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CHAPTER I 

INTRODUCTION 

Psychoyos (1973) has defined embryo implantation in 

rodents as the result of coordinated interactions between a 

uterus that is "receptive" and an embryo that has reached 

the "blastocyst stage" of development. In rats and mice, 

uterine "receptivity" is vaguely understood as the ability 

of the endometrium to undergo decidualization and formation 

of the maternal plancenta; it is achieved only after 

exposure to ovarian hormones secreted in a specific sequence 

(Psychoyos 1976) . The process of decidualization involves 

profound changes in both morphological and biocher.ical 

characteristics of the endometrial stroma including a 

localized increase in vascular permeability and tissue 

edema, increased rates of cell proliferation, 

differentiation of stromal cells into so-called "decidual 

cells," and increases in synthesis of DNA, RNA and protein 

(De Feo 1967 and Finn 1977). Because decidualization only 

occurs in areas adjacent to the blastocysts and can be 

observed even before their attachment to the uterus, it is 

believed that a soluble factor from the embryo must exist 

which acts as a signal to trigger the reaction. Although the 

nature of the soluble factor has not been determined, it has 

been proposed at one time or another that steroids, 

histamine, prostaglandins or proteins from the embryos are 

responsible (see Kennedy 1983; Weitlauf 1988, for reviews). 
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"Blastocyst stage" rodent embryos consist of 

approximately 150 cells and comprise two differentiated cell 

populations, trophoblast and inner cell mass (ICM) ; it is 

primarily the trophoblast cells that interact with the 

uterus at implantation. Blastocysts are formed on the fourth 

or fifth day of development as a result of the execution of 

an intrinsic developmental program without significant input 

from the uterus. By contrast, development of "post-

blastocyst stage" embryos is modulated by factors from the 

uterus. These putative signals are defined functionally by 

their effects on differentiation of trophoblast cells (e.g., 

trophoblastic giant cell transformation) as well as overall 

embryonic metabolism during the fourth and fifth days of 

development and appear to be dependent upon the same 

hormonal programming that leads to "receptivity" of the 

uterus. In the absence of these signals from the uterus, 

development of embryos stops at the "blastocyst stage," 

metabolic activity decreases, and transformation of 

trophoblastic giant cells does not occur. Blastocysts will 

remain in this quiescent state until the hormones necessary 

for achieving uterine receptivity, and thus release of the 

signal factors, are supplied. Within hours, metabolic 

activity of the "dormant" blastocysts increases, development 

is resumed, and the embryos go on to implant normally. The 

ovarian hormones do not appear to stimulate the embryos 

directly and, therefore, it is presumed that the 



non-receptive uterus sends inhibitory signals (or the 

receptive uterus sends stimulatory signals) that are 

responsible for controlling metabolism and development of 

"post-blastocyst stage" embryos (see Aitken 1977 for a 

review). 

It appears then, that the significance of the uterus 

achieving "receptivity" and of the embryo reaching the 

"blastocyst stage" may really be that these two players in 

the process of embryo implantation become competent to send 

and respond to signals that enable them to interact 

coordinately. Although the nature of the mechanisms 

responsible for sending and receiving these signals has been 

one of the central questions in the biology of implantation 

for many years, only limited progress has been made toward 

understanding it until recently. 

Results of experiments dealing with the "maternal 

recognition of pregnancy" in large domestic animals (Roberts 

1989) have refocused interest on the question of errbryonic 

signaling at implantation and may provide the break-through 

needed in developing a unifying hypothesis to explain 

communication between the pre-implantation mammalian 

conceptus and its mother. It was found in that work, that 

pre-implantation sheep embryos synthesized and secreted a 

protein that acts directly on the uterus to alter metabolic 

activity and indirectly on the ovary to maintain the 

functional corpus luteum. Furthermore, it has been shown 



that the signal protein is identical in sheep and cows. This 

latter finding was not anticipated, although perhaps it 

should have been suspected that the factor responsible for 

such a basic aspect of reproduction would be conserved in 

closely related species. 

Although the mechanism responsible for embryonic 

signaling in rodents remains completely unknown, it has been 

shown that pre-implantation mouse embryos synthesize and 

secrete a complex array of proteins (Nieder et al. 1987) 

that may include one or more signal factors. There have been 

no attempts to examine changes in individual secreted 

proteins at the time of implantation, or to determine 

whether common elements exist in closely related rodent 

species. Consequently, it is unknown which, if any, of the 

proteins secreted by mouse blastocysts are candidates for a 

role in embryonic signaling. The present experiments were 

undertaken to examine this question. 



CHAPTER II 

REVIEW OF LITERATURE 

Development of Pre-implantation 
Rodent Embryos 

It is generally accepted that development of mouse 

embryos to the early blastocyst stage is relatively 

autonomous and depends primarily on a program intrinsic to 

the embryo. That is because development of embryos from the 

1-cell stage to the blastocyst stage can be achieved in vitro 

in a simple chemically defined medium (Biggers 1971). By 

contrast, after formation of early blastocyst stage errbryos, 

development and the subsequent process of implantation are 

regulated by both intrinsic and extrinsic factors; i.e., 

informational signals from the uterus modulate the rates of 

differentiation of trophoblast cells and metabolic activity 

in the embryo as well as the timing of such events as loss of 

the zona pellucida. To clearly understand the need for 

interaction between the embryos and the mother at 

implantation, it will be useful to provide a brief overview 

of the major morphological and functional milestones that 

occur in pre-implantation embryos as well as the associated 

changes in metabolic activity that support this development. 



Differentiation in Early Pre-i.T.plantat icn 
Rodent Embryos Is Regulated by An 
Intrinsic Developmental Progra.-r. 

hn Overview of Morphological And 
Functional Changes Assnri ;:̂tPH 
with Developmpntal Milestone.^ 
in Early Cleavage Stage of 
Rodent Embryos 

The zygote undergoes several cleavage divisions while in 

the oviduct and reaches the 8-cell (morula) stage before 

entering the uterus (about day 3 of pregnancy). In mice, 

single blastomeres from the 2- and 4-cell embryo are 

totipotent; that is they can give rise to all tissues and 

form a complete mouse. After the early 8-cell stage is 

reached, blastomeres can give rise to a wide range of 

different tissues when recombined with genetically marked 

morula in chimeric offspring, but they are no longer 

totipotent (Kelly 1977). This loss of developmental potential 

by blastomeres is the earliest known example cf 

differentiation in rodent embryos. 

At about the 8-cell stage, cleaving rodent embryos 

undergo a process known as compaction. The blastomeres huddle 

together, maximizing contact to form a compact ball. They 

synthesize laminin at this stage (Copper and MacQueen 1983), 

but not other extracellular matrix molecules such as 

fibronectin or collagen I-IV (Wartiovaara et al. 1979 and 

Leivo et al. 1980). The process of compaction is inhibited by 

low concentrations of Ca"'""'' or antiserum against F9 embryonal 

carcinoma cells (Johnson et al. 1981; Kemler et al. 1977). 

The latter effect appears to be mediated, at least in part, 
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via antibody binding to a surface glycoprotein known as 

uvomorulin (Peyrieras et al. 1983), which is an irrportant 

calcium-dependent cell adhesion molecule. 

Cells of the compacted embryo divide to produce a 16-

cell morula which consists of a small group of internal cells 

(1-2 cells) surrounded by a group of external cells (Barlow 

et al. 1972). Gap junctions develop between all cells and 

intercellular communication is established (Lo and Gilula 

1979); zonular tight junctions form between outside cells. 

Thus, at the later stages of compaction, an impermeable outer 

epithelial layer is established which controls diffusion 

between the inside and outside of the embryo (Magnuson et al. 

1978). In addition to the changes in intercellular features, 

a marked polarization of individual blastomeres occurs at the 

morula stage and cells change shape from spherical to 

columnar and distinct apical and basolateral membrane domains 

develop; the outer poles of the cells have numerous 

microvilli, while the inner surfaces are smooth (Reeve and 

Ziomek 1981). Thus, the individual cells become organized 

into a "tissue" which is rather like an epithelial sphere 

surrounding several inner cells. Cell polarity forms the 

basis of the polarization hypothesis (Johnson et al. 1981) to 

account for differentiation of two distinct cell lineages of 

the blastocyst: ICM and trophectoderm. This hypothesis 

proposes that a radial gradient of information is established 

within the cytoplasm at compaction and is revealed in 



blastomeres at the 8-cell stage as axial polarity. Cleavage 

divisions of cells in morula stage embryos generate basal and 

apical cells, each inheriting different me.-brane and 

cytoplasmic molecules. These inherited molecules are thought 

to be responsible for initiating differences in the 

developmental potentials of the inner and outer cells and 

thus, it is proposed that cellular polarization developed 

early in compaction is responsible for differentiation of the 

early cell lineages. Cytoplasmic organelles also appear to be 

polarized after compaction, with nuclei taking up a basal 

position. Because prolonged decompaction of embryos by means 

of cytochalasin D (Surani et al. 1980) or antiserum to 

embryonal carcinoma cells (Johnson et al. 1979) results in 

blastocysts without a clearly defined cluster of ICM cells, 

it has been suggested that the process of compaction is 

essential for normal blastocyst formation. Compaction of the 

embryo and differentiation of inner and outer cells are major 

developmental milestones in early development. 

As cleavage continues (to the 32- to 64-cell stage), the 

embryo enters the uterus and a fluid-filled cavity 

(blastocoele) is formed. The fluid is prevented from escaping 

by the tight junctions established between outer cells during 

compaction. The blastocoele enlarges rapidly, until the 

embryo becomes a hollow sphere (the blastocyst) with a single 

layer of large flattened cells (the trophectoderm) on the 

periphery and a group of smaller cells (the ICM) 
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eccentrically placed within the blastocoele against the 

trophectoderm. The ICM cells are destined to give rise to all 

structures within the embryo proper, while the trophectodern-. 

cells form the embryonic part of the placenta and 

extraembryonic membranes (Gilbert 1988). 

An Overview of Metabolir Changes 
Associated with Early Cleavage 
Stages of Development 

Synthesis of RNA and Proteins 

Achievement of the functional and morphological 

developmental milestones described above is dependent on a 

complex pattern of metabolic changes; some of those changes, 

in themselves, can also be considered developmental steps. In 

mice, development from unfertilized oocyte through the 1-cell 

and the early 2-cell stage appears to be largely under the 

control of the maternal genome (Pratt et al. 1983). The 

observation that treatment with the transcriptional inhibitor 

a-amanitin does not affect the normal sequence of 

morphological and molecular changes associated with 

development up to the early 2-cell stage indicates that the 

embryonic genome is transcriptionally inactive at the 1-cell 

stage (Sawicki et al. 1981; Schultz et al. 1981). 

Incorporation of RNA precursors into heterogeneous RNA is 

first observed at the 2-cell stage (Knowland and Graham 1972 

and Levey et al. 1978). In contrast to the situation at the 

first cleavage stage, transcriptional events are important 



during the transition from compacted morula to the blastocyst 

stage and there is a major quantitative increase in 

incorporation of precursors into RNA and protein (Brinster 

1971). Thus, subsequent developmental changes are ascribed to 

sequential activation of subsets of mRNA and post-

transcriptional modification of polypeptides (Cascio and 

Wassarman 1982; Pratt et al. 1983). Hence, expression of the 

embryonic genome becomes increasingly important as 

development progresses through the later stages of cleavage. 

At the earliest stages, synthesis of proteins are 

regulated post-transcriptionally, whereas by the morula 

stage, control has shifted primarily to the level of 

transcription (Johnson 1981). Qualitative changes in protein 

synthesis are first observed at 2-cell stage by two-

dimensional electrophoresis (Van Blerkom and Brockway 1975, 

Levinson et al. 1975 and Howe and Solter 1979); additional 

changes are observed with formation of the blastocyst 

(Handyside and Johnson 1978). That a-amanitin blocks 

blastocyst formation indicates that synthesis of new mRNA and 

proteins is essential for this developmental transition 

(Bradue 1979a and 1979b). 

Carbohydrate Metabolism 

Glucose, the compound that most mammalian cells use as 

an energy source, is not able to support development of the 

mouse embryo in vitro until it reaches the 4- to 8-cell stage 
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(Brinster 1965b). On the other hand, pyruvate and 

oxaloacetate will support the first cleavage division 

(Biggers et al. 1967); and lactate, pyruvate, oxaloacetate or 

phosphenopyruvate will support development of 2-cell embryo 

(Brinster 1965a) . After the 8-cell stage is reached, the 

mouse embryo is able to utilize a variety of substrates and 

can develop into a blastocyst in simple balanced salt culture 

media containing only certain amino acids and a carbohydrate 

source (Brinster and Thomson 1966). Development of the 

capacity to utilize various substrates may reflect changes 

either in enzymatic capabilities or transport mechanisms (see 

Weitlauf and Nieder 1984; for a review). For example, that 

utilization of exogenous malate does not occur until the 

embryo reaches the 8-cell stage may be the result of changes 

in transport of this substrate into the cells because it is 

known that the enzymatic capability to convert malate to 

oxaloacetate is present at the 2-cell embryo and exogenous 

oxaloacetate can support the development of 1- or 2-cell 

stage embryos. By contrast, because the rate of uptake of 

radiolabeled glucose is the same for 2- and 8-cell stage 

embryos, the inability of embryos to utilize glucose before 

the 8-cell stage is believed to be a result of a block at the 

initial step of glycolysis. Indeed, activity of the enzyme 

responsible for glucose phosphorylation (i.e., hexokinase) is 

lower in 2-cell than in the 8-cell embryo. It should be noted 

that although such explanations for differential utilization 
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of substrates by early cleavage embryos have been proposed, 

there are still no definitive answers to the original 

question of whether it is changes in permeability or 

enzymatic pathways that are responsible for any given 

difference in carbohydrate utilization with progress in 

development. Whatever the reason, it is clear that there are 

changes in carbohydrate metabolism associated with growth and 

differentiation of the cleavage stage embryos and these 

changes represent significant developmental steps. 

Because one-cell rat embryos cannot be grown past the 4-

cell stage in vitro (Mayer and Fritz 1974), there are 

virtually no studies on the metabolism of early cleavage 

stages of rat embryos. A further difficulty in working with 

pre-implantation rat embryos is that the animals cannot 

easily be superovulated and, therefore, it is not practical 

to collect the large number of embryos needed for such 

studies (Miller and Armstrong 1981). However, it has been 

possible to culture 8-cell rat embryos to the blastocyst 

stage (Folstadt et al. 1969, Mayer and Fritz 1974, and Zhang 

and Armstrong 1990) and some metabolic studies have been 

reported for these older embryos. For example, it has been 

shown that pyruvate is required at the 8-cell/morula stage 

whereas after the onset of blastocoele formation, glucose 

uptake exceeds that of pyruvate and will support development 

(Brison and Leese 1991). 
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In conclusion, it has been shown that mouse oocytes can re 

fertilized in vitro (Iwamatsu and Chang 1969, and Whittingham 

1968) and the 1-cell zygote will develop to the early 

blastocyst stage in a simple chemically defined medium 

(Biggers 1971). in addition, blastocysts cultured from 2-cell 

(Whitten 1957) or 8-cell (McLaren and Biggers 1958) stages in 

vitro are capable of developing into normal mice after being 

transferred to uterine foster-mothers. Thus, all steps that 

are essential for normal development of the embryo up to the 

blastocyst stage appear to be achieved in vitro. Therefore, 

the program that is responsible for directing development of 

the embryos up to the early blastocyst stage must be 

intrinsic to the embryos. Furthermore, it appears that there 

are no essential informational factors, or critical signals, 

of uterine origin required for development to this stage. 

Extrinsic Modulation of Development of 
Post-Blastocyst Stage Embryos and the 

Process of Implantation 

In contrast to the situation with early cleavage stage 

embryos, it appears that specific signals from the uterus do 

modulate intrinsic embryonic programs during post-blastocyst 

development. One of the most graphic examples of maternal 

modulation of post-blastocyst development in rodents is the 

phenomenon known as embryonic diapause or delayed 

implantation. 

13 



Delaved Implantatipp 

Two types of delayed implantation have been described. 

The first (obligatory delayed implantation) is found in a 

wide range of mammalian species including seals, bears and 

mustelids (Renfree and Calaby 1981) . It occurs in every 

pregnancy and only its length is affected by environmental 

factors, for example, photoperiod and temperature. 

Environmental factors cause termination of diapause via an 

unknown action of the uterus on the embryos in response to 

secretion of ovarian steroids. Changes in the maternal 

hormones are, in turn, induced by signals frcr, the central 

nervous system. 

The second form of delayed implantation (facultative) 

was first observed in lactating rodents (Lataste 1891). In 

mice, a female may both mate at a post partum estrus and 

nurse the new born pups. In this situation, embryos of the 

second pregnancy develop to the blastocyst stage (i.e., 

execution of the intrinsic program) but they do not implant 

at the expected time. Metabolic activity of those blastocysts 

decreases, cell division stops, and the embryos enter a 

quiescent state (i.e., embryonic diapause). The blastocysts 

do not die but remain suspended in the uterus for a few days 

or weeks until the sucJcling young are removed or an injection 

of estrogen is given to the mother. Thus, in facultative 

delay again, environmental factors influence the process of 

implantation via the neuroendocrine axis. Dormancy and 

delayed implantation can also be induced experimentally in 
14 



species having the capacity for facultative delayed 

implantation by removal of the ovaries during early pregnancy 

(i.e., before noon of day 3) and providing exogenous 

progesterone; the diapause can be terminated, and the embryos 

reactivated, by injecting the mother with estrogen (Weitlauf 

and Greenwald 1968). After reactivation, development of the 

blastocyst resumes and subsequent implantation and fetal 

development are normal. However, the hormones do not 

influence the embryo directly and again, it is the uterus 

that delivers the final signal for implantation. Facultative 

delayed implantation is useful as a model in studies of 

implantation because the processes can be manipulated 

experimentally and those signals that are essential for 

implantation can be controlled by the investigator. Some of 

the experiments in the present work employ this model and, 

therefore, a summary of what is known about delayed 

implantation in rodents is provided in the following sections 

by way of background. 

Delayed Implantation in Rats and Mice 

For descriptive purposes, the prolonged free living 

phase associated with delayed implantation has generally been 

divided into a dormant and a reactivation phase. 
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Metabolic Activity in Blastocysts 
During Delayed Implantation 

iri As embryos enter the dormant phase of delaye 

implantation, the number of cells in the blastocyst is 

similar to that in normal embryos (i.e., up to about noon of 

the fifth day); the rate of cell division subsequently slows 

and mitotic activity eventually stops until termination of 

the dormant phase by administration of estradiol-17p (McLaren 

1968, and Weitlauf et al. 1979). Similarly, synthesis of DNA 

was found to be slightly increased over normal during the 

first day of the dormant phase and then remained depressed 

until reactivation (Weitlauf et al. 1979). With reactivation, 

resumption of DNA synthesis was found to occur first in ICM 

cells, followed by the polar trophoblast, and finally by 

mural trophoblast cells. This pattern was observed both in 

vivo and in vitro (Given and Weitlauf 1981a and 1981b) 

indicating that an intrinsic mechanism involving rhe ICM 

plays an essential role in the resumption of DNA synthesis by 

the surrounding trophoblast and that this mechanism is 

modulated by signals from the delayed implanting uterus. 

The rate of RNA synthesis in dormant embryos, as 

measured by incorporation of labeled uridine, is also reduced 

in comparison to that in normal preimplantation stage embryos 

(Gulyas and Daniel 1969; Chavez and Van Blerkom 1979; 

Weitlauf and Kiessling 1980); this appears to be the result 

of a decrease in RNA polymerase activity (Weitlauf and 

Kiessling 1981a). 
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The rate of protein synthesis is also reduced during 

embryonic diapause (Weitlauf and Greenwald 1965) and returns 

to the normal level with reactivation following injection of 

estrogen (Weitlauf 1974). The reduction of protein synthesis 

during the dormant phase does not appear to be due to reduced 

availability of mRNA because reactivation was not inhibited 

by a-amanitin (Giebelhaus et al. 1985). Rather, it is caused 

by a reduction in translational efficiency (Weitlauf 1985) . 

Utilization of glucose, as reflected by the production 

of carbon dioxide, is reduced in the dormant mouse blastocyst 

(Menke and McLaren 1970) and returns to normal levels with 

reactivation (Torbit and Weitlauf 1975). 

Trophoblastic Giant Cell Transformation 

Trophoblastic giant cell transformation offers another 

marker of blastocyst differentiation that is deferred in 

delayed implantation. Mouse blastocysts typically begin to 

increase in size late on day 4 of pregnancy; mainly due to 

hypertrophy of trophoblast cells. This change in trophoblast 

cells spreads from the abembryonic end of the blastocyst 

toward the embryonic pole and is associated with striking 

alterations in the cytoplasm, for example, there is an 

increase in sudanophilic lipid, cytoplasmic granules with 

acid phosphatase activity, lysosomal activity, and the 

appearance of red fluorescing cytoplasmic granules following 

staining with acridine orange (Dickson 1969). It appears that 
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those changes are controlled by maternal ovarian hormones 

because they are blocked completely by ovariectomy and do not 

occur during dormant phase associated with delayed 

implantation but do occur after the administration of 

progesterone and estrogen to reactivate the embryos (Dickson 

1967 and 1969). These changes, known collectively as 

trophoblastic giant cell transformation (Dickson 1963 and 

1966) , again provide evidence for an intrinsic embryonic 

program being modulated by uterine signals. 

Loss of the Zona Pellucida 

By contrast with the above changes in delayed 

implantation (i.e., events that are blocked completely), 

removal of the zona pellucida provides evidence for a 

developmental event that is modulated by uterine signals but 

is not blocked completely. Rodent embryos are enclosed in a 

layer of glycoprotein (zona pellucida) throughout development 

from fertilization to formation of the blastocyst. Although 

several cleavage divisions occur during this part of 

development, the total size of the embryo remains the same 

and the size of each blastomere is progressively reduced 

(Gilbert 1988) . Normally the zona pellucida is removed from 

the embryo at the blastocyst stage and this is thought to be 

an important prerequisite for attachment of trophoblast to 

the uterine epithelium. In mice, shedding of the zona occurs 

late on the 4th or early on the 5th day of normal pregnancy 
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and no empty zonae are found in uterine flushings (McLaren 

1970). By contrast, shedding of the zona pellucida was found 

to be delayed up to 24 hours during lactational (McLaren 

1967) or experimentally induced delayed implantation (Orsini 

and McLaren 1967 and McLaren 1970) and it was interesting 

that both naked blastocysts and evacuated zona were found to 

coexist in the uterine lumen. The evacuated zonae disappear 

in delayed implantation only with reactivation following 

administration of estrogen (Hoversland and Weitlauf 1981). It 

appears then that hatching of the blastocyst is separated 

from removal of the zona from the uterus. The former event is 

believed to be regulated by programs intrinsic to embryos: 

first, expression of a trypsin-like protease in some of the 

mural trophoblast cells digests a hole in the zona (Perona 

and Wassarman 1986) and second, the embryos emerge by a 

pulsating movement consisting of expansion and contraction of 

the blastocyst as recorded by cinemicrography (Borghese and 

Cassini 1963). After being shed in vivo, the zona is lost 

from the uterine lumen, presumably by lysis (McLaren 1970; 

Hoversland and Weitlauf 1981). Thus, it appears that the 

events involved in removal of zona pellucida are separated in 

delayed implantation, with mechanical hatching by blastocyst 

activities occuring about one day late (i.e., modulation of 

an intrinsic embryonic program) and then lysis of the empty 

zonae by uterine proteases when implantation is induced. 

Because timing of shedding and lysis of the zona pellucida 
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are so close during normal pregnancy, it is difficult to 

disassociate the two events, and it appears that both 

blastocyst activities and the zona-lytic factors are 

important and presumably they collaborate to remove the zona 

pellucida during normal pregnancy. 

Proposed Mechanisms for Controling 
Embryonic Dormancy and Activation in 
Delayed Implantation 

It is generally accepted that the uterus is responsible 

for the embryonic quiescence associated with delayed 

implantation because removing blastocysts to extrauterine 

sites, either in vivo or in vitro, leads to metabolic 

reactivation. However, the actual mechanism responsible for 

controlling dormancy and reactivation is not known. One 

proposal has been that the uterus imposes developrr.ental 

quiescence on embryos by restricting either glucose 

(Naeslund, 1979; Wordinger and Brinster 1976), certain amino 

acids (Gwatkin 1966b; Naeslund, 1979), serum factors (Gwatkin 

1966a and 1966b), or ions (Van Winkle 1977; Van Winkle et al. 

1983). However, it has been shown that the level of amino 

acids in uterine fluid from delayed-implanting mice is the 

same as that in normal animals (Gwatkin 1969) and deletion of 

amino acids, serum (Weitlauf and Kiessling 1981b), or various 

ions in the culture medium does not prevent metabolic 

reactivation of delayed embryos in vitro (Nieder and Weitlauf 

1985). Furthermore, the fact that dormant embryos have a 
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higher ATP/ADP ratio than reactivated embryos (Nieder and 

Weitlauf 1985) indicates that the reduced metabolic activity 

most probably leads to a decrease in energy demand and is not 

the result of deficiency. Thus, it does not seem likely that 

the uterus controls development of embryos through a 

mechanism that restricts a critical factor for metabolism. 

The other possibility, that the delayed implanting 

uterus regulates development of blastocysts by secretion of 

an inhibitory factor has been proposed (McLaren 1973). In 

support of this, it has recently been found that a factor 

present in fluid flushed from the uteri of cyclic animals 

does reduce RNA synthesis by blastocysts in vitro (Weitlauf 

1974 and 1978) ; and that this inhibitory factor is 

neutralized in the uteri of pregnant animals after the 

injection of estrogen (O'Neill and Quinn 1983) . Although the 

hypothesis that it is an inhibitory factor in the uterine 

lumen that causes dormancy is attractive because its 

appearance and disappearance matches the timing of delayed 

implantation, this idea has not been widely accepted and it 

needs further investigation. Regardless of the mechanism 

responsible for embryonic dormancy and delayed implantation, 

it is clear that factors from the uterus do regulate the 

development of embryos beyond the blastocyst stage and the 

process of implantation as well. 

In conclusion, because single cell embryos can be grown 

to the blastocyst stage in a simple medium in vitro, it is 
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clear that the changes necessary for all of the developmental 

milestones are dependent on an intrinsic embryonic program 

and not on specific informational signals from the mother. By 

contrast, after the blastocyst stage is reached, the uterus 

dictates whether development and differentiation will 

continue by regulating metabolic activity of embryos. This is 

clearly demonstrated in the situation of embryonic diapause 

and reactivation during delayed implantation. Loss of the 

zona pellucida, another critical milestone for post-

blastocyst development provides an example of an event that 

depends both on an intrinsic embryonic program and signals 

from the uterus. 

Maternal Recognition of Pregnancy 

In addition to uterine factors that dictate whether post 

blastocyst development and implantation of embryos will 

occur, there are signals of embryonic origin that are equally 

critical to the establishment of pregnancy. These result in 

important changes in the mother, collectively referred to as 

"the maternal recognition of pregnancy" (Short 1969). There 

are aspects of the maternal recognition of pregnancy that are 

universal and others that are not; rodents exhibit certain 

peculiarities that are important to this work and, therefore, 

in the following section a general review of the maternal 

recognition of pregnancy is provided; differences between 

species will be emphasized. 
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Changes in the Uterus 

In general, all mammals show hormone-dependent changes 

in cell proliferation and differentiation in all compartments 

of the endometrium, including the luminal epithelium, 

glandular epithelium and stroma following ovulation (with or 

without copulation). Typically the changes reach a climax at 

the anticipated time of blastocyst attachment and 

implantation. If a blastocyst is present, the uterus 

undergoes further changes in an area immediately adjacent to 

the embryo. One of the most dramatic examples of a local 

uterine response to the embryo is the so called decidual 

reaction (DOR) in rats and mice. The decidual reaction 

includes localized increases in vascular permeability, marked 

cytological changes in uterine stromal cells (decidual cell 

formation), and loss of luminal epithelium through programmed 

cell death. 

Rodents 

Changes in Vascular Permeability 

The earliest macroscopically identifiable sign of a 

uterine response to the implanting blastocyst is a localized 

increase in endometrial vascular permeability and the 

development of tissue edema (Psychoyos 1973). This was first 

demonstrated by the formation of "blue bands" in the uterus 

following intravenous injection of a high-molecular-weight 

dye (Pontamine Sky Blue) into pregnant rats at the time of 

implantation (Psychoyos 1960). The dye, which binds to 
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albumin in the blood, leaks from the endometrial vessels ana 

forms grossly visible blue bands only in areas of the uterus 

containing implanting blastocysts. This phenomenon is 

referred to as the "Pontamine Blue Reaction" (PBR; Finn and 

McLaren 1967). It also occurs in mice, where it first appears 

during the night between the fourth and fifth days of 

pregnancy (Finn and McLaren 1967). The morphological basis 

for the PBR is believed to be the development of 

fenestrations and gaps between endothelial cells of 

endometrial vessels in the developing implantation sites 

(Abrahamsohn et al. 1983). These features were present in 

both mesometrial and antimesometrial regions of endometrium, 

but were not observed in the endothelium between implantation 

sites, Tung et al. (1986) has recently shown that a small 

molecular weight tracer is able to pass the intercellular 

junction between non-fenestrated capillaries at the periphery 

of the primary decidual zone in rat implantation sites. But 

since that experiment was done at a later time in pregnancy 

(the seventh day), and no similar study has been done in the 

interimplantation sites, it is not known if the non

fenestrated capillaries also play a role in the increased 

vascular permeability observed at the initiation of 

implantation. 

The increase in vascular permeability is followed 

rapidly by development of edema in the stroma underlying the 

blastocyst. The changes in blood vessel permeability and 
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consequent edema of the stroma can occur in response to 

implanting embryos or some artificial stimuli in the uterine 

lumen only if the epithelium is intact, suggesting that a 

message is transmitted to the blood vessels from the lumen 

through the epithelial cells (Finn 1977). Because the 

increase in edema is apparently not blocked by the 

administration of actinomycin D, it has been suggested that 

the changes are not dependent upon newly synthesized RNA 

(Finn and Bredl 1973). Furthermore, because the changes are 

detectable while blastocysts are still enclosed within the 

zona pellucida, it is believed that the message from the 

embryo does not require direct contact of trophoblast to 

uterine epithelium and, therefore, that it must be a soluble 

factor (McLaren 1969). 

Another early change in the stroma surrounding 

implanting blastocysts is the appearance of alkaline 

phosphatase activity in fibroblast-like cells of the uterine 

stroma (Finn and Hinchliffe 1964). This change shows up 

shortly after the PBR and is found in a cup-shaped area 

surrounding the blastocyst antimesometrially (Finn and 

McLaren 1967). Unfortunately, the functional significance of 

the sudden appearance of this enzymatic activity is not 

known. 
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Decidual Cell Formation 

Soon after the vascular changes begin, stromal cells of 

the endometrium undergo a dramatic cytological transformation 

to form a deciduoma. Differentiation of the endometrium into 

a deciduoma is referred to as decidualization. The reaction 

begins within a population of periluminal (antimesometrial) 

stromal cells and proceeds as a wave of transformation 

throughout the endometrium (Krehbiel 1937) . It is customary 

to divide decidual tissue into two major areas: an 

antimesometrial decidual region including primary and 

secondary zones, and a mesometrial region (Krehbiel 1937). 

The former contributes largely to formation of the decidua 

capsularis which regresses at middle pregnancy and the latter 

develops into the decidua basalis which persists throughout 

gestation as the maternal plancenta (Parr and Parr 1988). 

The primary decidual zone. The primary decidual zone 

(PDZ) is a cup-shaped region of transformed fibroblasts 

(Galassi 1968) surrounding the implanting blastocyst at the 

antimesometrial side of the uterus. It consists of three to 

five layers of large cells and is devoid of blood vessels 

(Ender and Schlafke 1967, and Rogers et al. 1983). These 

cells are tightly packed, and the apposed cell membranes form 

extensive interdigitations and junctional regions, including 

gap junctions and tight junctions (rat: Parr et al. 1986, 

mouse: Finn and Lawn 1967). The presence of junctional 

complexes between cells gives the PDZ an "epitheliod" 

appearance and they are believed to mediate intercellular 
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communication which allows the decidual cells to act as an 

integrated unit (Parr and Parr 1988). It has been found that 

fingerlike processes from rat decidual cells penetrate the 

basal lamina of the adjacent luminal epithelium (Schlafke et 

al. 1985). Furthermore, the decidual cells take up positions 

as part of the wall of the maternal blood vessels and form 

junctional attachments to the adjacent endothelial cells. 

Later, those cells degenerate and are replaced by trophoblast 

cells which allows embryonic cells to tap the maternal 

vessels (Welsh and Enders 1987). These observations suggest 

that decidual cells in PDZ are invasive and this property may 

facilitate implantation of trophoblast into the uterine 

endometrium. 

At the ultrastructural level, cells in PDZ contain 

abundant rough endoplasmic reticulum, lysosome-like bodies, 

Golgi complexes, microfilaments, microtubules, lipid droplets 

and glycogen granules (Parr and Parr 1988). In addition, it 

has been reported that cells in the PDZ of rat are 

characterized by the presence of bundles of collagen fibrils 

and it has been suggested that the decidual cells are 

involved in remodeling the endometrium to allow expansion of 

the developing embryo (Parr et al. 1986). 

The PDZ is a transient region, and becomes involuted 

after 2-3 days possibly by a mechanism involving apoptosis 

and phagocytosis by trophoblast cells (Welsh and Enders 

1987). The trophoblast cells then occupy the space previously 
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occupied by the decidual cells and thus come into contact 

with the maternal vessels of the secondary decidual zone. 

The secondary decid̂ ial zone. The secondary decidual zone 

(SDZ) occurs within the stromal tissue surrounding the PDZ. 

The SDZ comprises the majority of the antimesometrial 

decidual tissue and often is referred to as the 

antimesometrial decidua. The cells are large and typically 

become binucleate and polyploid (Sachs and Shelesnyak 1955; 

Finn 1977), with DNA content as high as 32n in rats and 64n 

in mice (Ansell et al. 1974). The increase in DNA does not 

result from cell fusion, but is a result of endoreplication 

(Ansell et al. 1974). The cells are tightly packed with 

numerous gap junctions and extensive finger-like projections, 

which often interdigitate with those of neighboring cells 

(Finn and Lawn 1967). These cells contain granules of 

glycogen, lipid droplets and organells typical of cells 

engaged in protein synthesis (Welsh and Enders 1985 and 

Abrahamsohn 1983), such as polyribosomes and rough 

endoplasmic reticulum. Interestingly, those cellular 

organelles associated with steroidogenesis (e.g., smooth 

endoplasmic reticulum and mitochondria with tubular cristae) 

have been shown to be absent from the decidual cells in rats 

(O'Shea et al. 1983) . 

Mesometrial decidua. Stroma in the mesometrial 

region of the uterus also differentiates into decidual cells 

and is designated as mesometrial decidua. Decidual cells in 
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the mesometrial endometrium appear 1 or 2 days after those in 

the antimesometrial area and are considerably smaller and 

undergo less pronounced differentiation (O'Shea et al. 1983). 

Most of the cells are uninucleate and contain large stores of 

glycogen (DeFeo 1967 and Finn 1977). As in the 

antimesometrial region, gap junctions and desmosomelike 

junctions are formed between those neighboring cells creating 

a complex meshwork that is believed to allow synchronized 

activity. 

Metabolism in the decidual cells. Due to the difficulty 

in separation of decidual cells according to their 

histological regions, most of the work on metabolism in 

decidual cells in normal implantation sites or experimentally 

induced deciduomata (see later) has used populations of 

decidual or deciduomal cells. Synthesis of DNA was found in 

endometrial stromal cells on the fourth and fifth days of 

pseudopregnancy and pregnancy by incorporation of ^H-

thymidine (Zhinkin and Samoshkina 1967 and Galassi 1968), and 

it continued on the sixth day in areas undergoing 

decidualization. It has also been shown that there are two 

populations of decidual cells in mice which act differently 

with respect to synthesis of DNA during the formation of 

deciduoma: (1) periluminal cells synthesize DNA and 

differentiate into decidual cells without dividing; (2) cells 

peripheral to that zone synthesize DNA and divide before 

differentiating (Das and Martin 1978). Unfortunately, the 
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significance of this difference in synthesis of DNA is 

unknown. 

Synthesis of RNA, as shown by incorporation of ̂ H-

uridine, increases rapidly during the early decidual cell 

reaction (Miller 1973). The increase can be detected within 8 

hours of the stimulus used to induce a decidual reaction; 

overall the rate of RNA synthesis increases by more than 100% 

within twenty hours. The increase in RNA synthesis is limited 

to decidualizing tissue and is not observed in those areas 

between implantation sites that fail to become transformed 

(Miller et al. 1968 and Heald and O'Grady 1970). 

The DCR has a biphasic increase in protein content: a 

two- to threefold increase is observed in the first 24 hours, 

and a secondary and more sustained increase of four- or five

fold is seen in the third and fourth day (Ledford et al. 

1976) . Furthermore, the overall amount of proteins 

synthesized and secreted from decidualized endometrium is 

higher than that by non-decidualized tissue in vitro 

(Weitlauf and Hartman 1988); this difference involves 

differential regulation of several specific proteins. 

Loss of the Luminal Epithelium 

In rats and mice, the decidual cell reaction is 

associated with formation of the so-called "implantation 

chamber" (Finn and Hinchliffe 1965) containing the embryo; 

the epithelium within the chamber breaks down and is 
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phagocytized by trophoblast cells during the process of 

implantation. This has been referred as "displacement 

penetration" (Schlafke and Enders 1975). 

Degeneration of luminal epithelium during implantation 

appears to involve a program intrinsic to the uterine cells 

and it is believed that apoptotic cell death is the mechanisr. 

responsible. Apoptosis is characterized by shrinkage and 

fragmentation of the cells, condensation of chromatin, and 

fragmentation of nuclei with preservation of intaot 

cytoplasmic organells (Wyllie 1981) . This process appears to 

require energy, macromolecular synthesis and the activation 

of deoxyribonuclease activity; and thus, inhibitors of R!̂'A 

and protein synthesis block this form of cell death. A recent 

ultrastructural study of rat and mouse implantation sites has 

demonstrated that luminal epithelial cells surrounding the 

blastocysts exhibit the morphological characteristics of 

apoptosis (Parr et al. 1987). In addition, the epithelial 

cells and their organelles were found well preserved during 

the invasion of trophoblast cells (Smith and Wilson 1974) and 

further, systemic administration of actinomycin D blocks 

degeneration of the uterine epithelium around the blastocyst 

(but not the development of blastocysts in the lumen; Finn 

and Bredl 1973). 
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Experimentally Induced Decidualization 

Decidualization can be triggered by artificial stir-.uli 

in animals that are suitably prepared with ovarian hormones. 

This results in the formation of so-called deciduomata. These 

masses have a morphology similar to the naturally occurring 

decidual tissue in normal implantation sites (DeFeo 1967). A 

broad spectrum of artificial stimuli, which vary in 

intensity, have been used to induce decidualization: they 

range from grossly traumatic treatments such as cutting or 

crushing the uterus to presumably non-traumatic stimuli such 

as infusion of nonspecific materials including oil and air 

into the lumen (DeFeo 1967; Weitlauf 1988). Deciduomata can 

only be induced during a limited time in pregnancy or 

pseudopregnancy and, interestingly, the length of the period 

varies with the nature of the stimulus. A grossly traumatic 

stimulus was found to be effective during a period of 3 or 4 

days early in pseudopregnancy, whereas nontraumatic stimuli 

were able to induce the deciduomata only during a limited 

period of a few hours. The period of maximum uterine 

sensitivity was found to correspond to the period of uterine 

receptivity (see later) for blastocysts as established by 

asynchronous embryo transfer experiments (McLaren and Michie 

1956; Dickmann and Noyes 1960). Although some subtle 

morphological differences have been found between deciduomata 

and naturally occurring decidua (Lundkvist and Nilsson 1982), 

the basic processes responsible for decidual transformation 

appear to be the same in both cases and experimental 
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deciduomata have been used widely as an experimental mciel in 

studies of implantation (De Feo 1967) . 

Initiation of DCR 

The fact that a variety of stimuli are able to trigger 

the decidual cell reaction (in the absence of an embryo) 

indicates that factors required for decidualization are 

intrinsic to the uterus and presumably operate in some kind 

of cascade. Thus, stimulation by any of the intermediate 

factors leads to the same physiological end point. For 

example, histamine and prostaglandin have been proposed as 

intermediate factors released locally in the uterus in 

response to the various stimuli and appear to play roles in 

the process of decidualization. 

Histamine. The hypothesis that histamine derived from 

uterine mast cells is a physiological link in the 

decidualization cascade was first proposed by Shelesnyak and 

his colleagues (1957) and has aroused considerable 

controversy. That work involved attempts to block 

decidualization with antihistamine and was critically 

challenged by De Feo (1967) and Humphrey and Martin (1968). 

However, the more recent finding that there are two types "of 

histamine receptors (i.e.. Hi and H2) and that both may have 

to be blocked for a complete antihistamine effect has 

refocused interest in histamine as a mediator of implantation 

and decidualization. Brandon and Wallis (1977) reported that 
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implantation and decidualization were reduced in rats treated 

with a combination of inhibitors of Hi and H2 receptors. ley 

et al. (1979) have demonstrated that rabbit blastocysts have 

H2 receptors whereas endometrium has the Hi type; those 

workers suggested that the endometrial Hi receptors mediate 

the increased vascular permeability in uterus preceding the 

decidualization. In rats, it has been found that depletion of 

mast cells in areas of the endometrium (i.e., by localized 

freezing prevents implantation and decidualization; this 

effect can be overcome by instillation of histarr.ine into the 

uterine lumen (Ferrando and Nalbandov 1968). With delayed 

implantation in rats, concomitant administration of histar.ine 

and estrogen reduces the amount of estradiol required to 

bring about implantation (Johnson and Dey 1980). Therefore, 

it is still believed that histamine plays a critical role in 

induction of decidualization but its importance to the 

overall process of implantation remains unclear. 

Prostaglandins. It has been found that indomethacin, an 

inhibitor of prostaglandin biosynthesis, inhibits or delays 

the localized increase in vascular permeability associated 

with implantation in rats (Kennedy 1977; Phillips and Poysers 

1981) and mice (Holmes and Gordashko 1980; Lundkvist and * 

Nilsson 1980). The effects of indomethacin can be overcome, 

at least partially, by administration of exogenous 

prostaglandins (Saksena et al. 1976; Holmes and Gordashko 

1980). In non-pregnant rats, exogenous prostaglandins given 
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into the lumen of sensitized uteri are able to stir.ulate an 

increase in vascular permeability and decidualization 

(Kennedy 1979; Kennedy and Lukash 1982), even when endogenous 

prostaglandin synthesis is inhibited. 

In addition, the concentration of prostaglandins 

increases in both normal implantation sites and in 

artificially stimulated deciduomata and this increase is 

blocked by indomethacin (Kennedy 1979; Milligan and Lyton 

1983) . More recently, specific receptors for PGE-2, not PGF-

2a (Martel et al. 1985), have been found in the stroma of rat 

endometrium (Kennedy et al. 1983) and their concentration 

increases with progesterone, reaching a maximum on the fifth 

and sixth days of pregnancy. Although the role of 

prostaglandin in the overall decidual cell reaction and 

implantation is not clear, all the above results point out 

that prostaglandins play an obligatory role in the increase 

in vascular permeability associated with decidualization. 

In conclusion, decidualization is not a single-step 

reaction and appears to involve several mediators between the 

luminal stimulus and the final response in the underlying 

endometrium. Histamine and prostaglandin are probably two 

mediators located at different levels of this cascade. 
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Uterine Receptivity 

The problem of the mechanism responsible for 

decidualization is further complicated by the hormone-

dependent responsiveness of the uterus. The concept of 

uterine "receptivity" is defined in terms of deciduogenic 

sensitivity as well as in terms of egg survival and 

development (Psychoyos 1976). Optimal sensitization of the 

endometrium for decidualization response to a non-traumatic 

stimulus is limited to a period of a few hours (Psychoyos 

1976 and Hetherington 1968) in pregnancy or pseudopregnancy. 

It also has been found, by the technique of embryo transfer, 

that intra-uterine survival of transferred blastocysts or ova 

of the pre-blastocyst stage is not possible beyond the time 

at which implantation is normally expected to occur; that is 

the uterine environment appears to become toxic to embryos 

(Psychoyos 1963). Furthermore, the period of maximal 

sensitivity to non-traumatic stimuli corresponds to the 

period of uterine receptivity for blastocysts as established 

by asynchronous embryo transfer experiments (McLaren and 

Michie 1956; Dickmann and Noyes 1960). 

Acquisition of uterine receptivity is dependent on 

hormones secreted from the ovaries in a specific sequence 

(Psychoyos and Casimiri 1980). Psychoyos (1963) has divided 

the sequential events into three successive stages: the 

neutral, receptive and refractory phases. Priming of 

endometrium by progesterone for at least 48 hours is required 

to establish the prereceptive or neutral state. In rats and 
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mice, the neutral uterus does not respond to the presence of 

a blastocyst and implantation of transferred embryos is 

delayed. After the administration of a minute amount of 

estrogen to the progesterone-primed uterus, it becomes 

receptive to the blastocyst and decidualization and 

implantation take place. The receptive state lasts for a few 

hours and then the uterus automatically becomes refractory. 

It cannot be recycled unless progesterone is withdrawal for 

at least 48 hours and the uterus returns to the pre-receptive 

state. 

Primates 

Localized DCR also occur in the uteri of rhesus monkeys 

and humans. Decidualization, including proliferation of 

epithelium, development of edema in the stroma and 

enlargement of capillaries, is found locally in response to 

an implanting blastocyst in rhesus monkey (Wislocki and 

Streeter 1938). In humans, some decidual reaction occurs in 

every menstrual cycle regardless of the presence of the 

embryo indicating that it is spontaneous and does not require 

a stimulus from the conceptus. However, maintenance of the 

continuous growth and differentiation of the decidual tissue 

at the site of implantation, which is important for the 

establishment of placenta, does require the presence of an 

embryo (De Feo 1967). 
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Large Domestic Animals 

A local uterine response to the embryo also occurs in 

the uteri of large domestic animals. An increase in vascular 

permeability has been demonstrated in both sheep and pig 

before the definitive attachment of embryo to the endometrium 

by interdigitating microvilli (Boshier 1970 and Keys et al. 

1986). In sheep and cows, there is a highly conserved 

embryonic protein (ovine and bovine trophoblast protein-1; 

see later for details) that acts directly on the uterus to 

change the pattern of protein synthesis and is critical for 

maintenance of the corpus luteum. It is not known if this 

factor is also responsible for the localized increase in 

vascular permeability. 

Decidualization in rodents is a complex processes 

involving essential endocrine priming, and a cascade in 

response to a stimulus in the uterine lumen and a rigidly 

programmed tissue transformation. The localized nature of the 

DCR indicates the existence of a short rage embryonic signal; 

the fact that decidualization can be induced when blastocysts 

are still enclosed in the zona pellucida suggests that the 

normal signal is a soluble factor synthesized and secreted by 

the blastocyst. However, in rodents decidualization can be 

induced by infusion of a variety of non-specific stimuli into 

the uterine lumen as well and therefore, until significant 

differences can be identified between normal and 

experimentally induced decidualization, it does not provide a 
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good experimental end point with which to test putative 

embryonic signals in rats and mice. 

Systemic Responses to Pregnancy 

The maternal response to pregnancy is further 

complicated by certain systemic changes that occur in the 

mother. In some species they have received more attention 

than those associated with decidualization. For example, in 

cyclic females the collapsed ovarian follicle is transformed 

into a corpus luteum which is responsible for secretion of 

steadily increasing amounts of progesterone. Prolonged 

function of the corpus luteum is essential for maintenance of 

pregnancy in all mammals, and although in many cases the 

signal responsible for its preservation is from the embryos, 

the mechanism varies among different species. Because 

prolongation of the functional life of the corpus luteum has 

been widely used as an indicator of the presence of an embryo 

in studies on the maternal recognition of pregnancy, the 

following section is included to provide the necessary 

background information. 

Large Domestic Animals 

Large domestic animals provide one model for conceptus 

involvement in prolonging the life span of the corpus luteum. 

In cyclic females, regression of the corpus luteum results 

from destruction (luteolysis) by release of prostaglandin 
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F-2a (PGF-2a) from the uterus. The PGF-2a is transported to 

the ovary via maternal circulation and actively destroys the 

corpus luteum (Horton and Poyser 1976). It was initially 

shown that a conceptus is required to be present in the 

uterus of sheep by day 12-13 of the estrus cycle to establish 

pregnancy (Moor and Rowson 1966; 1967). The mechanism appears 

to be that the presence of a viable embryo within the uterus 

prevents the release of PGF-2a by the uterus and thus the 

corpus luteum is not destroyed but continues to produce 

progesterone and the pregnancy is maintained. It has been 

shown that the level of PGF-2a in the utero-ovarian vein and 

of the major metabolite of PGF-2a in peripheral blood are 

reduced in early pregnancy compared with the time of 

luteolysis in the estrus cycle (Thorburn et al. 1973). Thus, 

in large domestic animals a dramatic systemic response to 

pregnancy is brought about by reducing the output of PGF-2a 

from the uterus and thus preventing luteolysis. 

It has also been found that intrauterine infusion of 

homogenates from conceptuses (between day 14 and 21) extend 

the lifespan of the corpus luteum (Martal et al. 1979). The 

active material in conceptus homogenate was believed to be 

proteinaceous because it was heat labile and sensitive to ; 

protease treatment (Martal et al 1979). Subsequently, the 

profiles of proteins synthesized and secreted by sheep 

blastocysts were analyzed by means of incorporation of 

radiolabeled amino acids and two-dimensional gel 
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electrophoresis (Wilson et al. 1979 and Godkin et al. 1952). 

It was found that the pattern of proteins produced by sheep 

blastocysts was stage-specific and that the major 

radiolabeled proteins were a group of closely related species 

with a molecular weight of 19000 dalton and pis of 5.3-5.8. 

They were produced only between day 12 and 21 of gestation 

and originated from trophoblast cells; they are designated as 

ovine trophoblast protein 1 (oTP-1). The amounts of oTP-1 

produced by a single conceptus range from 100 to 500 jig in a 

30-h culture in vitro (Roberts 1989). With such large amounts 

of material available, it was relatively simple to prepare an 

antibody to oTP-1 and clone the gene (Imakawa et al. 1989). 

Experiments with in situ hybridization revealed that mRNA for 

this protein is expressed in the conceptus as early as day 10 

and that it peaks at day 13 of pregnancy (Farin et al. 1990). 

The protein binds to receptors in the endometrium with high 

affinity and causes changes in endometrial protein synthesis 

(Godkin et al. 1984a, Vallet et al. 1987 and Sharif et al. 

1989) . 

Importantly, when oTP-1 was infused into uterine lumen 

of cyclic ewes, it extended the functional lifespan of the 

corpus luteum (Godkin et al. 1984b). Furthermore, it has been 

shown to inhibit the production of PGF-2a by the uterus 

(Fincher et al. 1986). In cyclic animals, secretion of PGF-2a 

from the uterus appears to be controlled by the release of 

oxytocin from the corpus luteum and the posterior lobe of 
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pituitary. The mechanism of oTP-1 in blocking the secretion 

of PGF-2a is believed to be at the level of synthesis of 

endometrial oxytocin receptors because it inhibits uterine 

secretion of PGF-2a in response to oxytocin (Fincher et al. 

1986), and it does not interfere with the binding of oxytocin 

to its receptor or the endometrial secretion of PGF-2a 

stimulated by oxytocin when endometrial oxytocin receptors 

are present (Bazer et al. 1989). 

A similar mechanism for maintaining pregnancy was found 

in cows. The proteins synthesized and secreted by 

preattachment bovine embryo are also stage-specific and the 

major glycoproteins appearing between days 15 and 24 have 

molecular weights of 22000 to 26000 daltons and pis of 5.6-

6.8 (Bartol 1984). These proteins are able to extend the 

lifespan of the corpus luteum (Knickerbocker et al. 1986b), 

change endometrial protein synthesis, and inhibit production 

of PGF-2a by the uterus (Salmonsen et al. 1988). These 

proteins are immunologically related to oTP-1 and are named 

bovine trophoblast protein 1 (bTP-1) (Helmer et al. 1987). 

OTP-1 and bTP-1 are members of the interferon-alpha 

(IFNQ) family (Imakawa et al. 1987) and possess antiviral 

(Pontzer et al. 1988) and immunosuppressive activity (Newton 

et al. 1989) similar to IFNa. Intrauterine infusion of IFNa 

into cyclic sheep and cows mimics oTP-1 and bTP-1 in both 

prolongation of the interestrous interval (Planet et al. 1989 

and Stewart et al. 1989) and changing endometrial production 
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of prostaglandin and proteins (Salsmonsen et al. 1985). These 

proteins clearly act as the embryonic signals responsible for 

at least part of the maternal recognition of pregnancy. 

Interestingly, there is a high degree of amino acid homology 

between oTP-1 and bTP-1 (Imakawa et al. 1989) and it is 

apparent that they represent a highly conserved specific 

signal factor. Although oTP-1 interacts directly with the 

uterus to change certain metabolic pathways, it is not known 

if it is responsible for the process of decidualization as 

well. 

Primates 

In contrast to the situation in large domestic animals, 

PGF-2a is not involved in luteolysis in primates. In non

pregnant primates, the low level of luteinizing hormone (LH) 

during the luteal phase is insufficient to support the corpus 

luteum and it simply regresses (Heap et al. 1979). The 

mechanism responsible for rescue of the corpus luteum in 

pregnancy involves production of a luteotrophic factor 

(chorionic gonadotropin) by the blastocyst (Atkinson et al. 

1975). In humans, this luteotrophic factor is called human 

chorionic gonadotrophin (hCG). It shows a remarkable 

structural similarity to LH and is able to bind the LH 

receptor on luteal cells. It is produced by the 

syncytiotrophoblast of implanting blastocysts and passes to 

the ovary through the maternal circulation. It is not known 
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whether CG interacts directly with the uterus to induce 

decidualization. Thus, two quite different mechanisr.s are 

used by primates and large domestic animals to maintain the 

corpus luteum as the mother recognizes pregnancy. 

Rodents 

The mechanism for maintaining the corpus luteum in 

rodents does not require an embryonic signal and is therefore 

different from the species described above. The ovarian cycle 

of rats and mice differs in length, depending upon whether 

the females have mated. If the females fail to mate at the 

time of ovulation the whole cycle is only 4-5 days; including 

an abbreviated luteal phase (1-2 days) during which the 

corpora lutea function (i.e., produce progesterone) only 

transiently. If copulation takes place, a full-length cycle 

with an extended luteal phase (11-12 days) occurs, no matter 

whether the mating is fertile. The abbreviated ovarian cycle 

of rats and mice greatly increases their reproductive 

efficiency because without this evolutionary modification 

they would only be fertile every 13-14 days instead of 4 or 5 

days. If the mating is infertile, the prolonged cycle is 

referred to as pseudopregnancy (Johnson and Everitt 1984) ..' 

There is no difference in hormonal and uterine changes in 

the pseudopregnant and pregnant females during the extended 

luteal phase and this is why pseudopregnant rodents are 
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widely used as recipients in experiments with embryo 

transfer. 

In rats and mice it is the mechanical stimulus to the 

cervix provided naturally by the penis at coitus that is the 

signal for pseudopregnancy. Such stimulation is transmitted 

to the central nervous system via sensory nerves in the 

cervix and activates the pituitary to release prolactin which 

in turn supports prolonged function of corpora lutea during 

the extended luteal phase (Johnson and Everitt 1984). Hence, 

in rats and mice, the lifespan of corpus luteum is prolonged 

to about mid pregnancy by a mechanism that is independent of 

the embryo (pseudopregnancy) and thus, it is not a very 

useful indicator of the presence of embryos (or signals) in 

early pregnancy. In rodents the most reliable indicator of 

early maternal responses to a conceptus is the localized 

decidual reaction. 

In conclusion, factors (or signals) released from 

embryos are apparently critical in eliciting maternal 

recognition of pregnancy in all mammals. Although maintenance 

of the corpus luteum is a widely recognized sign of pregnancy 

and has been used extensively in studies with large domestic 

animals and primates, it is not universally appliable. 

Rather, it is the localized uterine changes occuring in 

response to the embryo that occurs in all mammalian species 

and is the most appropriate indicator in rodents. Without 

exception, the nature of embryonic signals responsible for 
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the localized uterine decidualization remain completely 

unknown. 

Embryonic Signals 

It is clear that communication between the embryo and 

the uterus during pre-implantation stages of pregnancy is 

important and must be mediated by extracellular signals. 

Because we are interested in the concept of embryonic 

signaling as it applies to pre-implantation embryos of rats 

and mice, comments about the essentials of signaling in 

general and a brief review of what is known about rodent 

embryos specifically, are presented in the following 

sections. The aim is to develop general criteria that may be 

helpful in identifying signal factors, or at least in 

determining which factors are candidates for such roles. 

Concepts in Biological Signaling 

Cells in a multicellular organism need to communicate 

with one another in order to regulate their development, 

growth, and coordinate functions. For those cells that are 

separated from each other, they usually communicate by 

secretion of extracellular chemicals that allow signaling -at 

a distance. This type of signaling is further divided into 

endocrine, paracrine and autocrine according to the distance 

over which it operates. In endocrine signaling, specialized 

cells secrete hormones that travel throughout the body via 
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the bloodstream and act on target cells distributed widely. 

In paracrine signaling, cells secrete signal substances that 

have effects only on cells in the immediate environment, for 

example, neurotransimitters secreted by nerve cells at 

synapses and diffuse across the synaptic space and act on the 

adjacent postsynaptic target cells. In autocrine signaling, 

cells respond to substances that they themselves release, for 

example, a cytokine (interlukin-2) is secreted by helper T 

cells after the recognition of antigen presenting cells and 

interlukin-2 then binds to the specific receptors on the 

surface of those helper T cells to stimulate their 

proliferation. Signaling by pre-implantation embryos may 

involve any or all of these different possibilities. 

In an attempt to focus on common elements in embryonic 

signaling at implantation in various mammalian species, a 

general model is diagrammed in Figure 2.1a. In all cases 

there must be as a minimum the following components: (1) 

signal generating cells; (2) a specific signaling factor; (3) 

a target cell with an appropriate receptor; and (4) a 

relevant response in the target cell. 

As mentioned before, maternal recognition of pregnancy 

involves a local reaction in the uterus in response to the 

pre-implantation embryos and, in some cases, an embryo 

dependent prolongation of the functional life of the corpus 

luteum. The most complete story is available for large 

domestic animals (Figure 2.1b). One signal is a highly 
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a. General Model for Biological Signaling 
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Figure 2.1. Hypothetical models for embryonic signals to 
elicit uterine and maternal responses. 
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conserved protein that is secreted, into the uterine lumen, 

by trophoblast cells, it binds to receptors in the uterine 

epithelium and causes changes in metabolic activity of the 

uterus including altering the pattern of protein synthesis 

and decreasing production of PGF-2a. It is the reduction of 

PGF-2a that allows the corpus luteum to survive. Although 

this may be the archetypical mechanism for signaling to the 

uterus and mother, it must be emphasized that it is not known 

whether oTP-1 is responsible for other changes in the uterus 

such as decidualization. In rodents (Figure 2.1c), the 

existence of a signal from the embryos is inferred from the 

localized nature of the decidual reaction but there is no 

information about the actual signal factor or its receptor. 

It is also clear that there is no direct or indirect effect 

of the embryos on the corpus luteum at least in early stages 

of pregnancy. In primates (Figure 2.Id), one signaling factor 

is chorionic gonadotropin which supports the corpus luteum 

directly during early stages of pregnancy; it is not known if 

it is chorionic gonadotropin or another embryonic factor that 

is responsible for induction of the decidual reaction at the 

site of implantation. 

In all cases, some degree of localized changes are found 

in the uterus before implantation, and this response as well 

as some form of short range signal therefore appear to be 

common elements in establishment of pregnancy in mammals. 
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The elegant story that has been worked out for large 

domestic animals provides several guide lines for work in 

other species and makes it clear that identifying the signal 

factor is an important first step in understanding the 

process. In order for a given factor to be identified as the 

signal, it should meet the following criteria: (1) it must 

be produced by the embryos, e.g., be detectable in spent 

culture medium; (2) its appearance should be correlated with 

the timing of the local response in the uterus; (3) if placed 

in the uterine lumen of a cyclic or pseudopregnant animal, it 

should mimic the presence of an embryo and elicit clear-cut 

maternal responses; (4) it should be possible to block those 

responses with specific inhibitors of the putative signal 

factor; and (5) specific receptors for this embryonic signal 

should be identified. In addition, one might expect that a 

factor responsible for a function as basic and important to 

reproduction as induction of maternal responses to the 

embryos would be conserved in closely related species as was 

the case with oTP-1 and bTP-1. If a factor meets some, but 

not all, of these criteria, it may be considered as a 

candidate for the role of embryonic signal, and the more 

criteria matched the higher the probability that it is an ! 

authentic signal. On the other hand, if a given substance is 

shown to fail to meet any of these criteria, then it becomes 

less likely as a candidate for a role as an embryonic signal. 
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Potential Embryonic Signals 

Although the actual molecular species responsible for 

embryonic signaling in rodents is unknown, numerous factors 

including steroids, histamine, prostaglandins and proteins 

have been proposed as "the signal for implantation" (Kennedy 

1983). In fact, none of the above factors have been shown to 

meet all the criteria listed above and in most cases they 

fail to meet any; so far there is no hard evidence to link 

any of these substances to the process of embryonic 

signaling. However, because of the widespread notion that 

such factors are involved, a critical review of the evidence 

will be useful. 

Steroids 

The proposal that steroids secreted from pre-

implantation rodent embryos act as embryonic signals was 

based on reports that activities of key enzymes for synthesis 

of progesterone and estrogen, such as A^, 3p-hydroxysteroid 

dehydrogenase and 17p-hydroxysteroid dehydrogenase, are 

present in the blastocysts. The enzymatic activities have 

been demonstrated in morulae and blastocysts of the rat and 

the mouse by histochemical methods (Dickmann and Dey 1974; 

Dey and Dickmann 1974a, 1974b and 1974c). However, there was 

no production of estrogen or progesterone by rodent 

blastocysts given labeled precursors in vitro (Sherman and 

Atienza 1977). In addition, attempts to identify transformed 

products of pregnenolone, progesterone, androstenedione and 
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dehydroepiandrosterone in blastocysts of rats and mice have 

been unsuccessful (Sherman and Atienza 1977 and Antila et al. 

1977). Although the antiestrogen CI-628 was found to 

interfere with implantation (Sengupta et al. 1981), the 

potential for nonspecific toxicity of this drug, on the 

embryo or the uterus, has raised question about this result 

(Sengupta et al. 1977). Furthermore, there is no evidence for 

presence of estrogen receptor in cells of the uterus within 

the implantation site (Martel and Psychoyos 1981). Because 

"embryonic steroids" fail to fulfill any of the basic 

criteria, it seems unlikely that they play a role as a signal 

at implantation, at least in rodents. 

By contrast, the enzymes critical for synthesis of 

estrogen have been identified in pig embryos between days 12 

and 16 (Flood 1974) and estrogen was found to be synthesized 

from labeled precursors between day 12 and 20 of development 

(Heap et al. 1981 and Fischer et al. 1985). Similar to sheep 

and cows, PGF-2a from the uterus is responsible for the 

regression of the corpus luteum in pig and concentration of 

PGF-2a is reduced in utero-ovarian vein between days 12 and 

20 of pregnancy (Moeljono et al. 1977); its concentration in 

the uterine lumen is increased during that same time (Zavy et 

al. 1980). It has been proposed that embryonic estrogen is 

the factor responsible for redirecting the secretion of 

endometrial PGF-2a to the uterine lumen thus acting as a 

signal and preventing luteolysis (Bazer and Thatcher 1977) . 
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However, the maternal recognition of pregnancy in the pig 

occurs between day 10 and 12 (Dhindsa and Dziuk 1968), which 

is not correlated to the timing in the production of estrogen 

from the blastocysts. Furthermore, injection of estrogen in 

the uterus does not prolong the lifespan of the corpus luteum 

in this species. Thus, although pig blastocysts are able to 

synthesize estrogen, and it may still be considered as a 

candidate for signaling in pigs, most of the criteria have 

either not been tested or estrogen fails to meet them, and it 

seems unlikely that it plays a role. 

Histamine 

The observations that rat embryos at day 4 of pregnancy 

have the enzymatic capacity to synthesize histidine from 

histamine in vitro (i.e., histidine decarboxylase; Dey and 

Johnson 1980) and that administration of histidine reduces 

the requirement for estrogen in inducing implantation in 

hypophysectomized progesterone-treated rats (Johnson and Dey 

1980), have led to the suggestion that histamine synthesized 

by the embryo acts as a signal at the time of implantation in 

this species. This proposal is weak because timing of the 

development of histamine synthesis has not been determined 

and it is not known whether it is correlated to implantation. 

In addition, histamine-releasing implants did not induce a 

significant decidual reaction in the pseudopregnant rabbit 

(Hoffman et al. 1978). Again, histamine may be considered as 
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a candidate for signaling but most of the criteria have not 

been tested and its role is still unclear. 

Prostaglandins 

Instillation of prostaglandin antagonists into the 

uterine lumen of pregnant mice interferes with implantation 

(Bigger et al. 1981) and it has been suggested that 

prostaglandins from the embryos might act as the signal for 

implantation. However, it has not been possible to 

demonstrate the synthesis of prostaglandin by rat blastocysts 

using radioimmunoassay (Kennedy and Armstrong 1981) or by 

mouse blastocysts with incorporation of radiolabeled 

precursor (Racowsky and Biggers 1983). Because of their 

failure of to meet any of the criteria, embryonic 

prostaglandins must remain as unlikely candidates for a role 

as the signaling factor. 

Proteins 

A highly conserved protein (i.e., oTP-l/bTP-1) is 

synthesized and secreted from blastocysts of sheep and cows 

as the major secreted products during the period of maternal 

recognition of pregnancy. It binds to the uterine epithelium 

with strong affinity and is responsible for changes in the 

uterus leading to the prolongation of the lifespan of the 

corpus luteum and maintenance of pregnancy. It therefore 
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fulfills all of the criteria and clearly it is an important 

embryonic signal in these animals. 

Mouse embryos also secrete proteins in the pre-

implantation periods; initially it was shown that they 

produce a glycoprotein of molecular weight of 87000 daltons 

(Fishel and Surani 1980). More recently, it has been 

demonstrated that a complex array of stage-specific proteins 

are synthesized and secreted by preimplantation mouse 

blastocysts (Neider et al. 1987). Furthermore, it was shown 

that the production of the proteins increased before 

implantation. Thus, it is possible that that among the 

complex array of proteins produced by mouse blastocysts, 

there are specific signaling factors. However, there is no 

quantitative data on changes in individual proteins and 

therefore it is unclear which, if any, of the proteins might 

be candidates for such a role. 

Specific Aims of this Dissertation 

Because pre-implantation mouse embryos produce a 

complex array of stage-specific proteins, it is proposed 

that an implantation-related signaling factor exists among 

those proteins. The present experiments were undertaken to-

compare changes in the patterns of production of individual 

secreted proteins in the peri-implantation period by embryos 

of rats and mice in search of common elements that might be 

candidates for such a role. It was our expectation that if 
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specific secreted proteins are important for signaling at 

the time of embryo implantation that; (1) the pattern of 

their synthesis and secretion should be positively 

correlated with normal pre-implantation (and the 

reactivation phase of delayed implantation), and negatively 

correlated with the dormant phase of delayed implantation; 

and (2) there might be similarity between these two closely 

related species. Thus, it was reasoned that it should be 

possible to pick out potentially important proteins from 

within the complex array and hopefully, to critically 

evaluate the molecule as was done with oTP-1. 

56 



CHAPTER III 

LABELING OF PROTEINS SYNTHESIZED AND 

SECRETED BY RAT AND MOUSE 

BLASTOCYSTS IN VITRO 

Macromolpenlar Components in 
Culture Medium 

Introduction 

There are several reports in the literature that deal 

with peptide factors produced by pre-implantation mouse 

embryos (Nieder et al. 1987; Nieder 1989; and Barker and 

Nieder 1990). Typically in that work, blastocysts were 

recovered from the uterus before implantation and incubated 

in vitro in a simple Kreb's Ringer bicarbonate buffer (BMOC3; 

Brinster, 1971) containing ^^S-methionine of high specific 

activity and bovine serum albumin (BSA) as the macromolecular 

osmotic buffer. Quantitative and qualitative evaluation of 

proteins synthesized and secreted by embryos at various 

stages during the peri-implantation period involved: (a) TCA 

precipitation of proteins and estimation of incorporated 

radioactivity by scintillation counting; and (b) analysis of 

proteins by two-dimensional polyacrylamide gel 

electrophoresis (2D-PAGE) and fluorography. It was observed 

that a complex array of stage-specific proteins were produced 

by the embryos. And, a major point was made of the finding 

that a particular protein, of molecular weight 69 kilodalton 
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(kDa) and isoelectric point (pi) 5.8, was the first secreted 

protein to be produced by the embryos. 

In preparation for the present experiments, we 

reexamined the production of proteins by mouse embryos as 

described by Nieder et al. (1987). Our approach was 

essentially the same and our observations in general agreed 

with the earlier work. That is, with increasing age of 

embryos there was an increasing amount of TCA precipitable 

radioactivity and an increasingly complex array of labeled 

proteins in the medium. And, the first labeled protein to 

appear (i.e., on day 4 of pregnancy) had a molecular weight 

of 69 kDa and pi 5.8. However, an unexpected finding was that 

there was also measurable TCA precipitable radioactivity in 

medium incubated without embryos, and a radioactive spot 

corresponding to the 69 kDa protein was found on gels of that 

medium. Because this TCA precipitable label could not be 

incorporated into newly synthesized embryonic protein in the 

absence of embryos, it was clearly an artifact of the culture 

system. 

An artifact related to spurious binding of ^^S-methionine 

to a TCA precipitable macromolecular component in the culture 

medium has the potential to confound interpretation of 

results of experiments designed to compare synthesis and 

secretion of specific embryonic proteins by embryos of rats 

and mice. Therefore, preliminary work was conducted to 

examine several commonly used macromolecular components of 
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embryo culture medium, i.e., BSA, fetal bovine serum (FBS) 

and polyvinylpyrrolidone (PVP) to evaluate this problem. 

Materials and Methods 

Concentration of Macromolecular Components 

Macromolecular additives were prepared in BMOC3 medium 

(Table 3.1) in the concentration ranges commonly used for 

embryo culture: (1) BSA (fraction V BSA; Sigma Chemical Co., 

ST. Louis, MO) at 0.05, 0.1, 0.2 and 0.4 mg/ml (Nieder 1989); 

(2) FBS (Gibco, Grand Island, NY) at 1.25, 2.5, 5, and 10% 

(v/v); and (3) PVP (average molecular weight 40,000 Da; 

viscosity K = 28-32; Sigma) at 22.5, 45, 90 and 180 )ig/ml 

(Brinster 1965b). Fifty-microliter droplets of medium with 

each concentration of the various macromolecules and 

3^S-methionine (specific activity: 1100 Ci/mmol, New England 

Nuclear, Boston, MA; final concentration: 200 p.Ci/ml) were 

incubated without embryos at 37^0 in a humid atmosphere of 5% 

CO2 in air for 5 h. The "conditioned medium" was removed at 

the termination of each incubation; a 5 |il aliquot was used 

to determine radioactivity associated with trichloroacetic 

acid (TCA) precipitable macromolecules (see later for 

details). The rest of the material from each sample was 

lyophilized and reconstituted in 35 |J.l of a buffer containing 

8 M urea, Nonidet P-40 and 2% ampholyte (pH 3.5-9.5; LKB, 

Gaithersburg, MD) for 2D-PAGE, Coomassie blue staining and 

processed for fluorography (see later for details). In 
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Table 3.1. Composition of BM0C3 
Medium 

NaCl 

NaLactate 

NaPyruvate 

KCl 

CaCl2 

KH2PO4 

MgS04.7H20 

NaHCOs 

Glucose 

Phenol Red 

Streptomycin 

Penicillin 

mM 

94.88 

25.00 

0.25 

4.78 

1.71 

1.19 

1.19 

25.00 

(100 I.U. 

mg/ml 

1.00 

0.01 

0.05 

per 100 ml) 

• a 

Brinster 1971 

60 



addition, medium containing 35s-methionine but without 

macromolecular additives or embryos was used to establish the 

background value for radioactivity in our samples. The 

experiments were repeated at least 3 times and the results 

were subjected to regression analysis by the least square 

method and tested for statistical significance by means of 

Student's t-test. 

TCA Precipitation of T.shPlPH 
Proteins in Medinm 

Five-microliter aliquotes of medium were mixed with 200 

|il of a solution containing 2 mg/ml L-methionine (Sigma) and 

2 mg/ml BSA in a glass tube, 210 |ll of TCA (10%) was added 

and the mixture was left at room temperature for at least 30 

minutes. Precipitate was collected on GF/F glass-fiber 

filters (0.7 p.m; Whatman, Maidstone, England) using a 

Millipore vacuum manifold (Millipore, Bedford, MA) and rinsed 

with 5% TCA (6 X). The filters were dried and radioactivity 

was estimated by scintillation spectroscopy (LS6800 

scintillation counter; Beckman, Irvine, CA). 

Electrophoresis of Labeled Proteins 
in "Conditioned" Medium 

The samples were subjected to two-dimensional 

polyacrylamide gel electrophoresis (2D-PAGE) by the methods 

of O'Farrel (1975) incorporating the modifications described 

by Nieder et al. (1987). The isoelectric dimension was 
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performed in 1.5 x 105 mm tube gels with an ampholyte range 

of 3.5-9.5 at 800 V for 11-15 h and then 1000 V for 90 

minutes. The second dimension was a 10-18% linear 

polyacrylamide gradient sodium dodecyl sulphate (SDS) slab 

gel run at a constant 3.5 W per slab. Molecular weight 

standards (^^C-methylated proteins: Amersham, Arlington 

Heights, IL) were run in the second dimension to provide 

estimates of the size of proteins in the samples. Slab gels 

were fixed and stained with 0.5 mg/ml Coomassie brilliant 

blue (Sigma) at the same time in 7% acetic acid: 70% 

methanol for 30 minutes and were destained with 7% acetic 

acid overnight; gels were saturated with fluor (Amplify, 

Amersham) and dried on the next morning. Gels were exposed on 

Kodak XAR-5 x-ray film for 2 weeks at -70°C. 

Preparation of Anti-BSA Antiserum 

Affinity-purified anti-BSA antibody was prepared from 

serum obtained from rabbits which were hyperimmunized with 

BSA (Fraction V; Sigma). Briefly, BSA was coupled to cyanogen 

bromide-activated Sepharose (Sigma) by the method of March et 

al. (1974). Anti-BSA serum was passed over the BSA-Sepharose 

to allow binding of specific antibodies. The Sepharose column 

was washed extensively with PBS to remove unbound protein. 

Bound antibody was eluted with 1 M propionic acid. The 

elutant was dialyzed overnight against PBS. Prior to coupling 

to Sepharose, affinity-purified antibody was dialyzed 
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overnight against 0.1 M sodium bicarbonate (pH 8.3). The 

antibody was coupled to cyanogen bromide-activated Sepharose 

in the same buffer overnight at 4'̂ C. Remaining active sites 

were blocked with 0.2 M glycine overnight at 4^0. The 

Sepharose was then washed extensively with 0.1 M sodium 

acetate (pH 4.0) and sodium bicarbonate (pH 8.3) to remove 

non-covalently bound proteins. Nine milligrams of affinity-

purified anti-BSA were bound per ml packed Sepharose and 

these BSA antibody linked Sepharose beads were suspended in 5 

volumes of PBS for use; a similar suspension of Sepharose 

beads inactivated with glycine was prepared at the same time. 

Removal of BSA with Anti-BSA Antiserum 

Medium with BSA (0.1 mg/ml) or PVP (45 Hg/ml) was 

incubated with 35s-methionine (without embryos) as above. In 

both cases, medium from 2 independent incubations were pooled 

(about 100 p.1) and mixed before being divided into two 

aliquots; the first was mixed with anti-BSA bound to 

Sepharose beads, the second with inactivated Sepharose beads 

without antibody. 

The protein content of 50 |J.l of medium containing 0.1 

mg/ml BSA was found to be reduced by 90% after incubation '. 

with an equal volume of the Sepharose bound anti-BSA. 

Therefore, 50 M,l aliquots of a suspension of either antibody 

or the control Sepharose beads were mixed with 50 |J.l of the 

conditioned medium samples and incubated overnight at 4^0. On 
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the next day, 200 |il of PBS was added to each sample and they 

were equilibrated using an end-over-end type rotator 

(Labquake shaker. Laboratory and Research Instruments, 

Berkeley, CA) for an hour. The samples were then centrifuged 

(Microfuge E, Beckman) at full speed for a minute and 200 |il 

of the supernatant was collected from each tube. A portion of 

the supernatant (10 p.1) was then used to determine the 

amounts of TCA precipitable radioactivity in each aliquot. 

Results 

Effect of Changing Concentrations of 
Medium Macromolecular Components on 
TCA Precipitable Radioactivity 
and on 2D-PAGE 

It was found that TCA precipitable radioactivity in 

medium containing BSA or FBS and 35s-methionine (i.e., without 

embryos) increased in proportion to concentrations of BSA and 

FBS (Figure 3.1a: BSA, Y = -198 + 7780 X, R2 = 0.995; Figure 

3.1b: FBS, Y = 2058 + 104 X, R2 = 0.941). However, with PVP 

there was no change in TCA precipitable radioactivity (Figure 

3.1c: Y = 2181 - 852 X, R2 = 0.295). 

2D-PAGE gels of media containing BSA or FBS and 

35s-methionine (Figures 3.2a and 3.2c) show clearly that there 

are Coomassie blue stained spots. Those spots corresponded to 

images on the x-ray films (Figures 3.2b and 3.2d) indicating 

they contain radioactivity. There was no Coomassie blue spot 

or fluorographic image on gels or x-ray films for medium 

containing PVP (Figures 3.2e and 3.2f). 
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.^^pSJ-^-.^^efflE-RW 

Figure 3.2. Coomassie Blue stained 2D-PAGE gels and 
corresponding fluorographs of BMOC3 medium 
containing various macromolecular components 
and ^^S-methionine and incubated without 
embryos. 

a & b: Gel (a) and corresponding fluorograph 
(b) of medium with 0.01 mg/ml BSA; 
notice the corresponding spot in each 
figure. 

c & d: Gel (c) and corresponding fluorograph 
(d) of medium containing 5 % FBS (v/v) 
notice groups of corresponding 
spots in each figure. 

e & f: Gel (e) and corresponding fluorograph 
(f) of medium containing 45 |lg/ml PVP; 
notice that there is no spot in either 
of these figures. 
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Effect of Anti-BSA Antiserum on TCA 
Precipitable Radioactivity in 
Medium Containing BSA or PVP. 
And Incubated Without Embryos 

Medium containing BSA and reacted with inactivated 

Sepharose beads (control) had higher TCA counts than blank 

medium or medium containing PVP and treated similarly 

(p < 0.05; Table 3.2). This TCA precipitable radioactivity 

was reduced to the level of background by treatment of the 

medium with anti-BSA Sepharose (experimental). Following 2D-

PAGE, there was a Coomassie Blue stained spot (with 69 kDa/pI 

5.8) on gels of the control medium containing BSA and treated 

with inactivated beads; that spot corresponded to an image on 

the x-ray films of the same gel (data not shown). However, 

there was no spot or x-ray image on gels of medium reacted 

with anti-BSA. 

There was no effect of anti-BSA Sepharose on TCA 

precipitable radioactivity in medium containing PVP (Table 

3.2). In addition, there was no stain or x-ray image on the 

gels or fluorographs with medium containing PVP following 

treatments with either inactivated Sepharose beads or anti-

BSA. 

Discussion 

Because BSA is the only macromolecular component in the 

BMOC3 medium used in the first experiment, and there were no 

embryos involved, the protein (or spot) appearing on the gels 

and fluorographs must be BSA. This presumption is reinforced 
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by the fact that this spot is located at coordinates for 

molecular weight of 69 kDa and pi of 5.8 and that it is 

removed by treatment with anti-BSA. Therefore, it is 

concluded that it is BSA that interacts with 35s-methionine 

during incubation. This interaction results in spurious TCA 

precipitable radioactivity and causes an artifact on the 

fluorographs. This interaction between BSA and 35s-methionine 

also provides an explanation for results of the first 

experiment in which the TCA precipitable counts increased in 

proportion to the amount of BSA in the medium. 

A similar interaction occurs between 35s-methionine and 

something in FBS that produces a wide area of stain in the 

acid region on the 2D-PAGE gels; there are corresponding 

images on the x-ray films indicating that radioactivity is 

associated with the proteins (see Figures 3.2c and 3.2d). 

Among those spots, an intense staining area located at 

molecular weight 69 kDa and pi 5.8 is presumably albumin. 

Although the amount of radioactive methionine bound to 

BSA or albumin in FBS is trivial when compared to the 10 |lCi 

of -^^S-methionine added in the medium, it is a potentially 

significant contamination compared to the low levels of 

radioactivity in authentic embryonic secreted proteins 

(Nieder 1990) and, therefore, may constitute a major 

artifact. It is concluded that BSA and FBS are not good 

candidates for the macromolecular osmolarity buffer in 

experiments designed to examine small amounts of secreted 
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proteins from embryos. On the other hand, PVP does r̂ ot have 

such interaction with ^^S-methionine and thus, was selected as 

the macromolecular component for all embryo cultures 

described in this dissertation. 

The potential for significant errors due to this problem 

has not been adequately appreciated by others working in this 

field. As noted above, Nieder et al. (1987) and Nieder (1988) 

reported that an embryonic protein of molecular weight 69 kDa 

and pi 5.8 was the first to appear during the peri-

implantation period of pregnancy in mice (i.e., at 10.00 h 

day 4). However, in the present experiment when blastocysts 

were recovered at the same stage and incubated in the same 

medium but with PVP instead of BSA, there was no detectable 

spot on the fluorographs. Thus, the "first" protein claimed 

by previous investigators was actually an artifact associated 

with spurious labeling of BSA rather than an authentic 

secreted protein of embryonic origin. In fact, when mouse 

blastocysts were recovered at a later time (18.00 h day 4) 

and incubated in medium with PVP and ^^S-methionine, an 

authentic embryonic protein (designated as protein #1; see 

later) of molecular weight 69 kDa and of pi 5.4-5.6 does 

appear on the fluorographs. The closeness in electrophoretic 

characteristics of this authentic embryonic protein and BSA 

further confounded interpretation of the earlier results and 

led to an erroneous conclusion. 
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Effect of the Length of Incubation of Rat 
Blastocysts on TCA Precipitable 

Radioactivity in Embryo 
Conditioned Medium 

Introduction 

In order to compare the production of proteins by 

embryos of rats and mice during the peri-implantation period, 

it was necessary to establish appropriate conditions for 

labeling. Conditions for labeling proteins from mouse 

blastocysts have been established (Nieder et al. 1986), but 

no information is available for rats. Therefore, the 

following two experiments focused on establishing conditions 

for labeling proteins synthesized and secreted by rat 

blastocysts. Parameters included finding: (1) an appropriate 

length of incubation in vitro with isotope; and (2) the 

selection of appropriate numbers of embryos to be cultured. 

The intention, in determining an appropriate length of 

incubation, was to plot rates of protein production against 

the length of incubation in hopes of defining a period of 

linearity. The assumption being, that linearity indicates the 

embryos are reasonably healthy and provides a stable 

situation for determining whether changes occur in production 

of proteins from the embryos at different stages of 

development. In addition, morphological observations were 

made to provide a gross assessment of the condition of the 

blastocysts after various lengths of incubation. 

The rationale for examining the effect of numbers of 

embryos in each culture was that it is necessary to determine 
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whether the number of embryos incubated in a single culture 

has a proportional effect on the rate of overall protein 

accumulation. 

Materials and Methods 
Preparation of Animals and 
EmbrvQ Conditioned Medium 

Virgin female Sprague-Dawley rats (180-200 g) were 

housed with controlled lighting (on from 07.00-19.00 h) and 

stages of the estrous cycles were followed by vaginal 

cytology. Each female was placed with a fertile male on the 

day of proestrus and observation of sperm in the vaginal 

smear on the following morning confirmed mating (designated 

as day 1 of pregnancy). The animals were killed at about 

12.00 h on day 5. Culture medium for embryos (BMOC3 with 

0.045 mg PVP and 200 |lCi ̂ ^S-methionine per ml) was prepared 

as described earlier. 

Synthesis and Secretion of TCA 
Precipitable Proteins 

Blastocysts from several animals were pooled in 50 |ll of 

medium as described above and a constant number of embryos 

(i.e., 9) was incubated at 31°C in a moist atmosphere of 5% 

CO2 in air for various lengths of time (i.e., 3, 6, 9, 12 or 

15 h). The resulting conditioned medium was aspirated under 

direct microscopic observation and special care was taken not 
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to disturb or rupture the embryos. An aliquot (5 |il) was used 

to determined the amount of TCA precipitable radioactivity. 

Statistical Ana1y.̂ i.<̂  

The radioactivity in TCA precipitable protein was 

measured as counts per minute (cpm) and each incubation was 

repeated at least three times. The data was evaluated by 

linear regression; in each case, the coefficient of 

determination (R2) was calculated. 

Results and Discussion 

The amounts of TCA precipitable radioactivity released 

by blastocysts and accumulated during the various lengths of 

incubation are shown in Figure 3.3. After a lag of about 3 h, 

TCA precipitable radioactivity was found to accumulate in the 

conditioned medium; this was approximately linear between 6 

and 12 h (R2 = 0.978). By 15 h of incubation, there was a 

slight decrease in overall production of TCA precipitable 

radioactivity. Blastocysts were morphologically normal after 

3, 6 and 9 h of incubation (Figure 3.3). By 12 h, some cells 

start to separate from the embryo and by 15 h more cells were 

seen around the embryos and they no longer appeared to be 

"healthy" (see Figure 3.3). 

That production of TCA precipitable proteins was linear 

between 6 and 12 h was taken as an indication that the 

embryos are in reasonably good shape. Because the midpoint of 
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Figure 3.3 Synthesis and secretion of ^^S-methionine labeled 
proteins by rat blastocysts. Rat blastocysts 
(nine in each culture) were incubated for various 
periods of time and the TCA precipitable 
radioactivity in the conditioned medium was 
determined. Each point in the figure represents 
the average of at least three replicates (see text 
for details). It should be noted that the line 
shown in this figure is calculated from data at 6, 
9 and 12 hours. The morphology of the cultured 
blastocysts at the same time points is shown for 
reference. 
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the linear part of the curve was at 9 h, and the embryos had 

normal morphology at that time, it was selected as the 

standard time for incubation of rat blastocysts in all 

further studies in this dissertation. 

Effect of the Number of Rat Blastocysts on 
TCA Precipitable Radioactivity in 

Embrvo Conditioned Medium 

Introduction 

In the previous experiment, it was shown that rat 

blastocysts cultured in vitro for 9 h are within the linear 

portion of the protein production curve. In order to obtain 

as much labeled protein as possible, it was desirable to 

increase the numbers of embryos in the cultures to the 

maximum feasible. However, it has recently been reported that 

mouse embryos at the blastocyst stage express several growth 

factors including transforming growth factor-alpha (TGF-a) 

and transforming growth factor-beta (TGF-p) and platelet-

derived growth factor (PDGF) (Rappolee et al. 1989). The 

blastocysts also express the receptor for the TGF-a (Adamson 

1990). Although growth factors or their receptors have not 

been identified in the rat blastocyst, those findings raise 

the possibility that blastocysts could affect each other when 

they are cultured in a group, possibly altering rates of 

protein production or accumulation. No matter whether the 

interaction would be positive or negative, differences in 

protein production dependent on numbers of embryos in the 
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culture could be misleading and, therefore, the effect of 

culturing various numbers of rat blastocysts on TCA 

precipitable radioactivity in conditioned medium was 

examined. 

Materials and Methods 

Animals and culture medium were prepared as described 

above and various numbers of blastocysts (i.e., 4-20) were 

incubated for the standard 9 h. Radioactivity in TCA 

precipitable protein was determined (i.e., the total in 

medium and the amount per embryo). Because of variability in 

number of embryos available on any given day, the data were 

pooled as follows: cultures with 4-5 embryos, those with 9-

10 embryos, and those with 15-20 embryos. Each experiment was 

repeated 4-9 times and the data were analyzed by linear 

regression and the coefficient of determination was 

calculated. 

Results and Discussion 

TCA precipitable radioactivity in medium containing 

various numbers of rat blastocysts is summarized in Figure 

3.4. It was found that total radioactivity in embryo 

conditioned medium was directly proportional to the numbers 

of embryos in culture (Y = -3091 + 5856 X; R̂  = 0.919; Figure 

3.4a); and the amount of radioactivity per embryo was not 
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Figure 3.4 . Amounts of 35s-methionine labeled proteins 
accumulating in medium conditioned by rat 
blastocysts. The cultures containing various 
number of embryos were pooled as shown (see 
text for detail). 
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influenced by the numbers of embryos between 4 and 20 (Y = 

621 + 45 X; R2 = 0.562; Figure 3.4b). 

Although large numbers of embryos would be desirable 

from the point of view of studies on radioactive proteins 

produced by blastocysts of rat, there are practical 

limitations. By contrast with mice, superovulation of rats is 

not simple (Zang and Armstrong 1990). Therefore, a figure of 

twenty embryos was selected as a number that could be 

obtained easily on any given day and was within the range of 

linearity defined by these studies. 

Results of the these two studies led to the establishment 

of standard conditions for labeling secreted proteins from 

rat blastocysts for all experiments in this dissertation as 

follows: 20 rat blastocysts incubated for 9 h in BMOC3 

medium with 200 |lCi/ml of 35s-methionine and 45 |ig/ml of PVP. 
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CHAPTER IV 

A COMPARISON OF THE PATTERN OF PROTEINS 

SYNTHESIZED AND SECRETED BY RAT AND 

MOUSE BLASTOCYSTS DURING NORMAL 

PRE-IMPLANTATION STAGES 

OF PREGNANCY 

Introdurtion 

Numerous studies have appeared over the last decade that 

deal with the question of embryonic signals for implantation. 

OTP-1 and bTP-1 are the major secreted products of 

pre-implantation embryos of sheep and cows and they have been 

shown to mimic the presence of embryos in establishing 

pregnancy (Roberts 1989). These proteins are synthesized and 

secreted at a specific developmental stage, and act directly 

on the uterus and indirectly on the ovary to prevent 

regression of the corpus luteum. This embryonic signaling 

factor is highly conserved in these two closely related 

species. By contrast, in rats and mice, there is no solid 

data to link any of several putative signal factors (i.e., 

steroids, histamine, prostaglandins or proteins) to the 

process of implantation. However, the recent finding that 

peri-implantation mouse blastocysts synthesize and secrete a 

complex array of stage-specific proteins (Nieder et al. 1987) 

suggested to us that rodents, like the large domestic 

animals, utilize one or more of those proteins as embryonic 

signals in the maternal recognition of pregnancy. 
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As a first step in examining this possibility, 

experiments were undertaken to a compare the pattern of 

individual proteins synthesized and secreted by blastocysts 

of rats and mice during the normal pre-implantation phase of 

pregnancy. 

Materials and Methods 

Preparation of Animals 

Pregnant rats were prepared as described earlier. They 

were killed at intervals of 3 h between 00.00 h day 5 and 

21.00 h day 5 (see Figure 4.1a). 

Virgin female white Swiss mice (6-8 wk of age; Sasco) 

were housed with controlled lighting (lights on 06.00-20.00 

h) and induced to ovulate with gonadotropins (Fowler and 

Edwards, 1957). They were placed with fertile males and the 

presence of a vaginal plug on the following morning confirmed 

mating (designated as day 1 of pregnancy). The pregnant 

females were killed at intervals of 6 h between 12.00 h day 4 

and 18.00 h day 5 (see Figure 4.1b). 

It was found that embryos of rats and mice became 

difficult to flush from the uteri by 24.00 h day 5 and this 

was considered to be an indication of embryo attachment and 

implantation in both species, and marked the latest time at 

which studies could be done. 
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a. Rat 

sperm positive 
blastocyst collections 

f n 
Day of , , , , |l 
pregnancy i 2 3 4 5 1 6 

I 
expected time of 
implantation 

b. Mouse 

sperm positive 
blastocyst collections 

D a y o f , , , , 1 I I I I I , 
pregnancy 1 2 3 4 5 1 6 

expected time of 
implantat ion 

Figure 4 . 1 . Schedule for c o l l e c t i n g of b l a s t o c y s t s of r a t s and 
mice during normal pre- implanta t ion s tages of 
pregnancy. 

a. Col lec t ions of r a t b l a s t o c y s t s at 
i n t e r v a l s of 3 hours between 00.00 and 
21.00 h day 5 of pregnancy. 

b . Col lec t ions of mouse b l a s t o c y s t s at 
i n t e r v a l s of 6 hours between 12.00 h 
day 4 and 18.00 h day 5 of pregnancy. 
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Incubation of Blastocysts And Preparation 
of Embryo Conditioned Medium (ECM) 

Blastocysts were recovered from the pregnant females by 

removing the uteri and flushing each horn with a stream of 

tissue culture medium (BMOC3 containing 45 |ig/ml PVP) from a 

blunt 22 gauge needle fitted to a 1 ml hypodermic syringe. 

Embryos from several animals were pooled and placed in 50 }ll 

droplets of BMOC3 to which ^^S-methionine was added and 

incubated in conditions as described before. Appropriate 

numbers of embryos and length of incubation were as 

established in previous experiments, i.e., rat, 20 embryos 

incubated for 9 h; and mouse, 30 embryos incubated for 5 h 

(Nieder et al. 1987). 

Total TCA precipitable radioactivity in the ECM was 

estimated using a 5 |Il aliquot as described earlier and the 

remaining sample was applied to 2D-PAGE and processed for 

fluorography. 

Analysis of Films of 2D-PAGE 

The photographic images of 2D-PAGE protein profiles were 

digitalized by means of a computer assisted image analysis 

system—Biolmage Visage 2000 (Biolmage, Ann Arbor, MI). The 

photographic images of 2D-PAGE protein profiles were scanned, 

captured and the integrated intensity of each spot was then 

calculated by the Visage 2000. 

In preliminary experiments, the sensitivity of the 

machine was calibrated by means of an external standard (ARC 
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Co., St. Louis, MO); this consists of a glass slide with 

plastic slices containing serially increasing amounts of ̂ "Re

labeled proteins. This external standard was made by first, 

mixing various amounts of ^^C-proteins (i.e., units = îCi) in 

different blocks of plastic material (each block weighing 1 

gram); the blocks were sliced with a microtome and one slice 

from each block was then placed on the slide. Thus, this 

glass slide consists of several plastic slices containing 

serially increasing amounts of radioactivity (units = |lCi per 

gram [|iCi/g] ) . This slide was exposed to x-ray film for 2 

weeks at -70^0 (as were the gels of ECM) and the resulting 

image was digitalized with the Visage 2000. A number of 

blocks with different levels of darkness were observed on x-

ray film and the integrated intensity of each block was 

plotted against the radioactivity (in |lCi/g) as shown in 

Figure 4.2. It will be seen that the integrated intensity of 

those blocks increased with increasing radioactivity to an 

integrated intensity of 20 (Y = 0.74 + 35.36 X, R2= 0.990) 

and then plateaued. This indicates that the last two blocks 

were too dark for the Visage 2000 to discriminate 

differences. Thus, it loses the ability to quantitate when 

the integrated intensity of a certain spot is over 20. 

Because radioactivity for the calibration standard is in 

units of |iCi/g, the actual radioactivity in each slice is not 

known and the absolute amounts of radioactivity in spots on 

the films can not be calculated. However, quantitation with 
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this external standard provides a reliable way to evaluate 

the integrated intensity over the range in which the Visage 

2000 can respond. 

Quantitative Evaluation of 
Proteins on 2D-PAGE gels 

The integrated intensity of all protein spots on ECM 

films were analyzed under conditions identical to those used 

with the standard. It was found that values of integrated 

intensity for all protein spots were within the linear range 

in the Figure 4.2; indicating that the Visage 2000 is able to 

accurately quantitate those protein spots on films of ECM. 

The integrated intensity (Ii) of any given spot of interest 

(x) was normalized to the total (IIT) on the film ([IIX/IIT]) 

and represented as a percentage (i.e., [lix/Iii] X 100), thus, 

making it possible to make judgements regarding changes in 

relative amounts of individual proteins regardless of the 

total amounts of radioactivity on a given gel. 

The amount of radioactivity in that spot (cpmx) was 

estimated from the total TCA precipitable counts loaded on 

the gel (cpmx): 

(cpmx) X ([lix/Iii]) = cpmx. 

Thus the amounts of radioactivity contained in each protein 

on the gels were estimated and those that accounted for more 

than 5% of the total were considered to be major labeled 

proteins. Proteins that accounted for less than 5% of the 

total radioactivity were excluded from further analysis. 
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Figure 4.2. Calibration of the Visage 2000 with an 
external standard consisting of serially 
increasing amounts of radioactivity. 
Notice that the integrated intensity of 
those slices increases linearly with 
radioactivity until about 20 (see text 
for details). 
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Results 

Qualitative and Quantitative Changes in 
Proteins Synthesized and Secreted 

by Embryos During Normal 
Pre-implantation Stages 

of Development 
Rat 

Changes in overall rates of synthesis and secretion of 

proteins by rat blastocysts during normal pre-implantation 

phase of development is presented in Figure 4.3. The 

accumulation of TCA precipitable radioactivity in medium 

became detectable at 03.00 h day 5 and increased markedly 

until 18.00 h day 5; it appeared to decrease slightly 

thereafter. 

Separation of the secreted proteins by 2D-PAGE and 

fluorography revealed that radioactivity in the ECM contained 

an array of proteins that increased in complexity from one 

spot at 03.00 h day 5 (Figure 4.4a) to more than two dozen by 

18.00 h day 5 (Figure 4.4b). The first to appear (i.e., at 

03.00 day 5) was a protein (designated as protein #6) which 

had a molecular weight of 35-37 kDa and a pi of 5.4-5.6; it 

was consistently present throughout day 5 of pregnancy. 

Amounts of radioactivity in this protein ranged from 3000 to 

29000 cpm and it accounted for the majority (83-95%) of the 

total TCA precipitable radioactivity throughout the normal 

pre-implantation stages of development (Figure 4.5). Amounts 

of radioactivity in all other proteins were below 5% of the 

total and they were excluded from further consideration. 
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Figure 4.3. Changes in the rates of overall production 
of proteins by rat blastocysts during the 
normal pre-implantation stages of 
development. Each point in this figure is 
the average of 3-5 replicates (± s.e.m.). 
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Figure 4.4 Fluorographs of ^^S-methionine labeled 
proteins synthesized and secreted by rat 
blastocysts during normal pre-implantation stages 
of development. The pH gradient and molecular 
weight values are indicated at the margins. 
Numbers designating the proteins are arbitrary. 

Blastocysts were collected at 03.00 h day 5. 
The sample shown here contained approximately 
2,000 cpm of TCA precipitable materials, and 
only one spot is observed in this 
figure. 

Blastocysts were collected at 18.00 h day 5. 
The sample shown here contained approximately 
30,000 cpm of TCA precipitable materials; and 
there are over two dozen protein spots on 
this fluorograph. 
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Figure 4.5. A comparison of amounts of rat protein #6 and 
total TCA precipitable radioactivity during 
normal pre-implantation stages of 
development. Amounts of radioactivity in rat 
protein #6 ( • — ) were calculated as described 
in Materials and Methods; total radioactivity 
( D—) is the same as shown in Figure 4.3; 
variances do not appear in this figure for 
clarity. 
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Mouse 

Changes in the overall rates of accumulation of secreted 

proteins are presented in Figure 4.6. The rate of 

accumulation of TCA precipitable radioactivity in proteins 

generally increased between 12.00 h day 4 to 12.00 h day 5 

then appeared to decreased slightly. A transient decrease was 

also observed at 06.00 h day 5 resulting in two peaks. 

Separation of the secreted proteins by 2D-PAGE and 

fluorography revealed that the complexity of the array of 

mouse proteins increased from two spots at 12.00 h day 4 

(Figure 4.7a) to more than twenty by 12.00 h day 5 (Figure 

4.7b). Instead of one major labeled protein seen in the case 

of rats, there were three proteins produced by mouse 

blastocysts which accounted for significant amounts of 

radioactivity. Two of them were the first to appear on 

fluorographs (i.e., at 12.00 h day 4) and they were 

designated as #2 (35-37 kDa, pi 5.4-5.6) and #3 (35 kDa, pi 

5.3) (Figure 4.7a). Amounts of radioactivity contained in 

those two proteins ranged from 1000 to 8000 cpm and from 251 

to 5600 cpm respectively (Figure 4.8) and they accounted for 

the majority of radioactivity (#2, 40-76%; #3, 10-62%) 

throughout the normal pre-implantation stages of development. 

Protein #2 generally followed the overall changes in rates of 

protein production; that is, it increased from 12.00 h day 4 

to 12.00 h day 5 and decreased slightly in the following 6 

hs. Protein #3 peaked at 00.00 h day 5, dropped at 06.00 h 

day 5 and remained low thereafter. The drop in protein #3 
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Figure 4.6. Changes in the rates of overall production 
of proteins by mouse blastocysts during 
normal pre-implantation stages of 
development. Each point in this figure is 
the average of 3-5 replicates (± s.e.m.). 
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I^E. 

Figure 4.7 Fluorographs of ^^S-methionine labeled 
proteins synthesized and secreted by mouse 
blastocysts during normal pre-implantation stages 
of development. The pH gradient and molecular 
weight values are indicated at the margins. 
Numbering system in this figure is adopted from 
Nieder et al. (1987). 

Blastocysts were collected at 12.00 h day 4. 
The sample shown here contained approximately 
2,000 cpm of TCA precipitable materials, and 
there are two spots observed in this figure. 

Blastocysts were collected at 12.00 h day 5. 
The sample shown here contained approximately 
12,000 cpm of TCA precipitable materials; and 
there are more than twenty protein spots on 
this fluorograph. 
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Figure 4.8. A comparison of amounts of mouse proteins 
#1, #2 and #3 and total TCA precipitable 
radioactivity during the normal pre
implantation stages of development. 
Amounts of radioactivity in proteins 
#1 ( * ), #2 ( •—) and #3 ( o ) 
were calculated as described in Materials 
and Methods; total radioactivity ( ca ) 
is the same as shown in Figure 4.6; 
variances do not appear in this figure for 
clarity. 
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observed at 06.00 h day 5 appeared to be responsible for the 

transient decrease in total production of proteins at that 

time . 

A third protein (#1: 69 kDa, pi 5.4-5.6) also accounted 

for a significant amount of radioactivity (representing 5-7%; 

see Figure 4.8); it first appeared at 18.00 h day 4 and its 

production peaked at 12.00 h day 5. 

Discussion 

The present results demonstrate that the overall rates 

of production of secreted proteins by pre-implantation rat 

embryos increase markedly during the 24 h preceding 

implantation. A generally similar pattern was observed with 

mouse embryos. Because production of these proteins increases 

abruptly at about the time of appearance of uterine 

sensitivity (Rats: De Feo 1963; see Figure 4.5) and the 

increase in uterine vascular permeability (Mice: Finn and 

McLaren 1967; Finn 1977; see Figure 4.8), it is suggested 

that there is a functional link between the proteins and 

initiation of the processes of decidualization and 

implantation. The finding in both species that a single 

protein (i.e., #6 in rat and #2 in mouse) accounted for the 

majority of incorporated label indicates that 

pre-implantation rodent embryos, like those of large domestic 

animals, focus their efforts on producing major amounts of a 

single specific secreted protein as they prepare to initiate 
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the process of implantation. Furthermore, they have similar 

calculated molecular weights (35-37 kDa) and isoelectric 

points (5.4-5.6), suggesting that they are similar molecules. 

The purpose of the present experiment was to determine 

whether changes in the patterns of production of individual 

secreted proteins by embryos of rats and mice could be 

detected that would identify candidates for the role of 

implantation related embryonic signaling factors in rodents. 

2D-PAGE is a powerful technique in such a study because it 

can separate individual proteins in a complex sample 

according to both their molecular weights and isoelectric 

points. Furthermore, by combining 2D-PAGE with labeling by 

incorporation of radioactive amino acids and fluorography, it 

is possible to detect minute amounts of the proteins. In 

addition, after exposure of 2D-PAGE gels to x-ray films, the 

relative amounts of radioactivity in a given protein of 

interest can be quantitated from the optical density of the 

corresponding spot. Because the amount of a given amino acid 

is constant in the protein of interest, it is possible to 

assess relative changes in amounts of that protein over time 

or under different experimental conditions from changes in 

the amounts of incorporated label. This is essential in 

searching for proteins that have particular patterns of 

production as was done here. Although 2D-PAGE is well-suited 

for our experiments, it has limitations. First, because 

detectability is limited to those proteins labeled with a 
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particular radioactive amino acid, it is possible that a 

peptide containing only a few copies of that amino acid will 

not be detected. A second difficulty, really an extension of 

the first problem, is that one cannot determine absolute 

amounts of individual proteins from the level of labeling 

unless the amino acid sequence is known (i.e., the number of 

copies of the amino acid) and the specific activity of the 

intracellular amino acid pool has been determined. In most 

cases, the latter information is not available and one is 

left with the assumption that the protein of interest has an 

"average" amount of the amino acid and therefore that greater 

amounts of label are associated with greater amounts of 

proteins. However, it must be emphasized that no absolute 

statements can be made regarding the molar mass amounts of 

different proteins; that is, it is always possible that a 

relatively large amount of one protein may be associated with 

small amounts of radioactivity if it has unusual number of 

copies of the amino acid used in labeling. This is also 

relevant to our claim that a given protein is the "first" to 

be produced, what this actually means that it is the first to 

be observed by this method. Regardless of these limitations, 

2D-PAGE is a very useful technique for examining proteins 

within complex mixtures, such as those produced by rodent 

embryos, and it does provide useful information about changes 

in relative amounts of individual proteins. 
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other studies aimed at analysis of proteins synthesized 

and secreted by pre-implantation mouse embryos have been 

reported by Nieder (1990) and at least two findings conflict 

with the present results. First, a major point in that work 

was the claim that a protein of molecular weight 69 kDa and 

pi 6.8 was the "first" to be produced by mouse blastocysts 

(i.e., at 10.00 h day 4). However, because BSA was used as 

the macromolecular osmotic buffer in that study, the protein 

described is actually an artifact due to the spurious 

labeling of BSA with 35s-methionine (see Chapter III). In 

fact, proteins #2 and #3 are the first authentic embryonic 

proteins to appear (i.e., at 12.00 h day 4); an authentic 

embryonic protein does appear on the gels at about the same 

place as BSA, but it is not observed until 18.00 h on day 4 

(i.e., protein #1). The potential for an artifact caused by 

interaction between BSA and ^^S-methionine has not generally 

been appreciated by investigators in this field and hopefully 

the present results will alert others to this problem. A 

second conflict between the results reported by Nieder (1990) 

and the present work has to do with proteins at molecular 

weight 35-37 kDa and pi 5.3-5.6 (i.e., #2 and #3; see Figure 

4.4). After subjective evaluation, Nieder concluded that "two 

adjacent protein spots were always produced in constant 

proportion" and that they decrease in amount from late day 4 

to early day 5 of pregnancy. However, as can be seen in 

Figure 4.8, proteins #2 and #3 are regulated independently 

102 



and although it is true that the combined amount of these 

proteins decreases between days 4 and 5, this is mainly due 

to a sharp drop in the amount of protein #3 (i.e., at 0 6.00 h 

day 5). By contrast, amounts of protein #2 were steadily 

increasing during this time. Nieder's failure to appreciate 

the differential regulation of these two proteins led to his 

conclusion that protein #2 was decreasing in amount at the 

time of implantation and therefore that it was not likely to 

be important in that process. The present results suggest 

just the opposite. 

Among the complex array of proteins secreted by rat and 

mouse blastocysts, the majority of radioactivity was found to 

be associated with single proteins (i.e., rat protein #6 and 

mouse protein #2) . Although the absolute amounts of these 

proteins cannot be determined from the level of labeling with 

^^S-methionine, the fact that they contain far and away the 

most label distinguished them from the other proteins and 

suggested that they are the major secreted products of 

blastocysts. 

It has been possible to identify some extracellular 

proteins produced by pre-implantation mouse embryos by means 

of histochemistry, for example, fibronectin (Wartiovaara et 

al. 1979; 220 kDa); laminin (Leivo et al. 1980; 55 and 130 

kDa); and collagen (Leivo et al. 1980; 185 and 175 kDa). We 

did not find proteins corresponding to these molecular 

weights in our fluorographs of ECM, possibly because the 
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extracellular matrix molecules are present between cells but 

are not in the secretions. Several growth factors, including 

TGF-a (18-20 kDa), TGF-Pl (25 kDa), and PDGF (30 kDa), have 

also been identified in mouse blastocysts by means of 

immunochemistry (Rappolee et al. 1989). Molecular weights of 

mouse proteins #5 and #6 are in the 18-19 kDa range which is 

similar to that for TGF-a, and protein #4 is 25 kDa which is 

similar to TGF-pl. Several matrix-degrading proteinases or 

related factors, including gelatinase (85 kDa), collagenase 

(50 kDa), stromolysin (Brenner et al. 1989; 50 kDa) and 

plasminogen activators (Strickland et al. 1976; 50-70 kDa) 

have been detected in medium conditioned by mouse blastocysts 

by means of functional assays. Among these proteinases, 

collagenase and stromolysin are similar in size to proteins 

#21 and #22 (49 kDa) on fluorographs of ECM. However, it must 

be emphasized that although several of these known proteins 

have electrophoretic properties similar to proteins detected 

in the present study, and thus that we may have clues to 

their identity, there is no evidence to show that the 

proteins observed in this study actually represent those 

proteins. More disappointing perhaps is the fact that none of 

the recognized proteins match molecular weights of rat 

protein #6 and mouse protein #2 (i.e., 35-37 kDa), and thus 

we do not even have a clue to their identity at this point. 
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The most straightforward way to identify the protei.'̂ .s 

would be to determine their amino acid sequences, or to raise 

antibodies and pull out the genes from an expression library 

as was done with oTP-1 (Imakawa et al. 1989). However, to 

perform the amino acid sequencing, about 0.1-1 nmole of a 

purified protein is required (Gautam et al. 1989). The 

minimal amount of protein that will elicit an adequate immune 

response to produce antibodies may be in the microgram range, 

but the smallest amounts associated with successful 

immunization after recovery from 2D-PAGE gels is reported to 

be 10 îg (Dunbar 1987) . Unfortunately, I estimated that more 

than 100,000 embryos would be required to obtain enough 

material for such procedures and thus, it is not practical. 

Although rat protein #6 and mouse protein #2 are not 

identical to the proteins oTP-1 and bTP-1 of sheep and cows, 

the finding that major efforts are expended by rodent embryos 

to produce these similar proteins just before blastocyst 

attachment indicates that they are important factors in the 

biology of implantation and they become the principle 

candidates for a role in embryonic signaling. 
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CHAPTER V 

A COMPARISON OF THE PATTERN OF PROTEINS 

SYNTHESIZED AND SECRETED BY RAT AND 

MOUSE BLASTOCYSTS DURING THE 

DORMANT AND REACTIVATION 

PHASES ASSOCIATED WITH 

DELAYED IMPLANTATION 

Introduction 

Rat protein #6 and mouse protein #2 are the major 

labeled proteins synthesized and secreted by blastocysts 

during normal pre-implantation stages of development. That 

they are produced just before embryo attachment suggests that 

they play a role in this process. If they are important for 

implantation, it would be expected that they are negatively 

regulated during the dormant phase of delayed implantation 

and positively regulated at reactivation. This possibility 

prompted us to examine the pattern of changes in production 

of the individual proteins during the dormant and 

reactivation phases associated with delayed implantation. 

Materials and Methods 

Preparation of Animals 

Pregnant rats were prepared as described previously. 

Those animals to be used as donors of dormant (delayed 

implanting) blastocysts were ovariectomized bilaterally on 

the afternoon of day 3 of pregnancy and injected daily with 
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progesterone (2.0 mg/day s.c. in 0.1 ml sesame oil; Prasad 

and Mohla 1971); they were killed at 00.00 h day 5 or 12.00 h 

on days 5, 6, 8 or 10 (Figure 5.1a). Animals to be used as 

donors of reactivated embryos were treated similarly but were 

given an injection of estradiol-17p (1 |ig s.c. in 0.1 ml 

sesame oil; Mohla and Prasad 1971) along with progesterone on 

day 10 to reactivate the embryos; they were killed at 

intervals of 6 h thereafter (Figure 5.1b). 

Pregnant mice were prepared as described previously and 

those to be used as donors of dormant (delayed implanting) 

blastocysts were ovariectomized bilaterally in the afternoon 

on day 3 of pregnancy and injected daily with progesterone 

(2.0 mg/day s.c. in 0.1 ml sesame oil; Nieder et al. 1987); 

they were killed at noon on days 4, 5, 6, 7, 8 or 9 (Figure 

5.2a). Animals to be used as donors of reactivated 

blastocysts were treated similarly but were given an 

injection of estradiol-17p (25 ng s.c. in 0.1 ml sesame oil) 

along with progesterone on day 9 and killed at intervals of 6 

h thereafter (Figure 5.2b). It was found that embryos of rats 

and mice became difficult to flush from the uteri 

approximately 30 h after reactivation with estrogen and this 

was considered to be an indication of embryo attachment and 

implantation in both species and marked the latest stage at 

which embryos could be recovered. 
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Figure 5.1. Schedule for collecting rat blastocysts 
during delayed implantation. 

a. Rat blastocysts were collected during the 
dormant phase (i.e., at noon of days 5, 6, 8 
or 10). 

b. Rat blastocysts were collected during the 
reactivation phase (i.e., at intervals of 6 h 
between 0 and 24 h after estrogen). 
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Figure 5.2. Schedule for collecting mouse blastocysts 
during delayed implantation. 

a. Mouse blastocysts were collected during the 
dormant phase (i.e., at noon of days 4, 5, 6, 
7 or 8). 

b. Mouse blastocysts were collected during the 
reactivation phase (i.e., at intervals of 6 h 
between 0 and 24 h after estrogen). 

109 



Preparation of ECM and Analysis of 
Fluorographs 

ECM and fluorographs were prepared and quantitation was 

performed with the Visage 2000 as described above. 

Results 

Changes in the Overall Rates of Synthesis 
and Secretion of Proteins by Rat 

and Mouse Embryos During 
Delayed Implantation 

Rat 

The rates of accumulation of secreted proteins increased 

slightly from 00.00 h day 5 to 12.00 h day 8 as embryos 

entered the dormant phase and were maintained at low levels 

until reactivation (Figure 5.3). There were only a few 

proteins (i.e., #3, #6 and #9 ; Figure 5.4a) produced during 

the dormant phase of delayed implantation but the complexity 

of the pattern increased with reactivation. In addition, the 

qualitative pattern of proteins synthesized and secreted by 

the blastocysts during reactivation resembled that observed 

during the normal pre-implantation stages of development 

(compare Figures 4.4b and 5.4b). 

Analysis with the Visage 2000 revealed that protein #6 

contained the majority of radioactivity during the dormant 

(91-93 %; Figure 5.5a) and reactivation (77-96 %; Figure 

5.5b) phases of delayed implantation. In addition, the 

pattern of quantitative changes with reactivation was the 

same as that observed with normal implantation (compare 

Figures 4.5 and 5.5a). 
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Figure 5.4. Fluorographs of ^^S-methionine labeled 
proteins synthesized and secreted by rat 
blastocysts during phases of delayed 
implantation. The pH gradient and molecular 
weight values are indicated at the margins. 
Numbers designating the proteins are arbitrary. 

a. Blastocysts were collected at 12.00 h day 8 of 
the dormant phase. The sample shown here 
contained approximately 17,000 cpm of TCA 
precipitable materials, and there are three 
protein spots on this fluorograph. 

b. Blastocysts were collected 18 hours after 
reactivation. The sample shown here contained 
approximately 41,000 cpm of TCA precipitable 
materials. Notice that the pattern of proteins 
is similar to that on Figure 4.4. 
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Figure 5.5. A comparison of amounts of radioactivity in rat 
protein #6 and total TCA precipitable 
radioactivity during the phases of delayed 
implantation. 
Amount of rat protein #6 ( • — ) during 
(a) the dormant and (b) the reactivation phases 
was calculated as indicated before; the values for 
total radioactivity ( D — ) are the same as in 
Figure 5.3 and the variances do not appear in 
this figure for clarity. 
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Mouse 

The overall rate of production of proteins by mouse 

blastocysts increased between 12.00 h day 4 and 12.00 h day 5 

(Figure 5.6); this level was maintained for at least 24 h 

before dropping (i.e., on days 7, 8 and 9) as the embryos 

entered the dormant phase of delayed implantation. Overall 

production of proteins increased after reactivation by an 

injection of estrogen. 

Separation of the secreted proteins by 2D-PAGE and 

fluorography revealed that proteins #1, #2 and #3 were the 

most prominent during dormant phase of delayed implantation 

(Figure 5.7a). Again, the complexity of the array of proteins 

increased with reactivation of the embryos and the 

qualitative pattern was found to be similar to that observed 

during the normal pre-implantation stages of development 

(compare Figures 4.7b and 5.7b). 

Proteins #1, #2 and #3 accounted for the majority of 

total radioactivity during dormant phase of delayed 

implantation (i.e., #1: 9-53%; #2: 22-85%; and #3: 7-30%; 

Figure 5.8a). Production of proteins #2 and #3 peaked at 

12.00 h day 5 and then dropped in the following days; whereas 

protein #1 showed a large increase on day 6 and then dropped. 

It appears that these differential changes are responsible 

for the plateau from day 5 to day 7 in overall protein 

production. 

After reactivation, proteins #1, #2 and #3 still 

accounted for the majority of radioactivity (i.e., #1: 
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Figure 5.6. Changes in the overall rates of synthesis and 
secretion of TCA precipitable proteins by mouse 
blastocysts during the dormant and reactivation 
phases of delayed implantation. Points in the 
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Figure 5.7. Fluorographs of ^^S-methionine labeled 
proteins synthesized and secreted by mouse 
blastocysts during phases of delayed 
implantation. The pH gradient and molecular 
weight values are indicated at the margins. 
Numbering system in this figure is adopted from 
Nieder et al. (1987). 

a. Blastocysts were collected at 12.00 h day 6 of 
the dormant phase. The sample shown here 
contained approximately 11,000 cpm of TCA 
precipitable materials. Notice that protein #1 
appears as a darker spot than proteins #2 and 
#3. 

b. Blastocysts were collected 18 hours after 
activation. The sample shown here contained 
approximately 6,500 cpm of TCA precipitable 
materials. 
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Figure 5.8. A comparison of amounts of radioactivity in 
mouse proteins #1, #2 and #3 and total TCA 
precipitable radioactivity during phases of 
delayed implantation. Amount of mouse 
protein #1 ( 1 ), #2 i—H— ) and #3 
( e ) during (a) the dormant and (b) the 
reactivated phases was calculated as indicated 
before; the values for total radioactivity 
( 0 ) are the same as in Figure 5.5 and the 
variances do not appear in this figure for 
clarity. 
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5-29%; #2: 37-65%; and #3: 8-32%; see Figure 5.8b). 

However, protein #2 contained the major amounts; its 

production generally followed the overall pattern of protein 

production and was similar to that observed during normal 

implantation although somewhat attenuated. It was interesting 

to observe that production of proteins #1 and #3 remained low 

after reactivation. 

Discussion 

Results of the present experiments demonstrate that 

production of protein #6 by rat embryos is relatively low 

during the dormant phase associated with delayed implantation 

and that it increases dramatically with reactivation of the 

embryos by estrogen, A generally similar pattern was observed 

with protein #2 and mouse embryos. In both cases, changes 

after reactivation are similar as those observed at the time 

of normal implantation on day 5. That production of these 

proteins is low so long as the blastocysts remain free in the 

uterine lumen, and increases only as they prepare to attach 

to the uterine wall, is strongly supportive of the earlier 

suggestion that they are involved in the process of 

implantation. 

The use of delayed implantation as an experimental model 

of implantation has been accepted widely because at least 

some of the processes that are essential for implantation can 

be manipulated experimentally. It is clear that whatever has 
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occurred in embryos during the dormant phase is not 

sufficient to achieve implantation; thus, one can assume that 

factors necessary for initiating implantation are either 

missing, or are below the effective level. However, when 

dormant embryos are reactivated by estrogen, those essential 

elements must appear because implantation occurs. The 

rationale for using this model in the present experiments was 

that, if rat protein #6 or mouse protein #2 are important for 

implantation, then their rates of production should be 

negatively correlated with the dormant phase of delayed 

implantation and positively correlated to the process of 

reactivation; indeed this is what was observed. One of the 

earliest markers of decidualization is an increase in uterine 

vascular permeability in endometrium adjacent to an embryo; 

it occurs approximately 16 h after the injection of estrogen 

in animals with delayed implantation (Finn and McLaren 1967; 

Finn 1977). Production of both rat protein #6 and mouse 

protein #2 have abrupt increases at this time (see Figures 

5.5 and 5.8) and the correlation between the increase in 

production of these proteins and the appearance of 

decidualization is quite remarkable. Conversely, although 

mouse proteins #1 and #3 also accounted for significant 

amounts of radioactivity and thus, may be considered as major 

products, whose pattern of production coincide with 

implantation in normal pregnancy, it did not follow the 

expected pattern with reactivation. Therefore, these proteins 
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do not appear to be strong candidates for an important role 

at the time of implantation. 

The production of mouse protein #2 increased during the 

early stage (i.e., days 4 and 5) of delayed implantation in a 

pattern that was almost identical to that observed during 

normal implantation. Because embryo implantation normally 

occurs at the end of day 5, failure to implant in delayed 

implantation is apparently not directly related to the level 

of protein #2, possibly the loss of uterine receptivity 

following removal of ovarian hormones is responsible. 

Although production of rat protein #6 increased slightly 

during day 5, it did not reach a level similar to that 

observed during normal implantation, and thus, its level is 

closely correlated to achieving implantation. The 

significance of that difference in rat protein #6 and mouse 

protein #2 is not clear, but may indicate that production of 

proteins during delayed implantation in rats is more easily 

modulated by uterine conditions, whereas intrinsic programs 

regulating the production of proteins in mice are more 

resistant to such factors. 

The temporal correlation between changes in production 

of rat protein #6 and mouse protein #2 and the initiation of 

the uterine reaction at implantation is compatible with an 

important role for these proteins in the process of 

implantation, and it is suggested that these very similar 
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proteins are the principal candidates for a role in embryonic 

signaling in rodents. 
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CHAPTER VI 

A COMPARISON OF ELECTROPHORETIC 

CHARACTERISTICS OF THE MAJOR 

LABELED PROTEINS PRODUCED 

BY RAT AND MOUSE EMBRYOS 

DURING PERI-IMPLANTATION 

STAGES OF DEVELOPMENT 

Introduction 

In the preceding experiments, the patterns of synthesis 

and secretion of proteins by rat and mouse blastocysts were 

examined during the normal pre-implantation phase of 

pregnancy as well as during delayed implantation. It was 

found that rat blastocysts produce a protein (i.e., #6) which 

accounted for the majority of incorporated radioactivity and 

which is similar in molecular weight and isoelectric point to 

the major radiolabeled protein (i.e., #2) synthesized and 

secreted by mouse blastocysts. However, because of 

variability from one 2D-PAGE gel to another, it can be argued 

that the match in calculated molecular weight and isoelectric 

point is not precise. Therefore, the present experiments were 

undertaken to make further comparisons of their 

electrophoretic characteristics by means of dual labeling and 

simultaneous electrophoresis. 
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Materials and Methods 

Rat blastocysts were recovered at 18.00 h day on 5 and 

incubated with -^^S-methionine as described above. Mouse 

blastocysts were recovered at 12.00 h on day 5 and were 

incubated with ^H-methionine (specific activity: 85 Ci/mmol; 

Amersham). Samples of secreted proteins labeled with each 

isotope were mixed together and electrophoresed 

simultaneously by 2D-PAGE and processed for fluorography. 

Only the proteins labeled with -^^S-methionine appeared on 

fluorographs after exposures of 2 weeks because of the higher 

energy of ^^S-methionine. Fluorographs were used to locate 

the appropriate radioactive spots on the gels and these areas 

were cut out. The fragments were placed in scintillation 

vials, rehydrated with water (400 |il) , and incubated with 

tissue solubilizer (Protosol, New England Nuclear; 1.0 ml) at 

room temperature for 24 h. Glacial acetic acid (200 |il) and 

scintillation cocktail (10 ml; Ready-Solv HP, Beckman, 

Fullerton, CA) were added and the piece of gel was fragmented 

with a tissue homogenizer at full speed for 1 minute. The 

amounts of ^H and -̂ Ŝ in the individual spots were then 

determined with a Beckman LS 6800 scintillation counter using 

a dual label program, and the amount of radioactivity for 

each protein spot was normalized to the total on the gel. The 

reverse experiment was also done using mouse embryos 

incubated with -^^S-methionine and rat embryos with ^H-

methionine; each experiment was repeated three times. 
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Results 

Distribution of the two isotopes after electrophoresis 

is shown in Table 6,1. It was found that the majority of the 

radioactivity from both isotopes was confined to the spot 

corresponding to rat ^^S labeled #6; a similar result was 

found in the reverse experiment; that is, the majority of the 

radioactivity from both isotopes was confined to the spot 

corresponding to mouse ^^S labeled protein #2. The slight 

differences in amounts of radioactivity contained in rat 

protein #6 labeled with the two isotopes (i.e., 82.3% with 

•^^S and 72.5% with ^H) were not significantly different (X^ = 

1.19; p > 0.1). Similarly the differences observed in mouse 

protein #2 (i.e., 81,1% with ^^S and 74.2% with ^H) , were not 

significantly different (X^ = 0.51; p > 0.1). 

Discussion 

Results of the present experiments demonstrate that the 

major labeled proteins synthesized and secreted by 

blastocysts of rats and mice have identical electrophoretic 

characteristics , 

Dual labeling and simultaneous electrophoresis are 

powerful tools in demonstrating the similarity in 

electrophoretic characteristics of two proteins from 

different sources. In the present experiment, ECM of rats and 

mice were labeled with 35s and ^H-methionine respectively, and 

they were then applied to 2D-PAGE simultaneously. Because 

they are labeled with isotopes of distinct energy ranges, 
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distribution of the protein in a certain spot on 2D-PAGE can 

easily be determined by scintillation counting. If two 

proteins from different sources have identical molecular 

weights and pi's, they will co-migrate to the same spot and 

thus, that spot should contain both isotopes. However, 

because the area of interest on the gels was determined 

according to the higher energy image on x-ray film, one could 

argue that that area covers more than one protein labeled by 

the other (lower-energy) isotope. This problem was overcome 

with the experiment in which the isotopes were switched. Both 

experiments were performed and the results are consistent in 

indicating that the majority of radioactivity from both 

isotopes was localized to one spot (i.e., rat protein #6 and 

mouse protein #2). Therefore, it is concluded that these 

proteins have identical molecular weights and isoelectric 

points and thus, they are similar, or identical proteins. 
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CHAPTER VII 

A COMPARISON OF PEPTIDE COMPOSITION OF 

THE MAJOR LABELED PROTEINS PRODUCED 

BY RAT AND MOUSE BLASTOCYSTS IN 

PERI-IMPLANTATION STAGES OF 

DEVELOPMENT 

Introduction 

In the preceding experiments, it was found in rats that 

production of a major secreted protein (#6) was temporally 

correlated to the process of implantation. Furthermore, rat 

protein #6 is identical in molecular weight and isoelectric 

point to the major radiolabeled protein synthesized and 

secreted by mouse blastocysts (protein #2). The major protein 

secreted by blastocysts of sheep and cows responsible for 

embryonic signaling is highly conserved, and one question 

that may be asked is whether a similar situation occurs in 

rodents. Therefore, the present experiments were undertaken 

to make further comparisons of these two proteins by means of 

peptide mapping. 

Materials and Methods 

Elution of Proteins From 
Polyacrylamide Gels 

In order to accumulate relatively large quantities of 

labeled protein for digestion, 30-50 rat blastocysts were 

collected at 18.00 h on day 5 or 90-100 mouse blastocysts 
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were collected at 12.00 h on day 5 of normal pregnancy and 

ECM were prepared as previously described. Each ECM 

sample was mixed with an equal volume of 2X sample buffer, 

boiled for 5 minutes and applied separately to a 10-18% 

gradient SDS one-dimensional polyacrylamide gel 

electrophoresis (ID-PAGE), Radioactive molecular weight 

standards (^^C-protein mix; Amersham) were also run on each 

gel. The gels were dried after electrophoresis without 

fixation or adding fluor; they were exposed to x-ray film for 

a week at -70*̂ C. The band of interest was cut from each gel 

according to the position of its image on x-ray film and the 

protein was then eluted electrophoretically with a 

Centriluter tube (Amicon, Beverly, MA). Because mouse 

proteins # 2 and #3 were similar in molecular weight (i.e., 

35-37 kDa), the band cut out from gels of mouse ECM contained 

both proteins. The excised band was sliced into small pieces 

with a razor blade and transferred to a 0.5 ml microfuge 

tube. The tube was punctured on the top and the bottom with a 

needle and inserted into a Centricon-10 sample reservoir 

which is a cylinder-shaped tube having a dialysis membrane 

(molecular weight cutoff of 10 kDa) attached; and proteins 

were electrophoretically eluted from gel fragments at 2 mA 

per sample for 2 h (Ihara et al. 1987). The eluates in the 

reservoirs were concentrated by centrifugation in a fixed-

angle rotor (JA-20; Beckman) at 6,000 rpm for 2 h; the 

concentrated sample was then recovered. Typically more than 
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90% of radioactivity in a single band was recovered by this 

method. In addition to rat protein #6 and mouse proteins #2 

and #3, a third protein produced by mouse blastocysts 

(molecular weight 92,5 kDa) was also eluted similarly and 

used as an control in the peptide mapping experiments. 

The Use of Glycosidases and Protease 

Because the presence of carbohydrate side chains may 

dramatically alter the susceptibility of proteins to 

enzymatic cleavage (Dunbar et al. 1986), these embryonic 

proteins were typically pretreated with glycosidases to 

remove as much sugar from the core protein as possible before 

being treated with protease. Before the digestion of 

embryonic proteins by glycosidases and protease could be 

undertaken, it was necessary to establish appropriate 

conditions for the incubations. The plasma protein fetuin is 

a glycoprotein with all three of the common polysaccharides 

(i.e., sialic acid, N- and 0-linked polysaccharides), and 

was selected as the test molecule for establishing the 

reaction conditions (i.e., for nuraminidase, N- and 0-

glycosidase; Boehringer Mannheim, Indianapolis, IN). Ten 

micrograms of fetuin was first boiled in 10 }ll of 1% SDS 

solution for 2 minutes; mixed with 90 |Il of denaturation 

buffer containing 20 mM sodium phosphate buffer, 10 mM azide, 

50 mM EDTA and 0.5% NP-40 and boiled for another 2 minutes. 

After cooling on ice, various concentrations of glycosidases 
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were added into separate samples of fetuin and incubated for 

various times at 37^0. After incubation, the samples were 

applied to 10% polyacrylamide gels and stained by 0.5 mg ml 

Coomassie brilliant blue for 30 minutes (destained with 0.7% 

acetic acid overnight). The results are shown in Figure 7.1. 

It was found that incubation with neuraminidase, 

N-glycosidase and 0-glycosidase (at concentrations of 2.0 x 

10-3 mU/^ll, 0.1 U/^1 and 0.25 mU/̂ il, respectively) for 5 h 

resulted in complete digestion; i.e., more prolonged 

incubations did not change the molecular weights of the 

digestive bands. These concentrations and incubations then 

were utilized for the experiments with embryonic proteins. 

Similarly, the conditions for S. aureus V8 protease 

(Sigma) were determined by using BSA as the test substrate. 

Ten microliters of 1 mg/ml of BSA were mixed with 90 |J.l of 1% 

SDS solution and boiled for 2 minutes. After cooling on ice, 

various concentrations of V8 protease were added to separate 

samples of BSA and incubated for different lengths of time 

(Figure 7.2). After incubation the samples were applied on 

10% polyacrylamide gels and stained with by 0.5 mg/ml 

Coomassie Blue and destained as described earlier. It was 

found that V8 protease at a concentration of 0.02 M-g/jil for 

10 minutes established a pattern having a clear peptide 

ladder and longer incubation did not significantly alter the 

pattern. In addition, when this experiment was repeated but a 

10-18% gradient polyacrylamide gel was used to analyze the 
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digests (see Figure 7.2b), the resolution of those ladders 

for BSA was better than using a 10% gel. Because minute 

amounts of embryonic proteins were recovered and in order to 

prevent over-digestion, 10 minutes was selected for the 

length of protease reaction. Therefore, V8 protease was used 

at a concentration of 0.02 M.g/|il for 10 minutes and the 

resulting samples were applied to 10-18% gradient 

polyacrylamide gels. 

Deglycosylation of Embryonic 
Proteins And Peptide Mapping 

All glycosidases, neuraminidase, N-glycosidase F and O-

glycosidase (final concentrations: 2.0 x 10"^ mU/^ll, 0.1 U/|Il 

and 0.25 mU/|il, respectively), were first added to samples 

containing rat protein #6, mouse proteins #2 and #3, or the 

control embryonic protein at 37'̂ C for 5 h to remove terminal 

sialic acid, N- and 0-linked oligosaccharides from core 

proteins. The S. aureus V8 protease (final concentration: 

0.02 |j.g/|j.l) was then added to the mix for 10 minutes at 31^C. 

Each sample was mixed with equal volume of 2X sample buffer 

and peptide fragments separated by ID-PAGE on a 10-18% 

gradient gel; the fluorography was performed as described 

previously. 

137 



Results 

Results of glycosidase and protease digestion of 

embryonic proteins are shown in Figure 7.3. After treatment 

with glycosidases, mouse proteins #2 and #3 (lane 2) and rat 

protein #6 (lane 4) are both reduced about 2 kDa in molecular 

weight, indicating that they are glycoproteins. Digestion of 

rat protein #6 by glycosidases followed by V8 protease 

resulted in seven distinct bands (lane 6; arrowheads); an 

additional band was found after 90 days exposure (lane 6' 

indicated by the arrow). Digestion of mouse #2 and #3 by 

glycosidases and V8 protease resulted in ten bands (lane 5); 

the broad band located at about molecular weight 35 kDa is 

the deglycosylated but undigested mouse proteins #2 and #3. 

All 8 bands in the rat lane corresponded with bands in mouse 

lane 5. 

The pattern of bands for the control embryonic protein 

(lane 7) is completely different from those in lanes 5 and 6, 

indicating that the peptide maps for mouse proteins #2 and #3 

and rat protein #6 are specific. 

Discussion 

Results of the present experiments demonstrate that the 

major labeled proteins synthesized and secreted by pre

implantation blastocysts of rats and mice are highly 

homologous. This suggests that this protein is highly 

conserved in these two species. 
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For a definitive comparison between the two proteins, 

amino acid sequencing would be ideal. However, about 0.1-1 

nmole of purified protein is required for amino acid 

sequencing and that means 35-37 îg of the individual 

embryonic proteins would be required. Unfortunately, rat 

protein #6 and mouse protein #2 are present in ECM in minute 

amounts; i.e., they cannot be visualized on the gels 

containing ECM produced by 100 blastocysts even when stained 

by silver (i.e., nanogram range). I estimated that it would 

require more than 100,000 embryos (i.e., up to 10,000 female 

animals) to obtain enough material for sequencing and thus, 

the experiment is not feasible. Alternatively, it was decided 

to use the method of peptide mapping to examine the 

composition of these two proteins. 

Peptide mapping was initially developed by Cleveland et 

al. (1977) and has been used widely in examining the homology 

between proteins. This method is based on the idea that a 

given protease will cleave a protein preferentially between 

specific amino acids and thus, the resulting digestive 

fragments of various lengths will show a unique ladder 

pattern after electrophoresis in one-dimension. The more 

similar the peptide maps of two proteins are, the higher the 

degree of homology. One caveat is that over-exposure of a 

target protein may cause over-digestion in which case the 

target protein will be broken into very small fragments and 

may run completely off the gel. In the present study, this 
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potential problem was avoided by determining conditions for 

protease digestion that led to a stable pattern with a known 

protein. 

One problem that could not easily be overcome in this 

work was that there are two mouse proteins at the 37 kDa 

level (i.e., #2 and #3); because they co-migrate in ID-PAGE, 

both were eluted and digested. On the other hand, protein #6 

from rat embryos was the only one at the 37 kDa level and 

there was no problem in isolating it. If mouse protein #2 is 

similar to rat protein #6, then there should be similar 

digestive bands in the mouse and rat lanes, although there 

should be extra bands derived from protein #3 in the mouse 

lane. The present results revealed that all 8 bands of rat 

protein #6 correspond to 8 of 10 bands in the mouse lane 

(Figure 7.3); the two additional bands in the mouse lane 

presumably being from digestion of protein #3. According to 

Calvert and Gratzer (1978), the probability of a chance match 

up of 7-8 bands in such a peptide map is astronomically low 

(about 1 in 1-2 x 10""̂ ) . Therefore, we conclude that rat 

protein #6 and mouse protein #2 are highly homologous and 

thus, that this protein is strongly conserved in rats and 

mice. This is compatible with an important fundamental role 

for this protein in the process of implantation. 
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CHAPTER VIII 

SUMMARY 

These experiments were undertaken to examine the pattern 

of individual secreted proteins by pre-implantation embryos 

of rats and mice. It was observed, as expected, that embryos 

of both species synthesize and secrete complex arrays of 

stage-specific proteins and that they appear to be 

individually regulated. Furthermore, it was found, again in 

both species, that throughout the pre-implantation period a 

single protein accounted for the majority of the incorporated 

label. Interestingly, the major secreted product of the 

blastocysts was also the first of all the proteins to appear 

(i.e., 24-30 h before implantation), the increase in its 

production coincides with initiation of the decidual reaction 

and was markedly reduced during the dormant phase associated 

with delayed implantation. This situation is reminiscent of 

that in large domestic animals where the known signal 

proteins (i.e., oTP-1 and bTP-1) are the first to appear, are 

the major proteins produced throughout the pre-implantation 

period and increased at the time of maternal recognition of 

pregnancy. The additional finding that the major protein 

product of rat embryos was highly homologous with the 

corresponding protein from mice was unexpected. This latter 

observation indicates that this protein has been strongly 

conserved in these two species and thus, suggests that it has 

a fundamental role at the time of implantation. 
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Several new observations were made during the course of 

this work (see below), and it was possible to identify the 

35-37 kDa secreted protein as the primary candidate for a 

role in embryonic signaling in rodents. However, it is 

disappointing that because of the minute amount of material 

available more definitive experiments on the protein molecule 

are not currently feasible. As more sophisticated and 

sensitive methods become available for determining the 

structure and function of proteins, it is hoped that 

attention will be refocused to this 35-37 kDa protein and its 

role in implantation will be elucidated. 

Previously unknown facts about pre-implantation rat 

embryos: 

(1) The blastocysts synthesize and secrete a complex 

array of stage specific proteins in the immediate 

peri-implantation stages of development. 

(2) Protein #6 (35-37 kDa, pi 5.4-5.6) is the first to 

appear and contains the majority of incorporated 

radioactivity (> 83%) during the entire pre

implantation phase of development. 

(3) Production of protein #6 increases at about the time 

of the appearance of uterine sensitivity during the 

normal pre-implantation period (i.e., noon of day 5). 

(4) Production of protein #6 remains low during the 

dormant phase of delayed implantation. 

(5) A dramatic increase in production of protein #6 
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occurs in response to reactivation of dormant embryos 

and corresponds to the onset of decidualization in 

delayed implantation. 

Results of these experiments confirm some earlier 

observations about secretion of proteins by pre-implantation 

mouse embryos and demonstrate several previously unknown 

facts: 

(1) The blastocysts synthesize and secrete a complex 

array of stage specific proteins in the immediate 

peri-implantation stages of development (previously 

shown by Nieder et al. 1987). 

(2) Proteins #2 (35-37 kDa, pi 5.4-5.6) and #3 (35 kDa, 

pi 5.3) are the first to appear and account for the 

majority of incorporated radioactivity (#2: 40-76%; 

#3: 10-62%) during the normal pre-implantation phase 

of development. A third protein (protein #1: 69 kDa, 

pi 5.4-5.6) appears later and also contains 

a significant amount of radioactivity (5-7%) . 

(3) Production of proteins #2 and #3 are increasing 

markedly at about the same time as the changes in 

uterine vascular permeability which leads to 

decidualization. 

(4) In delayed implantation, production of proteins #2 

and #3 peak at noon of day 5, and drop thereafter, 

whereas production of protein #1 peaks at noon of day 

6. All these proteins are produced in low amounts 
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during the prolonged dormant phase associated with 

delayed implantation. 

(5) A sharp increase in production of protein #2 occurs 

with reactivation of dormant embryos and corresponds 

to the initiation of decidualization. 

Results of the present experiments demonstrate some 

previously unknown facts about individual proteins secreted 

by pre-implantation embryos of rats and mice. Of those, the 

most important is the following: 

Rat protein #6 and mouse protein #2 have identical 

molecular weight and pi and are highly homologous in 

amino acid composition. 
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