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Introduction

It is both flattering and humbling to be asked
to address this topic, since quite a few people
at this meeting could address it equally well or
better. In fact, Koji wrote a review with almost
exactly the same title 20 years ago (1). However,
each of us would address the area somewhat
differently.

Over the years I have had the privilege of
examining blastocysts and implantation sites of
a large number of diverse species. It is
consequently from the point of view of a
comparative anatomist that I view uterine
receptivity to embryo implantation. In
considering uterine receptivity, we can divide
the area into three sequential series of events:
the initial preparation of the blastocyst for
implantation, the receptivity to blastocyst
adhesion and penetration of the uterine luminal
epithelium, and accommodation and limitations
to expansion of the implantation site.

Preparation of the blastocyst
for implantation

During the time when the blastocyst is
unattached to the uterine luminal epithelium,
there must be sufficient allowance for
nourishment of the blastocyst to permit its
differentiation. That the uterus has a prominent
controlling role is most obvious in those species
that undergo a delay of implantation such as
the diprotodont marsupials, laboratory rat and

mouse, armadillo, roe deer, a few bats, and a
number of pinniped and mustelid carnivores.
During delay the uterine environment results in
relative quiescence of the blastocyst (2). In the
rat and mouse there is a slight change in shape
and increase in size. In the spotted skunk the
effect of the uterine environment on the
blastocyst is extreme: delayed blastocysts are
small with cells loaded with lipid and little
protein synthetic apparatus (3); as implantation
approaches, the blastocysts are activated,
develop an extensive protein synthetic
apparatus, loose lipid, and expand dramatically.

Loss of the zona pellucida prior to
implantation is quite variable. In the mouse a
zona-lytic agent is produced by the uterus prior
to implantation (4). Zona loss is delayed about
a day in the rat and mouse during delayed
implantation. In the armadillo and roe deer the
blastocyst is free of the zona during delay,
whereas in carnivores the zona is retained both
throughout delay and normally. In some species
an extra component is added, such as the
capsule in the horse (5) and the gloiolemma in
the rabbit (6). There may also be addition to the
zona in animals such as the fur seal. Interestingly
the zona is lost before implantation from
outside the capsule and beneath the gloiolemma
in the horse and rabbit respectively. It has been
shown that the capsule of the horse is modified
in composition by both proteolysis and
absorption well before implantation (7). In the
rabbit the gloiolemma itself is lost only under
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the abembryonic trophoblast as the blastocyst
implants.

The syncytial trophoblastic plaques of the
carnivore penetrate the zona while it remains
for a short time between the epiblast of
the blastocyst and the uterine epithelium (8).
In the guinea pig, processes from syncytial
trophoblast in the abembryonic portion of the
blastocyst penetrate the zona pellucida and
intrude between uterine epithelial cells at the
initiation of implantation (9).

The shape of the uterus, muscle contraction
and tone, fluid removal from the uterine lumen,
and endometrial edema can all contribute to
positioning of the blastocyst within the uterus
before implantation. The role of the myometrium
is often especially significant. In some species
the position of the blastocyst is related to its
transport within the oviduct, where it may be
situated at the entry into the uterus in some

bats (10), or be situated in an adjacent fold of
the endometrium as in the armadillo (11). In
most species, however, the blastocysts are
distributed within the uterus and positioned by
muscular activity. In the rabbit, it has been
shown that the expanded blastocyst triggers
local contraction waves resulting in even
spacing of the blastocysts within the uterus
(12). In the horse the blastocyst wanders from
side to side until day 16, when increased muscle
tone positions the blastocyst in one or the
other of the potential implantation chambers
situated in each horn adjacent to the uterine
body (13).

The situation in other species is more subtle.
In the rat and mouse, although we speak of the
implantation as being antimesometrial, the
position of the blastocyst is actually largely
central with regard to distance from the
myometrium (Fig. 1). The orientation of the rat

Fig. 1 : Clasped blastocysts. A. The mouse blastocyst on day 5 is situated in the middle of the uterus, equidistant
from the myometrium, although it is considered to be antimesometrial. B. The blastocyst of the funnel-eared
bat Natalus is fixed in position by swelling of the blastocyst and a glandular endometrium with a closed lumen.
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blastocyst is an interaction of the blastocyst
shape and luminal closure that results from
endocytosis of fluid from the lumen and local
endometrial edema (14). The position of the
human and macaque blastocyst at implantation
is also in the area most remote from contracting
uterine muscle (15), with orientation of the
blastocyst due to formation of syncytial
trophoblast near the inner cell mass. The larger
number of blastocysts implanting dorsally rather
than ventrally in the human uterus is not readily
explained.

Receptivity to adhesion and
penetration, or not

In order to have the term implantation apply
to all eutherian mammals, we can define it as
the time when the blastocyst is both fixed in
position and begins to undergo a more intimate
relationship with the endometrium. This intimate
relationship with the endometrium begins with
apposition of trophoblast to the endometrial
luminal epithelium, usually followed by
interdigitation of microvilli, development of areas
of adhesion between the two epithelia, and
eventually epithelial penetration in those species
that develop endotheliochorial or hemochorial
placentas.

The molecules involved in adhesion of
trophoblast and endometrial epithelium have
been the subject of very considerable study.
These molecules have been reviewed by Kimber
(16) and by Aplin (17), as well as presentations
in this symposium. Aplin and Singh (18)
listed 18 soluble mediators associated with
implantation in the mouse or human, and 10
paracellular adhesion molecules with a
“predicted role implantation” while Kimber listed
32 “molecules potentially involved in the
trophoblast adhesion cascade.” Clearly,
although many of the molecules appear in
several species, one can expect differences in
their importance in different species as well as
redundancy in the involvement of several in
any one animal. It is also probable that different

molecules are involved with initial adhesion and
later stage of adhesion, just as different
adhesion partners are involved in rolling as
opposed to adhesion to endothelial cells by
leukocytes (16). Aplin (17) has recently pointed
out what several of us have observed in vivo
and in vitro, that there must be some specific
adhesion at the lateral folds of the luminal
epithelial cells. Whether there is leakage of
junctional complex molecules onto these lateral
folds or not, the fact that trophoblast penetrates
between cells suggests involvement of some of
the numerous potential mediators of junctional
adhesion at these lateral areas, as well as
changes in gap junctional constituents induced
both hormonally and locally by the blastocyst
or decidua (19).

Many years ago we noted that the ways in
which initial penetration of the uterine epithelium
by trophoblast occurred could be grouped into
three or four types (20). At that time, the types
of trophoblast penetration were classified as
intrusive, facilitated, or fusing, with direct
penetration into epithelial cells as illustrated in
the horse added later (21).

Penetration by intrusion is particularly
common and is especially fascinating, since it
involves both penetration of trophoblast
between polarized uterine luminal epithelial cells
and yet sharing of portions of the adhesion
regions with these same cells. This method of
penetration largely retains the integrity of the
uterine epithelium, increases the adherence of
the developing blastocyst to the epithelium,
and directs the intruding trophoblast to the
underlying basal lamina of the uterine luminal
epithelium. This is the common method in many
primates and carnivores, and so far is the most
common method of penetrating the uterine
luminal epithelium in mammals (Fig. 2A). Sharing
of adhesion junctions is also seen in margins of
the rat implantation site and during penetration
of syncytial trophoblast into capillaries in many
species (22).

Facilitated implantation, as seen in the rat
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and mouse, is complex (Fig. 2B). There are
changes in basal lamina constituents that
apparently reduce the adhesion of the uterine
epithelium to the basal lamina (23) as well as
alterations in junctional complexes. Some uterine
epithelial cells undergo apoptosis and are
phagocytized by trophoblast (24). Toward the
mesometrial end of the implantation site,
trophoblast adheres to the lateral surfaces of
the epithelial cells and intrudes beneath them.
In normal implantation in the rat and mouse, the
residual uterine luminal basal lamina is
penetrated by processes from decidual cells

(25, 26), but processes from trophoblast may
penetrate this basal lamina when delay mouse
blastocysts are implanting.

Fusion of trophoblast with uterine epithelial
cells can be considered a primary, secondary or
tertiary event. In the primary case such as the
rabbit (Fig. 2C), there is direct fusion between
the apical ends of uterine epithelial cells and
the syncytial trophoblast of trophoblastic
knobs, resulting in a heterokaryon (27). In
artiodactyls only certain trophoblast cells, the
binucleate cells, fuse with luminal epithelial cells,
bringing gonadotropin-secreting cells closer

Fig. 2 : Cartoon of different methods of epithelial penetration during implantation. A. Intrusion of trophoblast
between uterine epithelial cells, with sharing of adhesion junctions. B. Facilitated penetration involving
cell sloughing, apoptosis, and decidual cell penetration of the uterine epithelial basal lamina. C. Fusion
of syncytial trophoblast with individual uterine epithelial cells. D. Direct penetration of processes
from binucleate trophoblast cells from the equine chorionic girdle into the apical ends of the uterine
epithelial cells. Drawings modified from illustrations in Carson et al. (22).
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to the endometrium after the initiation of
implantation (28). In other mammals such as the
marmoset it appears that individual uterine
epithelial cells fuse with syncytial trophoblast
after they have become largely surrounded by
trophoblast (29). This third situation may be
fairly widespread in primates, but needs to be
verified by such methods as using Y-
chromosome markers.

The direct penetration of trophoblast into
epithelial cells (Fig. 2D) has been seen only in
the mare, where the binucleate trophoblast
girdle cells of the blastocyst send processes
intruding into the apical ends of the uterine
luminal epithelial cells (30, 31). Interestingly
these binucleate cells also show basal processes
toward underlying girdle cells, are originally
slow to penetrate the uterine basal lamina, but
eventually penetrate into the endometrial
stroma, including lymphatic vessels but not
blood vessels (32).

In species in which the entire placenta is
epitheliochorial such as the pig, the uterine
epithelium resists penetration. It has been
suggested that this lack of invasion is an
adaptation (33), since Samuel and Perry (34)
showed that when inserted interstitially into
the uterus, pig trophoblast, instead of being a
unilaminar cellular layer, formed syncytial
masses.

Blastocyst transfers both to ectopic sites
and asynchronously into the uterine lumen have
lead to the concept that the uterine luminal
epithelium is unique in allowing only a limited
time when blastocysts may initiate epithelial
penetration and thus establishment of an
implantation site. Several investigators (35, 36)
illustrated this window of implantation to be
quite narrow in laboratory rodents, using
blastocyst transfer methods. In the human
Wilcox et al. (37) compared the time of first
appearance of chorionic gonadotropin in
maternal urine with ovulation, and determined
that 8 to 10 days separation was optimal and
that with a separation of 11 days there was 82%

failure of the implantation site. This indicates
that the window of implantation in the human
is wider than that in laboratory rodents.

Many experiments illustrate that non-uterine
sites and non-uterine epithelia are not
necessarily as restrictive to trophoblast
penetration as the uterine luminal epithelium.
Ectopic implantation of the human blastocyst
in the oviduct is also considered an indication
that uterine luminal epithelium is not essential
for blastocyst penetration; however, a recent
observation of Fukuda (38) indicates that
blastocysts may be able to induce trophinin
production in oviductal epithelia, similar to the
situation in the uterus. One of the earlier
experiments with ectopic placement was the
introduction of mouse blastocysts into the
anterior chamber of the eye (39). Here the
blastocysts successfully penetrated into the
stroma and produced hyperemia as well as
rapidly increasing the amount of trophoblast.
More recently we showed that when rhesus
monkey blastocysts are cultured in vitro, the
trophoblast underlying the inner cell mass can
readily penetrate a number of epithelia, including
those derived from liver and from MDCK cells
(40). This illustrates further that that the unique
aspect of uterine epithelium is not that it is
receptive to blastocyst attachment and
penetration but that it can be either receptive
or resistant.

Accommodation and limitations to
expanding the implantation site

One of the general responses of the
endometrium to implantation is hyperemia
(Fig. 3). However, there is considerable variation
in the timing and extent of modification of the
endometrial vessels at implantation. The rapid
enlargement of the superficial vessels in the
baboon facilitates the formation and expansion
of the lacunar stage (41). In the macaque, there
is an extraordinary modification of the
endothelial cells, which become tall cuboidal to
columnar, sometimes show apically situated
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Fig. 3 : Penetration of trophoblast  into dilated endometrial  capil laries during implantation
in the baboon. A. Syncytial trophoblast penetrates into the capillary lumen (arrow). B. Electron
micrograph showing microvillous trophoblast penetrating into an underlying capillary (between arrows).

nuclei, and are the only endothelial cells to
become TGFa positive (42). This transition is a
non-specific response that can be induced by
trauma or by relaxin (43, 44). The forming
endometrial cups of the mare are unusual in
that the invasion of trophoblast cells elicits
little or no increase in localized vasculature;
indeed the regions with cups appear pale in
comparison to the rest of the endometrium
(32, 45). It is possible that in some of the bats
with delayed development, in which implantation
occurs but both placenta and fetus are initially
slowed in development, there may be restricted
vascularity. A remarkable example of vascular
accommodation is that of the nine-banded
armadillo (46). In this species the uterus is
essentially pre-receptive in that the blastocyst

is held in the fundic end where it is closest to
the endometrial blood sinuses. Placental villi
penetrate into these sinuses, then expand into
the body of the uterus resulting in an
intervillous region bounded by maternal
endothelial cells and with a pre-established
directional blood flow.

Epithelial plaque formation consists of
hypertrophy of luminal epithelial cells and cells
in the necks of uterine glands, which occurs in
a number of primates but not anthropoid
primates (47, 48). In the macaque these cells
store glycogen, but by about day 16 begin to
degenerate. The presence of such clusters of
cells tends to limit the areas of invasion of
cytotrophoblast following the lacunar stage in
the macaque (49). Later as plaque cells
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degenerate they appear to contribute nutritive
materials and to form part of a necrotic layer
that separates much of the trophoblastic shell
from the endometrium for a few days. In this
fashion they may be one of the factors limiting
the extent of endometrial  invasion by
cytotrophoblast during placenta formation in
this species.

Decidualization, the modification of stromal
cells of the endometrium from fusiform to
rounded polyhedral shape, is widespread but
not universal in species with hemochorial
placentation. These changes are brought about
by activation of transcription (50) and involve
changes at both the transcriptome and proteome
level (51). In the rat and mouse the role of these
cells in shaping the implantation chamber,
encouraging its expansion by degeneration in
the antimesometrial portion of the chamber, its
role in eliminating the uterine epithelium
mesometrial to the initial implantation site, and
its eventual disintegration antimesometrially to
permit inversion of the yolk sac are all well
documented. Although decidualization probably
helps in determining the arrangement of the
vessels in the mesometrial  area of the
implantation site, stimulation of angiogenesis
probably comes from uterine dendritic cells
(52). Originally the nature and function of
decidualization in primates has been less
revealing. It is encouraging to see recent studies
by several of the scientists at this symposium
indicating the ways in which decidual cells may
act to limit the expansion of the implantation
site beyond normal parameters (53-55). Because
endometrial responses can be studied in vivo
in non-human primates, they can serve to
compare with the in vitro approaches commonly
used with the human. The macaque has already
been useful in showing that, although the three
major responses to blastocyst implantation-
venule expansion, plaque formation, and decidual
cell formation- can be induced by trauma, it
does not mean that all changes will be the same
as in pregnancy, since IGFbp-1 expression in
endometrial glands is different (56).

Local endometrial conditions clearly control
leukocyte trafficking and changing cell
populations (57). The dramatic changes in some
NK cells and their possible roles in relationship
to different aspects of implantation remain
areas of current research (58, 59). From a
morphological point of view, one of the
intriguing unsolved relationships is the way in
which decidual cells may surround individual
NK cells of the LGL type in some primates (60).

While this kaleidoscopic view has emphasized
the endometrium and other conference members
have appropriately focused on signalling
between trophoblast and uterus, some changes
during implantation appear to be intrinsically
controlled. The syncytial trophoblast that
initially penetrates the endometrium in primates
and other species tends to be multinucleate
with non-mitotically active nuclei, and survives
for only a short period of time (42). It is this
syncytial trophoblast that also is the first to
breach maternal vessels in the macaque, baboon
and human. Is the limited duration of this type
of trophoblast intrinsically controlled or are we
simply unaware of factors from the endometrium
that might contribute to limiting its life span?

The later and more extensive invasion by
cytotrophoblast that occurs during placental
expansion has and is being extensively studied.
But why do these cell columns occur only from
the late lacunar stage on? Why do these
primates that we study bother with a lacunar
stage rather than invading initially with
cytotrophoblast? The non-human primates can
be useful in studying these questions from
stages that are unavailable in the human, and
are quite different in non-primates.
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