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using in-vitro culture (Brinster, 1969; Whitten, 1970), in-vitro microsurgery (Gardner,
1968), and embryo transfer to ectopic sites (Fawcett, 1950; Kirby, 1962, 1969) have shown that
before blastulation the mammalian ovum develops independently of its uterine environment.
After this time the blastocyst becomes less autonomous and development depends increasingly
on the local environment. Evidence for dependence upon the uterine milieu also arises from
experiments on the transfer of embryos between donor and recipient animals and the transfer of
blastocysts to ectopic sites, and from investigations of the phenomenon of delayed implantation.
Studies

In this paper we consider the nature of the interaction between the endometrium and the
blastocyst and indicate where interception may inhibit maternal or embryonic signals which are
indispensible for implantation and the establishment of pregnancy.

Influence of the uterine environment on blastocyst development

Embryonic development proceeds normally only when the uterine environment is adequately
prepared to receive a blastocyst of corresponding age. The importance of the similarity in age of
an embryo and its uterine environment was first revealed by embryo transfer experiments which
indicated that during pregnancy the conditions within the uterus must change progressively, and
almost daily, for embryos to show such sensitivity to the environment of the surrogate host.
Thus, Chang (1950) working on rabbits demonstrated that embryo transfers succeeded best
when the stage of egg development in the donor was synchronized with that of the luteal phase of
the recipient, while McLaren & Michie (1956) found in mice that transfers were most successful
if blastocysts were 1 day older than the stage of the uterus in the recipient, less successful in the
synchronous combination, and least successful if the relative ages were reversed. In sheep,
Rowson & Moor (1966) showed that eggs either 2 days younger or older than the stage of the
recipient uterus exhibited some tolerance to transfer, but this tolerance diminished sharply as the
asynchrony became greater. The sensitivity of the blastocyst to its environment was evident also
from experiments in which the embryo was confined to the oviduct, since ligation of the uterotubal junction resulted in embryos that developed up to the early blastocyst stage, but no further
(mouse: Kirby, 1962; Orsini & McLaren, 1967; rabbit: Adams, 1958; rat: Alden, 1942; sheep:
Winterberger-Torres, 1956; pig: Murray et al, 1971, but see Pope & Day, 1972). In several of
these studies, tube-locked embryos underwent degenerative changes indicating that the tubai
environment was detrimental to normal preimplantation development.
Extrinsic control of the growth and development of the mammalian blastocyst has also been
studied during delayed implantation. This condition is characterized by a reduction in DNA
synthesis and mitosis of cells comprising the blastocyst (McLaren, 1968; Sherman & Barlow,
1972), and by a decrease in blastocyst metabolism (Menke & McLaren, 1970) and macromolecular synthesis (Dass, Mohla & Prasad, 1969; Weitlauf, 1973; Holmes & Dickson, 1975).
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Following Brambell's (1937) original suggestion that embryonic diapause resulted either from
production by the uterus of an inhibitory factor or from the lack of an essential stimulatory
factor, several attempts have been made to identify these constituents because of their potential
importance to understanding the biochemical events associated with the normal process of
implantation. However, neither the identity of these factors nor the way in which they control the
growth of the blastocyst is known with certainty. Evidence for the involvement of endometrial
macromolecules in the regulation of blastocyst metabolism remains speculative (see Surani,
1977), though the finding in rabbits that oestrogen injected shortly after mating delayed both the
pattern of uteroglobin secretion and the time of implantation to a similar extent (Beier, 1976)
supports the notion that uterine proteins may contribute to the normal process of nidation in
certain species. However, the possibility that the concentration of ions and small molecules such
as glucose in uterine fluid may be equally important, if not more so, especially in respect of the
regulation of blastocyst cell division and metabolism, should not be overlooked (see van
Blerkom, Charez & Bell, 1979).
A co-culture technique has been developed to investigate the nature of endometrial
components that influence protein synthesis in the preimplantation blastocyst and to examine
whether their production is tissue-specific and time-dependent (Wyatt, 1976). Blastocyst and
maternal tissues were removed from pigs immediately after killing on the 16th day of gestation.
Although the blastocysts have elongated at this stage, definitive attachment of embryonic
and maternal tissues becomes established above 48 h later, on Day 18 post coitum (p.c.).
Blastocysts dissected from the uterus were divided into 5 mm lengths and maternal expiants
were prepared as 2 mm3 pieces. The region of the embryonic disc was excluded from these
studies, and the tissue was comprised predominantly of trophectoderm. The grid technique
was used to culture blastocysts alone or in co-culture with a maternal expiant, and protein
synthesis was monitored by the incorporation of L-[4,5-3H]leucine. Leucine incorporation into
blastocyst tissue proteins and into proteins recovered from the medium was significantly higher
when embryonic tissue was cultured together with an endometrial explant ( < 0-01; 4
experiments) than when cultured either alone, or with peritoneum, kidney, liver or striated muscle
expiants. Disc gel electrophoresis of blastocyst and maternal tissue in 7-5% polyacrylamide
containing 1% sodium dodecylsulphate, and of spent medium in 7-5% polyacrylamide, showed
that labelled leucine was incorporated into prealbumin protein components in blastocystendometrial co-cultures only. These prealbumin components were first detectable after 8 h and
were present in blastocyst tissue and in the spent medium. Fluid which accumulated within
blastocyst tissue in co-culture contained a high concentration of these labelled compounds
(Wyatt, Heap & Perry, 1976). Preliminary studies showed that 16-day blastocyst tissue cocultured with endometrial tissue from the same animal (synchronous) incorporated labelled
amino acid to a greater extent than in co-culture with asynchronous tissue; this was partly
attributable to the synthesis of proteins with an electrophoretic mobility similar to that of the pre¬
albumin components described above (C. Rice, unpublished observations).
These findings using the pig as an experimental model provide evidence in vitro for
endometrial factors that affect protein synthesis in the preimplantation blastocyst. The synthesis
of these factors in culture was tissue-specific and their effect on blastocyst protein production
was substantially greater than that observed after the addition of equivalent amounts of non¬
specific proteins. It is well known that among mammalian species the composition of endo¬
metrial secretions is markedly affected by ovarian hormones (see Heap, 1962; Lutwak-Mann,
1971; Renfree, 1978) and that steroid-dependent protein synthesis occurs in uterine tissue (e.g.
induced-protein in rat: Barnea & Gorski, 1970; uteroglobin in rabbit: see Beier, 1976; purple
protein in pig: Schlosnagle, Bazer, Tsibris & Roberts, 1974). In the light of such observations
the

future work will need to establish whether the endometrial factors detected from co-culture
studies are essential for blastocyst development in vivo, and whether their production is
hormonally dependent, or even induced by the embryo itself.
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Influence of the blastocyst on the uterine environment
A feature of trophoblast cells is the versatility of their synthetic properties. They produce large
amounts of oestrogens as well as progesterone together with a range of glycoproteins (as in
woman, sheep and horse), though this capacity is not common to trophoblast tissue in all
mammalian species (e.g. rabbit, ferret, dog and cat). Although the placental synthesis of steroid
and protein hormones by cells of trophoblastic origin among certain species is well documented,
it is only in recent years that the endocrine properties of trophectoderm cells in the pre¬
implantation embryo have been explored directly.
The production of a signal by the developing blastocyst before its attachment to the uterine
wall has long been suspected, and such substances may be necessary either for the process of
implantation or for the maternal recognition of pregnancy (see Heap et al, 1977; Flint et al,
1979). In women and non-human primates the production of a chorionic gonadotrophin (CG)
by trophoblast cells appears to be essential for the sustained secretion of progesterone by the
corpus luteum since immunization against the ß-subunit of hCG blocks pregnancy in the
marmoset and baboon (Hearn, 1976; Stevens, 1975). However, controversy surrounds the
question of the time that hCG is first produced and whether it can be synthesized by the pre¬
implantation blastocyst (see Saxena & Landesman, 1978). Production of hCG has been reported
as early as 6-9 days after fertilization (Saxena, Hasan, Haour & Schmidt-Gollwitzer, 1974) and
in women of known fertility who were fitted with an IUD (Landesman, Coutinho & Saxena,
1976). However, the latter finding has been disputed (Catt, Dufau & Vaitukaitis, 1975; Sharpe et
al, 1977) and other reports suggest that embryonic cells are not the only source of this glyco-

protein (see Ross, 1979).
Whereas hCG comprises an important embryonic signal in women and non-human primates
because of its luteotrophic action, in domestic animals such as the sheep, pig and cow the
production of an anti-luteolysin by the embryo is essential to neutralize the effect of uterine
prostaglandin (PG) F-2a, a luteolysin that probably causes regression of the corpus luteum
during the normal cycle. Despite these apparent differences between species in relation to the
maintenance of the corpus luteum there may be common embryonic signals that act locally and
facilitate the processes of attachment and implantation. In this context the recent demonstrations
of steroid synthetic pathways in trophectoderm tissue are noteworthy, particularly in view of the
role of oestrogens in the induction of implantation in rodents, and further examination of the
evidence is merited.

Oestrogen synthesis by the pig blastocyst
The pig is a species in which the zona pellucida is lost about Day 6-8 p.c., by Day 10 the
blastocyst is about 2 mm in diameter, by Day 11 it is a spherical or ovoid sac about 5 mm in
diameter, and by Day 14 it has elongated to form a tubular, bilaminar structure of the order of
100 cm in length. By this time the blastocysts are distributed along the length of the uterine horns
and points of loose attachment are formed with the mesometrial surface of the endometrium, but
intimate contact between fetal and maternal epithelia by interlocking microvilli is not established
until Day 18 (see Perry, Heap, Burton & Gadsby, 1976). The substantial amounts of embryonic
tissue formed before implantation and the non-invasive form of placentation permit the study of
embryonic tissue and the immediately adjacent maternal endometrium.
Preimplantation trophectoderm tissue has been found to produce oestrone and oestradiol17ß when incubated in vitro with labelled neutral steroid precursors (Perry, Heap & Amoroso,
1973; Heap, Perry, Gadsby & Burton, 1975; Perry et al, 1976). Text-figure 1 shows some of the
steroid conversions demonstrated in pig blastocyst tissue in vitro including the formation of
oestradiol-17 ß from labelled pregnenolone and progesterone, and of oestrone and oestradiol-17ß
from labelled dehydroepiandrosterone (DHA) and androstenedione (Gadsby, Burton, Heap &
Downloaded from Bioscientifica.com at 05/06/2021 05:59:58PM
via free access

Acetate

CO.CH,

Preg

Prog.

CH3

CO
.

Text-fig. 1. Steroid synthesis in the pig blastocyst. Definitive identification of oestrone (E,),
oestradiol-17ß (E2ß), oestradiol-17 ( 2 ) has been obtained by «crystallization of the products
to constant specific radioactivity. Enzymes: 1, 3ß-hydroxy-A5-steroid dehydrogenase (EC
1.1.1.145); 2, testosterone 17ß-dehydrogenase and 17ß-oxidoreductase (EC 1.1.1.63, 1.1.1.64);
3, aromatase; 4, arylsulphatase (EC 3.1.6.1); 5, oestrogen sulphotransferase. Choi, cholesterol;
Preg., pregnenolone; Prog., progesterone; DHA, dehydroepiandrosterone; And., andro¬
stenedione; Test., testosterone; EtS, oestrone sulphate. Dotted line indicates that pathway has
not been

identified.

Perry, 1976). In addition to the pathways shown in Text-fig. 1 further studies have demonstrated
that neutral steroids are rapidly metabolized to other neutral compounds (Gadsby, 1978). The
presence of the enzyme, 3ß-hydroxysteroid dehydrogenase (3ß-HSD), has been localized in pig
blastocyst tissue by histochemical procedures (Flood, 1974). Thus, with the exception of the
side-chain cleavage enzyme responsible for the conversion of cholesterol to pregnenolone, the
complement of enzymes necessary for the synthesis of oestrogens from acetate appears to be
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Studies on the time of onset of oestrogen synthesis in the pig blastocyst have been reviewed
recently (Heap et al., 1977; Flint et al, 1979). Aromatization is first detectable in vitro on Day
12 p.c., closely related to the time of blastocyst elongation. However, the induction of aromatase
seems to precede elongation since oestrogen synthesis has been detected in spherical blasto¬
cysts; furthermore, oestrone and oestradiol-17ß can be detected by radioimmunoassay in
spherical and ovoid blastocysts. In addition to oestrogens substantial concentrations of
progesterone have been found in blastocyst tissue at this time arising either from synthesis by
trophectoderm cells (see Gadsby & Heap, 1978) or by uptake from the uterine environment.
Progesterone can be utilized by embryonic tissue to produce oestrogens in early pregnancy since
labelled oestrone has been identified in fetal membranes after an infusion of [3H]progesterone
into the uterine artery on Day 22 of gestation (Flint et al, 1979).
A consequence of steroid synthesis in the preimplantation blastocyst is the elevated
concentration of oestrone and oestradiol-17ß in luminal fluid of the uterine environment.
Although these unconjugated oestrogens pass readily into the endometrium, their local tissue
concentration is rapidly reduced by sulphotransferase which results in the formation of oestrogen
sulphoconjugates with low biological activity. Sulphotransferase activity in the endometrium is
related to the secretion of progesterone by the corpus luteum (see Pack & Brooks, 1974; Perry et
al, 1976; Gadsby & Heap, 1978).
Evidence in vivo and results obtained in vitro show that embryonic tissue acquires the
enzymes that convert neutral steroids into oestrogens from Day 12 of gestation. This enzymic
capacity appears to be modified as pregnancy progresses; the conversion of C19 steroids
to oestrogens declines per unit weight of embryonic tissue (Perry et al, 1976); oestrogen
concentrations in circulating plasma decline sharply after Day 30 p.c. though they recover subse¬
quently (Robertson & King, 1974); while in late gestation only C19 neutral steroids (and not C21
steroids) are converted into oestrogens by placental tissue in vitro (Ainsworth & Ryan, 1966).

Comparative aspects of blastocyst steroid synthesis
Considerable evidence for steroid synthesis and metabolism in preimplantation embryonic
tissue has accrued from comparative studies in domestic and laboratory animals. Among
domestic animals, C19 neutral steroids are extensively metabolized by preimplantation tissue in
the sheep and cow. However, in contrast to the pig, the synthesis of oestrogens has been detected
only at very low levels of conversion in the cow and is negligible in the sheep (Gadsby et al,
1976; Gadsby, 1978). Among rodents histochemical evidence for steroid synthesis in the
preimplantation blastocyst has been published (rat, mouse and hamster; see Dickmann, Dey &
Sen Gupta, 1976), but it is noteworthy that only two enzymes in the synthetic chain of oestrogen
production have been demonstrated, and that no histochemical procedure is currently available
to detect the presence of the aromatase enzyme. Hitherto, biochemical studies have not
confirmed these histochemical observations since preimplantation embryos grown in tissue
culture failed to convert [3H]pregnenolone to progesterone or [3H]DHA to androstenedione. The
enzyme, 3ß-hydroxysteroid dehydrogenase (3ß-HSD), demonstrated histochemically by
Dickmann and his colleagues in preimplantation embryos was detected biochemically by
Sherman and his group in trophoblast outgrowths, but only at a stage that corresponded with
post-implantation in vivo (see Sherman, Atienza, Salomon & Wudl, 1977).
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Definitive evidence for steroid synthesis by blastocysts is difficult to achieve in many species
because of the meagre amounts of tissue available. In rabbits, Huff & Eik-Nes (1966) found that
blastocysts produced pregnenolone from labelled acetate in vitro and converted pregnenolone,
17a-hydroxypregnenolone, progesterone and androstenedione into labelled products, including
ring- reduced compounds. These results have been confirmed by Singh & Booth (1978). Other
workers have shown that rabbit blastocysts contain progesterone, progesterone metabolites and
oestrogens (Seamark & Lutwak-Mann, 1972; Dickmann et al, 1975; Borland, Erikson &
Ducibella, 1977), and it is only recently that conclusive proof of blastocyst oestrogen production
has been reported for this species. George & Wilson (1978) have found that androgen (3ß-HSD
activity) and oestrogen formation were detectable on Days 5 and 6 p.c., respectively. The latter
activity, as in the pig, declined after implantation. While the suggestion of George & Wilson
(1978) that oestrogen synthesis "can be inferred to be a common property of the blastocyst at
the time of implantation" seems premature, it is probable that trophectoderm cells possess the
enzymic capacity for steroid synthesis and/or catabolism among several mammals. This idea is
further supported by studies of two marsupials, the quokka, Setonix brachyurus, and the
tammar wallaby, Macropus eugenii, species in which attachment takes the form of a simple
interdigitation between the yolk sac membrane and the endometrial epithelium, and placentation
is non-invasive. In the yolk sac placenta of the quokka there was a small conversion of
[14C]pregnenolone to progesterone (Bradshaw et al., 1975) and in the tammar wallaby C19
neutral steroids were extensively metabolized (Renfree, 1977; M. B. Renfree & R. B. Heap,

unpublished observations).

Physiological role of steroid synthesis by blastocysts
many non-endocrine tissues, including skeletal muscle, erythrocytes and
metabolize
steroids has long been recognized, and it is necessary to consider
fibroblasts,
whether related properties exhibited by blastocyst tissue play a physiological role in the events of
early gestation. There can be little doubt that in the pig at least blastocysts display the charac¬
teristics of an endocrine tissue in that they have the enzymic capacity to synthesize hormonally
active steroids (oestrogens); they contain a high concentration of oestradiol-17ß and oestrone;
after Day 12 p.c. the plasma concentration of oestrogens is progressively higher in the uteroovarian vein than in the peripheral circulation of pregnant but not of non-pregnant animals
(Moeljono et al, 1977); and the concentration of conjugated oestrogens formed by the gravid
uterus continues to rise to peak values which are reached at about Day 25 p.c. in blood
(Robertson & King, 1974) and in urine (Fèvre, Léglise & Rombauts, 1968). Blastocyst
oestrogen production in the pig is induced at about the time of the maternal recognition of
pregnancy and attachment, and in the rabbit it occurs at implantation. The finding that
oestrogens are produced for a relatively brief period during implantation in the rabbit suggests
that they may exert a functional role. In rabbits and pigs maternal oestrogens of ovarian origin
are not essential for implantation to occur, yet oestrogens facilitate implantation and antioestrogens inhibit it in intact and ovariectomized-progesterone-treated does (Bhatt & Bullock,
1974; Dey, Dickmann & Sen Gupta, 1976), suggesting that small amounts of these steroids
produced locally are advantageous. Although attempts to demonstrate blastocyst oestrogen
synthesis in other species have produced inconclusive results, steroid metabolism by
preimplantation embryonic tissue has been found consistently in animals studied in detail.
The physiological role of blastocyst oestrogens in the pig has been discussed elsewhere
(Heap et al, 1977; Flint et al, 1979). A reduced concentration of PGF-2ot in the utero-ovarian
vein of pregnant compared with non-pregnant animals after Day \2p.c, and the suppression of
the uterine release of PGF-2a by oestrogen administration (Frank, Bazer, Thatcher & Wilcox,
1977) are findings compatible with the idea that blastocyst oestrogen production neutralizes the
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uterus and thereby plays an important role in the prolongation of the lifespan of the corpus luteum. It has been proposed that the effect of oestrogen is achieved by a
redirection of PGF-2a secretion resulting in an accumulation within the uterine lumen rather
than a release into the uterine vein. Among rodents, e.g. as in the rat and mouse, implantation is
preceded by an increased capillary permeability in the region of the blastocyst but the identity
and source of the factors involved are at present uncertain. However, recent work indicates that
prostaglandins may act locally to initiate these characteristic events (Saksena, Lau & Chang,
1976; Kennedy, 1977; Fenwick et al, 1977). Alternatively, since rabbit blastocysts have been
shown to contain prostaglandins on Day 6 p.c. it is possible that they are embryonic in origin
and stimulate blastocyst steroid synthesis, the secreted steroids acting locally on the endo¬
metrium (Diskmann & Spilman, 1975).
In summary, recent studies and work in progress draw attention to the versatility of the
synthetic capacity of the preimplantation blastocyst exemplified by the production of steroid
hormones which may influence locally the secretory properties of the endometrium. Evidence for
the production of endometrial components which enhance protein synthesis in trophectoderm
tissue emphasizes another aspect of the interaction between the blastocyst and its uterine
environment.

luteolytic effect of the
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