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Abstract

Implantation is a complex developmental process in
which the early embryo becomes embedded in the uterine wall.
A key step appears to be transformation of the uterine epithe-
lium from a non-adhesive to an adhesive (hospitable) state un-
der the influence of steroid hormones and cytokines. This pe-
riod of uterine receptivity is known to be associated with nu-
merous glycosylation changes, including changes in the glyco-
lipid and glycoprotein composition of the uterine epithelium,
the size and charge of the apical glycocalyx, and the profile of
glycoproteins secreted into the luminal fluid. The embryo also
undergoes rapid changes in carbohydrate antigen expression
prior to implantation. These stage-specific changes may regu-
late the time and place of blastocyst attachment within the
uterus. Severval testable hypotheses concerning the role of sac-
charides in implantation have emerged, invoking both carbohy-
drate-protein and carbohydrate-carbohydrate interactions.
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A. Introduction

Implantation is a critical step in pregnancy involving
rapid changes in cell adhesion and migration. After several
days within the oviduct, the embryo enters the uterus as a free-
floating, compact ball of 8 to 16 cells. Here, the embryo forms
a fluid-filled sphere (blastocyst) with an outer epithelium
(trophectoderm) surrounding a nest of pluripotent stem cells
(inner cell mass). Trophectodermal cells are specialized to me-
diate embryo-uterus attachment, whereas the inner cell mass
gives rise to many extra-embryonic and embryonic cell types,
including the primary germ layers.

In the mouse, the blastocyst hatches from its extracellu-
lar coat (zona pellucida) at the 64-cell stage and attaches to the
intact epithelium of the uterine wall on day 4.5 post—coitufn (re-
viewed in 1, 2). Attachment is not random, but takes place spe-
cifically along the anti-mesometrial surface of the uterine wall.
Ultrastructural studies have shown that this initial stage of im-
plantation is accompanied by interdigitation of surface mi-
crovilli and close apposition of cell membranes (3). Blastocyst
adhesion is believed to trigger local degeneration of the uterine
epithelium and permit integrin-family receptors on trophecto-
dermal cells to engage extracellular matrix molecules in the
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basement membrane of the uterine epithelium (4-6). Within 24
hours of contact, the embryo is firmly embedded in the uterus
and has begun to form extraembryonic membranes involved in
nutrient absorption and secretion.

The cellular and biochemical mechanisms that control
uterine receptivity and implantation are largely unknown. How
do the embryo and the mother first recognize each other? How
is trophoblast invasion of the uterus is initially permitted and
then abruptly stopped? In this minireview I shall summarize
some of the evidence that cell surface and extracellular matrix
polysaccharides play an important role in regulating embryo-
uterine interactions during implantation.

B. Period of Uterine Receptivity

Adhesion between intact epithelia is uncommon and is
permitted in the uterus only during a short window of time in
early pregnancy (reviewed in 7). This period of uterine recep-
tivity is known to be regulated by circulating levels of the sex
hormones, progesterone and estrogen (8). In the absence of
nidatory (nest-building) estrogen, blastocysts in the uterus will
not implant; this, despite the fact that implantation-delayed
embryos are able to attach to a variety of substrates in vitro and
ectopic sites in vivo. A simple interpretation of these results is
that maternal receptivity to implantation is regulated by trans-
formation of the uterine epithelium, from a non-adhesive to an
adhesive (hospitable) state under the influence of progesterone
and estrogen.

Considerable research has been directed towards identi-
fying the hormonally-regulated molecules that establish uterine
receptivity and mediate cell interactions during implantation.
Recent studies indicate that leukemia inhibitory factor (LIF) is
involved in stimulating uterine receptivity in the mouse (9, 10).
LIF is a 50 kD secreted cytokine with many functions, includ-
ing: inhibition of proliferation in certain hematopoietic cell
lines and inhibition of differentiation in cultured embryonic
stem cells. Northern blot and in situ hybridization studies have
revealed that LIF is synthesized by the uterine glandular epithe-
lium on day 4 p.c. (9). Transgenic mice lacking the LIF gene
are fertile, but fully incapable of initiating intra-uterine preg-
nancy (10). Infertility appears to be due to the lack of LIF pro-
duction by the uterus, as mutant (LIF-less) embryos undergo
normal blastocyst formation and hatching in homozygous fe-
males, and upon transfer, they implant normally in both wild-
type and heterozygous females. Together, the results indicate
that LIF plays an essential role in implantation;. however, the
mechanism of LIF action remains unclear. For example, it is
unclear whether LIF induces physiological changes in the uter-
ine epithelium, the blastocyst, or both. The fact that LIF is se-
creted by the glandular epithelium suggests that this cytokine
accumulates in the uterine fluid and provides a differentiation
signal to cells expressing cell surface LIF receptors: presum-
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ably uterine epithelial and/or trophectodermal cells.

Under the influence of steroid hormones and cytokines,
the expanded blastocyst and the uterine epithlium become mu-
tually adhesive. Obvious cell adhesion molecules such as
laminin, fibronectin, and uvomorulin (E-cadherin) have not
been identified on the apical surface of the mouse blastocyst or
uterine epithelium (reviewed in 11). On the other hand, uterine
receptivity to implantation is known to be associated with nu-
merous glycosylation changes, including changes in: i) the gly-
coprotein and proteoglycan composition of the surface epithe-
lium (12, 13); ii) the glycolipid composition of the epithelium
(14-16); iii) the size and charge of the apical glycocalyx (17-
19); and iv) the profile of glycoproteins and proteoglycans se-
creted into the luminal fluid (13, 20). These changes in po-
lysaccharide expression may be controlled by LIF-induced
changes in glycosyltransferase gene expression, and serve to
regulate the time and place of blastocyst attachment within the
uterus.

C. Carbohydrates of the Uterine Epithelium

A consistent finding among many different mammalian
species that have been examined is a dramatic decline in the
expression of negatively-charged molecules in the uterine epi-
thelium at the time of implantation. Early studies using cationic
dyes revealed a dramatic decline in the thickness and electric
charge of the apical glycocalyx during the period of uterine re-
ceptivity (17, 18). Lectin histochemical studies corroborated
these findings, noting a specific loss of sialic acid and increase
in terminal galactose at this stage (12). Our own immuno-
chemical analyses of glycosphingolipid expression in the
uterus revealed a significant decline in polysialoganglioside
and a corresponding increase in neutral glycolipid during early
pregnancy in the human (15) and rabbit (16). A quantitative
estimate for these biochemical changes was obtained by mea-
suring the adhesion of uterine vesicles to DEAE-coated beads
in the presence of increasing amounts of dextran sulfate. In
these elegant experiments, Morris and Potter demonstrated a
50% decline in the net-negative charge of the mouse uterine
epithelium on day 4.5 p.c. (19). The blastocyst also undergoes
a decline in negative surface charge prior to implantion (21).
These biochemical changes are believed to facilitate maternal-
fetal interaction by reducing electrostatic repulsion between
opposing cell surface membranes. This hypothesis is supported
by the finding that quantitative changes in polysialic acid ex-
pression at the cell surface can dramatically alter the strength of
cell-cell adhesion (22).

The regional specificity of blastocyst attachment within
the uterus of many species (e.g. along the anti-mesometrial sur-
face in the mouse) suggests that local changes in charged or
other molecules may be more important-than these global
changes. In this connection, regional differences in saccharide
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expression have been observed in the rabbit uterus: differences
in lectin staining were observed between the mesometrial and
anti-mesometrial surface of the uterine lumen, and between im-
plantation chambers and inter-blastocyst segments (23). If
negatively charged molecules do inhibit blastocyst attachment,
then future studies on the distribution of sialic acid, glucuronic
acid, sulfatide, and sulfated proteoglycans in the uterus may re-
veal regional differences that correlate inversely with the distri-
bution of implantation sites.

Monoclonal antibodies provide invaluable tools for
analyzing the distribution of saccharides in tissues. Using well-
characterized monoclonal anti-carbohydrate antibodies, several
groups have reported the presence of fucosylated lacto-series
glycans in the uterine endometrium (see Table 1 for carbohy-
drate structures). For example, immunofluorescence assays
have shown that Le*, Le”, and H type 1 chain are all present on
the apical and glandular epithelium in the mouse (24-26).
These antigens are not present on uterine stromal cells; how-
ever they are found in the luminal fluid (25) where they appear
to modify the antigenic properties of preimplantation embryos
(27). Experiments using hormone replacement in
ovariectomized mice have shown that the expression of these
fucosylated glycans in the uterus is controlled by estrogen and
progesterone (26). Of further interest, is the finding that the H
type 1 chain structure is uniformly distributed in the uterus on
days 1-3 of pregnancy, but assumes a patchy distribution at the
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Table 1. Carbohydrate differentiation antigens of mouse trophectoderm and uterine epithelium

Antigen Structure Expression®
Troph Epith
LeY Galf1 —>4GlcNAcB1—>3Gal +++ +++
P
Fucal Fucal
Le* GalB1-54GIlcNAcB1—3Gal _ ++
]
Fucal
H type 1 Fucal »2GalB1—3G1cNAcB1—-3Gal _ +++
H type 2 Fucol -»2Galpf1—4G1cNAcB1—3Gal _ _
SSEA-3 GalB1—-3GalNAcB1—-3Galal —4Gal ++ _
SSEA-4 NeuAco2—3Galf1—3GalNAcB1—3Galal—4Gal ++ _
Sulfatide SO,—3GalB1—Ceramide _ ++

* Results of indirect immunofluorescence assays on early embryos and uterine frozen sections using monoclonal anti-
carbohydrate antibodies. Data are summarized from published results (16, 24-27, 33, 34, 41).
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time of implantation (25). Fucosylation of lacto-series glycans
may be a general protective mechanism to inhibit the attach-
ment of galactose-specific pathogens to the female reproduc-
tive tract (28). On the other hand, there is increasing evidence
that fucosylated lacto-series glycans provide ligands for hom-
ing receptors and complementary cell surface oligosaccharides.
Evidence that LeY and H are involved in cell recognition during
implanation is discussed further below.

Biochemical studies have shown that uterine epithelial
cells synthesize many different polysaccharides, including
lactosaminoglycans (29) and keratan/heparan sulfate
proteoglycans (13, 30). Lactosaminoglycans (large N-linked
polymers of galactose and N-acetylglucosamine) have been
suggested to regulate the intercellular adhesion of mouse uter-
ine epithelial cells by providing ligands for cell surface f1—4
galactosyltransferase. This hypothesis is supported by the find-
ing that agents which interfer with f1—4 galactosyltransferase
activity disrupt the adhesion of uterine epithelial cells, but not
stromal cells, in culture (29). Simple sugar modifications of
lactosaminoglycans, such as fucosylation, sulfation, or sialyl-
ation, could provide a mechanism for rapidly modifying the
availability of oligosaccharide acceptors for surface
galactosyltransferase during the estrous cycle and early preg-
nancy, and thereby regulate the strength of cell-cell adhesion.
In contrast to lactosaminoglycans, sulfated proteoglycans
(PGs) are generally considered to anchor cells to their underly-
ing basement membrane. In this connection, an estrogen-de-
pendent increase in the turnover of heparan sulfate PG at the
receptive stage has been suggested to trigger the sloughing of
uterine epithelial cells, by reducing the strength of cell-sub-
strate adhesion (13). Increased PG turnover during the period
of uterine receptivity may thereby serve to promote the penetra-
tion of trophectodermal cells through the uterine epithelium.

D. Carbohydrate Antigens of Early Embryos

The mammalian embryo undergoes a complex program
of glycosylation changes that are presumed to prepare it for
implantation (reviewed in 31 and 32). When examined with
various anti-carbohydrate monoclonal antibodies, cleavage-
stage mouse embryos have been found to express several
globo-series antigens, including globoside, Forssman, and
stage-specific embryonic antigens (SSEAs) 3 and 4 (see Table
1 for carbohydrate structures). SSEA-3 and -4 are synthesized
during o6genesis and present in the membranes of eggs and
preimplantation embryos (33, 34). These antigens disappear
from trophoblastic cells following implantation, but reappear
on primitive endoderm and one of its derivatives,
extraembryonic visceral endoderm (an absorptive and secretory
epithelium that contributes to the placenta), during
postimplantation development (35). Unlike SSEA-3 and -4, the
Forssman antigen appears on the embryo surface after the third
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cleavage division (day 3 p.c.) and its expression segregates
with the inner cell mass during blastocyst formation (36).

We have carefully examined the expression of these
globo-series antigens in human embryonal carcinoma (EC)
cells during retinoic acid (RA) induced differentiation. EC
cells, the malignant stem cells of teratocarcinomas, are believed
to resemble early embryonic cells. Our results indicate that gly-
colipid core structure switching from globo-series to lacto- and
ganglio-series is hallmark of EC cell differentiation (37, 38).
These membrane changes appear to be mediated by changes in
the activity of key enzymes (39). For example, the activities of
ol—4 galactosyltransferase (the key enzyme for synthesis of
globotriosyl core structure) and 31—3 galactosyltransferase
(the key enzyme for synthesis of SSEA-3 and -4) were both
reduced 4-fold during RA-induced differentiation of NTERA-2
EC cells. By contrast, the activities of f1—3 N-acetyl-
glucomsaminyltransferase (the key enzyme for synthesis of
lactotriosyl core structure) and a2—?3 sialyltransferase (the key
enzyme for synthesis of ganglio core structure) were both in-
creased during differentiation. These findings are important,
because they relate carbohydrate changes to specific proteins:
glycosyltransferases. Since some of these proteins have been
well characterized and their respective genes cloned, it will be
possible in the near future to relate membrane carbohydrate
changes to changes in gene expression. Although the globo-
series antigens of mammalian embryos and embryonal carci-
noma cells have been characterized as glycolipids, our recent
studies using an inhibitor of glycolipid synthesis (PDMP) indi-
cate that some of these epitopes may be carried also on mem-
brane glycoproteins (40).

In addition to globo-series antigens, early mouse em-
bryos have been found to express lacto-series antigens, includ-
ing Le* (41), dimeric Le* (27), Le¥ (27), and sialylated N-
acetylactosamine (42). These antigens appear to represent
simple sugar modifications of high molecular weight
lactosaminoglycans that are present in embryonic cell mem-
branes from fertilization through neurulation (43). We have
suggested previously that changes in the terminal structure of
"embryoglycans" provide cells with signals necessary for mor-
phogenetic cell interactions (31). In this connection, the Le*
antigen (also refered to as SSEA-1 or CD-15) appears dramati-
cally on the embryo surface at the late 8-cell stage (41). It is
lost from the outer tier of blastomeres during trophectoderm
differentiation at the 32-cell stage, but continues to be ex-
pressed by pluripotent stem cells of the inner cell mass. The
appearance of Le* correlates approximately in time with the
onset of compaction, and there is evidence to suggest that
fucosylated lactosaminoglycans facilitate the close interaction
and sorting of blastomeres at this stage (44-46).

Whereas Le* is the immunodominant carbohydrate
epitope of morula-stage mouse embryos, the Le¥ antigen ap-
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pears to be the immunodominant carbohydrate epitope of the
blastocyst (27). LeY differs from Le* by addition of fucose (see
Table 1) and appears on both trophectodermal cells and inner
cell mass at the 16-32 cell stage. Of interest, embryos flushed
from the uterus on day 4 p.c. are Le¥-positive, whereas embryos
flushed from the oviduct and cultured to the blastocyst stage in
vitro are LeY-negative (27). These results suggest that cyto-
kines or coating-factors within the uterine fluid regulate the ap-
pearance of this antigen on embryos. Early embryos are known
to acquire other carbohydrate differentiation antigens from the
oviduct or uterus (47). These epigenetic changes may be criti-
cally important for embryo development in utero. Indeed, as
discussed further below, there is evidence that Le’ interacts
with blood group H antigens on the uterine epithelium to ini-
tiate blastocyst adhesion during implantation.

E. Carbohydrates Involved in Blastocyst Attachment

The oligosaccharide chains of glycolipids and glycopro-
teins are believed to play important roles in biological recogni-
tion. For example, oligosaccharides provide ligands that are
recognized by selectins (reviewed in 48), glycosyltransferases
(reviewed in 49), and complementary oligosaccharides (re-
viewed in 50). Oligosaccharides are also known to modulate
the strength of interaction of various cell adhesion molecules
(22).

Several hypotheses concerning the role of surface car-
bohydrates in implantation have been put forward, invoking
both protein-carbohydrate and carbohydrate-carbohydrate in-
teractions. For example, Morris and co-workers have sug-
gested that an estrogen-dependent decline in heparan sulfate
PG reduces the net-negative charge of the uterine epithelium,
permitting trophectoderm adhesion to proceed (13). Carson
and co-workers have proposed a different model, in which
heparan sulfate PGs on the trophectodermal cell surface are rec-
ognized by receptors (possibly other PGs) on the apical surface
of the uterine epithelium (reviewed in 11). Evidence to support
their model is summarized here as follows: i) heparan sulfate
PGs have been detected on the apical surface of both uterine
epithelial cells and early embryos (5, 13, 30); ii) blastocysts
treated with heparinase exhibit reduced attachment to uterine
epithelial cells and ECM molecules in vitro (5); iii) exogenous
heparin and inhibitors of PG biosynthesis have both been re-
ported to inhibit blastocyst attachment and trophectoderm out-
growth in vitro (5). This model is attractive because PGs and
their glycosaminoglycan side chains are known to provide mul-
tiple ligands for cell attachment, and regulate a variety of devel-
opmental processes. A key prediction of this model is that
heparan sulfate PGs are re-routed from the basal to the apical
surface membrane under the influence of steroid hormones and
cytokines: i.e., a hormonally-regulated change in intracellular
protein sorting. PGs secreted by the uterine epithelium may

Trends in Glycoscience and Glycotechnology
Vol. 5 No. 24 (July 1993) pp. 271-285

BbHNBQ7)o LViZLe*iZT7 I — A% S G E2MMLZET

GEI1ZMH). 16324 DR EIEFE & EHIRESE DT 7 125
Bi5, REAHWZ LI, ZRFAHEOTFEPSL 75y v
BWILBERL ETHRVET I &) LRI B2 245, 5P
2575 v 2 LCinviwo TH#E L TR L7ZIETiE
BHLZOTH B2, SO LB FENBEHFOFA A4 Y
PEBEHNTFHMERO Z OMEORBAHE L Twd 2L 2R
B LTV 5, WHIMEIRINE L T8 2 b A O RS S L HUE %
BT B EFMLNTVHAN. TNLDRENEIXTEN
TOMRAILE ) DI EEDO L CBbND, KB b TH
LIRS & 912, LeidF5 L OBRIGUR & ]G L TERD
roORBIEEL b 20T LV S H B,

E. FBBEBCHHHDHEY

BERSERRE Y Vs B0 A THEMI AW SRS B Y
TRERBREZRELTWEEEDRATWS, HEzIEFY T
B, Lo F A8, BERBEERWICRID . MHWN
i) THEGOCBFHNDY VY FehoTwnd, 1) THENS
COMBBEAES FOMEROMS 2R THI L DAMLNT
W5(22),

§ N B —RESEAR EAE A LR B R 0 D
2 EUROPDORFD, BIRICBITHERBEROZENIS A
TREENTVE, & 2idMomisS IR A P& izt B
I3 VIRERPG DR DS FE LR O EREMER E % T TSN
MEOHEZRIT I L E2RKEL TWAH(13), Carsonb idiED
EFIVTRE LTV, ZRUC & 5 & FESREMBET DO
INT VHRBRPGIE T 5 LR OAMIFISHIEA R 2 H 5 ZHA(B
5LMBDPGIT & D EN B L v (113, REDET IV
P THARIRDELIICEEDBEIENTE S, BIb, 1)
~NNT VHRBRPGIE T FR AR & AR ORI &H 512D
Bl SN 5(5.13.30), i) ~¥Y F—ETRELET S L, FE
LR ®in vitro TOECMA FDEEEA TG E 5 (5). iil) ~/¥Y
RPGABKMEH % Iz 5 & M DO R in vitro TO RS
MEOKE A FHE SN 5B(5). PGS %3/ 7Y 5 v ORI
BHIRBEEROSZMO) Ty FeRrbI L, %L ORARRE
2HETAEIESTHMONTVWADT, TOEFNVIREIKTD
b, COETNTFHUINLERR I LIZ, ~NT VIRERPGH
AFOA4 FRNVEVBLTHA ML Y OFET CHRERHS
MR RT~E BE% Shb &, 2% ) &IVEVHIBIC
L BMMN S VN BREOBEI RIS ETH D, FEL
BT & ) S N BPGIRAERAT OB & 454 LMBRMMHEER O

©1993 FCCA (Forum: Carbohydrates Coming of Age)

277



also bind to preimplantation embryos and either mask or create
adhesive ligands for cell interaction. Thus, by several different
mechanisms, hormonally-regulated changes in PG synthesis
and secretion may serve to define the period of uterine receptiv-
ity.

There is increasing evidence that H type 1 chain
(Fucai1—2Galp1—3GlcNAc) is a receptor (ligand) for blasto-
cyst attachment in the mouse. As mentioned above, this anti-
gen is highly expressed by the uterine epithelium and under-
goes rapid changes in localization during the estrous cycle and
early pregnancy (25, 26). Lindenberg and co-workers have re-
ported that exogenous H oligosaccharides (lacto-N-
fucopentaose I) inhibit blastocyst outgrowth on monolayers of
uterine epithelial cells in vitro (51). In these experiments, the
presence of 0.1 mM LNF-Iin the culture medium reduced blas-
tocyst attachment to 62 % of controls. A variety of similar milk
oligosaccharides had no effect on blastocyst attachment, and
LNF-I had no effect on the cell-cell or cell-substrate adhesion
of uterine epithelial cells. Additional evidence for the involve-
ment of H type 1 chain in implantation was obtained by testing
the effects of monoclonal anti-carbohydrate antibodies on blas-
tocyst attachment. In the presence of anti-H hybridoma super-
natant (diluted 1:1 with fresh medium), blastocyst attachment
to uterine epithelial cells was reduced to 50 % of controls (51).
Based on these results, Lindenberg hypothesized that a carbo-
hydrate-binding protein on trophectodermal cells mediates im-
plantation via lock and key recognition of H type 1 chain glyco-
lipids (or glycoproteins) that are present on the apical surface of
the uterine epithelium.

An H-specific binding protein has not yet been identi-
fied, however mouse blastocysts have been shown to bind fluo-
rescent neoglycoproteins containing LNF-I (52, 53).
Lindenberg and co-workers reported that the percentage of em-
bryos labeled with LNF-I-bovine serum albumin increased dra-
matically on day 5 of development, in parallel with the increas-
ing ability of these embryos to undergo uterine attachment (52).
A variety of other fluorescent neoglycoproteins failed to bind
peri-implantation embryos. Similar findings were reported by
Yamagata and Yamazaki (53), who further demonstrated that
fluorescent neoglycoprotein labeling of embryos could be spe-
cifically inhibited by non-fluorescent neoglycoprotein (Fig. 1).
Of interest, both groups reported that the binding of fluorescent
neoglycoproteins took place preferentially over mural
trophectoderm on the abembryonic surface of the blastocyst
(see Fig. 1). This is important, because it is precisely the region
of the embryo that is believed to mediate initial attachment to
the uterine epithelium. Yamagata and Yamazaki termed the
putative trophectoderm receptor for LNF-I, "MECAM", for
mouse embryo cell adhesion molecule. In addition, these au-
thors have suggested that radiolabeled neoglycoproteins could
be used as probes to screen cDNA libraries for carbohydrate
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binding proteins.

Carbohydrate binding proteins involved in implantation
may include selectins and glycosyltransferases. Selectins (also
referred to as Lec-CAMs) are a family of transmembrane gly-
coproteins having a single calcium-dependent lectin site in their
extracellular domain (reviewed in 48). They are known to me-
diate cell interactions between blood cells and activated endo-
thelial cells, and play a central role in lymphocyte recirculation
and inflammation. All three members of the selectin receptor
family appear to recognize a carbohydrate epitope common to
sialyl Le* and sialyl Le®. Thus, E-selectin (54, 55) and P-
selectin (56) were initially shown to recognize sialyl Le*. Sub-
sequently, E-selectin (57, 58) and P-selectin (59) were shown to
bind sialyl Le* with similar affinity. Recent studies indicate
that L-selectin also binds sialyl Le*/Le* (60). Selectins may
play an important role in mediating cell interactions during
embryonic development; however, immunohistochemical
studies using monoclonal antibodies (27) and selectin receptor
globulins (61) have not demonstrated the presence of sialyl Le*/
Le? in mouse embryos. On the other hand, sulfatide (3-O-sul-
fated galactosylceramide) is known to interact with L-selectin
(reviewed in 48), and sulfatide has been identified on the sur-
face of uterine epithelial cells (14-16). Thus, the presence of L-
selectin on the outer surface of the blastocyst could provide a
basis for specific cell recognition during implantation.

Glycosyltransferases are transmembrane and soluble
glycoproteins with a large C-terminal catalytic domain. These
enzymes typically catalyze the transfer of a monosaccharide
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Fig. 1. Staining of mouse embryos at the implantation stage

with the fluorescent LNF-I probe. Panels A and C are bright
field pictures. Panels B and D are fluorescent photomicrographs of the
same specimens as those shown in A and C, respectively. In panels A
and B the embryo was treated with rhodamine-labeled LNF-I
neoglycoprotein (8 pg/ml). In panels C and D the embryo was treated
in a similar way as A and B, but unlabeled LNF-I neoglycoprotein
(100 pg/ml) was also present. Abbreviations: MTE, mural side
trophectoderm; ICM, inner cell mass. The bar represent 50 um. From
Yamagata and Yamazaki (53) with permission.
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(sugar nucleotide donor) to a growing oligosaccharide chain
(acceptor substrate). In addition to their Golgi localization,
glycosyltransferases may be found at the cell surface where
they bind specific oligosaccharides presented by other cells or
extracellular matrix molecules (reviewed in 49). Glycosyl-
transferases have been claimed to participate in numerous cell
interactions during development, including sperm binding to
the zona pellucida (62), adhesion of uterine epithelial cells (29),
compaction of the morula (63), and adhesion and migration of
trophoblastic cells in the postimplanation ectoplacental cone
(64). These studies have focused exclusively on cell surface
B1—4 galactosyltransferase and its interaction with N-
acetylglucosaminyl structures. The identification and charac-
terization of additional carbohydrate binding proteins in mam-
malian embryos and maternal tissues is clearly an important
area for future research. '

F. Carbohydrate - Carbohydrate Interactions

Recognition molecules for cell surface carbohydrates
have been assumed to be proteins such as selectins and
glycosyltransferases; however, an alternative possibility has
been proposed that recognition molecules for carbohydrates in-
clude carbohydrates. For example, we have reported previ-
ously that fucosylated a1 —3 lactosamine structures self-aggre-
gate in the presence of calcium (65). In these experiments, Le*
containing glycolipids preferentially bound to Le* coated plas-
tic surfaces. Le* liposome binding to Le* target wells was
greater than binding to target wells coated with paragloboside,
globoside, or sialyl-paragloboside, and binding was propor-
tional to the amount of Le* glycolipid loaded in the liposome or
coated on the plastic surface. In addition, liposomes containing
Le* were observed to self-aggregate. The results of these and
other studies suggested the novel hypothesis that carbohydrate-
carbohydrate interactions play an important role in controlling
surface interactions between embryonic cells during compac-
tion, the stage at which Le* first appears, and throughout em-
bryonic development (reviewed in 31).

Other examples of glycolipid-glycolipid interaction
have been identified, including ganglioside GM3 interaction
with asialo-GM2 and lactosylceramide (reviewed in 50). The
possibility that these glycolipid interactions are biologically
relevant is supported by cell adhesion assays performed by
Naoya Kojima and Sen-itiroh Hakomori at The Biomembrane
Institute. In these elegant experiments, B16 melanoma cells
expressing high levels of ganglioside GM3 were shown to at-
tach readily to cells or plastic surfaces that contained high-lev-
els of asialo-GM?2 or lactosylceramide (66). The carbohydrate
specificity of this adhesion was demonstrated using enzymes
(e.g. neuraminidase), monoclonal anti-glycolipid antibodies
(e.g. anti-GM3), and oligosaccharides (e.g., N-acetyl-
lactosamine) as blocking agents. Glycolipid-glycolipid inter-
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actions were shown to potentiate the attachment of B16 mela-
noma cells to extracellular matrix molecules (66) and non-acti-
vated human endothelial cells in a continuous (dynamic) flow
system (67).

Blastocyst attachment to the uterine wall is also a type of
dynamic flow system, especially in humans, where the uterus is
large in comparison to the size of the embryo. Thus, it is rea-
sonable to ask whether implantation of the embryo is mediated
by carbohydrate-carbohydrate interactions. As mentioned
above, H antigens are highly expressed on mouse uterine epi-
thelial cells, and oligosaccharide inhibition studies have impli-
cated this structure in blastocyst attachment (51-53). Accord-
ingly, we tested the interaction of H with Le?, a stage-specific
surface antigen of mouse trophectoderm. In order to test this
hypothesis, Le¥ glycolipid was prepared by enzymatic a1 —3
fucosylation of type 2 chains by Mark Stroud (The Biomem-
brane Institute), and liposome binding to solid phase glycolip-
ids coated on plastic plates was performed by the method previ-
ously described by Naoya Kojima, Ivan Eggens, and Sen-itiroh
Hakomori (65-67). In brief, liposomes containing Le’ were la-
beled with “C-cholesterol and incubated with plastic wells
coated with increasing quantities of various glycolipids targets.
LeY liposomes were found to bind to both H type 1 and type 2
chain, but not Le?, Le*, or paragloboside (68).

Our results suggest the possibility that LeY structures on
trophectoderm interact with H structures on the uterine epithe-
lium to initiate the implantation process. In this model (Fig. 2),
a decrease in the negative charge of the uterine epithelium dur-
ing the receptive stage permits multivalent, carbohydrate-car-
bohydrate interactions to initiate adhesion between the blasto-
cyst and the apical surface of the uterine epithelium. Although
the physical basis of carbohydrate-carbohydrate interactions is
unknown, conformational studies have indicated that
fucosylated lacto-series glycans are more hydrophobic than re-
lated structures. This hydrophobicity appears to be due to the
proximity of the N-acetyl group of N-acetylglucosamine and
the methyl group of fucose. It is unlikely that Le? is the cell
adhesion molecule identified using LNF-I neoglycoproteins,
because Le? is uniformily distributed on the blastocyst surface
(27), whereas MECAM is restricted to mural trophectoderm
(52, 53; see Fig. 1).

G. Glycosaminoglycans and Trophoblast Qutgrowth
Following blastocyst attachment, trophectodermal cells
penetrate the uterine epithelium and invade the endometrium to
establish a substrate for further embryonic development. As
trophectodermal cells begin to invade the uterine wall (i.e., en-
dometrium), stromal cells near the site of implantation undergo
a rapid process of differentiation, termed decidualization (re-
viewed in 69). Decidualization of the uterine stroma is accom-
panied by marked changes in the synthesis of both cytoskeletal
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Fig. 2. A model illustrating the possible role of saccharides in mediating interactions between trophectodermal and uterine

epithelial cells during implantation. A decrease in the negative charge of the uterine epithelium at the receptive stage may permit carbohy-
drate-carbohydrate interactions, such as Le¥-H, to anchor the blastocyst to the uterine wall. The strength of Le? to H adhesion could be regulated
also by the density of carbohydrates at the cell surface and by the availability of divalent metal cations. Subsequent events in implantation may
include activation of relatively non-specific, but stronger cell adhesion molecules, including carbohydrate binding proteins (CBP), gap junction
proteins (JP), extracellular matrix proteins, and their integrin receptors (I). Additional abbreviations: ICM, inner cell mass; T, trophectoderm;

E, uterine epithelium.

and extracellular matrix molecules (5, 70, 71). These changes
are believed to: 1) regulate trophoblast outgrowth; ii) help es-
tablish the hemochorial placenta; and iii) protect the develop-
ing embryo from physical and immunological harm.

A major unsolved problem concerns the nature of the
uterine factors which limit trophoblast outgrowth during im-
plantation. Trophoblastic cells are able to invade a wide-vari-
ety of tissues under experimental conditions (72, 73), yet their
migration is curiously restricted in the pregnant uterus. Recent
studies suggest that glycosaminoglycans and proteoglycans in
the extracellular matrix of decidual cells play an important role
in limiting trophoblastic cell invasion of the endometrium. For
example, chondroitin sulfate PGs have been shown to inhibit
blastocyst outgrowth on fibronectin- and collagen type 1-
coated plastic surfaces (74). Sulfated glycosaminoglycans such
as chondroitin sulfate are generally believed to inhibit cell mi-
gration by steric hinderance of binding sites on cell adhesion
molecules. Chondroitin sulfate is known to be synthesized by
uterine stromal cells in culture (75), and has been identified re-
cently in the pregnant mouse uterus using immunohistochemi-
cal techniques (61). Together, the results suggest that chon-
droitin sulfate PGs secreted by uterine decidual/stromal cells
attenuate trophoblast migration by masking fibronectin and
collagen binding sites in the endometrium.

Hyaluronan also appears to play an important role in
controlling trophoblast invasion of the endometrium.
Hyaluronan consists of a linear polysaccharide chain with re-
peating glucuronic acid B1->3 N-acetylglucosamine f1—4
structure. It is synthesized at the cell surface and cross-linked
to other ECM proteins to form a stable, macro-molecular lat-
tice. Recent localization studies using a fragment of a

BREACHES TV ABH(5,70.71) TS DZEALIX, 1) FEIEE
DEE OFME. i) B EERBE O, i) £ HEN PO
RIEFHWEED S DEDRED 2D E BT WD,

KIFRDOK & %2 EREIIE R OFKEFE OB % HIRT %
FEEROKEIIOVWTTH b, FEFRBIIERSEHG T TIIE
FHIEBEHOMBIIRAT A I LA TEB(72.73)05, REEIC
b IOBEIRFRTENIKEOA TS, BEDOHEIX, i
MOMEN~ M) v I RCBIIAT) AV I T h U RT
Oyt 7)) hvH, REFBMROWNE~OEAZ HHT 5 L
TEETHALAILARBELTND, & 2ifay Fas FU5
BRyasr A7) A, 74 7urx s F X IR -5
TaA—=bLETI5AF Yy 7 EHETORBROEFT#HEL
(14)o Y FOAF VRO L ) 2HBLT ) aHI /70 %
VIIMIRREEE S T L OBE T MANICRET 5 2 & THifE)
YHIET2LEDRTVS, TV FOA F VBRI REGT
DFERA MO —THRBIZLIDERINEZEFHoTNT
(75)s B ClRBEMBILEN TR L DR~ 7 AFERNIC
HHZEDPFEENTZ(6) INLDERERELTELS
&L FEREEH L VEX PO —<MBICL Y ERSWENRD
av R4 FUERPGIE, RIEED 7 4 T s F a5 —
TYORAEMNERT L TREBEFROBEH 2 HI T0DELEE
25,

L7 aF v RENREOHBE~NOBAZHMT 2 LT
RERREZREZLTWAB LI P, e7vaFrrEdsvray
B B1IBN-TEFNINIF IV 14D Y 2 LIEERFHD
EHROZETH S, 7 IVaF VIiZMBEER TAK S Ut
ECMAF LR v oo ), RELGDTFOKTEK
$h, TOUFEFT)H AT E V80 B DU (76) R CDA4S A
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proteoglycan core protein (76) and a CD44 receptor globulin
(61) indicate that hyaluronan is selectively lost from the anti-
mesometrial side of the uterus following implantation. Thus,
implantation appears to initiate a polarization of hyaluronan
expression in the uterus: hyaluronan continues to be expessed
at high levels in the region of angiogenesis and blood sinusoid
formation over the ectoplacental cone, but is rapidly cleared
from the extracellular matrix of decidual cells on the anti-
mesometrial side of the uterus near the embryo. As suggested
previously by Brown and Papaioannou (76), hyaluronan clear-
ing may serve to restrict trophoblast invasion of the endome-
trium by creating a non-permissive environment for cell migra-
tion. We have suggested (61) that hyaluronan clearing also
serves to direct the growth of extraembryonic ectoderm along a
line of least resistance (towards the mesometrium), and thereby
orient the embryo and placenta in the uterus. Continued expres-
sion of hyaluronan on the mesometrial side of the implanation
chamber may serve to localize angiogenic growth factors, such
as TGFp and basic FGF, and stimulate capillary growth in the
decidua basalis. Future studies on the expression of hyaluronan
binding proteins by trophoblastic cells of the ectoplacental cone
would seem warrented.

H. Perspectives

Infertility is a significant health issue world-wide, af-
fecting approximately 10 to 15 percent of couples. Among the
causes of female infertility is an inability of the normal embryo
to implant in the uterine wall. Cell surface carbohydrates are
known to be involved in biological recognition, and the evi-
dence summarized here suggests that saccharides of the blasto-
cyst and uterine endometrium are involved in mediating cell
interactions during implantation. The results also suggest a hy-
pothesis that aberrant glycosylation in embryos or uterus under-
lies certain types of female infertility associated with failed im-
plantation.

Saccharides appear to play multiple roles in regulating
interactions between embryonic and maternal cells during im-
plantation. The carbohydrate chains of cell surface glycolipids,
glycoproteins, and proteoglycans have been reported to regu-
late the intercellular adhesion of uterine epithelial cells (29),
provide receptors for blastocyst attachment to the uterine epi-
thelium (5, 11, 51-53, 68), and control the extent of trophoblast
invasion within the uterine endometrium (61, 74-76). In the
near future it should be possible to test the receptor role of spe-
cific carbohydrates using anti-carbohydrate antibodies as
blocking agents in both in vitro and in vivo implantation assays.
In addition, it may be possible to test the role of membrane gly-
colipids in implantation by inhibiting their biosynthesis using
the new ceramide analogue, PDMP (40). Finally, given the es-
sential role of LIF in preparing the uterus for blastocyst attach-
ment, it will be important to examine the effects of exogenous
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LIF on glycolipid and glycoprotein expression in uterine epi-
thelial cells and early embryos, to define the essential changes
in glycoconjugate expression that precede implantation.

The results of this research may help establish new strat-
egies for identifying and treating female infertility, and lead to
improvements in the success of in vitro fertilization/embryo
transfer programs for both humans and non-human endangered
species. The results may also lead to the development of risk-
free contragestive agents.
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