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At embryo implantation, it is postulated that the initial
contact between blastocyst and maternal tissues is by
adhesion of the trophoblast to the uterine epithelium.
This cell-to-cell interaction is thought to be critical for
implantation, although the actual adhesive forces have
never been determined. In the present study, the atomic
force microscope (AFM) was used to study the adhesion
between human uterine epithelial cell lines (HEC-1-A;
RL95-2) and human trophoblast-type cells (JAR). Specific
interaction forces of these epithelia via their apical cell
poles were determined on the basis of approach-and-
separation cycles. For this purpose, the AFM tip was
functionalized with JAR cells, then brought to the surface
of uterine epithelial monolayers and was kept in contact
for different periods of time (ms, 1, 10, 20, 40 min). The
approach force curves displayed repulsive interactions for
both HEC-1-A and RL95-2 cells. However, RL95-2 cells
(with a smooth surface structure and a thin glycocalyx)
showed lower values of the repulsive regime than HEC-1-A
cells (with a rough surface structure and a thick glycocalyx).
After having overcome repulsive interactions, the initial
contact was followed by adhesive interactions. For contact
times of 20 and 40 min, RL95-2 cells, but not HEC-1-A
cells, showed specific JAR binding, i.e. the separation force
curves displayed repeated rupture events in the range of
1–3 nN with a distance between 7–15µm and, thereafter,
a final rupture event at a distance of up to 45µm. These
features point to the formation of strong cell-to-cell bonds.
Collectively, these studies provide the first definition of
interaction forces between the trophoblast and the
uterine epithelium, and are consistent with the hypothesis
that an RL95-2-like architecture of uterine epithelial cells,
i.e. an non-polarized phenotype, is essential for apical
adhesiveness for the human trophoblast.
Key words: adhesion force/atomic force microscope/tropho-
blast/uterine epithelium
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Introduction

Embryo implantation is a complex process that is initiated, in
all species, by an interaction of the trophoblast with epithelial
cells lining the uterine wall. This interaction is generally
assumed to involve cell-to-cell adhesion between these two
different epithelia, although the actual adhesive forces have
never been determined so that even the whole concept has
recently been questioned (Lopata, 1996). In invasive types of
implantation, as in the human (Lindenberget al., 1986),
adhesion is followed by penetration of the trophoblast through
the uterine epithelium and arrosion of maternal blood vessels
(for recent reviews, see Rogers, 1995; Tabibzadeh and
Babaknia, 1995; Lopata, 1996). Critical for the whole process
(and common to all modes of implantation) appears to be the
adhesive interaction between the two epithelia, the trophoblast
and the uterine epithelium (for review, see Denker, 1993).
With respect to the uterine epithelium, this interaction seems
to be possible only in a specific state called receptivity which
is hormonally controlled (Psychoyos, 1995). The adhesive
properties of the apical surface of uterine cells might be
facilitated by changes in the structural organization of the
apical cell pole. It has been proposed that part of a master
gene programme for the epithelial phenotype, including
genes for apical–basal polarity, may be turned off and, vice
versa, certain genes for the mesenchymal programme may be
turned on, at this particular state (Denker, 1994; Thieet al.,
1996a).

The molecular steps leading to the development of
adhesiveness of human uterine epithelial cells cannot be
investigatedin vivo, and problems with in-vitro explants of
receptive uterine tissue have not been solved satisfactorily
(e.g. Carsonet al., 1988; Glasseret al., 1988; Bentin-Ley
et al., 1994). Thus, the role of epithelial cells in human
implantation has largely been studied in model experiments
using endometrial cell lines (e.g. Raboudiet al., 1992; John
et al., 1993; Rohde and Carson, 1993; Thieet al., 1995; Rohde
et al., 1996; Thie et al., 1996b). Among them, HEC-1-A
(Kuramotoet al., 1972) and RL95-2 cells (Wayet al., 1983)
appear to be useful models to investigate features of apical
adhesiveness of uterine epithelial cell phenotypes. RL95-2
cells do, but HEC-1-A cells do not allow trophoblast-type
cells to attach at their apical pole (Johnet al., 1993). Neverthe-
less, both cell lines have been shown to possess the same sets
of adhesion molecules and cytoskeletal proteins, but they differ
with respect to their organization along the apico-basal axis
(Thie et al., 1995, 1996b).
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The purpose of the present study was to provide quantitative
data on the adhesive forces measurable at the apical (free)
pole of the cells, using a novel type of application of the
atomic force microscope (Binniget al., 1986; Rugar and
Hansma, 1990; Radmacheret al., 1992). Specifically, human
trophoblast-type (JAR) cells (Pattilloet al., 1971) were brought
into contact with monolayers of HEC-1-A and RL95-2 cells
via the apical plasma membrane domain for various periods
of time. Forces were measured first while lowering the JAR
cells on to the free surface of endometrial cells. Forces were
then continuously recorded during several cycles of approach
and separation. It was thus possible to identify and measure
repulsive forces exerted during the initial contact, followed
by adhesive interactions developing slowly thereafter. Our
observation that there are distinct rupture events upon separa-
tion of RL95-2 and JAR cells, but not upon separation of
HEC-1-A and JAR cells, indicates specific features of cell-to-
cell bonds between RL95-2 (but not HEC-1-A) and JAR cells.
Results are interpreted in terms of current models of the
behaviour of uterine epithelial cells during embryo adhesion.

Materials and methods

Routine cell culture

Human endometrial cell lines were purchased from the American
Type Culture Collection (ATCC), Rockville, MD, USA, i.e. HEC-1-
A cells (HTB 112; Kuramotoet al., 1972) and RL95-2 cells (CRL
1671; Wayet al., 1983). For routine culture, cell lines were grown
in plastic flasks in 5% CO2–95% air at 37°C. In brief, HEC-1-A cells
were seeded out in McCoy’s 5A medium (Gibco-Life Technology,
Eggenstein, Germany) supplemented with 10% fetal calf serum
(Gibco), RL95-2 cells in a 11 1 mixture of Dulbecco’s modification
of Eagle’s medium and Ham’s F12 (Gibco) supplemented with 10%
fetal calf serum, 10 mM HEPES (Gibco), and 0.5µg/ml insulin
(Gibco). All media were additionally supplemented with penicillin
(100 IU/ml; Gibco) and streptomycin (100µg/ml; Gibco). The growth
medium was changed every 2 to 3 days, and cells were subcultured
by trypsinization (trypsin–EDTA solution; Gibco) when they
became confluent.

Preparation of microbead-mounted cantilever

Long-legged cantilevers (DNP-S cantilever; Digital Instruments, Santa
Barbara, CA, USA) with a spring constant of 50 mN/m were used.
A tiny spot of glue (UHU plus endfest 300, Bu¨hl, Germany) was
applied to the tip of a cantilever using glass electrodes normally
prepared for the patch clamp technique. Then a single Sephacryl
S-1000-bead (806 20µm in diameter; Pharmacia, Freiburg, Germany)
sticking electrostatically to a cannula (Terumo no. 20, Leuven,
Belgium) was placed on the glue. In order to harden the glue, the
microbead-mounted cantilever was then heated at 75°C for 45 min
followed by 22°C for 12 h. Before use, cantilevers were sterilized in
70% ethanol for 2 h, and washed thoroughly in distilled water.

Cell culture on cantilever

Cantilevers mounted with microbeads as described above were
immersed in 0.01% poly-D-lysine for 1 h at room temperature,
washed in medium for several times, and subsequently incubated
with a human JAR choriocarcinoma cell suspension (ATCC: HTB
144; Pattilloet al., 1971) (23105 cells per ml RPMI 1640 medium,
Gibco, supplemented with 10% fetal calf serum and 0.1% glutamine).
After the JAR cells had settled, these cantilever-cell combinations

3212

were incubated as described above. Usually 3 to 4 days after the start
of cultures, cells were grown to confluency and cantilevers were now
ready to be used for experiments.

For control experiments, microbead-mounted cantilevers were
coated with bovine serum albumin (BSA) (Cohn V Fractionate, A
8022; Sigma-Aldrich, Deisenhofen, Germany) by adsorption. For
this purpose, microbead-mounted cantilevers were immersed in a
25 µg/ml BSA solution. After 1 h at 20°C the cantilevers were
transferred to JAR medium (see above) and subsequently used for
experiments.

Measurement of binding forces

A custom-made atomic force microscope (Florinet al., 1994; Ludwig
et al., 1997; Riefet al., 1997) with a vertical range of 100µm at
16-bit resolution and microbead-mounted cantilevers (see above)
were used for the experiments. All experiments were performed in a
liquid environment, i.e. JAR medium. Thus, the medium of the
confluent endometrial monolayers (see above) was replaced with
RPMI 1640 medium supplemented with 10% fetal calf serum and
0.1% glutamine prior to experiments. At given culture conditions
(28°C; pH 7.5), forces between the microbead and the confluent
endometrial monolayers were measured by cantilever deflection
during the approach and the separation of the cantilever (Florinet al.,
1994; Dammeret al., 1995; Hinterdorferet al., 1996; Ludwiget al.,
1997; Rief et al., 1997). In brief, the approach force curve was
measured while the microbead-mounted cantilever was brought
into contact with the surface of endometrial monolayers at a rate of
6.8 µm/s. Upon reaching an indentation threshold force of 2.6 nN,
which corresponds to a pressure of 5.2 pN/µm2 acting on a contact
area of 500µm2, the approach was stopped. This contact was kept
for variable periods of time (ms, 1, 10, 20, 40 min). The adhesion
force curve was measured while the cantilever was separated from
the sample at a pulling rate of 6.8µm/s. In the case of long contact
times, the reflection of the detecting beam was disturbed due to
thermical drift and density fluctuations of the living cells on the
cantilever. This affects the constant deflection feedback loop and
leads to fluctuations of loading forces. Experiments were repeated
five (BSA-coated microbeads) and 15 times (JAR-coated microbeads),
respectively. Each cantilever was used for only one experiment. Data
analysis was performed on a MacIntosh Power PC using Igor Pro
software. The elastic properties of the cells (i.e. the Young-Modulus)
were estimated with the Hertz model (Hertz, 1881; Radmacher
et al., 1995).

Electron microscopy

Endometrial cells were grown on poly-D-lysine-coated thermanox
coverslips (Nunc, Napperville, IL, USA) to confluency. Trophoblastic
cells were grown on microbeads mounted on cantilevers. For sub-
sequent scanning electron microscopy (SEM), samples were fixed in
2.5% glutardialdehyde in 0.1 M cacodylate buffer, pH 7.4, for
30 min at room temperature. After repeated washings in distilled
water, samples were dehydrated with ethanol, and critical point dried
using methanol as intermedium and carbon dioxide as drying medium.
Then samples were sputtered with a conductive layer of gold and
imaged with a Philips SEM 515. For transmission electron microscopy
(TEM), endometrial cells were rinsed twice in phosphate-buffered
saline and fixed in 2.5% glutardialdehyde in 0.1 M cacodylate buffer,
pH 7.4, for 30 min at room temperature, washed in cacodylate buffer,
post-fixed with 1% OsO4 in cacodylate buffer, dehydrated with
ethanol and propylene oxide and embedded in epoxy resin (Cross,
1989). The embedded cells were separated from the thermanox
coverslip by snap freezing in liquid nitrogen. Ultrathin sections were
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Figure 1. Human uterine epithelial monolayers (A, B) and microbead-mounted cantilevers (C, D) imaged by scanning electron microsocopy.
The free surface of HEC-1-A cells appears to be rough and numerous microvilli and microridges cover the cells (A). In contrast, the free
surface of RL95-2 appears to be rather smooth and microvilli are rare (B). The microbeads (BEAD), glued to the cantilevers (CANT) were
coated either with bovine serum albumin (25µg/ml) (C) or with human trophoblast-type JAR cells (D). Scale bars5 5 µm (A, B), 10 µm
(C, D).

mounted on 200-mesh copper grids, double-stained with uranyl acetate
and lead citrate and examined with a Zeiss EM 902A.

Results

General morphology

Measurements to calculate the surface forces were performed
on HEC-1-A (HEC cells) and RL95-2 (RL cells). Using
transmission electron microscopy, the ultrastructure of HEC
cells and RL cells was found to be essentially the same, under
the culture conditions used, as described previously (Thie
et al., 1995). According to this, HEC cells showed an apical–
basal polarized phenotype, while RL cells lacked apical–basal
polarity. Scanning electron microscopy was used to illustrate
the surfaces of these endometrial cell lines. In particular, the
apical (free) surface of HEC cells exhibited a dense lawn of
microvilli and microridges (Figure 1A), whereas the apical
membrane of RL cells was rather smooth (Figure 1B).

The data reported refer to approach and separation between
the free surface of confluent monolayers and that of the
opposed probe, i.e. the microbead-mounted cantilever. As a
standard, a microbead coated with BSA by adsorption from a
25 µg/ml BSA solution was used (Figure 1C). Then, a
microbead coated with trophoblast-type JAR cells was applied
as a functionalized sensor. JAR cells were located on the
microbead, forming a confluent layer as shown by scanning
electron microscopy (Figure 1D).

Forces between the microbead-mounted cantilever and the
endometrial monolayer were measured by cantilever deflection
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Figure 2. Schematic of atomic force microscope operation showing
the microbead-mounted cantilever in contact with the endometrial
monolayer. Cantilever deflection is measured by a laser beam as
indicated.

during the approach and the separation of the cantilever as
shown in Figure 2.

Force measurements with BSA-coated microbeads

Repulsive forces recorded with BSA-coated microbeads (BSA-
beads) are illustrated in Figure 3A, B for the approach part of
the measuring cycle. While the data reported are derived from
all curves in general, typical force curves are given for
demonstration. Force versus distance curves displayed a charac-
teristic pattern that allowed us to discern and to define
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Figure 3. Typical repulsive force curves for HEC-1-A and RL95-2 cells during approach cycles recorded with either a bovine serum
albumin (BSA)-coated microbead (BSA) (A, B) or a JAR-coated microbead (JAR) (C, D). The horizontal axis shows the vertical movement
of the cantilever; the vertical axis shows the force acting on the microbead. The tangent line with the slight slope (Young’s-modulus smaller
than 10 Pa) (*) indicates the soft repulsion regime, and the tangent line with the steep slope (Young’s-modulus greater than 103 Pa) (** )
indicates the hard repulsion regime.
BSA3HEC 5 interactions between a BSA-coated microbead and a HEC-1-A monolayer; BSA3RL 5 interactions between a BSA-coated
microbead and a RL95-2 monolayer; JAR3HEC 5 interactions between a JAR-coated microbead and a HEC-1-A monolayer; JAR3RL 5
interactions between a JAR-coated microbead and a RL95-2 monolayer.

two distinct types of repulsive interaction: long-ranged soft
repulsion (Young’s-modulus,10 Pa), followed by hard repul-
sion (Young’s-modulus.103 Pa). HEC cells showed soft
repulsion as far out as 2.66 0.4 µm. The hard repulsion
started at an indentation force of approximately 0.86 0.2 nN
after a continuous transition. RL cells showed soft repulsion
in a range similar to that of the HEC cells. However, the
transition from soft to hard repulsion was abrupt and started
at lower indentation forces (0.46 0.2 nN).

With respect to the subsequent retraction part of the measur-
ing cycle, typical force versus distance curves showing the
adhesive forces between a BSA bead and the surface of HEC
or RL monolayers are given in Figure 4A, B and Figure 5A,
B. During separation, the first part of the curve reflected the
reversal of the previous indentation of the bead into the cell
monolayer, which decreased with retraction until the point of
zero applied force to the cantilever (i.e. zero-force point) was
reached. In the case of adhesive interaction, there was a
transition from the repulsive to the adhesive regime (i.e. the
cantilever was now bent into the opposite direction, while
the distance increased). As can be seen, the magnitude of
the adhesion forces and the distance at which the surfaces
finally separated completely depended on the duration of the
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contact. When retraction was started within milliseconds after
initial contact (Figure 4A, B) the maximum adhesion was
found to be 0.46 0.1 nN on HEC cells and slightly lower
(0.26 0.1 nN) on RL cells. In each case, the surfaces separated
at a distance of 2–3µm from the zero-force point. When the
microbead was brought into contact for a longer time (Figure
5A, B), the measured maximum adhesion increased consider-
ably for both HEC and RL monolayers. The measured
maximum adhesive forces pointed to saturation when contact
times exceeded 20 min (not shown). The adhesive maximum
observed with HEC cells after prolonged contact ranged from
25 6 7 nN at distances of 3–15µm above the zero-force
point. In the case of RL cells, 306 10 nN at distances of
2–15µm were measured. A sharp adhesion peak followed by
a smooth shoulder with increasing distance was characteristic
for both cell types. The width of the curves measured at the
half adhesion maximum was 8–20µm for HEC and for RL cells.

Force measurements with JAR-coated microbeads

Data on repulsive forces recorded during the approach phase
of JAR-coated microbeads (JAR-beads) against HEC or RL
monolayers are shown in Figure 3C, D. Typical force curves
are given here for demonstration, while the data reported are
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Figure 4. Typical adhesive force curves for HEC-1-A and RL95-2 cells resulting when a bovine serum albumin (BSA)-coated microbead
(BSA) (A, B) or a JAR-coated microbead (JAR) (C, D) was retracted within milliseconds after initial contact. The horizontal axis shows the
vertical movement of the cantilever; the vertical axis shows the force acting on the microbead. Note that only BSA-microbeads showed
immediate adhesion while JAR-covered microbeads did not. For interaction code see Figure 3.

derived from the total of all curves obtained. As in the case
of BSA-beads, the approach of JAR-beads displayed long-
range soft repulsion followed by hard repulsion. The transition
from the soft repulsion regime to the hard repulsion regime
was continuous for both cell types. In contrast to the BSA-
beads, JAR-beads showed soft repulsion for a longer distance
range, i.e. 4.06 0.3 µm in HEC cells and 3.46 0.4 µm in
RL cells. The hard repulsion started at higher indentation
forces, i.e. 1.06 0.2 nN in HEC cells and 0.76 0.2 nN in
RL cells.

Typical force versus distance curves showing the adhesive
forces between JAR-beads and the surface of HEC or RL
monolayers are given in Figure 4C, D and Figure 5C, D.
When JAR-beads were separated from the monolayers
within milliseconds after contact, no adhesion was observed
(Figure 4C, D), which was in contrast to the measurable
(although low) adhesion of the BSA-beads (Figure 4A, B).
However, considerable adhesive forces were measured when
the duration of contact was increased (Figure 5C, D). One
minute after initial cell-to-cell contact, the adhesive maximum
was 7.16 2 nN on HEC cells and 4.26 2 nN on RL cells.
In each of these cases, JAR and RL/HEC cell surfaces separated
completely at a distance of about 30–33µm from the zero-
force point. With contact times of 1 min, profiles of separation
curves were similar for HEC cells and RL cells, i.e. the
separation curves showed a sharp peak and a smooth shoulder
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with increasing distance. The width of the curve measured at
the half adhesion maximum was 5–8µm on HEC cells and
7–12µm on RL cells.

However, when the JAR-bead was brought into contact for
a prolonged time, i.e. 20 or 40 min, the force versus distance
curves showed marked differences between HEC (Figure 5C)
and RL cells (Figure 5D). HEC cell separation curves were
characterized by a sharp peak at a distance of 4–5µm from
the zero-force point and a smooth shoulder with increasing
distance, quite comparable to shorter contact time findings.
HEC cell adhesive maxima were about 166 4 nN and peak
widths at half adhesion maximum measured 8–20µm. RL
cells, in contrast, showed force versus distance curves charac-
terized by a broad peak at a distance of 5–45µm from the
zero-force point, exhibiting discrete force rupture events with
increasing distance. Unlike all other systems, the adhesion
forces of RL cells did not decrease continuously with increasing
distance but exhibited discontinuous force jumps of 1–3 nN
with 7–15µm distance in between. The final contact ruptured
at forces of 156 4 nN. The width of the broadened peak
ranged up to 45µm.

Discussion

In this study, we report actual measurements of the repulsive
and adhesive forces between two epithelia. Using a modified
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Figure 5. Typical adhesive force curves for HEC-1-A and RL95-2 cells resulting when a bovine serum albumin (BSA)-coated microbead
(BSA) (A, B) or a JAR-coated microbead (JAR) (C, D) was retracted after periods of 1–40 min of contact. 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 (D). For interaction code see Figure 3.

atomic force microscope, interaction forces between tropho-
blast and uterine epithelium were examinedin vitro. In our
model cell culture system, it was possible to define features
of adhesive interactions and their time-dependent development
that appear to be correlated with cell behaviour, i.e. the ability
of uterine epithelial RL95-2 (RL cells) and the inability of
uterine epithelial HEC-1-A (HEC cells) to attach strongly to
trophoblast-type cells via their apical (free) cell poles. These
findings open new ways to explain mechanisms behind the
phenomenon that the apical (free) membrane surface of
epithelial RL cells is somehow predisposed for trophoblast
adhesion, in contrast to other cells, as discussed below. With
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regard to a general knowledge of cell adhesion, our data may
have relevance for a basic description of the kinetics of binding
and of binding strength as well as for methods for studying
cell-to-cell interactions (e.g. Megeet al., 1986; Tha and
Goldsmith, 1986; Thaet al., 1986; Evanset al., 1991, 1995;
Teeset al., 1993).

Forces measured during the approach part of the experiment,
i.e. before the onset of adhesive interactions, were repulsive.
This was true no matter whether the probe (a microbead
mounted on a cantilever) was naked (coated with BSA) or
covered with JAR cells. Soft and hard repulsion was observed.
While a long-ranged soft repulsion might be due to peripheral
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structures of the cell (e.g. glycocalyx, microvilli, and micro-
ridges), the subsequently recorded hard repulsion is probably
dependent on structures that are located more deeply inside
the cytoplasm (e.g. the relative rigidity caused by cytoskeletal
elements). Associated with their rough surface (Thieet al.,
1995), HEC cells showed a long range of soft repulsion in
combination with a continuous transition to the hard repulsion
regime at relatively high indentation forces. In contrast, the
smooth-surfaced RL cells (Thieet al., 1995) showed lower
values of indentation force at the beginning of hard repulsion
after an abrupt transition. HEC cells have previously been
shown to possess a thicker glycocalyx than RL cells (Thie and
Denker, 1997).

Interestingly, only BSA-coated microbeads showed
immediate adhesion while JAR-coated microbeads did not.
After prolonged contact times of JAR-coated microbeads with
the uterine monolayers, however, the separation curves changed
and became indicative of adhesion events. Adhesion increased
progressively. Increase in adhesion might be due to substitution
of proteins during contact (Vroman effect: Scott, 1991) or
progressive flattening of cell surfaces and increase of contact
area. As the contact zone has not yet been investigated, it is
not known whether JAR cells attach to the entire apical surface
of endometrial cells or to localised regions of this surface.
Whatever the reason, the increase in adhesive forces stopped
and reached saturation for contact periods of 20 and 40 min.
Saturation of adhesive forces might be due to reaching a steady
state of substitution processes and/or narrowing of contact
sites. Profiles of separation curves of BSA-microbeads in
contact with HEC/RL cells as well as of JAR-microbeads in
contact with HEC cells showed marked similarities and may
be interpreted as representing the stretching of cells for a short
distance (low width of the adhesion maximum). The decreasing
adhesion shoulder in the long distance range might reflect the
formation of tethers (Hochmuthet al., 1996) which are pulled
out of the apical membrane. More interestingly, the shape of
the JAR/RL separation curves as seen after prolonged contact
times clearly indicates a different kind of interaction. The fact
that, at first, repeated rupture events were observed in the
range of 1–3 nN with a distance between 7–15µm and,
thereafter, a final rupture event at a distance of up to 45µm
points to quite a different mechanism, i.e. the breaking of
comparably strong cell-to-cell bonds. This assumption is sup-
ported by the finding that in some cases after the experiment
the RL monolayer was visibly damaged, a phenomenon that
was not observed in our experiments with HEC cells (data not
shown). In previous experiments using a centrifugal force-
based adhesion assay (Johnet al., 1993), it was shown that
RL cells readily allowed JAR-cell spheroids to attach firmly
and even to insinuate between them, whereas HEC cells did
not. We conclude from this that the pattern of plateau formation
with minor peaks followed by a final rupture event, as seen
in the RL-JAR cell combination, is indicative of firm membrane
adhesion.

The cell adhesion molecules that actually mediate tropho-
blast adhesion to the apical (free) surface of uterine epithelial
cells are still unknown. Various types of molecules have been
proposed to play a role in this process (for review, see Lopata,
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1996). Among them, integrins are discussed as molecules that
may mediate cell-to-cell binding between uterine epithelium
and trophoblast (Lesseyet al., 1992, 1994; Alberset al., 1995;
Bronson and Fusi, 1996). Indeed, in RL cells, integrins, e.g.
α6-, β1- and β4-integrin subunits, are expressed along the
entire plasma membrane including the apical (free) cell surface
(Thie et al., 1995). In HEC cells, however, the same integrins
are absent from the apical cell pole (Thieet al., 1995).
Successful binding between uterine cells and the trophoblast
may require not only that appropriate adhesion molecules are
present but also that these are accessible to their ligand. Thus,
the relative ability of cell surface molecules to gain access to
their targets might be related to a low level of sterical hindrance
by the glycocalyx and, for example, to the removal of a cell
surface-associated mucin, MUC-1 (Aplinet al., 1994). In the
present series of experiments, the approach of JAR cells
seemed to be only slightly easier to RL than to HEC cells. It
will have to be determined in subsequent investigations whether
this slight difference is related to the known differences of the
glycocalyx (Thie and Denker, 1997), and if it is of any
significance for the different behaviour of RL and HEC cells
in the centrifugal force-based attachment assay (Johnet al.,
1993). Also the free surface of RL cells is dome-like and
largely free of microvilli while the apical surface of HEC cells
is covered with microvilli; a smooth surface (e.g. RL cells)
should be more accessible than a rough surface (e.g. HEC
cells). Although not yet investigated, the tightness of apposition
of confronted RL cells and JAR cells might modulate the
quality of cell-to-cell adhesion. A further point that merits
study in subsequent investigations is that cell surfaces exposed
to serum-containing media will rapidly become coated by a
layer of adsorbed molecules, which might act as bridging
ligands.

Our data suggest that adhesion of trophoblast to uterine
epithelium might be a relatively slow process, possibly includ-
ing signal transduction cascades and sequential steps of bond
formation. This contact may precede trophoblast migration
and early placentation (Bischof and Campana, 1996; Burrows
et al., 1996). There is evidence suggesting that the initiation
of the adhesion process requires a certain degree of pressure
exerted between the surfaces of trophoblast (in the case of our
model: JAR cells) and uterine epithelium,in vivo and in vitro.
In vivo, myometrial contraction and/or endometrial oedema
might secure tight apposition (Enders, 1976, 1993; Mitchell
et al., 1987).In vitro, it was found essential to secure the tight
packing of rabbit blastocysts and endometrial fragments in
order to achieve attachment (Hohn and Denker, 1990).
Interestingly, cultured human blastocysts are described as
attaching to endometrial epithelial cells by just resting on them
(Lindenberget al., 1986, 1989). In the present experiments,
however, the initiation of adhesion seemed to depend on a
preparative phase of pressing the probe (cantilever with JAR-
coated microbead) against the uterine monolayer. We have
previously shown that the mechanical stimulation of RL cells
via apical membrane-bound integrins (using paramagnetic
beads and a magnetic force drag device) can elicit intracellular
calcium waves which may be one aspect of such mechanical
signalling. In that case, stimulation of integrins provoked a
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calcium response in RL cells 50–150 s (α6-integrin subunits)
and 200–300 s (β1-integrin subunits) after starting stimulation
and it was dependent on an intact cytoskeleton (Thieet al.,
1997). So far, no further details are known about this signalling
pathway in RL cells and how the signal is networked. Neverthe-
less, it is likely to include the activation of kinases, small
molecular mass guanosine triphosphatases, phospholipid
mediators and/or changes in cytoskeletal linkages.

In conclusion, the data presented here are consistent with
the concept that uterine epithelial cells in the receptive state
possess a reorganized epithelial phenotype, i.e. a non-polarized
architecture and, thus, a luminal plasma membrane equipped
with appropriate adhesion molecules; if the trophoblast is
positioned on to the surface for sufficient periods of time, a
cascade of events can be initiated that leads to the formation
of strong adhesion. Moreover, the modified atomic force
microscope technique introduced in the present communication
promises to offer a novel tool that can allow the investigation
of details of the underlying mechanisms and molecules playing
a role in the cell-to-cell interactions in implantation.
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