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The structural and functional alterations of uterine epithelial cells that permit the
apical-apical union of conceptus and uterine epithelium are complex and are likely to
involve many different adhesion molecules with distinct but inter-related functions. A
number of changes in the molecular composition at the apical surface of uterine
epithelial cells associated with the transition from the pre-receptive to the receptive state
in the pig uterus are reviewed. Molecules that function in the adhesion cascade resultMg
in implantation are represented by a variety of adhesion systems. However, integrins
are probably the dominant adhesion systems because their capacity to mediate adhesion
is linked to their activation by engaging other surface molecules.

Introduction

The process of implantation in pigs follows a prolonged preimplantation period (the pre-receptive
stage) upon arrival of the embryo in the uterus. The preimplantation period is characterized by
migration, spacing and elongation of conceptuses and secretion of significant amounts of oestrogen,
the signal for maternal recognition of pregnancy, during initial elongation (Cmisert et al., 1982a,b).

The transition to the receptive state is accompanied by structural and functional changes in
endometrial surface and glandular epithelial secretions (Bjorkman et al., 1981; Dantzer, 1985; Keys

and King, 1990; Stroband and van der Lende, 1990; Roberts et al., 1993). Receptivity is permissive to

the uncommon interaction between apical plasma membranes of the genetically distinct
endometrial epithelium and embryonic trophectoderm about 7 days after hatching of the embryo
from the zona pellucida. Blastocyst invasion of endometrial stroma and decidualization does not
occur in pigs; rather the intimate association between uterine epithelium and conceptus tissues is
retained (epitheliochorial placentation). Consequently, the trophoblast and its supporting layer of
extra-embryonic mesoderm is simply apposed to the uterine epithelium (Fig. 1) and the conceptus
remains within the uterine lumen throughout gestation (Burton, 1992). The implantation process is
complete with the formation of a placenta as a means to support fetal development to the end of
pregnancy.

Although the pig blastocyst does not normally invade the uterine endometrial epithelium
during implantation, it will invade and undergo syncytium formation when transplanted to an
ectopic site (Samuel and Perry, 1972). The barrier to implantation in the pre-receptive stage and the
refractory stage that develops in the absence of pregnancy or tailure of pregnancy recognition is a
maternal property resident in the uterine epithelium until it is cyclically transformed to respond to
embryonic signals and permit contact with conceptus epithelial tissues in the receptive phase. While
our understanding of the implantation process in pigs remains incomplete, opportunities to
investigate early stages of the process including conceptus-uterine epithelium apposition and
adhesion or attachment has the advantage that the absence of conceptus invasion of the
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Fig. 1. Light micrograph of conceptus-uterine epithelial interface on day 15 of pregnancy. Scale bar represents
25 km.

endometrium (as in haemochorial and endotheliochorial placentation) may not obscure or erase
earl ier even ts.

The restricted adhesive properties of a blastocyst to a uterine epithelium that is appropriately
prepared by ovarian steroid hormones suggests that, under certain conditions, the apical surfaces of
uterine epithelial cells express molecules that do not permit (or prevent) blastocyst attachment.
Experimental evidence is accumulating that the uterine epithelium responds to a variety of
regulatory agents (growth factors, cytokines) in addition to the action of ovarian steroids that
modulate structural and functional properties of the uterine epithelium during the transformation
from the non-receptive to the receptive state. insight into the specialized characteristics of uterine
epithelial and stromal cells and their interactions has also provided improvements in culture
systems that permit the discrimination of functions that are under direct hormonal control from
those that are controlled through hormonal effects on other uterine cell types or more distant tissues.
Procedures for culturing uterine epithelium in a polarized fashion (Glasser et al., 1988) have
stimulated renewed analysis of epithelial receptivity in vitro. Because polarized epithelial cells
regain their non-receptive state in vitro and mimic attributes of these cells in vivo (see Glasser and
Mullholland, 1993), the utility of these model systems to support the search for, and analysis of,
potential markers of pre-receptive and receptive stages is increasing. This review examines several
changes in the molecular composition at the apical surface of uterine epithelial cells that are
associated with the transition from the pre-receptive to the receptive state in a variety of species,
several of which may be relevant in pigs. Particular attention is directed to endpoints that can be
reproduced in polarized endometrial epithelial cells. A consideration of extracellular matrix
molecules, their receptors and adhesion systems as potential contributors to the receptive state is
also included.

Although the following discussion focuses primarily on the epithelial cell component of the
endometrial compartment during the peH-implantation period, the potential contributions ot other
cells to the generation of the non-receptive and receptive status of the epithelium must be
mentioned. Despite the fact that the principal cells of the endometrium are separated by a basal
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lamina, the classic experiments of Cunha et al. (1983) define the importance of epithelial—stromal cell
interactions in the production of stage-specific responses of the epithelium to endocrine signals.

When the uterus enters the receptive phase, circulating progesterone concentrations are high and

these conditions result in a marked decrease irt immunologically detectable steroid receptors in the
lumina] epithelium (Geisert et al., 1993, 1994). Other cells including stroma, myometrium and

vascular cells are likely to mediate the action of steroid hormones (for example oestromedins,
progestomedins) on the surface epithelium. For example, keratinocyte growth factor (KGF, also

known as FGF-7) has been shown to be a stroma-derived, progesterone-induced growth factor that

may function as a progestomedin on uterine epithelial cell proliferation in primates (Koji et al , 1994).
The selective expression of KGF in stroma and the KGF receptor in uterine epithelial cells has

recently been reported in pigs (Liu et al., 1996) and indicates the pa racrine function of this growth
factor in regulating the properties of pig uterine epithelial cells. Similarly, insulin-like growth factor

I (IGF-I) and epidermal growth factor (EGF) may also be mediators of oestrogen action in the uterus
(Guidice et al., 1993; Hana and Murphy, 1994).

Pre- receptive Stage

During the pre-receptive stage, uterine epithelial cells exhibit an abundant negatively charged apical
glycocalyx which diminishes during the receptive phase in most mammals (see Denker, 1993).

Lectin-binding characteristics of the pig blastocyst surface change just before attachment (Whyte

and Robson, 1984) and the glycocalyx of the uterine epithelium is reduced in thickness at the
implan tation site during initial attachment (Dantzer, 1985; Blair et al., 1991). Although few cand id ate

glycoprotein markers for the pre-receptive stage have been investigated in detail, Muc-1 and C-
CAM, a member of the immunoglobulin superfamily of glycoproteins (Etzioni, 1996) have been

evaluated as potential contributors to maintenance of the pre-receptive state (Svalander et al., 1990;
Valdizan et al., 1992; Braga and Gendler, 1993). Of these, only Muc-1 has been investigated in pigs
(Bowen et al., 1996a; 1997).

The large (200-1000 kDa) heavily glycosylated integral transmembrane glycoprotein, Muc-1, is

predominantly associated with the apical domain of epithelial cells, including uterine epithelium, in
a variety of species (Pemberton et al., 1992) and may ftmction as an anti-adhesive molecule in both

cadherin- and in tegrin-mediated cell adhesion events in vitro (Ligtenberg et al., 1992; Wesseling et al.,

1995). Muc-1 mRNA and protein are downregulated during the implantation window in rodents

(Braga and Gendler, 1993) and thus Muc-1 may function as an anti-adhesive molecule during the
pen-implantation period in rodents by masking embryo attachment sites (Surveyor et al., 1995).

Similarly, the expression of Muc-1 during the oestrous cycle and early pregnancy in pigs is
consistent with its postulated role as an anti-adhesive molecule (Bowen et al., 1996a). Antibodies

directed to the cytoplasmic domain of Muc-1 revealed intense staining on the apical surface of
luminal and glandular uterine epithelium on days 0 and 4. Staining was diminished on day 8 and

was not detected on days 10-15 of the oestrous cycle or pregnancy. Therefore, increasing

progesterone concentrations correlated with reduced Muc-1 staining in both cyclic and pregnant
gilts. These data were further confirmed in ovariectomized gilts treated with exogenous steroids.
lmmunoreactive Muc-1 on the apical surface of uterine epithelium was present in ovariectomized

gilts treated with either vehicle or oestradiol, whereas Muc-1 staining was virtually absent in uterine
epithelium of gilts treated with progesterone or oestradiol plus progesterone. These results support

the suggestion that reduction or loss tit Muc-1 could contribute to the acquisition ot endometrial
receptivity by exposing constitutively expressed or hormone-induced adhesion molecules or their
igands or both.

ilhe modulation of Muc-1 expression observed in cyclic, pregnant, and ovariectomized gilts is a

property that has recently been reproduced in endometrial epithelial cells 01 filtro (Bowen e( al.,

1997), it conditions for development and maintenance of epithelial cell polarity (Bowen et al., 19960)

were provided. Uniformly low Muc-1 staining was observed at the apical surface of polarized

uterine epithelial cells incubated in medium containing charcoal-stripped fetal bovine serum,
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progesterone, or oestrogen plus progesterone, whereas cells incubated with oestradiol exhibited a
marked increase in Muc-1 staining. However, it remains to be determined whether the upregulation
of Muc-1 causes polarized epithelial cells to regain their non-receptive state to blastocysts and
trophoblastic vesicles in vitro.

Receptive Stage

The identification of glycoconjugates that may contribute to the receptive state in mammals has been
motivated largely by an interest in the development of techniques for assisted human reproduction
in infertile couples. The search for markers that identify or predict receptivity to implantation and
the development of noninvasive approaches to detect uterine receptivity is ongoing. While
comparative animal studies are contributing greatly to an understanding of implantation, details of
the ma ternal-fetal interactions and adhesion systems in epitheliochorial implantation are not as well
developed as in species exhibiting invasive implantation.

Integrins and extracellular matrix

The integrins are a family of glycoconjugates containing members that are expressed on the
uterine tun, inal epithelium and tha t have spatial and temporal relationships with blastocyst
development and implantation. These cation-dependent heterodimeric intrinsic membrane
glycoproteins, comprising non-covalently bound a and fi subunits, participate in cell-cell and
cell-substratum adhesion by virtue of their large extracellular domains (Hynes, 1992). At least 23
heterodimer combinations are known to be formed from the currently identified 17 a and eight 13
subunits (Luscinskas and Lawler, 1994) with ligand specificity determined by the a and p subunit
combinations.

Although integrins are expressed on virtually all cells, the spatial and temporal distribution and
modulation of several subunits in the human female reproductive tract during the reproductive
cycle and early pregnancy have led to the notion that they are directly involved in the process of
implantation (Tabibzadeh, 1990; Lessey et al., 1992). The endometrium is presently the only tissue
identified that demonstrates hormone-dependent integrin expression (Lessey et al., 1996). The
developmental regulation of their expression on the invasive mouse blastocyst during invasion is
also consistent with their potential involvement in this process (Sutherland ct a)., 1993). Their role in
adhesion, migration, invasion and a multitude of in tracellular effects on organiza tion of the
cytoskeleton as well as bi-directional signalling makes integrins attractive as participants in the
complex events of implantation. The bi-directional signalling processes (Humphries, 1993) can
involve hgand binding through an integrin receptor leading to specific effects on cytoskeletal
organization, activation of signalling pathways, and to the eventual regula tion of gene expression
(i.e. outside-in signalling). In addition, integrin cytoplasmic domains transduce cell type-specific
signals that modulate ligand binding affinity (i.e., inside-out signalling). The involvement of these
central functions of integrin receptors in trophectoderm-uterine epithelial cell interactions has been
suggested by Damsky et al. (1993).

Much of the data on uterine integrin receptors have come from clinical studies and experiments
in rodents; only recently have analyses been conducted in an epitheliochorial animal model (Bowen
at al., 1996a). Therefore, comparative information relative to invasive and non-invasive modes of
implantation is only beginning to emerge. At least 14 different integrin subunits (nine a and five /3
integrin subunits) have been identified in human endometrium (Lessey at al., 1996) and seven
subunits (five a and two fl integrin subunits) in the pig uterine endometrium to date (Bowen at al.,
1996a). The uterine epithelial cell expression of several integrin subunits in both species is
temporally and spatially regulated during the reproductive (oestrus or menstrual) cycle while others
are constitutively expressed. The species-specific differences may reflect the major differences in the
mode of implantation, although several common subunits have been identified



Implantation cascade 155

Fig. 2. Immunofluorescence analysis of integrin subunit expression at implantation sites at day 15. Individual

subunits shown include (a) a4, (b) a5, (c)CCV,(d) pi.and (e) 133staining in stroma (5), uterine epithelium (E) and

trophectoderm (T). Scale bar represents 50 gm.

In humans, considerable attention has been given to av133 as a marker of uterine receptivity
(Lessey et al., 1992, 1996). The expression of av133, which was localized along apical microvilli and

secretory granules of endometrial epithelial cells, is regulated during the menstrual cycle with
maximal expression coincident with the rise in progesterone during the period of maternal

recognition of pregnancy; aberrant expression of av133 is associated with infertility (Lessey et al.,

1996).
Pig uterine luminal epithelial cell expression of integrin subunits al, a3, a4, as, cw, p1 and 33,

monitored during the oestrous cycle and early pregnancy (including sites of conceptus attachment)

(Bowen et al., 1996a), revealed three distinct patterns of expression. These patterns were classified as:

(1) low or no expression (al and a3); (2) high intensity constitutive expression (av and ); and (3)
high intensity, modulated expression (a4, a5, 131).Modulation of a4, a5, 31 resulted in maximal

expression during the period corresponding to maternal recognition of pregnancy (i.e. days 10 to

15). In the same study, experimental evidence for steroid modulation of integrin subunits was
obtained in ovariectomized gilts. Integrin subunits classified as the high intensity, modulated

subunits (a4, a5,131) were expressed at a higher intensity in gilts that were treated with progesterone

(or progesterone in combination with oestrogen) than in oestrogen-treated animals.
Analysis of implantation sites indicated that integrin subunits a4, a5, av, 131and ID were

expressed at sites of trophectoderm contact with the uterine epithelium (Fig. 2). The integrin

receptors potentially formed from the heterodimers identified in the study included a4131, a501,
avI31 and avI33. These receptors, like those identified in human studies during the initial events of

attachment are all members of the fibronectin-vitronectin family of integrin receptors (Hynes, 1992).
The pig conceptus was also found to express the same integrin subunits (a4, a5, av, i31and 133)as

the uterine epithelium. The significance of the integrin receptors and their modulation must be
considered in the context of the available receptors and ligands present on both conceptus and

uterine epithelial cells. Apical expression of the extracellular matrix constituents fibronectin and
vitronectin is present on the pig conceptus, whereas vitronectin is present on uterine epithelium

during early implantation (Fig. 3) (Bowen et al., 1996a). Human studies suggest the involvement of

fibronectin in mediating attachment, trophoblast spreading and syncytial formation (Kao et a)., 1988;

Kliman and Feinberg 1990; Bischof et al., 1995).

Further characterization of the nature of the fibronectin in the pig conceptus and uterus has

revealed the constitutive expression of oncofetal fibronectin by both pig conceptus and uterus
throughout gestation (Tuo and Bazer, 1996). This fibronectin variant, which exhibits two distinct

epitopes, one of which is created by glycosylation of a single amino acid, is absent from normal adult
tissues (see Feinberg et al., 1995). The presence of oncofetal fibronectin and vitronectin at the

fetal-maternal interface suggests that it plays a role in conceptus interactions, attachment to the

endometrium or both processes. This interpretation is strengthened by the fact that the distribution
and type of ECM components correspond to the integrin subunits expressed on uterine epithelial
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Fig. 3. Imimmofluorescence analysis of ex tracellular matrix expression at implantation sites at day 15. Staining
of (a) fibronectin, (b) vitronectin and (c) type IV collagen are shown. Stroma (S), uterine epithelium (E) and
trophectoderm (T) are identified. Fibronectin was present on trophectoderm but not epithelial cells whereas
vitronectin was present on both. Type IV collagen staining was restricted to basal lamina of epithelium and
trophectoderm and was common in stromal vessels. Scale bar represents 50 pm.

cells during implantation in pigs. It is also relevant that in human trophoblasts, transforming growth
factor-P (TGF-I3) stimulates oncofetal fibronectin synthesis (Feinberg et al., 1994) and three TGE-P
isoforms (TGF-131,TGF-02, and TGF-I33) and type I and H receptors have been localized in peri-
implantation pig conceptuses (Gupta et al., 1996).

Integrins alfil and u3131 are members of the collagen-laminin receptor family. The restricted
expression of these integrins at the basal aspect of pig uterine epithelium is consistent with cellular
attachment to the basement membrane and their unlikely involvement in interactions between the
trophectoderm and uterine epithelium. 1ntegrins c€4131,u5131 and avf31 are members of the large
family of fibronectin receptors, which makes them possible candidates for trophectoderm-uterine
epithelium attachment based upon the finding that fibronectin and vitronectin are present on the
contacting surfaces between the conceptus and the uterine epithelium In addition to its ability to
bind vitronectin, avI33 is capable of binding to oncofetal fibronectin and osteopontin. The expression
of several different fibronectin receptors on the uterine epithelium and the trophectoderm allows the
integrins to bind to fibronectin at two different locations, u4131 integrin binds to the amino acid
sequence, EILDV (Glu-Ile-Leu-Asp-Val), within the HICS region of fibronectin, while the remaining
integrins will bind to the RGD sequence of fibronectin (Hynes, 1992). The avPl (weak affinity
vitronectin receptor) and eivP3 (vitronectin receptor) can also bind to the RGD sequence found in
fibronectin. Thus, the four integrin heterodimers and two ECM proteins (fibronectin and vitronectin)
are available for participation in implantation events of the pig conceptus. Although not yet
described in pigs, osteopontin has been shown to be a ligand for avP3 in primate endornetnum
(Fazleabas et al., 1997).

The redundancy in integnn receptors may ensure the ability of the conceptus to attach to the
uterine epithelium. However, it is possible that each of these integrins may carry out different
functions related to attachment and cell signalling (Meredith et al., 1996). For example, u5131interacts
with cytoskeleton, mediates cell spreading on fibronectin, and plays a role in matrix assembly
(Lafrenie and Yamada, 1996). In addition to providing a direct link between ECM and cytoskeleton,
these integrins also regulate the production of second messengers within cells. A common feature of
integrin-dependent cell spreading or integrin receptor clustering is tyrosine phosphorylation of
cytoplasmic proteins and the activation of the Na*-1-1*antiporter, producing high intracellular pH
(Schwartz et iii. , 1991). However, the integrin-dependent adhesion and spreading that results in
intracellular Ca' spikes and oscillations (Schwartz, 1993) seems to be specific for a particular
integrin (civP3) (Schwartz and and Denninghoff, 1994). These observations suggest that different
receptors within the same cell can generate unique signals. Integrin ligand binding and aggregation
leads to a transmembrane hierarchy of molecular responses characterized by the prompt
transmembrane accumulation of a large class of at least eight cytoskeletal and over 20 signal
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transduction molecules, and upregulation of cytoplasmic protein tyrosine phosphorylation
(Miyamoto et al., 1995). Among the signalling molecules are focal adhesion kinase (pp125mK), c-Src,
cFyn, RhoA, Racl, Ras, and several MAP kinases.

Regardless of the mode of implantation, it appears that the expression of integrin receptors and
their ligands are important elements of adhesion, attachment and cell signalling between the
conceptus and uterine epithelium. Integrin receptors expressed on the conceptus appear to be
largely conserved among species examined to date, and consist of integrins that are also expressed
on the uterine epithelium. This strategy may represent a conserved mechanism of conceptus
attachment. The induction of new integrin receptor populations (specific for collagen and laminin)
in species that exhibit invasive implantation occurs later in conceptus development (Sutherland et

al., 1993). Evaluation of the functional roles of the integrins expressed on pig uterine epithelium and
trophectoderm should provide important insights into the relationship of integrin ligation and
signal transduction during adhesion and attachment stages of early implantation with broad
relevance to reproductive efficiency in a variety of species.

Analysis of integrin expression in pig uterine epithelial cells and conceptus-derived
trophoblastic vesicles in vitro suggests that the above referenced integrin subunits identified on
conceptus trophectoderm and in uterine epithelium of cyclic and pregnant gilts are expressed in vitro

(Bowen et a)., 1997). However, comparable modulation of integrin subunits by steroid hormones was
detected in uterine epithelial cells only if conditions for development and maintenance of epithelial
cell polarity were provided. Although polarized uterine epithelial cells and trophoblastic vesicle
culture systems require further refinements, they may prove useful as in vitro model systems to
study conceptus-endometrial interactions during the peri-implantation period and the control of
uterine receptivity. At this time, it is not feasible to search for direct uterine epithelial
cell-trophectoderm signalling in vivo; therefore culture systems that express the hormonally
modulated adhesion systems observed in vivo provide opportunities for investigating integrin-
mediated signal transduction in pigs.

pGR30 and In1H4

Another glycoprotein the expression of which is correlated with uterine receptivity in pigs is a 30
kDa, basic endometrial glycoprotein (pGP30). Initial antibody studies showed tha t pGP30
expression changes during the oestrous cycle and early pregnancy (Geisert ct al., 1995). Maximal
staining intensity was observed in surface epithelium on day 12 of the oestrous cycle and from days
12 to 18 of pregnancy; the appearance of pGP3O was stimulated by progesterone administration to
ovariectomized gilts. Staining in the area of trophoblast attachment suggested that the glycoprotein
is available to the conceptus at the uterine luminal interface. Conceptus oestrogen secretion appears
to alter pGP3O secretion from endometrial cultures (Geisert et al., 1995).

More recent analysis has indicated that pGP3O is a cleavage product of a larger pig 120 kDa
multi-functional inter-trypsin inhibitor heavy chain-like (laIE14) protein (Geisert et al., 1996). It
appears, therefore, that pGP30 may be a useful marker of receptivity, while lall-14 may be the
functionally relevant player in conceptus-epithelial interaction. The unique properties of pig IaIH4,
its interaction with the extracellular matrix and the potential roles of pig Ia1H4 in the initial stages of
trophoblastic a ttachment and regulation of trophoblast invasiveness are detailed by Geisert and
Yelich (this supplement). Noteworthy is the observation that all Ial heavy chains contain a von
Willebrand type A domain, a recognition site for the 643 integrin receptor and other adhesion
molecules.

LNF and related determinants

Changes in carbohydrate expression on the epithelium lining the uterine lumen were initially
suggested by the reduction M surface charge and thinning of the glycocalyx near the time ot
implantation (Enders and Schlafke, 1974) Subsequent studies in rodents identified a specific
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oligosaccharide carrying an antigen at its nonreducing terminal carbohydrate determinants which
may play a role in the implantation process. Monoclonal antibodies developed against a blood
group determinant, H-type-1 antigen, carrying the lacto-N-fucopentaose-1 epitope (LNF-I, Fucal-
2Gall31-3GlcNAcI31-) detected changes in expression of this epitope on the surface of mouse uterine
epithelial cells during the pre-implantation period (Kimber et al., 1988; Lindenberg et al., 1988;
Kimber and Lindenberg, 1990). LNF-I (but not polysaccharides with similar structures such as LNF-
II, LNF-III, lacto-N-difucohexaose, lacto-N-tetraose, and lactodifucotetraose) (Kimber et al., 1994)
and an anti-LNF-I monoclonal antibody were also shown to inhibit mouse embryo attachment
significantly using an in nitro model for implantation (Lindenberg et al., 1988).

In ovariectomized mice, the LNF-I epitope appeared to be stimulated by oestrogen (Kimber and
Lindenberg, 1990) rather than progesterone as in ra ts (Kimber ct al., 1995). In pregnant mice,
maximal LNF-I epithelial surface expression occurred on days 1-4 and decreased markedly by days
5 and 6 (Kimber et al., 1988). Since the expression of LNF-T does not span the entire duration of the
receptive phase, the potential role for LNF-I may be limited to initial steps of adhesion. Mouse
conceptuses are believed to contain specific binding sites for LNF-I, although specific receptors have
not been identified.

LNF-I expression in pigs has recently been examined using the antibody used by Kimber et al.
(1994,1995) in mouse and rat. Expression was greatest in cyclic gilts from days 0-4 and is weak on
days 8-15 (Fig. 4). In ovariectomized gilts, LNF-I was detected in oestradiol- but not in progesterone,
oestradiol plus progesterone-, or vehicle-treated animals (Fig. 5). Analysis of the LNF-I expression in
the polarized uterine epithelial culture system is in progress.

Another carbohydrate antigen localized by immunostaining on luminal epithelium of pregnant
pigs from day 14 to day 30 of pregnancy which was specifically blocked by LNF-III is the Lewis'
(Ga113-1[Fucal-3]GlcNAct3l-) determinant (Whyte and Binns, 1994). The oligosaccharide carrying
this antigen at its nonreducing terminal can function as a ligand for F-selectin and has also been
shown to play a role in homotypic adhesion (Lewis'-Lewis') in mouse compaction and F9
embryonal carcinoma cell adhesion (Ha komori, 1992). The absence of immunoreactive Lewis^ on pig
trophectoderm indicates the absence of a role for Lewis' homotypic adhesion in pig uterine
epithelial cell-trophectodermal interaction (Whyte and Binns, 1994).

Selectins

The above referenced identification of Lewis' on pig uterine epithelium has led to the search tor
the expression of selectins on uterine epithelial cells and trophectoderm. Selectin family members
include E-, P-, and L-selectin. The term selectin refers to the common amino-terminal lectin domain
and the selective function and expression of these molecules; the nomenclature is based upon the
initial detection in cells (i.e. endothehum, platelet and leukocyte, respectively) All members of the
selectin family contain the unique extracellular region composed of an amino-terminal calcium-
dependent lectin domain, which is central to the ability of each of the selectins to bind the Lewis'
antigen (Tedder et al., 1995; Etzioni, 1996).

Neither E-selectin nor L-selectin were detected within pig uterine endometrial tissue or on
trophectoderm by immunocytochemistry, whereas E-selectin was detected in inflammatory
cutaneous sites and L-selectin in high endothelial venule cells in maternal lymph nodes in these pigs
(Whyte and Binns, 1994). The significance of Lewis' and LNF-I expression in uterine epithelium and
the possible involvement of carbohydrate-selectin interactions in trophoblast-uterine epithelial cell
adhesion remains undefined.

HSPGs HSPG- bindingproteins

A body of evidence suggests that heparan sulfate proteoglycans (HSPG) support rodent
blastocyst interactions with a variety ot substrates including uterine epithehal cells during early
attachment (see Wegner and Carson, 1994). HSPGs are developmentally regulated at the surface or
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Fig. 4. Immunofluorescence analysis of uterine epithelial lacto-N-fucopentaose 1 (LNF-I) expression in cyclic
gilts on days (a)0, (b)4, (c)8, and on days (d)11, (e)13 and (1)15on luminal epithehal cells (E) and glands (G). The
lumen of the uterus (L), where present, is identified in each panel. LNF-I expression was greatest in cyclic gilts
from days 0-4 and is weak on days 8-15. Scale bar represents 50 um.

mouse blastocysts and are detected at sites of embryo—uterine epithelial cell attachment and at the
surface of human trophoblastic cell lines (Wegner and Carson, 1994). HSPGs support adhesive
interactions of numerous cell types and extracellular matrix constituents and are capable of
complexing with a number of growth factors and modulate cellular functions. A heparin-binding
epidermal growth factor-like growth factor (HB-EGF) is synthesized as a transmembrane form in
mouse uterine epithelium. The mRNA encoding HB-EGF is expressed in uterine luminal epithelium
just before implantation and only at the site of blastocyst apposition, and experimental evidence has
been provided that HB-EGF can function as a juxtacrine adhesion factor that could be one of the
mediators of blastocyst adhesion during early implantation (Raab ct al., 1996).

Although comparable analyses of HSPG expression in pig conceptus and uterine epithelial cells
have not yet been conducted, the uterine expression of colony-stimulating factor 1 (CSF-1) in the pig
exhibits an interesting parallel to HB-EGF. CSF-I has been detected on the apical side of pig
trophectoderm and immunocytochemical analysis suggests that this may be a membrane-bound
form of CSF-1 (Tuo et al., 1995). CSF-1 may interact with CSF-1 receptor expressed on both
trophectoderm and endometrial cells by a juxtacrine mechanism as the CSF-1 receptor is expressed
by both pig conceptus and endometrium (W. Tuo and F.W. Bazer, unpublished).

Implantation as an Adhesion Cascade

Adhesion events that occur during implantation involve a highly coordinated set of sequential
interactions that may involve many different adhesion molecules with distinct but inter-related
functions. The molecular interactions involved in apposition and attachment of the conceptus and
apical uterine luminal epithelial cell surface may constitute an implantation adhesion cascade with
core events comparable to other adhesion cascades (Fig. 6). Examples include the cytokine-mediated
activation of granulocyte—endothelial interactions and metastasis of malignant cells (see
Schweighoffer and Shaw, 1992; Giancotti and Mainiero, 1994). Similarities of early implantation
events to the leukocyte—endothelial adhesion cascade and metastatic process have been recognized
(Damsky et al., 1993; Kimber et al., 1994).

Several core elements of adhesion cascades have been described (Schweighoffer and Shaw, 1992)
including (1) a triggering molecule on the cell surface capable of interacting with an extracellular
ligand, (2) a biochemical signal (or series of signals) generated by physical association of the trigger
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Fig. 5. Immunofluorescence analysis of uterine epithelial lacto-N-fucopentaose (LIVF-l) expression in
ovariectomized gilts receiving vehicle carrier (a), oestradiol (b), progesterone (c) or oestradiol plus progesterone
(d), Daily doses of oestradiol valerate (100 Rg day '), progesterone (200 mg day-'), or oestradiol ptus progesterone
were administered tor 10 days. LNF-I staining was intense only in oestradiol-treated gilts. Scale bar represents
50 Rm.

molecule to the adhesion molecule, and (3) an adhesion molecule, the adhesive nature of which is
altered by the biochemical signal. The molecules that function to trigger the adhesion cascade are
diverse and represented by many families of molecules that include cytokine receptors,
carbohydrate-selectin interactions, and membrane lipid metabolites that are linked to a variety of
signal transduction pathways (Schwartz et al., 1995; Stewart et al., 1995). While there is considerable
diversity among triggering molecules, integrins are the dominant adhesion systems in each of the
adhesion cascades and their capacity to mediate adhesion is linked to their activation by engaging
another surface molecule (Schweighoffer and Shaw, 1992).

The conditions that control the developmental expression of adhesion receptors and ligands in
the uterus are regulated precisely through the action of ovarian steroids, growth factors and
cytokines. During the pre-receptive phase, the blastocyst is free to move within the uterus, a
condition that appears to be supported in a number of species by the non-adhesive nature of the
large glycoprotein Muc-1. Muc-1 may extend outward from the apical cell surface further than
receptors or triggering molecules and thereby have the capacity to sterically inhibit the interaction of
the embryo with adhesion molecules at the maternal-fetal interface (Aplin et al., 1996)

Entry of the uterus into the receptive phase in synchrony with conceptus development and the
expression or unmasking of adhesion molecules permits the primary interactions involving low-
a ftinity bonds with triggering molecules. Several candidates for this role have been described in this
review including the pig laTE14(see Geisert and Yellich, this supplement), and membrane-associated
CSF-1 (Tuo et al., 1995).

Although not discussed in this review, cytokines, growth factors and paracrine signals from
trophectoderm may also act as triggering mechanisms or signals involved in the implantation
cascade. Potential participants in this process include, but are not limited to, transforming growth



Fig. 6. Implantation as an adhesion cascade. Transition of uterine luminal epithelium from pre-receptive

to receptive requires the downregulation of the anti-adhesive mucin, Muc-1, thought to inhibit the

interaction of the embryo with adhesion molecules at the interface of the blastocyst and uterine

epithelium. The sequential events of implantation (1-4) resemble events of other adhesion cascades. (1)

The progesterone-induced structural changes resulting in reduction of epithelial polarity is indicated by

loss of apical microvilli, alteration of tight junction organization, and close apposition of conceptus and

apical uterine epithelium. (2) Initial interaction between the two genetically distinct cell types occurs with

triggering molecules that are either induced or constitutively expressed but unavailable until loss of

Muc-1. The triggering molecules that initiate the implantation cascade are involved in low affinity and

weak molecular interactions. (3) Transduction of signals from the triggering molecules can include a

diverse array of biochemical and physical interactions, including Ca2- fluxes, protein phosphorylation, or

cytoskeletal alterations. (4) The final adhesion event is mediated by the high-affinity integrin-ligand

interactions. Potential integrin heterodimers that are candidates for the implantation cascade are all

members of the fibronectin and vitronectin family of receptors. LNF-1: lacto-N-fucopentaose; la1144:

inter-trypsin inhibitor heavy chain-like protein; GM-CSF: granulocyte-macrophage colony-stimulating

factor; TGF131: transforming growth factor 131;IL-113: interleukin 113;CSF-1: colony stimulating factor 1.

factor pl (TGF-131), interferon gamma (IFN-y), granulocyte-macrophage colony-stimulating factor

(GM-CSF), and interleukin 1p (IL-113) (Robertson et al., 1994), all of which are secreted by pig

trophectoderm during the peri-implantation period. These and other cytokines could initiate

integrin activation during signalling events.

It should also be noted that changes in the polarized functions of uterine epithelium that occur

during the receptive phase result in cytoskeletal alterations and changes in the distribution of plasma

membrane proteins and lipids partitioned by tight junctions. These changes may contribute to

conformational alterations in the integrins which could lead to their activation (Conforti el al., 1990).

As discussed previously, the involvement of integrins in adhesion, migration, and invasion, and

their numerous effects on the organization of the cytoskeleton and bi-directional signalling are

consistent with these adhesion molecules as dominant participants in the implantation cascade. The

upregulation of several integrin subunits and exposure of others upon loss of Muc-1 during the

receptive period provide a number of heterodimer combinations that are members of the fibronectin

and vitronectin family of integrin receptors. The redundancy in the potential integrin receptors

present and the variety of potential triggering molecules and ligands highlight the physiological

complexity of the implantation cascade in mammals.
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