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1 Introduction

The physiological role which certain proteinases seem to play in embryo implantation
in the uterus is recently receiving increasing interest. Analytical studies performed in
the rabbit, the mouse and the rat have provided evidence that proteinase systems with
peculiar properties are not only present at these sites but certain enzymes also show
remarkable changes in activity around implantation (Andary 1974; Dabich and Andary
1976; Denker 1969a, 1972, 1974b, 1975, 1976a; Denker and Fritz 1979; Denker and
Petzold 1977; Kirchner 1972; Kirchner et al. 1971; Pinsker et al. 1974; Rosenfeld and
Joshi 1977; Strickland et al. 1976). From these studies the hypothesis was derived that
the action of proteinases may form an essential part of the mechanisms involved in im-
plantation, and has received support from studies in which proteinase inhibitors were
administered in vivo (Dabich and Andary 1974; Denker 1977, 1978a,b). Furthermore,
evidence was presented suggesting that the physiological regulation of implantation
initiation as governed by maternal hormones may in part be mediated by changes in
proteinase and/or proteinase inhibitor activity of uterine tissues or the trophoblast.

Recent cell biological and oncological studies performed in other systems have provid-
ed data which indicate that limited proteolysis by certain proteinases may form an im-
portant element of such phenomena as cell adhesion and invasion (cf. Ribbons and
Brew 1976). If the hypothesis is correct, namely that proteinases have the suggested
role in embryo implantation, their cell physiological mechanism of action must be
looked for in the framework of concepts on the physiological elements of the process
of implantation, which appears to be a complex interaction between embryonic and
maternal tissues (Denker 1977; Leroy et al. 1980). The essentials of these concepts may
be summarized as follows:

1. Implantation is the formation of a specialized intimate cellular contact between
trophoblast and uterine tissues.

2. Injtiation of implantation requires a special cell physiological state of maturation of
the trophoblast. The maturated trophoblast is potentially invasive probably in all
eutherian species.

3. The physiologically predominant role of the uterine epithelium (and uterine secretion? )
with regard to implantation is an inkibitory one rather than a stimulatory one. The
maturated trophoblast can implant as soon as the inhibiting principles are sufficiently
reduced. “Induction” of implantation from the maternal side is basically a de-inhibi-
tion.

4. The cell physiological processes which take place in the uterine tissues are largely
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preprogrammed: The luminal epithelium is preprogammed for undergoing degenera-
tion (being sloughed off: mouse, rat; or cell junctions becoming penetrable: ferret)

or for fusing (uterine epithelial cells with each other and with the trophoblast: rabbit).
This program is relatively rigid. It is part of a general program imprinted on the cells
under appropriate hormonal control, and needs then only minor (even relatively non-
specific, like mechanical) stimuli in order to become completed.

5. Decidualization is likewise a preprogrammed process. Many of the cell biological
phenomena connected with it are closely related to those shown by connective tissue
elements in certain forms of inflammation. As in inflammation, reactions of the blood
vessels form an integral part.

2 Aminopeptidases (Amino Acid Arylamidases)

Remarkable activities of various aminopeptidase-type enzymes were found to be pre-
sent in rabbit uterine tissues, uterine secretion and blastocyst tissues (Denker 1969;
Denker and Stangl 1976). Since this group of enzymes was found to split particularly
well certain synthetic arylamide substrates (amino acid fnaphthylamides or p-nitroani-
lides) we refer to them as amino acid arylamidases, as has become customary in recent
biochemical literature (Denker and Van Hoorn 1974; Van Hoorn and Denker 1975;
Denker 1977).

Of particular interest is an enzyme (arylamidase I) which appears in remarkably high
quantity in preimplantation-stage uterine secretion of the rabbit (Denker 1969; Beier
et al. 1972; Denker and Van Hoorn 1974; Van Hoorn and Denker 1975; Denker 1977).
Since the substrate leucine-g-naphthylamide had been used in the original investigations,
this enzyme was initially referred to as “leucine aminopeptidase” (LAP) (Denker 1969;
Beier et al. 1972). More detailed biochemical investigations revealed, however, that
there is only very little activity of classical leucine aminopeptidase (e-aminoacylpeptide
hydrolase, cytosol, EC 3,4,11,1) in rabbit uteri, and that the described arylamidase
differs from LAP in several biochemical properties: it shows only little activity toward
leucine hydrazide, is activated by Co2", is inhibited by puromycin, and shows a pH
optimum between pH 7.0 and 8.0 (substrate:leucine-f-naphthylamide) (Van Hoorn and
Denker, unpublished). In addition to the histochemical studies mentioned above (Den-
ker and Stangl 1976), these biochemical investigations also provided strong evidence
that rabbit endometrial tissues contain more than one arylamidase capable of hydro-
lyzing the substrates used (leucine-f-naphthylamide ,leucine-p-nitroanilide, alanine-g-
naphthylamide).

Most fascinating about rabbit uterine arylamidase I are the immense changes in activi-
ty which take place in the uterine epithelium and secretion during the preimplantation
phase. In the uterine epithelium, the activity is nearly nondetectable, by histochemical
tests, before coitus and at 2 days post coitum, but increases at 3 days post coitum, i.e.,
at the time when embryos enter the uterus in regular pregnancy (Denker 1969). This is,
however, independent of the presence of embryos, because the same happens in pseu-
dopregnancy (Van Hoorn and Denker 1975; Denker 1977, 1978a). Peak levels of acti-
vity are found in the uterine epithelium at 5-6 days post coitum, and the activity dec-
lines thereafter. The activity disappears quickly when copper IUDs are implanted
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(Denker 1976b). The histochemical findings have been confirmed by biochemical in-
vestigations (Van Hoorn and Denker 1975 and unpublished data; Denker 1977, 1978a).
Differences in histochemical reactivity between nonpregnant and 6-day-pregnant endo-
metria have also been described by Petry et al. (1970).

Even more prominent and probably more significant for the physiology of preimplan-
tation development are the changes in arylamidase I activity in the uzerine secretion
(Fig. 1; Van Hoorn and Denker, unpublished). The activity is barely detectable in non-
pregnant uteri and until 2 days post coitum but increases at 3 days post coitum (again
the time when embryos enter the uterus in normal pregnancy) and reaches a sharp and
high peak at 5 days post coitum. Interestingly, peak activity lasts for only approximate-
Iy I day. From 6 days post COiIEIiIB_ on, iha ‘El‘_ecline is slowed down considerably so that
a sort of a plateau is formed (lasting only until 8 1/2 days post coitum).

This pattern of changes of uterine secretion arylamidase I activity (increase after the
2nd day, peak around the Sth day, decrease until the 8th day) can be mimicked by
treating nonpregnant females with progesterone (4 mg in 1 ml sesame oil, one daily
dose subcutaneously) (Fig. 1; Van Hoorn and Denker, unpublished). In endometrial
homogenates, an increase in activity can also be shown until the 8th day of progester-
one treatment. Estradiol-17-benzoate (50ug in 1 ml sesame oil, one daily dose sub-
cutaneously) induces an increase in endometrial activity but does not cause any signi-
ficant changes in activity in the uterine secretion (Fig. 1). It should be noted that the
animals used in these experiments had not been ovariectomized so that endogenous
estrogen levels had not been eliminated. Therefore it appears reasonable to assume that
estrogens play a role in induction of the enzyme even in the experiments with progester-
one. However, it becomes very clear from these experiments that the observed pattern
of increase in arylamidase I activity in the endometrial tissue and particularly the extrus-
ion into the uterine lumen are progesterone-dependent. This fits well with observations
made in histochemical tests and in zymograms of uterine flushings (Kiihnel et al. 1971;
Beier et al. 1972; Van Hoorn and Denker, unpublished).

Actinomycin, injected intravenously (three injections, i.e., at 2, 3 and 4 days post
coitum, 0.1 mg/kg each), partially inhibits the increase in endometrial and uterine sec-
retion arylamidase I activity as occurring normally until 5 days post coitum (Van Hoorn
and Denker, unpublished). Although results from such experiments, in which inhibitors
are administered systemically, should be evaluated with caution, keeping in mind the
possibility of side effects and indirect actions via changes of, e.g., hormone synthesis,
the results suggest that the progesterone action possibly involves changes in arylamidase
I messenger synthesis. On the other hand, progesterone certainly regulates the process
of extrusion into the uterine lumen.

The short duration of the arylamidase wave in the uterine secretion is most interesting.
Uteroglobin, for example, which appears in the uterine secretion at approximately the
same stage as arylamidase I, seems to keep a high concentration there for a few more
days (Beier et al. 1972; Beier 1974). However, exact comparison is hampered by the
fact that most data on uteroglobin levels are derived from semiquantitative determina-
tions based on electropherograms, while the used photometric tests of arylamidase
activity may monitor changes more sensibly. If the difference in the profiles of both
proteins should prove to be real, it will have to be investigated further whether this ref-
lects a higher turnover rate of the enzyme.
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Fig. 1 a-d. Amino acid arylamidase activity in rabbit uteri in pregnancy and after estradiol and pro-
gesterone treatment. Substrate: 0.8 mM L-leucine-p-nitroanilide, 0.05 M phosphate buffer pH 7.2,
0.005 M Mg"'z, 25°C. For details of methods of preparation of endometria and uterine flushings
see Van Hoorn and Denker (1975). a Endometrial homogenates, estrus and early pregnancy;

b Endometrial homogenates, hormone treatments; ¢ Uterine flushings, estrus, and early pregnancy;
d Uterine flushings, hormone treatments. Note that progesterone treatment results in a sharp peak
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of arylamidase activity in the uterine lumen which is roughly comparable to the peak seen in preg-
nancy (c). Values (mU/mg protein, mean * s.e. n= number of animals): a Estrus: 5.1 (r=2);2 d

p.c.: 7.6 Y 0.7 (n=5); 5 d p.c.t 16.0 £1.2 (n=5); 8 d p.c.: 17.3 £2.6 (n= 5); b Estrus: see a. Estra-
diol treatment: 2 days: 16.7 (n= 2); 5 days: 17.9 (n= 2); 8 days: 8.0 (n= 2). Progesterone treatment:
2 days: 4.4 (rn= 2); 5 days: 5.5 (n=2); 8 days: 15.3 (n= 2):c Estrus: 13.1 t73m=4);2dp.ec:

3.2 1.6 (1= 5);3d p.c: 23.2 (n=2);4 d p.c.: 58.8 (n=1); 5 d p.c.: 329.9 £29.4 (n=4); 6 d p.c.:
87.3 (n=2); Td p.c.: 55.1 (n=2); 8 d p.c.: S1.8 £14.7 (n=5); 8 d 12 h p.c.: 46.3 (n=2). d Estrus
see ¢. Estradiol treatment: 2 days: 6.4 (n= 2); 5 days: 2.5 (n= 2); 8 days: 1.0 (n= 2). Progesterone
treatment: 2 days: 6.0 (n= 2); § days: 232.6 (n= 2); 8 days: 45.8 (n=12)

The physiological role of arylamidase I is unknown so far. Being an exopeptidase, the
enzyme possibly participates in the conversion of uterine proteins and peptides into
active or inactive forms (Denker 1970b, 1977). Since there is a physiological need for
uptake of fixed nitrogen in the form of amino acids or protein by the blastocyst at this
phase (Gwatkin 1966; Daniel and Krishnan 1967; Maurer et al. 1970; Jaszczak et al.
1970; Weitlauf 1971; Van Winkle et al. 1972; Spindle and Pedersen 1973), liberation
of amino acids by endometrial and uterine secretion arylamidases may also be physio-
logically significant. On the other hand there is a considerable change in the composi-
tion of the extracellular blastocyst coverings around 5 days post coitum (Gerdes and
Denker 1979; Denker and Gerdes 1979), i.e., at the time of the arylamidase I peak. At
present it is impossible to say whether this coincidence has any physiological meaning.
The enzyme is also found in the trophoblast and it would be interesting to see whether
it is taken up from the uterine secretion.

In postimplantation stages, considerable leucine-f-naphthylamide splitting activity
appears in the entoderm of the abembryonic pole (Fig. 2, Denker, unpublished). It be-
comes detectable, histochemically, around 8 1/2 days post coitum and reaches a very
high level at this site at 9 1/2 days post coitum. The entoderm of the embryonic pole
and the lateral parts remain negative in these tests. Low to moderate activity is found in
the trophoblast cells, predominantly in attached trophoblastic knobs. The entodermal
arylamidase activity appears always at the abembryonic pole, even in cases of malorien-
tation of the blastocyst in the uterus, i.e., when the abembryonic pole faces the meso-
metrial part of the endometrium (endopeptidase activity in maloriented blastocysts has
been described and discussed by Denker 1974b, 1977). Since at this phase most of the
uterine arylamidase I activity has disappeared from the implantation sites (Denker and
Van Hoorn 1974; Van Hoorn and Denker 1975; Denker 1976¢), it seems improbable
that the enzyme of the abembryonic entoderm cells is taken up from the uterine en-
vironment, but rather may be synthesized in the entoderm cells. There is also no cor-
relation between the appearance of the enzyme in the entoderm and attachment of
the trophoblast and formation of contact with the maternal circulation: the abembry-
onic entoderm develops its arylamidase acitvity even when implantation is blocked by
application of proteinase inhibitors in vivo (see below).

The mechanism behind the rapid decline of uterine secretion arylamidase activity
after 5 days post coitum is not clear. Interestingly there is evidence that the preimplan-
tation blastocyst of the rabbit stimulates the discharge from the uterine epithelium,
as suggested by comparison of acitvity in the endometrium and the uterine secretion of
normally pregnant (blastocysts present) and pseudopregnant (blastocysts absent) animals
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Fig. 2 a,b. Histochemical localization of amino acid arylamidase activity in rabbit uterus and con-
ceptus. Substrate: L-leucine-4-methoxy-f-naphthylamide. a Endometrium, 5 d p.c., X 88. A mem-
brane method (Denker and Stangl 1976) is used here which avoids loss of easily diffusible forms of
enzyme as present in uterine secretion. High activity is found in the apical parts of the uterine epi-
thelium. The lumina of crypts and urrows are filled with strongly positive uterine fluid. b Antime-
sometrial uterine wall and abembryonic part of the conceptus, 9 1/2 d p.c., x 60. High activity is
found in the abembryonic entoderm (dark line, above). Below it, the common feto-maternal syn-
cytium is seen which is formed by fusion of trophoblast and uterine epithelial syncytium and which
shows only moderate activity. At this stage, it is already degenerating and being sloughed off. The
cellular uterine epithelium (below) which has already largely replaced it by growing out from the
depths of the crypts has only very weak arylamidase activity

(Denker and Van Hoorn 1974; Van Hoorn and Denker 1975; Denker 1977, 1978a,b).
The blastocyst obviously signalizes its presence in the uterus via diffusible substances:
it induces a decline in uterine epithelial arylamidase I activity in its vicinity already
before the blastocyst coverings are dissolved. This is shown even more impressively
after blockage of trophoblast attachment by administration of proteinase inhibitors
(like Trasylol and antipain, see below) in vivo: even in this case the blastocyst exerts
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its influence on arylamidase activity of the surrounding endometrium (Denker, unpub-
lished).

3 Endopeptidases
3.1 Trophoblast-Dependent Blastocyst Proteinase (Blastolemmase)
3.1.1 Occurrence and Physiological Function

A peculiar gelatin-dissolving proteinase which is found in the trophoblast and at the
surface of implanting rabbit blastocyst has recently been receiving much attention. In
fact, this enzyme seems to be of great importance for initiation of implantation, as was
already assumed at the time of its first description (Denker 1969) and as a number of
investigations confirmed in subsequent years (for review see Denker 1977). In particular
it seems to be involved in dissolution of the extracellular blastocyst coverings and it is
therefore named “blastolemmase”.

When the highly sensitive gelatin substrate film test is applied which was designed and
optimized for this enzyme (Denker 1971, 1974a), blastolemmase is nondetectable be-
fore 6 days post coitum (sometimes traces are found at 5-6 days post coitum) but rises
abruptly at 6 2/3 days post coitum, i.e., few hours before the dissolution of the blasto-
cyst coverings begins. At 7-7 1/2 days post coitum when the lysis of the coverings is
under way and the trophoblast attaches to the uterine epithelium (Béving 1963; Denker
1970 a,b), the proteinase activity is restricted to the area in which these processes are
going on, i.e., the abembryonic hemisphere of the blastocyst (Fig. 4). On contrast, the
embryonic pole where the blastocyst coverings remain still intact and where no attach-
ment takes place in this phase, does not show any activity worthy of mention. After
completion of the abembryonic dissolution of the coverings and attachment of the tro-
phoblast, the enzyme activity disappears abruptly so that only minor remnants of acti-
vity can be traced irregularly in some placés between trophoblast and uterine epithelium
from 8 days post coitum on (Denker 1969).

Some controversy has developed on the question whether this proteinase derives from
the trophoblast, as suggested by the observation described above, or from the uterine
secretion as proposed by Kirchner (1972); Kirchner et al. (1971); and Kirchner and Mootz
(1974). There is much evidence, however, that this proteinase at least depends in some way
on the abembryonic trophoblast: The maximum of enzyme activity and the beginning of
the dissolution of the blastocyst coverings are always observed at the abembryonic pole
of the blastocyst, even if it is abnormally oriented in the uterus, i.e., facing the meso-
metrial instead of the antimesometrial endometrium (maloriented blastocysts) (Denker
1974b, 1977, 1978a,b). Models of blastocyst coverings without trophoblast do not
gain any comparable proteinase activity and are not dissolved in the 7-8 day uterus
(Fig. 3; Denker 1975; Denker and Hafez 1975). It became very clear from these investi-
gations that the trophoblast has to provide a factor (or factors) essential for the develop-
ment of this proteinase activity. It has not been possible so far, however, to decide
whether this factor is an activator for a uterus-derived proteinase or whether it is the
gelatinolytic enzyme (or proenzyme) itself. The latter assumption is probably correct
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Fig. 3 a,b. The trophoblast-dependence of implantation-associated blastocyst proteinase in the rabbit
is demonstrated by the lack of such proteinase activity in models which are devoid of trophoblast
tissue. Morulae as shown in a or Sephadex beads covered with a mucoprotein layer (deposited in the
tube) as shown in b are exposed to an implantation stage uterine milieu from 7 to 8 d p.c. (Denker
and Hafez 1975). The gelatin substrate film test was performed with cryostat sections of these mo-
dels and the surrounding endometrium. Proteinase acitvity as found in disintegrating blastocyst
coverings of this stage (cf. Fig. 4) is noct detectable in this case. x 110

because it was possible to demonstrate very high gelatinolytic proteinase activity of the
same electrophoretic mobility in both the trophoblast and the disintegrating blastocyst
coverings of the rabbit, while uterine secretion proteinase appears to be a different entity
(Denker and Petzoldt 1977).

The main physiological function of this trophoblast-dependent proteinase seems to be
connected with the dissolution of the blastocyst coverings. One may be tempted, there-
fore, to compare it with hatching enzymes of lower animals (Denker 1977). This function
is most impressively demonstrated by in vivo inhibition experiments (Denker 1977,
1978Db). Specific proteinase inhibitors which had previously been shown to inhibit this
enzyme strongly in vitro (Denker 1976a) were administered intrauterally to rabbits half
a day before implantation (i.e., at 6 1/2 days post coitum). Detailed morphological and
histochemical studies showed that this treatment inhibits the blastocyst proteinase acti-
vity and effectively blocks the dissolution of the blastocyst coverings (Figs. 5, 6). As a
result, attachment of the trophoblast to the endometrium does not occur. Certain differ-
ences in the efficacy of the various inhibitors were observed and could in part be corre-
lated with differences in elimination rates (Denker 1977). The most effective inhibitor
in the series tested was aprotinin (Trasylol). €& Aminocaproic acid, an inhibitor of plasmi-
nogen activation which does not affect the gelatinolytic blastocyst proteinase in vitro,
was administered as a control (Fig. 4). It was found to have no effect on the dissolution
of the blastocyst coverings or on the attachment of the trophoblast even when adminis-
tered in 100 times higher molar doses than those proven effective in the case of Trasylol,
suggesting that plasminogen activators and plasmin probably do not play a major role in
these processes.
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Fig. 4 a,b. Implantation-associated proteinase activity (blastolemmase) in the rabbit, 7 1/2 d p.c.
Gelatin substrate film test, longitudinal cryostat sections through implantation site, a overview,

x 11.5, mesometrial side above, b detail from the antimesometrial-abembryonic region, x 140.

In this animal, €-aminocaproic acid (in a 0.78 mg, in b 6 mg) had been injected into the uterine
lumen at 6 1/2 d p.c., but this treatment does not interfere with regular enzyme acitvity, dissolu-
tion of blastocyst coverings and attachment of the trophoblast. The typical proteinase pattern is
seen with high activity (bright lysis zones) in the abembryonic-antimesometrial region (a), predomi-
nantly at the site of disintegrating blastocyst coverings, i.e., between trophoblast and uterine epi-
thelium (b)
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Fig. 5 a,b. Inhibition of implantation by administration of proteinase inhibitors in vivo in the rabbit.
In this case, 6 mg antipain was injected into the uterine lumen at 6 1/2 d p.c. At 7 1/2d p.c., no
proteinase activity is detected with the gelatin substrate film test as shown in a (overview, x 15.5,
cf. Fig. 4a), and the dissolution of the blastocyst coverings (dark band) is inhibited. Since the intra-
uterine antipain concentration decreases rapidly after a single injection (Denker 1977), lysis of the
blastocyst coverings doesm@'z—iﬁa@ untif 8 1/2 d p.c. as seen in b (abembryonic region, x 140).
There is still not much proteinase activity between trophoblast and uterine epithelium; only a few
trophoblastic knobs manage to attach to the uterine epithelium. Unattached knobs often show con-
siderable intracellular proteinase activity

Proteinase inhibitors (TLCK, TPCK, aprotinin) have been administered intrauterally
also in the mouse, and an antifertility effect was noted (Dabich and Andary 1974).
Although no analysis of implantation and early postimplantation stages has been carried
out in this case, the authors assumed that it was the implantation process which was
disturbed also in this species.

The inhibition of implantation by administration of specific proteinase inhibitors is
considered a new concept possibly applicable in fertility regulation. More extended
studies involving various synthetic low-molecular-weight inhibitors are in progress in
our laboratory. Possible side effects, e.g., increased incidence of dystopic implantation,
and ethical aspects should be taken into consideration (Denker 1977). It should further
be kept in mind that interference with implantation may be involved in all experiments
in which proteinase inhibitors are administered to the genital tract, as in attempts to
interfere with fertilization (Schumacher et al. 1971) or in treatment of hypermenorrhea
in women using IUDs (Tauber et al. 1977).



