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ABSTRACT 

ABLATION OF CONCEPTUS PTGS2 PROVIDES A NEW UNDERSTANDING 

OF EARLY PREGNANCY EVENTS IN THE PIG 

Caroline Pfeiffer 

Rodney Geisert, Thesis Advisor 

 

Pig conceptuses produce and secrete estrogens (E2), interleukin 1 beta 2 

(IL1B2), and prostaglandins (PGs) during the period of rapid trophoblast 

elongation and establishment of pregnancy. Previous studies established that 

IL1B2 is essential for rapid conceptus elongation (Whyte et al., Proc Natl Acad 

Sci USA 2018), whereas E2 is not essential for conceptus elongation or early 

maintenance of the corpora lutea (CL) (Meyer et al., 2019). Prostaglandin 

synthase 2 (PTGS2) expression increases during early pig conceptus 

development along with production of PGs. Blastocysts express PTGS2 but not 

prostaglandin synthase 1 (PTGS1) during early development. To evaluate the 

role of conceptus PTGS2-derived PGs in early pregnancy, CRISPR/Cas9 gene 

editing was used to create a deletion in exon 1 of the PTGS2 gene. Both 

PTGS2+/+ and PTGS2-/- embryos were generated using edited fibroblast cells and 

somatic cell nuclear transfer. Culture media from PTGS2+/+ and PTGS2-/- 

blastocysts was collected at day 7. Total PG was substantially lower (P < 0.0001) 

in the culture media of PTGS2-/- compared to PTGS2+/+ blastocysts. PTGS2 was 

detectable by immunolocalization in PTGS2+/+ but absent in PTGS2-/- blastocysts. 

Next, PTGS2+/+ and PTGS2-/- blastocysts were transferred into the uterus of 



 
xv 

surrogate gilts, and the reproductive tract was collected on either day 14 or 17 of 

pregnancy. Elongating and filamentous type conceptuses were recovered from 

the uterine lumen by flushing. The conceptuses were cultured for 3 hours to 

determine overall PG production. Total PG was lower (P < 0.0001) in media of 

PTGS2-/- conceptuses compared to PTGS2+/+ conceptuses. However, total 

content of prostaglandin E2 (PGE2) and prostaglandin F2⍺ (PGF2⍺) in the flushings 

of the uterine lumen containing either PTGS2-/- or PTGS2+/+ conceptuses were 

not different (P = 0.99 and P = 0.15, respectively). Next, PTGS2-/- blastocysts 

were transferred into surrogate gilts to assess pregnancy establishment beyond 

17 days. Of note, pregnancy was maintained beyond day 30 in gilts gestating 

PTGS2-/- embryos. Thus, conceptus-derived PGs do not have a biological role in 

early pregnancy in terms of conceptus elongation and pregnancy establishment.  
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CHAPTER ONE 

1. INTRODUCTION 

According to recent studies, the growing global population is driving an 

increase in meat production in which pork specifically is becoming higher in 

demand (Godfray et al., 2018). A 2018 USDA global report indicated that pork 

continues to lead the world in consumption rates compared to cattle and poultry. 

As of October of 2018, pig meat consumption in the world totaled 112,433 

thousand metric tons, compared to 60,724 and 93,787 thousand metric tons for 

cattle and poultry, respectively (FAS/USDA, 2018). In addition to production for 

consumption, pigs are increasingly being utilized as biomedical models for both 

human and animal health research. Regarding human health research, pigs can 

provide an appropriate animal model as the pig is anatomically, physiologically, 

and metabolically similar to humans (Swindle et al., 1988). Having such an 

impact in both the agricultural and biomedical fields, fully understanding the 

biological and molecular processes that occur during early embryonic 

development and pregnancy in the pig is important for increasing piglet 

survivability to term. Pigs are reproductively highly efficient, ovulating on average 

21 ova every 21 days (Da Silva et al., 2017) and producing litters that average 

from 10-12 piglets (USDA, 2018). Although large litter sizes are achievable, large 

litters tend to have an increase in smaller and less viable piglets at term. In 

addition, pregnancy rate and litter size is reduced significantly when cloning and 

in vitro maturation for gene editing are used to develop biological medical models 

and creation of disease resistant pigs.
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As a litter bearing species, pigs have greater (~45%) embryonic mortality. 

It is understood that the majority of embryonic loss in the pig occurs during the 

peri-attachment period from days 10-30 of pregnancy (Kridli et al., 2016). 

Although there is a multiplicity of causes for early embryonic loss, failure of rapid 

conceptus elongation, stimulation of maternal recognition of pregnancy to 

maintain the lifespan of the corpora lutea (CL), and proper cell to cell 

communication between the fetal and maternal interfaces can be detrimental to 

the conceptus development and survival.  

 Because the pig has a true epitheliochorial placentation and does not 

undergo invasive implantation, the conceptus relies on rapid elongation of the 

trophoblast to obtain enough surface area ensuring adequate amounts of nutrient 

and blood transfer from the maternal endometrium (Spencer et al., 2016). The 

elongation of the trophectoderm (TE) is coincidental with the production of 

conceptus derived factors that are essential for maintaining the CL and therefore 

the production of progesterone (P4), the hormone of pregnancy. Unlike other 

livestock species (cattle and sheep), rapid elongation is not achieved by mitotic 

cell division, but through trophoblast cellular remodeling. Perry (1981) indicated 

that conceptus elongation was analogous to elongating a ball of clay by rolling 

the clay between your hands. The rapid elongation of the conceptuses allows 

establishment of adequate surface area along the multiple complex folds of the 

maternal endometrium. The primary, secondary and tertiary folding in the 

endometrial surface of the pig allows greater surface area so multiple fetuses can 

obtain the necessary amount of blood flow and nutrients to support embryonic   
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development (Stroband and Van der Lende, 1990). Once the elongated 

conceptus is in close apposition to the maternal epithelium, microvilli from both 

the maternal and the fetal epithelium will intertwine. Therefore, the diffuse swine 

placenta does not undergo any invasion, but rather has a loose adhesion to the 

maternal endometrium (Geisert and Schmitt, 2002). Due to the lack of invasion, 

the developing conceptus is dependent on uterine gland histotrophic secretions, 

close communication between the maternal and fetal epithelium, and 

establishment of blood and nutrient flow from the diffuse placenta.  

The window for maternal recognition of pregnancy in the pig occurs 

coincidentally with conceptus apposition and attachment. The conceptus must 

produce a signal to prevent luteolysis of the CL stimulated by endometrial 

release of prostaglandin F2⍺ (PGF2⍺), which typically occurs on day 15 of the 

estrous cycle (Bazer et al, 1984). Since pigs have both local and systemic routes 

for luteolysis (Anderson et al., 1966), conceptuses need to cover a significant 

length of the uterine horns to be able to prevent PGF2⍺ from regressing the CL. 

For the past forty years, biphasic peaks of estrogen (E2) produced by the 

conceptuses on days 11-12 and 15-30 have been proposed to redirect PGF2⍺ 

from the utero-ovarian artery into the uterine lumen, essentially acting as the 

maternal recognition signal (Bazer and Thatcher, 1977, Geisert et al., 1990). This 

endocrine/exocrine theory of redirecting PGF2⍺ away from the uterine vasculature 

and into the uterine lumen is dependent upon having at least two conceptuses in 

each uterine horn. In order to adequately protect the CL from luteolysis, it was
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believed that two conceptuses were required in each uterine horn to cover 

enough surface area and produce enough E2 to prevent systemic PGF2⍺ from 

reaching the ovary and regressing the CL (Dhindsa and Dziuk, 1968).  

Recently a study indicated that E2 is not necessarily essential for the early 

establishment of pregnancy in the pig (Meyer et al., 2019). Along with E2, 

interleukin 1 beta 2 (IL1B2), prostaglandins (PGs), interferon-𝛾 (IFNG), and 

interferon-ẟ (IFND) are all factors secreted by the conceptus to support 

conceptus elongation, maternal recognition, immune regulation, and embryonic 

and placental development. Although many of these conceptus factors have 

been well known, the essential role of each has been difficult to establish. 

Therefore, the following review will examine the conceptus factors released 

during early conceptus development, the molecular processes involved with early 

pregnancy, and utilization of gene editing to ultimately determine the role of 

conceptus factors in the successful establishment of pregnancy in the pig.  
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CHAPTER TWO 

 

2. LITERATURE REVIEW 
 
 
2.1 The Pig Estrous Cycle  

 The onset of sexual maturation (puberty) in the gilt occurs at 

approximately 6 to 8 months of age. Attempts to hormonally induce puberty 

before 100 days of age in pigs is difficult, as ovarian follicles have not fully 

developed at this time in prepubertal gilts (Dziuk, 1991). Studies have 

determined that the ovaries of prepubertal gilts become sensitive to 

gonadotropins, such as equine chorionic gonadotropin (eCG) between 4 to 6 

months of age (Christenson et al., 1985). Treatment of 5 month old prepubertal 

gilts with eCG induces follicle development, estrus expression, ovulation, 

fertilization, and early conceptus development. However, few of the pregnancies 

are maintained beyond 24 days of gestation (Dziuk and Gehlbach, 1966). Thus, 

although estrus and ovulation can be induced earlier in prepubertal gilts, CL are 

not maintained beyond Day 15 and the pregnancy is lost. The 21 day estrous 

cycle in the pig consists of two phases: the luteal phase in which the ovaries 

contain CL from days 3 to 16 of the estrous cycle, and the follicular phase where 

developing new Graafian follicles begin to emerge between the CL following 

luteolysis on Day 15 for the induction of estrus and ovulation between days 17 to 

2 of the estrous cycle (First expression of estrus = Day 0).  

The estrous cycle can be divided into four different stages: proestrus, 

estrus, metestrus, and diestrus. Proestrus begins directly following uterine 
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release of multiple, frequent pulses of PGF2⍺ on day 15 and the subsequent 

regression of the CL decreasing the concentration of P4 in the systemic blood. 

Proestrus is distinguished by rapidly growing ovarian Graafian follicles and 

increasing blood concentrations of E2, stimulated by follicle stimulating hormone 

(FSH) until day 20. Estrus is characterized by the production of E2 from the large, 

dominant Graafian follicles. The increased blood concentration of E2 and 

decreased concentration of P4 allows a positive feedback of E2 on the 

hypothalamus, increasing pulsatile release of gonadotropin releasing hormone 

(GnRH) which stimulates a surge release of FSH and luteinizing hormone (LH) 

from the anterior pituitary. Increased concentrations of E2 lead to stimulating the 

expression of behavioral estrus (standing heat) in the pig, around days 18 to 21 

of the estrous cycle. First expression of standing heat is denoted as day 0 of the 

estrous cycle with the surge release of LH inducing ovulation 36 to 48 hours after 

the initiation of standing heat. As mentioned previously, commercial breeds of 

pigs will typically ovulate 21 to 30 oocytes during estrus (Da Silva et al., 2017). 

The LH surge causes an immediate decline in follicle E2 production following 

ovulation as the granulosa and thecal cells in the ovulated follicles luteinize and 

increase P4 synthesis. Metestrus is considered the period of transition from a 

corpus hemorrhagicum after ovulation to increased P4 production by the 

functioning CL which occurs from Days 3 to 5 of estrous cycle. Diestrus, which 

immediately follows metestrus, is the stage in which increased P4 plasma 

concentrations have a negative feedback on the hypothalamus and anterior 

pituitary lowering GnRH pulses allowing only secretion of basal amounts of the 
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gonadotropic hormones needed to support CL function. The suppression of E2, 

FSH, and LH allows P4 from the CL to be the dominant steroid hormone that 

regulates uterine function and the pig estrous cycle for about 11 days. Plasma 

progesterone reaches peak concentrations around day 12 to 14 of the estrous 

cycle. If females are not bred or no conceptuses are present, pulsatile release of 

uterine PGF2⍺ into the utero-ovarian vasculature is responsible for stimulating 

regression of the CL and the decrease of plasma progesterone concentrations 

after day 15 of the estrous cycle (Spencer and Bazer, 2004). After luteolysis, a 

new wave of ovarian follicles will resume and behavioral estrus will be expressed 

between 3 and 5 days following CL regression (Moeljono et al., 1976). 

2.2 Early Pregnancy in the Pig 

Early embryonic development in the pig relies on a receptive uterine 

environment for placental attachment and adequate production of endometrial 

secretory factors to support development throughout pregnancy. After fertilization 

and completion of Meiosis II in the ampullary-isthmic junction, the zygote quickly 

undergoes numerous mitotic cleavage cell divisions. The first cleavage division 

produces a 2-cell stage zygote, consisting of 2 blastomeres which undergoes 

further cleavage to a 4-cell zygote within 24 hours. While the first two mitotic 

divisions occur rather rapidly, within a day of fertilization, the cell division rate 

decreases and the blastomeres do not replicate for another 24-26 hours. 

Alteration in steroid hormonal secretion (shift from E2 to P4), relaxes the isthmus 

to allow the muscular contractions to propel the 8 to 16 cell embryos into the tip 

of the uterine horn by day 5 of pregnancy. Timing of embryo entry into the uterine 
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horns is hormonally regulated to allow the uterus time to become receptive to 

embryos following estrus. Administration of progesterone stimulates earlier 

passage through the oviduct in the pig (Day and Polge, 1968) while 

administration of exogenous estradiol causes the embryos to become restricted 

(tube locked) within the oviduct (Dziuk, 1985). Thus, progesterone from the 

developing CL regulates movement of fertilized and unfertilized eggs into the tip 

of the uterine horns.  

Following egg transport into the uterus, cellular division continues to occur 

where upon reaching the 32 cell stage forming a morula (inside and outside 

cells), the outer cells undergo compaction through formation of apical tight 

junctions between one another. The process of compaction in the pig involves 

rearrangement and an increase in the amount of actin filaments around the areas 

of cell contact, suggesting that actin may play a role in distinguishing the different 

cell lineages (Albertini et al., 1987). Cell polarity and inside/outside theories state 

that any non-polar and centrally located cells within the embryo will differentiate 

into the inner cell mass (ICM) and the outer-most, polar cells transform into 

trophoblastic cells (Tarkowski and Wroblewska, 1967; Johnson and McConnell, 

2004). The apical tight junctions form an outer seal between the trophoblastic 

cells allowing fluid to follow Na+ movement through the action of Na+/K+ ATPase 

pumps present in the cell basal border into the center of the morula, creating a 

blastocoel cavity (Senger, 2003). The resulting zona pellucida enclosed 

blastocyst consists of trophoblast, inner cell mass, and a blastocoel cavity. As the 

blastocyst develops in vivo, endometrial and trophoblast enzymes weaken the 
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zona and the growth and expansion of the blastocyst increase pressure on the 

zona pellucida until the zona tears allowing hatching. Following hatching, the 

blastocyst is directly exposed to the surrounding endometrial luminal epithelium 

(LE) extracellular matrix and secretions on day 8 of pregnancy. Blastocyst 

hatching allows for expansion of the trophoblast cells, development of the 

epiblast, and proliferation of the extraembryonic membranes. The uterus 

undergoes rapid growth, doubling in length from days 2 to 6 of pregnancy to 

accommodate for embryonic development and placental expansion, (Perry and 

Rowlands, 1962).  

Differentiation of the embryonic germ layers (ectoderm, mesoderm, and 

endoderm) within the ICM occurs shortly after hatching from the zona pellucida. 

The ectoderm in the ICM will give rise to the epidermis and the nervous system 

of the developing embryo. The mesoderm will develop the cardiovascular 

system, bones, muscles, and sex organs, while the endoderm will give rise to the 

primitive gut which leads to formation of the respiratory tract, lungs, stomach, 

liver, pancreas, and intestines (Patten et al., 1948). Because the pig has a 

diffuse, epitheliochorial type of placentation, the multiple conceptuses must 

migrate to not only establish their placental uterine surface area for development 

but covering a large area of the uterus is essential for preventing luteolysis. 

Conceptus migration, which is assisted by myometrial contractions, from the tip 

of the uterine horns is initiated shortly after blastocyst hatching from the zona 

pellucida (Day 8) and continues until trophoblast elongation occurs in the pig 

(Dziuk et al., 1964). By day 9 of pregnancy, some conceptuses will have 
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migrated and crossed over into the uterine horn opposite from the oviduct of 

origin (Dhindsa et al., 1967).  

The process of uterine migration in the pig is mostly random, with most 

conceptuses remaining in the horn of origin. The conceptus may stimulate 

uterine migration through secretion of several factors. Pope et al. (1982) 

demonstrated that polysiloxane beads saturated with estradiol were more 

effective at migrating through the uterine horn than beads without estradiol. It is 

theorized that embryos producing greater amounts of estradiol may be more 

efficient at migrating through and between the uterine horns than embryos 

producing lower amounts of estradiol. By day 12 of pregnancy, migration will 

have ceased, and the embryos are adequately spaced out throughout the uterus 

before conceptus elongation occurs (Dziuk et al., 1964). In species such as the 

horse, blastocyst derived prostaglandins are essential for migration from the 

oviduct and into and throughout the uterine horns via peristaltic myometrial 

contractions. Without prostaglandin E2 (PGE2), the blastocyst would not be 

released from the oviduct nor would it be capable of migrating throughout the 

uterine horns to prevent luteolysis (Weber et al., 1991a; Weber et al., 1991b; 

Weber et al., 1995; Stout and Allen, 2001). Migration of the embryos becomes 

extremely important in early pregnancy establishment of the pig as the majority of 

the uterus needs to be occupied to prevent luteolysis beyond day 12. Even if 

one-eighth of the uterus is unoccupied, only 50-60% of pregnancies continue 

(Dhindsa and Dziuk, 1968). Further, intrauterine infusion of PGE2 in the horse 

resulted in increased uterine tone and contractility while infusion of PGF2⍺ did not  
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cause the same stimulation for migration. This suggests that PGE2 may play an 

essential role in embryonic migration and pregnancy establishment in the mare 

(Gastal et al., 1998a; Gastal et al., 1998b).  

However, the role of conceptus prostaglandin production in uterine 

migration is unknown in the pig. It was determined that beads saturated with E2 

were capable of migrating farther and more efficiently than beads saturated with 

cholesterol (Pope et al., 1982). The same study investigated the result of 

injecting either a histamine inhibitor, cromolyn sodium, or both the inhibitor and 

histamine into the uterine tissue of day 6 pregnant gilts. Injection of cromolyn 

sodium resulted in restricted migration from the tip of the uterine horn, while uteri 

injected with both cromolyn sodium and histamine exhibited normal uterine 

migration. This indicated that both histamine and estradiol play important roles in 

embryonic migration in the pig (Pope et al., 1982). Administration of exogenous 

histamine on rat uteri resulted in increased production of endometrial PGE2, 

possibly suggesting that histamine could stimulate a prostaglandin production 

response in the pig to assist with early embryonic migration (Viggiano et al., 

1988). 

2.3 Conceptus Elongation 

While the early developmental stages for formation of the morula and 

blastocyst are mostly conserved across species, early conceptus development 

and rapid elongation between days 10 to 12 of pregnancy is somewhat a unique 

phenomenon in the pig. The peri-implantation pig conceptus, as first proposed by 

Heuser and Streeter (1929), undergoes 4 different critical morphological 
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changes: spherical, ovoid, tubular, and filamentous (Anderson, 1978). After 

hatching from the zona pellucida on day 8 of gestation, the conceptuses grow 

(cell division) to reach a spherical diameter of approximately 5 to 8 mm by days 9 

to 10 of pregnancy (Heuser and Streeter, 1929). On day 10, conceptuses rely on 

stimulating peristaltic and anti-peristaltic uterine contractions to migrate within the 

lumen to distribute and equidistantly space themselves throughout the uterus 

(Pope et al., 1982). As migration occurs (Day 11 to 12), the elongation process 

begins when the spherical 9-10 mm conceptus transforms to an ovoid 

morphology. Although a greatly reduced, cellular proliferation continues as the 

ovoid conceptus develops into a tubular conceptus. Transformation from a 

tubular to a filamentous conceptus does not involve cellular proliferation but 

occurs through rapid cellular migration and remodeling on days 11 to 12 of 

pregnancy (Geisert et al., 1982a). At this point of pregnancy in the pig, the 

conceptus elongation terminates migration, establishing a portion of maternal 

luminal epithelium that the developing embryo and placenta will become closely 

apposed.  

The transformation to a filamentous conceptus is an extremely rapid 

process with the conceptus reaching a long, thin, string-like (>100 mm) 

morphology in less than an hour (Geisert et al., 1982a; Geisert et al., 2015). 

Conceptus elongation and expansion throughout the uterus also occurs in 

ruminant species, however ruminant conceptuses do not elongate as quickly as 

the pig. It has been shown that trophoblastic elongation in ruminants does not 

involve rapid morphological changes, but rather an increase in cellular 
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hyperplasia (Wang et al., 2009). In contrast, elongation of the pig conceptus 

results from cellular remodeling rather than cellular proliferation (Perry, 1981) as 

cellular hyperplasia is greatly decreased during transformation from tubular to 

filamentous conceptuses (Geisert et al., 1982a). As previously stated, Perry 

(1981) compared rapid remodeling of the conceptus to rolling a ball of clay 

between your hands where the amount of clay does not change, but the shape of 

the ball becomes extended. Studies examining conceptus elongation indicated 

that the TE cells undergo a cellular change in shape. The TE of spherical and 

ovoid conceptus consisted of cuboidal shaped cells, the tubular conceptus of 

polygonal, and the filamentous conceptus of elongated cells (Mattson et al., 

1990).  

In addition to morphological changes to the trophectoderm, microvilli 

presence on apical cell-surface also change. The TE surfaces of spherical, ovoid, 

and tubular conceptuses have numerous microvilli present but were greatly 

reduced on filamentous conceptuses (Mattson et al., 1990). During this time, an 

accumulation of both endodermal and trophectoderm cells extending from the 

ICM will create the elongation zone of the trophectoderm (Geisert et al., 1982a). 

The change in TE cellular junctions and microfilaments allow the cellular shift and 

movement as the underlying endodermal cells migrate along the TE basement 

membrane to apply the force to elongate the trophoblast layer much like the clay 

model that Perry (1981) first proposed. Following conceptus elongation, the 

conceptus becomes closely apposed to the luminal epithelium and initiates 
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placental development. The decrease in TE surface microvilli allows for the 

conceptus to come in close contact with the maternal endometrium and acquire 

adequate amounts of uterine surface area for development (Bazer et al., 2009).  

Due to the pig’s diffuse type placentation, obtaining enough uterine surface area 

is essential to the survival, growth, and development of the embryo throughout 

pregnancy. During the pre-implantation period in the pig, the developing embryo 

relies on the TE to obtain nutrients from the endometrium (Anderson, 1978). The 

fully developed placenta in the pig is quite long (~ 1 meter) while the length of the 

uterus it occupies is much shorter due to the massive amounts of endometrial 

folding allowing the placenta to acquire large amounts of surface area (Perry and 

Rowland, 1962).  

2.4 Placentation 

While cattle, sheep, horses, and pigs all have epitheliochorial type of 

placentation (Leiser, 1975; Guillomot et al., 1981; Hunter, 1980; Steven and 

Morriss, 1975), the attachment and implantation phases differ across species. 

King et al. (1982) described the differences in attachment, implantation and 

placentation among domestic species. Ruminants undergo a limited invasive 

process of implantation as binucleate cells formed from the trophectoderm fuse 

with the maternal luminal epithelium, thus creating multinucleated plaques in 

cattle or a syncytium in sheep (Bazer et al., 2009). Attachment, rather than 

invasive implantation, occurs in sows and mares. As mentioned above, 

commencement of conceptus elongation in the pig ceases migration through the 

uterine horns.  
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By day 13 of pregnancy in the pig, the elongated filamentous conceptuses 

have prominent embryonic disks (Anderson, 1978) and shortly after, there is 

growth of the trophectoderm, that is attached closely to the maternal epithelium 

(King et al., 1982). Following gastrulation, mesoderm expanding from the caudal 

end of the embryonic disc will proliferate and migrate between the trophectoderm 

and underlying endoderm, establishing the somatic mesoderm and initiating 

development of the chorion. At this time, formation of extra-embryonic 

membranes occurs with the primitive gut becoming surrounded by splanchnic 

mesoderm to form a functional yolk sac (Vallet, 2009). As mentioned previously, 

the early blastocyst is differentiated into two major cell lineages: the ICM and the 

TE. The inner cell mass will differentiate into either the epiblast, resulting in the 

embryo proper or the hypoblast which forms the primitive gut resulting in the yolk 

sac. The hypoblast, made entirely of endodermal cells, lines the base of the 

embryonic disc, establishing the primitive yolk sac (Amoroso, 1952). Again, the 

mesoderm derived from the embryonic disk will diverge and expand alongside 

the hypoblast, establishing the splanchnic mesoderm and vascularizing the 

developing yolk sac. The yolk sac will then expand, lining the inner surface of the 

chorion and functions as a temporary storage depot for nutritional molecules, 

obtained by the conceptus through histotrophic and hemotrophic transfer. 

Development of the amnionic membrane also occurs at this time. The expanding 

mesodermal ‘sac’ will extend upwards around the embryo, creating amniotic 

“folds.” The embryo will sink within the cavity, allowing the amniotic folds to 

extend completely around and above the embryo. The folds will eventually meet
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above the embryo and fuse together, sealing the amnion. Expansion of these 

extra-embryonic membranes will allow apposition to the luminal epithelium. 

Apposition as defined by Enders and Schlafke (1969) is the stage of 

development in which the trophectoderm of the developing conceptus becomes 

fixed in close proximity to the luminal epithelium. Immobilization of the conceptus 

is due to the development of endometrial epithelial protrusions that become 

enclosed by chorionic caps (Dantzer, 1985). Close apposition and loose 

attachment of the conceptus trophectoderm to the luminal epithelium begins 

around day 14 of pregnancy in the pig. Similar to the morphological changes in 

the trophectoderm cells mentioned above, the luminal epithelial cells will also 

undergo changes in shape during the apposition and attachment period to 

provide a receptive uterine surface for the developing conceptus. During the 

conceptus elongation period in the pig, the luminal epithelium tends to be 

columnar in shape with nuclei located centrally within the LE cell. However, 

during the attachment period (days 14-16), the columnar cells increase in height 

and the nuclei will relocate closer to the apex of the cell (King et al., 1982). Firm 

adhesion of the chorion to the maternal endometrium involves the interdigitation 

of microvilli between the chorion and LE and begins on day 15 of gestation.  

Following the initiation of the adhesion process, the yolk sac begins to 

regress and will be replaced by expansion of the allantois from the hindgut. Until 

this point in time, the developing conceptuses have been completely reliant on 

uptake of histotrophic secretions for nutrients, but by days 15-16 of pregnancy, 

transition to both histotrophic and hemotrophic nutrient transport (Geisert, 2015). 
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The vascularized allantoic sac is comprised of both mesoderm and endoderm 

expands throughout the elongated chorion, enlarging to replace the yolk sac as it 

regresses. The allantois expands and fills the chorion, until the fluid of allantois 

presses the chorioallantoic membrane against the uterine wall. Since the uterine 

horns can hold multiple fetuses, there is direct end to end chorionic contact with 

the adjoining fetuses within the horn. However, conceptuses do not overlap 

during elongation. Since there is contact among the fetal chorions, the allantois 

may not be able to expand into the entire chorionic cavity. The part of the chorion 

that is not in contact with the allantois will not be vascularized and will become 

necrotic, known as the ‘necrotic tip’ (Vallet, 2009). The remainder of the 

vascularized chorion will establish contact with the maternal vascular beds, 

beginning hemotrophic exchange of nutrients and blood flow. On the surface of 

the chorion, placental areolae develop over the mouths of uterine glands to 

absorb histotrophic secretions (Bielanska-Osuchowska, 1979). By day 18 of 

pregnancy in the pig, the yolk sac is completely regressed and the chorioallantoic 

surface microvilli will be attached and intertwined with the microvilli on the 

maternal epithelium (Dantzer, 1985). 

2.5 Expression and Secretion of IL1B2 During Elongation 

An important aspect of the maternal recognition in pigs is the successful 

elongation of the conceptuses by day 12 to 13 of pregnancy. During elongation, 

the pig conceptus will increase expression of many genes that may have roles in 

elongation, establishment of pregnancy, attachment, and embryonic 

development. Interleukin 1 beta (IL1B) has been proposed to play a role in the
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pro-inflammatory processes of implantation across many species including 

humans, primates, mice, and cattle (De los Santos et al., 1996; Strakova et al., 

2005; Bourdiec et al., 2014; Correia-Alvarez et al., 2015). Tou et al. (1996) first 

discovered IL1B as a result of the differential expression patterns in elongating 

pig conceptuses and this data was further supported by Ross et al. (2003). 

Interestingly, gene expression patterns revealed that IL1B was highest on days 

11-12 of pregnancy, coincident with the rapid elongation of the conceptus 

trophectoderm, but decreased more than 2000-fold immediately after elongation 

(Ross et al., 2003). These results indicated that IL1B could be responsible for 

elongation, maternal recognition, or early maintenance of pregnancy in the pig.  

In addition to examining differential gene expression, IL1B production was 

measured in the uterine luminal flush (ULF). Similarly, the production levels were 

greatest on days 11 to 12 and then decreased significantly by day 18 of 

pregnancy (Ross et al., 2003). While rapid elongation of the trophectoderm is 

unique to pigs, IL1B has been reported to play an important role in early 

embryonic development in other species as well. In humans, it is proposed that a 

polymorphism of IL1B can lead to recurrent pregnancy loss (Wang et al., 2002), 

while in mice, the absence of IL1B did not have any effect on reproduction 

(Zheng et al., 1995; Kuida et al., 1995; Li et al., 1995). Further studies trying to 

understand the role that IL1B plays in early pregnancy in the pig led to the 

discovery of a novel conceptus-specific IL1B isoform that is unique to the pig, 

IL1B2 (Mathew et al., 2015) which was first suggested from an earlier study by 

Ross et al. (2003). IL1B2 is 85% identical at the protein level to IL1B1 and 
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caspase 1 (CASP1) is needed to cleave both pro-IL1B1 and pro-IL1B2 to 

become biologically active (Arend et al., 2008; Katebi et al., 2010). Expectedly, 

CASP1 content in the ULF is increased on day 13 of pregnancy in the pig. IL1B 

can stimulate phospholipase A2 (PLA2), which is responsible for increasing cell 

fluidity and liberating arachidonic acid from the cell membrane phospholipid 

bilayer (Kol et al., 2002).  

PLA2 plays an important role in the prostaglandin synthesis pathway, as 

prostaglandin synthase 1 (PTGS1) and prostaglandin synthase 2 (PTGS2) are 

the rate limiting enzymes that convert arachidonic acid into prostaglandin H2 

(PGH2), which allows synthesis of many downstream prostaglandins. PLA2’s role 

in stimulating cell fluidity is consistent with the morphologic changes in the 

trophectoderm during the period of conceptus elongation in the pig. Gene editing 

studies were performed using the clustered regularly interspaced palindromic 

repeats (CRISPR)/Cas9 system to determine the role that IL1B2 may have 

specifically on rapid conceptus elongation and on establishment of pregnancy. 

Whyte et al. (2018) discovered that ablation of IL1B2 was detrimental to 

conceptus elongation. IL1B2-null embryos were in fact capable of developing to 

the blastocyst and spherical stages of development but failed to elongate or 

survive in vivo (Whyte et al., 2018). Therefore, IL1B2 has been determined to be 

one of the essential factors for the successful rapid elongation of the conceptus 

during pregnancy in the pig.  
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2.5.1 Endometrial Stimulation by IL1B2 

Although the role of IL1B2 is known to be essential for pig conceptus 

elongation, conceptus IL1B2 secretion is also important for regulating 

endometrial gene expression. As part of the (interleukin 1) IL-1 cytokine family, 

IL1B2 is a key component in priming the maternal endometrium to be receptive 

to the developing conceptus and to provide the proper inflammatory response 

that will initiate endometrial secretions important for maternal recognition of 

pregnancy, early embryonic development, and establishment of pregnancy in the 

pig. IL1B2 binds to the IL1B receptor, the interleukin 1 receptor type I (IL1RI) on 

the luminal epithelial surface and will initiate the stimulation of a cascade of 

inflammatory and immune response pathways (Dinarello, 2009).  

Some of the genes of interest that IL1B2 stimulates are salivary lipocalin 

(SAL1), nuclear factor kappa-B (NFKB) and PTGS2. SAL1 is a member of the 

lipocalin family, which is responsible for transporting many hydrophobic 

molecules (Flower, 1996). Endometrial SAL1 expression is higher on day 12 of 

pregnancy compared to day 12 of the estrous cycle in the pig (Ka et al., 2009). 

Localization of SAL1 messenger RNA (mRNA) expression was only faintly 

detected in the glandular epithelium (GE) on days 12 and 15 of the estrous cycle 

but expression was significantly increased on day 12 of pregnancy (Seo et al., 

2011). IL1B2 is proposed to induce SAL1 expression in the maternal 

endometrium, as IL1B2 expression is spaciotemporally associated with increased 

expression of SAL1 (Seo et al., 2011). It has also been proposed that SAL1 plays 

a role in prostaglandin transport, further assisting with the endometrial 
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attachment during early pregnancy in the pig (Seo et al., 2008).  

Nuclear factor kappa-B is another critical pro-inflammatory pathway that is 

stimulated by IL1B2 (Hayden and Ghosh, 2012; Mathew et al., 2015). While 

NFKB is most notably known and understood as a mediator for immune 

responses, it also acts as an influential transcription regulator in cell survival, 

differentiation, and proliferation (Hayden and Ghosh, 2012). NFKB is localized in 

cell cytoplasm, which upon activation, is relocated into the nucleus of cells where 

it regulates gene expression by binding to kappa-B sites within the gene 

promoter (Hayden and Ghosh, 2012).  

Following pig conceptus ILB2 production and elongation, NFKB is located 

in nucleus of LE adjacent to the attaching pig conceptuses (Ross et al., 2003; 

Mathew et al., 2011). Conceptus ILB2 production increases endometrial 

expression of IL1R1 and IL1 receptor accessory protein (IL1RAP). Activation of 

NFKB has been reported to stimulate an increase in expression of PTGS2 (Ali 

and Mann, 2004). Endometrial expression of PTGS2 is increased in the pig when 

stimulated by mature IL1B2 (Mathew et al., 2015). PTGS2 expression increases 

on day 12 of both the estrous cycle and day 12 of pregnancy in the pig, indicating 

that endometrial PTGS2 is not pregnancy specific (Ross et al., 2010), as PTGS1 

and PTGS2 can both contribute to the production of PGF2⍺ for luteolysis 

(Ashworth et al., 2006).  

2.6 Maternal Recognition of Pregnancy 

It was at one time believed that the conceptuses secreted a certain 

substance that would be diffused into the uterine milk and transported across the
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lumen to alert the endometrial tissue (Perry et al., 1973). Roger Short (1969) first 

coined the term “maternal recognition signal” in reference to a chemical signal 

produced by the developing conceptus in communication with the maternal 

endometrium to establish and maintain pregnancy. In order for the embryo to be 

protected from luteolysis, the conceptus must first produce a chemical signal, a 

hormonal substance in many species, to extend the lifespan of the corpus luteum 

beyond the length of a normal estrous cycle (Perry et al., 1976). To maintain CL 

function, the semi-allograft conceptus must protect itself from the maternal 

immune system and synthesize additional factors to regulate changes in 

endometrial lymphocyte production and activity throughout pregnancy (Geisert et 

al., 2017).  

As previously described, the luteolysin in pigs and other species is PGF2⍺	

synthesized and release by the endometrium (Moeljono et al., 1976). Between 

days 14 and 17 of the pig estrous cycle, luminal and glandular epithelium begin 

secreting pulses of PGF2⍺ into the uterine vasculature, inducing the regression of 

the CL after day 15 (Moeljono et al., 1977). The pig has both a systemic and 

local vascular route for inducing luteolysis, meaning that uterine PGF2⍺	has two 

possible vascular pathways to reach the ovaries to regress the CL present on the 

ovaries (Anderson et al., 1966). Luteolysis occurs when the endometrial derived 

PGF2⍺ is released into the uterine venous drainage on Day 15 (Bazer, 1989) 

where it is routed into the general circulation towards the lungs. Endometrial 

PGF2⍺ can also transferred (diffused) directly across from the utero-ovarian vein 

to the ovarian artery to stimulate luteolysis in the ovary ipsilateral to the uterine 
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horn (local) (Dhindsa and Dziuk, 1968). Ruminants have a local route for PGF2⍺	

transfer to the ipsilateral ovary but do not have a systemic route as the lungs 

metabolize 90% of the PGF2⍺ into 13,14-dihydro-15-keto-PGF2a metabolite 

(PGFM) which inactivates the luteolytic activity before the heart pumps the 

arterial blood back towards the ovaries. Unlike ruminants, porcine lungs do not 

efficiently metabolize PGF2⍺. Therefore, any PGF2⍺ that has been released into 

the uterine vasculature will not be totally metabolized in one passage through 

lungs allowing a systemic pathway for PGF2⍺	to stimulate CL regression in both 

ovaries (Del Campo and Ginther, 1973; Davis et al., 1980; Ginther, 1981). Thus, 

pig conceptuses need to prevent release of PGF2⍺	from both uterine horns to 

maintain CL function for pregnancy.  

Dhindsa and Dziuk (1968) discovered that flushing conceptuses from the 

gravid uterine horns before day 11 failed to extend CL function beyond the length 

of a normal estrous cycle (21 days). However, when conceptuses were flushed 

out of the uterus after day 12, the CL were maintained for 25 to 28 days. These 

data indicate that the maternal recognition signal in pigs is conceptus derived 

and occurs after day 12 of pregnancy. In an attempt to determine the conceptus 

factor(s) involved with rescuing the CL from luteolysis, Ball and Day (1982) 

examined the effects of placing gelatin implants containing embryonic extracts 

into individual CL’s. Corpora lutea with implants containing both embryonic 

extracts and PGF2⍺	were still viable, weighed more, and produced more P4 than 

other CLs that did not have implants containing embryonic extracts. These data 

supported the theory that factors derived from the developing conceptuses were
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in fact, capable of preventing luteolytic action of PGF2⍺	and extending the lifespan 

of the CL.  

Early research indicated that administering diethylstilbestrol, a synthetic 

and non-steroidal estrogen, on day 11 of the estrous cycle extend CL survival to 

day 25 (Kidder, 1955). Kidder’s experiment was the first to suggest that estrogen 

may play a role in the maternal recognition signal in pigs. Gardner et al. (1963), 

reported that administration of estradiol to cycling gilts on day 11 of the estrous 

cycle was capable of extending the CL to day 25 confirming Kidder’s original 

1955 study. Studies then began looking into conceptus derived estrogen and the 

role that it may play in the maternal recognition signal in pigs. Perry et al. (1973) 

established that blastocysts through elongated conceptuses were in fact capable 

of synthesizing steroid hormones such as estrogen and progesterone. It was first 

believed that conceptuses secreted a single peak of estrogen around days 11 to 

12 of pregnancy, coincident with the rapid elongation of the conceptus 

trophectoderm. However, it was later found that administration of estradiol from 

day 11 to 15 of the estrous cycle maintained luteal function for 60 days or longer 

(Frank et al., 1977) indicating that a more prolonged increase in E2 was 

necessary to obtain long-term CL maintenance. Zavy et al. (1980) and Geisert et 

al. (1982b) established that pig conceptuses synthesize and secrete estrogens in 

biphasic peaks: one coincidental with the rapid conceptus elongation period 

(days 11-12) and again during the attachment period (days 15-18). Further 

studies revealed that induction of pseudopregnancy in cyclic gilts was only 

maintained for 25 days with administration of estradiol at either day 11 or days 14 
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to 18 (Geisert et al., 1987). However, when estradiol was administered on days 

11 and 14 to 18 of the estrous cycle, pseudopregnancy was extended beyond 60 

days indicating the critical importance of the conceptus estrogen biphasic peaks 

together. 

To determine how conceptus estrogen functions as the maternal 

recognition signal, Frank et al. (1977) demonstrated that PGF2⍺	concentration in 

the utero-ovarian vasculature was greatly decreased in cyclic gilts treated with 

estradiol valerate compared to controls. Coincident with the decrease in PGF2⍺	

detected in the uterine vasculature, there is an increase of PGF2⍺ accumulation in 

the uterine lumen of estradiol valerate gilts on days 15 to 18. Thus, unlike other 

species, the amount of PGF2⍺ endometrial synthesis was not decreased but 

sequestered in the uterine lumen away from the utero-ovarian vasculature (Bazer 

et al., 1982). Bazer and Thatcher, (1977) proposed that estrogen redirected 

PGF2⍺ from endocrine secretion (into uterine venous drainage) to an exocrine 

direction (into the uterine lumen). These data led to the ‘endocrine/exocrine 

theory’ for maternal recognition of pregnancy in the pig. While this theory has 

been widely accepted as the maternal recognition signal in the pig, alternate 

hypotheses for conceptus and uterine factors contributing to luteal maintenance 

and establishment of pregnancy in the pig have been published. Prostaglandin 

E2 is proposed to assist in extending the lifespan of the CL by acting in a more 

direct, luteoprotective manner. Cyclic ewes that received infusions of both PGF2⍺	

and PGE2 into the ovarian artery did not exhibit CL regression, indicating that 

PGE2 has the ability to successfully antagonize the luteolytic actions of PGF2⍺ 
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(Henderson et al., 1977). A similar study looking at the direct effect of PGE2 on 

preventing luteolysis of the pig CL was conducted by Ford and Christenson 

(1991). Silastic beads containing either (i) estradiol-17β, (ii) PGE2, (iii) PGF2⍺, (iv) 

estradiol-17β and PGF2⍺,	or (v) PGE2 and PGF2⍺ were inserted into individual 

CLs of cyclic gilts. Expectedly, the beads containing only PGF2⍺ were successful 

in regressing the CL by day 19. Individual CLs containing beads comprised of 

PGF2⍺	and estradiol-17β were not significantly different from control silastic 

beads and exhibited luteolysis. However, individual CLs implanted with beads 

containing PGE2 and PGF2⍺	prevented luteolysis, were heavier in weight, and 

produced more P4 on day 19 (Ford and Christenson, 1991). These data suggest 

that PGE2 plays an important luteoprotective role, directly preventing the actions 

of PGF2⍺	at the CL, whereas estradiol does not act directly at the CL. This led to 

further investigations into reconsidering the maternal recognition signal in the pig 

and fully understanding the possible mechanism(s) that may be involved. The 

following sections will briefly cover estrogens and prostaglandins and their role in 

early embryonic development, establishment of pregnancy, and maintenance of 

the corpus luteum in the pig.  

2.7 Estrogen 

  As previously discussed, studies investigating the pattern of conceptus 

estrogen synthesis revealed that conceptus estradiol-17β is produced in biphasic 

peaks on days 11 to 12 and 14 to 18 of pregnancy (Zavy et al., 1980; Geisert et 

al., 1982b). It should be noted that endometrium is sensitive to the timing of 

estrogen stimulation as pregnant gilts treated with estradiol on days 9 or 10 of 
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pregnancy, 48 hours before normal conceptus estrogen synthesis, undergo 

fragmentation and early embryonic loss by day 18 of pregnancy (Morgan et al., 

1987). Thus, early estrogen exposure does not induce early conceptus 

elongation but advances uterine environment which makes it unsuitable for 

conceptus attachment and survival (Geisert et al., 2004). Efforts to determine the 

role the biphasic peaks of estrogen have on early embryonic development and 

maintenance of pregnancy in the pig first involved attempts to use inhibitors to 

block both maternal and conceptus estrogen production (O’Neill et al., 1991).  

Previous studies utilizing estrogen inhibitors in other species determined that 

keoxifene prevented estrogen production in both rats (Black et al., 1983) and pig 

ovarian granulosa cells in vitro (Veldhuis et al., 1986). Clomiphene administered 

to mice, rats, and rabbits proved to be effective in preventing development of the 

decidua (Clark and Markaverich, 1981). Studies performed in the rat have also 

demonstrated that both 4-hydroxyandrostenedione (4-OHA) and LY56110 

significantly hindered estrogen production and 4-OHA prevented implantation 

(Brodie et al., 1977; Hirsch et al., 1987). Niemann and Elsaesser (1986) reported 

that the anti-estrogen, Nafoxidene, prevented development of pig morulas to the 

blastocyst stage in vitro. However, administration of estrogen receptor (ER) 

antagonists (keoxifene and clomiphene) or estrogen inhibitors (LY56110 and 4-

OHA) to pregnant gilts beginning on day 10 of pregnancy did not prevent 

conceptus elongation, or early embryonic development in the pig (O’Neill et al., 

1991). There was an increase in calcium in uterine luminal contents of the 

antagonist treated gilts. The increase in uterine luminal calcium content is
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stimulated by either the presence of estrogens produced by conceptuses during 

pregnancy or after exogenous estrogen administration to cyclic gilts (Geisert et 

al., 1982a; Geisert et al., 1982b; Geisert et al., 1987; O’Neill et al., 1991). These 

results indicate that the antagonists and inhibitors used may not have been 

sufficient at completely blocking the action of in vivo conceptus derived estrogens 

on the maternal endometrium (O’Neill et al., 1991). Inhibitor studies in the pig 

have proven to be difficult due to inaccuracy of systemic inhibitor and antagonist 

concentrations as well as the inability to infuse anything directly into the uterus 

without creating an endometrial inflammatory reaction. The development of 

recent genetic engineering technologies allows for a more accurate and precise 

evaluation of the role that specific embryonic derived factors may play in early 

embryonic development and maintenance of pregnancy in the pig.  

A recent gene editing study utilizing the CRISPR/Cas9 system has 

questioned that conceptus estrogen production acts as the sole maternal 

recognition signal in the pig. Meyer et al. (2019) inhibited conceptus estrogen 

synthesis by inactivating the conceptus aromatase (CYP19A1) gene. The study 

created a biallelic CYP19A1 edit in a pig fetal fibroblast cell line which was 

utilized for somatic cell nuclear transfer (SCNT). CYP19A1-/- cloned embryos 

which developed to the blastocyst stage in vitro were transferred into recipient 

gilts. CYP19A1-/- conceptuses elongated on day 14 of pregnancy and surprisingly 

the CL were maintained beyond day 15 despite the complete lack of conceptus 

estrogen production. However, CYP19A1-/- conceptus pregnancies did not 

survive beyond 30 days. Although CL could be maintained beyond day 30 



29 

through exogenous estrogen treatment, recipient gilts still lost CYP19A1-/- 

embryos. The failure of pregnancy maintenance beyond day 30 indicated that the 

ablation of the aromatase gene was possibly embryonic lethal, despite the 

extended lifespan of the CL. To determine if estrogen producing conceptuses 

(CYP19A1+/+) could rescue the pregnancy, CYP19A1-/- embryos were co-

transferred into recipient gilts with CYP19A1+/+ in vitro fertilized (IVF) cultured 

embryos. Once transferred with embryos capable of synthesizing and producing 

estrogen, pregnancies were maintained, and viable fetuses were retrieved by day 

35 of pregnancy (Meyer et al., 2019). The concentration of estrogen in the 

allantoic fluid was greatly reduced in the CYP19A1-/- placentas compared to 

CYP19A1+/+ litter mates (Meyer, Pfeiffer, Geisert unpublished data) indicating 

that local estrogen placental production by CYP19A1+/+ litter mates provided 

adequate support for CYP19A1-/- embryos in utero.  

This data indicates that while estrogen may not be required for early embryonic 

development and continuation of corpora luteal function, it is essential for 

maintaining pregnancy beyond day 30. It is possible that high concentrations of 

estrogen at the placental-endometrial interface are needed to regulate the 

maternal immune system. The ability of CYP19A1-/- conceptuses to maintain 

pregnancy throughout the maternal recognition period in the pig strongly 

suggests additional conceptus derived factors can act to prevent luteolysis during 

early developments. Therefore, the role of conceptus derived prostaglandins, 

specifically PGE2, on early embryonic development, establishment of pregnancy, 

and maintenance of the CL needs to be investigated.  
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2.8 Prostaglandins 

Although there is considerable literature on the role of PGF2⍺ in stimulating 

luteolysis, it is not the only prostaglandin that plays an important role(s) in 

reproductive biology. PGE2 has been shown to play a role with embryonic 

migration, protection from luteolysis directly at the CL, and early embryonic 

development across many species. In order to fully appreciate the many roles 

that prostaglandins play in reproduction and early maintenance of pregnancy in 

the pig, one must understand the history and chemical synthesis of these 

eicosanoids.  

2.8.1 History of Prostaglandins 

In the early 1900’s, studies discovered that canine prostate extractions induced a 

rise in blood pressure in dogs when they were infused intravenously (Japelli and 

Scafa, 1906). Similarly, rabbits treated with prostate derived secretions from 

dogs and bulls also experienced an initial increase in blood pressure (Thaon, 

1907). In some cases, rabbits injected with hedgehog and human prostate 

extracts resulted in the death due to blood clotting (Camus and Gley, 1896; 

Gotzl, 1910). Later studies demonstrated that fresh human semen was capable 

of inducing uterine contractions. Kurzrok and Lieb (1930) focused on sterility 

patterns of women and men by evaluating uterine tissue and seminal samples. 

This investigation demonstrated that uterine tissue sections reacted differently 

to various individual’s seminal fluid while a seminal fluid sample could have 

different effects on uterine tissue collect from different females. This led the 
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researchers to believe that the uterus can either be relaxed or contractile in its 

response to the presence of semen. These early studies established that seminal 

fluid contains a component that acts as a contractile stimulant on the uterus. 

Further studies revealed that the effects of the seminal fluid on uterine 

contractibility was similar to treatment with acetylcholine (Cockrill et al., 1935).  

Goldblatt and von Euler (1935) also independently described a pharmacologically 

active substance in the extracts of human prostates, but the substance had an 

anti-hypertensive effect in rabbits, cats, and dogs. Von Euler noticed similarities 

between this prostate derived “P-Substance” to another hypotensive substance 

synthesized in monkey vesicular glands, vesiglandin (von Euler, 1935). However, 

this hypotensive substance was chemically different from other depressants such 

as choline, acetylcholine, and histamine. These results led to the belief that “P-

Substance” was produced solely by the prostate gland and was thus named 

“prostaglandin.” Consistent with the previous research, it was understood that the 

human prostate contained biologically active components that could either have 

stimulatory or depressive effects on rabbit blood pressure. The stimulant was 

proven to be adrenaline, as adrenaline was known to be abundantly present in 

accessory sex glands. Inactivation of prostate derived adrenaline prevented the 

increase in blood pressure observed in the rabbit. Interestingly, once the 

adrenaline was removed, rabbit blood pressure decreased while intestinal 

contractions increased (von Euler, 1934). Human seminal fluid induced uterine 

smooth muscle contractions in rabbit similar to the effect prostaglandin had on 

the intestinal smooth muscle (von Euler, 1936).  
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Shortly after the discovery of the active compound capable of decreasing 

blood pressure and inducing smooth muscle contractions, Bergström and 

associates (1947) extracted thousands of sheep prostate glands. Sheep prostate 

tissue was homogenized, and secretions extracted for analysis of substance 

activity. Using chromatography and mass spectrometry, the researchers were 

able to isolate two different crystalline prostaglandin structures, prostaglandin E1 

(PGE1) and prostaglandin F1⍺ (PGF1⍺), from the sheep prostate extracts 

(Bergström and Sjövall, 1957). It was determined that prostaglandins are derived 

from the polyunsaturated fatty acid, prostanoic acid, and all share a similar 20 

carbon skeleton structure with a 5 membered ring. Shortly after the established 

structure of PGE1 and PGF1⍺, the structures of PGE2, prostaglandin E3 (PGE3), 

PGF2⍺, and prostaglandin F3⍺ (PGF3⍺) were elucidated (Bergström, 1965). Other 

prostaglandins were proposed to be derived from downstream oxidative 

cyclization reactions of PGE and PGF. Further investigations into the 

prostaglandins led researchers to discover that contrary to von Euler’s initial 

belief, prostaglandins are widely distributed and produced at basal levels by most 

tissues in the body and not just the prostate. Isolation of individual prostaglandins 

led researchers to examine the role that each specific prostaglandin had on the 

body. PGE1 was determined to act as a vasodilator and stimulator of smooth 

muscle contraction while prostaglandins belonging to the PGF family exhibit 

vasoconstrictive activity (Bergström et al., 1959; DuCharme et al., 1968). Clinical 

studies examining the effect of exogenous PGE1 derived from sheep vesicular 

glands indicated that PGE1 increased heart rate and stimulated tightening of the
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chest in men. However, as previously proposed, blood pressure decreased 

(Bergström et al., 1959). When pure prostaglandin compounds became 

available, results demonstrated that PGE1 and PGE2 were efficient vasodilators 

and induced tachycardia. However, studies with PGF2⍺ demonstrated varying 

effects depending upon the species utilized. PGF2⍺ caused vasodilatory effects in 

cats and rabbits while it was vasoconstrictive in rats and dogs (DuCharme et al., 

1968).  

During the late 1960’s, researchers began investigating the role that PGEs 

and PGFs have in reproduction and parturition. Studies confirmed that both 

PGEs and PGFs were capable of stimulating uterine contractions as earlier 

research had indicated (Eglinton et al., 1963). Because a strong correlation was 

established for increasing PGF2⍺	and intensity of the uterine contractions (Karim 

and Devlin, 1967), PGF2⍺ was utilized to determine the efficiency for inducing 

early labor in women. Research demonstrated that both PGE2 and PGF2⍺	could 

successfully induce early labor and preterm delivery (Karim et al., 1969). 

Eventually, understanding the effect of prostaglandins on early to mid-gestation 

was pursued. PGF2⍺	had been demonstrated to terminate pregnancy in monkeys 

and rodents (Kirton et al.,1970a; Kirton et al., 1970b; Gutknecht et al., 1969). 

Administration of either PGF1⍺	or	PGF2⍺	to	women during mid-gestation resulted 

in termination of pregnancy when women were treated early in the pregnancy 

with an optimum dosage required for therapeutic abortion. However, most of the 

women experienced intense nausea, vomiting, and diarrhea as side effects of 

intense smooth muscle contractions (Karim and Filshie,1970). These researchers
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determined that at term pregnancies required significantly less PGF2⍺	to induce 

early labor, whereas early to mid-gestational pregnancies required ten-fold the 

amount of PGF2⍺	to stimulate uterine contractions which resulted in severe side 

effects. During this same time period, other researchers were interested in the 

role that prostaglandins play during the estrous cycle in animals. It was soon 

determined that PGF2⍺ is the luteolysin in rats, humans, sheep, cattle, and pigs 

(Pharriss and Wyngarden, 1969; Wiqvist and Bygdeman, 1970; McCracken et 

al., 1972; Lauderdale, 1972; Liehr et al., 1972; Rowson et al., 1972; Moeljono et 

al., 1976). Research leading to the understanding of the role that prostaglandins 

play in luteolysis and the estrous cycle contributed to the development and use of 

PGF2⍺	for estrous synchronization and timed breeding in many species. However, 

much still remains to be known about the role that prostaglandins have in the 

establishment and maintenance of pregnancy.  

2.8.2 Conceptus Prostaglandins 

Synthesis of prostaglandins by developing blastocysts has been reported 

across a number of mammalian species including rabbits, mice, pigs, cows, and 

sheep (Dickmann and Spilman, 1975; Dey et al, 1980; Pakrasi and Dey, 1982; 

Harper et al., 1983; Watson and Patek, 1979; Davis et al., 1983; Shemesh et al., 

1979; Lewis et al., 1982; Marcus, 1981; Hyland et al., 1982; Lacroix and Kann, 

1982). Day 16 pig conceptuses synthesize significant amounts of PGF which was 

even greater than the prostaglandin synthesis by the maternal endometrium 

(Watson and Patek, 1979; Lewis and Waterman, 1985). The content of 

prostaglandin in early pig blastocysts and conceptuses indicates that there is an 
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increase in prostaglandin synthesis at the time of blastocyst formation with a 

significant increase around days 12 to 14 of pregnancy (Davis et al., 1983). The 

increase in conceptus prostaglandin synthesis is coincident with the time of 

maternal recognition of pregnancy in the pig when conceptuses elongate and 

increase production of E2 and IL1B2 (Geisert et al., 1982a; Ross et al., 2003; 

Mathew et al., 2015). Data indicate that pig conceptuses produce about twice as 

much PGE2 than PGF2⍺ during this period of increased prostaglandin synthesis 

(Davis et al., 1983). The ratio of PGE/PGF is about 2:1 which is similar to the 

content of PGE/PGF present in the uterine luminal contents during the maternal 

recognition period in the pig (Geisert et al., 1982b). These data suggest that 

PGE2 may play an important luteoprotective role during this critical period of 

embryonic survival in the pig. In order to comprehend the role of conceptus 

prostaglandins in the pig, an understanding of prostaglandin synthesis is 

important.  
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Figure 2.1: Diagram of the Prostaglandin Pathway. (Abraham et al., 2009). All 

prostaglandins are derived from arachidonic acid. The action of prostaglandin 

synthase 2/Cyclooxygenase 2 (PTGS2/COX2) converts arachidonic acid into 

PGH2 and consequently into further downstream prostaglandins. 
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2.8.3 Prostaglandin Synthesis 

Prostaglandins are synthesized through the eicosanoid pathway (Figure 

2.1). As previously described, prostaglandin biosynthesis is achieved from 

oxidative cyclization of the 20 carbon skeleton with a 5-membered ring 

polyunsaturated fatty acid. Arachidonic acid is esterified to the phospholipids 

present within the cell membrane. The phospholipase A2 is responsible for 

liberating the arachidonic acid from the fatty acid structures (Flower and 

Blackwell, 1976). Once freed from the phospholipid bilayer, arachidonic acid is 

released into the cytoplasm of the cell where prostaglandin synthase enzymes 

(PTGS1 and PTGS2) act as the rate limiting step to begin the process of 

converting arachidonic acid into further downstream prostaglandins (Dubois et 

al., 1998). Prostaglandin synthase 1 and 2 act enzymatically to catalyze the 

conversion of arachidonic acid into prostaglandin G2 (PGG2) and PGH2. PGH2 is 

subsequently converted further into a variety of prostaglandins through the 

oxidative cyclization reaction. These prostaglandins will bind and react with one 

of two receptor types: G protein-coupled receptors or nuclear peroxisome 

proliferator-activated receptors (PPAR). Prostaglandins typically belong to the 

cell surface G protein-coupled receptor family but can act as ligands for the 

PPARs (Kliewer et al., 1992; Kliewer et al., 1994; Forman et al., 1995; Forman et 

al., 1997). While PTGS1 and PTGS2 are both biologically similar when active, 

the two enzymes are expressed in response to different stimuli. PTGS1 is the 

conserved form of the prostaglandin synthase meaning that it is expressed in 

most body tissues at all times. However, PTGS2 is the inducible form, increasing 
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in expression in response to inflammation, cell growth, immune stimuli, or 

tumorigenesis (Smith and Dewitt, 1996; Dubois et al., 1996; Oshima et al., 1996).  

2.8.4 Prostaglandin Synthase 2 

Similar to the purification and isolation of prostaglandins, PTGS1 was 

purified from sheep and cow seminal vesicles (Hemler and Lands, 1976; 

Miyamoto et al., 1976). However, it first was believed that PTGS1 was the only 

prostaglandin synthase until cell division studies discovered PTGS2 in 1991 (Xie 

et al., 1991; Kujubu et al., 1991). According to recent pig genome annotation 

(ENSSSCG00000015579), the pig genome contains one PTGS2 gene that 

spans approximately 10 kb of chromosome 9 (127,848,603-127,859,287 forward 

strand) containing 10 exons and can express 2 different transcripts through 

alternative splicing. PTGS2 increases prostaglandin production in response to 

inflammation, and therefore was intensely targeted during the pursuit of 

establishing an effective anti-inflammatory drug (Copeland et al., 1994; 

Kurumbail et al., 1996).  

Prostaglandins are very abundant in the endometrium during important 

reproductive events such as implantation and decidualization in rodents and 

humans (Chakraborty et al., 1996). In mice, PTGS2 expression is localized to the 

luminal epithelium and stromal cells in close apposition to the attaching 

blastocyst. Expression of PTGS2 is then relocated to the mesometrial side of the 

uterus where placentation and decidualization occurs during implantation in the 

mouse (Lim and Dey, 1997). Because the pig has diffuse epitheliochorial 

placentation, endometrial expression PTGS2 in the pig plays no role in 
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decidualization. However, the luminal and glandular epithelium highly express 

PTGS2 throughout pregnancy in the pig. PTGS2 expression in the upper 

glandular epithelium and luminal epithelium increases significantly after day 10 of 

pregnancy in the pig, coincident with conceptus elongation and the period of 

maternal recognition (Dubois et al., 1993; Ashworth et al., 2006; Blitek et al., 

2006). Similarly, conceptus PTGS2 expression increases significantly during the 

period of rapid conceptus elongation on day 12 of pregnancy (Wilson et al., 

2002). While the transcriptional activity of conceptus PTGS2 is understood in the 

pig, the role that PTGS2 induced prostaglandins play remain largely unknown.  

2.8.5 Inflammatory Response of Prostaglandins 

During the period of elongation and attachment, developing pig 

conceptuses secrete prostaglandins and other factors to assist with regulating 

the uterine inflammatory induced by the attaching conceptuses (Modrić et al., 

2000; Ross et al., 2003; Joyce et al., 2007; Waclawik and Ziecik, 2007). IL1B2 

produced during the period of rapid elongation in the pig stimulates PLA2 and 

PTGS2 expression. The increase of IL1B2, PLA2 and PGs during the rapid 

conceptus elongation is thought to increase cell fluidity which allows cellular 

remodeling. During the window of uterine receptivity, the endometrium is 

responsive to conceptus derived factors which can stimulate an inflammatory 

response. The endometrium increases production of Leukemia Inhibiting Factor 

(LIF) and Tumor Necrosis Factor (TNF) between days 10 to 15 to allow 

conceptus adhesion and attachment to the uterine LE in the pig (Modrić et al., 

2000; Blitek et al., 2010; Yu et al., 1998). TNF has also been proposed to induce 
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PTGS2 and PGE2 production from LE during elongation in the pig (Waclawik et 

al., 2010). As mentioned previously, prostaglandins can induce vascular changes 

among different species. Because the pig does not have an invasive form of 

placentation, the maintenance and success of pregnancy rely on increasing 

maternal blood flow and endometrial vascularity to transfer nutrients from mother 

to fetuses. Expression of the vascular endothelial growth factor (VEGF) is 

significantly increased in the stromal cells around day 12 of pregnancy in the pig 

(Kaczmarek et al., 2008). It is believed that PGE2 stimulates VEGF production 

and angiogenesis from days 15-18 of pregnancy which is the critical period of 

apposition, attachment, and adhesion of the conceptus to the maternal 

endometrium (Kaczmarek et al., 2008).  

2.9 Prostaglandin and PTGS2 Inhibition  

Prostaglandin synthase inhibitor studies have been utilized to determine 

the biological and physiological role that prostaglandins may have on early 

pregnancy. Once it was understood that blastocysts were capable of 

synthesizing prostaglandins, researchers strived to determine what role 

prostaglandins had on early embryonic development. Anti-inflammatory drugs 

and an acetylenic analog were utilized in vitro to examine the role of 

prostaglandins on blastocyst development and hatching in the mouse. Addition of 

indomethacin, meclofenamic acid, phenidone, and 7-oxa-13-prostynoic acid to 

culture media containing mouse blastocysts, inhibited blastocyst prostaglandin 

production in vitro and blocked hatching from the zona pellucida (Biggers et al., 

1978). Results indicated that prostaglandins play a role in mouse blastocyst 
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expulsion from the zona pellucida. However, studies in rat and hamster treated in 

vivo with indomethacin (Kennedy, 1977; Evans and Kennedy, 1978) on day 4 or 

5 of pregnancy did not exhibit any loss of pregnancy. Although embryonic 

survival was the same, pregnant rats administered indomethacin contained 

implantation sites with less mass and had a longer duration of gestation. These 

results indicate that inhibition of uterine and blastocyst prostaglandin synthesis 

causes delayed implantation in rodents (Kennedy, 1977; Evans and Kennedy, 

1978). Administration of indomethacin also inhibits decidualization in rats 

(Sananes et al., 1976; Tobert, 1976).  

Inhibition of prostaglandin synthesis during pregnancy has also been 

reported in large domestic farm species. Administration of the prostaglandin 

inhibitor, meloxicam, to ewes from days 8 to 14 of pregnancy resulted in the 

failure of conceptuses to elongate properly (Dorniak et al., 2011). However, 

unlike the sheep conceptus, although treatment of pregnant gilts with either 

indomethacin and flunixin meglumine block uterine and conceptus prostaglandin 

synthesis, pig conceptuses were capable of undergoing elongation (Geisert et 

al., 1986). Further investigation of the effect of prostaglandin inhibitors in the 

establishment of pregnancy in the pig indicated a majority of pregnant pigs 

treated with indomethacin from days 10 to 25 of gestation failed to maintain CL 

function and pregnancy beyond day 26 of gestation (Kraeling et al., 1985). This 

study established that overall prostaglandin production by the developing 

conceptus and maternal endometrium are important for maintenance of 

pregnancy. While these prostaglandin synthase inhibitor studies prevent 
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prostaglandin production from both the mother and the developing conceptuses, 

they do not address the specific role that conceptus prostaglandin synthesis 

plays in early establishment of pregnancy in the pig.  

New technologies have allowed scientists to more directly understand the 

roles of biologically active substances at specific tissues which cannot be 

resolved using inhibitors. For example, recent studies in mice using cyclization 

recombination/loxP (cre/lox) technology to generate a fetal cyclooxygenase 1 

(COX-1-/-)/COX-2-/- double null mutation discovered that embryos incapable of 

synthesizing prostaglandins develop to the time of parturition but fail to survive 

shortly after birth (Reese et al., 2000). Similar studies revealed that dams without 

PTGS1 resulted in smaller placental and fetal development, while removal of the 

PTGS2 gene essentially reared dams infertile preventing ovulation, fertilization, 

implantation, and decidualization (Langenbach et al., 1995; Dinchuk et al., 1995; 

Morham et al., 1995; Lim et al., 1997). The cre/lox system works efficiently and 

accurately in mice, but due to the longer generational time periods in larger 

animals, CRISPR/Cas9 gene editing technology could be more efficient at 

determining the role PTGS2 has on early pregnancy in livestock species. Similar 

research utilizing the CRISPR/Cas9 system was conducted by O’Neill et al. 

(2017) to establish the biological role of PTGS2 in early pregnancy of sheep. 

Surprisingly, ablating conceptus PTGS2 resulted in normal elongation and 

maintenance of the CL to day 14 of pregnancy in the ewe. These results are 

different from the inhibitor study of Dorniak et al. (2011) which indicated a 

possible role of prostaglandins in elongation in the ewe. However, inhibitors are 
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capable of blocking maternal and conceptus prostaglandins but do not analyze 

the effect conceptus prostaglandin plays in early pregnancy. A similar strategy 

was conducted to determine the role that PTGS2 derived prostaglandins play in 

early embryonic development and pregnancy establishment in the pig.  

2.10 CRISPR/Cas9 Genomic Editing Technology 

The discovery of the double helix has led to further research endeavors to 

understand more about the genome and ways to manipulate the genetic makeup 

of many different organisms (Doudna and Charpentier, 2014). Once more was 

learned about the genetic structure, increased interest in genetic engineering 

resulted in many different gene targeting technologies such as oligonucleotides 

(Khorana,1968), transgenes (Chang and Cohen, 1974), zinc finger nucleases 

(ZFNs) (Kim et al., 1996), and transcription activator like effector nucleases 

(TALENs) (Li et al., 2011) that were utilized to generate desired genetic edits 

(Wells and Prather, 2017). One of the newer, more readily accessible, and 

efficient gene editing technologies, CRISPR/Cas9, has advanced investigations 

into the role of specific genes in many biological systems. Jennifer Doudna and 

Emmanuelle Charpentier are credited with the technological application of DNA 

repair found in prokaryotic species (Doudna and Charpentier, 2014). The 

genomes of these bacteria and yeast cells contain clustered regularly 

interspaced short palindromic repeats (CRISPR) and CRISPR-associated (Cas) 

proteins to help protect and conserve the genome from foreign nucleic acids 

(Jinek et al., 2012). This CRISPR defense system which Doudna and 

Charpentier observed consisted of 2 parts: Cas9 protein and guide RNA (gRNA). 
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The Cas9 protein is responsible for creating a double stranded cut in the 

genome. The gRNA complex consists of two types of RNA: CRISPR RNA 

(crRNA) and trans-activating crRNA (tracrRNA), both which are synthesized 

naturally by the cell. The crRNA will act as a guide and bring the endonuclease 

enzyme, Cas9, to the targeted foreign bacterial DNA. The tracrRNA is 

responsible for then holding the crRNA in place within the Cas9 protein. 

Together, gRNA (crRNA/tracrRNA hybrid) and the Cas9 protein will locate, cut, 

and remove the foreign DNA.  

This process was then translated into a gene editing technology that can 

target any region of the genome and with the Cas9 protein, create a double 

stranded break within the genomic helix. Scientists are now able to design crRNA 

specific to any gene of interest. Once the target gene is located and broken, the 

genome undergoes one of two repairs: non-homologous end joining (NHEJ) and 

homologous directed repair (HDR) (Doudna and Charpentier, 2014). The 

CRISPR/Cas9 system allows for not only knocking out specific genes, but 

inserting, swapping out, or repairing certain regions of the genome. When donor 

genes are used with the CRISPR/Cas9 system, the genome undergoes HDR by 

gene replacement. However, when no donor genes are applied, the genome 

undergoes gene editing by NHEJ to result in either a deletion or an insertion 

(Doudna and Charpentier, 2014). Since the development of CRISPR/Cas9, the 

genetic engineering technique has been increasingly utilized and has led to new 

optimization applications. Software and online databases have made the 

CRISPR/Cas9 gRNA design procedure significantly easier, requiring only that the 
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gRNA sequence is followed by a protospacer adjacent motif (PAM), 5’-NGG-3’ 

(Sorek et al., 2013). This readily available gene editing technology allows 

scientists to efficiently edit the genome of many mammalian species. In order to 

accurately determine the role that conceptus derived PTGS2 has on early 

embryonic development and pregnancy establishment and maintenance in the 

pig, the CRISPR/Cas9 system was utilized.  

2.11 Utilizing CRISPRs for the Generation of Pig Conceptus PTGS2 Null 

Research Model 

The majority of embryonic mortality occurs during between days 10 to 30 

of gestation in the pig (Pope, 1994). This period of embryonic development is 

also synonymous with the uterine migration and spacing of embryos, rapid 

conceptus elongation, maternal recognition of pregnancy, conceptus apposition 

and attachment to the endometrial luminal epithelium, and placentation. While 

the effects of many conceptus derived factors on early pregnancy events in the 

pig are understood, much is still unknown about the maternal recognition signal 

(aromatase deficient conceptuses maintain CL function) and causes for 

embryonic loss during this time. Previous studies have examined the effect of 

prostaglandins on conceptus elongation, maternal recognition of pregnancy, 

attachment, and placentation. However, many of these previous studies utilized 

inhibitors or antagonists that have been successful in preventing both maternal 

and conceptus prostaglandin production as previously described. Recent gene 

editing studies allow for specific targeting of genes to analyze function. The 

present research will utilize the CRISPR/Cas9 system to target and edit the 
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porcine conceptus PTGS2 and conduct a loss-of-function study to determine the 

role of conceptus PTGS2 derived prostaglandin production during early 

embryonic development and establishment of pregnancy in the pig.  
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CHAPTER THREE 

ABLATION OF CONCEPTUS PTGS2 PROVIDES A NEW UNDERSTANDING 

OF EARLY PREGNANCY EVENTS IN THE PIG 

 

3.1 Introduction 

Maintenance of pregnancy in mammals relies on creating favorable 

maternal conditions for conceptus development and attachment to the uterine 

surface epithelium. Secretions from the maternal endometrium, which are 

influenced by the production of multiple factors from the developing conceptus, 

provide the proper milieu and environment for conceptus and fetal development 

to term (Geisert et al. 2017). During early development, the conceptus must 

regulate endometrial synthesis and/or movement of prostaglandin F2⍺ (PGF2⍺) to 

prevent luteolysis to maintain progesterone (P4) secretion during pregnancy. In 

1969, Roger Short coined the term ‘maternal recognition of pregnancy’ and 

inspired the pursuit to determine the conceptus derived biochemical signal(s) 

resulting in corpus luteum (CL) maintenance beyond the length of the estrous 

cycle across species.  

The signal, pathway, and timing for maternal recognition of pregnancy 

varies across mammalian species. In cattle and sheep, interferon-𝜏 (IFNT), a 

type I interferon produced by conceptuses during trophoblast expansion, 

prevents the pulsatile release of PGF2⍺ from the endometrium which occurs to 

stimulate CL regression during the estrous cycle (Bazer et al., 1994). In primate 

species, human chorionic gonadotropin (hCG) produced by the 
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syncytiotrophoblast acts directly on the CL to prevent luteolysis from ovarian 

derived PGF2⍺ (Ross, 1978). Although endometrial PGF2⍺ release is attenuated 

during the period of maternal recognition in the mare, the conceptus signal 

remains unclear (Klein, 2016). Spatiotemporal synthesis and release of estrogen 

(E2) by the rapidly expanding conceptuses has long been considered the 

maternal recognition signal in the pig (Bazer and Thatcher, 1977).  

Pig conceptuses undergo rapid trophoblast elongation concurrent with the 

time of maternal recognition of pregnancy (Perry and Rowlands, 1962; Anderson, 

1978; Geisert et al., 1982a,b). Since the pig has true epitheliochorial 

placentation, the developing fetus relies on nutrients and blood flow from the 

mother to be diffused across the attached placenta. Whyte et al. (2018) 

demonstrated that rapid conceptus elongation (1 to 2h) involves conceptus 

expression and synthesis of interleukin 1 beta 2 (IL1B2). Expansion of multiple 

conceptuses throughout the long uterine horns of the pig is essential to 

preventing luteolysis during the establishment of pregnancy. 

Studies indicated that conceptus E2 stimulated the redirection of PGF2⍺ 

away from the uterine vasculature and into the uterine lumen to prevent luteolysis 

(Bazer, 1977). The ‘endocrine/exocrine theory’ has been the accepted model as 

the maternal recognition signal in the pig (Bazer et al., 1982). However, recent 

CRISPR/Cas9 editing of conceptus aromatase gene expression indicated that 

conceptus E2 production is not essential for conceptus elongation or early CL 

maintenance (Meyer et al., 2019). Therefore, the maternal recognition signal in 

the pig involves alternate conceptus secretions beyond just estrogens. In addition 
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to E2, prostaglandins (PGs) and interferons produced by the conceptuses during 

the period of elongation and placentation may stimulate pathways to maintain CL 

function during early pregnancy (Geisert et al. 2017). 

 Inhibition of prostaglandin synthesis causes conceptus loss during early 

pregnancy in the pig (Kraeling et al. 1985) and ewe (Dorniak et al., 2011), 

implying that conceptus and endometrial prostaglandins play a pivotal role in 

early embryonic development and CL maintenance. Prostaglandins have been 

proposed to play a role in the maternal recognition signal in the pig. Uterine 

luminal concentrations of PGF2⍺ increase during the period of trophoblastic 

elongation and attachment to the uterine luminal surface (Zavy et al., 1980, 

Geisert et al. 1982b). The luminal content of PGE2 in the uterus also increases 

more than double the amount of PGF2⍺ (Davis and Blair, 1993; Christenson et al., 

1994). The higher ratio of PGE2/PGF2⍺ has been proposed to play a 

luteoprotective role in preventing CL regression in the pig. Ford and Christenson 

(1991) indicated that individually injected CL with PGE2 and PGF2⍺ were larger 

and produced more progesterone than CL treated with E2 and PGF2⍺ suggesting 

that PGE2 may play a direct role in protecting the CL. 

Conceptus prostaglandin synthesis is dependent on the expression of 

prostaglandin synthase (PTGS) 1 and 2. PTGS1 is well conserved in many 

tissues across species, whereas PTGS2 is induced by inflammatory and immune 

responses (Xie et al., 1992; Herschman, 1996; Smith et al., 1996). While 

conceptus PTGS1 expression is low to undetectable until the time of placental 

attachment (Day 14-18) in the pig (Waclawik and Ziecik, 2007), conceptus 
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PTGS2 is highly expressed concurrently with the period of trophoblastic 

elongation on Day 12 (Wilson et al., 2002). 

Although the studies utilizing PTGS1 and 2 inhibitors in the gilt (Kraeling et 

al. 1985) and ewe (Dorniak et al., 2011) demonstrated a negative effect on early 

embryonic development and CL maintenance, the inhibitors have been shown to 

interfere with both endometrial and conceptus prostaglandin synthesis. 

Therefore, the objective of the present study is to determine the role of conceptus 

PTGS2 expression on early conceptus development and establishment of 

pregnancy in the pig. CRISPR/Cas9 gene editing is utilized to directly target 

conceptus PTGS2 expression to specifically engineer PTGS2-/- embryos to 

evaluate the effects on embryonic development and luteal function in the pig. 

 

3.2 Materials and Methods 

All procedures used in this study were approved by the University of Missouri-

Columbia Institutional Animal Care and Use Committee.  

 

Animals. Recipient gilts utilized for embryo transfer were large white crossbred 

gilts of similar age (8-10 months) and weight (100-130 kg). Gilts were observed 

for estrus behavior twice daily with the onset of estrus designated Day 0 of the 

estrous cycle.  

 

CRISPR/Cas9 Design and Transfection of Porcine Fetal Fibroblast Cells. 

The sus scrofa PTGS2 gene spans 10kb of chromosome 9 (127,848,603-
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127,859,287 forward strand) and contains 10 exons. Broad Institute design tool 

(https://broadinstitute.org/gpp/public/analysis-tools/sgrna-design) was used to 

design two pairs of guide RNAs (gRNAs) that specifically targeted exon 1 of the 

porcine PTGS2 gene. To minimize off targeting events, each gRNA was tested 

using NCBI’s Nucleotide BLAST Tool (https://blast.ncbi.nlm.nih.gov/Blast.cgi). 

Annealed gRNA oligonucleotides were inserted into a pX330 plasmid containing 

the Cas9 protein (Addgene) which was cloned into amphicillin resistant E.coli. 

Cutting efficiency of the two selected gRNAs was tested through transfections of 

porcine fetal fibroblast cells at different concentrations (2, 4, or 8 µg). Following 

transfection, fetal fibroblast cells were cultured for 2-3 days, lysed, and DNA 

used for PCR amplification using primers specifically designed to amplify the 

location of gRNA design. PCR amplicon was visualized on a 2% ethidium 

bromide agarose gel to determine which guides had the greatest cutting 

efficiency. The optimal guide pair was confirmed and used at a concentration of 4 

µg (2 µg per gRNA). 

 

Clonal Expansion and Colony Screening. Fetal fibroblast cells transfected with 

the selected optimal pair of gRNAs were plated using a dilution curve to promote 

colony growth from a single cell. One week after transfection, individual colonies 

were collected, lysed, submitted to PCR amplification and the PCR product run 

on a 2% ethidium bromide agarose gel to screen for monoallelic or biallelic edits. 

The PCR amplicon of individual cell colonies with biallelic edits were purified 

using the PureLink PCR Purification Kit (ThermoFisher Scientific, K310001) and 
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submitted to the University of Missouri Life Sciences DNA Core for Sanger 

Sequencing. Out of 264 screened cell colonies, one biallelically edited cell line 

designated ‘CAP81’ was identified by PCR (Fig. 3.1) and confirmed with Sanger 

Sequencing to have a 128 base pair deletion on one allele and a 131 base pair 

on the second allele of PTGS2 exon 1 (Fig. 3.2). The PCR amplicon from the 

‘CAP81’ cell line was cloned into a pCR™4-TOPO® TA vector (ThermoFisher 

Scientific, 450071) which was sequenced to identify variations in the modification 

on each allele.  

 

Somatic Cell Nuclear Transfer (SCNT). Fetal fibroblast cell lines, PTGS2+/+ 

(unedited) and PTGS2-/- (biallelically edited), were grown to 80% confluency and 

used as donor cells for SCNT as previously described (Whitworth et al., 2014). 

To produce embryos in vitro, ovaries from pre-pubertal gilts were obtained from a 

local slaughterhouse (Smithfield Food, Milan, MO). Aspirated oocytes were 

matured in vitro, and the cumulus cells were removed with 0.1% hyaluronidase 

and gentle vortexing. The polar body and adjacent cytoplasm, containing the 

metaphase II plate, were removed from the oocyte. A donor fibroblast cell 

(PTGS2+/+ or PTGS2-/-) was inserted into the perivitelline space (Lai and Prather, 

2003) and electrically fused with two DC pulses at 1.2 kV/cm for 30 μsec using a 

BTX Electro Cell Manipulator (Harvard Apparatus). After fusion, the cloned 

zygotes were chemically activated (Machaty, Wang, Day, and Prather, 1997) and 

cultured for 14-16 h (Spate et al., 2015). Culture media (500 μL/well) was 

collected to determine prostaglandin synthesis following development to   
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Figure 3.1: Colony Screening for Biallelic Modifications. Individual cell colonies 

were picked, lysed, and used for PCR amplification. The resulting PCR was run 

on a 2% agarose gel with ethidium bromide and imaged. Cell colonies identified 

with a modification were cleaned and submitted to sequencing (MU DNA Core, 

University of Missouri-Columbia). Each band represents an individual cell colony 

(1-19) or control wild-type PTGS2+/+ cells (WT). The image demonstrates the 

identification of the biallelic edited cell line #14, CAP81, used for somatic cell 

nuclear transfer.  
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Figure 3.2: Biallelic Modification on Exon 1 of the Porcine PTGS2 gene. 

Sequence shows that Exon 1 (highlighted in blue) of the PTGS2-/- cell line has a 

128 base pair deletion in one allele (GE1) and a 131 base pair deletion in the 

second allele (GE2) compared to the PTGS2+/+ WT sequence (WT). The 

locations of the gRNAs are underlined. Introns are displayed in lowercase.
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blastocyst stage on day 5 to 6 (60 blastocysts/well; PTGS2+/+ n=5 and PTGS2-/- 

n=5). A subset of Day 6 PTGS2+/+and PTGS2-/- blastocysts were used for whole-

mount immunohistochemistry. Blastocysts were fixed in 4% paraformaldehyde 

(PAF) for 20 min at room temperature and stored in Polyvinyl Alcohol (PVA) 

treated Tyrode Lactate-HEPES (TL-HEPES) for PTGS2 immunohistochemistry. 

  

Embryo Transfer. Recipient gilts were monitored for signs of estrus and used for 

embryo transfer. Day 6 morula to blastocyst stage embryos (n=30-50) were 

surgically transferred into the recipient gilt oviduct near the ampullary-isthmic 

junction on day 3, 4, or 5 after initiation of standing estrus as previously 

described (Lee et al., 2013).  

 

Embryo Collection. Recipient gilts were euthanized via jugular injection of 

Euthasol (Virbac AH, Inc; Fort Worth, TX) on either day 14 (n=4 PTGS2+/+, n=4 

PTGS2-/-) or day 17 (n=3 PTGS2+/+, n=4 PTGS2-/-). The uteri and ovaries were 

excised from the abdomen, placed on ice and brought to the laboratory for 

processing. The reproductive tract was rinsed and trimmed free of the 

mesometrium. Day 14 and 17 conceptuses were recovered from the uterus by 

flushing each uterine horn 2X with 30 mLs of Phosphate Buffered Saline (PBS). 

Conceptuses retrieved from the uterine lumen flushing (ULF) were examined and 

the morphology and viability assessed. A subset of day 14 and 17 filamentous 

conceptus tissue (~ 60 mg wet weight) were immediately placed into 2 mLs of 

Dulbecco’s Modified Eagle Medium (DMEM; ThermoFisher Scientific, 11995-
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065) culture media supplemented with fetal bovine serum (FBS) and penicillin 

streptomycin (Pen Strep; ThermoFisher Scientific, 15140-122) following flushing 

from the uterine horn. Conceptuses placed in the culture media were placed in a 

5% O2, 5% CO2 incubator at 37°C. Media (200 μL) was collected and snap 

frozen at 3 and 12 h of culture for analysis of conceptus prostaglandin 

production. Conceptuses and endometrial tissue samples (∼ 5 g) collected from 

five random sections along the mesometrial side of each uterine horn were 

placed into individual 1.5 mL eppendorf tubes, flash frozen in liquid nitrogen and 

stored at -80°C until utilized for RNA, DNA, and protein extraction. ULF was 

centrifuged at 4,000 x g at 4°C for 10 min to separate fluid and cellular debris. 

The ULF was flash frozen and stored at -80°C until used for PG, IL1B, and 

estradiol-17β (E2) analysis.  

Uteri from a group of artificially inseminated (AI) gilts (n=3) and recipient 

gilts containing PTGS2-/- conceptuses (n=3) were collected on day 35 of 

gestation. The pregnant uteri were excised immediately following euthanasia, 

placed on ice, and taken into the lab for immediate processing. The broad 

ligament was removed from the uterus and the uterine horns were then opened 

along the antimesometrial border to dissect out each individual placenta and 

fetus. Fetal, placental, and endometrial tissues were collected, flash frozen, and 

stored at -80°C until RNA/DNA/protein extraction. Allantoic fluid from each 

placenta was collected, flash frozen, and stored at -80°C until use for analysis of 

E2. Uterine sections containing attached placental tissue were removed and fixed 
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in 4% PAF for 24 h. Tissue sections were then stored in 70% ethanol until utilized 

for immunohistochemistry. 

 

Measurement of Blastocyst and Conceptus Prostaglandin Production. A 

commercial prostaglandin screening ELISA kit (Cayman Chemical Company, 

514012) was utilized to measure prostaglandin production in both blastocyst and 

conceptus (day 14 and 17) culture media (3 h post collection). All samples were 

analyzed in duplicate using an EL808 Ultra Microplate Reader (Bio-Tek). 

 

Total RNA, Genomic DNA, and Protein Isolation. Endometrial total RNA was 

obtained using TRIzol-RNA lysis reagent (ThermoFisher Scientific, 15596018). 

Direct-zol RNA Miniprep Plus kits (Zymo Research, R2070) were used for RNA 

purification of the endometrial homogenate. Conceptus RNA, DNA, and protein 

was extracted simultaneously using the AllPrep DNA/RNA/Protein Mini Kit 

(Qiagen, 80004). Extracted RNA was treated with RNase Free DNase Set 

(Qiagen, 79256) to eliminate genomic DNA contamination. Quantity and quality 

of RNA and DNA in the samples were established with a NanoDrop ND-1000 

spectrophotometer and visualization of conceptus DNA bands on a 2% ethidium 

bromide agarose gel and RNA with a 1% ethidium bromide agarose and 1% 

bleach integrity gel.  

 

Reverse Transcription and RT-PCR Gene Expression Analysis. Total 

conceptus and endometrial RNA was reverse transcribed in a 20 μL reaction mix
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using iScript RT Supermix (BioRad, 1708841). Amplification of cDNA was 

performed in an Eppendorf Mastercycler Pro and incubated at 25°C for 5 min, 

reverse transcribed at 42°C for 30 min, and finally heat-inactivated at 85°C for 5 

min. Negative controls for each sample were prepared without the iScript RT 

Supermix to test for DNA contamination. Stocks of cDNA were stored at -20°C 

until used for RT-PCR. First strand cDNA for RT-PCR was synthesized from 

1000 ng of total RNA and RT-PCR was performed and quantified using the 

CFX384 Real-Time System (Bio-Rad). Conceptus gene expression was 

measured using primers (Table 3.1) specific for PTGS2 (Blitek et al., 2006), 

PTGS1 (Ashworth et al., 2006), prostaglandin E synthase (PTGES; Choi et al., 

2019), prostaglandin E synthase 2 (PTGES2; Choi et al., 2019), prostaglandin E 

synthase 3 (PTGES3; Choi et al., 2019), prostaglandin F synthase (PGFS; 

Waclawik et al., 2006), CYP19A1 (Ebeling et al., 2011), IL1B2 (Whyte et al., 

2018), IFNG (Joyce et al., 2009), and IFND (Joyce et al., 2009). Similarly, 

endometrial gene expression was measured using primers specific for aldo-keto 

reductase family 1 member b (AKR1B1; Choi et al., 2019), PTGES (Choi et al., 

2019), PTGES2 (Choi et al., 2019), PTGES3 (Choi et al., 2019), PTGS1 

(Ashworth et al., 2006), PTGS2 (Blitek et al., 2006), solute carrier organic anion 

transporter family member 2A1 (SLCO2A1; Choi et al., 2019), and solute carrier 

organic anion transporter family member 5A1 (SLCO5A1; Choi et al., 2019) 

(Table 3.1). RT-PCR analysis determined that porcine YWHAG gene expression 

was not statistically different (P > 0.05) among the conceptus and endometrial   
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total RNA samples and was therefore used as the housekeeping gene. Relative 

expression of sequence-specific products was quantified by the -2ΔCT method. 

The Δ CT was determined as the difference between the cycle threshold (CT) for 

the gene of interest and geometric mean of the CT for YWHAG. Fold change was 

calculated compared to day 14 PTGS2+/+ Δ CT average.  

Western Blot Analysis. Conceptus protein concentrations were determined 

using the Qubit 4 Fluorometer (Invitrogen). Equal amounts of protein (20 μg) 

were loaded and separated on a 4-20% Mini Protean TGX Precast Protein Gel 

(Bio-Rad, 4561096). Separated proteins were transferred onto a PVDF 

membrane (0.2 μm pore size) using the iBlot Transfer Stack, PVDF 

(ThermoFisher Scientific, IB401001) and an iBlot Dry Blotting System 

(Invitrogen). Non-specific binding sites were blocked by incubating the 

membrane with 5% non-fat dry milk in Tris-buffered saline containing 0.1% 

Tween-20 (TBST) and 3 mg/mL bovine serum albumin (BSA) for 4 h at room 

temperature (rt). Membranes were then rinsed and incubated at 4°C overnight 

with polyclonal PTGS2 (dilution 1:500; Cayman Chemicals, 160107). After 

washing (4X) in TBST buffer for 10 min, membranes were incubated at rt for 1.5 

h in Goat anti-Rabbit IgG (H+L) secondary antibody, HRP (dilution 1:5000; 

Invitrogen, 31466) or Rabbit anti-Mouse IgG (H+L) secondary antibody, HRP 

(dilution 1:5000; Invitrogen, 31450), respectively. Membranes were washed (4X) 

in TBST buffer for 10 min, placed onto a Fotodyne Imaging System (Fisher 

Scientific, F71720DLN) platform and reacted with Pierce ECL 2 Western Blotting 

Substrate (ThermoFisher, 80196) for 3 min. The membrane was then exposed to 



 61 

ultraviolet (UV) light for 10 min and images of the membrane were captured and 

stored within the FOTO/Analyst PC Image Acquisition Software. Once images 

were taken, the membrane was stripped with a mild stripping buffer (15 g glycine, 

1 g sodium dodecyl sulfate (SDS), 10 mL Tween20, and 1 L ultrapure H2O, pH 

2.2) and reprobed with mouse THETM alpha Tubulin Antibody (dilution 1:5000; 

GenScript, A01410). Densitometry of the protein bands was analyzed with Fiji Is 

Just ImageJ (FIJI).  

 

Measurement of IL1B and E2. A pig IL1B ELISA kit (Abcam, 100754) was 

utilized to measure the ULF content of IL1B. ULF and allantoic concentrations of 

E2 were quantified on individual RIAs as described previously (Kirby et al., 1997). 

The sensitivity of the E2 assay was 0.5 pg/mL. Standards and pooled aliquots of 

ULF were linear and parallel over a mass of 0.25 to 20 pg. All samples were 

measured in duplicate with an intraassay coefficient of variation of 3.84%. 

Standards and pooled aliquots of allantoic fluid were linear and parallel over a 

mass of 0.25 to 20 pg. Due to the high concentrations of E2, allantoic fluid was 

diluted 1:100 with 100 μL of ultrapure H2O supplemented with 1 g BSA, 0.12 g 

PO4, 0.88 g NaCl, and 0.01 g Sodium Azide in 100 mL double distilled H2O. The 

allantoic fluid E2 intraassay coefficient of variation was 4.08%.  

 

Prostaglandins Assay. Conceptus culture media (12 h post collection) and ULF 

were analyzed with a Parent Prostaglandin assay by the Eicosanoid Core 

Laboratory at Vanderbilt University Medical Center in Nashville, TN. To quantify 
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eicosanoids in conceptus culture media and ULF samples, 100 µL of fluid was 

placed in a microcentrifuge tube containing 25% methanol in water (500 µL) and 

internal standard (d4-PGE2 and d4-LTB4, 1 ng each). The sample was vortexed 

and then extracted on an Oasis MAX uElution plate (Waters Corp., Milford, MA) 

as follows. Sample wells were first washed with methanol (200 µL) followed by 

25% methanol in water (200 µL). The sample was then loaded into the well and 

washed with 600 µL 25% methanol. Eicosanoids were eluted from the plate with 

30 µL 2-propanol/acetonitrile (50/50, v/v) containing 5% formic acid into a 96-well 

elution plate containing 30 µL water in each well. Samples were analyzed on a 

Waters Xevo TQ-S micro triple quadrupole mass spectrometer connected to a 

Waters Acquity I-Class UPLC (Waters Corp., Milford, MA USA). Separation of 

analytes was obtained by using an Acquity PFP column (2.1 x 100 mm) with 

mobile phase A being 0.01% formic acid in water and mobile phase B 

acetonitrile. Eicosanoids were separated by using a gradient elution beginning 

with 30% B going to 95% B over 8 minutes at a flow rate of 0.250 mL/min. 

 

Immunohistochemistry. Immunohistochemistry was performed on SCNT 

blastocysts and day 35 placental-uterine sections to visualize PTGS2 cellular 

localization. The fixed PTGS2+/+and PTGS2-/- blastocysts were permeabilized 

with 0.1% Triton X-100 in PVA TL-HEPES for 30 min at rt and then washed in 

PVA treated TL-HEPES. Blastocysts were then placed at rt in a blocking solution 

with 2% goat serum and BSA (3mg/ml) for 4 h. PTGS2+/+ and PTGS2-/- 

blastocysts were incubated with COX-2 (mouse) primary polyclonal antibody 
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(1:50 dilution; 160106, Cayman Chemical) overnight at 4°C. Negative controls 

were not incubated with primary antibody. Blastocysts were washed (3X) in PVA 

treated TL-HEPES and incubated 1 h with the Alexa Fluor Plus 488-conjugated 

secondary antibody (1:200 dilution; ThermoFisher Scientific, A-32731). 

Blastocysts were washed again with PVA treated TL-HEPES and stained with 

0.5μL/mL Hoescht Fluorescent Stain 33342 (ThermoFisher Scientific, H3570) for 

5 min. The blastocysts were mounted onto glass slides with VectaShield Antifade 

Mounting Medium (Vector Laboratories, H-1000) and imaged for fluorescence 

using a Leica DM5500 B upright microscope and Leica DFC450 C camera using 

Leica Application Suite X (LAS X).  

 Fixed placental/uterine tissue sections were embedded in paraffin wax 

and sectioned (6 μm). Sections were mounted on slides, baked at 37°C for 10 

minutes, placed under UV light for 15 minutes to quench tissue autofluorescence, 

deparaffinized in xylene substitute, and rehydrated in a graded alcohol series. 

The sections then underwent antigen retrieval for immunolocalization by 

incubating sections for 20 mins in boiling Reveal Decloaker 10x (pH 6.0; 

RV1000M, Biocare Medical). After cooling to room temperature, sections were 

rinsed twice in PBS (pH 7.5) and blocked with 10% normal goat serum in PBS at 

rt for 30 min and then incubated overnight at 4°C with COX-2 (mouse) polyclonal 

antibody (1:250 dilution; 160106, Cayman Chemical). Sections were washed with 

PBS and incubated for 1 h with Alexa Fluor Plus 488-conjugated secondary 

antibody (1:400 dilution; ThermoFisher Scientific, A-32731). Uterine sections 

were counterstained with VectaShield Antifade Mounting Medium (Vector 
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Laboratories, H-1000) containing 0.5μL/mL Hoescht Fluorescent Stain 33342 

(ThermoFisher Scientific, H3570). Images for fluorescence were captured with a 

Leica DM5500 B upright microscope and Leica DFC450 C camera using LAS X.  

 

Statistical Analysis. Statistical analysis of quantitative data was analyzed using 

the PROC GLM and PROC GLIMMIX model in the Statistical Analysis Software 

9.4 program (SAS Institute Inc., Cary, NC). The statistical model used to evaluate 

ULF content, conceptus culture media, and conceptus and endometrial gene 

expression included the conceptus genotype (PTGS2+/+ or PTGS2-/-), day of 

pregnancy (day 14 or 17), and the genotype x day interaction. Blastocyst culture 

media was statistically evaluated for genotype differences with a T-Test. 

Skewness, kurtosis, and Shapiro-Wilk tests were analyzed for all data. Log and 

square root transformations were performed to test for homogeneity and correct 

for normality. 

 
3.3 Results 

Experiment 1: 

In Vitro Blastocyst Development from PTGS2-/- and PTGS2+/+ Fibroblasts 

Following Somatic Cell Nuclear Transfer. The PTGS2-/- fibroblast cell line 

established was utilized for SCNT to generate PTGS2-/- blastocysts. Porcine fetal 

fibroblast cells transfected without gRNA/Cas9 complex were used as the 

PTGS2+/+ control blastocysts. The resulting embryos derived from the PTGS2-/- 

fibroblast cell line had a blastocyst development rate of 48% which is similar to 
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the development rate of 35% for PTGS2+/+ embryos. Blastocysts were genotyped 

and verified to have the PTGS2 gene biallelic edit (Figure 3.3).  

Immunofluorescence and Prostaglandin Production Analysis of PTGS2-/- 

and PTGS2+/+ Blastocysts. Localization of PTGS2 expression in day 7 PTGS2-/- 

and PTGS2+/+ blastocysts was performed using immunofluorescence. Expression 

of PTGS2 was localized in the trophectoderm cytoplasm of PTGS2+/+ blastocysts 

while staining was absent in PTGS2-/- blastocysts similar to deletion of primary 

antibody following immunostaining with PTGS2+/+ blastocysts (Figure 3.4). Total 

prostaglandin content was significantly (P < 0.0001) decreased in the culture 

media (50-60 blastocysts/well) containing PTGS2-/- (n=4 wells) compared to 

PTGS2+/+ (n=4 wells) blastocysts (Figure 3.5). The concentration of PG’s in 

culture media of PTGS2-/- blastocysts was below the sensitivity of the assay. 

However, PTGS2-/- embryos exhibited normal development to the blastocyst 

stage and hatching from the zona pellucida.  

 

Uterine Flushing of Recipient Gilts Containing Either PTGS2+/+ or PTGS2-/- 

Conceptuses on Days 14 and 17 of Pregnancy. The uterine horns of recipient 

gilts were flushed on days 14 and 17 of pregnancy to obtain PTGS2+/+ (n=4, day 

14; n=3, day 17) or PTGS2-/- (n=4, day 14; n=4, day 17) conceptuses and uterine 

luminal contents. Pregnant tracts with either PTGS2+/+ or PTGS2-/- embryos 

contained normally elongated, filamentous conceptuses on both days 14 and 17. 

By day 17 of pregnancy, both PTGS2+/+ and PTGS2-/- conceptuses had
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Figure 3.3: Genotyping of PTGS2-/- blastocysts. Blastocysts derived from 

PTGS2-/- fetal fibroblast cells via SCNT (1-8) were collected from in vitro culture 

on day 7 and genotyped by PCR. Wildtype (WT) unedited PTGS2+/+ blastocyst.   
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Figure 3.4: Immunolocalization of PTGS2 in day 7 PTGS2+/+ and PTGS2-/- 

blastocysts. Immunofluorescence was performed on SCNT blastocysts to 

localize PTGS2 with a polyclonal PTGS2 primary antibody. Inset image is 

PTGS2+/+ blastocyst incubated without the primary antibody.  
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Figure 3.5: Total blastocyst prostaglandin production (pg/500µL) collected from 

blastocyst culture media containing either PTGS2+/+ (Black bar) or PTGS2-/- 

(Grey bar) blastocysts on day 7 of culture. A genotype effect (P < 0.0001) was 

detected for total prostaglandins. Bars without a common superscript represent a 

statistical difference. (BDA = below detection of assay) 

 

PTGS2+/+ 
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elongated completely, began development of the extraembryonic membranes, 

and ovaries maintained corpora lutea function.  

 

PTGS2 gene and protein expression. Gene editing of pig conceptus PTGS2 

significantly (P > 0.0001) decreased PTGS2 mRNA expression in PTGS2-/- 

conceptuses compared to PTGS2+/+ conceptuses. Expression of PTGS2 was ~7-

fold lower between conceptus genotypes on day 14 and ~59-fold decrease 

between genotypes on day 17 (Figure 3.6 A). The PTGS2 primary antibody 

utilized recognized the mature 75 kD form of PTGS2 but also lower 45 and 32 kD 

bands that represent possible immature, non-glycosylated forms of PTGS2 or 

PTGS2 splice variants. Day 14 (Figure 3.6B) and 17 (Figure 3.6C) conceptus 

protein western blot analysis revealed expression of PTGS2 in PTGS2+/+ 

conceptus tissue but detected only faint to no PTGS2 expression in PTGS2-/- 

conceptuses. The intensity of the 75 kD band was decreased in day 17 PTGS2+/+ 

conceptus tissue compare to day 14. The lighter intensity of a 75 kD band 

detected in several PTGS2-/- conceptuses was caused by endometrial epithelial 

contamination following flushing the conceptus which was confirmed by detection 

of uteroferrin (endometrial specific gene) mRNA expression in the conceptus 

samples (Figure 3.7). 

 

Analysis of Day 14 and 17 Conceptus Prostaglandin Production. Conceptus 

tissue was immediately cultured for 3 h to measure prostaglandin synthesis   
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Figure 3.6: Gene and protein analysis of PTGS2 in PTGS2+/+ and PTGS2-/- 

conceptuses on day 14 and 17 of pregnancy. A) PTGS2+/+ (black bar) and 

PTGS2-/- (grey bar) conceptus tissue PTGS2 expression was lower in PTGS2-/- 

conceptuses on day 14 and 17(genotype P < 0.0001). Western blots of day 14 

(B) and 17 (C) conceptus PTGS2 protein expression detected bands of 75, 42 

and 35 kD. The mature form of PTGS2 (75 kD) is present in PTGS2+/+ conceptus 

tissues, but absent in PTGS2-/- conceptus tissue. Asterisk (Lanes 6 and 4, 

respectively) denotes presence of 75 kD band in conceptus sample confirmed to 

be contaminated with endometrial epithelial cells.  
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Figure 3.7: PCR analysis of uteroferrin expression in conceptus tissue samples. 

Uteroferrin gene expression (endometrial specific gene) by samples of conceptus 

tissue indicates the presence of maternal endometrial epithelial cells contained 

within the entangled elongated conceptuses following flushing from the uterine 

horns.   
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following flushing the conceptuses from the uterine horns. Total prostaglandins 

released into the culture media was significantly (P < 0.0001) decreased with 

PTGS2-/- compared to PTGS2+/+ conceptus tissue on both day 14 and 17 (Figure 

3.8). There was a conceptus genotype by day interaction (P = 0.003) for the total 

content of PGE2 in culture media. The content of PGE2 in media containing day 

14 PTGS2-/- conceptuses was decreased compared to PTGS2+/+ conceptuses 

but similar between conceptus genotypes on day 17 (Figure 3.9). A conceptus 

genotype effect (P = 0.004) was detected for the content of PGF2⍺ in culture 

media (Figure 3.10).  

 

Uterine Luminal Flushing Analysis. Total PGE2 content in the recipient gilt ULF 

increased (P = 0.002) from day 14 to 17 of pregnancy (Figure 3.11). Similarly, 

there was a day effect (P = 0.002) detected for total PGF2⍺ in the uterine luminal 

flush (Figure 3.12). Content of ULF 15-keto-PGE2 increased from day 14 of 

pregnancy to day 17 of pregnancy (P = 0.02), while there was no significant 

difference (P = 0.86) in conceptus genotype (Figure 3.13). Total uterine content 

of estradiol-17β in the ULF exhibited a conceptus genotype by day effect (P = 

0.002) as estradiol-17β in the ULF from recipient gilts was similar between 

conceptus genotypes on day 14 but was lower in the ULF of recipients containing 

day 17 PTGS2-/- conceptuses compared to recipient gilts containing PTGS2+/+ 

conceptuses (Figure 3.14). There was a day effect (P = 0.003) for IL1B content in 

ULF but conceptus genotype was not significantly different (P = 0.86) (Figure 

3.15). 
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Figure 3.8: Total conceptus prostaglandin production (ng/2mL) in conceptus 

culture media containing either PTGS2+/+ (Black bar) or PTGS2-/- (Grey bar) 

conceptuses on either days 14 or 17 of pregnancy. A genotype effect (P < 

0.0001) was detected for total prostaglandin. Bars without a common superscript 

represent a statistical difference.
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Figure 3.9: Total conceptus PGE2 production (ng/2mL) in conceptus culture 

media containing either PTGS2+/+ (Black bar) or PTGS2-/- (Grey bar) 

conceptuses on either days 14 or 17 of pregnancy. A genotype*day effect (P = 

0.003) was detected for total PGE2. Bars without a common superscript 

represent a statistical difference. 
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Figure 3.10: Total conceptus PGF2⍺ production (ng/2mL) in conceptus culture 

media containing either PTGS2+/+ (Black bar) or PTGS2-/- (Grey bar) 

conceptuses on either days 14 or 17 of pregnancy. A genotype effect (P = 0.004) 

was detected for total PGF2⍺. Bars without a common superscript represent a 

statistical difference. 
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Figure 3.11: Total content PGE2 (ng) in uterine flushings collected from recipient 

gilts containing either PTGS2+/+ (Black bar) or PTGS2-/- (Grey bar) conceptuses 

on either days 14 or 17 of pregnancy. A day effect (P = 0.002) was detected for 

total PGE2. Bars without a common superscript represent a statistical difference. 
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Figure 3.12: Total content PGF2⍺ (ng) in uterine flushings collected from recipient 

gilts containing either PTGS2+/+ (Black bar) or PTGS2-/- (Grey bar) conceptuses 

on either days 14 or 17 of pregnancy. A day effect (P = 0.002) was detected for 

total PGF2⍺. Bars without a common superscript represent a statistical difference. 
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Figure 3.13: Total content 15-keto-PGE2 (ng) in uterine flushings collected from 

recipient gilts containing either PTGS2+/+ (Black bar) or PTGS2-/- (Grey bar) 

conceptuses on either days 14 or 17 of pregnancy. A day effect (P = 0.02) was 

detected for total 15-keto-PGE2. Bars without a common superscript represent a 

statistical difference. 
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Figure 3.14: Total content estradiol-17β (pg) in uterine flushings collected from 

recipient gilts containing either PTGS2+/+ (Black bar) or PTGS2-/- (Grey bar) 

conceptuses on either days 14 or 17 of pregnancy. A conceptus genotype*day 

effect (P = 0.002) was detected for total estradiol-17β. Bars without a common 

superscript represent a statistical difference. 
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Figure 3.15: Total content IL1B (ng) in uterine flushings collected from recipient 

gilts containing either PTGS2+/+ (Black bar) or PTGS2-/- (Grey bar) conceptuses 

on either days 14 or 17 of pregnancy. A day effect (P = 0.003) was detected for 

total IL1B. Bars without a common superscript represent a statistical difference. 
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Conceptus Gene Expression: Conceptus PTGS1 and PGFS mRNA expression 

was not different between conceptus genotypes but there was a significant day 

effect (P < 0.0001) as expression increased ~ 50 fold from day 14 to day 17 

(Figure 3.16 A,B). A significant conceptus genotype by day interaction (P = 

0.0002) was detected for PTGES2 expression as conceptus mRNA synthesis 

was ~2.5-fold greater in day 14 PTGS2-/- conceptuses compared to PTGS2+/+ 

conceptuses but the difference in expression reversed as PTGES2 expression 

was greater in PTGS2+/+ conceptuses on day 17 (Figure 3.16 C). PTGES3 

expression decreased (P = 0.002) from day 14 to 17 of pregnancy (Figure 3.16 

D). CYP19A1 and IL1B2 mRNA synthesis exhibited day effects (P = 0.0008 and 

P = 0.003, respectively) as expression decreased from day 14 to 17 of pregnancy 

(Figure 3.17 A,B). Both IFND and IFNG increased significantly (P = 0.0001 and P 

< 0.0001, respectively) in PTGS2-/- conceptuses compared to PTGS2+/+ 

conceptuses. IFND was ~6-fold greater in day 14 PTGS2-/- conceptuses and 

~2.5-fold in day 17 PTGS2-/- conceptuses. IFNG increased ~3-fold in day 14 

PTGS2-/- conceptuses and ~4-fold in day 17 PTGS2-/- conceptuses (Figure 3.17 

C&D). There were no differences (P > 0.05) in conceptus gene expression for 

PTGES on days 14 and 17 of pregnancy. 

 

Endometrial Gene Expression Analysis. Endometrial AKR1B1, PTGES, 

PTGES2, PTGS1, PTGS2, SLCO2A1, and SLCO5A1 expression on days 14 and 

17 were not significantly affected by conceptus genotype or day. However, there 

was a conceptus genotype effect (P = 0.053) for PTGES3. PTGES3 expression 
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Figure 3.16: Fold change of conceptus gene expression of PTGS1, PGFS, 

PTGES2, and PTGES3. PTGS2+/+ (black bar) and PTGS2-/- (grey bar) fold 

change in gene expression is relative to the average ΔCT of day 14 PTGS2+/+. 

Fold change of A) PTGS1 (day P < 0.0001), B) PGFS (day P < 0.0001), C) 

PTGES2 (genotype*day P < 0.0001), D) PTGES3 (day P = 0.002).   

A PTGS1 B PGFS 

C PTGES2 D PTGES3 
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Figure 3.17: Fold change of conceptus gene expression of CYP19A1, IL1B2, 

IFND, and IFNG. PTGS2+/+ (black bar) and PTGS2-/- (grey bar) fold change in 

gene expression is relative to the average ΔCT of day 14 PTGS2+/+. Fold change 

of A) CYP19A1 (day P = 0.0008), B) IL1B2 (day P = 0.003), C) IFND (genotype 

P = 0.0001), D) IFNG (genotype P < 0.0001). 
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in endometrium from recipients containing PTGS2-/- conceptuses was ~4-fold 

greater than endometrium from recipients with PTGS2+/+ conceptuses on day 14 

and 17 (Figure 3.18). 

Experiment 2: 

Day 35 Pregnancy. Since PTGS2-/- conceptuses survived and pregnancies were 

successfully maintained until day 17, recipient gilts gestating PTGS2-/- 

conceptuses were allowed to continue pregnancy. All PTGS2-/- recipient gilts 

(n=3) maintained pregnancy beyond 30 days, were euthanized on day 35 of 

pregnancy, and collectively resulted in the development of 13 (3,5,4) viable 

fetuses (Figure 3.19). The maintenance of pregnancy, embryonic development, 

and PTGS2 derived production of prostaglandins were analyzed in PTGS2-/- 

conceptuses compared to the collective 42 (15,9,18) normal, wild-type bred 

PTGS2+/+ fetuses obtained. 

Placental Gene Expression Analysis. Chorioallantois PTGS2 expression was 

decreased (P = 0.005) in the placenta’s of PTGS2-/- compared to PTGS2+/+ 

embryos on day 35 of pregnancy (Figure 3.20 A). PTGS2-/- placentas had ~15-

fold greater PGFS expression (P = 0.05) on day 35 of pregnancy compared to 

PTGS2+/+ conceptuses. (Figure 3.20 B). There was no significant (P = 0.2) 

difference in CYP19A1 expression among PTGS2-/- or PTGS2+/+ placental tissue 

(Figure 3.20 C). IFND was ~4-fold greater (P = 0.005) in placental tissue of 

PTGS2-/- embryos than PTGS2+/+ embryos (Figure 3.20 D). The chorioallantois 

gene expression was not significantly (P > 0.05) different for IFNG, PTGES, 

PTGES2, PTGES3, or PTGS1.  
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Figure 3.18: Fold change of endometrial gene expression of PTGES3. PTGS2+/+ 

(black bar) and PTGS2-/- (grey bar) fold change in gene expression is relative to 

the average ΔCT of day 14 PTGS2+/+. Fold change of PTGES3 (genotype P = 

0.053). 
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Figure 3.19: Day 35 placentas of PTGS2-/- clone embryos. Fully developed and 

vascularized placentas were seen in both genotypes. Undeveloped, 

unvascularized, degenerate conceptuses (denoted by asterisk) were present only 

in the PTGS2-/- pregnancies.   

* * 

* 

* * 



 87 

0

1

2

PTGS2+/+ PTGS2-/-

Fo
ld

 C
ha

ng
e a

b

PTGS2+/+ PTGS2-/-

0

1

2

3

4

5

6

PTGS2+/+ PTGS2-/-

Fo
ld

 C
ha

ng
e

b

a

PTGS2+/+ PTGS2-/-

0

5

10

15

20

25

PTGS2+/+ PTGS2-/-

Fo
ld

 C
ha

ng
e

b

a

PTGS2+/+ PTGS2-/-

0

1

2

3

PTGS2+/+ PTGS2-/-

Fo
ld

 C
ha

ng
e

PTGS2+/+ PTGS2-/-

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

Figure 3.20: Fold change of placental gene expression of PTGS2, IFND, and 

PGFS. PTGS2+/+ (black bar) and PTGS2-/- (grey bar) fold change in gene 

expression is relative to the average ΔCT of day 35 PTGS2+/+. Fold change of A) 

PTGS2 (genotype P = 0.005), B) PGFS (genotype P = 0.05), and C) CYP19A1 

(genotype P = 0.2), D IFND (genotype P = 0.005). 
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Figure 3.21: Western blot analysis of PTGS2 expression in PTGS2+/+ and 

PTGS2-/- fetal or placental tissue on day 35 of pregnancy. Expression of the 75 

KD band of PTGS2 is not detected in either PTGS2+/+ (1 and 2) or PTGS2-/- (3-6) 

fetal and placental tissue. (F=fetal tissue and P=placental tissue)   
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PTGS2 Western Blot Analysis. Analysis of conceptus PTGS2 expression 

indicated that PTGS2 expression is barely detected by day 35 of pregnancy. 

PTGS2+/+ and PTGS2-/- fetal and placental western blot protein analysis (Figure 

3.21) revealed no detectable 75 kD bands present on day 35. 

Analysis of Allantoic Fluid Prostaglandin and Estradiol-17B Content. The 

concentration of prostaglandins in the allantoic fluid was significantly (P = 0.007) 

less in placentas from PTGS2-/- fetuses compared to normal bred PTGS2+/+ 

placentas (Figure 3.22). The concentration of estradiol-17β was significantly (P < 

0.0001) greater in the allantoic fluid of PTGS2-/- fetuses compared to PTGS2+/+ 

(Figure 3.23). 

Endometrial Gene Expression Analysis. Gene editing of pig conceptus PTGS2 

did not alter endometrial AKR1B1, PTGES, PTGES2, PTGS1, PTGS2, 

SLCO2A1, or SLCO5A1 expression among genotypes on day 35 of pregnancy. 

However, PTGES3 mRNA exhibited a conceptus genotype effect (P =0.04) as 

endometrium containing PTGS2-/- conceptuses had ~2-fold less PTGES3 mRNA 

expression than endometrium containing PTGS2+/+ conceptuses (Figure 3.24). 

Immunofluorescence of PTGS2-/- and PTGS2+/+ Placental-Uterine Tissues. 

Localization of PTGS2 expression in day 35 PTGS2-/- and PTGS2+/+ placental-

uterine tissues was performed using immunofluorescence. Expression of PTGS2 

was localized in the uterine GE and LE as well as the chorion of PTGS2+/+ 

placenta. However, while PTGS2 was localized in the uterine GE and LE, PTGS2 

expression was not localized in the chorion of PTGS2-/- conceptuses (Figure 

3.25).
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Figure 3.22: Prostaglandin concentrations (ng/mL) in allantoic fluid collected 

from PTGS2+/+ (Black bar) or PTGS2-/- (Grey bar) placentas on day 35 of 

pregnancy. A genotype effect (P = 0.007) was detected for total prostaglandin. 

Bars without a common superscript represent a statistical difference. 
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Figure 3.23: Estradiol-17β concentrations (pg/mL) in allantoic fluid collected from 

PTGS2+/+ (Black bar) or PTGS2-/- (Grey bar) placentas on day 35 of pregnancy. 

A genotype effect (P < 0.0001) was detected for total estradiol-17β. Bars without 

a common superscript represent a statistical difference.  
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Figure 3.24: Fold change of endometrial gene expression of PTGES3. PTGS2+/+ 

(black bar) and PTGS2-/- (grey bar) fold change in gene expression is relative to 

the average ΔCT of day 35 PTGS2+/+. Fold change of PTGES3 (genotype P = 

0.04). 
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Figure 3.25: Immunolocalization of PTGS2 in day 35 (A) PTGS2+/+ and (B) 

PTGS2-/- placental-uterine tissues. Immunofluorescence was performed on 

placental-uterine tissues to localize PTGS2 with a polyclonal PTGS2 primary 

antibody. Localization of PTGS2 in GE is denoted with arrow heads and 

localization of the chorion is denoted with arrows. Inset image is PTGS2+/+ 

placental-uterine section incubated without the primary antibody.
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3.4 Discussion 

Events in early pig pregnancy require timely and close communication 

between the developing conceptus and the maternal uterine environment. In 

order for pregnancy to be successful in domestic species, the early conceptus 

must expand across the uterine surface, prevent PGF2⍺ from regressing the CL, 

attach to the luminal epithelium, and establish surface area and blood flow from 

maternal vasculature to the developing placenta. Previous research has 

established that pig conceptuses produce many factors such as IL1B2, 

estrogens, and PG’s during the period of rapid elongation and maternal 

recognition in the pig. Conceptus synthesis of IL1B2 is essential for inducing 

rapid cellular remodeling for trophoblast expansion on day 12 of pregnancy 

(Whyte et al., 2018). Conceptus elongation across the uterine surface is 

important as the pig has a non-invasive placental development and therefore 

relies on close cell to cell contact between the trophectoderm and the luminal 

epithelium to establish a pathway for nutrient and blood flow to the developing 

fetus. IL1B, the proinflammatory cytokine belonging to the interleukin superfamily 

has been shown to upregulate expression of PLA2, PTGS1, and PTGS2. 

Phospholipase A2 is responsible for increasing cell fluidity to liberate arachidonic 

acid from the phospholipid bilayer. The increased free arachidonic acid is then 

converted by PTGS1 and PTGS2 into further downstream prostaglandins. 

Coincident with the increased expression of IL1B2, conceptus E2 

production increases in biphasic peaks on days 11-12 and days 15-30 (Zavy et 

al., 1980; Geisert et al., 1982b). Studies proved that E2 was capable of 
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sequestering PG from the uterine vasculature and into the uterine lumen to 

prevent regression of the CL (Bazer et al., 1977). The increased production of 

estradiol and the resulting ‘exocrine/endocrine’ action was proposed to be the 

maternal recognition signal in the pig. However, a recent gene editing study 

determined that conceptus aromatase (CYP19A1) and estrogen production is not 

essential for embryonic development, early maintenance of the CL, and 

establishment of the extraembryonic membranes (Meyer et al., 2019). Although 

the CYP19A1-/- conceptuses aborted by day 30 of pregnancy, these data indicate 

that estradiol is not the only conceptus derived factor involved in the extension of 

luteal function in the pig. Previous research has demonstrated that conceptus 

PGE2 can maintain CL progesterone production, therefore suggesting that PGE2 

has a direct luteoprotective role (Henderson et al., 1977; Ford and Christenson, 

1991). While utilization of prostaglandin inhibitors prevented conceptus 

elongation in the sheep (Dorniak et al., 2011) and maintenance of the CL during 

early pregnancy in the pig (Kraeling et al., 1985), the inhibitors cannot separate 

the maternal and conceptus effects. 

The CRISPR/Cas9 gene editing system successfully ablated pig PTGS2 

gene and protein expression preventing the synthesis of prostaglandins through 

this pathway. Pig conceptuses do produce PTGS1, but expression is not 

detected until after the initiation of trophoblast attachment on day 13 (Waclawik 

et al., 2007). Therefore, disrupting conceptus PTGS2 expression allowed for a 

greater understanding for the function of the inducible form of prostaglandin 

synthase during the period of elongation and maternal recognition in the pig.  
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PTGS2 has been shown to be expressed in blastocysts across many 

species (Marshburn et al., 1990; Gurevich et al., 1994; Van-der-Weiden et 

al.,1996; Chakraborty et al., 1996; Charpigny et al., 1997) including pigs (Wilson 

et al., 2002). Prostaglandins have been shown to reactivate mouse blastocysts 

during delayed implantation (Paria et al., 1998) while hamsters require PTGS2 

for blastocyst hatching from the zona pellucida (Roy and Sheshagiri, 2013). Pig 

PTGS2-/- blastocysts were incapable of synthesizing prostaglandins but 

underwent normal development and hatching indicating that PTGS2 expression 

and prostaglandin production is not essential for early embryo development.  

Conceptus migration and spacing throughout the uterine horns is important in 

establishment of pregnancy in the pig (Dziuk et al., 1964). Establishment of early 

pregnancy in the mare also requires that the conceptus continually migrates 

between the uterine horns to block the release of PGF2a (McDowell et al., 1985). 

The equine conceptus synthesizes PGE2 to not only induce blastocyst movement 

from the oviduct into the tip of the uterine horn, but PGE2 assists in stimulating 

myometrial contractions to move the conceptus around the uterus to maintain CL 

function (Weber et al., 1991a; Weber et al., 1991b; Weber et al., 1995; Stout and 

Allen, 2001). Pope et al. (1982) demonstrated that both estradiol and histamine 

assisted with efficient embryonic migration throughout the uterine horns in the 

pig. Interestingly, histamine has been shown to increase production of 

endometrial PGE2 in the rat uterus (Viggiano et al., 1988).  

As PTGS2-/- conceptuses were not only capable of developing to 

blastocysts and undergoing hatching, but successfully migrated and elongated 
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throughout both uterine horns. It is possible that endometrial PG’s could 

stimulate conceptus migration and elongation. However, our data is consistent 

with indomethacin inhibition of total uterine and conceptus PG synthesis which 

did not affect conceptus migration or elongation on day 12 of pregnancy (Geisert 

et al., 1986). These results indicate that conceptus and endometrial 

prostaglandin production does not have an essential function at this early stage 

of pregnancy in the pig. Since conceptus elongation was not affected or stunted 

in PTGS2-/- conceptuses, it was expected that there would be no genotype 

difference for IL1B2 mRNA expression or production on day 12 of pregnancy. 

Neither IL1B2 mRNA nor protein expression was altered in PTGS2-/- 

conceptuses.  

Despite the decrease in PG synthesis, PTGS2-/- conceptuses were not 

only capable of elongating and maintaining CL function but establishing 

maintaining pregnancy to day 35 of gestation. A recent study by Meyer et al. 

(2019) altered the theory that conceptus estrogen production was the major early 

maternal recognition signal in the pig. Although CYP19A1-/- conceptuses were 

successful in maintaining CL function beyond 24 days of pregnancy, CYP19A1-/- 

conceptus pregnancies were lost by day 35 of pregnancy. Several studies have 

proposed that PGE2 plays an important role as a maternal recognition signal in 

the pig. Plasma concentration of PGE2 in the utero-ovarian vein is significantly 

greater than cyclic gilts during the period of maternal recognition of pregnancy 

(Christenson et al., 1994). Individual CL implanted with PGE2 but not E2, are 

protected the effects of PGF2⍺ demonstrating a direct luteoprotective effect at the 
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CL (Ford and Christenson, 1991). PGE2 can be directly at the CL due to the 

increase PGE2/PGF2⍺ ratio which is produced by the conceptuses and 

endometrium. The conceptus produces about twice as much PGE2 as PGF2⍺ to 

successfully protect luteal cells from regression (Gregoraszczuk and Michas, 

1999). Thus, conceptus PGE synthesis could protect CL until day 24 in the 

absence of conceptus estrogen synthesis in the study of Meyer et al. (2019). 

Despite the inhibition or decrease of PTGS2-/- conceptus PGE synthesis, there 

were no effects on CL maintenance and establishment of pregnancy in the 

present study. Therefore, conceptus production of estradiol-17β could possibly 

compensate for the lack of PTGS2 derived prostaglandins as estrogens have 

been proven to increase endometrial PTGS2 expression and production of PGE2 

(Waclawik et al., 2009b). 

Although PTGS2-/- conceptus PG production was significantly decreased 

on day 14 and 17 or pregnancy, the content of PGs in ULF was not affected. The 

ULF content of PG was expectedly similar across genotypes as the maternal 

endometrium is contributing the major amount of prostaglandin released into the 

uterine lumen. There was also a day effect in prostaglandin production, as 

uterine luminal content of prostaglandins greatly increased from day 14 to 17, 

further indicating that prostaglandins are redirected into the uterine lumen to 

prevent luteolysis. Analysis of ULF from uteri containing CYP19A1+/+ or 

CYP19A1-/- conceptuses revealed that the content of PGE2 was different among 

the conceptus genotypes. ULF containing CYP19A1+/+ conceptuses contained 

greater concentrations of PGE2 than PGF2⍺, maintaining the 2:1 PGE2/PGF2⍺
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ratio which is consistent with previous research (Geisert et al., 1982b; Waclawik 

et al., 2009a).  

To determine if PTGS2-/- conceptuses then had an effect on E2 production, 

content of estradiol-17β was measured in the ULF of pigs gestating either 

PTGS2-/- or PTGS2+/+ conceptuses. While there was no difference in conceptus 

CYP19A1 expression, there was an unexpected decrease in estradiol-17β 

content in the ULF containing PTGS2-/- conceptuses on day 17. Previous 

literature regarding prostaglandin inhibition during early pregnancy indicated no 

difference in ULF estradiol content compared to vehicle treated controls on day 

12 (Geisert et al., 1986). The cause of the decreased estradiol in the ULF but not 

CYP19A1 expression of PTGS2-/- conceptuses is not known. Interestingly, the 

allantoic fluid concentrations of estradiol-17β on day 35 were significantly 

increased in the placentae of PTGS2-/- compared to PTGS2+/+. While this is an 

interesting result, we cannot say that an increase in allantoic estradiol-17b 

content is the result of the ablation of the PTGS2 expression or an effect that 

occurs in all cloned pig embryos since normal wild-type bred PTGS2+/+ embryos 

were used as controls on day 35. Cloned embryos are typically developmentally 

delayed by about 2 days in comparison to normal wild-type bred embryos (Whyte 

et al., 2018). However, in future cloned PTGS2+/+ fetuses need be evaluated to 

determine if this is the result of a clone effect or PTGS2 gene edit.  

In the present study not only were endometrial prostaglandins available to 

stimulate the conceptuses, but the PTGS2-/- conceptuses are capable of 

synthesizing prostaglandins after day 13 when PTGS1 is expressed (Waklawik
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and Ziecik, 2007). In vitro production of prostaglandins by day 14 PTGS2-/- 

conceptuses was significantly decreased compared to PTGS2+/+ conceptus 

tissue, which confirms that not only had conceptus PTGS2 activity been 

successfully inhibited but PTGS1 expression was not initiated at this time. 

However, in vitro day 17 PTGS2-/- conceptus prostaglandin production was still 

lower compared to PTGS2+/+ conceptuses when PTGS1 expression increased 

~10 to 60-fold from day 14 to 17. Despite the inhibition of PTGS2 derived 

prostaglandins, establishment of extra-embryonic membranes, growth of internal 

organs, and the initiation of placental development was not affected in day 17 

PTGS2-/- conceptuses.  

Endometrial gene expression was analyzed to determine if the developing 

PTGS2-/- conceptuses altered endometrial production of factors that may be 

assisting in the establishment and maintenance of pregnancy in the pig. 

Endometrial gene expression in pregnant gilts on days 14 and 17 showed no 

differential expression among genotypes and days in the genes evaluated. 

However, PTGES3 expression was increased in endometrium containing 

PTGS2-/- conceptuses. This possibly indicates that endometrial PTGES3 is 

attempting to produce more PGE2 in the absence of conceptus PGE2, potentially 

being stimulated by conceptus E2. As discussed earlier, PGE2 has proven to play 

an important role in early pregnancy across many species as it can assist with 

early embryonic development and maintenance of the CL. Due to the diminished 

levels of PTGS2 derived PGE2, it is possible that PGE2 from the endometrium 

was stimulated by conceptus estrogen to increase PTGES3 expression.  
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Previous studies have shown that inhibition of both embryonic PTGS1 and 

PTGS2 in mice did not affect conceptus development and demonstrated the 

successful fetal development to parturition. While conceptus prostaglandin 

production was prevented, prostaglandins from the maternal endometrium were 

proposed to play a role in the success of the maintenance of pregnancy in the 

mouse (Reese et al., 2000). Similar to inhibition of PTGS studies in domestic 

animals, inhibition of endometrial PTGS1 and PTGS2 derived prostaglandins in 

PTGS1-/- and PTGS2-/- mice result in implantation failure, smaller placental 

development or infertility (Langenbach et al., 1995; Dinchuk et al., 1995; Morham 

et al., 1995; Lim et al., 1997). These data indicate that endometrial prostaglandin 

production is essential for establishment of pregnancy and is capable of 

compensating for the absence of embryonic prostaglandins.  

Earlier research has suggested that conceptus PGE2 may have an effect on the 

immune system as a protective measure for the developing semi-allograft 

embryo (Kennedy et al., 1986; Parhar et al., 1989; Hamilton and Kennedy, 1994; 

Yang et al., 1997). Interestingly, IFND and IFNG expression were upregulated in 

day 14 and 17 PTGS2-/- conceptuses. It is possible that the inhibition of PTGS2 

and lower production of PG’s locally by the conceptus and chorioallantois on day 

15 may induce an increased immune response which stimulates IFND and IFNG 

expression.  

To determine if PTGS2-/- conceptuses could develop proper 

vascularization and placental formation, pregnancies were allowed to continue 

pregnancy to day 35. Although PTGS2 expression is absent from the placenta of 
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PTGS2-/- embryos and there is a significant decrease in the concentration of total 

prostaglandins in the allantoic fluid, pregnancy was maintained and appear to 

have normal placental development.  

This present study establishes that porcine conceptus PTGS2 derived 

prostaglandin production is not essential for early embryonic development, 

conceptus elongation, maternal recognition of pregnancy, attachment to the 

maternal epithelium, placentation, and maintenance of pregnancy to day 35. 

However, the interaction between PGE2 and E2 in both the CYP19A1-/- (Meyer et 

al. 2019) and our PTGS2-/- conceptus model indicate that both PGE2 and E2 can 

serve as maternal recognition signals, which in the absence of the other can 

establish pregnancy beyond 17 days. However, conceptus production of 

estrogen is essential for successful maintenance of pregnancy beyond day 30 as 

both conceptus and endometrial PGs are not successful in compensating for lost 

estrogen production at this time.
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