trophectoderm (Johnson et al., 1999 and 2001). 

Through in situ hybridization of pregnant pig uterus, OPN mRNA is highly expressed in 

only LE contiguous with apposing conceptus trophectoderm on day 15; however, an i.m. 

injection of estrogen indicated that SPP1 mRNA was present within the entire LE at day 

15 and was maintained in the LE and GE through day 90 of PP gilts (White et al., 2005). 

These studies strongly suggest that OPN is a critical component of pregnancy. Moreover, 

the estrogen secreted from elongating conceptuses induces OPN mRNA synthesis in 

endometrial LE during the peri-implantation period. The protein itself accumulates at the 

conceptus-maternal interface and its presence is maintained throughout pregnancy (White 

et al., 2005).  

 Finally, porcine uterine secretions and endometrial expression are also a result of 

immune system mediators, particularly those involved in feto-maternal communication. 

Endometrial IL-6, TGF-beta2, interferon (IFN)-gamma and PGE2 concentrations in 
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uterine fluid all increase during the time of attachment of porcine embryos. These 

immune factors have been implicated in the induction of uterine secretions observed in 

Day 15 pregnant gilts, compared to Day 10 pregnant and cyclic gilts (Robertson 1994; 

Kauma, 2000; Chabot, 2004).  
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Implantation and Placentation 

Recent advances in transcriptional profiling techniques have identified numerous 

gene products involved in implantation. The mechanisms for maternal recognition of 

pregnancy, implantation and placentation in mammals are very complicated, as are the 

coordinated interactions between the cell surface components of embryonic 

trophectoderm and uterine cells. Large scale expression analyses using genomic and 

proteomic technologies have identified a myriad of genes and their products that change 

during implantation and placentation (Tanaka et al., 2002; Kao et al., 2002; Ushizawa et 

al., 2004). This section will briefly summarize some current information regarding 

porcine implantation and placentation.  

After fertilization of an oocyte and spermatozoon in the oviduct, the zygote 

develops into a blastocyst possessing an inner cell mass (ICM) and an outer 

trophectoderm layer. The implantation of porcine embryos is a superficial and 

noninvasive process that involves the apposition, attachment and adhesion of the 

trophectoderm to the uterine luminal/glandular epithelia layers during the time of uterine 

receptivity (defined as a restricted period when a uterus supports conceptus attachment). 

In swine and other species within the Artiodactyla order little, if any, erosion of the 

uterine epithelium occurs (Wooding and Flint, 1994; Paria et al., 2002). The apposition 

and attachment starts to occur as early as day 13, and then is generally completed 

between days 18-24 of pregnancy (Perry, 1981). However, approximately 25-35% of 

porcine embryos are lost during this time-frame.  

Distinct spatiotemporal expression of many genes occurs in the conceptus and 

endometrium during the time of apposition and attachment. For instance, carbohydrate 
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bearing molecules (i.e. peptidoglycans) at the embryonic and uterine cell surfaces play 

diverse roles during implantation (Carson, 2002). The initial adhesion of trophoblast cells 

to the uterine epithelium is facilitated by the glycocalyx on the trophoblast and 

endometrium (Dantzer, 1985; King, 1993). During this time, conceptus microvilli begin 

to interdigitate with similar protrusions on the apical surface of the uterine epithelium at 

days 15-16, and then merge together to facilitate the successful attachment of the 

conceptus (Dantzer, 1985; King, 1993). The adhesion of trophoblast to the uterine 

epithelium generally begins adjacent to the embryonic disk region and the extent of 

interdigitation intensifies as development proceeds (Dantzer, 1985; King, 1993).  

As the placenta forms, uterine histotroph (nutrient-rich secretions from uterine 

glands) is absorbed through dome-shaped formations over the openings of uterine glands, 

known as areolae (Friess et al., 1981; Raub et al., 1985). The stimulation of uterine 

secretions and their absorption are a synchronized process that takes place between the 

conceptuses and the uterine endometrium. The protein uptake of conceptuses increases 

between days 12-18 (Anderson, 1978), which corresponds to the timing at which 

conceptus estrogen production is elevated (Robertson et al., 1978). The estrogen release 

influences the uterine environment by increasing endometrial protein synthesis and 

secretions, the accumulation of glycogen, the thickening of the glycocalyx and reducing 

cellular degeneration in the luminal epithelium (Geisert et al., 1982a; Roberts and Bazer, 

1988; Keys and King, 1992).  

After attachment is completed, the placenta proper begins to form with the 

appearance of the allantois, which arises as a projection from the hindgut of the embryo. 

The allantois begins to associate with the chorion (trophoblast and its underlying 
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mesodermal layer) to form the complex chorio-allantoic membrane. As the allantois 

begins to adhere to the chorion, the yolk sac rapidly regresses, and the exchange of 

oxygen and nutrients, and the removal of carbon dioxide and metabolic waste, is shifted 

to the vascularized chorioallantoic membrane (Tiedemann and Minuth, 1980; Dantzer, 

1985). Thereafter, the fused membranes begin to form sinuses and channels that 

eventually unite to form blood vessels that will connect to the developing embryo 

through the umbilical cord (King, 1993; Carter and Enders, 2004). Placental capillaries 

expand over the entire surface of the placenta in close contact with the chorionic 

epithelium, except for the ends, which are nonvascular and form a band of necrotic tissue 

tips (Ford et al., 2002). Placenta formation is essentially complete by about day 30, and 

consists of amniotic, allantoic and chorionic membranes. In other words, there are two 

fluid-filled sacs in which the fetus resides; these are the allantois and amnion (King, 

1993).  

The porcine placenta is classified as epitheliochorial – having extensive 

interdigitation of microvilli on the surface of the placenta and uterine luminal epithelium 

with no erosion of the uterine epithelium (King, 1993; Roberts and Bazer, 1988). It is 

also considered a diffuse type because attachment extends over the entire chorioallantoic 

surface (except for the extremities) and throughout the openings of the endometrial 

glands (Perry, 1981). This diffuse, non-deciduate and epitheliochorial placentation is also 

found in camels, horses, and hippopotamuses (King, 1993).  

The purpose of the chorionic villi is to greatly increase the surface area of contact 

between the trophoblast and uterine endometrium. These are highly vascularized for the 

exchange of nutrients and oxygen between the maternal and fetal circulations. In addition 



 26

to exhibiting modifications in hemotrophic nutrition, the epitheliochorial placenta of the 

pig relies extensively on uterine secretions (histotrophe) for nourishment of the 

developing conceptuses (Roberts and Bazer, 1988). This is achieved via very specialized 

structures called areolae, which comprise active phagocytic trophoblast cells overlying 

the mouths of uterine glands (Friess, 1981).  Preliminary indications that these regions 

were critical for the transport of metals and other micronutrients arose from the 

observation that appreciable concentrations of iron/calcium and acid phosphatase activity 

have been detected in the cells of the uterine glands, in the gland secretions and the cells 

of the areolae (Wislocki and Dempsey, 1946). In addition, the numbers of placental 

areolae are directly related to birth weight in the pig (Knight et al., 1977; van Rens and 

van der Lende, 2002). When isotopically labeled iron was introduced into the 

bloodstream of pregnant gilts, a protein-bound form became associated specifically with 

the uterine glandular epithelium, the uterine secretions, and the areolae (Palludan et al., 

1970; King, 1985). Gaseous exchange occurs within the regions of interdigitation where 

fetal and maternal capillaries are very close, but not in regions of the areolae (Perry, 

1981).  
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Maternal Recognition of Pregnancy 

 Approximately 30% of embryo loss occurs within the first 30 days of pregnancy, 

with most of the loss occurring during the second week of gestation (Pope, 1994). 

Porcine conceptuses undergo dramatic elongation of the trophectoderm between days 10 

and 12 through morphological and functional restructuring (Perry and Rowlands, 1962; 

Geisert et al., 1982; Pope, 1994). The secretion of histotroph is enhanced in response to 

the presence of conceptuses in the tract beginning on day 10 of gestation, reaching a 

maximum on day 12 during the time of trophoblast elongation. Secretion tapers off after 

day 14 once the conceptuses have acquired a thread-like shape (Perry et al., 1973; Geisert 

et al., 1982a). The maternal recognition of pregnancy signal is believed to be estrogen 

secreted by the trophoblast during elongation. The conceptuses’ secretion of estrogen 

redirects endometrial prostaglandin F2α (PGF2α, acts locally as a luteolysin on the CL to 

terminate the production of progesterone) secretion toward the uterine lumen where 

PGF2α is sequestered and metabolized to prevent luteolysis (Bazer and Thatcher, 1977; 

Bazer et al., 1982). Although conceptus-derived estrogen helps establish the porcine 

pregnancy, the cellular and molecular mechanisms that are involved are exceedingly 

complicated and remain relatively undefined.  

 The mechanisms of maternal recognition of pregnancy vary according to species. 

For example, conceptuses of domestic ruminants secrete interferon-τ, which interferes 

indirectly with the pulsatile release of PGF2α from the endometrium and thereby extends 

the CL lifespan (Roberts et al., 1992b).  In humans, maternal recognition of pregnancy is 

accomplished by conceptus production of chorionic gonadotrophin (CG) as a luteotrophin 

which maintains the CL by stimulating through LH receptors (Hearn, 1986). Interestingly, 
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in the mouse semicircadian surges of prolactin (PRL) are induced by copulation and/or 

by cervical stimuli. These surges are likely responsible for the conversion of the corpus 

luteum of pregnancy (CLP) from the CL of the estrous cycle. Indeed, if a female mouse is 

mated to a vasectomized male the resulting PRL pulses are sufficient to prevent a return 

to estrus because the CLP secretes progesterone sufficient for maintaining a 

pseudopregnant state of 9-10 days in duration (Gunnet and Freeman, 1984). 

 In the pig, most of the molecular and cellular events taking place during the 

estrous cycle and the earliest stages of pregnancy are nearly identical. Following 

ovulation of the ovarian Graafian follicles, the developing corpora lutea (CL) begin the 

synthesis and release of progesterone, which is the principal driver of endometrial 

secretion and receptivity for early embryonic development and implantation (Geisert and 

Yelich, 1997). In the absence of conceptuses, the synthesis and pulsatile release of PGF2α 

occurs in the uterine vasculature beginning after day 12 of the estrous cycle. These pulses 

of PGF2α induce CL regression (luteolysis) on days 15-16 and the animal returns to estrus 

between days 19-22.  In order for a pregnancy to be established, luteolysis of the CL must 

be prevented to allow progesterone secretion to be maintained. Geisert et al. (1982a, b 

and c) reported that the CLs are maintained after day 12, following the rapid elongation 

and development of conceptuses in the uterus.  In swine, conceptus-derived estrogen 

redirects endometrial PGF2α secretion from the uterine venous drainage to the uterine 

lumen where PGF2α is sequestered and metabolized, thereby preventing luteolysis (Bazer 

and Thatcher, 1977; Bazer et al., 1982). In support of this model, utero-ovarian vein 

plasma concentrations of PGF2α are elevated during the period of luteolysis in 
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nonpregnant (NP) pigs; however, they are not elevated in either pregnant (P) or 

pseudopregnant (PsP) pigs (Bazer et al., 1982).  

 In addition, it is also thought that conceptuses can inhibit luteolysis by changing 

the ratio of PGE2 to PGF2α.  PGE2 has been implicated as both a luteotrophic and 

antiluteolytic compound (Akinlosotu et al., 1988; Christenson et al., 1990; Waclawik et 

al., 2006). The porcine embryo releases steroids, regulatory substances and 

prostaglandins (PGs) (Davis et al., 1983), and predominantly PGE2 (Stone et al., 1986). 

The PGE2/PGF2α ratio affects the regulation of the lifespan of the CL, the growth and 

differentiation of endometrial cells, uterine blood flow, vascular permeability, embryo 

migration, and implantation (Davis and Blair, 1993; Stefanczyk-Krzymowska et al., 

2005). The PGE2/PGF2α ratio reaches 1:3 in the NP utero-ovarian vein during the period 

of luteolysis on days 15-16 (Christenson et al., 1990). However, the PGE2/PGF2α ratio in 

the uterus and uterine vein increases over 1:1 during maternal recognition of pregnancy 

on days 11-14 (Giesert et al., 1982; Davis and Blair, 1993; Christenson et al., 1994). This 

suggests that PGE2 can overcome the luteolytic action of PGF2α thereby preventing CL 

regression. In other words, the PGE2 secreted by the embryos and its increased synthesis 

by endometrial cells of early pregnant gilts suggested an important role for PGE2 in the 

ovary and uterus at the time of maternal recognition of pregnancy. Therefore, one 

important prediction about maternal recognition of pregnancy is that conceptuses 

influence the endometrial activity of enzymes involved in prostaglandin (PG) synthesis.  

PGs are synthesized from arachidonic acid, which is further metabolized to an 

unstable PGH2 by the cyclooxygenases (COX) enzymes, COX-1 and COX-2. PGH2 is 

converted to various PGs (PGE2, PGF2α, PGD2, PGI2, and TxA2) by specific terminal PG 
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synthases or reductases (Smith et al., 1996; Smith and DeWitt, 1996). PGE2 is converted 

into PGF2α by PGF synthase (PGFS), whose activity has recently been identified in 

bovine endometrium and is down-regulated in bovine endometrial cells by interferon-τ 

(Xiao et al., 1999; Madore et al., 2003). A recent study by Waclawik et al. (2006) 

reported that the spatiotemporal expression of PGFS during the porcine estrous cycle is 

involved in regulating luteolysis and that both PGFS and microsomal PGE synthase-1 

(mPGES-1) were suggestive of a supportive role in determining the increase of uterine 

PGE2/PGF2α ratio during maternal recognition of pregnancy. Specifically, myometrial 

PGES and PGFS expression between days 14-16 of the estrous cycle and pregnancy is 

altered which allows a shift in the uterine PGE2 to PGF2α ratio after maternal recognition 

of pregnancy (Franczak et al., 2004; Przala et al., 2006). Moreover, the COX enzymes are 

the rate-limiting enzymes in the biosynthesis of PGs. Endometrial COX-1 gene and 

protein expression are slightly increased after day 12 of both the estrous cycle and 

pregnancy; however, COX-2 gene and protein expression are dramatically increased up 

to 80- and 10-fold individually during the same period (Geisert et al., 2006). Likewise, in 

mice Lim et al., (1997) reported that the expression of COX-2 in the receptive uterus 

requires the presence of mouse blastocysts in the tract. The COX-2 gene contains a κB 

site that is transcriptionally regulated by the nuclear transcription factor kappa B (NF-κB), 

which is involved in cellular responses to stimuli such as stress, cytokines (interleukin-1β, 

IL-1β; tumor necrosis factor-α, TNF-α), free radicals (superoxide, nitric oxide) and 

bacterial or viral antigens. In humans (King et al., 2001; Page et al., 2002) and mice 

(Nakamura et al., 2004), endometrial NF-κB activation is likely involved in implantation. 

Geisert and Yelich (1997) reported that the porcine endometrium secretes a number of 
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NF-kB-regulated cytokines (IL-6 and LIF) and growth factors (keratinocyte growth factor, 

KGF) between days 12-15 of pregnancy when conceptuses are undergoing rapid growth 

and development. 

Furthermore, porcine conceptus synthesis of IL-1β, which is a cytokine activator 

of NF-κB and an important mediator of the inflammatory response, induces endometrial 

NF-κB activation during the establishment of pregnancy (Tuo et al., 1996; Ross et al., 

2003). The expression and release of conceptus-derived IL-1β into the uterine lumen is 

spatiotemporally associated with rapid trophoblast elongation and with an increase in 

endometrial IL-1 receptor type 1 gene expression (Ross et al., 2003). Interestingly in 

mice, both IL-1 receptor types I and II are molecular markers for uterine receptivity 

(Reese et al., 2001). As an inducer of phospholipase A2, IL-1β regulates the release of 

arachidonic acid from the phospholipid bilayer of cells (Kol et al., 2002). In other words, 

tissue remodeling through increased membrane fluidity by IL-1β occurs during rapid 

elongation of the conceptus and PGs secretion affects placental attachment during the 

establishment of pregnancy (Kraeling et al., 1985; Gupta et al., 1989; Wellstead et al., 

1989). Elongating porcine conceptuses on day 12 highly express COX-2 mRNA (Wilson 

et al., 2002). Therefore, IL-1β, NF-κB, and COX-2 expressions are spatiotemporally 

associated during the establishment of pregnancy, because increased COX-2 gene 

expression on day 12 is consistent with conceptus secretion of IL-1β and activation of 

endometrial NF-κB during the period of maternal recognition of pregnancy (Geisert et al., 

2006).   

In summary, estrogens - the putative conceptus signal for maternal recognition of 

pregnancy - play a major role in preventing luteolysis and inducing uterine changes in 
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secretion and morphology for attachment in the pig. NF-κB activation by estrogen action 

and also the function of several other genes (i.e. IL-1β and COX-2 activation) are known 

to change. However, the molecular bases of the road map connecting the complex 

processes of maternal recognition of pregnancy are not yet fully understood. Therefore, 

many more aspects of pregnancy establishment in mammals remain to be identified.   
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GENE EXPRESSION PROFILING BY USING cDNA MICROARRAYS 

 

Recently, a versatile genomic technology (microarrays) has been developed that 

takes full advantage of the large scale and rapidly increasing body of genome sequence 

information. DNA microarrays, using cDNA or gene-specific oligonucleotides, are 

comprised of orderly arrangements of nucleic acid probes spotted at a high-density on a 

solid substrate such as a microscopic slide (Quackenbush, 2001 and 2006; Stears et al., 

2003). In the mid 1970s it was reported that labeled nucleic acids could be used to 

monitor the presence of complementary nucleic acid molecules attached to a solid 

support (Southern et al., 1975; Kafatos et al., 1979; Lennon and Lehrach, 1991; Burgess, 

2001). Microarrays are the culmination of these earlier studies and they permit 

investigators to determine the relative abundance of RNA transcripts in many 

experimental systems (e.g. transcriptional changes taking place during development, 

between treatments groups, between tissues within the same organism, etc.) (Kohane et 

al., 2003). Different spatiotemporal gene expression patterns relate directly to 

developmental control, morphogenesis, cell proliferation-differentiation, tissue specificity, 

hormonal communication or cellular stress responses. The area of transcriptomics allows 

for the examination of whole transcriptome changes across a variety of biological 

conditions, instead of being limited to the analysis of only a small number of genes 

(Brady et al., 2006). Therefore, global gene expression measuring mRNA abundance can 

be simultaneously monitored by using DNA microarrays containing thousands of 

different RNA molecules at a given point in the life of an organism, tissues, or cells.  
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Complementary DNA (cDNA) Microarray Experiment 

A variety of methods are used to identify transcribed genes; these include 

expressed sequence tags (ESTs) that represent sequence reads of at least 150 nucleotides, 

the 15-nucleotide tags used in serial analysis of gene expression (SAGE), and the 17- to 

20-nucleotide tags used in massively parallel signature sequencing (MPSS) (Brady et al., 

2006). These quantitative experiments that measure transcript abundance have been used 

to generate expression data across tissue types or developmental stages in biological 

samples. Moreover, alternative methods of gene expression profiling now include 

microarrays, and there are two basic approaches to generating gene expressional data by 

using them. For example, a single-color array performed with the GeneChip (Affymetrix) 

hybridizes labeled RNA from each biological sample to a single array (Quackenbush, 

2006). After removing nonhybridized material by washing, the expression level of each 

gene is reported as a single fluorescent intensity that represents an estimated level of gene 

expression (Quackenbush, 2006). In contrast, a two-color array uses two different RNA 

samples; each is labeled with a different dye and then simultaneously hybridized to a 

microarray. We are focusing on two-color microarrays in this section.  

Microarrays are created with cDNA samples on a solid substrate in a high-density 

pattern by using a spotting XYZ arrayer having special pins that produce spots that range 

between 80 and 150 µm in diameter (see the website of Patrick Brown’s laboratory at 

http://cmgm.stanford.edu/pbrown/mguide/tips.html). Also, nucleotide arrays can be 

produced on a nylon membrane with spots of larger size in a lower-density pattern 

(Duggan et al., 1999; Southern et al., 1999).  Most arrays contain 10,000 to 20,000 spots 
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on a standard glass microscope slide; however, they can contain up to 80,000 spots 

(Burgess, 2001). Complementary DNA arrays are typically use cDNAs amplified by the 

polymerase chain reaction (PCR) to produce a 0.5-2 kb product from a cDNA clone set or 

a cDNA library, both of which contain sequence-verified genes having a known 

function/identity or expressed sequence tags (ESTs). The ESTs are segments of genes in 

which only single-pass sequence information is available. 

A typical microarray experiment often involves two populations (e.g. a control 

and a sample group) of cells or tissues that are identical except for the treatment, 

developmental stage or disease state of interest. Ribonucleic acid (RNA) is isolated from 

the cells of each population and then reverse transcribed into cDNA. Each sample is 

labeled with a different fluorescent dye (e.g. cyanin 3, Cy3 for green color with a 

wavelength 532nm and cyanin 5, Cy5 for red color with a wavelength 635nm). Samples 

are pooled and hybridized to the same array, the unbound cDNAs are washed away and 

the different fluorescent images are acquired by using a laser scanner. The intensity 

values for each probe are analyzed by an image analysis software (e.g., GenePix Pro 6.0 

by Molecular Devices at http://www.moleculardevices.com/pages/software/gn_genepix_ 

pro.html), which is used to calculate a quantitative ratio of the level of gene expression 

between the two samples being compared.  

 After acquiring fluorescence signals representing the relative amount of 

hybridization signal at each spot, the signals are analyzed with a background subtraction 

method representing a number of local and global methods, and/or corrected with the 

signals arising from the negative controls. The data are normalized by using one of 

several available software packages to account for differences in the labeling efficiencies 
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with the two fluorescent dyes and for any background signal before the intensity ratios 

are calculated. There are many different methods for normalization, including locally 

weighted linear regression (LOWESS) and intensity-dependent normalization 

(Quackenbush, 2001, 2002 and 2006; Yang et al., 2002). The normalized data is then 

used to calculate intensity ratios which provide an indication of the relative amounts of 

any given RNA species in the two samples applied to the microarray. Therefore, 

biologists can determine expression changes of up- or down-regulated genes which are 

physiologically relevant in the experiments being studied.  

 
 
 
Experimental Design for cDNA Microarrays 

 Up to now, most microarray experiments have been used with single- or two-

color arrays. Recently three- and four-color microarrays have become available. Three- 

and four-color microarrays can increase design efficiency and power to detect differential 

expression with additional samples. However, these arrays come with a high cost and the 

experimental design and analysis remains complex (Forster et al., 2004; Woo et al., 2005). 

Two-color experimental design for cDNA microarrays remains the most widely accepted 

and has being applied to many different purposes.  

There are also many sources of variation in two-color microarray experimental 

procedures including biological, technical, and measurement variation. Firstly, biological 

variation is fundamental to all organisms, and it may be influenced by genetic or 

environmental factors, as well as by whether the samples are pooled or individual. 

Second, technical variation can be introduced during the RNA extraction, cDNA 

synthesis, fluorescent dye labeling, and hybridization conditions of samples. Finally, 
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measurement error is associated with reading the fluorescent signals affected by dust on 

the array and altering the wavelength for the best image balance (Churchill, 2002; Wei, 

2004). Therefore, experiments with two-color spotted cDNA microarrays must be 

designed in such a way to produce data that are amenable to statistical analysis of both 

biological and technical replicates. Also, after analysis of the experimental results, an 

independent verification method should be considered, such as northern or western blot 

analyses, RT-PCR (or quantitative RT-PCR) or in situ hybridization.  

Currently, these experimental designs involve the use of dye-swap, loop designs, 

and reference designs. Dye-swap experiments are used to protect against the possibility 

of a well-documented phenomenon, which is a labeling effect arising from differences in 

hybridization efficiency between the two dyes (Jin et al., 2001). Dye swap replications 

are a highly recommended procedure for cDNA microarray experiments (Churchill, 

2002), because it is a simple and effective design for the direct comparison of two 

samples (Kerr and Churchill, 2001) and it is useful for reducing systematic bias (Jin et al., 

2001; Yang et al., 2002; Yang and Speed, 2002). This design is used in two arrays to 

compare two samples: for example, the control sample is labeled with the red dye (Cy5) 

and the treatment sample is labeled with the green dye (Cy3) on the first array. Then, the 

dye labeling is reversed on the second array. With few or many different biological 

samples, the repeated dye-swap experimental design is useful for reducing technical 

variation but can become cumbersome when many samples are being analyzed (Churchill, 

2002).  

Samples in the loop design are compared to one another in a ‘daisy-chain’ fashion 

(Churchill, 2002). For example, in a simple 3-sample loop, there are three comparisons 
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between the three pairs of RNAs like A–B, B–C, and A–C (each biological sample is 

hybridized to two different arrays, each with a different dye) (Kerr and Churchill, 2001). 

In other words, the loop design needs two aliquots from each RNA sample, because these 

aliquot pairs connect the arrays and are arranged in a circular pattern. The loop designs 

can be an efficient alternative to the reference design (which is explored later in this 

section) in small loops rather than large loops having more than 10 samples (Churchill, 

2002; Yang and Speed, 2002).  

Reference sample designs are probably the most widely used experimental design 

(Yang and Speed, 2002). When treatment samples are compared with control samples, 

the most natural reference is the wild type, the biological controls, or a common reference 

obtained by pooling all samples. A pooled reference sample reduces large errors from the 

number of extreme gene ratios on each array. A universal reference (created from several 

standard cell lines or different organic tissues) enables some labs to compare results for 

all their experiments. Although the reference design is a somewhat inefficient approach 

in that fully half of the measurements arise from the reference sample, there are a number 

of advantages to its use. For example, all comparisons are made with equal efficiency, 

and this design can be extended to assay large numbers of samples as long as the 

reference sample is available (Yang and Speed, 2002). Moreover, the possibility of 

laboratory error can be reduced, and the efficiency of sample handling can be increased 

in large projects (Churchill, 2002; Yang and Speed, 2002; Vinciotti et al., 2005).  

  In conclusion, designing a microarray experiment requires that three criteria be 

addressed: biological replicates, technical replicates, and duplication of spotted clones on 

the array as mentioned above. The ideal experimental design is dependant on the 
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objectives of the experiment and constraints in reagents and materials. However, proper 

experimental design is critical in order to make the appropriate statistical analysis and to 

correctly interpret the results in as simple and powerful a way as possible.  
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CHAPTER III 

 

GENE EXPRESSION PROFILING OF PORCINE ENDOMETRIUM 

THROUGHOUT THE ESTROUS CYCLE 

 

ABSTRACT 

 

The uterine endometrium undergoes remarkable biochemical and morphological 

changes throughout the reproductive cycle that are mediated through differential gene 

expression governed principally by sex steroid hormones. The goal of this study was to 

identify differentially expressed genes in the non-pregnant porcine endometrium during 

the course of the estrous cycle. These experiments used an in-house cDNA microarray 

with 19,968 spotted cDNAs cloned from pig reproductive tissues. Total RNAs from 

cyclic endometrium (Days 0, 3, 6, 10, 12, 14 and 18 post-estrus) were coupled to Cy5 and 

hybridized to the arrays along with a reference RNA pool (coupled to Cy3). After 

normalization and statistical analysis by using GeneSpring GX 7.3 Expression Analysis 

program (Agilent Technologies), a total of 4,765 transcripts were found to be 

differentially represented in at least 1 of the 7 timepoints by ANOVA (p<0.05). Many of 

these genes were rather abundant in the endometrium compared to the reference RNA. Of 

these, 964 transcripts exhibited signal intensities that were twice as high as the reference, 

and 267 transcripts had signals that were four times higher than the references signal. 

Quantitative RT-PCR analysis on selected transcripts was used to validate some of the 

patterns that were obtained from the microarrays. After clustering of the data by using K-
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means and Self-Organizing Maps (SOM), nine particularly interesting cluster patterns 

were obtained: these consisted of groups of transcripts that were maximal at day 0; days 0 

and 18; days 0 and 10-14; days 3-6; days 3-12; days 3-14; days 10-12; days 10-14; and 

days 14-18 of the estrous cycle. Analysis with the EASE program found increases in 

selective binding molecules, including TATA box binding protein-associated factor 

(TAF4) and ATP-binding cassette A6 (ABCA6) (Day 0); immune and defense response 

(Days 0 and 18); protein (or protein degradation) tagging activity (Days 0 and 10-14); ion 

transporter activity and biosynthesis (Days 3-6); ion transporter activity (Days 3-12); 

sterol metabolism and steroid biosynthesis (Days 3-14); apoptosis (Days 10-12); G-

protein coupled receptor protein signaling pathway (Days 10-14); and peptidase activity 

(Days 14-18). These data help to define some of the complexities in gene expression 

responsible for creating an environment conducive to sperm transport, early embryonic 

growth and embryo attachment.  

 

Key words: pig, endometrium, estrous cycle, cDNA microarray, gene expression 

 

Abbreviations: NP, NonPregnant; qRT-PCR, quantitative Reverse Transcription PCR; 

EASE, Expression Analysis Systemic Explorer; EST, Expressed Sequence Tag; ODC1, 

ornithine decarboxylase 1; VNN2, vanin 2; MMP7, matrix metalloproteinase 7; LAMC2, 

laminin, gamma 2; CYP26A1, cytochrome P450, family 26, subfamily A, polypeptide 1; 

IL24, interleukin 24; ANXA4, annexin A4; NMU, neuromedin U; UPTI, plasmin trypsin 

inhibitor; RBP4 ; retinol binding protein 4, plasma; TIMP2, tissue inhibitor of 

metalloproteinase 2; UF, uteroferrin; CCL28, chemokine (C-C motif) ligand 28. 
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INTRODUCTION 

 

The primary function of the uterine endometrium is to nourish the developing 

embryo by providing an environment conducive to gamete maturation, placental 

attachment and the continued growth of the conceptus throughout the reproductive cycle. 

In order for these events to take place successfully, the porcine endometrium undergoes 

remarkable molecular and cellular changes, particularly in response to estrogen (from 

both ovarian and conceptus origin) and progesterone stimulation (Frank et al., 1977; 

Bazer and Thatcher, 1977; Pope, 1994; Roberts and Bazer, 1988; Gray, 2001a; Spencer 

and Bazer, 2004). The coordination of these developmental events is due to the 

integration of endocrine, paracrine and autocrine signals from the ovary, the conceptus 

and from the uterus itself. Together, they regulate the uterine transcriptome (Roberts et al., 

1993; Robinson et al., 1999; Spencer and Bazer, 1995; Spencer et al., 2004). Not 

surprisingly, there is considerable research effort devoted toward defining and 

understanding gene transcription in the uterus.   

 Numerous published studies have focused on characterizing the transcription of 

specific genes in the porcine uterus during the estrous cycle and pregnancy (Vonnahme et 

al., 1999; Cardenas and Pope, 2003; Wollenhaupt et al., 2004; Green et al., 2006). 

Numerous differentially-represented transcripts have been identified; some examples 

include spermine/spermidine N1-acetyltransferase (SSAT) (Green et al., 1998), 

extracellular matrix proteins and integrins (Burghardt et al., 1997; Hettinger et al., 2001; 

Garlow et al., 2002; White et al., 2005), growth factors (Ka et al., 2001; Allen et al., 

2002; Wollenhaupt et al., 2005; Jaeger et al., 2005; Ashworth et al., 2006), uteroferrin 
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(UF) (Roberts and Bazer, 1988; Naseri et al., 2004) and numerous progesterone-

responsive genes that likely play key roles in establishing and maintaining pregnancy 

(Bowen et al., 1996; Ling and Roberts, 1993; Vonnahme et al., 2004; Spencer and Bazer, 

2004; Gray et al., 2006).   

Despite the tremendously useful information that has been gained by these studies, 

trying to understand uterine physiology on a gene-by-gene basis is exceedingly difficult 

due to the complexity of the uterine transcriptome. Moreover, most cytokines and growth 

factors have multiple actions with the molecular mechanisms including endometrial 

growth, angiogenesis, and implantation. Therefore, a new genomic and proteomic 

approach is needed to better understand the complex genomic and multifactorial etiology 

of uterine endometrial expression profiles (Kim et al., 2003; Ace and Okulicz, 2004; 

Hayes, 2004; DeSouza et al., 2005; White and Salamonsen, 2005; Horcajadas et al., 

2007). The development of genomic and proteomic techniques for large-scale expression 

analysis has provided the means to analyze gene products on a global scale. Genome-

wide approaches with microarray technologies are being used widely to evaluate global 

gene expression in a variety of systems from bacteria to primates (D’Hooghe et al., 2004). 

Indeed, if reproductive physiologists are to truly understand uterine physiology, it will be 

necessary to:  1. define most or all uterine-specific transcripts and 2. define the global 

patterns of uterine gene transcription and protein expression throughout the estrous cycle 

and during pregnancy.  

Toward that goal, our research group has produced and sequenced several 

thousand cDNAs from libraries generated from female reproductive tissues and early 

embryos of pigs. Information regarding the EST project, and the resulting unigene set of 
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novel genes, can be found at the project website (http://genome.rnet.missouri.edu/Swine/) 

(Whitworth et al., 2004 and 2005; Green et al., 2006). Amplified cDNAs were used to 

create DNA microarrays for use in monitoring global changes in mRNA abundance 

throughout the estrous cycle in gilts.  

The goal of this work was to define those genes that are differentially expressed in 

the non-pregnant (NP) porcine endometrium. This experiment used total RNAs extracted 

from cyclic endometrium (Days 0, 3, 6, 10, 12, 14 and 18 post-estrus) hybridized to an 

in-house cDNA microarray consisting of 19,968 spotted cDNAs representing 14,129 

distinct genes. These data will begin to define the complex patterns of gene expression 

responsible for creating an environment conducive to sperm transport, early embryonic 

growth and embryo attachment. 
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MATERIALS AND METHODS 

 

Experimental Animals and Tissue Collection 

Twenty purebred Yorkshire gilts were used in this study. Unmated gilts were 

hysterectomized on Days 0, 3, 6, 10, 12, 14, and 18 post-estrus (n=3 per stage; except 

Day 0 where two pigs were used) (Fig. 2). The first day of estrus is designated Day 0. At 

24 hours after the last feeding, sodium thiopental anesthesia (8 mg/lb BW, Veterinary 

Pentothal® by Abbott Lab.) was administered intravenously. Gilts were maintained under 

anesthesia with a closed circuit system of halothane (2-5%; USP by Halocarbon Lab.) 

and oxygen (400~1000 cc/min) for the duration of the surgery. Ovariectomy-

hysterectomies were performed, and the uterine endometrium and the oviduct were 

individually collected from cycling gilts. All gilts were housed in the UMC Animal 

Science Research Center (ASRC) and their care complied with the UMC Animal Care 

and Use Committee (ACUC) and the Guide for the Care and Use of Laboratory Animals. 

Each endometrial sample was harvested immediately after the surgery, snap frozen in 

liquid nitrogen and stored at -80°C until RNA extraction.  

 

Total RNA Extraction and cDNA Preparation 

Total RNA from each endometrial sample (Days 0, 3, 6, 10, 12, 14, and 18) was 

extracted by using the RNA STAT-60™ reagent (Tel-Test, Friendswood, TX), according 

to the manufacturer’s instructions. RNA quality was confirmed by the ratio of its 

absorbance at 260 and 280 nm and by visualization on ethidium bromide stained agarose 

gels. High-quality total RNAs were further purified by using the RNeasy Mini kit 
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(Qiagen Inc., Valencia, CA), according to the manufacturer’s instructions. In addition, a 

reference RNA pool, which consisted of a mixture of non-reproductive (heart, kidney, 

liver, spleen, pituitary, hypothalamus, skeletal muscle, small intestine) and reproductive 

tissues (corpus luteum, follicles, oviduct, endometrium, placenta and fetus), was purified 

in an identical manner. The purified endometrial and reference RNAs (15 µg) were 

indirectly labeled with 3-aminoallyl-2′-deoxyuridine-5′-triphosphate (aa-dUTP) (Sigma, 

St. Louis, MO) by reverse transcription with Superscript II RT (Invitrogen, Carlsbad, 

CA) and 1 µl poly dT oligonucleotide (50 µM) (Whitworth et al., 2005). A standard 

protocol (Hegde, et al., 2000) for labeling with aa-dUTP was followed, with minor 

modifications: the labeling mixture contained a 25mM dATP, dCTP, and dGTP, and 

15mM dTTP and 10mM aa-dUTP. 2µl 50 µM oligo dT primer was employed in cDNA 

preparation.   

 

Complementary DNA Microarray 

Previously our research team reported the creation of cDNA microarrays 

containing more than 19k spots. The clones used on the array arose from porcine EST 

projects at the University of Missouri-Columbia (Whitworth, 2005; Agca, 2006). 

Aminoallyl-labeled cDNAs from the endometrial and reference samples were purified by 

using the Qiagen QIAquick PCR purification kit (Qiagen, Valencia, CA) and dried by 

using a Centravap vacuum centrifugation system (Labconco, Kansas City, MO). The 

dried aa-cDNA samples were resuspended in 0.1 M sodium carbonate buffer (Na2CO3, 

pH 9.0). The aa-cDNAs from the endometrial sample and reference RNA pool were 

labeled with Cy5 and Cy3 monoreactive dyes (Amersham Biosciences, Piscataway, NJ), 
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respectively, for 1 hour at room temperature. The samples were purified by using Qiagen 

PCR Purification Kit and dried by Centravap (Labconco) to remove uncoupled dye. 

Labeling efficiencies of the cDNA reactions, prior to microarray hybridization, were 

calculated by determining the amount of nucleotides per amount of dye (Hegde et al., 

2000 and http://pga.tigr.org/PDF/BiotechniquesCookbook_II.pdf). All cyclic endometrial 

cDNA samples (labeled with Cy5) and reference samples (labeled with Cy3) possessed 

dye incorporation per sample greater than 1600 pmol. Labeling efficiencies were less 

than 50, which is nearly optimal for hybridization. These efficiencies were calculated by 

using the protocol ‘Amino-allyl labeling of RNA for microarrays’ provided by TIGR 

(http://www.tigr.org/tdb/microarray/protocolsTIGR.shtml). The labeled cDNAs were 

resuspended in 26 µl of 1X hybridization buffer (48% formamide, 4.8X SSC, 0.1%SDS 

and 20 µg polyA-DNA in water) and denatured at 95oC for 3 minutes, followed by rapid 

cooling on ice for 30 sec. The labeled probe mixtures were applied to the microarray 

slides under 22 x 40 mm Lifter Slips (Erie Scientific, Portsmouth, NH). The slides were 

hybridized at 42oC for 16 hours and then washed at room temperature in a low stringency 

wash buffer containing 1X SSC and 0.1% SDS, followed by a high stringency wash in 

0.1X SSC and 0.1% SDS. The slides were subjected to a final wash in 0.1X SSC and then 

were rinsed in water before being dried by centrifugation at 1000 rpm for 5 minutes. The 

slides were placed in a light-tight slide box until they were scanned by using a Genepix 

4000B scanner (Axon Instruments, Union City, CA). The scanned files were loaded into 

GeneSpring GX 7.3.1 software (Agilent Technologies-Silicon Genetics, Redwood City, 

CA) for statistical data analysis and to create visual depictions of the results.  
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Data Analysis by using GeneSpring GX 7.3.1. 

All raw data as GenePix Results Files (*.gpr) were imported into GeneSpring GX 

7.3.1. Normalization of locally weighted linear regression (LOWESS), the fiftieth 

percentile per chip and median per gene were performed on all good spots. Then the data 

were filtered based on spot quality (good quality spots needed to be present in at least one 

of the experimental groups) and signal intensity. Comparisons were made across the 

estrous time points. A cross-Gene error model based on both biological and technical 

replicates was allowed to define the amount of variability. This model was used as the 

basis for standard deviation (SD), standard error (SE), and t-test p-value calculations (all 

data manipulations are reviewed in the GeneSpring GX User Manual).  

Relative expression levels were derived by comparing normalized/filtered data 

between the reference and the endometrial samples. Analysis of variance (ANOVA) 

(p<0.05) with a multiple testing correction was performed by using the Benjamini and 

Hochberg False Discovery Rate multiple correction test on each comparison. Gene trees 

and condition trees provided measures of similarity (Pearson correlation) in gene 

expression patterns between each microarray in the experiment. Each distance between 

the seven different estrous stages, or between the twenty individual animals, is actually a 

measure of dissimilarity ranging from 0 (the same) to 1 (different). K-means clustering 

(standard correlation) and Self-Organizing Maps (SOM) of the differentially expressed 

genes was performed to identify groups of genes possessing similar expression patterns in 

the endometrium during the porcine estrous cycle.  

 

Quantitative Real-Time Reverse Transcription PCR (qRT-PCR) 
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Transcriptional changes for thirteen candidate cDNAs, representing differentially 

expressed genes during the estrous cycle, were selected for confirmation by quantitative 

real-time PCR. Clone names, annotation and Genbank accession numbers as well as the 

Genbank accession number for the annotation are listed in Table 1. Oligonucleotides 

were designed by using Primer Express® software 2.0 (Applied Biosystems) and were 

obtained from Integrated DNA technologies (Skokie, IL). Firstly, cDNA from each 

endometrial sample was diluted to 5 ng/µL, and then serial dilutions were performed to 

final concentrations of 0.5, 0.05, and 0.005 ng/µL for each sample. Quantitative RT-PCR 

was performed on 0.05 ng/µL concentration by using the QuantiTect SYBR Green PCR 

Kit (Qiagen) on the ABI Prism 7500 system (Applied Biosystems) by following the 

manufacturer’s instructions and standard protocols (Whitworth et al., 2005; Agca et al., 

2006). All amplifications were performed in triplicate on each plate, and each plate was 

replicated two times, resulting in six threshold cycle (CT) measurements/gene. A 

housekeeping gene (p4mm3-015-H07, EST accession # CO945226; YWHAG; 

NM_012479) was chosen, because it showed a steady expression pattern in the porcine 

endometrium during the estrous cycle (days from 0 to 18). YWHAG is orthologous to the 

Homo sapiens tyrosine 3-monooxygenase/tryptophan 5-monooxygenase activation 

protein, gamma polypeptide (YWHAG) gene. Whitworth et al., (2005) had previously 

used it as a ‘housekeeping’ gene in pig embryo experiments. Threshold cycle (CT) for the 

target gene was subtracted from the CT of the housekeeping gene in the experimental 

sample to obtain the change (∆) in CT (∆CT). A ∆CT value for the target gene was also 

determined for the reference sample. The relative amount of each mRNA relative to the 

reference was calculated by assuming an amplification efficiency of 2 and by using the 
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equation 2-∆∆CT which was calculated from “∆CT, sample - ∆CT, reference.” Data of 2-∆∆CT 

values were analyzed by a least-squares analysis of variance by using the General Linear 

Models procedure of SAS 9.1 (SAS Institute Inc., NC). Contrasts were performed within 

group of stages to estimate differences between days of the estrous cycle.  

 

Expression Analysis Systemic Explorer (EASE) 

The software program, Expression Analysis Systemic Explorer (EASE, 

http://david.niaid.nih.gov/david/ ease.htm), helps interpret gene lists from microarray 

results based on the most prominent gene ontology (Hosack et al., 2003; Whitworth et al., 

2005). All Genbank accession numbers of selected genes in the clustered expression 

patterns (Table 3) were loaded into the EASE program and analyzed to find over-

represented categories. EASE (version 2.0) then generated an annotation table for each 

gene list and provided an EASE score (essentially a P-value) to identify the most 

significant biological themes within each gene list.  
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RESULTS 

 

Microarray expression results from estrous cycle stages 

         ANOVA, with the Benjamini and Hochberg false discovery rate multiple testing 

correction, was performed in GeneSpring GX on 18,806 spots (after removing control 

and empty spots) to identify differentially represented genes in each RNA sample. A list 

of all genes on the array can be found on our website (http://genome.rnet.missouri.edu/ 

Swine/Publications/). A total of 4,190 genes were found to differ significantly (p<0.05) 

over the course of the estrous cycle, and their spot intensity was at least 100 fluorescent 

units higher in expression level from the endometrial raw data. Examples of some of the 

genes having statistically significant changes in signal across the stages were listed in 

Table 2. Many of the genes have been described previously in the endometrium and the 

relative changes in abundance are consistent with previous reports (Green et al., 1998; 

Allen et al., 2002; Naseri et al., 2004; White et al., 2005; Kavser et al., 2006). 964 of 

4,190 differentially expressed transcripts (p < 0.05) were also rather abundant in the 

endometrium because their signals were over twice as high as the spot intensity coming 

from the reference samples, in at least 1 of the 7 timepoints. When monitored on a day by 

day basis, the prevalence of abundant transcripts varied over the course of the estrous 

cycle (Day 0: 129; Day 3: 238; Day 6: 265; Day 10: 511; Day 12: 561; Day 14: 548; and 

Day 18: 331 genes) (See Appendix I). Among 4,190 genes (p < 0.05), 267 genes were in 

fact four times higher than the reference samples. The abundant transcripts were sorted 

by signal intensities compared to the reference RNA and the 25 most abundant genes 

present at each stage are represented in Appendix I.   
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The gene and condition trees showed that the estrous stages and the twenty 

individual animals were clustered in an expected manner; for example, the earliest stages 

were grouped together and the later stages also demonstrated similar expression patterns 

as shown by the value of distance, which is actually a measure of dissimilarity ranging 

from 0 (the same) to 1 (different) (Fig. 3-A & B). The similarity of gene expression 

patterns by K-means and Self-Organizing Map (SOM) clustering (Fig. 4-A to -I) showed 

that there were a large number of transcripts that changed throughout the estrous cycle 

and that the detected differences were not simply due to changes at one or only a few 

timepoints. 

 

Biological Themes Identified by using EASE 

         The simplified gene ontology in GeneSpring GX was used to categorize 

significantly differentially expressed genes (4,190 genes having p < 0.05) into three 

biological categories: 1,991 genes were categorized in biological processes, 1,693 genes 

in cellular components and 2,159 genes in the molecular function (Venn Diagram in Fig. 

5-A). Most differentially expressed genes in biological processes were involved in 

cellular (1,159 genes), physiological (1,130 genes), and regulation of biological (412 

genes) process (Fig. 5-B). Cell related (1,149 genes), organelle (758 genes), and protein 

complex (294 genes) were abundantly expressed in cellular component (Fig. 5-C). 

Finally, 1,047 binding related genes, catalytic activity (516 genes), and signal transducer 

(183 genes) or transporter activity (148 genes) had molecular function in Gene Ontology 

(Fig. 5-D). Biological themes categorized in this manner by Gene Ontology are rather 



 53

broad. Therefore, the EASE program was used to identify pathways that changed 

significantly during the estrous cycle.  

Gene Ontology comparisons between endometrial transcripts in the nine cluster profiles 

In Table 3, a high proportion of the differentially expressed genes at Day 0 of the 

estrous cycle were found to be involved in immune functions, as was reflected in 

changing immune markers and cytokine populations. Days 0 and 18 genes were also 

involved in responses to external stimuli as well as exhibiting endopeptidase and 

proteasome activity. Days 3-6 genes were disproportionately involved in catalysis, 

specifically in hydrogen ion transporter activity and polyamine biosynthesis. Days 3-14 

genes were involved in sterol biosynthesis and intermediate filament, possibly associated 

with uterine morphological changes via cell proliferation and differentiation under the 

influence of progesterone. Days 10-12 genes were involved in ATPase activity, 

development, and receptor tyrosine-kinase signaling pathways that may facilitate 

conceptus elongation and endometrial morphological changes. Days 10-14 genes were 

associated with signal transduction and morphogenesis and they may help prepare the 

conceptus for attachment and placentation (Table 3).   

 

Real-time PCR verification of microarray results 

As shown in Table 1, thirteen genes were selected from both the nine interesting 

patterns (Fig. 4) and from the abundant gene lists (Table A-G in Appendix I) for 

validation by using quantitative RT-PCR. These genes were identical or orthologous to: 

H. sapiens vanin 2 (VNN2; NM_078488, CO940823), H. sapiens laminin, gamma 2 

(LAMC2; NM_018891, CO991514), H. sapiens ornithine decarboxylase 1 (ODC1; 
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NM_002539, CN026972), H. sapiens cytochrome P450 (CYP26A1; NM_000783, 

CO993312), H. sapiens annexin A4 (ANXA4; NM_001153, CO994549), H. sapiens 

interleukin 24 (IL24; NM_006850, CO994632), H. sapiens neuromedin U (NMU; 

NM_006681, CO994261), H. sapiens matrix metalloproteinase 7 (MMP7; NM_214207, 

CO991589), Sus scrofa uterine plasmin trypsin inhibitor (UPTI; L14282, CO986361), S. 

scrofa mucosa-associated epithelial chemokine CCL28 (CCL28; NM_001024695, 

CO988554), H. sapiens retinol binding protein 4 (RBP4; NM_006744, CO994296), and S. 

scrofa uteroferrin (UF; NM_214209, CO948659). The normalized ratio from the 

microarray raw data was calculated by using GeneSpring GX 7.3.1. Statistically 

significant differences in the ratio are known as a Type I Error (common false discovery 

rates are 0.05). The normalized ratio from the microarray raw data was calculated by 

using GeneSpring GX 7.3.1. The p-value associated with each normalized ratio indicates 

the probability of obtaining the sample data when there are no mean differences 

between estrous stages; a low p-value (commonly p<0.05) provides the evidence for 

significant mean differences between estrous stages.  

All genes showed significant differences during the estrous stages (Table 4), 

except Homo sapiens tyrosine 3-monooxygenase/tryptophan 5-monooxygenase activation 

protein, gamma polypeptide, mRNA (YWHAG; NM_012479, accession # of the porcine 

representative sequence: CO945226), which served as a ‘housekeeping’ gene. All 

quantitative RT-PCR results were tested for significant differences by using Tukey’s test 

at α = 0.05 by the GLM procedure of SAS 9.1 (SAS Institute Inc., NC). Each gene was 

differentially expressed at specific times during the estrous cycle. However, the 
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expression level of these transcripts as measured by RT-PCR had patterns consistent with 

the microarray results (Table 4).  
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DISCUSSION 

 

The mammalian uterine endometrium undergoes many striking physiological 

changes during the estrous cycle and pregnancy that arise in response to an array of 

endocrine, paracrine, and autocrine signals (Roberts and Bazer, 1988; Spencer et al., 

1993; Gray et al., 2001; Tarleton et al., 2001). These changes help create the 

microenvironment required for the movement of gametes, capacitation of sperm, 

fertilization, successful embryonic development and subsequent fetal growth (Geisert et 

al., 1982a, b, and c; Roberts and Bazer, 1988; Roberts, 1993; Spencer and Bazer, 2004). 

Most of the overt changes in the uterine endometrium are a reflection of temporally- and 

spatially-specific gene expression during the estrous cycle and pregnancy. In this study, a 

gene expression profiling experiment illustrated some of the broad changes in mRNA 

populations that take place in the uterine endometrium.  

The results of the gene and condition trees, on both estrous cycle stages and the 

individual animals, indicated that the groups tended to cluster together in an expected 

manner based on the stage of the cycle (Fig. 2-A and -B). Another expectation was that 

genes known to be responsive to estrogen and/or progesterone should be found in the 

differentially-expressed gene lists based on the changing concentrations of circulating 

steroid during the estrous cycle [estrus (maximal E2 concentrations), metestrus (newly 

formed corpus luteum; low E2 and low P4), diestrus (fully functional CL; high 

progesterone, P4), and proestrus (declining P4; increasing E2). In assessing the results, it 

was clear that this expectation was met. For example, retinol binding protein 4 (RBP4; 

NM_006744, CO994296), uteroferrin (UF; NM_214209, CO948659), uterine 
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plasmin/trypsin inhibitor (UPTI; L14282, CO986361), and fibroblast growth factor 

receptor 2 (FGFR2; NM_022970, CN031722) are known progesterone-responsive genes 

and were found to be upregulated in both the array results and in the qPCR analyses 

(Table 2 and 4) (Fazleabas et al., 1982; Clawitter et al., 1990; Groothuis et al., 1997; 

Groothuis et al., 2002; Wollenhaupt et al., 2005). Known estrogen-induced genes were 

also represented in the data; for example, matrix metalloproteinase 7 (MMP7, matrilysin; 

NM_214207, CO991589) is an MMP family member that is involved in the breakdown 

of the extracellular matrix during normal physiological processes including during 

embryonic development, reproduction, and tissue remodeling. When E2 is dominant the 

endometrium undergoes rapid proliferation.  If embryos are not present in the tract by the 

end of the second week after estrus, subsequent luteolysis causes circulating P4 levels to 

decline, which results in the remodeling of the functional region of the endometrium 

particularly as estrogen concentrations begin to rise in association with growing follicules 

(Brenner and Slayden, 1994). The MMPs have been associated with remodeling of the 

extracellular matrix (ECM) and degradation of the ECM (reviewed in Hulboy et al., 

1997). As shown in Fig 3-B and Table 4, MMP7 was expressed according to circulating 

E2 levels which is highest between proestrus (Day 18) and estrus (Day 0). Indeed, MMP7 

is upregulated in human cervical-vaginal tissues (Gorodeski, 2007) and it may be 

associated with laminin gamma 2 (LAMC2; NM_018891, CO991514), which is an ECM 

glycoprotein and major noncollagenous constituent of basement membranes. MMP7 and 

LAMC2 have a similar expression pattern in endometrium during the estrous cycle, 

especially between Days 18 to 0 (estrus). During this period, the endometrium undergoes 
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rapid restructuring that is reflected in an increased mitotic index and in the synthesis of 

ECM materials (Maatta et al., 2004; Gorodeski, 2007).  

While many genes are regulated by reproductive hormones, the results from this 

work did suggest a appropriate housekeeping gene for use in uterine transcriptional 

profiling. Often glyceraldehyde-3-phosphate dehydrogenase (GAPDH), beta-actin and 

cyclophilin are constitutively expressed in many different tissues and many studies have 

used these genes as a control or housekeeping gene to evaluate and compare RNA 

transcription of target genes. However, steroid hormones including E2 transcriptionally 

regulate GAPDH and beta-actin in the uterus (Weisinger et al., 1999; Ing and Robertson, 

1999; Ing and Zhang, 2004). For these experiments, a uniformly expressed clone 

(p4mm3-015-H07; CO945226) was identified in the endometrium whose mRNA 

concentrations remained essentially unchanged throughout the estrous cycle. This gene 

encoded tyrosine 3-monooxygenase/tryptophan 5-monooxygenase activation protein, 

gamma polypeptide (YWHAG, NM_012479) protein, which plays a role in signal 

transduction by binding to phosphoserine-containing proteins (Fu et al., 1994) and is 

induced by growth factors in human vascular smooth muscle cells (Autieri and Carbone, 

1999). In humans, this gene is relatively highly expressed in brain, skeletal muscle, and 

heart and expressed in reproductive tissues such as testis and ovary (Horie, et al., 1999). 

We have also identified YWHAG in a germinal vesicle EST library (Whitworth et al., 

2004) and during transcriptional profiling of pig embryogenesis (Whitworth et al., 2005). 

In those studies, the YWHAG transcript was found not to change significantly and was 

used as a normalization control for qPCR experiments. Consequently, because YWHAG 
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transcripts were found not to change much in uterine endometrium, it was used as a 

housekeeping gene in these experiments (Table 1) to standardize qRT-PCR results.  

The mammalian endometrium undergoes a complex series of cyclical changes 

under the overall control of E2 and P4 during the estrous (or menstrual) cycle. However, 

most of the biological molecular pathways that are responsible for those changes still 

remain unknown. The identification of novel gene and molecular pathways is essential in 

order to better understand the important biological processes taking place in the uterine 

endometrium during the estrous cycle and pregnancy.  

To establish lists of similarly upregulated genes (many of which are likely to be 

functionally relevant), k-means and Self Organizing Maps were created in GeneSpring to 

gain preliminary insight into clustered genes. The subsequent clusters were further 

refined by the “find similar” function that allowed the further identification of transcript 

profiles that mimicked a defined profile.  In addition to the clustering work, the ANOVA 

genes were also filtered based on relative abundance in the endometrium (i.e. having a 

signal that exceeded the reference by at least 2-fold in at least one of the time-points). 

From these results, we chose thirteen differentially expressed and/or abundant 

endometrial genes whose mRNA concentrations throughout the estrous cycle were 

confirmed by quantitative real-time PCR. In each case, these transcripts exhibited the 

same trends in both the microarray and RT-PCR results (Table 4). Five genes, including 

UF (NM_214209, CO948659), RBP4 (NM_006744, CO994561), TIMP2 (NM_003255, 

CO954667), MMP7 (NM_214207, CO991589), and UPTI (L14282, CO986361), had 

expression patterns that were consistent with previous results (Roberts and Bazer, 1988; 
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Bazer et al., 1991; Harney et al., 1993; Stallings-Mann et al., 1990; reviewed in Curry 

and Osteen, 2003).  

A number of predictions can be made regarding some putative functional roles for 

the genes in each cluster: Those highest at D0 and at D0&D18 (cluster groups 1 and II) 

may be helping facilitate sperm transport and/or remodeling of the endometrium after 

loss of P4 stimulation. Those genes that are upregulated between D3-12 and D3-14 

(cluster groups 5 and 6) probably represent P4-responsive genes that help create a 

luminal environment capable of promoting the growth of the embryos once it is in the 

lumen. The genes upregulated at D3-6 (cluster group 4) may be helping to create a 

luminal environment that facilitates blastocyst hatching and growth once the embryos 

enter the lumen around D6. These may also represent genes involved in the proliferation 

of the endometrium that takes place at this stage and may also be a class of genes 

transiently responsive to newly synthesized P4 arising from the corpora lutea. Those 

genes that peak at D10-12, D10-14 and at D14-18 (cluster groups 7-9) may be involved 

in preparing the endometrium to respond to conceptus-derived estrogen if the animal 

were to be pregnant. These genes are also likely to be involved in producing some of the 

uterine histotroph (including growth factors) required to nourish the elongating 

conceptuses.  Finally, the genes found in cluster group 3 (highest at D0 & D10-14) were 

perhaps the most enigmatic. However, the EASE analysis suggested an involvement in 

protein turnover for this cluster.  

Some of the individual genes chosen for follow-up had either not been described 

in porcine endometrium or had not been characterized extensively in this tissue. One of 

the genes in this category was interleukin 24 (IL-24). IL-24 is also known as Melanoma 
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differentiation-associated protein 7 (mda-7) based on its presence in melanoma cells. It 

was initially described as a tumor suppressing protein capable of inducing apoptosis these 

cells (Jiang, et al., 1995 and 1996; Su et al., 1998). IL-24/mda-7 expression is normally 

restricted to tissues associated with the immune system, such as the spleen, thymus, and 

peripheral blood leukocytes, suggesting that it has cytokine-like properties (Hung et al., 

2001). IL-24/mda-7 belongs to the IL-10 family, which signals through two 

heterodimeric receptors including IL-20R1/IL-20R2 and IL-22R1/IL-20R2 (Dumoutier et 

al., 2001; Wang et al., 2002; Caudell et al., 2002). Therefore, IL-24/mda-7 displays at 

least two distinct biological functions: a cytokine at low concentrations (Caudell et al., 

2002; Gopalkrishnan et al., 2004) and cancer cell-specific growth-inhibitory properties 

that do not negatively affect normal cells (Jiang, et al., 1996; Su et al., 1998; Mhashilkar 

et al., 2001; Gupta et al., 2006; Gopalan et al., 2007).  Although IL-24 and IL-10 belong 

to the same family of cytokines, the recent observations highlight the different roles on 

immune function. IL-10 has anti-inflammatory and immune suppressive roles; however, 

IL-24/mda-7 functions as an immunomodulatory and pro-inflammatory role (Caudell et 

al., 2002). Recent research supports the possibility that cytokines such as IL-24/mda-7  

activate antigen-presenting cells to present tumor antigens and trigger an antitumor 

immune response (Caudell et al., 2002; Tong et al., 2005). Interestingly, IL-24 was 

significantly differentially expressed in the porcine cyclic endometrium from Days 10 to 

14 (Table 4). Although this study was focused in the cyclic endometrium, it is 

hypothesized that IL-24 might activate pro-inflammatory responses during the pregnancy. 

Early pregnancy establishment in the pig is accompanied by a localized uterine acute 

inflammatory response, especially during the period of porcine trophoblast attachment 
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(Vonnahme et al., 2004; Leonard et al., 2006). Clearly, further studies are required to 

clarify the role of IL-24 in regulating the immune response in the uterus.  

Vanin 2 (VNN2; NM_078488, CO940823) is a member of the Vanin family of 

proteins which share extensive sequence similarity with each other and/or with human 

biotinidase (BTD) (Galland et al., 1998). This encoded protein is secreted, but can also be 

membrane-associated, by highly vascularized organs such as spleen, kidney, thymus or in 

tissues containing vanin-1-postive epithelia cells (Galland et al., 1998). Interestingly, 

vanin-1 is co-expressed with the transcription factors including steroidogenic factor-1 

(SF-1) and SRY (sex determining region Y) -box 9 (SOX-9) in Sertoli cells, and is lowly 

expressed with SF-1 in Leydig cells in developing testes (Wilson et al., 2005). Estrogens 

are the end products obtained from the irreversible conversion of androgens by aromatase 

P450 (reviewed in Conley and Hinshelwood, 2001). Wilson and his colleagues (2005) 

reported that vanin-1 is expressed by the sex- and cell-type-specific manner to provide a 

suitable environment for male cell development in testicular cells throughout a mouse 

mutant experiment. In Sertoli cells, vanin-1 is highly co-expressed with SF-1, and E2 is 

transformed by aromatase. As previously reported biological roles including significantly 

high capacity of aromatization at proliferative endometrial tissues (Tseng et al., 1982), 

vanin2 might have an important role in the endometrium during the estrous cycle. This 

transcript was differentially expressed at Day 0, 14, and 18 during the estrous cycle 

(Table 4). In particular, signal intensities of VNN2 were highest at Day 18 during the 

estrous cycle. Moreover, we found that porcine VNN2 (accession # for the porcine 

representative sequence, CO940823) was relatively abundant in a cDNA library derived 

from the oviducts of gilts at estrus (unpublished results). It is hypothesized that VNN2 
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might be required to provide an appropriate uterine environment during the late diestrus, 

proestrus, and estrus. Also, it may participate in the regulation of leukocyte trafficking, 

because the molecular homology is high with glycosylphosphatidyl inositol-anchored 

protein (GPI-80) and Vanin-1 which have a similar function and are expressed on stromal 

and epithelial cells of human thymoma (Sasaki et al., 2003).  

 LAMC2 (NM_018891, CO991514) is a number of a family of extracellular 

matrix glycoproteins, and the major noncollagenous constituent of basement membranes 

(Hormia, et al., 1995).  This protein undergoes specific proteolytic processing after 

secretion, and its function can promote adhesion as well as migration (Yuen, et al., 2005). 

It is important that epithelial cell adhesion to the basement membrane is maintained to aid 

in the structural stability of the tissue. Up to now, several studies have suggested that 

LAMC2 is an important player in the cellular invasion and proliferation (Joly et al., 2006). 

The expression pattern of LAMC2 is similar to VNN2 in Figure 3-B and Table 4. 

LAMC2 may play an important role of the endometrial cell proliferation during the 

estrous cycle. Moreover, LAMC2 in squamous cell carcinoma of the tongue is suggested 

to influence the invasive activity (Katoh et al., 2002). Thus, further experiments may be 

required to investigate whether or not LAMC2 transcript and its encoded protein are 

highly expressed at the maternal-fetal interface in either epitheliochorial or hemochorial 

placentas. The biological functions of LAMC2 may be correlated with MMP7 expression 

(mentioned later). 

ODC1 (NM_002539, CN026972) is the key regulator enzyme involved in 

polyamine biosynthesis, and it is regulated by c-myc, which is a transcriptional activator 

implicated not only in the control of cell proliferation and differentiation but also in 
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apoptosis (Trubiani et al., 1999). ODC activities are also associated with cell 

transformation, tumor invasion, and angiogenesis (Nemoto et al., 2002). Holinka and 

Gurpide (1985) reported that ODC expression was significantly higher in the estrogen-

dominated follicular phase (proliferative endometrium) than the progesterone-secreting 

corpus luteum (secretory endometrium) in humans.  ODC inhibition induces marked 

reductions in the intracellular levels of the polyamines (putrescine, spermidine, and 

spermine), which are essential for cell proliferation and tissue growth. Loss of ODC is 

predicted to lead to reductions and an imbalance in polyamine pools, which could result 

in DNA damage and cell death (Pendeville et al., 2001). In Table 4, ODC1 on days 3 – 6 

was significantly increased in the cyclic endometrium. This corresponds to the time 

immediately before porcine blastocysts enter the uterine lumen. Therefore, it likely plays 

important roles in the endometrial cell proliferation and tissue growth during the estrous 

cycle, and to prepare an environment conducive to embryo development.    

CYP26A1 (NM_000783, CO993312) is a member of the cytochrome P450 

superfamily, which are monooxygenases catalyzing many reactions including synthesis 

of cholesterol, steroids and other lipids. This endomplasmic reticulum enzyme acts on 

retinoids and regulates the cellular level of retinoic acid which is involved in gene 

regulation in both embryonic and adult tissues. P4 regulates retinoic acid metabolism 

both spatially and temporally with multiple related genes, including CYP26A1 (Jeong JW, 

2005). Indeed, CYP26A1 was up-regulated during Days 10 – 14, which corresponded to 

maximal P4 concentrations in blood (Table 4). Most recently, the expression of 

CYP26A1 in endometrial epithelial cells was regulated by P4 in uteri of ovariectomized 
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mice and was not significantly influenced by co-administration of E2 (Fritzsche et al., 

2007).  

CCL28 (NM_001024695, CO988554) is sus scrofa chemokine (C-C motif) ligand 

28 of the porcine mucosa-associated epithelial chemokine (MEC) family. CCL28 is 

abundantly expressed by epithelia in the bronchi, colon, salivary gland, and mammary 

gland, and at lower levels in the small intestine (reviewed in Campbell et al, 2003). Its 

receptor is CCR10 found on nearly all IgA-secreting plasma cells present at mucosal sites 

(Lazarus et al., 2003; Kunkel et al., 2003). This gene had a very fascinating expression 

pattern as shown by Figure 3-E, and it was significantly up-regulated during Days 3–12 

(Table 4). At present, the function of CCL28 is not known; however, CCL28 and its 

receptor, CCR10, may play a constant role in mucosal immune defense. Interestingly, this 

gene expression shows a P4-responsive pattern; however, it was almost dramatically 

down-regulated (nine fold) at Day 14 during the estrous cycle. It is possible that the 

downregulation of CCL28 facilitates the initiation of PGF2α pulsatility that begins soon 

after Day 12. Another possibility may that this gene is still a P4-responsive gene, because 

the endometrial concentration of P4 receptors (PRs) reached the lowest point on Day 12 

and PRs lost in luminal epithelial cells during Days 12-14 (Geisert et al., 1994).       

ANXA4 (NM_001153, CO994549) is an annexin family of calcium-dependent 

phopholipid binding proteins whose function is only partially understood (Piljic and 

Schultz, 2006). To date, in human endometrial microarray experiments, ANXA4 has 

been shown to be differentially up-regulated during the secretory phase of the human 

menstrual cycle, when compared with the proliferative phase (Kao et al., 2002; 

Ponnampalam et al., 2004; Mirkin et al., 2005). ANXA4 is abundant in the kidney, 
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trachea, lung, intestine and stomach and is thought to be a marker for polarized epithelial 

cells, because it belongs to a ubiquitous family of structurally related proteins capable of 

binding anionic phospholipid membranes in a calcium-dependent manner (Ponnampalam 

and Rogers, 2006). As shown in Fig 3-F and Table 4, ANXA4 expression was 

significantly increased during the secretory phase (Days 10-14). In cyclic endometrium of 

gilts, ANXA4 transcription showed it is regulated by progesterone. This result is 

supported by the experiment on ANXA4 transcription and translation in human 

endometrium (Ponnampalam and Rogers, 2006). In human endometrium, ANXA4 

protein was localized in glandular and luminal epithelium, and the staining signal was 

strong during the secretory phase (Ponnampalam and Rogers, 2006). This gene was 

initially identified in this study using the porcine reproductive microarray, and the 

expression pattern is consistent with results from human endometrial experiments.   

To our knowledge, this is the first systematic study describing the use of cDNA 

microarrays to examine gene expression patterns in the endometrium throughout the 

porcine estrous cycle. This study analyzed and identified several differentially expressed 

genes that showed evidence for a role in the endometrial biology. More importantly, 

however, it provided a wealth of profiling data that identified functionally-related gene 

clusters at key times during the cycle that likely participate in the different functional 

roles of the uterus in facilitating gamete transport and embryo/conceptus growth and 

development. Future experiments will build upon these results and they will hopefully aid 

in an improved understanding of uterine gene transcriptional changes that will improve 

our knowledge of uterine physiology.  
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APPENDIX    I  

 

Twenty Five Most Abundant Transcripts and their GO at Each Estrous 

Stage 

 

Of the significantly differentially expressed genes defined by ANOVA, 964 of 

these were abundant transcripts in that their signals were over twice as high as the spot 

intensity coming from the reference samples in at least 1 of the 7 timepoints (Day 0: 121; 

Day 3: 234; Day 6: 255; Day 10: 464; Day 12: 529; Day 14: 326; and Day 18: 318 genes) 

(Table A to G). Of these, an additional 267 genes were four times higher than the 

reference samples. The endometrial genes having at least two times higher intensities 

than reference sample were sorted by signal intensities on the endometrial RNA 

abundances within each estrous stage, and the twenty-five genes that had the largest ratio 

were represented in Tables A to G.  

The two fold-up increased gene lists were ranked according to their EASE score, 

which measures the relative enrichment of a GO term annotated to a particular gene 

group of a specific estrous stage (described in more detail in the body of the thesis). 

 

Gene Ontology comparisons between two fold-up expressed genes at each estrous stage 

 The genes from Table A to G were interpreted on the most prominent gene 

ontology by using EASE 2.0. As shown in Table A, 121 genes at Day 0 represented 

structural molecular activity in molecular function including Homo sapiens laminin, 

gamma 2 (LAMC2; NM_018891). 234 genes at Day 3 represented cytosolic ribosom in 
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cellular component and biosynthesis in biological process including Homo sapiens 

ribosomal protein L22 (RPL22; NM_000983). 255 genes at Day 6 represented cytosolic 

small ribosomal subunit in cellular component and amine biosynthesis in biological 

process including Homo sapiens ornithine decarboxylase 1 (ODC1; NM_002539). 464 

genes at Day 10 represented alcohol metabolism in biological process and integral to 

plasma membrane in cellular component including Homo sapiens neuromedin U (NMU; 

NM_006681).  529 genes at Day 12 represented morphogenesis and organogenesis in 

biological process including Homo sapiens fibroblast growth factor receptor 2 (FGFR2; 

NM_000141). 326 genes at Day 14 represented cell surface receptor linked signal 

transduction and steroid metabolism in biological process including Homo sapiens retinol 

binding protein 4 (RBP4; NM_006744). Finally, 318 genes at Day 18 resented 

extracellular matrix in cellular component including Homo sapiens TIMP 

metallopeptidase inhibitor 2 (TIMP2; NM_003255).  

Gene lists are displayed in Tables A-I for each of the different stages of the cycle. 

Associated tables summarizing the EASE results are also included.  
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APPENDIX    II  

 

DIFFERENTIAL EXPRESSION OF Ornithine Decarboxylase-1 (ODC-1) AND 

Neuromedin U (NMU) IN THE NON-PREGNANT (NP) AND PREGNANT (P) 

UTERINE ENDOMETRIUM OF SWINE 

   

 

ABSTRACT 

 

Female reproductive organs undergo extensive temporal and spatial changes in 

gene expression throughout the estrous cycle and pregnancy. Recently, microarray results 

from our group identified the polyamine biosynthetic enzyme ornithine decarboxylase-1 

(ODC-1, NM_002539) and the smooth muscle contractile neuropeptide neuromedin U 

(NMU, NM_006681) as being differentially expressed in non-pregnant (NP) 

endometrium. The former was maximal on days 3 and 6; the latter was maximal on days 

10 to 14. The goal of this experiment was to use real-time PCR to examine the expression 

of these transcripts in the early pregnant (P) uterus and to determine if they differ from 

NP animals. When ODC-1 and NMU were compared to tyrosine 3-

monooxygenase/tryptophan 5-monooxygenase activation protein, gamma polypeptide 

(YWHAG, NM_012479), ODC-1 was maximal at D3-6 as expected, but there were no 

differences in ODC-1 mRNA amounts between the NP and P endometrium. NMU mRNA 

was elevated at D10-14 in the NP endometrium; the abundance on D10 and D12 were 

significantly higher in the P endometrium compared to the NP endometrium.  
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When comparisons were made to the reference sample during the pregnancy, the 

ODC-1 transcript declined steadily from day 10 to day 18. Comparisons between P and 

NP endometrium on days 10, 12 and 14 revealed that ODC-1 transcripts were 1.2 to 3. 4 

fold higher in the NP endometrium compared to the P endometrium. The NMU transcript 

was maximal on P day 10 and declined to a steady-state level on days 14 to 18. The NMU 

transcripts were more abundant in the NP uterus on day 14 (2.5 fold higher than the P 

uterus). In contrast, NMU transcript amounts were more abundant in the P endometrium 

on days 10 (1.7 fold higher than in the NP).  These data suggest that ODC-1 and NMU 

represent genes that may differ in expression at selected timepoints between P and NP 

animals and may be important for successful embryo development. 
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INTRODUCTION 

 

During the estrous cycle and pregnancy, the physiological (endocrine-, paracrine-, 

and autocrine-induced) changes of the mammalian uterus provide an essential 

microenvironment for maturation of gametes, successful embryonic development and 

fetal growth. Such changes are a reflection of temporally and spatially-specific gene 

expression in the uterus. In swine, prenatal mortality can reach approximately 30 to 50% 

of potential embryos by term, because those range of the ova released from the ovary do 

not survive through gestation (Pope, 1994; Geisert and Schmitt, 2002). Moreover, early 

embryonic loss tends to be greatest during the first 30 days of gestation – ranging from 20 

to 30% (Hanly, 1961; Perry and Rowlands, 1962; Pope, 1994). More specifically, the 

majority of early embryonic loss occurs during the period of conceptus implantation from 

days 13 to 20.  

         To examine the complex patterns of gene expression responsible for creating a 

microenvironment in the uterus, we previously reported that 964 genes were differentially 

expressed during the course of the estrous cycle and were at least twice as high in signal 

intensity compared to a reference RNA pool in at least 1 of the 7 timepoints. Another 267 

genes were over four times higher than the reference in the porcine NP endometrium. 

Moreover, we had found that transcripts for ODC-1 ((NM_002539, CN026972) and 

NMU (NM_006681, CO994598) were significantly higher in NP endometrium on days 3-

6 and 10-14 during the estrous cycle, respectively. ODC-1 is the first enzyme and the key 

regulator of the polyamine biosynthetic pathway (Trubiani et al., 1999). It acts to 

decarboxylate L-ornithine to form putrescine (Fig 6). ODC-1 inhibition induces marked 
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reductions in the intracellular levels of the polyamines (putrescine, spermidine, and 

spermine), which are essential for cell proliferation and tissue growth. Loss of ODC-1 

might lead to reductions and an imbalance in polyamine pools, which could result in 

DNA damage and cell death (Pendeville et al., 2001). In contrast, ODC-1 is known to be 

overexpressed in various cancers and associated with promoting tumor growth and 

angiogenesis (Nemoto et al., 2002). Holinka and Gurpide (1985) reported that ODC 

expression was significantly higher in the estrogen-dominated follicular phase 

(proliferative endometrium) than the progesterone-secreting corpus luteum (secretory 

endometrium) in human. 

NMU is a neuropeptide that is ubiquitously distributed, but is highly expressed in 

the gastrointestinal tract and pituitary (reviewed in Brighton et al., 2004). NMU was 

originally isolated from porcine spinal cord and subsequently characterized by its ability 

to induct contractions in rat uterine smooth-muscle (Minamino et al., 1985). Until now, 

NMU has been implicated in the regulation of smooth-muscle contraction, blood pressure 

and local blood flow, ion transport in the gut, stress responses, cancer, gastric acid 

secretion, pronociception, and feeding behavior (Brighton et al., 2004).  

ODC and NMU are thought to have potentially important roles in the porcine 

endometrium between the NP and P animals. In this study, we examined the expression 

for both transcripts of ODC and NMU in the early pregnant uterus to determine if they 

differ from NP animals.  
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Figure 6. Ornithine and polyamine pathway.  
Ornithine decarboxylase (ODC); Spermidine/spermine-N1-acetyltransferase (SSAT); 
Polyamine oxidase (PAO). 
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MATERIALS AND METHODS 

 

Animal and Tissue Preparation 

Unmated purebred Yorkshire gilts were ovary-hysterectomized on Days 0, 3, 6, 

10, 12, 14, and 18 post-estrus (n=3 per stage; except Day 0 where there were only two). 

The first day of estrus was designated Day 0. Mated gilts were also ovariectomized-

hysterectomized on days 10, 12, 14, 18, 23 and 28 post-mating (n=3 per stage) (Figure 7). 

Gilts assigned to the pregnant status were mated when detected in estrus and 10 and 24 

hrs later. Pregnancy was confirmed visually by the presence of conceptuses in the uterine 

lumen. The guidelines for the care and use of the animals approved by the UMC-ACUC 

were strictly followed. Each collected uterine sample was snap frozen in liquid nitrogen 

and stored at -80℃ until RNA extraction.  

 

 

Figure 7. Experimental design on the endometrial tissue collection time (3 pig / Day) 

Biological replication: three non-pregnant gilts / stage (but, two animals at Day 0) 

Technical replication: two hybridizations / gilt (but, three hybridizations / gilt at Day 0) 
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RNA Extraction and cDNA Synthesis 

Total RNA from each sample was extracted by using the STAT-60™ reagent 

(Tel-Test, Friendswood, TX), according to the manufacturer’s instructions. The RNA 

reference samples were comprised of an RNA pool composed of RNA from both 

reproductive (fetus, uterus, ovary, and placenta) and non-reproductive (liver, brain, 

skeletal muscle, heart, kidney, liver, spleen) tissues. RNA quality was confirmed by 

relative absorbance at 260 and 280 nm and by visualization on ethidium bromide stained 

agarose gels. See ‘Materials and Methods in Chapter III’ for more information.     

 

Quantitative Real-Time Reverse Transcription (RT)-PCR 

Primers for ODC-1 (NM_002539, p4civv1-010-d05; sense-TGCCAACGCACA 

AGCTACA; antisense- CCCTTGCAACCATGCTACTAGA) and NMU (NM_006681, 

pd12-14end-005-C10; sense- TGGCTTACAATAGGACCTTGGAA; antisense-TCCAC 

AACTGCATGAGAGAAGAA) were designed by using the Primer Express program 

(Applied Biosystems, Foster City, CA). All RT-PCR results were statistically calculated 

by using Tukey’s test at α = 0.05 by the GLM procedure of SAS 9.1 (SAS Institute Inc., 

NC). See ‘Materials and Methods in Chapter III’ for more information.  
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RESULTS  

 
 

Expression of ODC-1 and NMU mRNA in total endometrium was compared to a 

housekeeping gene, YWHAG or a reference RNA sample, since preliminary results 

suggested that YWHAG mRNA differed significantly in the pregnant endometrium when 

compared to nonpregnant endometrium.   

 

Expression of ODC-1 and NMU mRNA in Total Endometrium based on YWHAG 

When ODC-1 and NMU were compared to a housekeeping gene, YWHAG (Fig. 8-

A and -B) during quantitative RT-PCR, ODC-1 was highly expressed only days 3 - 6 in 

the porcine endometrium during the estrous cycle. This result was consistent with a 

previous microarray experiment, as shown in the scanned spot image of cDNA 

microarray in Fig. 8). There were no significant differences of mRNA expression in other 

stages between NP and P endometrium. However, expression of ODC-1 mRNA was 

significantly different between Days in the pregnant endometrium (p-value < 0.0001).  

NMU transcripts were maximal in both NP and P endometrium on days 10-18 

compared to earlier stages of the estrous cycle (Fig. 8-B). Pregnant endometrium 

possessed higher amounts of NMU transcripts compared to NP endometrium on days 10-

18. Expression of NMU mRNA was significantly different based on pregnancy status (p-

value < 0.0007), and Days (p-value < 0.0001).  

 

 



 103

Comparisons with P and NP endometrium on days 10-18 based on the reference 

sample  

In Fig 9-A, ODC-1 transcripts were 1.2 to 3.4 fold higher in the NP endometrium 

than the P. ODC-1 transcripts were lower than the reference sample in both the NP and P 

endometrium, and they declined steadily from day 10 to day 18 when compared to the 

reference sample. There were significant differences between NP and P (p-value < 

0.0001), and Days (p-value < 0.0001).  

In Fig 9-B, NMU transcripts were abundant in the endometrium on days 10 to 14 

compared to the reference and they also declined steadily from days 10 to 18. There was 

a trend for NMU to be higher in the P compared to NP endometrium at day 10 whether 

NMU transcripts were compared to YWHAG or not reference. The opposite relationship 

seemed to be occurring at day 14 in that the transcripts were numerically higher in the NP 

compared to the P endometrium.  However, there were no significant differences between 

NP and P endometrium at day 14, although there were significantly different between 

Days (p-value < 0.0001).  
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DISCUSSION 
 

ODC expression in humans has been reported to be higher in the estrogen-

dominated follicular phase (proliferative endometrium) than in the progesterone-secreting 

luteal phase (secretory endometrium) (Holinka and Gurpide, 1985). Because ODC-1 on 

days 3 – 6 was significantly expressed in the cyclic endometrium from both microarray 

and qRT-PCR, it was hypothesized that this gene might play important roles to nurture 

early porcine embryos in pregnant pigs. However, ODC-1 expression was significantly 

altered during days 10 – 18 in pregnant pigs, although its expression was low. Therefore, 

it likely plays important roles to increase the endometrial cell proliferation and tissue 

growth during the estrous cycle and early pregnancy, although we did not investigate the 

expression of ODC-1 mRNA during days 3-6 in pregnant endometrium.  

NMU is originally purified from porcine spinal cord, and its biological function in 

the uterus seems to be involved mainly in smooth muscle contraction. In other organs, 

NMU has been reported to reduce food intake and body weight (Howard et al., 2000), 

regulate stress responses (Hanada et al., 2001), and modify ion transport in the 

gastrointestinal tract (Brown et al., 1988). The actions of this peptide are extensively 

studied; however, only two receptors (NMU -R1 and NMU -R2) have been identified 

(Howard et al., 2000). NMU -R1 is expressed in spleen/lymphocytes (Hedrik et al., 2000) 

and NMU promotes the secretion of various cytokines in a mouse Th2 cell clone (Johnson 

et al., 2004). NMU may be involved in the regulation of innate and adaptive immunity. 

Interestingly, our results showed that NMU was upregulated during days 10-14 in both 

NP and P endometrium. At that time, porcine embryos are extensively developed and are 

producing estrogen as the signal for maternal recognition of pregnancy. At this time, the 
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conceptus trophoblasts are also beginning to initiate attachment on the endometrial 

epithelial cells. Moriyama et al. (2005) reported that NMU is expressed abundantly in the 

epidermis. Therefore, it was hypothesized that NMU in the uterus may have two different 

biological functions: firstly NMU may function as smooth muscle contraction only in the 

uterine myometrium, and secondly it may act to influence immune responses, including 

inflammation, in the uterine endometrium. In the future, we need to investigate where and 

when NMU receptors are expressed during the estrous cycle and the early pregnancy.  
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Figure 8. Fold changes of ODC-1 and NMU expression based on YWHAG between NP 
and P endometrium. 
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Figure 4. The ODC-1 and NMU expression pattern based on Reference between NP and 
P uterus. 
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