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Timing of conceptus growth and attachment to the uterine luminal
epithelium is regulated by progesterone secretion from the corpus luteum
and by expression of progesterone receptor in the uterine epithelia and
stroma. Conceptus growth and uterine attachment are temporally
associated with the disappearance of progesterone receptors from uterine
epithelia. While the loss of progesterone receptor from the endometrial
epithelia on day 10 of the oestrous cycle and pregnancy has been well
documented, the factors involved with cell specific down-regulation of
progesterone receptor are yet to be established. We propose that several
progesterone stimulated factors activate nuclear factor kappa B (NF-kB)
within the uterine epithelia, which leads to inhibition of progesterone
receptor and concomitant stimulation of endometrial genes expressed
during early conceptus development. Although oestrogens secreted by
pig conceptuses function to establish pregnancy, timing of endometrial
exposure to oestrogen is critical. Early oestrogen administration alters
the pattern of gene expression through the NF-kB system desynchronising
the uterine environment for conceptus implantation resulting in later
embryonic loss.

Intreduction

The fundamental mechanisms for the regulation of the oestrous cycle and establishment of
pregnancy in the pig are well established. For years we have known that following ovulation
of the ovarian Graafian follicles during oestrus, synthesis and release of progesterone from
developing corpora lutea {CL) is the principal driver of endometrial secretion and receptivity
for early conceptus development and implantation (see review Geisert and Yelich, 1997). In
the absence of conceptuses, progesterone stimulates synthesis and pulsatile release of endome-
trial derived prostaglandin F, (PGF, ) into the uterine vasculature after day 12 of the oestrous
cycle to induce CL regression on days 15-16 and a return to oestrus between days 18-21 in the
sow. During pregnancy, CL are maintained in the sow following rapid elengation of the devel-
oping conceptuses throughout the uterine horns on day 12 {Geisert et al. 1982). Conceptus
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secretion of the “maternal recognition of pregnancy signal”, oestrogen, redirects endometrial
PGF,, secretion into the uterine lumen where it is sequestered and metaholised to prevent
luteolysis {see review Bazer et al., 1982).

In the pig endometrium, a clear spatiotemporal association exists between the redirection of
PGF,_release, decline in progesterone receptor (PR} from the luminal {LE) and glandular (GE}
epithelium, and receptivity for conceptus implantation. Down-regulation of PR in endometrial
epithelia is a conserved event among mammals that is associated with opening of the implan-
tation window in the mouse (Tan et al., 1999), pig (Geisert et al., 1994), sheep (Spencer and
Bazer, 1995), and human (Lessey et al., 1988). Although down-regulation of PR within LE and
GE has been well documented, cellular and molecular mechanisms responsible for specific loss
of PR from uterine epithelia are relatively unknown. Unlocking the pathway controlling uter-
ine epithelial PR expression would provide a significant insight into the mechanisms regulating
the oestrous cycle and implantation in the pig. Possible clues to the compartmental regulation
of endometrial PR down-regulation have begun to emerge with recent reports of a mutual
negative interaction between the transcription factor, nuclear factor kappa B (NF-xB) and PR
(Kalkhoven et al., 1996; McKay and Cidlowski, 1998). Loss of PR in the endometrial epithelia
is correlated with increased activation of components of the NF-kB signalling pathway (Kalkhoven
et al., 1996; King et al., 2001; Page et al., 2002), which functions to activate transcription of
many genes involved with inflammatory type reactions and release of cytokines associated
with establishment of pregnancy in the pig.

Secretion of interleukin-18 and oestrogen by the developing porcine conceptuses may func-
tion to regulate NF-xB during the establishment of pregnancy in the pig. However, although
oestrogen plays a major function in preventing luteolysis and inducing uterine secretions nec-
essary for changes in conceptus morphology for implantation in pigs, the inappropriate timing
of uterine exposure to oestrogen {i.e., delivered prior to the normal time of conceptus secretion
on day 11 to 12 of gestation) has a detrimental effect on conceptus survival (Pope et al., 1986;
Morgan et al., 1987). Premature exposure of the endometrium to oestrogen disrupts the normal
expression pattern of uterine and/or conceptus genes during trophoblast attachment,
desynchronising the carefully orchestrated temporal and spatial interaction of the uterine envi-
ronment and conceptuses resulting in early embryonic death. Oestrogen is a major player in
controlling NF-kB activation (Kalaitzidis and Gilmore, 2005) and therefore serves to modulate
cytokine release to prevent outbreak of a disease state if NF-kB activation is not held in check
(Ali and Mann, 2004). It is reasonable to propose that oestrogen serves to modulate unchecked
NF-kB activation and therefore prevent inappropriate downstream cytokine release that would
lead to an inflammatory “disease” state during implantation.

Role of progesterone in regulation of oestrous cycle and early pregnancy

Development of a uterine environment that is synchronous with the developing conceptuses is
paramount to embryo survival and establishment of pregnancy. Spatiotemporal changes in the
uterine luminal environment are controlled by the rapid and sustained increase in plasma proges-
terone following ovulation in pigs. The role of progesterone in regulating length of the oestrous
cycle was demonstrated through its ability to shorten the length of the oestrous cycle following
progesterone supplementation shortly after ovulation in cattle (Garrett et al., 1988b) and sheep
{Ottobre et al., 1980). In contrast, administration of the antiprogestin, mifepristone, on days 3to 5
of the sheep oestrous cycle lengthens the oestrous cycle {(Morgan et al., 1993). During pregnancy,
administration of progesterone prior to the postovulatory period of CL development accelerates
conceptus development in cattle (Garrett et al., 1988a) and sheep (Lawson and Cahill, 1983).
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Treatment of gilts with progesterone on days 2 and 3 of pregnancy can advance both uterine
secretions and conceptus development (Vallet et al., 1998; Vallet and Christenson, 2004), while
treatment with mifepristone slows conceptus development (Vallet and Christenson, 2004). Alter-
ation in length of the oestrous cycle and acceleration of conceptus development during pregnancy
following progesterone administration is not as dynamic in the gilt as in the ewe and cow. The
more pronounced change in cattle and sheep accurs because concentrations of progesterone in
plasma do not increase significantly until days 4 to 5 of the oestrous cycle compared with the rapid
increase within 24-36 h after ovulation in pigs.

Cell-specific expression of progesterone receplors in the uterus

Progesterone’s role in timing both luteolysis during the oestrous cycle and conceptus expansion
and implantation during early pregnancy is associated with cell-specific changes in expression of
endometrial PR. Sustained stimulation of the uterus by progesterone over 7 to 8 days causes a loss
of PR from LE and GE. The ability of progesterone to down-regulate its own receptor within the
uterine epithelia is the foundation of the classical McCracken model for luteolysis in sheep
(McCracken et al., 1984). There is a clear relationship between loss of PR in LE and GE with luteal
regression in cyclic gilts and the onset of rapid conceptus development in pregnant animals.
Expression of PR in endometrial LE and GE is down-regulated by day 10 of the cestrous cycle and
pregnancy, whereas expression of PR is maintained in stromal cells and myometrium throughout
pregnancy {Geisert et al,, 1994). Removal of PR from endometrial LE and GE is associated with
loss of the large mucin, MUC-1, from the LE apical surface expaosing integrins for trophoblast
attachment (Bowen et al., 1996). This is also the period when the endometrium releases many
cytokines and growth factors to support early development and trophoblast expansion of pig con-
ceptuses on day 12 of pregnancy (see Geisert and Yelich, 1997). Although loss of PR from the
uterine epithelium is well established, the mechanism responsible for inhibiting epithelial PR
expression during the mid luteal phase (day 10) of the oestrous cycle and early pregnancy is not
known. Itis clear that down-egulation of epithelial PR precedes the dramatic changes in endome-
trial secretion and rapid trophoblast expansion and oestrogen secretion by the porcine conceptuses
on days 11 to 12 of pregnancy (Geisert and Yelich, 1997).

The processes of implantation in mammals mirror an acute phase inflammatory response as
components of the kallikrein-kininogen-kinin system are expressed during implantation in the
mouse (Figueroa et al., 2001). There is also pregnancy-specific activation of the kallikrein-kinino-
gen-kinin system in the pig uterus (Vonnahme et al., 1999), including expression of the bradykinin
B, receptor gene in the pig endometrial LE and GE during the period of conceptus elongation and
implantation (Allen et al.,, 2002). Since kinins induce increased microvascular permeability and
vascular growth (Fabre et al., 1999), the kallikrein-kininogen-kinin system likely plays a major
role in uterine and placental angiogenesis essential for conceptus survival. A proteoglycan family
of acute phase proteins, inter-g-trypsin inhibitors (lal), form the LE extracellular matrix (ECM) in
the porcine endometrium {Geisert et al., 2003). We propose that the biological role of lo heavy
chains is to stabilise the ECM during trophoblast attachment to endometrial LE and release of the
serine protease inhibitor, bikunin, which serves as an additional protease inhibitor to prevent
conceptus invasion (see Geisert et al., 2004). It is evident that many factors involved with inflam-
matory type reactions are present during establishment of pregnancy in the pig, which may be
triggered through activation of the NF-xB system.

Uterine NF-xB activation

The NF-«kB family of transcription factors regulates tissue immune function, as well as inflam-
matory and acute phase responses (McKay and Cidlowski, 1998). NF-kB activation targets a
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variety of genes, including those for cell adhesion molecules, cytokines, growth factors and
immunoreceptors. NF-xB normally exists as a cytoplasmic heterodimer composed of various Rel
family proteins (Ghosh et af., 1998). The heterodimer of p50 and p65 is the most abundant form of
NF-xB in eukaryotes. NF-xB is sequestered in an inactive form within the cytoplasm through
binding by inhibitors of NF-kB, IkBs {Ali and Mann, 2004). NF-x8 is regulated through receptor
activation by variety of stimuli such as bacterial endotoxin lipopolysaccharide, oxidative stress,
radiation exposure, and specific cytokines, particularly, interleukin-18 (IL-18) and tumour necrosis
factor-c (TNFo). IL-1R and TNFa receptor activation stimulates the classical pathway for phospho-
rylation of two serines in [xB by IkB kinase composed of two catalytic units, IKKot and IKKB and the
regulatory subunit IKKy. Phosphorylation of 1xB results in its release from the NF-kB complex and
degradation by polyubiquitination in the 265 proteasome (Ghosh et al., 1998). Release of IxB
allows nuclear translocation of NF-kB (p65:p50) for binding to specific kB-sites in the promoter
region of target genes to activate transcription. Activation of nuclear xB sites also stimulates 1xB to
bind NF-kB and translocate as an inactive complex back to the cytoplasm {negative feedback
loop). Endometrial gene expression for p65 and p50 increases between days 5 to 12 in the pig
(.W. Ross and R.D. Geisert, unpublished). Genes containing kB sites that are transcriptionally
regulated by NF-xB include many cytokines (TNFa, IL-1, IL-2, IL-6, IL-12, LIF and GM-CSF),
chemokines {IL-8 and RANTES), and enzymes such as cyclooxgenase-2 (COX-2) (Ali and Mann,
2004). Steroid hormone regulation of uterine receptivity for implantation is modulated through
activation of a cascade of events involving many of the NF-xB regulated adhesion factors, growth
factors and cytokines (see Carson et al., 2000; Spencer et al., 2004).

A role for NF-kB activation in regulating uterine function during the oestrous cycle and early
pregnancy is emerging in a number of species. Endometrial NF-xB activation is proposed to be
involved with implantation in the human {King et al. 2001; Page et al., 2002} and mouse (Nakamura
et al., 2004). Endometrial expression of NF-kB proteins is compartmentalised to GE of women
(Laird et al., 2000; King et al., 2001) and mice {(Nakamura et al., 2004). The porcine endometrium
secretes a number of NF-kB regulated cytokines (11-6 and LIF) and growth factors such as keratinocyte
growth factor (KGF) during the period of rapid conceptus development between days 12 and 15 of
pregnancy (see Geisert and Yelich, 1997). There is an 80-fold increase in endometrial COX-2
gene expression from day 5 to day 12 of the oestrous cycle and pregnancy (M.D. Ashworth and
R.D. Geisert, unpublished). The increase in endometrial COX-2 gene expression between days
10 and 15 of the oestrous cycle and pregnancy is restricted to uterine LE and GE (Fig. 1) directly
after loss of epithelial PR expression (Geisert et al.,, 1994). The presence of NF-xB in uterine
epithelia and the increase in COX-2, the inducible form of cyclooxgenase, in LE and GE indicates
arole for NF-kB transcription factors in regulation of uterine functions during the oestrous cycle and
pregnancy.

The importance of endometrial NF-xB activation in the establishment of pregnancy is further
indicated by conceptus synthesis of a cytokine activator of NF-kB, IL-18 (Tuo et al., 1996; Ross et
al., 2003). IL-1R could serve an important function in regulating cross-talk between porcine con-
ceptuses and the endometrium. Our faboratory has established that IL-18 is temporally associated
with both rapid conceptus elongation and an increase in endometrial IL-1 receptor type | and 1L-1
receptor-accessory protein gene expression {(Ross et al., 2003). Interestingly, IL-1 receptor type |
and 1l are both molecular markers for uterine receptivity in mice (Reese et al., 2001). Expression
of IL-1B increases prior to initiation of blastocyst implantation in the mouse (Takacs and Kauma,
1996), and it may be an initiator of conceptus-uterine interaction during pregnancy in women
(Lindhard et al., 2002). The transient expression of conceptus IL-16 also suggests an autocrine
function to induce the rapid morphological transformation of pig conceptuses from spherical to
filamentous forms on day 12 of pregnancy (Geisert et al., 1982). Indeed, porcine conceptus IL-16
gene expression and release of IL-18 protein into the uterine lumen is temporally and spatially
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