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SUMMARY

Implantation is arguably the most critical stage in the establishment of
pregnancy. In humans, it has been estimated that between 30% and 70%
of conceptuses are lost before or at the time of implantation, without
women being aware that they were pregnant. Of these losses, half are
probably a consequence of genetic defects in the conceptus. The etiology
of the remaining losses is unknown. In human in vitro fertilization and
embryo transfer programs, the low implantation rate after embryo
transfer is an important problem. Whether this low rate is a consequence
of an inherently low implantation rate in humans, or to an altered
physiological state is presently unknown. Based on studies in
experimental animals, there are reasons for suspecting that the low
implantation rates may be a consequence of an altered physiological state.

INTRODUCTION

Blastocyst implantation involves a complex series of events occurring
over time. It requires synchronized development of the conceptus and a
receptive uterus, attachment of the conceptus to the uterus, transformation
of the endometrium to decidua, and finally formation of the definitive
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placenta. It is arguably the most critical stage in the establishment of
pregnancy. In humans, it has been estimated that between 30% and 70%
of conceptuses are lost before or at the time of implantation, without
women being aware of having been pregnant (see Cooke, 1988). Of these
losses, about half are probably a consequence of genetic defects in the
conceptus; the etiology of the remaining losses is unknown (Cooke,
1988).

Most of our knowledge of the physiology of implantation has come from
animal studies; for obvious ethical reasons, it is not possible to study the
process of implantation in humans in detail. There are considerable
species differences in the events which occur during implantation, most
notably in the extent of trophoblastic invasion of the endometrium
(Psychoyos, 1973). Consequently, it is difficult to know to what extent
findings in animals can be extrapolated to the human. However, there are
findings which seem to be common to all animals which have been
studied, and given this apparent conservation across species, it would be
surprising if the human differed.

In human in vitro fertilization and embryo transfer programs, the low
implantation rates following embryo transfer is a concern. It can be
argued that the low rates reflect an inherently low implantation rate in
humans. Alternatively, the low rates may be a consequence of an altered
physiological state resulting from the interventions involved in the
procedures of in vitro fertilization and embryo transfer. This review will
present a brief overview of possible causes of the low implantation rates.

EMBRYONIC AND ENDOMETRIAL SYNCHRONIZATION

For a large number of species, the requirement for synchronization of
embryonic and endometrial development has been demonstrated. For
successful implantation, embryo-endometrial interactions must be
initiated when the embryo and endometrium have reached precise stages
of development; the embryo must be at the blastocyst stage of
development, and hormone-dependent changes resulting in the
development of a shortlived receptive endometrium must have occurred
(Psychoyos, 1973; Weitlauf, 1994). Classically, the requirement for
synchronization between embryo and endometrium has been
demonstrated in animals by embryo transfer experiments (see Adams
1982). These experiments have shown clearly that implantation rates are
highest when the reproductive cycles of the donors of the embryos are
synchronized with the recipients’ cycle. When asynchronous transfers
are conducted where the stages of the cycles of the donors and recipients
differ, the implantation rates decrease, especially if the transferred
embryos are retarded in development relative to the recipients
endometrium. A stage is ultimately reached when embryos transferred to
the uterus fail to implant, and this is usually interpreted in terms of the
ending of the short-lived period of endometrial receptivity.

Whether there is a short-lived period of endometrial receptivity for
implantation in the human has not been definitively established. Based on
morphology and the expression of markers (see, for example, Martel et al,
1981; Lessey et al, 1995), it is apparent that the endometrium undergoes
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changes during the luteal phase, and these changes have been interpreted in
terms of the existence of a distinct period of endometrial receptivity in
the human. To obtain direct evidence for or against the existence of a
period of endometrial receptivity in the human would require, for
example, that mature blastocysts be transferred to the uteri of women at
various times during the luteal phase of the menstrual cycle. If there is a
short-lived receptive period, then only embryos transferred during that
time would implant, although it is possible that embryos transferred at
earlier times before the onset of receptivity could become dormant and
subsequently be activated and implant when the endometrium becomes
receptive. Certainly it would be expected that ultimately there would be a
time after which transferred embryos would fail to implant because the
receptive phase had ended. However, for obvious ethical reasons, it is not
possible to conduct these types of experiments in humans.

Asynchronous development of the embryo and endometrium may arise
because oocytes/embryos have to be cultured in human in vitro fertilization -
embryo transfer programs to allow the assessment of fertilization and early
embryonic development. Animal studies have demonstrated that, depending
on the culture conditions, the rate of embryonic development during culture
may be retarded or sped up, relative to that which occurs in vivo (Harlow and
Quinn, 1982; Holm et al, 1996; Leppens et al, 1996). Whether this applies to
the human has not been established. An additional complication is the
possibility that supraphysiological concentrations of ovarian steroid hormones
which are the result of ovarian stimulation may accelerate endometrial
development, thereby increasing the likelihood of asynchrony.

Culture of oocytes/embryos may have adverse effects on their subsequent
ability to implant by mechanisms independent of synchronization of
embryonic and endometrial development. For example, culture conditions can
affect the proportion of cells differentiating into inner cell mass cells and
trophectodermal cells (Leppens et al. 1996). In the same study it was reported
that outbred mouse embryos co-cultured with bovine kidney epithelial cells
had features more akin to in vivo-derived blastocysts than embryos cultured
in a complex medium based on mouse tubal fluid. However, both cultured
groups had a poor pregnancy outcome relative to in vivo developed
blastocysts when transferred to recipients.

CONTROL OF ENDOMETRIAL RECEPTIVITY

In animals, the development of endometrial receptivity is regulated by
ovarian hormones. In all mammals, with the possible exception of the
guinea pig (Deanesly, 1960), progesterone during the post-ovulatory
period is essential for implantation. As determined by experiments in
which mated females were ovariectornized and adrenalectornized
shortly after mating, the requirement for exogenous estrogen, along with
progesterone, varies with species. In some (mouse and rat, for example),
exogenous estrogen is essential, while in others (hamsters and rabbits) it is
not. In laboratory animals, the artificially-induced decidual cell reaction has
been used as a model for implantation. Provided that a relatively non-
traumatic artificial deciduogenic stimulus (such as the intrauterine
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injection of a small volume of oil) is used, the timing and endocrine
requirements for the decidual cell reaction and for successful
implantation are similar, if not identical. Using the artificially-induced
decidual cell reaction, it has been known since the classical work of
Yochim and De Feo (1963) that the amount of estrogen given with
progesterone prior to uterine stimulation is crucial. Estrogen in low
doses acts synergistically with progesterone to induce endometrial
sensitization/receptivity; at high doses, estrogen is inhibitory.

The controlled ovarian hyperstimulation protocols utilized in in vitro
fertilization and embryo transfer programs result in concentrations of estrogen
and progesterone in the circulation which are substantially higher than
normal. Whether these supraphysiological concentrations of steroids,
particularly those of estrogen, adversely affect implantation is controversial.
Paulson et al (1990) compared implantation rates in a donor oocyte program
with those from a standard in vitro fertilization program; the recipients in the
donor oocyte program had not undergone controlled ovarian
hyper-stimulation. Implantation rates were higher in the donor oocyte
program, suggesting that controlled ovarian stimulation results in an
inhibitory hormonal milieu. However, based on a review of the literature,
Younis et al (1996) recently concluded that oocyte donation studies have
shown that both normal and supraphysiological concentrations of estrogen
can allow implantation.

Reports relating serum estrogen concentrations to pregnancy rates in in
vitro fertilization and embryo transfer programs have come to all
possible conclusions. Some have reported that high estrogen
concentrations are detrimental (Forman et al, 1988; Simon et al, 1995),
others that there is no relationship (Gelety and Buyalos, 1995), and yet
others that there is a positive relationship between serum estradiol
concentrations and pregnancy rates (Rosenwaks et al, 1986; Gratton et
al, 1993; Paulson et al 1994). In general in these studies the serum
estrogen concentrations were determined at mid-cycle, and may not
reflect estrogen levels in the periimplantation period. Balasch et al
(1995) have recently reported that there were no differences in serum
estradiol concentrations between in vitro fertilization patients with
on-going pregnancies compared to those who aborted or did not become
pregnant. However, these results can be interpreted as indicating that some
embryos are able to implant despite supraphysiological concentrations of
estrogens which may have produced a less than perfectly receptive
endometrium. The important question is whether more embryos would be
able to implant if estradiol concentrations were in the physiological range in
the peri-implantation period.

LOCAL FACTORS

Recently, there has been considerable interest in factors which may act locally
in an autocrine/paracrine fashion to mediate implantation and
decidualization. In animals there is experimental evidence for local
interactions between the blastocyst and endometrium at the time of
implantation (see Kennedy, 1994). The initial interaction probably initiates a
cascade of events and these can be mimicked, at least in part in some
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species, by the application of an artificial deciduogenic stimulus to the
sensitized uterus. An ever-increasing number of compounds have been
implicated as mediators of the uterine responses; these include
prostaglandins, leukotrienes, platelet activating factor, and a variety of
growth factors/cytokines. For many of the compounds, much of the evidence
for their involvement is circumstantial, and it has not been possible to
exclude any of the proposed mediators with certainty. Also, it is likely that
these compounds interact to mediate the responses. For example, both
prostaglandin E2 (Kennedy, 1977) and interleukin-I (Sim¼n et al, 1994) have
been implicated in implantation. Interleukin-1 stimulates prostaglandin E2

production by endometrial stromal cells (Bany and Kennedy, 1995) and this,
in part, may be the mechanism by which interleukin-1 affects implantation.

At present it is not known if perturbations in locally-acting mediators
contribute to the low implantation rates in human in vitro fertilization
programs. In general, the production and actions of the local mediators in the
uterus are regulated by ovarian hormones, and consequently could be affected
by the non-physiological hormonal milieu which results from controlled
ovarian hyperstimulation.

CONCLUSIONS

The low implantation rates in human in vitro fertilization programs may be a
consequence of a naturally low implantation rate in humans, or of an altered
physiological state resulting from the manipulations involved in these
programs. Based on the results of studies in experimental animals, the latter
seems more likely. For ethical reasons, it has not been possible to conduct
studies in humans which would resolve the possibilities.
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