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Abstract
Initiation of embryo implantation involves adhesion of
trophoblast cells to the epithelial lining of the endometri-
um. The mechanisms regulating the adhesive properties
of the uterine epithelium for trophoblast during initiation
of human embryo implantation, however, are still incom-
pletely understood. We report here on model studies
that we have performed in our laboratory, and in particu-
lar on certain methodological approaches that seem to
yield new insight into basic mechanisms involved. Of
central interest is the ability of the uterine epithelium to
develop an adhesion competence at its apical cell pole.
This confronts us with a cell biological paradox in that
adhesion must be established at the pole which in simple
epithelia is typically specialized to resist adhesion. Gain

of apical adhesion competence by uterine epithelial cells
should be related to cellular rearrangements, i.e. a mod-
ulation of their apicobasal cell polarity. Here, we used
monolayer-cultured uterine epithelial RL95-2 cells as an
in vitro model for the human receptive uterine epithe-
lium. We demonstrated that formation of stable cell-to-
cell bonds between the free (apical) pole of these cells
and attaching trophoblast (modelled by JAr cells) de-
pends on a number of structural and functional peculiari-
ties that RL95-2 cells have in contrast to other uterine epi-
thelial cells (HEC-1-A cells) which resist attachment via
this cell pole. RL95-2 cells were shown to lack tight junc-
tions and to exhibit only rudimentary adherens junctions
and a non-polar organization of the actin cytoskeleton.
Using the atomic force microscope in a force spectrosco-
py mode, we exactly defined the time dependence of
adhesive interactions between RL95-2 cells and tropho-
blast, measured the pressure force needed to initiate this
process, and screened the buildup of the adhesive forces
between the binding partners. A dynamic interaction
between the actin cytoskeleton and integrins (a prerequi-
site for functional activity of integrins) was shown to be
an important aspect of the adhesive properties of RL95-2
cells. In addition, at least two types of calcium channels
in the plasma membrane of RL95-2 cells seem to play a
role in activation of a variety of calcium-sensitive re-
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sponse mechanisms including adhesiveness for tropho-
blast, i.e. diltiazem-sensitive channels seem to contribute
to the initiation of JAr cell binding and SKF-96365-sensi-
tive channels to participate in a feedback loop that con-
trols the balance of bonds. By extrapolation, these data
suggest an active role of the uterine epithelium in the
process of embryo implantation which we are just begin-
ning to understand in terms of its cell biology.

Copyright © 2002 S. Karger AG, Basel

Epithelial Cell Polarity and Embryo
Implantation

Embryo implantation is initiated in the human around
days 6 and 7 after ovulation within the so-called implanta-
tion window. This window is defined by the fact that the
endometrium must have reached a state of receptivity,
and the blastocyst a state of attachment/invasion compe-
tence. Signaling events, systemic and local, by hormones
and cytokines that may play a role here have recently
received much attention and have been discussed in a
number of reviews [Lopata, 1996a, b; Tabibzadeh, 1998;
Lessey, 2000; Paria et al., 2000; Salamonsen et al., 2000;
Bagchi et al., 2001]. However, identification of the signal-
ing molecules involved does not necessarily shed light on
the cellular processes that must be instrumental in estab-
lishing cell-to-cell and cell-to-matrix contacts and subse-
quent trophoblast invasion. These cell biological aspects
of the initial phases of embryo implantation will be the
focus of the present communication.

The epithelial lining of the uterine cavity forms the
natural surface to which the trophoblast of the blastocyst
has to adhere at the beginning of implantation (fig. 1). A
fundamental property of simple epithelia like the uterine
epithelium is to establish a polarized organization, a pre-
requisite for fulfilling their surface barrier functions. As
one aspect of this, each epithelial cell exhibits three dis-
tinct membrane domains. While basal and lateral mem-
branes are studded with adhesion molecules so that they
can mediate cell-to-cell and cell-to-matrix adhesion, api-
cal plasma membranes normally lack most of these mole-
cules, are even armed with bulky and charged molecules
which inhibit contact formation and, thus, lack adhesive
properties [Nelson, 1992; Drubin and Nelson, 1996; Yea-
man et al., 1999a, b; Wodarz, 2001].

The beginning of embryo implantation confronts us,
therefore, with the perplexing fact that uterine and tro-
phoblast epithelium make their first contact via their api-
cal cell poles. Indeed, this phenomenon may be seen as a

cell biological paradox [Denker, 1986, 1990, 1993, 1994].
This invites comparison with other cell systems in which
contact formation via apical cell poles of epithelia is
observed. Any basic aspects derived from this comparison
might be relevant to our attempts at understanding the
cell biological basis of the specific states which the two
partner tissues have to attain at implantation: the adhe-
sive/invasive phenotype of the trophoblast [Armant et al.,
2000; Hohn and Denker, 2002; Wang and Armant, 2002]
and the state of receptivity of the uterine epithelium [re-
viewed by Denker, 1994; Carson et al., 2000; Denker and
Thie, 2001].

Molecular changes in the composition of the apical
plasma membranes of the uterine epithelium at receptivi-
ty have been defined in several investigations, e.g. a
reduction in the thickness of the glycocalyx of uterine epi-
thelial cells and in cell surface charge [Enders and
Schlafke, 1977; Anderson et al., 1990; Morris and Potter,
1990; Carson et al., 1998a, b; Aplin, 1999; Niklaus et al.,
2001] and/or the biosynthesis and expression of new cell
surface proteins as well as of cell surface-bound glycocon-
jugates [Lampelo et al., 1985; Anderson et al., 1988; Kim-
ber and Lindenberg, 1990; Hoffman et al., 1996; Carson
et al., 1998b; Olson et al., 1998; Illingworth and Kimber,
1999; Niklaus et al., 1999]. However, a number of find-
ings suggest that much more than the expression of apical
membrane-associated molecules is changed in the uterine
epithelium at acquisition of receptivity, i.e. changes are
seen in apical, lateral and basal features of these cells.
Obviously, the conditioning of the uterine epithelium for
trophoblast adhesion involves an extensive reorganiza-
tion of the cell architecture that comprises many aspects
of the apicobasal polarity and not only changes at the api-
cal cell pole that have been addressed as the so-called api-
cal plasma membrane transformation [Terry et al., 1996;
Murphy, 2000]. These observations have led to the con-
cept that receptivity represents a change and/or downreg-
ulation in the expression of the polarized epithelial phe-
notype of the uterine epithelial cells [Denker, 1986, 1990,
1994; Glasser and Mulholland, 1993].

This concept invites comparison with other cell sys-
tems in which cell adhesion is initiated via the apical pole
of epithelial cells. This is the case (1) in development, i.e.
in the course of the so-called epithelial fusion processes
[reviewed by Denker, 1986, 1994], and (2) in adult life in
the special situation of endothelium-leukocyte interac-
tions [Kimber and Spanswick, 2000; Aurrand-Lions et al.,
2002; Wild et al., 2002]. Interestingly, the embryological
epithelial fusion processes are (in the same way as endo-
metrial receptivity) combined with more extensive
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changes in cell architecture and behaviour than required
for attachment via the apical cell pole alone. They are (in
most cases) associated with a process called epithelial-
mesenchymal transition during which at least some of the
epithelial cells attain a migratory (mesenchymal, fibro-
blastoid) phenotype. It is known that during development
cells are able to switch several times from an epithelial to a
mesenchymal phenotype and vice versa. This process pro-
foundly influences structural gene expression and cell
behaviour and is thought to be governed by master genes
which still have to be identified [Hay, 1990, 1995; Thiery
and Chopin, 1999; Boyer et al., 2000; Savagner, 2001].

However, it must be pointed out that the application of
this concept to uterine receptivity is still hypothetical.
Loss (at least partial) of polar organization along the api-
cobasal axis appears to be a common theme for all those
systems. Changes in molecular parameters appear to be
less consistent as far as data are available. As discussed
previously [Denker, 1993, 1994] uterine epithelial cells do
not downregulate their complete epithelial programme
but only selected parameters. Although these cells contin-
ue to express most epithelial (in contrast to mesenchymal)
genes, they show e.g. reduced or destabilized apicobasal
polarity, i.e. one characteristic phenomenon connected
with incipient phases of epithelial-mesenchymal transi-
tion as well as with epithelial fusion processes [Denker,
1993, 1994]. The need for continued expression of an epi-
thelial phenotype is illustrated by findings from in vitro
model studies (see below) showing that cells which lack
epithelial-type adhesion molecules (dedifferentiated en-
dometrial AN3CA carcinoma cells; fibroblasts) do not
support attachment [Thie and Denker, 1997].

An in vitro Model for Simulation of Apposition
and Adhesion of Trophoblast to Uterine
Epithelium

The importance of certain functional elements of the
complex process of implantation initiation is difficult to
study in vivo, even in animal models. Moreover, these
events are inaccessible to direct experimental investiga-
tion in the human for ethical reasons, in vitro as well as in
vivo. We have, therefore, developed cell culture models
that allow information about basic processes to be gained.
Results obtained in these model studies give evidence for
an active role of the uterine epithelium in the sense that it
not only provides an adhesive surface for trophoblast
attachment but also reacts in specific ways upon contact
with trophoblast-type cells. These data are consistent with

Fig. 1. Schematic drawing showing the cell-to-cell interaction be-
tween endometrium and blastocyst during the initiation of embryo
implantation. Uterine epithelium (E) and blastocyst trophoblast (T)
make their first contact via their free cell pole. S = Stroma [from Thie
and Denker, 1997].

the view that, in vivo, the uterine epithelium is critical for
regulating embryo implantation initiation [discussed in
Denker and Thie, 2001].

In order to establish the in vitro models, our laboratory
characterized parameters of the epithelial phenotype of a
series of phenotypically different human endometrial cell
lines and probed these for characteristics that mimic
receptivity by monitoring adhesion of trophoblast-type
cells. In these studies it was attempted to get insight into
the programme underlying the regulation of apical adhe-
siveness of uterine epithelial cells. In brief, cell lines estab-
lished from adenocarcinoma of human endometrium, i.e.
RL95-2 cells [Way et al., 1983] and HEC-1-A cells [Kura-
moto et al., 1972], were grown to confluence on poly-D-
lysine-coated glass in medium supplemented with fetal
calf serum [for additional details, see John et al., 1993;
Thie et al., 1995]. These cell lines were selected from a
larger pool of lines originally tested, as they stably express
two phenotypes differing with respect to their cell polari-
ty. In confluent HEC-1A monolayers (fig. 2A), the cells
show a polarized epithelial phenotype with respect to the
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Fig. 2. Transmission electron micrographs
of ultrathin sections of HEC-1-A cells (A)
and RL95-2 cells (B), respectively, cultured
on a poly-D-lysine-coated coverslip. HEC-
1-A cells grow as an ordered monolayer
exhibiting a highly polarized epithelial phe-
notype with numerous microvilli at the api-
cal cell pole (arrowheads). RL95-2 cell
monolayers show a lack of structural polari-
zation and display only a few blunt micro-
villi at the upper cell surface. cs = Cover-
slip; me = growth medium; N = nucleus.
Bars = 2 Ìm [from Thie et al., 1995].
Fig. 3. Membrane contacts of HEC-1-A
cells (A) and RL95-2 cells (B), respectively,
cultured on a poly-D-lysine-coated cover-
slip. HEC-1-A cells show closely apposed
plasma membranes with properly formed
tight junctions (thick arrows), adherens
junctions (thin arrows) and desmosomes
(asterisks). RL95-2 cells exhibit only primi-
tive focal adherens junctions (arrows). me =
Growth medium; c1 = cell 1, c2 = cell 2.
Bars = 0.25 Ìm [from Thie et al., 1995].2
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Fig. 4. Scanning electron micrograph of a single JAr spheroid adhering to the free surface of a RL95-2 cell monolayer
60 min after initial contact between the spheroid and the monolayer [from Tinel et al., 2000].

distribution of organelles and to membrane organization.
Nuclei are situated at the base of the cells whereas mito-
chondria, endoplasmic reticulum and Golgi apparatus are
located predominantly at the supranuclear region. The
cells show closely apposed lateral plasma membranes with
tight junctions in the subapical region as well as adherens
junctions and desmosomes scattered along the lateral
membrane (fig. 3A). The apical surface is covered with
numerous short microvilli (fig. 2A).

In contrast, RL95-2 cells show ultrastructural features
indicating lack of epithelial polarization (fig. 2B). Nuclei
are located in the centre of the cell and organelles tend to
pile up perinuclearly. Cells form primitive adherens junc-
tions but no tight junctions (fig. 3B). The free surface of
the cells appears dome-like and is largely free of microvilli
(fig. 2B). Although RL95-2 cells exhibit a lack of structur-
al polarization, these cells express proteins associated
with the epithelial phenotype as do HEC-1-A cells. For
example, RL95-2 cells express two different E-cadherin-
catenin complexes and, with respect to the intermediate
filament-desmosome system, both cell types express des-
moplakin I and the same pattern of cytokeratin polypep-
tides (cytokeratin 7, 8, 18, 19) as well as vimentin. Thus,

we have selected human endometrial cell lines which can
be characterized as epithelial and polarized (HEC-1-A
cells) versus epithelial and non-polarized (RL95-2 cells).
As controls, non-polarized cells (fibroblasts; dedifferen-
tiated endometrial cells lacking epithelial marker mole-
cules, i.e. AN3CA cells) were also studied but will not be
discussed in detail here [see Thie and Denker, 1997].

Functional analysis indicated that RL95-2 cells might
be useful, in first order approximation, as an in vitro mod-
el for the receptive human uterine epithelium, and HEC-
1-A for the non-receptive state. Apical adhesiveness of
RL95-2 monolayers and HEC-1-A monolayers for human
trophoblast-type cells was tested using an in vitro assay
involving confrontation with multicellular spheroids of
choriocarcinoma cells [routinely JAr cells; Pattillo et al.,
1971]. In this system, JAr spheroids model the tropho-
blast of a blastocyst and RL95-2 or HEC-1-A monolayers
represent the uterine epithelium (fig. 4; compare fig. 1
and 4). In brief, JAr spheroids were delivered onto con-
fluent monolayers of endometrial cells. After 60 min of
co-culture, spheroid adhesion to the monolayers was
quantified using the centrifugal force-based adhesion as-
say [John et al., 1993]. Attached spheroids were counted,
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and the results expressed as the percentage of the number
of spheroids seeded initially. JAr cells attached with high
efficiency to RL95-2 monolayers either in the presence or
the absence of serum. In contrast, JAr cell attachment to
HEC-1-A cells was low and comparable to attachment in
the controls, i.e. poly-D-lysine-coated glass. Therefore,
RL95-2 monolayers, but not HEC-1-A monolayers, were
classified as adhesive for JAr cells when confronted from
the luminal (apical) side. According to this, structural fea-
tures of non-polarized epithelial cells were correlated with
functional features of adhesiveness for trophoblast while
structural features of polarized epithelial cells were corre-
lated with non-adhesiveness.

Thus, RL95-2 cells mimic an important aspect of the
in vivo situation at implantation initiation, i.e. apical
adhesiveness, and might serve as an in vitro model for the
receptive human uterine epithelium [Raboudi et al.,
1992; John et al., 1993; Rhode and Carson, 1993; Thie et
al., 1995, 1996, 1997, 1998; Liu et al., 1998; Chervenak
and Illsley, 2000; Hohn et al., 2000; Martin et al., 2000;
Tinel et al., 2000; Perret et al., 2001].

Cellular Dynamics in Receptive Uterine
Epithelial Cells as Related to Trophoblast
Binding Capacity

The RL95-2 cell culture model allowed us to systemati-
cally study certain mechanisms involved in formation of
cell-to-cell contacts between uterine epithelial cells and
trophoblast. New aspects derived from these investiga-
tions indicate that this cell-to-cell interaction is a remark-
ably slow process and that it includes sequential steps of
bond formation as well as complex signal transduction
cascades [Thie et al., 1997, 1998].

Role of the Actin Cytoskeleton
The actin cytoskeleton is known to respond to integrin

signaling and to play an essential role in mediating cellu-
lar responses in various cell systems [Giancotti and Ruos-
lahti, 1999; Calderwood et al., 2000; Geiger et al., 2001;
Geiger and Bershadsky, 2001]. Uterine epithelial cells
have been reported to undergo a reorganization of their
apical cortical actin network at receptivity in the rat [Lux-
ford and Murphy, 1992]. In RL95-2 cell cultures, a promi-
nent actin cytoskeleton is found in the cell cortex but
actin-containing microvilli are largely missing at the api-
cal membrane [Thie et al., 1996]. Likewise, various inte-
grins (·6, ß1, ß4) are found evenly distributed along the
entire plasma membrane of RL95-2 cells including its api-

cal (free) aspect [Thie et al., 1995]. This is in marked con-
trast to HEC-1-A cells which show the pattern of distribu-
tion that is typical for a polarized epithelium, i.e. a spe-
cialized actin cytoskeleton at the apical pole with ordered
insertions of the filament bundles in the microvilli, and
integrins concentrating at the basolateral membranes but
sparing the apical aspect. In our in vitro model we have
used cytochalasin D, an inhibitor of actin polymerization
[Cooper, 1987], in order to gain insight into the role of
actin filaments (and integrins) in apical adhesiveness of
RL95-2 cells for trophoblast.

When exposed to cytochalasin D, RL95-2 cells showed
a loss of their apical adhesiveness for trophoblast. JAr
spheroid attachment rates were found to be reduced to
values which were comparable to those of attachment to
poly-D-lysine-coated glass coverslips [this was true in the
presence as well as in the absence of fetal calf serum; Thie
et al., 1997]. ·6, ß1 and ß6 integrin subunits remained
evenly distributed over the whole cell periphery in cyto-
chalasin D-treated cells. However, two main changes in
microfilament architecture were observed: the microfila-
ment system subjacent to the plasma membrane appeared
diminished and/or disassembled and numerous coarse
actin aggregates were present in varying locations within
the cytoplasm.

The presence of integrins at the apical pole of RL95-2
cells suggests that signaling processes could be initiated
here, in contrast to HEC-1-A cells where integrins are
lacking in this specific membrane region. In order to
investigate this experimentally we applied mechanical
forces to the integrins and monitored changes in intracel-
lular free calcium. Anti-integrin antibody-coated micro-
beads were loaded onto the free surface of RL95-2 mono-
layer cultures, followed by mechanical stimulation of the
cells via application of defined forces in a magnetic drag
apparatus [Thie et al., 1997]. It was possible to obtain typ-
ical responses of the cells that were characterized by
increases in intracellular free calcium levels. Interestingly,
calcium response patterns differed depending on the type
of integrin subunit involved, e.g. while stimulation via
integrin subunit ·6 provoked a weak increase in intracel-
lular calcium 50–150 s after starting mechanical stress,
stimulation via integrin subunit ß1 provoked a strong
increase 200–300 s after starting stimulation (fig. 5). In
contrast to untreated RL95-2 cells, cytochalasin D-treated
cells showed no calcium signals after application of the
same mechanical stress via any of the two integrin sub-
units. Thus, the loss of trophoblast binding competence of
RL95-2 cells after cytochalasin D treatment and the block
of integrin-mediated calcium signaling can be expected to
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Fig. 5. Intracellular calcium signals of
RL95-2 cells followed for 300 s after me-
chanical stimulation of the integrin subunit
·6 (A) and the integrin subunit ß1 (B). Cal-
cium responses from four different cells (see
symbols) were recorded [from Thie et al.,
1997].
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be causally connected, both requiring intact cytoskeletal
links to integrins. These observations strongly suggest that
not only proper organization of the actin cytoskeleton but
also proper interaction between cytoskeleton and inte-
grins (a prerequisite for functional activity of integrins)
might be important aspects of the adhesive interaction
between uterine epithelium and trophoblast.

Ca2+ as a Messenger
Calcium is well known to be involved in many cellular

signal transduction pathways, and regulation of cell adhe-

sion by calcium has been observed in many cell systems
[Clark and Brugge, 1995; Sjaastad and Nelson, 1997;
Evenas et al., 1998; for calcium responses in trophoblast
cells, see Wang and Armant, 2002]. In a series of further
experiments, we demonstrated that calcium signaling is
elicited in RL95-2 cells not only via antibody-coated
beads but also in a more physiological setting, i.e. upon
contact with human trophoblast (JAr) cells and that this
plays a role in their subsequent binding. The results sug-
gest that this process seems to require the opening of at
least two different types of calcium channels in the mem-
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brane of RL95-2 cells and an influx of calcium from the
extracellular fluid, transiently increasing the cytosolic cal-
cium concentration.

In brief, impact of JAr spheroids upon monolayers of
RL95-2 cells evoked a marked increase of intracellular
calcium, i.e. the fluorescence ratio increased within 15 s
after initial contact, reached a maximum and decreased
towards the precontact level within 120 s [Tinel et al.,
2000]. After recovery from this initial impact, no further
changes in intracellular calcium were observed in the
RL95-2 monolayers while JAr spheroids were kept sta-
tionary here. Movement of JAr spheroids across mono-
layers of RL95-2 cells, on contrast, again evoked changes
in intracellular calcium, i.e. the calcium increased tran-
siently as a response to spheroid movement (fig. 6). The
separation of cell-to-cell bonds after prolonged contact
between JAr spheroids and RL95-2 monolayers also led to
calcium signals in the latter dependent on the duration of
cell-to-cell contact. For example, the peak of fluorescence
after 60 min of contact was 2.4-fold higher than the value
after 10 min of contact [Tinel et al., 2000]. Further experi-
ments showed that the calcium influx induced by separa-
tion of cell-to-cell bonds between JAr spheroids and
RL95-2 cells consisted of two components. One part of
the signal appeared to be basic calcium influx. The second
part increased with the duration of contact and seemed to
be based on receptor ligand interactions activating a
receptor-mediated calcium channel. Using SKF-96365,
an inhibitor of receptor-mediated calcium channels [Mer-
ritt et al., 1990], the influx of calcium could be reduced.
Interestingly, the mechanism of calcium influx in RL95-2
cells evoked by movement of JAr spheroids appears to
differ from that activated by separation of cell-to-cell
bonds between spheroids and RL95-2 cells, i.e. pretreat-
ment of RL95-2 cells with the calcium channel blocker
diltiazem [Triggle, 1999] reduced the calcium increase in
this case. SKF-96365 (but not diltiazem) also reduced
adhesion of JAr spheroids to RL95-2 cells.

So, at least two types of calcium channels in the plasma
membrane of RL95-2 cells seem to play a role in calcium
influx and activation of a variety of calcium-sensitive
response mechanisms including adhesiveness of uterine
cells to trophoblast. In this context, diltiazem-sensitive
channels seem to contribute to initiation of JAr cell bind-
ing and SKF-96365-sensitive channels may participate in
a feedback loop that controls the balance of bonds. As
shown by appropriate control experiments on extracellu-
lar calcium depletion, these processes seem to depend on
calcium influx rather than on calcium release from intra-
cellular stores in RL95-2 cells [Tinel et al., 2000]. As far as

the cellular response to this calcium signaling is con-
cerned, it is to be expected that a complex cascade of
events is initiated at the free pole of uterine epithelial
RL95-2 cells which culminates in the remodeling of this
cell pole to allow firm adhesion of the trophoblast to take
place. With regard to the above-mentioned data, at least
some of the components involved in this process should
contain elements regulated by calcium ions. The observed
calcium dependence should be helpful in identifying these
individual components.

Probing the Kinetics of Cell-Cell Adhesion by Force
Spectroscopy
In order to gain more direct access to an analysis of the

kinetics of the adhesive interactions, and to provide quan-
titative data on the adhesive forces measureable at the
apical (free) pole of RL95-2 cells, we used a novel type of
application of the atomic force microscope (AFM) [Bin-
nig et al., 1986; Rugar and Hansma, 1990; Radmacher et
al., 1992], i.e. force spectroscopy [for instrumentation and
methodology of force measurements, see also Benoit and
Gaub, 2002]. The experimental setup which we have
designed for this purpose is schematically depicted in the
upper inset of figure 7A. A microbead glued to the AFM
cantilever was covered by a monolayer of JAr cells and
served as a model for the implantation stage blastocyst/
adhesion-competent trophoblast. This was brought into
contact with a monolayer of RL95-2 cells (or HEC-1-A or
other) under controlled conditions, and for defined peri-
ods of times [Thie et al., 1998]. The instrument used was a
custom-made AFM [Florin et al., 1994; Ludwig et al.,
1997; Rief et al., 1997]. Forces were measured first while
lowering the JAr cells onto the free surface of endometrial
cells and, thereafter, during separation of the two partner
cell types. During the approach phase, two distinct types
of repulsive interaction were distinguishable by recording
the parameters of indentation: long-range soft repulsion
followed by short-range hard repulsion [Thie et al., 1998].
The transition from the soft repulsion to the hard repul-
sion was continuous. With respect to the subsequent
retraction part of the measuring cycle, distinct force ver-
sus distance curves were obtained which were consistent
for the cell type used. Figure 7A shows force versus dis-
tance curves for non-adhesive HEC-1-A cells while fig-
ure 7B depicts the buildup of adhesive forces between JAr
cells and the surface of RL95-2 monolayers. In the latter
case, the first part of the separation curve reflected the
reversal of the previous indentation of the JAr cells into
the RL95-2 monolayers, which decreased with retraction
until the point of zero applied force to the cantilever was
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Fig. 6. Pseudocolour images showing changes in intracellular cal-
cium concentration in RL95-2 cells during movement of a JAr
spheroid on the surface of an RL95-2 monolayer. The first image
shows a transmitted light picture of the spheroid resting on the free
surface of the RL95-2 monolayer. The following fluorescence ratio
images illustrate changes in intracellular calcium concentration as
seen at the indicated time points after the beginning of spheroid
movement (direction from left to right). Before movement was ini-
tiated at 0 s, the spheroid had been kept resting on the monolayer for
20 s. Colour scale shows the fluorescence ratio range. Bars = 100 Ìm
[from Tinel et al., 2000].

Fig. 7. Force spectroscopy experiments. Adhesive force curves for HEC-1-A cells (A) and RL95-2 cells (B) resulting
when a JAr-coated microbead (JAR) was retracted after periods of 1–40 min of contact with the endometrial mono-
layer (JAR ! HEC; JAR ! RL). The horizontal axis shows the vertical movement of the cantilever; the vertical axis
shows the force acting on the microbead. Note force rupture events when a JAr-coated microbead was retracted from
RL95-2 cells after 20 or 40 min (B) [from Thie et al., 1998].

reached. In the case of adhesive interaction, there was a
transition from the repulsive to the adhesive regime. The
magnitude of the adhesion forces and the distance at
which the surfaces finally separated completely depended
on the duration of the contact. When JAr cells were sepa-

rated from the monolayers within milliseconds after con-
tact, no adhesion was observed. However, considerable
adhesive forces were finally built up when the duration of
contact was increased. One minute after initial cell-to-cell
contact, the maximum force was around 4 nN. When the
JAr cells were brought into contact for a prolonged time,
i.e. 20 or 40 min, the adhesive maxima increased signifi-
cantly. Characteristically, separation curves showed dis-
crete force rupture events with increasing distance only
after these prolonged interaction times. These probably
represent the separation of individual membrane cell-to-
cell contact areas, although the morphological equivalents
still need to be identified.

The major advantage of this experimental system is to
exactly define the time dependence of adhesive interac-
tions between trophoblast and uterine epithelium as well
as to measure the pressure force needed to initiate the pro-
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cess, and to screen the buildup of the adhesive forces. Fur-
ther detailed analysis of the force distance curves, com-
bined with appropriate experimentation, should allow the
detection of finer details of the cascade of bond forma-
tion. For example, interactions with the glycocalyx (soft
interaction) followed by more direct contact with the
membrane-cytoskeleton complex as well as the contribu-
tion of the various types of intercellular junctions to the
overall adhesive force could be studied. At the present
state of analysis, available data already show that the
adhesion of trophoblast to uterine epithelium appears to
be a relatively slow process (when compared with endo-
thelium-leukocyte interactions), possibly including signal
transduction cascades and sequential steps of cell-to-cell
binding. The experimental AFM approach allows us to
identify the contribution of individual signaling events
and the individual elements of the adhesion machinery
under conditions that can be controlled in a relatively
stringent manner.

The Cell Biological Basis of Embryo
Implantation: Some New Ideas

Concepts concerning the cascades of events thought to
be involved in the initial phase of embryo implantation
have been largely derived from morphological observa-
tions. Electron microscopy suggests that direct cellular
interactions begin with membrane contact at the apical
cell poles of trophoblast and uterine epithelium. Accord-
ing to morphological criteria, this should lead to immobi-
lization of the blastocyst within a part of the uterine
lumen that will subsequently be addressed as the implan-
tation chamber. This first process defines the individual
cells of both partners that will remain adjacent to each
other and that will interact more intensely. Membrane
contacts between trophoblast and uterine epithelial cells
then become more and more intimate suggesting that
some degree of adhesive force increasingly builds up there
[Schlafke and Enders, 1975]. Subsequently, the tropho-
blast overcomes the uterine epithelium in a process which
appears to differ from one species to the other (intrusion;
displacement and fusion type of implantation). At least in
the intrusion type of implantation (which is thought to be
the mode of operation in primates including the human
[Bentin-Ley et al., 2000] although fusion does not seem to
be totally excluded as a mode here) trophoblast and uter-
ine epithelial cells keep a very close membrane-to-mem-
brane contact while the trophoblast penetrates intercellu-
larly, and the cytoplasmic architecture including the cy-

toskeleton of both types of cells displays marked altera-
tions [Enders et al., 1983; Enders and Mead, 1996; Enders
and Lopata, 1999]. These morphological observations
strongly suggest that adhesive interactions via adhesion
molecules like cadherins or integrins and an active partic-
ipation of the actin cytoskeleton might be involved here.
This remains true no matter whether the first contact of
trophoblast with the uterine epithelium is made via the
whole apical plasma membrane or via membrane
stretches close to the lateral borders, i.e. to the junctional
complex [Enders and Mead, 1996; Enders and Lopata,
1999; Bentin-Ley et al., 2000]. However, as pointed out
by Lopata [1996a, b], actual adhesive forces that build up
here during the initial phase of implantation have never
been measured in vivo or ex vivo, not even in animal
models, nor was it possible to study directly the interac-
tion of these two partner cell types via the mentioned
types of molecules and organelles. Due to this, it has even
been questioned whether adhesion plays any role during
this phase, and other authors favour the idea that pro-
grammed cell death rather than cell rearrangements plays
the main role here [von Rango et al., 1998; Pampfer and
Donnay, 1999; Galan et al., 2000a, b; Fei et al., 2001; Li et
al., 2001; Selam et al., 2001; Simon et al., 2001].

The cell line-based in vitro models that have been dis-
cussed in the previous sections are certainly quite artifi-
cial so that data obtained in this way must be interpreted
with caution. To what extent these observations can be
extrapolated to the in vivo situation must be checked in
future experiments, e.g. involving freshly explanted en-
dometria. With this caution in mind it appears possible,
however, to derive some ideas on individual cellular pro-
cesses that may play a significant functional role in this
initial phase of trophoblast-to-endometrial interactions.

RL95-2 cells which have been employed here as an in
vitro model for the receptive uterine epithelium express a
phenotype of epithelial cells that lack a pronounced apico-
basal axis [Thie et al., 1995, 1996, 1997]. These character-
istics are relevant for the adhesiveness of the free pole of
RL95-2 cells for trophoblast, as uterine epithelial HEC-
1-A cells, which exhibit a well-developed epithelial polari-
ty [Drubin and Nelson, 1996; Yeaman et al., 1999a, b], do
not allow trophoblast to adhere [John et al., 1993; Thie et
al., 1995]. Thus, our data support the idea of phenotype
modulation of uterine epithelial cells as a prerequisite for
adhesiveness for trophoblast. The acquisition of adhesion
competence of the apical cell pole should be part of com-
plex cell biological transformations that uterine epithelial
cells undergo [Denker, 1993, 1994]. These transforma-
tions may be under the control of sex steroids as well as
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cytokines and other locally acting short-range signals
emitted by the blastocyst.

The first adhesive interactions between trophoblast
and uterine epithelium should involve peripheral proteins
and carbohydrate groups extending far from the mem-
brane (glycocalyx). These interactions are expected to
firstly slow down the movement of the blastocyst within
the uterine lumen so that the implantation chamber
becomes defined. This might occur somewhat in analogy
to the rolling of leukocytes at the surface of the blood ves-
sel endothelium [Kimber, 2000; Kimber and Spanswick,
2000; Aurrand-Lions et al., 2002; Wild et al., 2002].
Indeed, in species in which the blastocyst coats (zona pel-
lucida) are shed late the immobilization of the blastocyst
can even involve these extracellular structures, specifical-
ly modifications of and interactions via their carbohy-
drate side chains [Böving, 1963; newer data e.g. on the
horse discussed in Denker, 2000]. After shedding of the
coats, a carbohydrate side chain-mediated interaction at
this initial phase of apposition may also directly involve
the cell surfaces of both partner epithelia, as discussed
already at an early time point [Denker, 1970] and more
recently [Kimber et al., 1995; Kimber, 2000; Kimber and
Spanswick, 2000]. One would speculate that trophoblast
adhesion to the uterine epithelium is reinforced subse-
quently by other types of cell surface molecules, e.g. inte-
grins, and by the formation of discrete junctions. For the
JAr-RL95-2 system we have found evidence that this
time-dependent process includes sequential steps of bond
formation [Thie et al., 1998]. In the AFM experiments,
the initiation of trophoblast binding seemed to depend on
a preparative phase of pressing the probe against the uter-
ine RL95-2 cell monolayer. It was interesting to see that,
in order to overcome the repulsive forces between the tro-
phoblastic cells and the uterine epithelial cells, the cell-
to-cell contact must occur with a distinct pressure. There-
after, it is important that the contact must be secured for a
certain time. If the duration of contact time and the pres-
sure (force) of impact is insufficient, no strong binding
will be established. This biological phenomenon might
explain the necessity for immobilization of the blastocyst
during the apposition phase.

During consolidation of the cell-to-cell contact, the
phenotypic changes seen in the uterine epithelial cells
appear to be progressing as electron microscopy of in vivo
specimens suggests. It can be asked what directionality
the causal interconnections might have. Does the mem-
brane contact with trophoblast cause the uterine epithelial
cells to continue with their initiated partial loss of apico-
basal polarity and with the cytoskeletal modifications, or

does the continuing modification of the uterine epithelial
cells permit the trophoblast to continue with its maximi-
zation of membrane contacts and its penetration? Perhaps
we are dealing with a phenomenon of reciprocity here.
Whatever the causal interrelationship is, at the end of this
phase, the blastocyst will adhere to a less-polarized uterine
epithelial cell in a strong manner. When the first phase was
successful, a cascade of reactions will start, which lead to
further structural and functional modulation of the recep-
tive uterine epithelial cell as electron microscopy of epi-
thelial cells situated next to the penetrating trophoblast
suggests. In the course of this process, properly localized
adhesion molecules will interact with the cytoskeleton. As
shown here, perturbation of the actin cytoskeleton de-
creased adhesive properties of the apical pole of RL95-2
cells, indicating that an unaltered organization of the actin
cytoskeleton is indispensable for JAr spheroid adhesion
[Thie et al., 1997]. Moreover, certain integrin receptor
complexes on the apical (free) aspect of these cells seem to
play a major role in trophoblast adhesion to RL95-2 cells.
However, the molecules that mediate trophoblast adhe-
sion to uterine epithelial cells in vivo are not well defined.
Possible candidates are certain glycoconjugates [Carson et
al., 2000; Kimber, 2000], trophinin [Aoki and Fukuda,
2001], cadherins [Thie et al., 1995] and integrins [Albers
et al., 1995; Lessey et al., 1995; Thie et al., 1995, 1997;
Lessey, 1998; Burghardt et al., 2002]. In addition, anti-
adhesion systems may modulate the first steps of this cell-
to-cell interaction [Chervenak and Illsley, 2000; Aplin et
al., 2001; Meseguer et al., 2001].

We have shown that the mechanical stimulation of
RL95-2 cells via apical membrane-bound integrins (using
beads or JAr cells), can elicit intracellular calcium waves
which appear to be one aspect of mechanical/chemical
signaling. Moreover, in RL95-2 cells, diltiazem-sensitive
calcium channels were involved in initiating trophoblast
binding, and SKF-96365-sensitive calcium channels
seemed to participate in a feedback loop that controls the
balance of bonds [Tinel et al., 2000]. So far, no further
details are known about this signaling pathway in RL95-2
cells and how the signal is networked. Although not yet
studied in detail, small GTPases of the Rho family might
represent one missing link in these signaling cascades
[Thie et al., 2002]. It is well known that Rho GTPases
regulate various aspects of cell adhesion, including forma-
tion of focal contact sites and stress fibres [Bishop and
Hall, 2000]. Rho GTPases play an essential role in mem-
brane receptor signaling, including integrin receptors
[Aplin et al., 1998]. All these data strongly suggest that
Rho GTPases might regulate properties of the apical pole
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of uterine epithelial cells that are crucial for adhesion
competence for trophoblast binding.

Several lines of evidence from in vivo and in vitro
experiments demonstrate that the epithelial lining of the
uterine cavum plays a crucial role in regulating implanta-
tion initiation, acting as an effective barrier for tropho-
blast invasion outside receptivity [discussed in Denker
and Thie, 2001]. The barrier model, however, does not
seem to describe the role of the uterine epithelium com-
pletely. The data discussed above strongly suggest that the
luminal epithelial lining of the endometrium should not
be seen just as a passive firewall but as an active partner
for trophoblast adhesion and invasion. Our data are con-
sistent with the concept that uterine epithelial cells in the
receptive state possess a cytoplasmic/membrane architec-
ture of a modified type with reduced/downregulated api-
cobasal polarity. According to this, the apical cell pole has
developed a new reactivity and is equipped with appro-
priate sets of adhesion molecules and signaling systems.
There should be a first line of molecules responsible for
weak adhesion and signaling followed in an overlapping
way by a second/third line of other partner molecules and
signaling events. Indeed, an increasing number of data
suggests that in conjunction with trophoblast binding a
cascade of signaling events must be initiated in the apical
(sub)membrane region of uterine epithelial cells (maybe
first involving membrane stretches close to the junctional

complex as mentioned above) and that these signaling
events are an essential element of adhesion of trophoblast
and of embryo implantation initiation. Apparently not
only the apical cell pole of the uterine epithelium is being
reorganized but the lateral plasma membrane domains
are changed also, leading to alterations in the junctional
complex that facilitate the transmigration of trophoblast
cells over the epithelial barrier that follows initial attach-
ment to the free cell surface. Detailed studies (e.g. involv-
ing confocal laser scanning microscopy of attachment and
invasion sites) presently being performed will hopefully
shed light on any interrelationships that may exist be-
tween the initiation of cellular interactions at the apical
cell pole and the subsequent interactions with the lateral
plasma membrane during transmigration.
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