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The complexity of implantation necessitates intimate dialogue between
conceptus and maternal cells, and precise coordination of maternal and
conceptus signalling events. Maternal and conceptus-derived steroid
hormones, growth factors and cytokines, as well as integrins and their
ligands, have important and inter-related roles in mediating adhesion
between apical aspects of conceptus trophectoderm and maternal uterine
luminal epithelium that leads to formation of an epitheliochorial placenta.
Integrin receptors appear to play fundamental roles in the implantation
cascade and may interact with extracellular matrix molecules and other
ligands to transduce cellular signals through autocrine and 'paracrine
mechanisms. Functional in vitro analyses can be used to monitor individual
contributions of specific integrin receptors and ligands to the signalling
cascades of the maternal—conceptus interface. Integrative studies of
implantation in pigs, using in vivo and in vitro approaches, are required to
understand conceptus attachment and implantation in this species, and
provide valuable opportunities to understand the fundamental mechanisms
of implantation in all species.

Introduction

The period of conceptus attachment and implantation in pigs, as in other species, is a critical
time for embryonic survival. In pigs, marked morphological and functional changes occur in
the peri-implantation blastocyst, including a change in shape from a relatively small (< 10 mm
in diameter) sphere to a filamentous form that may exceed 100 mm in length in < 1 day.
Coincident with and after this transformation, pig conceptuses produce a variety of secretory
products, including oestrogens, interferons, proteases, growth factors and cytokines.
Endometrial structure and function also change markedly and include alterations in
expression of integral membrane glycoproteins as well as numerous secretory products such
as protease inhibitors, growth factors and cytokines (for reviews see Burghardt et al., 1997;
Geisert and Yelich, 1997). Both maternal and conceptus factors play important roles in

Email:ljaeger@cvm.tarnu.edu

*Present address: Department of Animal and Veterinary Science, Agricultural Sciences Building, University of

Idaho, Moscow, ID 83844-2330, USA

02001 Society for Reproduction and Fertility



192 L. A. Jaegeret al.

maternal recognition of pregnancy and mediation of adhesion between the apical aspects of
the apposing conceptus trophectoderm and maternal uterine luminal epithelium that lead to
formation of an epitheliochorial placenta. The complexity of implantation necessitates
intimate dialogue between conceptus and maternal cells, and precise coordination of
maternal and conceptus signalling events.

Although the exact nature of the adhesive mechanisms responsible for successful
implantation in pigs is not known, much evidence has been obtained that implicates
interactions between integrins and extracellular matrix molecules as critical players in
mammalian reproduction, particularly implantation. Which integrin—ligand combinations are
required for successful implantation and maintenance of pregnancy in pigs, and the precise
cellular signals they evoke to control these events, are still largely unknown. Similarly,
regulation of expression of integrins and their ligands is incompletely understood, although
considerable evidence points toward integrated control by steroid hormones and growth
factors.

This review will focus on recent advancements in our understanding of the molecules
involved in functional signalling interactions at the pre- and peri-implantation
uterine—conceptus interface in pigs. In addition to examining current knowledge in pigs,
signalling interactions in other species, which may provide insight into the mechanisms
involved in successful implantation in pigs, will also be considered. Particular emphasis will
be placed on interactions among molecules implicated directly in mediating peri-
implantation differentiation and adhesion, and on analyses of their mechanistic functions, as
determined using in vitro experimental models. Proteases, their inhibitors and products of
protease activity are important factors in implantation, but will not be discussed in detail. The
discussion will first explore interactions among soluble factors, such as steroid hormones,
cytokines and growth factors, and their possible roles in controlling peri-implantation growth
and differentiation at the pig uterine—conceptus interface. Specific growth factors will be
discussed in the context of receptor-mediating actions, those associated with binding proteins
and those that may transduce signals through integrin receptors. Finally, integrins,
extracellular matrix proteins and other potential integrin ligands at the uterine—conceptus
interface are discussed in the context of functional signals transmitted through these
molecules, and in model systems for evaluating their role in the implantation cascade.

Steroid hormones and their receptors

Implantation in pigs entails adhesion between conceptus trophectoderm and maternal
endometrial luminal epithelium, leading to formation of an epitheliochorial placenta.
Although the absence of invasion in this placentation strategy implies that luminal epithelium
and glandular secretions are important in accomplishing successful implantation, modulation
of the process by steroid hormones may be direct, via epithelial—stromal interactions or both,
as described for other tissues (for review see Cooke et at, 1998). In particular, expression of
receptors for progesterone, a steroid hormone that is a prerequisite for maintenance of
pregnancy, decreases markedly in the luminal and glandular endometrial epithelium after day
5 of the oestrous cycle or pregnancy. Progesterone receptors are undetectable in luminal
epithelium on days 12-18 of pregnancy, yet remain in the underlying stroma and
myometrium (for review see Okulicz et at, 1998). Thus, stromal-derived factors, expressed
under the influence of progesterone (progestomedins), may exert paracrine effects on the
luminal and glandular epithelia to achieve differentiation necessary for implantation.

Between day 11 and day 12 of gestation, preimplantation pig conceptuses produce
oestrogens, which are believed to comprise a critical component of the signalling mechanism
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for maternal recognition of pregnancy in pigs. A second peri-implantation phase of oestrogen

production occurs between day 15 and day 30 of pregnancy (for review see Bazer et at,

1998). Oestrogen receptor mRNA and protein are present in pig endometrium during early

pregnancy (for review see Okulicz et at, 1998) and mRNA content appears to correlate

significantly with immunoreactive oestrogen receptor protein content (Persson et at, 1997).

As oestrogen receptor a is present in epithelia of the pregnant uterus from day 5 to day 15 of

pregnancy (for review see Okulicz et al., 1998), conceptus-derived oestrogens could exert

effects on endometrial function by direct interactions with epithelial oestrogen receptors.

Although stromal oestrogen receptors were not detectable between day 15 and day 18 of

pregnancy, the presence of oestrogen receptors in stromal cells underlying the luminal

epithelium on days 10-12 of pregnancy indicates that oestrogens may have paracrine effects

on preimplantation endometrial epithelium through stromal-derived factors produced in

response to oestrogens (oestromedins).
Recently, progesterone receptors and oestrogen receptors a and pwere identified in pig

conceptuses, raising the possibility of paracrine and autocrine steroid hormone-induced

effects on the conceptus during the peri-implantation phase of pregnancy.

Progesterone receptor mRNA and protein were not detectable in early (day 6) pig

blastocysts Wing et al., 2000a); however, expression of progesterone receptor was detected in

filamentous conceptuses by RT-PCR (Dekaney et al, 1998; Kowalski et at, 2000).

Progesterone receptor protein was localized immunohistochemically in embryonic and

extraembryonic cells of conceptuses from day 10 to day 14 of gestation (Dekaney et at,

1998).
Oestrogen receptor a mRNA was detected by RT-PCR in pig blastocysts on day 6 of

gestation; however, the corresponding protein was not detectable by immunohistochemistry

Wing et at, 2000b). In peri-implantation conceptuses from day 12 to day 14 of gestation,

oestrogen receptor a expression was also detected by RT-PCR (Dekaney et at, 1998;

Kowalski et at, 2000). Studies using immunohistochemical techniques have detected

oestrogen receptor a protein in pig conceptus trophectoderm on days 10-12 of gestation

(Dekaney et al., 1998) and oestrogen receptor a protein has also been identified in embryonic

disk and extraembryonic cells between day 10 and day 14 (L. A. Jaeger and N. Ft Ing,

unpublished). Presence of oestrogen receptor p in day 12 conceptuses has been detected via

RT-PCR and western blot analysis (Kowalski et al., 2000). The functions of conceptus steroid

hormone receptors remain to be determined.

Growth factors and cytokines

Numerous growth factors and cytokines have been described in pig uterus and conceptus and

implicated in control of the events surrounding implantation and early pregnancy (for review

see Geisert and Yelich, 1997). Here, we will address recent results on expression and effects

of growth factors, cytokines and their receptors at the pig uterine-conceptus interface, with

particular emphasis on those with potential autocrine and paracrine effects on adhesive

interactions between endometrium and conceptuses during early pregnancy.

Interferons are antiviral cytokines which, in domestic species, are of interest as possible

mediators of pregnancy recognition and establishment of pregnancy. Tau interferons (IFN-T)

are members of a unique subclass of the type I IFN family that are produced by the conceptus

trophectoderm to signal pregnancy recognition in ruminants. In sheep, IFN-T prevents

luteolysis by suppressing transcription of oestrogen receptor a and oxytocin receptor genes in

the endometrial luminal epithelium and superficial glandular epithelium to impede the

pulsatile release of PGF2c,(for review see Bazer etal., 1998).
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Peri-implantation pig conceptuses produce type I and type II interferons between day 12
and day 18 of pregnancy (for review see Bazer et al., 1998); however, their physiological role
is not clear. The major species is a member of the type II IFN family (IFN-y) and the other
component with antiviral activity is a novel type I IFN, IFN-8 (Lefevre et al., 1998a), which is
co-expressed with IFN-y in the trophectoderm. Type I and Il interferons in pigs do not appear
to be anti-luteolytic during early pregnancy, because neither intrauterine infusion of
conceptus secretory proteins collected on day 15 of pregnancy nor a mixture of recombinant
IFN-y and IFN-8 extends the pig inter-oestrous interval (Harney and Bazer, 1989; Lefevre et
at, 1998b). Paracrine effects for IEN-8 on the uterus are suggested by localization of type I IFN
receptors on endometrial epithelial cells, but not on trophoblast (see Lefevre et al., 1998a).
Chwetzoff and D'Andréa (1997) reported increased mRNA for 132-microglobulin and
Finkel-Biskis-Reilly murine sarcoma virus-associated ubiquitously secreted protein (FAU) in
pig uterine luminal epithelial cells treated with a combination of IFN-y and IEN-S. A gene
encoding the porcine UbA52 ubiquitin also increased in response to IFN treatment (Chwetzoff
and D'Andrea, 1997) and is reminiscent of IFN induction of ISG17/UCRP, a functional
homologue of ubiquitin, in ovine and bovine uterus (Hansen et al, 1997; Johnson et at,
1999a). The physiological significance of interferons during pregnancy in pigs, as well as the
specific signalling pathways activated in pig endometrium, is unknown.

Heparin-binding growth factors

A growing number of growth factors and cytokines has been identified on the basis of their
ability to bind to immobilized heparin. In vivo, heparin-binding growth factors bind to
heparan sulphate chains, such as components of heparan sulphate proteoglycans. Hence,
these growth factors can be stored or sequestered in basement membranes and extracellular
matrix compartments (for review see Vlodavsky et at, 1996). As the actions of this
heterogeneous group of growth factors can be altered by their interaction with extracellular
matrix and regulated by release from the matrix, they are possible candidates to influence the
dynamic events of implantation.

Fibroblast growth factors (FGFs) comprise a large family of growth factors with effects on
cell proliferation, migration, angiogenesis, embryonic development and cellular
differentiation in a variety of tissues. One of the earliest identified members, FGF-2, also
known as basic FGF, has been identified in embryonic and uterine tissues of numerous
species (for review see Rider and Piva, 1998). Brigstock et al. (1989) reported the presence of
heparin-binding growth factors in pig uterine luminal flushings. Subsequently, several
heparin-binding growth factors were purified from pig uteri, one of which was FGF-2, and
another which displayed immunological crossreactivity with antiserum to FGF-1 (Brigstock et
at, 1990). FGF-2 mRNA has been identified in endometrial epithelium, stroma and
myometrium of gilts during the oestrous cycle and the first 30 days of pregnancy; however, no
changes in expression were detected during the oestrous cycle or pregnancy (Katsahambas
and Hearn, 1996). Gupta et al. (1997) reported increases in FGF-2 expression in luminal
epithelium and stroma between day 10 and day 14 of pregnancy. Expression of
immunoreactive FGF-1 in tissues from the same gilts was limited to stromal compartments of
the uterus. Immunoreactive FGF-2, but not FGF-1, was detected in pig conceptus
trophectoderm, endoderm and embryonic disk. Four distinct genes encode FGF receptors and
alternative splicing of FGF receptors leads to unique ligand binding specificity of each isoform
(Ornitz et at, 1996). Expression of most of these receptors at the pig maternal-conceptus
interface has not been reported. Recently, FGF receptor 211lb, which binds FGF-1 (Ornitz
et at, 1996), was localized in endometrial luminal epithelium of pigs (Ka et at, 2000, see



Ulerine-conceptus signalling in pigs 195

below), indicating that luminal epithelium may be a target for stromally-derived or
sequestered FGF-1 during the peri-implantation period. The roles of FGF-1 and FGF-2 during
early pregnancy in pigs have not been established.

FGF-7, also called keratinocyte growth factor (KGF), binds with high affinity to FGF
receptor 2111b,a transmembrane tyrosine kinase encoded by the hek gene. Activity of FGFs,
including FGF-7, is modulated further by interactions with heparan sulphate proteoglycans
(see Ornitz et at, 1996). FGF-7 is a paracrine mediator of epithelial cell proliferation and
expression of FGF receptor 2111bis restricted to epithelial cells (Finch et al., 1989; Rubin et al.,

1989). In primates, FGF-7 is expressed in uterine stromal cells in response to progesterone (for
review see Rider and Piva, 1998). Recently, Ka et al. (2000) cloned partial cDNAs encoding
FGF-7 and FGF receptor 21Ilb from pig endometrium and detected endometrial expression of
FGF-7 between day 9 and day 85 of pregnancy using slot blot hybridization. Endometrial
FGF-7 expression reached a maximum on day 12 of pregnancy, coinciding with the period of
oestradiol production by the conceptus and maternal recognition of pregnancy. Most
surprising was localization of the FGF-7 mRNA to endometrial luminal epithelium, not
stromal cells, during the pre- and peri-implantation phases and, later, to endometrial gland
epithelium. Western blot analysis confirmed the presence of FGF-7 in uterine luminal
flushings collected on day 12 of pregnancy. FGF receptor 2111bwas detected in endometrial
epithelia and conceptus trophectoderm, but conceptus trophectoderm does not express FGF-
7 (Ka et at, 2000). This finding is indicative of unique roles for FGF-7 in uterine
epithelial—epithelial and epithelial—trophectoderm autocrine and paracrine communications
in pregnant pigs, which were investigated further by Ka et al. (2001).

Treatment of pig endometrial explants with oestradiol in the presence or absence of
progesterone increased endometrial FGF-7 expression, whereas progesterone alone had no
effect (Ka et at, 2001). Thus, conceptus oestrogens produced between day 11 and day 12 of
pregnancy may be responsible for the peri-implantation peak in endometrial FGF-7
expression and, in pigs, FGF-7 appears to be an oestromedin. Possible paracrine effects of
maternally derived FGF-7 on conceptus trophectoderm were investigated using a trophoblast
cell line derived from day 12 pig conceptuses. Northern and slot blot analysis of FGF-7-
treated trophectoderm cells revealed that FGF-7 increased expression of urokinase
plasminogen activator (uPA), a conceptus protease produced in vivo, coincident with peri-
implantation production of oestrogens. In addition, proliferation of trophectoderm was
stimulated by FGF-7, as indicated by increased incorporation of tritiated thymidine into
cellular DNA (Ka etal., 2001).

In addition to marked rearrangement and remodelling of trophectoderm of conceptuses
during peri-implantation elongation, conceptus trophectoderm is also mitotically active
during both the pre-elongation and elongation phases of development, as shown by
proliferating cell nuclear antigen (PCNA) immunostaining (Wilson and Ford, 1997; Ka et at,

2001). This mitotic activity may be an important determinant of ultimate placental size and
function. Wilson and Ford (2000) reported that administration of oestradiol to Meishan gilts,
beginning on day 12 or day 13 of pregnancy and continuing for 48 h, which encompasses the
time of conceptus elongation and initial attachment to the endometrium, resulted in placentae
that were heavier and larger than those of controls near term, albeit less efficient (as
determined by fetal weight:placental mass ratios). Conceptus oestradiol production results in
increased endometrial production of secretory proteins, including growth factors, such as
insulin-like growth factor 1 (IGF-I) (for review see Simmen et al., 1995), which increases
mitotic activity of trophectoderm. The increased placental size in oestrogen-treated gilts may
be attributable to oestrogen-induced endometrial growth factors, such as IGF-I, which
increase the rate of mitosis of peri-implantation conceptus trophectoderm (Wilson and Ford,
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2000). The work of Ka et al. (2000, 2001) indicates that another effector of the placental
growth response may be FGF-7. There is compelling evidence for an intricate series of
paracrine communication events in which oestrogens of conceptus origin, acting through
epithelial and stromal endometrial oestrogen receptors, increase production of luminal
epithelial growth factors, which modulate further differentiation and growth of conceptus
trophectoderm to achieve successful implantation.

Connective tissue growth factor (CTGF) is another heparin-binding growth factor identified
in pig uterine lumina! flushings. This 38 kDa cysteine-rich protein stimulates mitosis,
migration, adhesion and extracellular matrix production in fibroblasts, and is a possible
mediator of autocrine and paracrine signals in other cell types, including epithelial cells (for
review see Moussad and Brigstock, 2000). In fibroblasts, CTGF mRNA is induced by TGF-f3,
indicating that it functions as a downstream modulator of the actions of TGF-I3 in fibroblastic
cells (for review see Moussad and Brigstock, 2000). The receptor or receptors used by CTGF,
as well as the downstream modulators of its cellular signals, are not known. Although CTGF
does not contain an RGD (arginine-glycine-aspartic acid) recognition site, it appears to
possess integrin-binding capabilities, and binds to integrin avga to promote migration of
endothelial cells in vitro (for review see Lau and Lam, 1999).

Pig uterine luminal flushings, collected from pigs between day 0 and day 18 of the oestrous
cycle or pregnancy, contain low molecular mass (10 kDa; 16-20 kDa) forms of CTGF (Ball et
at, 1998; for review see Moussad and Brigstock, 2000); however, only a single CTGF
transcript was identified in RNA collected from pig endometrium during that period (Harding
et al., 1997). It was suggested that proteolytic processing was responsible for the mitogenically
active low molecular mass forms of CTGF. Western blot analysis revealed that CTGF
concentrations in luminal flushings on day 12 of pregnancy were higher than on day 10 of
pregnancy and day 12 of the oestrous cycle. Expression of CTGF mRNA has been shown in
pig endometrial stromal, vascular and endothelial cells (for review see Moussad and
Brigstock, 2000); however, its detailed spatial and temporal expression patterns have not been
reported. CTGF is expressed in murine embryonic and extraembryonic cells, including
trophectoderm (Surveyor et al., 1998), and in uterine tissues. In humans, CTGF is present in
epithelial, stromal and vascular compartments of the uterus (Uzumcu et al., 2000). In non-
epithelial cells, CTGF stimulates expression of fibronectin and integrin ct5 (for review see
Moussad and Brigstock, 2000), two molecules implicated in facilitating adhesion at the pig
maternal—conceptus interface; however, it is not known whether similar effects would occur
in trophectoderm or uterine epithelia. The potential role of CTGF in pig implantation warrants
further investigation.

Insulin-like growth factors and their binding proteins

Endometrial IGF-I is expressed coincident with maternal recognition of pregnancy in pigs.
The IGF-I receptor has been identified in pig conceptus and uterine tissues, indicating
potential effects of IGF-I on growth and development of the uterus and peri-implantation
conceptuses (for review see Geisert and Yelich, 1997). The IGF-II/mannose-6-phosphate
receptor (the role of which in IGF signalling remains unclear) has also been immunolocalized
to trophectoderm of preimplantation pig conceptuses (for review see Rider and Piva, 1998).
Possible roles for IGF-I in pig blastocyst development and early pregnancy have been
reviewed previously (see Simmen et at, 1995; Geisert and Yelich, 1997).

More recently, ligand blot analysis revealed the presence of several IGF-binding proteins
(IGFBPs), including IGFBP-3, in pig uterine luminal flushings. Abundance of the IGFBPs
decreased markedly between day 11 and day 12 of gestation (Lee et at, 1998), which was
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associated temporally with conceptus transition from spherical to filamentous morphology.

However, on day 12 of pregnancy, the abundance of endometrial IGFBP-3 mRNA from uteri
containing spherical conceptuses was not different from that of uteri containing filamentous

conceptuses. This finding indicates possible proteolytic regulation of IGFBP-3 abundance in
uterine lumina! flushings. In vitro analysis of IGFBP-3 proteolysis, using uterine flushes
harvested on day 12 of pregnancy, indicated the presence of enzymes, including a serine

protease, responsible for degradation of IGFBP-3 in uteri containing filamentous conceptuses.
Regulation of intrauterine IGF actions by IGEBPs and proteases was suggested (Lee et at,
1998). Subsequently, Geisert et at (2001) demonstrated similar proteolysis of IGEBPs in

uterine flushings collected during the oestrous cycle as well as during pregnancy. They
provided evidence that increased activity of the serine protease kallikrein on day 12 of the
oestrous cycle and pregnancy can result in cleavage of IGFBP-2 and -3, and that activation of
matrix metalloproteinases by kallikrein may also contribute to IGFBP proteolysis within the

uterine lumen.
Badinga et at (1999) used cultures of endometrial glandular epithelial cells, established

from uteri of pigs on day 12 of pregnancy, to study the effects of IGFs and IGEBPs on growth of

uterine epithelial cells. Ligand blot analysis of conditioned media from the glandular
epithelial cells revealed the presence of four IGFBP bands. IGF-I and stimulated

glandular epithelial cell DNA synthesis, as did an IGF-II analogue (Leu27-IGF-II), which binds
the IGF-II receptor with normal binding affinity and the IGF-I receptor with low affinity.

IGFBP-2, which was not identified in conditioned medium of cultured glandular epithelial
cells, increased IGF-11-dependent DNA synthesis and also stimulated DNA synthesis in the
absence of exogenous IGF-II. Therefore, IGF-II receptors may be involved in IGF mitogenic
signalling, and IGFBP-2 may modulate uterine epithelial cell growth by IGF-dependent and
-independent pathways (Badinga et at, 1999).

Although not yet examined at the pig maternal—conceptus interface, IGFBP-5 binds with
high affinity to extracellular matrix proteins such as osteopontin (Nam et at, 2000).
Furthermore, IGFBP-1 binds integrin a5131 and can alter human cytotrophoblast migration

and attachment to fibronectin (Irwin and Guidice, 1998). It is possible that IGEBPs modulate
activity of IGEs during early pregnancy in pigs and also affect conceptus and uterine growth
and differentiation through interactions with extracellular matrix proteins or integrin

receptors.

Transforming growth factor )3s

Transforming growth factor fts (TGF-fts) 1, 2 and 3 are members of a large growth factor
family. These three related TGF-ft isoforms are 25 kDa homodimeric molecules derived from
precursor proteins. Each is released from cells in a latent form, resulting from continued non-

covalent association with its isoform-specific homodimeric peptide, the TGF-ft latency-
associated peptide (LAP). The latent TGF-ft—LAP complex is often disulphide-bonded to a
latent TGF-13binding protein implicated in secretion of the complex and its targeting to and
storage in extracellular matrix. Although the mechanisms of physiological activation are still

not understood fully, proteases, in particular the plasminogen activator—plasmin system,
probably participate in conversion of latent TGF-fts to active forms (for review see Rifkin et at,
1999). Once active, TGF-131,-2 and -3 transmit their signals through transmembrane, serine-

threonine kinase type I and type II TGF-ft receptors (for review see Massague, 1998).
TGF-fts localized to the maternal—conceptus interface in numerous species have been

implicated in maternal—conceptus interactions throughout pregnancy (for review see Rider

and Piva, 1998). They are of particular interest in early pregnancy because of their stimulatory
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effects on production of extracellular matrix molecules, expression of integrins and their
potential to limit conceptus invasiveness by altering expression of conceptus- and uterine-
derived proteases and protease inhibitors.

Gupta et at (1996) localized TGF-01, -2 and 3, as well as type I and II receptors, to
embryonic and extraembryonic cells of pig conceptuses from day 10 (spherical morphology)
to day 14 (filamentous morphology) of gestation. Yelich et at (1997a) found that TGF-133
expression increased in spherical preimplantation conceptuses as they increased in size from
2-5 mm to 6-7 mm in diameter, and expression remained high throughout the tubular and
filamentous stages of development. TGF432 was not detected. Subsequently, expression of all
three TGF-ff isoforms was detected in pig conceptuses between day 10 and day 14 of
gestation. Expression of all three isoforms was greater in trophectoderm of day 14 filamentous
conceptuses than in spherical day 10 conceptuses (Gupta et at, 1998a). On the maternal side
of the interface, expression of TGF-f31, -2 and -3 transcripts increased progressively in uterine
luminal epithelium and stroma between day 10 and day 14 of gestation (Gupta et at, 1998a),
as did expression of the TGF-13proteins and type I and type II receptors (Gupta et al., 1998b).

Possible regulation of TGF-13expression in the pig uterus and conceptus by maternal and
possibly conceptus-derived steroids is likely. Hormonal modulation of TGF-I3 expression
appears to be cell type- and also isoform-specific. For example, oestradiol decreases expression
of TGF-ffs in numerous cell types, but increases TGF-01 mRNA expression slightly and
increases TGF-I33 mRNA expression two- to three-fold in human endometrial stromal cells in
culture, whereas treatment with a synthetic progestin decreases expression (Arici et al., 1996).
In explant cultures derived from human proliferative phase explants, TGF-01 mRNA expression
increased in response to a combination of oestradiol and progesterone compared with ethanol
controls, but only after 4 days of culture, which may imply an indirect mechanism of induction
(Casslen et at, 1998). Therefore, it is possible that each of the TGF-ffs may function as a
progestomedin or oestromedin at the pig maternal—conceptus interface. Analyses of TGF-13
expression are complicated further by TGF-I3 autoinduction (for review see Massague, 1998),
which could occur through paracrine as well as autocrine pathways during implantation.

As TGF-ffs are produced and secreted in latent forms, the activation process represents a
critical step in determining the availability and biological activity of these growth factors.
Analysis of pig uterine luminal flushings with an in vitro bioassay revealed significant
increases in the amounts of biologically active TGF-I3s between day 11 and day 13 of
pregnancy (Gupta et at, 1998b). Thus, the growth factors increase in both absolute amounts
and activity during the implantation phase to interact with TGF-I3 receptors on conceptus
trophectoderm, as well as maternal endometrial stromal and epithelial cells. The mechanisms
responsible for activation of latent TGF-ffs at the maternal—conceptus interface are not known.
However, pig conceptuses produce plasminogen activator, as well as other proteases (for
review see Geisert and Yelich, 1997), during this period, which could effect activation at the
apical aspect of the trophectoderm. Expression of oncofetal fibronectin and several of the
integrin subunits identified at the pig maternal—conceptus interface (see below) may be
upregulated by active TGF-13sduring the peri-implantation period (Gupta et al., 1998b).

Recent studies have determined novel roles for TGF-ffs in cell adhesion. Specifically, the
latent TGF-13complex and its released LAP contain RGD sequences that serve as ligands for
integrin receptors such as avff 1 and avI35. The RGD of LAP, possibly due to a conformational
change, binds integrins with greater avidity after release from the latent TGF-ff complex
(Munger et at, 1998). As LAP and its potential integrin receptors are present at the pig
maternal—conceptus interface, LAP interactions with pig trophectoderm and uterine luminal
epithelial cell integrins have been explored using an in vitro integrin activation assay (see
below).



Uterine—conceptus signalling in pigs 199

integrins and extracellular matrix proteins

Integrin receptors expressed by uterine endometrial epithelial cells and conceptus
trophectoderm appear to play a fundamental role in the implantation adhesion cascade in
mammals by virtue of their ability to bind extracellular matrix and other ligands. Integrin
receptor ligation can lead to adhesion, migration, invasion and the induction of cytoskeletal
reorganization and transduction of cellular signals through numerous signalling
intermediates. Bi-directional signalling can involve ligand binding through an integrin
receptor leading to specific effects on cytoskeletal organization and activation of signalling
pathways resulting in regulation of gene expression (for review see Giancotti and Rouslahti,
1999). In addition, integrin cytoplasmic domains transduce cell type-specific signals that can
modulate ligand-binding affinity. These functions of activated integrin are thought to be
central to trophectoderm-uterine luminal epithelial cell interactions in pigs.

Bowen et al. (1996) reported expression of five alpha and two beta integrin subunits at the
pig maternal-conceptus interface (for review see Burghardt et at, 1997). Among the most
significant of their findings was increased endometrial expression of subunits az", co and 131
during maternal recognition of pregnancy, and upregulation of these subunits by
progesterone, both in vivo and in an in vitro model of polarized uterine lumina! epithelium
(Bowen et at, 1996, 1997). This temporal and spatial modulation of integrin expression in
luminal epithelium coincident with the reciprocal downregulation of the anti-adhesive
glycoprotein Muc-1 by progesterone may be a prerequisite for conceptus attachment. Integrin
subunits a4, a5, av,p1 andP3 were localized at sites of contact between luminal endometrial
epithelium and conceptus trophectoderm, and the heterodimers that can be formed from
these subunit combinations are known receptors for extracellular matrix proteins that have
been identified at the pig maternal-conceptus interface (Bowen et al., 1997). Integrin subunit
pisis also expressed by pig peri-implantation endometrial epithelium and trophectoderm
(R. C. Burghardt and M. Kim, unpublished), revealing the possibility of another integrin
heterodimer that may function at the maternal-conceptus interface (avf31, a4131, av135 and
avI33).

Vitronectin and fibronectin are among the extracellular matrix molecules identified at the
pig maternal-conceptus interface that are capable of serving as ligands for these receptors.
These extracellular matrix proteins have been implicated in murine trophoblast outgrowth
and attachment, processes that can be blocked with RGD-containing peptides in vitro
(Armant et al., 1986; Campbell et at, 1995). Tuo and Bazer (1996) determined that pig
luminal and glandular epithelial cells, as well as trophectoderm, express a glycosylation
variant of libronectin, oncofetal fibronectin, constitutively. It is noteworthy that the human
conceptus produces oncofetal fibronectin, which has been referred to as 'trophoblast glue'
because it is present on invading human trophoblast (Feinberg et at, 1991). The ability of
integrins expressed at the apical surface of both the maternal and fetal interface to induce
fibronectin polymerization at the maternal-fetal interface may allow fibronectin to serve as a
bridging ligand or 'trophoblast glue' in pigs. The ability of fibronectin to affect morphology
and motility is also relevant in the context of implantation. Fibronectin is a prototype cell
adhesion protein recognized by as many as ten different integrins (Johansson et aL, 1997). The
number of fibronectin receptors is not viewed simply as evidence of redundancy, but rather as
receptors that generate different signals depending on the specific integrin receptor involved.
For example, only a few fibronectin receptors play a role in the polymerization of fibronectin,
two of which are relevant to implantation. Both a5131and avI33 are involved in the formation
of a fibronectin network that can be triggered on binding of the RGD sequence of fibronectin
(Fogerty et al., 1990; Wennerberg et at, 1996).
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In addition to vitronectin and fibronectin present at the maternal-conceptus interface in
pigs (Tuo and Bazer, 1996; Bowen et at, 1997), osteopontin is also present in pig
endometrium and uterine luminal flushes from cyclic and pregnant gilts, and is expressed by
endometrial epithelia (Garlow et al., 2000). Expression of osteopontin mRNA is first evident in
endometrial luminal epithelium on day 12 of pregnancy and increased by day 15 of
pregnancy. Expression of osteopontin in endometrial glands was not detected during early
pregnancy, but was detected in uterine gland epithelium by day 35 of pregnancy.
Osteopontin protein was localized on the surface of pig peri-implantation trophectoderm,
whereas osteopontin mRNA was not detected, indicating that osteopontin on conceptus
trophectoderm is of uterine origin. In other species, including sheep, osteopontin is a product
of glandular, not lumina!, endometrial epithelia (Nomura et al., 1988; Fazleabas et al., 1997;
Johnson et at, 1999b,c). In fact, glandular epithelial expression of osteopontin in sheep
occurs early in pregnancy, and osteopontin on the uterine luminal surface appears to be a
component of histotroph from the uterine glands (Johnson et at, 2000). The novel pattern of
osteopontin expression in pig endometrium may reflect the importance of the luminal
epithelium in the epitheliochorial placentation strategy used by this species.

Functional analysis of the implantation cascade

It is essential to define the specific integrin responses to available matrix molecules at the
maternal-fetal interface and the repertoire of signalling cascades that are activated by specific
receptor-ligand activation events to understand the functional role of integrins and their
ligands in implantation better. A simplified in vitro strategy used by Miyamoto et al. (1995) to
define experimentally the hierarchies of cytoskeletal and signalling molecules involved in
organizing the cytoskeleton and signal transduction has been adapted to investigate
integrin-matrix interactions in endometrial epithelium and conceptus trophectoderm of
domestic animals.

Evidence that specific extracellular matrix proteins serve as ligands for maternal and
conceptus integrins can be generated in vitro by monitoring rapid induction of large
cytoskeletal complexes and associated signalling intermediates which mimic those organized
in focal contacts after integrin receptor-ligand occupancy and aggregation. Initiation of these
complexes results from the deposition of 6 gm polystyrene beads coated with relevant
extracellular matrix protein ligands (Fig. 1). Controls for these experiments can include beads
coated with poly-i-lysine, matrix molecules with mutated integrin recognition sequences or
molecules that block integrin-matrix interactions (for example, neutralizing anti-integrin
antibodies, soluble RGD-containing peptides or disintegrins). This general strategy is used to
test the functional competence of integrins present at the apical surface of pig uterine luminal
epithelial cells and conceptus trophectoderm cells to respond to ligands that have been
identified at the maternal-conceptus interface. The induction of transmembrane aggregation
of tal in was selected as a response indicator in this assay because of its central role in binding
cytoplasmic domains of PI and 33 integrins, cytoskeletal proteins and focal adhesion kinase
(Critchley, 2000).

Beads coated with LAP, the RGD-containing portion of the latent TGF-I3 complex,
incubated with cultured pig trophectoderm and uterine luminal epithelial cells, activated
integrins on apical surfaces of both cell types by aggregation of the cytoskeletal protein talin at
bead-apical membrane interfaces (Fig. 1). This finding indicates that both the latent TGF-j3s
and LAP released at the time of activation play direct roles in integrin-mediated adhesion and
signalling between conceptus and maternal cells. Similar responses in ovine trophectoderm
and uterine luminal epithelial cells indicate that this novel role for TGF-13sin implantation is
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(d)

Fig. 1. Functional activation or integrin receptors on pig tropherioderm with latency-associated peptide (LAP)

altar hed to a 6 um polystyrene head. Reorganization ot the cytoskeleton resulting from inlegrin activation at

the suriace of the bead and assembly of cytoskeletal proteins and signalling molecules on the cytoplasmic side

or the integrin subunits is shown using imITILIII(Ayi(Xhernical localization of the cytoskeletal protein talin.

Accumulation ot this protein around the heads requires integrin attachment and aggregation. (a) An optical

slice obtained at the focal plane where cell attachment to the substrate reveals a series of focal adhesions

(arrows) lornied as the result of integrin binding to the substrate. (hi An optical slice of the same cell re«wded

on a focal plane above the image recorded in lJu, nearing the head—apical membrane illierFace. Note that basal

tocal adhesions are not visible in this plane. Accumulation ot [Alin around the bead demonstrates the lormation

of tocal adhesions that were induced hy I AP activation of integrins at the apical surface of the cell. ici Poly-t-

lysine-coated bead shows no evidence or focal aggregation of talin, indicating the absence of integrin

involvement in the non-specific adhesive interaction of these beads with the cells. ich Position of basal and

apical focal adhesions and ihe basis for the assay used in these experiments. Cartoon images ol aggregated

integrins modified from Giancoili and Rouslahti i I 9”(1), with permission.

not unique to pigs (Jaeger et al., 20001. The precise integrins with which LAP interacts in

uterine and conceptus celIs„as well as the downstream signals elicited by the interactions, are

not known. However, TGF-[3s may play numerous roles in modulating implantation through a

complex interplay ot autocrine and paracrine signalling involving binding proteins,

extracellular matrix proteins and integrins, in addition to the type I and type II receptors.
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Similar analyses using fibronectin- and osteopontin-coated beads also evoked integrin-

activation responses in pig and ovine trophectoderm and uterine luminal epithelial cells
(Johnson et al., 2001; L. A. Jaeger, R. C. Burghardt, G. A. Johnson and F. W. Bazer,
unpublished).

These studies are the first to reveal functional integrin activation and cytoskeletal
reorganization in uterine luminal epithelium and trophectoderm cells in response to binding
of the three matrix proteins identified in regions of initial contact between conceptus
trophectoderm and uterine luminal epithelium. The receptor—ligand interactions potentially

available during attachment in pigs are shown (Table 1). Clearly, dissection of the individual
contributions of each receptor and each extracellular matrix protein will benefit from
exploitation of in vitro models using biochemical approaches and modern imaging tools that

facihtate non-invasive assessment of integrin-mediated signal transduction.

It is possible that each integrin heteroclimer present at the apical surfaces of these cells
(avP1, a401, a5P1, avP3 and av[35) functions as a receptor for the matrix proteins identified

to date. However, this is not viewed as redundancy because different signalling cascades can
he activated by different receptors. For example, a5P1 and av03 are involved in fibronectin
polymerization but the affinity of avP3 for fibronectin is much lower and contributes little to
cell adhesion to fibronectin (Johansson et al., 1997). Furthermore, these integrins trigger
distinct intracellular signalling pathways (Schwartz and Denninghoff, 1994). Some integrins

present on pig conceptus and endometrial epithelium may influence the actions of one
another. In endothelial cells, for example, interactions between fibronectin and integrin a5131
potentiate avP3-mediated migration on vitronectin (Kim et al., 2000). This type of response

may have a greater influence on the trophectoderm side of the maternal—fetal interface
because of the dynamic events that bring trophectoderm in contact with the luminal
epithelium. Finally, particular integrin—matrix protein interactions may occur in a precise,
temporal sequence (luring the progressive attachment of the conceptus to the uterine luminal
epithelium.

Several possible models of integrin—matrix protein interactions are apparent on the basis of
expression of particular integrins and extracellular matrix proteins that may serve as ligands at
attachment sites (Fig. 2). Firstly, these interactions may facilitate attachment by binding of
conceptus integrins to matrix proteins expressed on the luminal epithelium, and vice versa.

Secondly, molecules such as osteopontin, a component of histotroph with more than one
potential integrin binding site, or fibronectin, which can exist in a polymerized state, may

serve as 'bridging ligands' between the two apposing epithelia. Thirdly, localized autocrine
actions of ligands expressed at the cell surface with apically expressed integrins may be
important. This may be of particular importance as the elongating trophoblast undergoes
marked morphological change in preparation for attachment. On approximately day 12 of

gestation, the morphology of the conceptus undergoes a marked change from a small sphere
to a long hlamentous form, accompanied by alterations in trophectodermal cytoskeletal

architecture (for review see Geisert and Yelich, 1997). In addition, gene expression in
trophectoderm changes during the transition from non-filamentous to hlamentous
conceptuses (Yelich et al., 1997b; Wilson et al., 2000). The mechanisms responsible for the
marked changes that occur in preparation for attachment are not known. Given the marked

rearrangement of the trophectoderm actin cytoskeleton and the intimate relationship between
activated integrins and the cytoskeleton it is possible that some of the morphological
alterations and associated changes in gene expression result from integrin activation.
Molecules produced by pig trophoblast, such as oncofetal fibronectin and the TGF-P LAP are
possible candidate ligands for effecting this type of autocrine activation of integrin.
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Fig. 2. Proposed model for extracellular matrix
protein-integrin interactions at the maternal-conceptus
interface. Extracellular matrix proteins (ECM ligands),

produced by endometrial or conceptus epithelia, may
interact with integrin heterodimers on apical aspects
of trophectoderm and luminal epithelial cells via

arginine-glycine-aspartic acid (RGD) sequences and
non-RGD. sequences. As ECM ligands such as

osteopontin and fibronectin may contain more than one
integrin binding site, they may function as 'bridging
ligands' to facilitate conceptus attachment to the lumina l
epithelium in (b) monomeric or (c) polymeric forms.
Modified from Johnson et al. (1999b), with permission.

Conclusion

Available results indicate that unravelling the complex signalling between maternal 'and
conceptus cells requires integrative approaches using both in vivo and in vitro models. Pig
trophectoderm cells, which are the source of conceptus-derived oestrogens, express
numerous growth factors and growth factor receptors, and interact directly with maternal
luminal uterine epithelium during implantation. Various in vitro models, including isolated
trophectodermal cells and trophectodermal vesicles, have been used to study autocrine and
paracrine activities of pig trophoblast and its contribution to successful establishment of
pregnancy. In addition to primary culture models, feeder-dependent (Flechon er al„ 1995)
and feeder-independent (Ramsoondar er al., 1993; Ka et al., 2001) pig trophectoderfnal cell
lines have been developed from pre- and peri-implantation pig conceptuses. Similarly,
primary cultures of uterine cells and tissues assist in evaluation of the complex signalling
occurring at the maternal—conceptus interface. Co-culture models consisting of uterine
stromal and epithelial cells, and culture of polarized epithelial cells supported by extracellular
matrices, are useful for studying maternal autocrine and paracrine signalling during early
pregnancy. Recently, immortalized cell lines representing luminal epithelium, glandular

TrophectodermLumen jir
lb) lc)

411114,116Lumina! epithelium

Glandular

epithelium

A
RGD Non

RGD
Ethyl

ligands heterodimer
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Table 1. Possible Iigand—integrin interactions at the pig uterine—conceptus interface

Ligands identified at the

maternal—conceptus interface Apically expressed integrin heterodimers

Oncofetal fibronectin/fibronectin avP1, a5131, a4131

Osteopont in avp1, a4131, avPS, avP3

Vitronectin avP1, avi15, av33

TGF-13 latency-associated peptide av111, avP5, avil3

TGF-13: transforming growth factor 13.

epithelium, stroma and myometrium of pig uterus were developed using a retroviral vector
containing the E6 and E7 human papillomavirus oncogenes (Wang et al., 2000). These cells

maintain many characteristics of their in vivo counterparts, including oestrogen and

progesterone receptors, and thus provide useful models for studying cell-type specific uterine

signalling.
Pigs, which have true epitheliochorial placentation, show some unique paracrine

signalling, such as production of FGF-7 and osteopontin by luminal epithelium, which may
provide insight into which molecules and mechanisms are critical for establishment of
pregnancy in other species. As a result of the importance of 'histotroph' for pig conceptus

development and maintenance of pregnancy, the pig is an attractive model for study of
autocrine and paracrine signalling mediated by growth factors, cytokines and binding
proteins. The non-invasive nature of placentation in this species offers unique opportunities to
study mechanisms of adhesion that are not complicated by erosion of maternal endometrium.

Other domestic species, such as sheep and goats, with syndesmochorial placentation, and
horses, with chorionic girdle formation followed by diffuse epitheliochorial placentation, also
offer distinctive features to aid in understanding the conceptus-maternal communication
leading to successful implantation and placentation. Comparative studies of implantation in
domestic livestock species with non-invasive implantation and in primates and rodents with

invasive implantation provide valuable opportunities to understand fundamental mechanisms
of implantation in all species.

Steroid hormones, growth factors and cytokines, as well as integrins and their ligands, are
intertwined intricately in mediating pig implantation. Integrins, with their potential to transmit

signals to maternal and conceptus cells, as well as bridge apposing epithelia, are probably
major participants in mediation of pen-implantation differentiation of conceptus and maternal
cells, and accomplishment of stable conceptus attachment to the endometrial epithelium.
Maternal and conceptus steroids are critical components in the dialogue between maternal

and conceptus cells and probably exert their effects directly and through growth factor
mediators to affect epithelial cell functions. Current evidence supports roles for growth factors
and their associated proteins to regulate expression of integrins and their ligands, and,
importantly, to participate directly in integrin-mediated signalling.
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