BASIC ASPECTS OF OVOIMPLANTATION*

H.-W. DENKER

Implantation of the blastocyst in the uterus is not only of fundamental importance for
the estabishment of pregnancy, but it is also a biologic phenomenon of tremendous
fascination. Recent progress in implantation research appears to open some ways on
how to manipulate this process, particularly during its initial phase.

For heuristic reasons, it seems appropriate to use a narrow definition of implantation,
i.e., the specific process that leads to the formation of a specialized, intimate cellular
contact between the trophoblast of the embryo (usually in the blastocyst stage) and the
endometrium. In case of ectopic implantation, the endometrium may be replaced by
other tissues.

Such a narrow definition is, however, not always used, which is unfortunate for the
discussion of mechanisms involved. Much of the literature on ‘‘anti-implantation
agents’’ is based on experiments in which, after treatment of female animals at any
point during the preimplantation phase, uterine swellings (so-called ‘‘implantation
sites’”) are counted at a relatively late stage, i.e., a number of days after initial contact
formation between the trophoblast and the endometrium. Certainly, many complex
tissue interactions and considerable remodeling processes are required until a mature
placenta is established. It is usually impossible, in the described type of experiments, to
decide which individual process was influenced by the drug treatment. Systematic mor-
phologic investigations of all successive stages, combined with biochemical studies of
compounds suggested to be related to implantation mechanisms, are rarely being car-
ried out, This may be one reason why, although there is no lack of hypotheses on im-
plantation mechanisms, concepts are highly controversial and incongruent, focusing
either on regulation by ovarian (or trophoblast-derived) hormones, or on changes of cell
surface characteristics, or on uterine motility, or decidualization, or vascular changes in
the endometrium, including their regulation by prostaglandins and histamine, for ex-
ample. According to the specialization of the investigator and depending on the type of

*To maintain the flavor of this original contribution, the editor has chosen not to rewrite the chapter in
idiomatic English.
R.M.W.
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experiment preferred and on the stage chosen for investigation, any of these aspects may
appear to be of prominent importance for ‘‘implantation.”

We would like to concentrate, in our discussion, on the inztial phase of implantation,
i.e., on mechanisms involved in the formation of the first intimate and specialized con-
tact between trophoblast and uterine epithelium, with subsequent invasion. We will
omit a discussion of other important aspects of implantation such as vascular reactions
and decidual reaction, the hormonal regulation, the role of histamine and prostaglan-
dins, topics that have been covered in a number of reviews,? % 3. 33, 69, 87, 108

Recent experiments, using predominantly the rabbit and the mouse as models,
suggest a central function for certain highly specific proteinases, in the initiation phase of
implantation. They should be of interest to the gynecologist since proteinase inhibitors are
being proposed and tried as additives to IUDs in order to reduce menstrual blood
loss, 130 131 12 These inhibitors are in part identical with those found highly effective in
interfering with implantation initiation, in the animal models.?> 7 It seems necessary,
therefore, to consider the possibility that proteinase inhibitors released from IUDs may
have additional effects, i.e., interfere with implantation of the blastocyst, also in the
human.

EXPERIMENTAL EVIDENCE FOR A SPECIFIC ROLE
OF CERTAIN PROTEINASES IN IMPLANTATION INITIATION

It is a very old concept that degradation of maternal tissue components by factors re-
leased from the trophoblast may play an important role in implantation. In fact, in
1883, Graf von Spee,'?® '* studying implantation in the guinea pig which is of the in-
terstitial type as in the human, concluded on morphologic grounds that the trophoblast
plays an active and cytolytic role, the endometrium showing signs of degeneration and
disintegration. Although he apparently thought of an indirect influence by the embryo,
suggesting a ‘‘biochemical process which is stimulated by the egg,’” his investigations
initiated active search for degradative enzymes released from the trophoblast, par-
ticularly proteinases, during the following decades (discussed in Denker®). In fact,
proteinases and proteinase inhibitors were found in both the trophoblast and the en-
dometrium in the human shortly after the turn of the century. However, the simplifying
concept that the invading trophoblast forces its way by digesting away components of
the maternal tissues was later abandoned for being too mechanistic. It was nearly forgot-
ten after the hormonal regulation of reproductive functions came into the center of in-
terest.

In the light of recent experimental data, a role of hydrolytic enzymes in implanta-
tion must be reconsidered, although in a modified concept. Proteinases are certainly in-
volved, but only part of their function, and possibly not even the physiologically most
significant one, may be complete hydrolysis of maternal proteins to small peptides and
amino acids as caused by cathepsins. Most members of this latter class have an acid pH
optimum and are typical lysosomal enzymes. Some of them have been found to be in
fact very active at implantation sites: Cathepsin B-type enzymes showing impressive ac-
tivity in the cat,* the pig (Denker and Heap, unpublished) and the marsupial, the tam-
mar wallaby;* a proteinase found in the guinea pig embryo may be related to it.!®?
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Cathepsin D was found to show increased activity in total endometrial homogenates but
decreased concentration in the uterine epithelium, at implantation sites of the rat.®: !*

Particularly interesting are, on the other hand, certain alkaline or neutral proteinases
which may act extracellularly and for which experimental data suggest a special role in im-
plantation initiation. According to biochemical studies, some of them may cause
hydrolysis of only a few peptide bonds in their physiologic substrates, a process known
as limiled proteolysis. This interesting process can induce subtle but physiologically very
significant changes in the substrate proteins, as demonstrated in a number of other
systems: Certain highly specific proteinases are activators of proenzymes, some of them
initiating complex chains of biochemical events involving mutual activation of various
enzymes (examples: the blood clotting and the complement system) and liberating
biologically active peptides (kallikrein-kinin system). When acting on cell surfaces, pro-
teinases can elicit a great variety of cellular responses, e.g., changes in adhesive
behavior, cell migration, secretion of proteins (e.g., fibronectin)® or of other enzymes,
and they can cause metabolic changes or mitogenic activation;™ (for additional
references, see Denker?’) and even trigger cell differentiation.'”" Enzymes which show
these effects include highly specific proteinases like thrombin, causing limited pro-
teolysis. Even the degradation of extracellular ground substance macromolecules, as
part of the process of invasion, seems to involve primarily only partial degradation to
high-molecular-weight products.™

In fact, the implantation-associated proteinase which has been studied in most
detail so far, blastolemmase, shows biochemical properties that are in accordance with
such a concept, i.e., suggesting that the enzyme action is highly specific, cleaving only a
limited number of peptide bounds in its physiologic substrates. The enzyme which can
be extracted from the trophoblast of late preimplantation stage rabbit blastocysts ex-
hibits not only a primary specificity for arginyl bonds (P,) but also recognizes the adja-
cent amino acids in the neighboring positions P, and Py, so that it can be expected to
cleave only some of the arginyl bonds in a protein.*!

Concerning the question about the cell biologic mode of action of proteinases in im-
plantation initiation, most available information was obtained in experiments using the
rabbit as a model, and some data have been obtained from the mouse. *" * The rabbit
offers the advantage of having a greatly expanded blastocyst, around 5 mm in diameter
at implantation, which facilitates analysis. In addition, due to its copulation-induced
ovulation, developmental stages are defined precisely. It has, therefore, been chosen as
the standard model in our laboratory, although it does show certain peculiarities mostly
connected with its representing the central type of implantation. The problem posed by
species differences will be discussed more in detail.

The most interesting proteinase operative in implantation initiation in the rabbit is
the trophoblast-dependent “‘blastolemmase.’**!: ** 25 77 3 With use of a gelatin substrate
film test, the enzyme is found at the interface between trophoblast and uterine
epithelium precisely during the phase of attachment of the abembryonic trophoblast,
which is the beginning of implantation in this species. Noticeable blastolemmase activity
is, therefore, demonstrable only for about one day, i.e., between 6 3/4 and 7 3/4 days
post coitum (days p.c.).

Two major physiologic functions have been envisaged for blastolemmase: (1) in the
process of dissolution of the so-called blastocyst coverings, and (2) in the attachment of
the trophoblast to the uterine epithelium.
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There is excellent experimental evidence for a central role of blastolemmase in the
first-mentioned process, the dissolution of the blastocyst coverings. These are extracellular
coatings composed principally of glycoproteins and equivalent to the zona pellucida,
although in our model, the rabbit, they are of a more complex structure than, for exam-
ple, in the human: when implantation is being initiated, they consist of 3 layers of dif-
ferent origin and composition (for more details, see below). For implantation, they need
to be removed in order to bring the trophoblast into contact with the uterine epithelium,
Blastolemmase is of central importance in this process, as shown impressively in ex-
periments in which effective but nontoxic proteinase inhibitors (e.g., aprotinin = Tra-
sylol® , antipain, soybean trypsin inhibitor, and others) were administered within the
uterus in vivo (Denker® and unpublished results). The major effects seen were the same
with all blastolemmase inhibitors although minor differences were noted.

Due to this treatment, dissolution of the blastocyst coverings does not take place,
and they remain interposed between trophoblast and uterine epithelium so that forma-
tion of a cellular contact is impossible (Figs. 1A,B; 2). Therefore, blastocysts stay free in
the uterine lumen.

An important detail of these experiments is the observation that the blastocysts re-
main viable for a number of days even though implantation was blocked. We like to put
emphasis on this point because, as a rule, other investigations of ‘‘anti-implantation’’
agents have usually not ruled out the possibility that these drugs were perhaps simply
causing degeneration of the embryos, which makes it impossible to derive any conclu-
sions on specific cell biologic processes essential for implantation. In the experiments
with inhibitors administered within the uterus the blastocysts continue to expand
(although at a slightly reduced rate) in spite of their failure to implant, Electron
micrographs have not given evidence for any major toxic damage to the trophoblast.”
As a result of continued expansion, most of the blastocysts finally hatch mechanically
from their coverings, although a proportion of them remains completely encased (par-
ticularly in experiments in which the inhibitor is being infused continuously into the
uterine lumen). The fragments of the coverings typically remain sharp-edged, in-
dicating absence of any lytic (blastolemmase) activity. In those blastocysts in which
mechanical hatching occurs, the trophoblast can, of course, contact the uterine
epithelium, although delayed (1-2 days). Interestingly, not all of the exposed parts of
the trophoblast manage to attach under these conditions; the contact which is being
formed mostly remains superficial (Fig. 2B) and invasion and erosion of maternal blood
vessels are found only in few spots. Although most of the blastocysts in inhibitor-treated
uteri are still nicely expanded around 2 1/2 days after the time when implantation has
started in the controls (Fig. 3), they are finally being progressively resorbed.

In the initial series of these experiments, a single bolus of inhibitor had been in-
jected into the uterine lumen of rabbits at 6 1/2 days post coitum, i.e., half a day before
implantation initiation.” Since the intrauterine inhibitor concentration was found to
decline rapidly, a more recent series used continuous infusion into the uterine lumen via
Alzet® osmotic minipumps loaded with aprotinin (Trasylol®) and placed within the
uterus at 5 1/2 days post coitum when midblastocysts are present.” Saline-loaded
minipumps were used as controls placed in the contralateral uterus. In a sense, the
minipumps serve as a model for medicated IUDs. The dimensions of the model used
(Alzet® model No. 1701, now replaced by a larger model) easily allow intrauterine in-



Fig. 1. Inhibition of implantation in the rabbit by intrauterine administration of a proteinase in-
hibitor. Stage shown is 7 1/2 days p.c. A. Control, Araldite section, toluidine blue stain. x 900.
Antimesometrial endometrium and part of the abembryonic hemisphere of the blastocyst
(above) are seen. A syncytial “trophoblastic knob' (T) has established contact with the en-
dometrium, has invaded it and already reached the subepithelial capillaries. No remnants of
blastocyst coverings are present anymore. B. As in A, except that 6 mg of aprotinin (Trasylol #)
had been injected into the uterine lumen one day before. Due to inhibition of blastolemmase ac-
tivity, the extracellular blastocyst coverings (BC) have not been dissolved and remain inter-
posed between the trophoblastic knob (T) and the uterine epithelium.
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Fig. 2. Inhibition of implantation in the rabbit by intrauterine administration of a proteinase in-
hibitor. Stage shown is 8 1/2 days p.c. A. 6 mg of aprotinin (Trasylol ®) had been injected into the
uterine lumen at 6 1/2 days p.c. Araldite section, toluidine blue stain. x 350. In this segment of
the abembryonic part of a blastocyst (above), two syncytial trophoblastic knobs (T) can be
seen. Although in the controls they would have invaded the endometrium and a hemochorial
contact would have been established by this stage, these knobs are still separated from the
uterine epithelium (transformed into a broad symplasma) by the blastocyst coverings (dark
line), which have been stretched due to continuing expansion of the blastocyst. B. As in A,
another blastocyst from the same animal as shown there. In spite of inhibition of dissolution of
the blastocyst coverings, many blastocysts finally manage to hatch mechanically due to their
continuing expansion. At the site shown here, no remnants of blastocyst coverings are present
anymore. Nevertheless, the trophoblastic knob (T) has not attached to the uterine epithelium
and only a small portion of the cytotrophoblast has. Here, a trophoblastic giant cell (GC) has
formed. There is no sign of deep invasion.
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Fig. 3. The two uteri of a rabbit excised at 9 1/2 days p.c. after 12 mg of aprotinin (Trasylol *) had
been injected into the lumen of the left uterus at6 1/2 days p.c. The right uterus had received the
same amount of vehicle fluid as a control. Since the proteinase inhibitor does not cause im-
mediate degeneration of the blastocysts but only interferes with the initiation of theirimplanta-
tion, the two blastocysts at the left side have not degenerated yet but have continued to ex-
pand, although at a slower rate than the five conceptuses at the control side (right). (No. of
corpora lutea: left side 2, right side 6).

sertion in the rabbit, and, as the controls reveal, there is only a minor nonspecific
mechanical TUD effect (leukocytosis, although variable, unusually remaining slight,
and the nonspecific antifertility effect remaining negligible) because this pump occupies
only a small part of the length of the uterus, and it distends the uterus only slightly. (Fer-
tility depressing effects of nonmedicated IUDs have been found to be restricted to the
endometrial area in contact with the device.)* The results of the experiments observed
at various stages between 7 1/2 and 11 1/2 days p.c. confirm the main results obtained
with single intrauterine injections of the inhibitor: Dissolution of the blastocyst cover-
ings is strongly inhibited whereas the blastocysts survive and continue to expand.
Degeneration of the embryoblast is seen more rarely, after continuous infusion of the in-
hibitor than after a single intrauterine bolus injection. In fact, some embryos were
found, in the minipump experiments, beautifully differentiated showing neural tube
formation and somites, in spite of the fact that they were still completely encased in their
blastocyst coverings, i.e., they were totally nonimplanted and free in the uterine lumen.
Such a condition had, to our knowledge, never been seen before in a eutherian mammal
except for the horse (Betteridge, personal communication) but was known from mar-
supials (sec, e.g., Renfree!'0).

About 25 percent of the embryos remained completely encased in the coverings,
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after continuous intrauterine aprotinin infusion, whereas the others managed to hatch
mechanically. It seemed interesting to note whether the trophoblast would be able to at-
tach and to invade into the endometrium, in spite of the presence of the proteinase in-
hibitor. Some of the exposed trophoblastic knobs of the abembryonic hemisphere were
indeed found to invade and to erode maternal blood vessels. Many of them did not,
however, even if no remnants of blastocyst coverings were interposed between them and
the endometrium any longer. This does not necessarily prove that aprotinin-sensitive
proteinases are involved in attachment and invasion; it can, alternatively, be explained
using a concept proposed by Béving,®i.e., that there is only a small time window for in-
vasion of trophoblastic knobs into the endometrium, the end of the susceptibility of the
endometrium being determined by the time when uterine epithelial cells fuse and form a
broad symplasma after 7-7 1/2 days p.c. After that time, directional invasion of
trophoblastic knobs aiming at subepithelial blood vessels may be impossible (because
there is no longer any channeled transport of metabolites). In fact, fusion of trophoblast
with the uterine epithelium seems basically to be possible, in the inhibitor-treated uteri,
but deep invasion is rare in the abembryonic-antimesometrial region.

Implantation consists of two different phases in the rabbit. The phenomena dis-
cussed above are part of the first phase of implantation, which takes place in the abem-
bryonic region of the blastocyst, normally oriented towards the antimesometrial part of
the endometrium (Fig. 4). This process results in the formation of a yolk sac placenta,
which is essentially an ephemeral organ. About 1 1/2 days after the beginning of abem-
bryonic implantation, fusion of the trophoblast with the uterine epithelium also starts at
the embryonic pole of the blastocyst, adjacent to the mesometrial part of the en-
dometrium. This leads to the formation of the definitive chorioallantoic placenta (again
hemochorial). After infusion of aprotinin into the uterus with the minipump, the latter
process did not seem to be impaired at all in those blastocysts that had managed to hatch
mechanically from their coverings, if no remnants of the latter remained interposed.®
This seems to indicate that adhesion of the trophoblast to the uterine epithelium and in-
vasion may not be dependent on aprotinin-sensitive proteinases like blastolemmase.
The physiologic function of the latter then would seem to be restricted to the dissolution
of the blastocyst coverings, comparable to a hatching enzyme. However it cannot be ex-
cluded at present that higher doses of the inhibitor would perhaps interfere with inva-
sion.

The combined morphologic and biochemical evidence from investigation of nor-
mal implantation sites and of inhibitor-treated uteri suggests that all major effects of the
mentioned proteinase inhibitors are due to direct inhibition of blastolemmase.?
However, indirect effects on implantation would be possible if inhibitors (like antipain)
interact with proteinases involved in hormone-dependent changes in endometrial cell
physiclogy, as proposed for the mouse and rat.®” 1%

Is there any evidence for a role of a blastolemmase-like enzyme in implantation in
other species? Our knowledge of the physiologic way of zona-shedding in other species 1s,
unfortunately, very limited. We do not know anything about the situation in the
human, not even the time at which shedding occurs here, because the available
specimens of the critical period are rare and have not been preserved in a way ap-
propriate to retain the zona. In the rhesus monkey (which, however, shows a number of
differences from the human, such as endometrial plaque reaction, central type of im-
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Fig. 4. Schematic sketch of the topographical relationships between blastocyst and uterus at
the time of implantation initiation in the rabbit, i.e., 7 days p.c. Cross-section through the
uterus. The embryonic disc is oriented towards the mesometrial side of the uterus, the abem-
bryonic pole faces the antimesometrial endometrium. The blastocyst is still completely en-
cased in its extracellular coverings, although the dissolution of the latter is just starting in the
abembryonic-antimesometrial region where implantation begins.

plantation, late onset of implantation), empty zonae flushed from the uterus together
with zona-free blastocysts seemed to indicate that here the embryos may hatch
mechanically, perhaps a day or so before implantation.*” Nothing is known about any
proteinases of the uterine secretion or of the trophoblast which might be involved. In the
cat, there is morphologic evidence that the zona pellucida is dissolved under the in-
fluence of factors depending on the abembryonic and lateral trophoblast (corresponding
to the future girdle-shaped invasion zone?),” but the gelatin film failed to identify a
specific proteinase possibly responsible, other than the general cathepsin B-like activity
of the trophoblast. In the mouse, blastocysts can easily hatch by rupturing the zona, in
vitro. However, histologic investigation of implantation sites reveals that the normal
process 1s by lysis.® It has been proposed that a uterine secretion-derived enzyme
assumed to be identical with a caseinolytic proteinase showing the same stage- and
hormone-dependent changes of activity is responsible for this as well as for changing cell
surface properties so that attachment of the trophoblast can occur (“‘implantation-
initiating factor,””*" 1), No direct experimental evidence is available for the latter
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assumption, however, while evidence for a role in zona lysis is good. It is possible that
the factor described by Mintz*! is identical with a chymotrypsin-like enzyme described
recently in mouse uterine flushings * ® showing the same dependence on an ‘‘estrogen
surge’’ (superimposed on progesterone action). (For comparison: rabbit blastolemmase
is progesterone-dependent, see Denker?. There is no evidence for a physiologically
significant estrogen surge in the rabbit or in the human.) The physiologic function for
another estrogen-dependent uterine secretion proteinase described in the rat (and
mouse), possibly being more close to elastase, remains to be defined, since it was found
capable of dissolving the zona of unfertilized but not of fertilized eggs.'** !!*

For a number of other proteinases described in the human and in animals, it re-
mains unclear whether they are at all involved in the process of implantation, because
they were studied either in uterine tissues remote from implantation sites, or in
trophoblast of stages far beyond those discussed here. % 68 95, 100, 134, 143

Investigations of plasminogen activator activity present in mouse trophoblast during
the phase of stromal invasion ' have received interest because the same enzyme was found
to be secreted in considerable amounts by many (although not all) highly invasive tumor
cells and was proposed to be of major importance for tumor invasion. Using the
macrophage as a model, evidence was presented suggesting that plasminogen activator
may be an integral part of the whole proteinase system involved in degradation of con-
nective tissue ground substance. ' " As discussed earlier,” ?7 experimental evidence
for a major role in the initiation phase of implantation is lacking; in fact plasminogen
activator activity of blastocysts and of endometrial and uterine fluid decreases
towards implantation and is low at early implantation sites (see also Denker, unpub-
lished).!!: 82, 117. 130. 137 The plasminogen activator found in cleavage stage embryos may
have been adsorbed at the zona and carried from the ovary; its function is unknown.'*!
¢-Aminocaproic acid, an inhibitor of plasminogen activation that does not affect
blastolemmase noticeably, does not interfere with implantation when administered in-
trauterally in the same way as described for aprotinin for example.® * Likewise after
oral administration of e-aminocaproic acid, the implantation rate was not changed
significantly and even tended to be slightly increased.? Increased fibrinolytic activity
may indeed be an unfavorable condition for implantation because it is found in en-
dometria adjacent to various types of IUDs (apparently not including progesterone-
releasing IUDs) ' % 78 79 although in the uterine secretion, the activity remains un-
changed or is reduced due to the presence of inhibitors.'" %

The physiologic function of trypsin- and chymotrypsin-like enzymes described as
occurring in mouse blastocysts is still unknown.!'” Proteinase inhibitors including
aprotinin have been applied within the uterus also in the mouse using a slow release
device,'® and an antifertility effect was noted when ‘‘implantation sites’” were counted
at a late postimplantation stage. Unfortunately, no morphologic investigation of peri-
implantation stages was performed, so that these investigations do not provide any
arguments for our discussion whether the major role of proteinases is in zona lysis, in
changing cell surface characteristics for adhesion, or in other physiologic processes.
Recently, attachment of the mouse blastocyst to mouse uterine, embryo, or L cell
monolayers in vitro was described to be inhibited by soybean trypsin inhibitor (which
gives basically the same results as aprotinin in the rabbit in vivo system [Denker, un-
published]), and to be stimulated by trypsin.” In a subsequent series of similar in vitro



