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CPIAPTER I 

INTRODUCTION 

Implantation of the mammalian embryo into the uterine wall is a 

dynamic process that involves multiple steps beginning with adhesion of the 

blastocyst to uterine epithelium and ends with formation of a definitive 

placenta. Although details of implantation vary in different species, 

morphologically there are several features that appear to be common to many 

mammals including embryo attachment, penetration of the epithelium and 

invasion of the underlying endometrium, and formation of decidual tissue 

by the uterus (Weitlauf, 1988). Furthermore, in the species studied so far 

implantation occurs only during a narrow developmental "window" when 

the embryos have reached the expanded blastocyst stage and the uterus has 

undergone certain hormone-dependent changes which cause it to become 

receptive to the blastocyst. Thus, developmental synchronization of the 

embryo and uterus is necessary for implantation in mammals (Psychoyos, 

1973 and 1986). 

The availability of small amounts of material, the dynamic nature of 

implantation, and its complexity have made it difficult to study in toto. For 

this reason, most research has focused on those basic steps that can be easily 

described and defined such as embryo attachment, penetration of the 

epithelium, and the endocrine regulation of uterine receptivity. Research 

into development and implantation has been greatly aided by recent advances 

in the ability to culture pre- and peri-implantation embryos as well as 

monolayers of uterine epithelial cells in vitro. This approach has been quite 

successful and significant progress has been made over the last few years in 
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identifying specific components involved in embryo development and 

implantation (Weitlauf, 1988; Carson et al., 1990). 

Results from such studies led to the important finding that development 

of preimplantation embryos is due to an intrinsic program that begins with 

fertilization of the ovulated egg and ends with the production of a mature 

blastocyst that is competent to implant into a receptive uterus (Johnson et al., 

1984; Gilbert, 1988). Thus, the timing of development to the blastocyst stage is 

fixed by the embryo and does not require special factors from the mother. By 

contrast, it was observed that uterine factors are required for modulating 

development of post-blastocyst stage embryos and subsequent steps leading to 

attachment and implantation. Although the putative factors have not been 

identified, it is clear that their expression is dependent upon the same 

hormonal programming that leads to uterine receptivity since without the 

necessary hormones embryo development stops at the blastocyst stage and 

implantation does not occur until the proper hormones are supplied (Smith 

and Biggers, 1968; Psychoyos, 1976). It is also clear that the hormones do not 

work directly on the embryo to stimulate implantation but interact (directly) 

with the uterus which then sends the appropriate stimulatory signal that 

controls the program responsible for activation of the embryo and its 

subsequent attachment to the uterus. Although the precise events leading to 

activation of the embryo are not fully understood, it is evident that uterine 

signals can affect metabolic activity, the rate of cell division, and the 

expression of specific cell surface molecules all of which are necessary for 

attachment and implantation (Weitlauf, 1988). 

One important requirement of implantation is attachment and invasion 

of the embryo into the uterine wall. This process is thought to be facilitated 
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by surface molecules with adhesive properties and several candidates have 

been identified on peri-implantation mouse embryos (Carson et al., 1990). 

Furthermore, it is thought that hormone-dependent uterine signals play an 

important role in modulating these surface factors during the dormant phase 

associated with delayed implantation where it might be expected the 

expression of elements that are critical for attachment would be deferred or 

"masked" in some way until the signal for implantation is given. Results 

from those studies indicate that certain surface molecules are modulated in 

response to the signal for implantation. Thus, apparently the blastocyst is 

capable of modulating the expression of some surface molecules but not 

others in preparation for implantation. Such factors then become even 

stronger candidates for a role in embryo attachment and implantation. 

The present research project was prompted by the observation that mouse 

blastocysts become sensitive to lysis by certain batches of commercially 

prepared normal rabbit serum at about the expected time of implantation. 

The possibility that the surface factor is important for embryo attachment and 

implantation led us to investigate the ontogeny of sensitivity to lysis and the 

nature of the elements responsible for the lytic reaction. 



CHAPTER n 

REVIEW OF THE LITERATURE 

Overview of Preimplantation Embryo 
Development and Implantation 

Several lines of evidence indicate that development of mouse embryos to 

the blastocyst stage is the result of an intrinsic program that begins with 

fertilization of the ovulated egg (Johnson et al., 1984; Gilbert, 1988; Smith, 

1989). This idea is supported by the observation that fertilized oocyts can be 

cultured in vitro from the 1-cell to the blastocyst stage in a simple, chemically 

defined medium without serum (Biggers, 1971; Sellens and Sherman, 1980). 

Furthermore, development outside the uterine environment is not 

detrimental since cultured embryos produce viable offspring following 

transfer to synchronized foster mothers (Mclaren and Michie, 1956; Mclaren 

and Biggers, 1958; Psychoyos, 1973; Fischer, 1989). By contrast, development 

beyond the blastocyst stage and subsequent events leading to attachment and 

implantation require uterine factors which are regulated by maternal 

hormones. Although these factors are not well-defined, they are thought to 

be important for regulating temporal events such as the loss of the zona 

pellucida (ZP) and trophectoderm-uterine surface interactions both of which 

are necessary for attachment and implantation of embryos into the uterus 

(Mclaren, 1967 and 1970; Hoversland and Weitiauf, 1981). Hence, 

communication between the blastocyst and mother is imperative for 

implantation and requires complex surface interactions between 

trophectoderm and uterine epithelium. 



A brief overview of the major aspects of preimplantation embryo 

development as well as associated cell surface changes that facilitate 

implantation are included in the following pages. 

Mouse Preimplantation Embryo Development to 
the Blastocvst Stage is Regulated bv an Intrinsic 
Developmental Program 

Cleavage Development 

Fertilization of the vertebrate egg provides a stimulus that sets into action 

a series of complex programmed events which result in the initiation of DNA 

synthesis, mitosis, and the first cell division (Gilbert, 1988; Smith, 1989). This 

marks the beginning of cleavage development which in mammals is 

characterized by cell division with no net growth of the embryo and the 

process of compaction which separates the embryo into two distinct cell 

lineages, the inner cell mass (ICM) and trophectoderm. 

Cleavage development is a series of cell divisions and specific adhesive 

events that result in the generation and spatial orientation of the embryonic 

axis, i.e., the positioning of individual daughter cells (blastomeres) to the 

inside or outside of the embryo (Johnson et al., 1981; Gilbert, 1988). 

Establishment of the axis begins at the 8-cell stage when blastomeres begin to 

maximize cell surface contacts to form a compact ball. This process is referred 

to as compaction and is at least in part mediated by the cell adhesion molecule 

uvomorulin (Peyrieras et al., 1983). At the 16-cell stage, the embryo (referred 

to as a morula) separates into a small group of internal cells (1-2 cells) 

surrounded by a group of external cells (Barlow et al., 1972). It is at this stage 

that intercellular communication is established (i.e., gap junctions, Lo and 



Gilula, 1979) and zonular tight junctions develop between outside cells. This 

forms an impermeable outer epithelial layer which controls diffusion 

between inside and outside cells and serves as a protective barrier to the ICM. 

Thus, the embryo is partitioned into inner and outer cells and this is the first 

major differentiation event to occur during preimplantation development. 

The next major developmental event is blastulation. 

Blastulation 

At the 32-64 cell stage, the compacted embryo leaves the oviduct and 

enters the uterus where it undergoes blastulation. It is at this stage that the 

embryo forms a fluid-filled cavity (blastocoel) surrounded by a single layer of 

large flattened cells on the outside (trophectoderm) which form a hollow 

sphere and a group of smaller cells (the ICM) on the inside adjacent to the 

trophectoderm. The ICM of the blastocyst is committed to give rise to only 

those structures of the embryo proper, whereas the outer trophectoderm cells 

are destined to interact directly with uterine epithelium at the time of 

implantation and to give rise to extra-embryonic components (i.e., placenta 

and extra-embryonic membranes, Gilbert, 1988). That embryo compaction 

and blastulation proceed normally in vitro indicates an intrinsic program 

directs development to the blastocyst stage and that the mother does not affect 

the programmed series of events. 



Development of Post-blastocyst Stage Embryos 
and Implantation is Modulated by Extrinsic 
Mechanisms 

Delayed Implantation 

Development beyond the blastocyst stage requires critical factors from the 

uterus. This is most apparent in the natural situation known as embryonic 

diapause or delayed implantation. Two types have been described in 

marsupials and eutherian mammals. The first (obligatory delayed 

implantation) is a normal part of each reproductive cycle and results from 

changes in maternal homones which are regulated by complex 

neuroendocrine mechanisms and environmental cues such as photoperiod 

and temperature fluctuations. This type of delayed implantation is found in a 

wide range of species including roe deer, sable, seals, bears, and mustelids and 

is thought to have evolved to extend gestation so the species could occupy a 

wider range of habitats in a variety of seasonal environments (Heap et al., 

1979; Renfree and Calaby, 1981). 

The second form of delayed implantation (facultative) occurs when an 

intrauterine blastocyst coincides with suckling of a concurrent litter. This 

occurs in mice and rats mated at post-partum estrus and is stimulated by the 

suckling of the new-born young. Under these conditions embryos from the 

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

program of development is not affected) but they do not implant. Hence, 

embryo development arrests at the late blastocyst stage, metabolic activity 

decreases, cell division stops, and they remain suspended in the uterine 

lumen in a quiescent state (i.e., they do not die but are in diapause) for a few 

days or weeks until the suckling young are removed. Thus, it is apparent that 

post-blastocyst development is modulated during delayed implantation 



whereas early stages of development are not (Heap et al., 1979; Renfree and 

Calaby, 1981). 

Delayed implantation can also be induced experimentally in mice and rats 

by ovariectomizing pregnant animals on day 3 and by giving them daily 

injections of progesterone. The diapause can then be easily terminated by 

injecting the mother with estrogen which works directiy on the uterus to 

send a signal to the blastocyst for reactivation and implantation; progesterone 

and estrogen do not directiy affect the embryo proper (Weitlauf and 

Greenwald, 1968; Bergstom, 1978). This is a widely accepted system to study 

the mechanism of implantation (Bergstrom, 1978) and some of the present 

work utilized this system; therefore, a summary of the condition of delayed 

implantation will be presented in the following sections. For convenience, it 

is common to divide the prolonged free-living phase associated with delayed 

implantation into a dormant and a reactivation phase. 

Physiology of Delayed Implantation 

Studies of the events leading to implantation in rodents have been 

greatly facilitated using delayed implantation as a model. One of the most 

important findings from these studies was that the maternal environment 

can modulate programmed developmental events necessary for 

implantation. For example, metabolic activity of blastocysts decrease during 

the dormant phase of delayed implantation. Thus, synthesis of DNA, RNA, 

protein, and the utilization of glucose are reduced in comparison to normal 

blastocysts. With reactivation following injection of estrogen, the rate of 

macromolecular synthesis and metabolic activity return to normal levels 
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indicating that the mother can modulate the metabolic machinery of 

blastocysts (see Mclaren, 1973 and Weitiauf, 1988 for reviews). 

The mother can also modulate trophoblast differentiation. It has been 

shown that the abembryonic or mural trophectoderm (i.e., those cells 

constituting the walls of the blastocyst) will differentiate into trophoblastic 

giant cells beginning late on day 4. This is characterized by an increase in 

sudanophilic lipid, add phosphatase and lysosomal activity, and the 

accumulation of cytoplasmic granules that can be seen after staining with 

acridine orange (Dickson, 1969). Upon differentiation, these cells become 

highly invasive and readily invade uterine epithelium, where they serve to 

anchor blastocysts to the uterine wall. This is the earliest stage of trophoblast 

differentiation and is controlled by maternal hormones since it is blocked 

during the dormant phase of delayed implantation until after administration 

of estrogen to reactivate the embryos (Dickson, 1967 and 1969). Thus, 

trophoblastic differentiation and uterine invasion by embryos are other 

examples of developmental events modulated by extrinsic factors from the 

uterus. 

Hatching from the zona pellucida (i.e, loss of the glycoprotein membrane 

that encloses embryos from fertilization to the blastocyst stage, zp) provides a 

unique example of a developmental event that is not completely blocked but 

is deferred during delayed implantation. In mice the removal of the zp 

occurs late on the 4th or early on the 5th day of normal pregnancy. 

Furthermore, it has been observed that no empty zonae are present in uterine 

flushings at this time suggesting that they are digested immediately by uterine 

proteases (Mclaren, 1970; Hoversland and Weitlauf, 1981). Delayed 

implantation is different in that hatching from the zp can be deferred up to 24 
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hours and evacuated zona remain in the uterine lumen until reactivation 

following administration of estrogen (Hoversland and Weitiauf, 1981). This 

indicates that hatching is an independent mechanism from digestion of the 

zp in the uterus. Thus, it appears that hatching from the zp is intrinsic to the 

embryo and can only be deferred by uterine factors during delayed 

implantation. On the other hand, digestion of the evacuated zp depends on 

extrinsic factors from the uterus which can be completely blocked during 

delayed implantation. Presumably these two events collaborate to remove 

the zp during normal pregnancy. 

Uterine Receptivity 

Although the mechanism responsible for modulating embryonic 

dormancy and reactivation is not known, it is apparent that diapause results 

from conditions imposed on the embryo by the uterus since delayed 

blastocysts, when transferred to extrauterine sites either in vivo or in vitro, 

metabolically reactivate and become competent for implantation (Mclaren, 

1973). It is generally thought that neuroendocrine mechanisms working 

through ovarian hormones and the uterus control post-blastocyst 

development and uterine receptivity since ovariectomy, hypophysectomy, 

and neural lesions block or delay implantation (Gidley-Baird, 1981). For 

example, in the mouse and rat, it has been demonstrated that implantation 

occurs only during a narrow developmental "window" when progesterone 

and estrogen levels are elevated (Psychoyos, 1976). Thus, it has been found 

that during normal pregnancy progesterone steadily increases to peak levels 

(i.e., day 4) just before implantation on day 5 whereas estrogen remains 

relatively low until day 4 when levels increase acutely. Hence, it is thought 
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that the surge of estrogen on day 4 along with the background of progesterone 

condition the uterus for implantation (i.e., the uterus is only receptive to the 

implanting blastocyst when estrogen and progesterone levels are elevated on 

day 5 since late stage blastocysts transferred to uteri of pseudopregnant 

recipients at earlier stages of pregnancy do not implant, Psychoyos, 1973 and 

1976). Delayed implantation is different in that estrogen levels are supressed 

during the period of diapause until the suckling young are removed at which 

time estrogen levels increase and the embryos implant. Thus, again it is the 

surge of estrogen (along with the background of progesterone) that provides 

the proper signal for reactivation of the blastocyst and causes the uterus to 

become receptive to implantation. Therefore, the uterus and neuroendocrine 

system provide the necessary signals for regulation of reactivation and 

implantation. 

In summary, implantation occurs only during a narrow developmental 

"window" when embryos have reached the blastocyst stage and the uterus has 

undergone hormone-dependent changes that cause it to become receptive to 

the blastocyst. Thus, developmental synchronization of the embryo and the 

mother is necessary for implantation and subsequent development. 

Cell Surface Determinants Important for Embryo 
Attachment and Implantation 

Embryo attachment to the uterus involves interaction between the cell 

surfaces of trophectoderm and uterine epithelium. It is generally thought 

that changes in specific cell surface molecules during peri-implantation 

facilitate this attachment process and that these changes are modulated by the 

same signals which regulate developmental synchronization of the embryo 
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and mother. Numerous reports have appeared in recent years of experiments 

in which peri-implantation mouse embryos were probed with various 

charged particles, lectins, or antibodies to detect temporal changes in the 

pattern of expression of cell surface determinants. In some cases, changes in 

expression of a particular determinant has been fotmd at about the time of 

implantation and it has been suggested that such factors are involved in 

attachment of embryos to the uterine epithelium (see Solter and Knowles, 

1979; Weitiauf, 1988; and Carson et al., 1990 for reviews). A few investigators 

have gone on to examine the patterns of expression of some of these factors 

during the dormant and reactivation phases associated with delayed 

implantation where it might be expected that the expression of elements 

critical for attachment would be deferred or "masked" in some way until the 

signal for implantation is given. Results from those studies indicate that 

certain of the surface molecules are modulated during delayed implantation 

including H2 and non-H2 antigens (Hakansson and Sundqvist, 1975; Searle et 

al., 1976; Hathaway and Babiarz, 1988; Hjortberg and Nilsson, 1990), specific 

carbohydrate moieties (Jenkinson and Searle, 1977; Carollo and Weitlauf, 

1981; Chavez and Enders, 1982), and the cell adhesion molecule cell-CAM 105 

(Svalander et al., 1987). Such factors are candidates for a role in embryo 

attachment and implantation. 

Lectin binding assays have been used to demonstrate relative changes in 

the number of Concanavalin A binding sites (i.e., D-glucose and D-mannose) 

at the abembryonic pole of implanting blastocysts (Carollo and Weitiauf, 1981; 

Sobel and Nebel, 1976 and 1978). In addition, electronhistochemistry 

demonstrates that ferritin-conjugated lectin Dolichos biflorus bound to 

delayed implanting mouse blastocysts but not blastocysts reactivated for 
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implantation. That binding of this lectin was inhibited by N-

acetylgalactosamine and by treatment of embryos with N-

acetylgalactosaminidase indicates that N-acetylgalactosamine residues are 

available on the surface during delayed implantation (Chavez and Enders, 

1982). Thus, taken together the results indicate that there are temporal 

changes in the expression of some specific carbohydrates on peri-implantation 

mouse embryos which may be important for implantation. 

Several lines of evidence also indicate a general decrease in the net 

negative surface charge of mouse blastocysts at the time of implantation as 

demonstrated by electronhistochemistry and free-zone electrophoresis 

(Jenkinson and Searle, 1977; Nilsson et al., 1975; Nilsson and Hjerten, 1982; 

Nilsson et al., 1973). Results from those studies demonstrate a significant 

decrease in negative charge on delayed blastocysts 16-20 hours after they are 

activated for implantation and that the decrease is due largely to the loss of 

sialic acid from the cell surface (Jenkinson and Searle, 1977; Nilsson and 

Hjerten, 1982). That a corresponding decrease in negative charge occurs 

throughout the uterine epithelium surface at the time of implantation has 

prompted the suggestion that cell surface interactions are facilitated by a 

reduction in electrostatic repulsion as a result of the loss of sialic acid from 

trophectoderm and uterine epithelium (Enders and Schlafke, 1974; Morris 

and Potter, 1984). Alternatively, desialylation of cell surfaces may 'unmask' 

important molecules involved in attachment of the embryo to the uterus 

(Chavez, 1990). Although the mechanism responsible for modulation is not 

known, the results do demonstrate that specific factors change on the surface 

of peri-implantation mouse embryos and uterine epithelium at the time of 
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implantation and, therefore, are candidates for a role in embryo attachment 

and implantation. 

Cell Adhesion Molecules are Important for 
Embryogenesis and Implantation 

Overview of Cell Adhesion Molecules 

Several specific glycoconjugates with known adhesion properties have 

been found on mouse embryos and are also candidates for a role in embryo 

development and implantation. These molecules belong to a large class of 

cell adhesion molecules (CAM's) present in all vertebrate organisms. They 

facilitate cell-cell and cell-extracellular matrix interactions and are involved 

in cellular differentiation, cell growth, cell-cell recognition, transmembrane 

signaling, and cell motility (see Elderman and Crossin, 1991, for review). The 

aim of this section is to provide a brief survey of these molecules and their 

potential role in preimplantation embryo development and implantation. 

In general CAM's have been classified into three groups (Elderman and 

Crossin, 1991): 

(1) a family of molecules related to the immunoglobulin superfamily 

that do not require calcium for binding; 

(2) a family of related molecules that require calcium for binding 

(collectively, they are referred to as cadherins); 

(3) a heterogeneous group of molecules with no known structural 

relation to either of the other two groups. 
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Group 1 and 2 Cell Adhesion Molecules 

Group 1 and 2 CAMs are named after the tissues from which they were 

initially isolated although it is now apparent that they can exhibit diverse 

tissue distributions. Over the last two decades, mmierous CAMs have been 

identified of which neural cell adhesion molecule, (N-CAM) and liver cell 

adhesion molecule (L-CAM) are best characterized (Eldelman and Crossin, 

1991). They are discussed in detail below. 

N-CAM is a group 1 cell-surface glycoprotein made of several polypeptide 

chains. The monomeric peptide chain has five successive homologous 

regions, each of which has been shown by amino acid sequence analysis to be 

similar to domains of the immunoglobulin superfamily. Attached to the 

fifth immunoglobulin-like domain are unique complex oligosaccharides 

containing alpha-2-8-polysialic acid which gives it a highly negative charge. 

L-CAM is a group 2 surface glycoprotein that consists of a large extracellular 

amino-terminal binding region folded into three homologous regions which 

are not related to immunoglobulin domains. Both its conformation and its 

binding properties are dependent upon calcium, and in the absence of this 

ion, the molecule is rapidly degraded by proteases. Complete amino add 

sequence analysis indicates that it is not related to N-CAM or any of the other 

group one CAMs (Obrink, 1986). 

The binding mechanism of group 1 and 2 CAMs have been extensively 

studied at the molecular level (Edelman and Crossin, 1991; Takeichi, 1990). In 

general, it has been shown that cells expressing a specific CAM molecule tend 

to adhere preferentially to other cells expressing identical CAMs (referred to 

as homophilic binding). Thus, the binding reaction involves direct 

interaction between two identical CAMs and the reaction shows a high degree 
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of cellular specificity (i.e., a cell that expresses L-CAM adheres only to another 

cell that expresses L-CAM). It was demonstrated, subsequentiy, by site-

directed mutagenesis that there are several potential binding sites which are 

not only important for specifidty of binding but also for their binding 

properties (Edelman and Crossin, 1991; Takeichi, 1990 ). Although 

homophilic binding properties of CAMs are important for spedfic molecular 

interactions at the surface, it is becoming more apparent that changes in their 

surface density, distribution, and carbohydrate structure are also required for 

successful binding of apposing cells. Because this is a central question to 

understanding the physiology of CAM binding and because it is generally 

presumed that this is critical to morphogenic events during embryogenesis, a 

brief review of the evidence for surface modulation of CAMs is presented 

below. 

An interesting case of carbohydrate modulation is provided by the large 

decrease in polysialic acid content of N-CAM during embryonic development 

which is most pronounced in developing brain, muscle and skin of mice 

(Hoffman and Edelman, 1983). Carbohydrate analysis has shown that 

embryonic N-CAM contains 30g polysialic add per lOOg polypeptide, whereas 

adult N-CAM contains only lOg per lOOg polypeptide (Edelman, 1984). It is 

thought that the decrease in sialylation during maturation results from 

changes in sialytransferase or neuraminidase activity, although it is not 

known for certain. Apparently, the changes occur intracellularly and not at 

the cell surface since there is a turnover of embryonic forms and replacement 

with newly synthesized adult forms (Rutishauser et al., 1985). Interestingly, 

although changes in this carbohydrate do not directly affect binding specificity, 

kinetic studies have demonstrated that the conversion from embryonic to the 

16 



adult form causes a 4-fold increase in binding rates suggesting that changes in 

sialylation modulate CAM binding during development. Alternatively, 

polysialic acid may govern the spadng of surface CAMs which could also 

change binding rates (Hoffman and Edelman, 1983). 

On adhering cells, CAMs have been shown to localize at binding sites 

indicating that they can also change their location and relative density to 

selected regions of the cell surface. For example, CAMs have been shown by 

immunohistochemistry and photometry to appear in a characteristic spatial 

and temporal pattern during neurite cell movement, fiber outgrowth, tract 

formation and myelination (Daniloff et al., 1986). Results from these early 

experiments indicated that temporal-spatial expression of specific CAMs 

parallel patterns of cell-cell adhesion. Thus, the mechanism of cell-cell 

adhesion not only involves homophilic binding but also complex spatio-

temporal interactions at cell surfaces and perhaps changes in glycoslylation of 

CAMs. The physiological significance of these events is most apparent during 

embryonic development. 

Cell Adhesion Molecules Involved in Morphogenesis 

Cell-cell adhesion must take place at every stage of embryo development 

to establish the adult form. Central to this process is the spatio-temporal 

expression of CAMs on the surfaces of developing tissues. This is best 

illustrated in early stages of neural development of chick embryos (Edelman 

and Crossin, 1991). For example, N-CAM and neuronglia cell adhesion 

molecule (Ng-CAM, also a group 1 CAM) show markedly different patterns of 

expression during neural development. At the time of neural induction, N-

CAM is localized in the neural plate and in placodes destined to build neural 
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structures, whereas Ng-CAM appears later in development on neurites with 

extended processes in the CNS and on both cell bodies and neurites in the 

PNS. As maturation proceeds, there is a striking modulation in the spatio-

temporal distribution of Ng-CAM and N-CAM in the developing nervous 

system suggesting that these molecules are important for morphogenic 

movement during neural development. This idea is supported by the 

observation that perturbations of Ng-CAM and N-CAM expression during 

embryo development result in altered morphogenesis of neural structures. 

Thus, it appears that CAMs are directiy involved with histogenesis and 

morphogenesis of the nervous system (Edelman, 1981; Edelman, 1986). 

Cell Adhesion Molecules Involved with Preimplantation 
Embryo Development and Implantation 

Group 1 and group 2 CAMs have also been implicated in cell-cell 

interactions during preimplantation embryo development of the rodent. The 

first CAM identified on mouse preimplantation embryos was uvomorulin 

(also called gpl20/80), a group 2 CAM with an apparent molecular weight of 

120 kDa that is structurally related to chicken L-CAM (Peyrieras et al., 1983; 

Vestweber et al., 1987). This molecule was intially identified on mouse 

preimplantation embryos using antisera raised to mouse F9 teratocarcinoma 

cells (Artzt et al., 1973). It was later shown that the antibodies reacted with a 

124 kDa molecule obtained from fractionated F9 cells and with a similar 

molecule of 120 kDa from mouse embryos (Vestweber and Kemler, 1984). 

Amino acid sequence analysis then showed definitively that the 120 kDA 

molecule, uvomorulin, and L-CAM are similar molecules. Additional 

experiments showed that the Fab portion of rabbit anti-F9 serum prevented 
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compaction of 8-16 cell stage embryos and caused compacted embryos to 

decompact. Furthermore, decompacted embryos washed free of the Fab's 

recompact indicating the process is reversible (Kemler et al., 1977; Vestweber 

and Kemler, 1984). The Fab's were not toxic to embryos since recompacted 

embryos produce viable offspring following transfer to foster mothers. Also, 

the addition of uvomorulin completely inhibited the decompacting effect of 

the Fab's providing additional evidence for a role of this molecule in the 

compaction process. Although the precise role that uvomorulin plays in 

compaction is not known, it is thought to involve relocation of existing 

molecules at the cell surface during development (i.e., it is evenly distributed 

on the surface of 2-4 cell embryos until the onset of compaction when it is 

redistributed to regions of cell-cell contact, Vestweber et al., 1987). 

Immunohistochemistry demonstrated that uvomorulin is also expressed 

on trophectoderm cells of mouse preimplantation blastocysts but disappears 

from the surface at the time of implantation (Damjanov et al., 1986). 

Interestingly, a similar loss of expression at the time of implantation has been 

reported for cell-CAM 105, a group 1 glycoprotein that consists of two highly 

glycosalylated peptide chains originally identified on rat hepatocyts (Odin et 

al., 1986). Affinity purified antibodies to cell-CAM 105 and indirect 

immunofluorescence was used to demonstrate the presence of this molecule 

on the entire outer trophectodermal surface of day 4 and delayed rat 

blastocysts but not on early stage embryos (Svalander et al., 1987). 

Interestingly, this molecule is also expressed on delayed blastocysts reactivated 

for implantation but only on polar trophectoderm. Apparentiy, it is lost or 

"masked" from the surface of mural trophectoderm indicating that cell-CAM 

105 is temporally and spatially modulated on the surface at implantation. It 
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has been suggested ti\at the disappearance of uvomorulin and cell-CAM 105 

facilitate trophoblast migration into uterine tissue during implantation 

(Svalander et al., 1987). 

Another CAM that may play a role in implantation is GP140, a group 2 

glycoprotein detected immunohistochemically on peri-implantation mouse 

embryos with goat antiserum originally raised to a 140 kDA protein of baby 

hamster kidney fibroblasts (Knudsen et al., 1981; Richa et al., 1985). Because 

the addition of GP140 antiserum to blastocysts in vitro prevents attachment 

and outgrowth to plastic culture dishes and because the effect of the 

antiserum was completely removed by addition of purified GP140, it is 

thought that this molecule is also important for implantation (Richa et al., 

1985). However, the uterine ligand for this molecule has not been identified 

and, therefore, its role in implantation is speculative. Also, the several 

CAMs identified on peri-implantation embryos have been defined 

immunologically with heterologous antisera which raises the possibility that 

they are a family of functionally related molecules with shared homology. 

Until they are isolated and their amino acid compositions determined, the 

possibility that they are related or even identical molecules must be 

considered (Svalander et al., 1987). 

Group 3 Cell Adhesion Molecules 

Group 3 CAMs include all other molecules with adhesion properties that 

are not structurally related to group 1 and 2 molecules. Because this group of 

CAMs is made up of a large number of heterogeneous molecules found on 

many different tissues, only those molecules implicated in the process of 

development and implantation in mammals will be discussed below. 
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Lectins Involved in Embryogenesis 

Lectins are defined as non-enzymatic, non-immunoglobulin proteins 

which bind to specific carbohydrate moieties through bivalent or mutivalent 

interactions (Leffler et al., 1989). They have been found in plants, 

invertebrates, and associated with various cell types of vertebrate cells 

including liver, muscle, brain, fibroblasts, lymphocytes, embryos, and 

malignant cells, and are thought to be involved in pinocytosis, cell 

recognition, cell-cell and cell-extracellular matrix adhesion. In vertebrates, 

lectins can be divided into two dasses based on the requirement of calcium 

for carbohydrate binding. The first class, commonly referred to as C- type 

lectins, comprises a large family of integral membrane and secreted proteins 

that require calcium for carbohydrate binding and detergents for 

solubilization. The second class, commonly referred to as S-type lectins (also 

called S-Lac and soluble lectins), can be distinguished from C-type proteins in 

that they do not require calcium for carbohydrate binding nor detergents for 

solubilization. In addition, when associated with the membrane, S-type 

lectins are usually bound to carbohydrate portions of surface glycoproteins, 

glycolipids, or proteoglycans. Although their role is not known, that in many 

cases lectins are found at sites of active cell migration and morphogenetic 

movement suggests they are involved in developmental processes of 

vertebrates (Leffler et al., 1989; Barondes, 1984). Recently, the S-type lectins, 

L14 and Mac-2, have been implicated in the process of embryogenesis and 

implantation. 

L14 is a soluble lactose-binding lectin with an apparent molecular weight 

of 14 kDA that exists as a dimer in vivo. In situ hybridization and 

immunohistochemistry demonstrated that this molecule is temporally and 
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spatially expressed in mouse peri-implantation embryos (Poirier et al., 1992). 

It was shown that L14 is first expressed in trophectoderm of day 5 blastocysts 

but not in ICMs or early stage embryos. Because it is expressed in 

trophectoderm just prior to implantation, it is thought to be involved in 

attachment of the embryo to the uterus although this has not been shown 

directly. On day 6 of development, when the blastocyst has completed 

implantation, expression was observed in ectoplacental cone, trophoblastic 

giant cells, and in extraembryonic ectoderm of the conceptus but not in any 

ICM derived structures. Later in development expression was found in 

somite structures and most organs derived from mesoderm suggesting that it 

has additional roles in embryogenesis (Poirier et al., 1992). 

Mac-2 is a 32 kD cell surface glycoprotein found on macrophages, 

interdigitating dendritic cells in lymphoid organs, and some epithelial cells. 

The sequence of a cDNA encoding Mac-2 and its amino add sequence indicate 

that it is identical to the galactose-specific lectin known as non-integrin 

laminin-binding protein (LBP, Woo et al., 1990, Cherayil et al., 1989) and 

carbohydrate binding protein 35 (CBP, Woo et al., 1990, Jia and Wang, 1988). 

There is also a region of 76 amino acids at the carboxy-terminus that is 

homologous to a number of galactose-specific lectins suggesting that these 

molecules represent a family of related peptides (Jia and Wang, 1988). 

Mac-2 has been shown by immunocytochemistry to be present on the 

surface of mouse blastocysts recovered during normal pregnancy, dormant 

blastocysts recovered during delayed implantation, and on trophoblastic 

outgrowths but not on early stage embryos. Because Mac-2 is expressed on 

normal as well as delayed implanting mouse blastocysts, its appearance at the 

surface is intrinsic to the embryo and related to reaching the blastocyst stage 
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and, thus, apparentiy does not depend on implantation signals from the 

mother (Weitiauf and Knisley, 1992). 

The presence of lectin-like molecules at the surface of peri-implantation 

blastocysts raises the possibility that these structures mediate the initial 

embryo attachment to the uterus via highly specific recognition of 

lactosaminoglycan-based structures on the uterus made available at the time 

of implantation (lactosaminoglycans are asparagine-linked carbohydrate 

chains with a characteristic structure composed of an N-acetyllactosamine 

[Galfil-4GlcNAcfil-3]n repeating unit and, thus, may serve as specific ligands 

for lectins present on the embryo). For example, lacto-N-fucopentose I (LNF-

I) is one carbohydrate that may play a role in embryo attachment to the 

uterus. This molecule is expressed on uterine epithelium only in the 

presence of estrogen. This was demonstrated in experiments in which 

pregnant mice were ovariectomized on day 3 and given progesterone, 

estrogen, or both hormones for various days before frozen sections of uteri 

were assayed for expression of LNF-I using monoclonal antibody 667/9E9. 

LNF-I expression was observed on uterine epithelium only when 

conditioned with estrogen or, estrogen and progesterone, but not 

progesterone alone (Kimber and Lindenberg, 1990). Furthermore, it was 

reported in another study that LNF-I expression on uterine epithelium 

increased concomitantly with normal increases in estrogen on the first four 

days of pregnancy. Also, on days 4 and 5 expression becomes restricted to 

stretches of cells interspersed with unstained cells (Kimber et al., 1988) as 

estrogen levels begin to decrease following the nidatory peak on day 4 of 

pregnancy. It was concluded from these studies that expression of LNF-I 

requires an estrogen dominated uterus and that its presence on uterine 
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epithelium is temporally associated with the expected time of implantation 

making it a strong candidate for a ligand for surface lectins on the embryo. 

Moreover, LNF-I binds only to blastocyst stage embryos and blocks attachment 

to endometrial epithelial monolayers in vitro providing additional support 

for a role of these molecules in implantation (Lindenberg et al., 1988; 

Lindenberg et al, 1990). Thus, it is possible that the L14, Mac-2, or other 

surface lectins are receptors for LNF-I-like structures expressed on the uterus. 

However, it will be necessary to identify the receptor for LNF-I and show that 

LNF-1 binds to L14 or Mac-2. Nevertheless, that both lactosaminoglycan 

structures on the uterus and lectin receptors on trophectoderm cells are 

spatially and temporally expressed on the surface at the time of implantation 

implicates these molecules for a role in embryo attachment to the uterus. 

Cell Surface Galactosyltransferase 

Cell surface galactosyltransferase (GalTase) and lactosaminoglycans 

provide an enzyme-substrate mediated adhesion system that may also be 

important for embryo development and implantation. GalTase is present on 

the surfaces of a variety of tissues including uterine epithelium and invading 

embryonic trophoblast where it is thought to function by binding to its 

appropriate lactosaminoglycan substrate on adjacent cell surfaces or in the 

extracellular matrix (Hathaway et al., 1989). GalTase appears on 8-cell 

embryos and continues to be expressed through the blastocyst stage as 

demonstrated by indirect immunofluorescence. That potential ligands have 

been identified on developing embryos (Matricorena et al., 1983; Babiarz and 

Hathaway, 1986; Svalander et al., 1989; Hjortberg et al., 1990; Chavez and 

Enders, 1982; Chavez, 1990) and uterine epithelium (Chavez and Anderson, 
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1985; Dutt et al., 1987; Chavez, 1990; Kimber and Lindenberg, 1990) implicates 

these molecules for roles in embryo development and implantation. 

Furthermore, the finding that anti-GalTase antibodies block embryo 

compaction and development as well as trophoblastic outgrowth in vitro 

(Bayna et al., 1988; Romagnano and Babiarz, 1990) and infusion of spedfic 

compoimds into the uterus that interfere with GalTase activity inhibit 

implantation (Chavez, 1990) provide support for this idea. 

Extracellular Matrix Molecules Involved in Embryo 
Development and Implantation 

There is also a body of evidence suggesting that extracellular matrix 

molecules play important roles during early embryo development and 

implantation. The extracellular matrix (ECM) comprises an intricate network 

of scaffolding which provides support for important cellular functions such 

as cell development, migration, proliferation, and shape. The ECM primarily 

consists of two classes of macromolecules. The first group are the 

glycosaminoglycans (GAG) which include galactosaminoglycans (i.e., 

chondroitin sulfate and dermatan sulfate), glucosaminoglycans (i.e., heparan 

sulfate, heparin, and keratan sulfate) and hyaluronic add. Except for 

hyaluronic acid, all GAGs are found covalently attached to protein and are 

referred to as proteoglycans (PG). In general, PGs are large molecules (i.e., as 

large as 8 x 10^ Daltons) that can contain as much as 95% carbohydrate by 

weight. Typically, the associated carbohydrates are about 80 sugar residues 

long and usually without sialic acid and exhibit limitless potential for 

molecular heterogeneity. Over the years, it has become apparent that these 

molecules establish adhesive interactions with a variety of ligands which can 
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facilitate basic mechanical functions to complex processes such as cell 

differentiation and morphogenesis (Kjellen and Lindahl, 1991). 

The second group are fibrous proteins which are involved in structural 

(collagen and elastin) and adhesive (fibronectin and laminin) interactions in 

all tissues. These proteins are commonly found in basement membranes and 

assist cells to adhere to and become organized by the ECM. This is fadlitated 

by a superfamily of transmembrane matrix receptors found on a variety of 

cells (collectively they are called integrins) which, in most cases, recognize the 

common tripeptide sequence RGD (arg-gly-asp) present within many ECM 

molecules (Hynes, 1987). Increasing evidence now suggests that 

proteoglycans, fibrous proteins, and integrin receptors are other classes of 

molecules that work together to bring about cell-cell and cell-ECM adhesion 

during embryo development and implantation (Carson et. al., 1990; Fisher et 

al., 1990). 

Proteoglycans Involved in Embryo Implantation 

Heparan sulfate proteoglycans (HS) are present on the surface of peri-

implantation stage mouse blastocysts and may facilitate embryo attachment 

and outgrowth on a variety of matrices (Dziadek et al., 1985; Farach et al., 

1987). HS has been shown to increase markedly on the surface of day 5 when 

embryos become competent for attachment (Farach et al., 1987; Farach et al., 

1988). That treatment of the blastocyst with heparinase and the addition of 

soluble heparin reduces the ability for attachment and outgrowth to uterine 

epithelium cells and other substrata (i.e., platelet factor IV, laminin, 

fibronectin) in vitro suggests that HS plays an important role in embryonic 

adhesion phenomenon (Farach et al., 1987; Carson et al., 1990). Furthermore, 
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HS binding proteins have been isolated from the surface of uterine epithelial 

cells and they support embryo attachment in vitro. Also, the uterine surface 

expresses the appropriate ligands at the time of implantation (Wilson et al., 

1990) suggesting that this may be a another mechanism for attachment of the 

embryo to the uterus (Carson et al., 1990). 

Basement Membrane Components of the Extracellular 
Matrix are Important for Embryo Development 
and Implantation 

Basement membrane components (i.e., laminin, nidogen, entactin, 

collagens, and fibronectin) are other ECM molecules thought to play a role in 

embryo development and implantation. It is now thought that this group of 

molecules is not involved in initial phases of embryo attachment to the 

uterus but, most likely, play important roles in the establishment of primitive 

embryonic tissues and in later stages of implantation when the trophoblast 

invades the uterine wall. 

Laminin is a large polypeptide (850,000 Daltons) that has several 

functional domains which bind type IV collagen, HS, and one or more 

receptor proteins on the surface of a variety of cells. Immunocytochemistry 

demonstrated that this molecule appears on mouse embryos as early as the 

two-cell stage. It then becomes localized between areas of cell contact at the 8-

16 cell stage suggesting that it may be involved with blastomere adhesion at 

the time of embryo compaction (Wu et al., 1983; Dziadek and Timpl, 1985). 

Nidogen is a small glycoprotein (80,000 Daltons) that binds to a variety of 

ECM molecules and possesses the unique ability to self-aggregate into nest

like structures suggesting that it plays a unique role in matrix assembly 

(Timpl et al., 1983). This molecule appears at the 8-16 cell stage and, therefore, 
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may also play a role in embryo compaction. Both laminin and nidogen have 

not been detected on outer trophoblast surfaces of the expanded blastocyst or 

trophoblastic outgrowths using indirect immunofluorescence (Dziadek and 

Timpl, 1985). 

Entactin is a sulfated glycoprotein (158,000 Daltons) present in many 

mammalian basement membranes (Carlin et al., 1981). Light and electron 

microscopic immunohistochemistry demonstrated that this molecule appears 

on hatched mouse blastocysts and is not present on early stage embryos. In 

addition, entactin was seen on blastocysts and embryo outgrowths in vitro but 

only on inner surfaces of trophectoderm and on areas separating the inner 

cell mass from polar trophoblast. It is thought that entactin may be involved 

with adhesion of the inner cell mass (ICM) to trophectoderm tissue (Wu et 

al., 1983). 

Collagens are a family of fibrous proteins that are important components 

of connective tissue (i.e types I-II) and the basal lamina (i.e., type IV). They are 

thought to play important roles in cell surface interactions with the ECM and 

in maintaining tissue structure (Martin et al., 1985). Collagen type III appears 

on 4-cell embryos and continues to be expressed through the blastocyst stage 

as demonstrated by indirect immunofluorescence. Type IV collagen first 

appears on the inner side of trophectoderm tissue (i.e., the side facing the 

blastocoel) and on inner cell masses of mouse blastocysts. In addition, both 

type III and IV are present on the inner side of trophectoderm and ICM of 

delayed blastocysts (Sherman et al., 1980; Leivo et al., 1980). 

Fibronectin is a large glycoprotein made up of two similar subunits of 

220,000 Daltons held together by disulfide bonds. It binds to a variety of 

macromolecules including the ECM components heparin, hyaluronic acid, 
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and collagens type I-V, and fibrin and fibrinogen. Although fibronectin has 

many fimctions, it is primarily involved in adhesive interactions between 

cell surfaces and the ECM (Hynes and Yamada, 1982). Indirect 

immunofluorescence demonstrates that this molecule first appears between 

developing endoderm and ectoderm of the ICM at the late blastocyst stage. In 

addition, like the basement membrane molecules discussed above, 

fibronectin is not present on the outer surface of trophectoderm cells 

(Wartiovaara et al., 1979). Thus, basement membrane molecules are already 

present on early stage mouse embryos where they co-localize to regions of 

developing endoderm and ectoderm suggesting that they are involved in 

assembly of the first embryonal basement membrane (Leivo et al., 1980; 

Carson et al., 1990). 

Basement Membrane Components Support Embryo 
Attachment and Outgrowth In Vitro 

Basement membrane molecules (i.e., laminin, vitronectin, collagens, 

fibronectin) can also support embryo attachment and outgrowth in vitro in 

the absence of serum. Typically, this has been demonstrated in experiments 

in which late stage blastocysts are cultured on plastic dishes coated with a 

particular ECM substrate and monitored microscopically for trophoblast 

attachment (by gentle agitation of the plate) and spreading (i.e., outgrowth) at 

various time intervals. In a recent study, it was shown that mouse embryos 

consistently attached and produced trophoblastic outgrowths on plates coated 

with either collagen types I-VI, fibronectin or laminin, but not in the absence 

of these substrates. Furthermore, embryos attached to collagens II and VI 

much earlier than they did to the other substrates tested indicating that 
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embryos adhered to different ECM types at different times in vitro and that 

attachment is dependent on development of the appropriate adhesion system 

(Carson et al., 1990). This is evident by the fact that hatched blastocysts 

typically do not attach to either laminin, vitronectin, fibronectin or serum-

attachment factors for the first 20 to 30 hours of culture (Fisher et al, 1990; 

Sherman and Atienza-Samols, 1978; Armant et al., 1986a,b). However, once 

outgrowth formation is initiated it proceeds at a similar rate regardless of the 

substrate used (Carson et al., 1988) and outgrowth on defined substrates is 

spedfic since antibodies to the relevant molecule inhibit this process (Fisher 

et al., 1990). 

Cell Surface Integrin Receptors are Important for 
Embryo Development and Implantation 

Finally, several lines of evidence indicate that embryos bind to ECM 

through specific cell surface receptors called integrins. Integrins are a large 

family of heterogeneous transmembrane glycoproteins found on many cell 

types that bind to a wide variety of ligands including fibronectin, laminin, 

vitronectin, and collagen (Hynes, 1987). A common feature of these receptors 

is their ability to recognize sites encompassing the arginine-glycine-aspartic 

acid sequence (RGD) present in many ECM molecules (Ruoslahti and 

Pierschbacher, 1987). Although there is striking similarity in the attachment 

sequence, it has been shown that integrin receptors expressed by a particular 

cell type differ in their specificity for ECM ligands indicating that cells can 

express a spectrum of receptors. This is thought to provide a versatile 

recognition system of cell anchorage, traction for migration, signals for 
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polarity, and for differentiation and growth (Ruoslahti and Pierschbacher, 

1987). 

The presence of such receptors on peri-implantation mouse embryos was 

made evident by the fact that antibodies to integrin receptors and synthetic 

peptides containing RGD sequences when added to culture medium inhibit 

trophoblast outgrowth on defined ECM substrates (Fisher et al., 1990; 

Sutherland et al., 1988; Carson et al., 1988; Armant et al., 1986b). Furthermore, 

indirect immunofluorescence and immune precipitation demonstrated that 

these receptors first appear on the surface of peri-implantation blastocysts 

indicating that they are developmentally regulated and are available to 

support implantation related events (Fisher et al., 1990). Thus, taken together 

the results indicate that integrin receptors are present on surfaces of 

implanting mouse blastocysts and are available to interact with the ECM 

molecules present in uterine basement membranes and endometrial stroma 

and, hence, are likely candidates for a role in the process of trophoblast 

invasion into the uterus. 

Although the mechanism of attachment and trophoblastic outgrowth is 

not understood and a single critical factor has not been identified, it is clear 

that embryos do not attach and outgrow in the absence of serimi or substrate. 

This indicates that production of adhesion molecules by embryos is not 

sufficient by itself for attachment and outgrowth in vitro. It is more likely 

that attachment and outgrowth reflects the developmental ability of embryos 

and uterine epithelium to synthesize or make available complementary 

adhesion molecules at their cell surfaces. Hence, molecules such as laminin, 

collagen, and fibronectin which are not present on apical surfaces of 

trophectoderm and uterine epithelium are probably not involved in the 
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initial attachment of the embryo to ti\e uterus (Carson et al., 1990). 

Nevertheless, because these molectdes are components of basement 

membranes lining the uterine epithelium and endometrial stroma, it has 

been suggested that they are utilized during later stages of implantation such 

as embryo penetration and invasion (Carson et al., 1988; Carson et al., 1990). 

In summary, an important requirement of implantation is attachment 

and invasion of the embryo into the uterine wall. It is generally assumed that 

this process is facilitated by surface molecules and several candidates have 

been identified on peri-implantation mouse embryos. A few investigators 

have gone on to examine the patterns of expression of some of these factors 

during the dormant and reactivation phases associated with delayed 

implantation. Results from those studies indicate that certain of the surface 

molecules are modulated during delayed implantation including H2 and 

non-H2 antigens (Hakansson and Sundqvist, 1975; Searle et al., 1976; 

Hathaway and Babiarz, 1988; Hjortberg and Nilsson, 1990), spedfic 

carbohydrate moieties (Jenkinson and Searle, 1977; Carollo and Weitlauf, 

1981; Chavez and Enders, 1982), and the cell adhesion molecule cell-CAM 105 

(Svalander et al., 1987). Thus, apparently, the blastocyst is capable of 

modulating the expression of some surface molecules but not others in 

preparation for implantation. Such factors then become even stronger 

candidates for a role in embryo attachment and implantation. 

In the present work, a specific determinant was identified on the surface 

of mouse blastocysts. Because this molecule may be one of the important 

CAMs described above or a newly discovered molecule critical for 

implantation, experiments were undertaken to investigate the ontogeny of 

the surface determinant. It was found that its appearance at the surface was 
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temporally associated with embryo attachment and implantation implicating 

this molecule for such a role. 
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CHAPTER m 

CHARACTERIZATION OF EMBRYOLYTIC 

FACTORS AND VALIDATION OF 

THE LYSIS REACTION 

Introduction 

Numerous reports have appeared in the literature that document the 

presence of cytolytic factors in sera of vertebrate animals (see Bemheimer, 

1974; Miller et al., 1989 for reviews). Results from those studies clearly 

demonstrated that most healthy animals (i.e., animals free of parasitic, viral, 

fungal, and bacterial infections) contain serum factors that lyse a wide range 

of syngeneic, allogeneic, and xenogeneic cells and that, in most cases, the 

factors responsible for cell lysis are naturally occurring cytolytic antibody and 

complement. The antibodies are defined as naturally occurring cytolytic 

antibodies because they are present in nonimmune sera of animals (i.e., sera 

from animals which have not been intentionally immunized with defined 

antigen) and because when bound to cell surface antigen they activate the 

classical complement cascade which results in lysis of that particular cell 

(Brosos et al., 1970; Miller et al., 1989). Such antibodies have been widely used 

as tools to probe the cell surface for specific antigen and have proven 

important for studies of autoimmune disease, blood group antigens, major 

histocompatibility antigens, and tumor associated antigens (Miller et al., 

1989). 

The present research project was prompted by the observation that mouse 

blastocysts become sensitive to lysis by certain batches of commercially 

prepared nonimmune rabbit serum (i.e., normal rabbit serum) at about the 
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expected time of implantation. Because it seemed likely that complement 

and spedfic nattirally occurring antibodies to a surface determinant on the 

embryo were responsible for the sensitivity and because tire surface factor may 

be important for embryo attachment and implantation, shidies were 

undertaken to investigate the ontogeny of sensitivity to lysis and the nature 

of the elements responsible for the lytic reaction. As a first step, several tests 

were performed to examine the effect of removing complement or antibody 

on embryolytic activity of normal rabbit serum and to validate the cytolytic 

reaction. 

Materials and Methods 

Collection of preimplantation embryos 

Virgin white Swiss mice (6-8 weeks of age) were placed with proven 

breeder males and the finding of a vaginal plug on the following morning 

confirmed mating (designated day 1 of pregnancy/embryo development). 

Pregnant animals were housed in rooms with controlled lighting (dark 7:00 

PM to 6:00 AM ) and were killed at various times on days 1-5; their 

reproductive tracts were removed and the embryos recovered by flushing the 

oviducts (i.e., days 1-3) or uterine horns (i.e, days 4-5) with a stream of tissue 

culture medium (Dulbecco's modified Eagle medium, DMEM, Gibco, Grand 

Island, NY) containing 10% heat inactivated fetal bovine serum (FBS, Gibco) 

from a hypodermic syringe fitted with a blunt needle. Embryos from several 

animals were pooled, rinsed twice with DMEM-FBS, and transferred directly 

to the various test conditions. In a few cases, embryos were rinsed in DMEM 

and exposed to 0.5% pronase (w/v in DMEM, Sigma, P-5147, St. Louis, MO) at 
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37 C for 3-5 min to remove the zona pelludda before being transferred to the 

appropriate test conditions (Hogan et al., 1986). 

Rabbit and guinea pig sera 

Commercially prepared normal rabbit serum absorbed with mouse spleen 

and red cells (nonimmune rabbit serum lot *s 07211, 01329, 04511, and 01517 

Pel-Freez Clinical Systems, Brown Deer, WI) and guinea pig serum (GPS, 

Gibco, lot #17K5100) with active complement (Figures A.1-2 for data showing 

complement activity) were distributed to small vials and stored at -70 °C. 

Before each experiment, normal rabbit sera and GPS were thawed, diluted to 

the appropriate concentration with DMEM, and used immediately. 

Embryolytic activity of normal rabbit sera and 
guinea pig serum 

In all experiments, evaluation of embryolytic activity was determined as 

follows: 5 to 15 embryos were preincubated for 1-3 h at 37 °C with 50 [i\ of 

various concentrations of the appropriate test serum. They were then washed 

twice with DMEM and evaluated for cell destruction (i.e., cell lysis) using the 

standard vital dye exclusion method (i.e., trypan blue in PBS, 0.2% v/v; Sigma 

T-8154, St. Louis, MO). In some experiments, embryos were pretreated for 1-2 

h with 50 îl of normal rabbit serum (4% v/v. Lot # 07211) that had been 

heated to 56 °C for 30 min (referred to as NRS) and then exposed to 50 îl of 

GPS (10% v/v) for 1-3 h at 37 °C before being examined for cell destruction. 

Embryos were examined and photographed with an inverted Nikon diaphoto 

microscope with phase contrast optics (x200-400). Those embryos with all cells 

lysed were recorded as positive (i.e., precompacted embryos with all 
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blastomeres lysed or post-compacted embryos with all trophectoderm cells 

lysed, see Figure 3.1 a,b, and c). In most cases, embryos had essentially no 

stained cells, or all cells were lysed (i.e., < 1% of the embryos with cells taking 

up dye exhibited incomplete destruction). The results are expressed as tiie 

percent embryos lysed (i.e., [number with all cells lysed/total number tested] X 

100). Some embryos were treated similarly except normal rabbit serum 

(NRS), or GPS were omitted (i.e., as negative controls). All experiments were 

done 3 times with 5-15 embryos from at least 5 animals. Where linearity of 

the lytic reaction was determined, regression analysis by the least squares 

method was used. All values given in the figures are means ± standard error 

of the mean (s.e.m.). 

Embryolytic Activity of Complement. 

The effects of the various treatments on complement activity of normal 

rabbit serum and guinea pig serum were first defined in preliminary 

experiments using an antibody-dependent complement-mediated hemolytic 

assay and standard conditions. The hemolytic assay is desdbed in the 

appendix as well as results from these preliminary studies. 

The following methods have been widely used to demonstrate the 

presence of complement activity in normal animal serum. Several tests were 

undertaken to determine the effect of removing complement on embryolytic 

activity of normal rabbit serum (lot # 07211) and GPS. 

(1) Heat inactivation: Normal rabbit serum (undiluted) and GPS 

(undiluted) were either heated in a water bath at 56 °C for 30 min (and 

allowed to cool to room temperature for an additional 30 min) or left at room 

temperature for Ih before being tested for embryolytic activity. 
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Figure 3.1 Phase-contrast photomicrographs of day 5 blastocysts, (a) 
untreated control; (b) undergoing lysis after being exposed to 
NRS and complement (15 min, arrow indicates swollen 
trophoblast cell); and (c) inner cell mass cleared of lysed 
trophoblast cells (60 min). Bar length is equal to 20 |im. 
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(2) Removal of divalent cations: Removal of complement activity by 

chelation of divalent cations was performed according to the method of Fine 

et al. (1972) with minor modifications. Briefly, 900 1̂ of undiluted sera were 

preti-eated for 30 min at 4 °C with 100 1̂ of a 100 mM solution of 

ethylendiaminetetraacetate (EDTA, which provides approximately twice as 

much chelator on a molar basis as the combined concentrations of calcium 

and magnesium ions in serum, Sigma E-5134) in normal saline, EDTA plus 

100 ul normal saline, or EDTA plus 100 îl of a 100 mM CaClj or MgClz 

solution (in normal saline) prior to testing for embryolytic activity. 

(3) Depletion of complement by zymosan: Removal of complement 

activity by zymosan was also performed according to the method of Fine et al. 

(1972) with minor modifications. Briefly, 1 ml of undiluted sera were 

pretreated with various concentrations of zymosan (zymosan A in normal 

saline [100 mg/ml], Sigma Z- 4250) for 1 h at either 4 or 37 °C before being 

tested for embryolytic activity. As a control, sera were treated, similarly, 

except exposure to zymosan was omitted. 

(4) Guinea pig serum deficient in complement component C4: GPS with 

complete complement, guinea pig serum deficient in component C4 (GPS-C4, 

Quidel, San Diego. CA) and GPS-C4 with purified C4 added back (1.0 [ig/ml, 

Diamedix, Miami. FL) were also tested for embryolytic activity. 

Embryolytic activity of immunoglobulin 

Several tests were undertaken to determine the effect of removing 

immunoglobulin on embryolytic activity of NRS. In all experiments, the 

radial immunodiffusion assay described by Mancini et al. (1965) was used 

with minor modifications to estimate the concentrations of 
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immunoglobulins (IgG and IgM). Briefly, 10-15 1̂ of serial dilutions of NRS 

(in PBS) were added to wells of a 1% agar plate (i.e., w /v in PBS; PBS-agarose) 

containing spedfic antibodies: goat anti-rabbit IgM (# 55627, Cappel, West 

Chester, PA; diluted 1/200 [v/v] final concenfa-ation in PBS-agarose) or goat 

anti-rabbit IgG (# 0112-0121, Cappel; diluted 1/200 [v/v] final concentration in 

PBS-agarose). The NRS was allowed to diffuse for 48 h at room temperattire 

and the areas of the radial predpitation rings were converted to concentration 

by means of a standard curve constructed using known amounts of rabbit IgM 

(# 401950, Calbiochem, La Jolla, CA) or rabbit IgG (# 6011-0080, Cappel, Figure 

A.3). 

The following tests were performed: 

(1) Ammonium sulfate precipitation: Removal of immunoglobulins by 

ammonium sulfate precipitation was performed according to the method of 

Stelos (1967). Briefly, while NRS (20 ml) was stirring gentiy at room 

temperature, 20 ml of saturated ammoniim\ sulfate (i.e., 761 grams per liter of 

water [approximate concentration 4.1 M at 25 °C pH 7.0], Sigma 4418) was 

slowly added to bring the final concentration to 50% saturation and the 

immunoglobulins were allowed to precipitate overnight at 4 °C before 

centrifugation at 3000g for 30 min. The supernatant was then carefully 

removed and dialyzed at 4 °C against a 50-fold excess of DMEM (for 48 h with 3 

changes) and the pellet containing the precipitated immnoglobulins was 

gently resuspended in PBS (pH 7.2, final volume 10 ml) and washed twice 

with an equal volume of saturated ammonium sulfate. Following the last 

wash, the pellet was resuspended in DMEM (final volume 15 ml) and also 

dialyzed at 4 °C against a 50-fold excess of DMEM (for 48 h with 3 changes). 

The supernatant and precipitate fractions were then corrected for volume 
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changes during dialysis and embryolytic activity and immunoglobulin 

concentrations determined as described above. 

(2) Low ionic strength/low pH precipitation: Removal of IgM 

immunoglobulin was performed according to the method of Johnstone and 

Thorpe (1982) with nunor modifications. Briefly, 10 ml of NRS was dialyzed 

at 4 °C against 50-fold excess of 2 mM phosphate buffer pH 4.0 (for 48 h with at 

least 3 changes). The solution was then centrifuged at 3000g for 20 min to 

pellet the precipitated proteins and the supernatant carefully removed and 

dialyzed at 4 °C against a 50-fold excess of DMEM (for 48 h with 3 changes). 

The precipitate was washed once with cold phosphate buffer and resuspended 

to the original volume with DMEM (i.e., final volume 10 ml). The 

supernatant (corrected for volume changes during dialysis) and precipitated 

fractions were then tested for embryolytic activity and the immunoglobulin 

concentrations determined as described above. 

(3) Treatment with protein A and and goat anti-rabbit IgM antibodies: 

NRS (1 ml of a 4% solution [v/v] in DMEM) was treated with various 

amounts of either protein A-sepharose to remove IgG (2 mg protein A/ml; 

sepharose in PBS, binding capacity 20 mg IgG/ml, Sigma P-3391; Langone, 

1982), goat anti-rabbit IgM-sepharose to remove IgM (4 mg/ml; anti-rabbit IgM 

antibody/sepharose in PBS, binding capacity 1.8 mg IgM/ml, Cappel 55627; 

Harlow and Lane, 1988), or unconjugated sepharose (Sigma CL-4B-200) and 

the immunoglobulins were allowed to bind overnight at 4 °C with 

continuous mixing. The sepharose beads were then pelleted by a brief 

centrifugation with a microfuge and the supernatant collected and 

embryolytic activity and immunoglobulin concentration determined as 

described above. 
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Results 

Embryolvtic activity of normal rahhif oprnm 
is stage specific 

Ontogeny of ti\e sensitivity of embryos to lysis by normal rabbit serum (lot 

# 07211) is shown in Figure 3.2. Embryos recovered on days 1- 4 showed no 

evidence of lysis after being exposed to normal rabbit serum. By contrast, an 

increasing proportion of embryos recovered throughout the course of day 5 

were lysed (Figure 3.2a). Later stage embryos could not be obtained because 

blastocysts begin to attach to the uterus late on day 5. Removing the zona 

pellucida prior to exposure to normal rabbit serum did not change the pattern 

of sensitivity to lysis (Figure 3.2b) and only this particular lot of serum was 

capable of lysing mouse embryos in a stage-specific manner (Table 3.1). 

Furthermore, increasing the length of exposure to the different normal rabbit 

sera did not change the results (Table 3.1). Thus, stage-specific embryo lysis is 

restricted to one batch of normal rabbit serum and blastocysts become 

sensitive to lysis by this serum just prior to the expected time of implantation 

(i.e., approximately 1200 h on day 5). 

Complement is required for embryolytic activity of normal rabbit serum. 

In all cases, the effect of the various treatments to remove complement 

activity of normal rabbit serum were first validated using a standard antibody-

dependent complement-mediated hemolytic assay (Figures A.4-6). 

Heat inactivation of complement in normal rabbit serum: Embryos showed 

no evidence of lysis after being exposed to normal rabbit serum that had been 

heated to inactivate complement (Table 3.2). By contrast, most of the embryos 

recovered on the afternoon of day 5 and exposed to normal rabbit serum with 

a functional complement system (i.e., not heated) were lysed. Thus, 
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Figure 3.2 Lysis of mouse embryos exposed to normal rabbit serum 
(undiluted) with (a) or without (b) a zona pellucida. 
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Table 3.1 
Embryolytic Effect of Different Samples of Normal 

Rabbit Serum from Pel-Freeze Company 

Normal Rabbit Serum Number of Embryos Lysed/Total 
(Lot number) Number Tested* 

Day of Development 

(#07211) 0/26" 0/25 22/25 

0/22^ 0/22 23/27 

(#01329) 0/27 0/26 0/27 

0/21 0/20 

(#04511) 0/26 0/27 0/26 

0/20 0/22 

(#01517) 0/25 0/26 0/25 

0/20 0/21 

Mouse embryos were recovered from reproductive tracts at various days 
of development and exposed to different samples of normal rabbit serum 
(undiluted) for 1 h (a) or 3 h (b) and evaluated for lysis (see text for 
details). 
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Table 3.2 
Effect on Embryolytic Activity of Normal Rabbit 

Serum Heated to 56 °C for 30 Minutes 

Heat Treated Nimiber of Embryos Lysed/Total 
Number Tested* 

Day of Development 

0/29 36/40 

0/30 0/40 

* Blastocysts were recovered from reproductive tracts at various days of 
development and exposed to normal rabbit serum (undiluted) that had been 
heated to 56 °C for 30 min and evaluated for lysis. 
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inactivation of complement with heat removed the embryolytic activity of 

normal rabbit serum. 

Inactivation of complement by removing divalent cations from normal 

rabbit serum: embryos showed no evidence of lysis after being exposed to 

normal rabbit serum depleted of either calcium alone, magnesium alone, or 

both calcium and magnesium (Table 3.3). By contrast, most of the embryos 

recovered on the afternoon of day 5 were lysed after being exposed to serum 

with calcium and magnesium replaced. Thus, inactivation of complement by 

ion depletion also removes the embryolytic activity of normal rabbit serum. 

Inactivation of complement in normal rabbit serum by treatment with 

zymosan: embryos showed no evidence of lysis after being exposed to normal 

rabbit serum that had complement activity removed by treatment with 

zymosan at 37 °C (Table 3.4). By contrast, most of the embryos recovered on 

the afternoon of day 5 were lysed after being exposed to serum with a 

functional complement system (i.e., serum not treated with zymosan or 

serum treated with zymosan at 4 °C). Thus, inactivation of complement by 

treatment with zymosan also removes the embryolytic activity of normal 

rabbit serum. 

Taken together, the results indicate that complement is the heat labile 

component required for the embryolytic effect of normal rabbit serum. 

Embryolytic activity is restored to heated normal rabbit serum with GPS. 

Embryos showed no evidence of lysis after being exposed to GPS or heated 

normal rabbit serum alone (i.e., NRS, Table 3.5). By contrast, most of the 

embryos recovered on the afternoon of day 5 were lysed after being exposed to 

NRS followed by GPS. Increasing the length of exposure to NRS and/or GPS 

did not change that result (Table 3.5). In addition, embryos showed no 
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Table 3.3 
Effect of Divalent Cations on Embryolytic 

Activity of Normal Rabbit Serum 

Ca** Mg** Nximber of Embryos Lysed/Total 
Number Tested* 

Day of Development 

0/31 28/32 

0/30 0/35 

0/31 0/32 

0/31 0/33 

Blastocysts were recovered from reproductive tracts at various days of 
development and exposed to normal rabbit serum (undiluted) that had 
been treated with either ethylendiaminetetraacetate (EDTA-serum, fmal 
concentration 10 mM) to remove caldum and magnesium ions or to 
EDTA-serum to which caldum and/or magnesium ions had been 
replaced and evaluated for lysis. 
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Table 3.4 
Embryolytic Activity of Normal Rabbit Serum 

Treated with Zymosan at Different 
Temperatures 

Zymosan Temperature ^C Number of Embryos Lysed/Total 

Nimiber Tested* 

Day of Development 

+ 37 0/35 0/35 

+ 4 0/30 28/30 

37 0/31 27/30 

0/30 28/32 

Blastocysts were recovered from reproductive tracts at various days of 
development and exposed to normal rabbit serum (undiluted) that had been 
treated with zymosan (final concentration 3.5 mg/ml) at 4 or 37 °C and 
evaluated for lysis. 
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Table 3.5 
Effect of Guinea Pig Serum on Mouse Embryos 

Pretreated with Heat Inactivated 
Normal Rabbit Serum 

Pretreated with Heat Inactivated Number of Embryos Lysed/Total 

NRS Number Tested* 

Day of Development 

0/32" 0/35 

0/21** 0/20 

+a 0/35" 28/30 

0/20^ 28/32 

+ ' 0/17" 16/18 

* Blastocysts were recovered from reproductive tracts at various days of 
development and pretreated with heat inactivated normal rabbit serum for 
1 h (a) or 2 h (b) before being exposed to guinea pig serum for 1 h (c) or 3 h 
(d) and evaluated for lysis (see text for details). 
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evidence of lysis after being exposed to NRS followed by GPS tiiat had been 

heated to inactivate complement (Table 3.6). 

The heat labile factor in guinea pig serum is complement. Again, the 

effect of the various treatments to remove complement activity of GPS were 

first validated using a standard antibody-dependent complement-mediated 

hemolytic assay (Figures A.7-10). Inactivation of complement by removing 

divalent cations from GPS: embryos showed no evidence of lysis after being 

exposed to NRS and then GPS depleted of eitiier caldum alone, magnesium 

alone, or both calcium and magnesium (Table 3.7). By contrast, most of the 

embryos recovered on the afternoon of day 5 were lysed after being exposed to 

NRS and GPS to which calcium and magnesium had been replaced. Thus, 

inactivation of the complement system by ion depletion also inactivates 

embryolytic activity of the heat labile factor in GPS. 

Inactivation of complement in GPS by treatment with zymosan: Embryos 

showed no evidence of lysis after being exposed to NRS and then GPS that 

had complement activity removed by treatment with zymosan at 37 °C (Table 

3.8). By contrast, most of the embryos recovered on the afternoon of day 5 

were lysed after being exposed to NRS and GPS with a functional 

complement system (i.e., GPS not treated with zymosan or GPS treated with 

zymosan at 4 °C). Thus, inactivation of complement by treatment with 

zymosan also removes the embryolytic activity of the heat labile factor in 

GPS. 

Guinea pig serum deficient in complement component C4: Embryos 

showed no evidence of lysis after being exposed to NRS and guinea pig serum 

deficient in component C4 (Table 3.9). By contrast, most of the embryos 

recovered on the afternoon of day 5 were lysed after being exposed to NRS 
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Table 3.6 
Effect of Heating Guinea Pig Serum to 56 °C for 

30 Minutes on the Embryolytic Activity 
which is Complementary to a 

Heat Stable Factor in 
Normal Rabbit 

Serum 

Heat Treated Guinea Number of Embryos Lysed/Total 
Fig Serum Nimiber Tested* 

Day of Development 

0/30 28/31 

0/31 0/32 

Blastocysts were recovered from reproductive tracts at various days of 
development and treated with NRS before being exposed to guinea pig 
serum that had been either heated to 56 °C for 30 min or not heated and 
evaluated for lysis (see text for details). 
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Table 3.7 
Effect of Removing Divalent Cations on Embryolytic 

Activity in Guinea Pig Serum that is 
Complementary to a Heat Stable 

Factor in Normal Rabbit 
Serum 

^ ^ Mg** Number of Embryos Lysed/Total 
Number Tested* 

Day of Development 

0/33 29/34 

0/31 0/32 

0/32 0/31 

0/32 0/32 

Blastocysts were recovered from reproductive tracts at various days of 
development and treated with NRS before being exposed to guinea pig 
serum that had been treated with either ethylendiaminetetraacetate (EDTA-
GPS, to remove calcium and magnesium ions or to EDTA-GPS to which 
calcium and/or magnesium ions had been replaced and evaluated for lysis 
(see text for details). 
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Table 3.8 
Coniparison of the Embryolytic Activity in Guinea 

Pig Serum that is Complementary to Normal 
Rabbit Serum after Treatment vdth 

Zymosan at Different 
Temperatures 

Zymosan Temperature ^C Number of Embryos Lysed/Total 

Number Tested* 

Day of Development 

37 0/33 0/35 

0/31 28/34 

37 0/30 27/32 

0/31 28/32 

Blastocysts were recovered from reproductive tracts at various days of 
development and treated with NRS before being exposed to guinea pig 
serum that had been treated with zymosan (final concentration 35 mg/ml) 
at 4 or 37 °C and evaluated for lysis (see text for details). 

53 



Table 3.9 
Lytic Effect of C4 Defident Guinea Pig Serimi on 

Embryos Pretreated with Heat Inactivated 
Normal Rabbit Serum 

Pretreated with NRS Number of Embryos Lysed/Total Number 

Tested* 

Day of Development 

Complete C4- C4- + C4 
Complement 

0/41 0/40 0/39 

0/40 0/42 0/42 

0/45 0/41 0/43 

42/48 0/43 35/39 

Blastocysts were recovered from reproductive tracts at various days of 
development and pretreated or not pretreated with NRS before being 
exposed to guinea pig serum with: (1) complete complement; (2) 
complement deficient in component C4 (C4-); or (3) complement deficient 
in component C4 that had been reconstituted with purified guinea pig C4 
(C4- + C4) and evaluated for lysis (see text for details). 
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and C4 defident guinea pig serum that had purified C4 added back. 

Importantiy, embryos showed no evidence of lysis after being exposed to only 

purified C4, C4 defident guinea pig serum, or C4 deficient guinea pig serum 

that had purified C4 added back (Table 3.9). Thus, tiie heat labile factor in 

guinea pig serum requires complement component C4 for embryolytic 

activity. Importantiy though, the results indicate that the lytic reaction 

requires complement and utilizes ti\e classical pathway (Frank et al. 1971). 

Taken together, the results indicate that the heat labile factor in GPS and 

normal rabbit serum is classical complement and that embryolytic activity 

occurs only after embryos are exposed to a heat stable factor present in NRS. 

The heat stable factor in normal rabbit serum 
is IgM antibody 

Predpitation of immunoglobulins with ammonium sulfate: In this case, 

embryolytic activity was completely removed from NRS and was found in 

the precipitated fractions which contained the majority of immunoglobulins 

(Table 3.10). Precipitation of IgM immunoglobulin with low ionic 

strength/low pH buffer: Again, embryolytic activity was completely removed 

from NRS and was found in the precipitated fractions which contained the 

majority of IgM immunoglobulin (Table 3.10). 

Specific removal of IgG or IgM immunoglobulin from NRS: When NRS 

was depleted of IgM immunoglobulin with goat anti-rabbit IgM antibodies, a 

concomitant decrease in the embryolytic activity was observed (Figures 3.3a 

and A.13). In contrast, when NRS was depleted of IgG immunoglobulin with 

protein A, there was no effect on embryolytic activity (Figures 3.3b and A.ll). 

Treatment of NRS with unconjugated sepharose also had no effect on 
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Table 3.10 
httect of Ammonium Sulfate and Low Ionic Stt-engtii/Low 

pH Buffer on Immunoglobulin Concentration and 
Embryolytic Activity of Normal 

Rabbit Serum 

Treatment Concentration of Number of Embryos 
Immunoglobulin Lysed/Total 

(mg/ml)* Number Tested** 

None 

Ammonium Sulfate 
(50%v/v) 

Supernatant 

%Q IgM 

13.8 (100) 0.42 (100) 

0.9 (6.5) 0.0 (0) 

24/28 

0/25 

Precipitate 
(Reconstituted) 

2.0 mM Phosphate Buffer 
pH4.0 

Supernatant 

12.2 (88.4) 0.41 (97.6) 

12.5 (90.6) 0.0 (0) 

27/32 

0/27 

Precipitate 
(Reconstituted) 

1.0 (7.2) 0.4 (95.2) 25/30 

* Immunoglobulin (Ig) concentrations were estimated by radial 
immunodiffusion (see methods for details); percent of immunoglobulin 
remaining after treatment of normal rabbit serum (i.e., [mg Ig treated/mg 
Ig untreated] x 100) is in parenthesis. 

*̂ Late day 5 blastocysts were exposed to NRS depleted of Ig (supernatant 
fraction adjusted to the original volume) or to the predpitated fraction of 
NRS (reconstituted to the original volume with DMEM); this was 
allowed by exposure to guinea pig serum and evaluation for lysis. 
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immunoglobulin concentration or embryolytic activity (Figure 3.4). Taken 

together the results demonstrate that the heat stable factor in NRS is an IgM 

antibody. 

Embryolytic activity is proportional to the amount of IgM antibody 

present in NRS. The proportion of embryos that lysed was found to increase 

with the concentration of NRS (i.e, between 0.01% and 3.1% [v/v], y = 61.9 + 

64*log NRS%, [r̂  = 0.98]); 50% lysis occurred at 0.65% NRS (Figure 3.5). At 

concentrations of NRS above 3.0-4.0%, there was httle or no additional lysis of 

embryos. Therefore, a concentration of 4% was used for all subsequent 

experiments unless otherwise noted. 

Embryolytic activity is proportional to the amount of complement 

present in GPS. The proportion of embryos lysed was also found to increase 

with the concentration of GPS (i.e., between 0.05% and 2.0% [v/v], y = 67.7 + 

59*log GPS% [r̂  = 0.96); 50% lysis occurred at 0.4% GPS (Figure 3.6). At 

concentrations of GPS above 2.0 - 3.0%, there was little or no additional lysis 

of embryos and a concentration of 10% was used for all subsequent 

experiments unless otherwise noted. 

Taken together the results of these several studies demonstrate that lysis 

of late stage blastocysts is complement dependent and proportional to the 

amount of IgM antibody present in NRS. It was concluded that the lysis 

reaction involved a naturally occurring cytolytic IgM antibody and a stage-

specific determinant on the surface of the mouse blastocyst. 

Discussion 

Results of the present experiments confirm our initial observation that 

mouse embryos become sensitive to lysis by normal rabbit serum just prior to 
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the expected time of attachment and implantation. Furthermore, they 

demonstrate that lysis of late stage stage blastocysts is complement dependent 

and proportional to the amount of IgM antibody present in NRS. Thus, the 

lysis reaction involves a naturally occurring cytolytic IgM antibody that 

recognizes a specific determinant on the surface of mouse blastocysts. 

The methods employed to validate the lysis reaction in the present 

experiments have been widely used for studies of complement and antibody. 

Because there is no one definitive test for these factors, it is common to 

investigate the effect on cytolytic activity of normal animal serum by 

removing complement or antibody using several different methods. In this 

way, a role for antibody and complement in cell lysis can be easily 

demonstrated by testing the serum for lytic activity after the factors are 

removed by the various treatments. Using this basic approach, it was 

observed in the present study that embryolytic activity of NRS was completely 

removed with inactivation of complement following treatment with heat. 

Moreover, lytic activity could be restored to the heated normal rabbit serum 

(i.e., containing a heat stable factor) with the addition of a second serum 

containing active complement (i.e., GPS that did not lyse embryos by itself). 

That lytic activity could also be removed from the second serum with heat 

(i.e., the heat labile factor) suggested that lysis of embryos requires active 

complement and, most importantiy, that embryo lysis is caused by a heat 

stable factor in normal rabbit serum and a heat labile component in GPS. 

Heat stable and heat labile components that cause cell lysis have been known 

to occur in normal animal sera for many years. This early observation was 

important because it led to the discovery of immunoglobulin (heat stable 
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component) and tiie complement system (heat labile component, see Cooper, 

1985, for a review of tiiese historical discoveries). 

The concomitant loss of embryolytic activity after the removal of 

divalent cations or treattnent with zymosan also indicated that ti\e heat labile 

component was complement. It is well-documented ti\at zymosan 

inactivates, specifically, the third component of complement at 37 °C but not 

4 °C (zymosan is a insoluble residue from yeast tiiat has been digested with 

trypsin and extracted with water and alcohol and, tiius, is composed mainly of 

carbohydrate from the yeast cell wall, Pillemer and Ecker, 1941; PiUemer et al., 

1954). On the other hand, removing caldum and magnesium ions inactivate 

complement by specifically inhibiting the formation of the first complement 

component (calcium- dependent step in the complement cascade. Fine et al., 

1972; Frank and Fries, 1989) and the assodation of proenzyme C2 (i.e., the 

second component of complement) with the fourth component of 

complement (magnesium- dependent step in the complement cascade, Frank 

and Fries, 1989). Nevertheless, it might be argued that tests employed to 

inactivate complement in serum also inactivate, nonspecifically, an 

unknown heat labile component that was capable of lysing late blastocyst 

stage mouse embryos in the presence of the heat stable factor. However, it 

seems unlikely that such a factor would share so many biophysical 

characteristics with complement. Moreover, it was observed in the present 

study that complement deficient in component C4 (i.e., guinea pig serum 

genetically deficient in the fourth component of complement, Ellman and 

Green, 1970; Frank et al., 1971) did not lyse mouse embryos in the presence of 

the heat stable factor. That adding back purified C4 restored the embryolytic 

activity clearly demonstrated that a complete complement system was 
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required for lysis of late stage mouse blastocysts. Therefore, it was conduded 

that the heat labile factor responsible for embryo lysis was complement. 

Results of the present shidy also indicate tiiat ti\e heat stable factor was 

antibody. It appears that this antibody and the dassical pathway of 

complement was responsible for lysis of mouse embryos. This is supported by 

two lines of evidence: (1) Complement deficient in component C4 did not 

lyse mouse embryos in the presence of the heat stable factor whereas 

complement deficient in C4 with purified C4 added back did. It is well-

documented that the classical pathway of complement requires C4 to mediate 

cell lysis whereas the alternate pathway does not (note, the complement 

utilized in this particular study contains a complete and functional alternate 

pati\way, Borsos et al., 1970; Ellman and Frank, 1971; Frank et al., 1971; 

Pangburn, 1986). Thus, it seems likely that it was the classical pathway of 

complement that was responsible for embryo lysis and not the alternate 

pathway. 

(2) Because cell lysis by the classical pathway of complement requires 

antibody bound to surface antigen, the results also suggest that antibody to a 

surface antigen on blastocysts was required for embryo lysis (Borsos et al., 

1981). This appears to be the case since there was a concomitant decrease in 

embryolytic activity of the heat stable factor following the removal of 

antibody from NRS with ammonium sulfate. Furthermore, the observation 

that embryolytic activity was removed from NRS following precipitation of 

IgM antibody with low ionic strength/low pH buffer and treatment with goat 

anti-rabbit IgM specific antibodies clearly demonstrated that the heat stable 

factor was immunoglobulin and that it was of the IgM class. Therefore, it was 

concluded that the heat stable factor responsible for embryo lysis was a 
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naturally occurring cytolytic IgM antibody that recognizes a determinant on 

the surface of late blastocyst stage mouse embryos. 

The antibody recognizing the determinant found in the present study was 

apparently restricted to a particular lot of rabbit serum since sera from other 

lots either did not lyse mouse embryos at all or did not exhibit the stage-

specific pattern observed in the present study. The finding of naturally 

occurring cytolytic antibodies in various lots of nonimmune serum that 

recognize specific detemunants have been reported by others and have 

proven important for studies of blood group antigens, major 

histocompatibility antigens, and tumor associated antigens (see Miller et al., 

1989, for review). 
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CHAPTER IV 

COMPARISON OF THE ONTOGENY OF A CELL 

SURFACE DETERMEMANT ON NORMAL 

AND DELAYED IMPLANTING 

MOUSE EMBRYOS 

Introduction 

Numerous reports have appeared in recent years of experiments in which 

peri-implantation mouse embryos were probed with various antibodies, 

lectins, or charged particles to detect changes in the pattern of expression of 

cell surface molecules. In some cases, changes in expression of particular 

determinants have been found at about the time of implantation and it has 

been suggested that such factors are involved in attachment of embryos to the 

uterine epithelium (see Solter and Knowles, 1979; Weitlauf, 1988; and Carson 

et al., 1990 for reviews). A few investigators have gone on to examine the 

patterns of expression of some of these factors during the dormant and 

reactivation phases associated with delayed implantation where it might be 

expected that expression of elements critical for attachment would be deferred 

or "masked" in some way until the signal for implantation is given. Results 

from those studies indicate that certain of the surface molecules including H2 

and non-H2 antigens (Hakansson and Sundqvist, 1975; Searle et al., 1976; 

Hathaway and Babiarz, 1988; Hjortberg and Nilsson, 1990), spedfic 

carbohydrate moieties (Jenkinson and Searle, 1977; Carollo and Weitlauf, 

1981; Chavez and Enders, 1982), and the cell adhesion molecule cell-CAM 105 

(Svalander et al., 1987) are modulated during delayed implantation. Such 
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factors then, become even stronger candidates for a role in embryo 

attachment and implantation. 

The present experiments were prompted by the observation that mouse 

blastocysts become sensitive to lysis by certain batches of commerdally 

prepared normal rabbit serum containing complement at about the expected 

time of implantation, whereas those in the dormant phase of delayed 

implantation do not. The possibility that the surface determinant responsible 

for this sensitivity is important for embryo attachment and implantation led 

us to examine its ontogeny. To that end, embryos have been recovered at 

various times during normal implantation as well as during the dormant 

and reactivation phases of delayed implantation and tested for expression of 

the determinant by means of an antibody-dependent complement-mediated 

cytolytic assay. The results indicate that expression of a novel cell surface 

determinant is temporally associated with embryo attachment and that the 

mechanism responsible for its appearance has the potential to provide 

synchronization between a conceptus and its mother at the time of 

implantation. 

Materials and Methods 

Collection of preimplantation embrvos 

Virgin white Swiss mice (6-8 weeks of age) were placed with proven 

breeder males and the finding of a vaginal plug on the following morning 

confirmed mating (designated day 1 of pregnancy/embryo development). 

Pregnant animals were housed in rooms with controlled lighting (dark 7:00 

PM to 6:00 AM ) and were killed at various times on days 1-5; their 

reproductive tracts were removed and the embryos recovered by flushing the 
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oviducts (i.e., days 1-3) or uterine horns (i.e days 4-5) with a stream of tissue 

culture medium (Dulbecco's modified Eagle medium, DMEM, Gibco, Grand 

Island, NY) containing 10% heat inactivated fetal bovine serum (FBS, Gibco; 

referred to as DMEM-FBS) or 0.1% (w/v) bovine serum albumin (DMEM-

BSA; fraction IV, # A-4503, Sigma, St. Louis, MO) from a hypodermic syringe 

fitted with a blunt needle. Embryos from several animals were pooled, rinsed 

twice with DMEM-FBS or DMEM-BSA, and transferred directiy to the various 

test conditions. In other experiments, blastocysts were recovered from the 

uteri of animals on various days of the dormant phase of delayed 

implantation (or during reactivation); treatment of embryo donor animals 

consisted of bilateral ovariectomy on day 3 and daily injections of 

progesterone (i.e., 2.0 mg in 100 |al sesame seed oil, s.c). In some cases 

reactivated embryos were recovered at times on days 8-9 (i.e., after donors 

were given an injection of 25 ng estradiol-17fi combined with 2.0 mg 

progesterone, s.c, on day 8 or removed from the reproductive tract and 

cultured as described below; Weitiauf and Greenwald, 1968; Bitton-Casimiri et 

al, 1976; Given and Weitiauf, 1982). 

In vitro culture of embrvos 

Embryos were recovered on day 3 of normal pregnancy or day 9 of the 

dormant phase of delayed implantation and incubated (at 37 °C m 5% CO2) in 

wells of a Terasaki plate for various times prior to testing (Nundon, # 9383-

N30, Newbury, CA; i.e., one embryo/well in 10 1̂ of DMEM-FBS or DMEM-

BSA ). The plates were incubated either upright to allow embryo attachment 

and outgrowth or inverted (i.e., hanging drops) to prevent attachment and 

outgrowth (Morris and Potter, 1990). Attached blastocysts were scored by 
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counting under a dissecting scope the number of embryos which remain 

attached when the dish is inverted and gentle tapped or swirled in a circular 

motion. Trophoblastic outgrowth was evaluated using an inverted 

microscope with phase-contrast optics (x200-400; Sherman, 1978). 

Antibody-dependent complement-mediated 
cvtolvtic test for surface antigens 
(cvtolvtic assay) 

The cytolytic assay described by Solter and Knowles, (1975) was used witii 

minor modifications and optimal conditions for the assay were determined 

in previous experiments (see Chapter III). In brief, rabbit anti-mouse serum 

(Figures A.12-13 and Table A.l) or commerdally prepared normal rabbit 

serum absorbed with mouse spleen and red cells (nonimmune rabbit serum 

lot #07211, Pel-Freez Clinical Systems, Brown Deer, WI) was heated to 56 °C 

for 30 min to remove endogenous complement activity (NRS) and then used 

as a source of antibody; guinea pig serum served as a source of complement 

(Gibco, lot #17K5100). The different sera were then distributed to small vials 

and stored at -70 °C. In all experiments, NRS, anti-mouse serum and 

complement were thawed, diluted to the appropriate concentration with 

DMEM and used immediately. Conditions for the assay were as follows: 1 to 

15 embryos were preincubated for 60 min at 37 °C with 10-50 l̂l of NRS at a 

dilution of 1:25 (v/v) or anti-mouse serum at a dilution of 1:50 (v/v). They 

were then washed twice with DMEM and placed in 10-50 1̂ of complement at 

a dilution of 1:10 (v/v) for 60 min at 37 °C. Typically, witi\in 10 min of being 

exposed to complement the cells became swollen and began to lyse; cell lysis 

was essentially complete by 30-45 min. Cell destruction was evaluated using 

the standard vital dye exdusion method (i.e., trypan blue in PBS, 0.2% v/v; 
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Sigma T-8154). Embryos were examined and photographed with an inverted 

Nikon diaphoto microscope with phase contrast optics (x200-400). Those 

embryos with all cells lysed were recorded as positive (i.e., precompacted 

embryos witii all blastomeres lysed or post-compacted embryos with all 

trophectoderm cells lysed, see Figure 4.1a,b, and c). In most cases, embryos 

had essentially no stained cells, or all cells were lysed (i.e., < 1% of the 

embryos with cells taking up dye exhibited incomplete destruction). The 

results are expressed as the percent embryos lysed (i.e., [number of embryos 

with all cells lysed/total number tested] X 100). Some embryos were treated 

similarly except the NRS, anti-mouse serum, or complement were omitted as 

controls. All experiments were done 3 times with 5-15 embryos from at least 

5 animals. 

Isolation of inner cell masses 

Inner cell masses were obtained as described by Solter and Knowles, (1975) 

with minor modifications. Briefly, 5-10 blastocysts (recovered from the uterus 

on the afternoon of day 4 or 5) were treated with 50 îl of anti-mouse serum 

for 60 min at 37 °C, washed twice in DMEM-FBS and exposed to 50 Îl of GPS 

for 15-30 min at 37 °C. They were then rinsed 3 times with DMEM and the 

damaged trophoblastic layer removed by pipetting the embryos through a 

small-bore pipette. The inner cell masses were collected and transferred to 

the appropriate test conditions. 

Neuraminidase treatment 

One to 5 embryos or inner cell masses were preincubated in 10-50 1̂ of DMEM 

containing 0.2-0.8 U/ml neuraminidase {Arthrobacter ureafaciens 
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Figure 4.1. Phase-contrast photomicrographs of day 5 blastocysts, (a) 
untreated control; (b) undergoing lysis after being exposed to 
NRS and complement (15 min, arrow indicates swollen 
trophoblast cell); and (c) inner cell mass cleared of lysed 
trophoblast cells (60 min). Bar length is equal to 20 îm. 
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protease-free neuraminidase, one unit hydrolyzes 1 mmol of N-acetyl-

neuraminosly-D-lactose in 1 min at 25 "C; Boehringer Mannheim, 

Indianopolis, IN) for 2-4 h at 37 ^C. They were then rinsed twice witii DMEM-

FBS and subjected to tiie cytolytic assay. In some cases, day 7 or day 9 embryos 

were treated with neuraminidase as described above then culhired for 1- 48 h 

before bemg subjected to the cytolytic assay. Control embryos were tt-eated 

shnilarly except: (1) the neuraminidase was inactivated by preheating (65 °C 

for 60 min; Uchida et al., 1979); or (2) the NRS, anti-mouse serum, or 

complement were omitted. 

Results 

Normal implantation 

Ontogeny of the cell surface determinant on embryos developing in vivo 

is shown in Figure 4.2. Embryos recovered on days 3 or 4 showed no evidence 

of lysis after treatment with NRS and complement. By contrast, an increasing 

proportion of embryos recovered throughout the course of day 5 were lysed 

indicating that the determinant recognized by NRS appears on embryos just 

prior to the expected time of implantation. Importantly, the majority of 

embryos recovered on days 3-5 were lysed by rabbit anti-mouse serum which 

demonstrates that embryos at these stages of development are sensitive to 

lysis by antibody and complement (Figure 4.3). Later stage embryos could not 

be obtained because blastocysts begin to attach to the uterus late on day 5. 

Delayed implanting embrvos 

The effects of NRS and complement on blastocysts recovered from the 

uterus at various times during the dormant and reactivation phases of 
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delayed implantation are summarized in Figure 4.4. The expression of the 

determinant was not detected during tiie dormant phase of delayed 

implantation but did appear as ti\e embryos were stimulated to implant 

following injection of estrogen. The majority of embryos recovered 

throughout the dormant phase of delayed implantation were lysed with 

rabbit anti-mouse serum indicating that delayed embryos are sensitive to lysis 

by antibody and complement (Figure 4.5). Interestingly, an increasing 

proportion of delayed implanting embryos also express the determinant 

recognized by NRS following reactivation for implantation in vitro (Given 

and Weitiauf, 1982). The determinant appeared after 12-14 h in culture. 

Figure 4.6). 

Embryos developing in vitro 

Expression of the cell surface determinant on embryos recovered from the 

reproductive tract on day 3 and cultured in medium supplemented with BSA 

for 1-5 days is summarized in Figure 4.7. None of the cultured embryos tested 

on days 3 or 4 of development lysed. By contrast, an increasing proportion of 

those tested throughout the course of days 5 and 6 were sensitive to lysis (i.e., 

3,18, and 50% at 1200,1800, and 2400 h respectively, on day 5; and 86% at 1200 

h on day 6). Also, none of the embryos cultured in medium supplemented 

with FBS and tested on days 3 or 4 of development lysed (Figure 4.8a). And, 

again, an increasing proportion of those tested throughout the course of days 

5 and 6 were sensitive to lysis (i.e., 4,16, and 42% at 1200,1800, and 2400 h 

respectively, on day 5; and 87% at 1200 h on day 6). hiterestingly, although the 

majority of embryos cultured in medium with BSA and tested on days 7-9 

were sensitive to lysis those embryos cultured in medium with FBS were not 
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Embryos cultured in medium supplemented with fetal 
bovine serum for various times before being either (a) tested by 
means of the cytolytic assay for expression of the determinant or 
(b) evaluated for attachment and trophoblastic outgrowth (see 
text for details). 
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(Figure 4.7 and 4.8a). Thus, tiie determinant is also expressed in vitro at the 

late blastocyst stage but about one day later than it is in vivo and it continues 

to be expressed on embryos cultured in medium with BSA but not on 

embryos cultured with FBS. 

Because tiie majority of embryos attach and produce trophoblastic 

outgrowths by day 8 when cultured in FBS, it was possible ti\at tiie loss of 

sensitivity was causally related to the presence of FBS or tiie process of 

outgrowth per se (Figure 4.8b). To investigate tiiis possibility, embryos were 

cultured in hanging drops with FBS where outgrowth does not occur; the 

pattern of lysis was the same as with upright cultures and, therefore, does not 

appear to be dependent on the process of outgrowth (Figure 4.9). 

Pretreatment of embryos developing in vitro 
with neuraminidase 

The effects of treating embryos developing in vitro with neuraminidase 

before being exposed to NRS and complement are shown in Figure 4.10. The 

proportion of embryos lysed on days 3-6 of development was not affected; by 

contrast, the proportion lysed on days 7-8 was markedly increased indicating 

that the determinant continues to be expressed on the cell surface but is 

"masked" by sialic acid (Figure 4.10a). Similar results were obtained with 

embryos in hanging drops (Figure 4.10b). Increasing the concentration or 

length of exposure to neuraminidase did not change the results (Table 4.1). 

Importantly, an increasing proportion of the embryos "remask" the 

determinant between 12-24 h after treatment with neuraminidase indicating 

that neuraminidase is not toxic to the embryos (Figure 4.11). 
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Figure 4.9. Embryos cultured for various times in hanging drops to 
prevent attachment and outgrowth before being tested by 
means of the cytolytic assay for expression of the 
determinant (see text for details). 
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Figure 4.10. Embryos recovered on day 3 of development cultured in vitro 
either (a) upright or (b) inverted in hanging drops to prevent 
attachment and outgrowth for various times and: 1) pretreated 
with neuraminidase (—O—); or 2) not pretreated with 
neuraminidase ( • — ) before being tested by the cytolytic 
assay (see text for details). 
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Table 4.1 
Comparison of the Lytic Effect of Normal Rabbit Serum 

after Treatment of Embryos with Varying 
Concentrations of Neuraminidase 

Neuraminidase Number of Embryos Lysed/Total 
(U/ml) Number Tested* 

Day of Development 

4.5 6.5 7.5 

N o Treatment 

0.8 

0.2 

0/15 

0/15' 

0/16^ 

0/16 

0/17 

14/16 

12/15 

13/15 

14/16 

14/16 

0/17 

13/15 

13/15 

15/15 

15/16 

Mouse embryos recovered on day 3 of development were culUired for 
different times before being treated with various concentrations of 
neuraminidase for 2 (a) or 4 h (b) and tested by means of the cytolytic assay 
for expression of the determinant (see text for details). 
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Embryos at day 7.5 of development in vitro pretreated with 
neuraminidase, rinsed, and then tested at various times by 
means of the cytolytic assay for expression of the 
determinant (see text for details). 
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Pretreatment of dormant and reactivated embryos 
developing in vivo with neuraminidase 

The effect of neuraminidase on embryos recovered from the reproductive 

tract at various times during the dormant phase of delayed implantation is 

summarized in Figure 4.12. Those recovered on days 3-4 showed no evidence 

of lysis, however, an increasing proportion of the embryos recovered 

throughout the course of day 5 were lysed as were the majority of embryos 

recovered throughout the remainder of the dormant phase of delayed 

implantation. Thus, although the determinant is also expressed at the late 

blastocyst stage in delayed implantation, it is apparently "masked" by sialic 

acid until the signal for reactivation is provided. 

The effect of pretreatment with neuraminidase on embryos recovered 

from the reproductive tract on day 9 of the dormant phase of delayed 

implantation and reactivated in vitro is summarized in Figure 4.13. 

Although the determinant was present on delayed implanting embryos 

throughout the first 12 h of culture, it was "masked" by sialic acid. However, 

an increasing proportion of the embryos "unmask" the determinant between 

12-24 h in culture. Interestingly, the determinant remained "unmasked" on 

the majority of embryos for a brief period (i.e., between 24-36 h in culture) 

then became "masked" again by sialic acid (i.e., an increasing proportion of 

the embryos "remasked" the determinant between 36-48 h; by 48 h of culture 

all the embryos had "masked" the determinant). Thus, the determinant is 

"unmasked" (briefly) with reactivation for implantation in vitro then 

"remasked." 
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Pretreattnent of inner cell masses with 
neuraminidase 

Inner cell masses did not lyse, and pretreattnent with neuraminidase did 

not diange that result indicating that the determinant recognized by NRS is 

not expressed on the inner cell mass and, hence, appears to be specifically 

localized to tiie trophectoderm (Table 4.2). Also, in all cases inner cell masses 

were lysed by anti-mouse serum and, thus, were sensitive to lysis by antibody 

and complement (Table 4.2). 

Discussion 

Results of the present experiments demonstrate that a specific cell surface 

determinant is expressed on mouse embryos at about the expected time of 

implantation; this factor is present but "masked" with sialic add during the 

dormant phase associated with delayed implantation and is "unmasked" 

when the embryos are reactivated. It appears that the mechanism responsible 

for regulating the expression of this factor on the surface of the embryo is 

composed of a developmentally-fixed component (i.e., the intrinsic 

expression of the determinant at the surface) and a hormone-responsive 

variable component (i.e., timing of "masking" and "unmasking" with sialic 

acid). 

Antibody-dependent complement-mediated cytolytic assays have been 

widely used for studies of cell surfaces and offer several advantages: (1) the 

formation of complement pores (i.e., membrane attack complexes) on the 

plasma membrane requires binding of the antigen recognition portion of a 

complement fixing antibody (i.e., the Fab' portion) to a surface antigen in a 

specific orientation and, therefore, the reaction is immunologically specific; 
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Table 4.2 
Lytic Effect of Normal Rabbit Serum on 

Inner Cell Masses of Mouse 
Blastocysts Pretreated or 

Not Pretreated with 
Neuraminidase 

Day of Development Inner Cell Masses Lysed/Total Number 
Tested* 

Anti-mouse Serum NRS 

: * * 

15/15 0/16 

17/17 0/17 

0/15 

* Inner cell masses (ICM's) were isolated by immunosurgery from day 4 
and 5 blastocysts and tested by means of the cytolytic assay (see text for 
details). 

** Inner cell masses pretreated with neuraminidase. 
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(2) lysis of nudeated ceUs indicates tiie antigen is expressed on tiie cell surface 

in reasonable numbers; and (3) a positive result indicates not only tiiat the 

spedfic antigen is expressed on the surface but that it is accessible to large 

extracellular molecules such as pentameric IgM (approximately 900 kDa) and 

complement components (approximately 79 - 410 kDa; see Shin and Carney, 

1988 for a discussion). This latter point is particularly important in 

experiments such as those presented here in which the object of probing the 

surface was to investigate whether surface determinants are present that 

would l>e available to interact with factors on uterine epithelium or in the 

exttacellular mattix and, thus, have the potential to be important for embryo 

attachment or implantation. 

Studies by others directed at identifying cell surface molecules on 

trophoblast cells from preimplantation embryos have demonsttated the 

presence of multiple adhesion molecules and that there are changes in a 

variety of specific carbohydrate moieties and glycoconjugates at about the time 

of implantation (Solter and Knowles, 1979; Weitiauf, 1988; and Carson et al., 

1990). It is not known whether any of the various surface molecules observed 

in those several experiments are the same as the determinant found in the 

present work because different immunological probes and methods of 

detection have been used. Nevertheless, there are some similarities with the 

spatio-temporal patterns of expression of a few of the previously reported 

factors. For example, the antigen recognized by the monodonal antibody IIC3 

(prepared against F9 teratocarcinoma cells) appears on mouse embryos at 

about the late blastocyst stage (i.e., day 4.5) and disappears ft-om the surface 

soon after attachment and trophoblastic outgrowth in vitro (Marticorena et 

al., 1983; Hathaway and Babiarz, 1988). Furthermore, tteatment of 
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trophoblastic outgrowths with neuraminidase has been reported to "unmask" 

that antigen (Marticorena et al., 1983) although that result could not be 

confirmed in a subsequent sttidy (Hathaway and Babiarz, 1988). Similarly, the 

galactose-containing glycolipid recognized by the monoclonal antibody N63 

(IgM) raised to adhesive stage blastocysts (Svalander et al., 1989) and the Mac-2 

antigen recognized by a monodonal antibody M3/38 (IgG) raised to a 32,000 

Mr murine macrophage cell surface glycoprotein (Ho and Springer, 1981) are 

both present on late blastocyst stage mouse embryos (i.e., days 4-5), delayed 

implanting blastocysts, and ttophoblastic outgrowths (albeit the antigen 

identified by N63 is only weakly expressed on trophoblastic outgrowtiis, 

Svalander et al., 1989; Weitiauf and Knisley, 1992). Regardless of the identity 

of the molecule observed in this study, it is clear that it is a specific cell surface 

determinant that appears on trophectoderm at the expected time of 

implantation and is accessible to large extracellular molecules and that these 

features are compatible with its having a role in the process of embryo 

attachment to the uterus. 

Results of the present study provide no hard data about the functional 

significance of this surface component but do demonstrate that peri-

implantation embryos have the ability to present and modulate a specific cell 

surface component during a narrow developmental "window." The 

mechanism responsible for opening the "window" is intrinsic to the embryos 

and results from a developmentally regulated program that functions in vitro 

as well as in vivo; it does not appear to be related to the general decrease in 

surface sialylation that occurs on peri-implantation mouse embryos (Nilsson 

et al., 1973; Jenkinson and Searle, 1977; Hewitt et al., 1979). It is not yet known 

whether opening of the "window" is the result of de novo synthesis of the 
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determinant or is due to its "unmasking" by removal of a molecule otiier 

than sialic add. On tiie otiier hand, dosing tiie "window" apparentiy does 

depend on "masking" by sialic acid and again, tiie medianism is intrinsic to 

the embryo since it functions in vitro. Furthermore, dormant embryos were 

found to "unmask" the determinant as they became reactivated in vitro (i.e., 

the determinant is expressed briefly by delayed implanting embryos after 14 to 

24 hours in culture and is then "remasked" by siahc add). 

Changes in glycosylation of surface molecules have been proposed as one 

mechanism for the appearance and disappearance of stage-spedfic embryonic 

antigens (Gooi et al., 1981; Marticorena et al., 1983) and glycott-ansferases are 

known to exist intracellularly as well as on the surface of many cells 

including mouse embryos (Wudl and Chapman, 1976; Adler et al., 1977; 

Esworthy and Chapman, 1981; Shur, 1984), and sialidases have been 

demonstrated in several mammalian tissues including the chorioallantoic 

membrane (Ada and Lind, 1961; Cook and Ada, 1963). The present results 

indicate only that mouse embryos express the necessary enzymatic machinery 

to sialylate and desialylate molecules at the cell surface and that the uterine 

environment can influence the timing of opening of the "window" 

apparently by activating that mechanism. 

Thus, the mechanism responsible for regulating the appearance of this 

cell surface determinant is intrinsic to the embryo, and has a developmentally 

fixed component as well as a hormone-responsive variable component. Such 

a mechanism has the potential for synchronizing interactions between the 

conceptus and its mother at the time of implantation. 
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CHAPTER V 

BIOPHYSICAL CHARACTERISTICS OF THE CELL 

SURFACE DETERMESJANT 

Introduction 

Over tiie years, a number of molecules have been described on the surface 

of pre- and peri-implantation mouse embryos (see Solter and Knowles, 1979; 

Johnson and Calarco, 1980; Weitiauf, 1988; Carson et al., 1990 for reviews). 

The basic approach in those sttidies, and in the present work, has been to 

probe embryos for changes in the pattern of expression of surface components 

during specific developmental events (or at the time of implantation) with 

the expectation that such factors are related to those developmental events (or 

to implantation) and that their description would provide a better 

understanding of the processes involved. However, because different 

methods and probes have been employed by the various investigators (i.e., 

lectins, antibodies, and charged particles), it is not known if the several factors 

which have l>een reported are truly unique molecules or are the same 

molecule recognized by different techniques. Hence, there is a need for 

studies that can provide information about the biophysical characteristics of 

relevent molecules at the embryonic surface; for example, knowledge of the 

biochemical composition of a given determinant (i.e., lipid, protein, or 

carbohydrate) and its molecular size and amino add sequence would be 

useful in distinguishing between two surface factors. Only, when a 

determinant is characterized by such methods, will we have definitive 

evidence for or against the presence of a novel molecule and, thus, a better 
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understanding of the true complexity and dynamic nature of tiie surface of 

the embryo during development and implantation. 

The present experiments were undertaken to examine some of the 

biophysical characteristics of the determinant on the surface of late stage 

blastocysts tiiat is recognized by IgM antibodies present in NRS. This work 

was undertaken in two phases: In tiie first phase, embryos were exposed to 

spedfic enzymes in an attempt to remove or destroy the determinant; that 

treatment with protease reduced sensitivity of embryos to lysis indicated tiiat 

the determinant contains protein. Therefore, in the second phase, the surface 

proteins of embryos were iodinated and attempts were made to isolate the 

protein involved in the lytic reaction. An overview of the experimental 

strategy is presented in Figure 5.1. The steps taken and a brief description of 

the rationale follows. 

Phase one 

(a) Treatment of embryos with trypsin. It was reasoned that treatment 

with trypsin would remove or destroy surface determinants with protein 

components and, thus, a decrease in sensitivity to lysis by NRS would 

indicate the determinant contains protein. 

(b) Treatment of embryos with glycosidases. It was reasoned that 

treatment of embryos with various glycosidases would remove determinants 

that contain carbohydrates. Again, a decrease in sensitivity to lysis by NRS 

would indicate that the determinant contains carbohydrate. 
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Phase One 

Mouse Embryos 

(a) Trypsin 

I 
(+) Protein 

(b) Glycosidases 

^ I 1 
(-) Not Protein (+) Carbohydrate (-) Not Carbohydrate 

Phase Two 

f 
(Z) ID PAGE 

,125 
Embryos with I-Labelled Surface Proteinj 

I 
(1) Cytolytic Assay 

f 
(+) Protein Not 

Denatured 
(Embryos Lysed) 

t 
(3) Immunoprecipitation 

f > 

1 
(-) Protein Denatured 
(Embryos Not Lysed) 

t 
Further Studies With 

Antibodies Can 
Not Be Conducted 

(3a ) Qualitative Analysis 
of Proteins 

Immunoprecipitated 

(ID PAGE) 

(3b ) Quantitative Analysis 
of Proteins 

Immunoprecipitated 
(TCA Predpitation) 

Figure 5.1. Outline of experimental design (see methods for details). 
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Phase 2 

(1) lodination of surface proteins. Because it appears that tiie 

determinant contains protein, cell surface molecules will be iodinated and the 

determinant inununoprecipitated as described below (step 3). However, it 

must first be shown that lodination of surface proteins does not denature the 

determinant. To do this, embryos will be iodinated and then tested by means 

of the cytolytic assay. A decrease in sensitivity of embryos to lytic activity of 

NRS, would suggest that lodination denatures the determinant and, 

therefore, that further experiments requiring immunological reactions can 

not be done. If the determinant is not denatured then we can proceed with 

the next experiments. 

(2) Profile of surface proteins. The purpose of this study will be to 

determine the profile of surface proteins labelled by ^̂ Î. This will provide 

evidence that embryo protein can be iodinated and will provide an estimate 

of the number of different surface proteins with tyrosine residues available 

for lodination. 

(3) Immunoprecipitation of the determinant. The purpose of this study 

will be to precipitate the immunoreactive determinant. It is reasoned that if 

one of the ^^ Î-labelled proteins observed in experiment d (above) is the 

determinant, then it should be possible to precipitate it with IgM antibody 

present in NRS. If successful, the amount of precipitated protein will be 

estimated (experiment 3a) as will its molecular weight (experiment 3b). 
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Materials and Mpfhr>Hc 

Proteolytic cleavage of surface protPin<; witii trvpsin 

Surface protein was removed with ttypsin as described by Svalander et al. 

(1989) witii minor modifications. Briefly, blastocysts were recovered from the 

reproductive tract on tiie afternoon of day 5 as previously described (see 

Chapter ni Materials and Metiiods). Five to 10 embryos were incubated in 50 

îl of DMEM containing various amounts of trypsin (5 mg/ml, Gibco, #610-

5400) or trypsin and the protease inhibitors phenylmethylsulfonylfluoride 

(PMSF, 1 mM, Sigma, #P-7626) or trypsin inhibitor (soy bean trypsin inhibitor 

type I-S, 1 mg/ml, Sigma, #T-9003) for 20 min at 37 Xl. They were then rinsed 

3 times with DMEM-FBS and tested by means of the cytolytic assay as 

described previously (see Chapter IV Materials and Methods). In some cases, 

embryos were treated with 50 |xl of DMEM containing trypsin (0.1% w/v) for 

20 min at 37 °C, then exposed to increasing amounts of NRS and tested by 

means of the cytolytic assay. The experiments were done 3 times with 5-10 

embryos from at least 5 animals. Where linearity of the reaction was 

determined, regression analysis by the least squares method was used. The 

values given in figures are means ± standard error of the mean (s.e.m.). 

Enzymatic cleavage of surface carbohydrates 
with glycosidases 

Surface carbohydrates were removed as described by Babiarz and 

Hathaway (1986) with minor modifications. Briefly, to remove N-linked 

carbohydrate, 5-10 blastocysts were incubated in 50 îl of DMEM containing N-

glycosidase F (final concentrations 5 or 10 U/ml, Flavobacterium 

memingosepticum, one unit hydrolyzes 1 nmol dansyl fetuin glycopeptide 
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within 1 min at 37 "C at pH 7.2; Boehringer Mannheim, #903337) for 2-4 h at 

37 <C and then examined by means of tiie cytolytic assay. Note, this enzyme 

treatment is known to cleave N-linked carbohydrates even if they have sialic 

add at the nonredudng terminus. 

To remove O-linked carbohydrate, 5-10 blastocysts were first incubated in 

50 Hi of DMEM containing 0.2 U/ml neuraminidase (Arthrobactor 

ureafaciens protease-free neuraminidase, one unit hydrolyzes 1 ^mol of N-

acetyl-neuraminosyl-D-lactose in 1 min at 25 °C at pH 6.0, Boehringer 

Mannheim, #269611) for 2 h at 37 °C to remove sialic add. They were tiien 

rinsed 3 times with DMEM and incubated in 50 îl DMEM containing O-

glycosidase (final concentrations 0.06 or 0.12 U/ml, Diplococcus pneumoniae, 

one unit hydrolyzes 1 ^mol Gal-GalNAc from asialofettiin within 1 min at 

37 °C at pH 6.0, Boehringer Mannheim, #1012142) before being examined by 

means of the cytolytic assay. Note, unlike N-glycosidase F this enzyme does 

not cleave carbohydrates with sialic acid at the nonredudng terminus 

To remove both N- and O-linked carbohydrate, 5-10 embryos were 

pretreated with neuraminidase as described earlier and then incubated in 50 

M.1 of DMEM containing both N-glycosidase F (10 U/ml) and Oglycosidase 

(0.12 U/ml) for 4 h at 37 °C before being examined by means of the cytolytic 

assay. The experiments were done 3 times with at least 5 embryos recovered 

from a minimum of 5 animals. 

lodination of cell surface proteins 

Cell surface proteins of intact embryos were labelled with ^̂ Î as described 

by Johnson and Calarco (1980) with minor modifications. Briefly, 200 

blastocysts or 100 embryo outgrowths (see Chapter III Materials and Methods 
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for preparation of embryo outgrowtiis) were rinsed in PBS containing 10 

mg/ml of polyvinylpyrrolidone (PVP, Sigma #PVP-40) and then tt-ansferred 

to 200 Ml of PBS-PVP containing lactoperoxidase (22.5 ng/ml, specific activity 

86 U/ml, Sigma #L-2005), glucose oxidase (0.9 Mg/ml, spedfic activity 289 

U/mg, Calbiochem, #346385), and eitiier 1 mCi, 0.5 mCi, or 0.01 mCi/ml ^̂ sj 

(14-17 mCi/Mg iodine, Amersham). The reaction was allowed to proceed for 

30 min at 37' C before the reaction was stopped by rinsing the embryos with 

PBS-PVP containing 1.0 mM Nal. 

Trichloroacetic acid (TCA) precipitation of 
lat)elled proteins 

I-labelled embryos were transferred to 200 jxl of either octylglucoside 

(200 mM in PBS containing 1 mM PMSF), NP-40 (0.1% in PBS containing 1 

mM PMSF) or electrophoresis sample buffer without 2-mercaptoethanol for 

30 min at room temperature to solubilize surface proteins. Embryos were 

then microfuged for 20 min in the cold to pellet nuclei and other in soluble 

components. Five to 25 \xl aliquots of the supernatant were added to 200-500 

Ml of 25% TCA and incubated on ice for 10-15 min. Precipitated proteins were 

then collected on GF/F glass-fiber filters (0.7 M^I, Whatman, Maidstone, 

England), using a Millipore vacuum manifold (Millipore, Bedford, MA) and 

rinsed several times with an excess of cold 5% TCA. The filters were dried 

and radioactivity was estimated by counting on a gamma counter with a ^̂ Î 

channel. Radioactivity was recorded as counts per minute (cpm) and the data 

was corrected for background (i.e., 5 samples were prepared as described above 

except ^̂ Î was omitted, and the average cpms determined and this value was 

subtracted from the data) 
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Polyacrvlamide Gel Flprttophoresis (ID PAGE) 

Embryos were solubilized in electrophoresis sample buffer as described 

earlier and analyzed as described by Laemmli (1970) using 10% polyacrylamide 

slab gels containing SDS. Samples were run at a constant 3.5 watts per slab 

with molecular weight standards ('*C-methylated proteins, Amersham) which 

served as a reference to estimate relative molecular weights of sample 

proteins. Gels were then fixed in 7% acetic add and 70% metiianol for 1 h to 

overnight, dried, and exposed to Kodak XAR-5 X-ray film for various times at 

-70 °C beiore development. 

Immunoprecipitation 

Immunopredpitation was preformed as described by Sutherland et al. 

(1988) with minor modifications. Briefly, ^^ Î-labelled embryos were treated 

with 50 Ml of either NRS (10% v/v in DMEM) or rabbit anti-mouse serum 

(10% v /v in DMEM) for 1 h at 4 or 37 °C. They were then rinsed 3 times with 

PBS and solubilized for 30 min with octylglucoside or NP-40 and centtifuged 

as described earlier. The supernatant was precleared twice on 100 M1 pellets of 

unconjugated Sepharose 4B beads (2 mg/ml in PBS, Sigma, C1-4B-200) for 30 

min at 4 °C with mixing. The precleared supernatant was then incubated on 

100 Ml pellets of either: (1) goat anti-rabbit IgM conjugated Sepharose (4 

mg/ml; anti-rabbit IgM sepharose in PBS, Cappel, #55627), (2) goat anti-rat 

IgG conjugated Sepharose (4.5 mg/ml; anti-rat IgG sepharose in PBS, Cappel, 

#55786), or (3) unconjugated Sepharose (2 mg/ml in PBS, Sigma C1-4B-200) 

for 1-2 h at 4 °C with mixing. The beads were pelleted by low speed 

centifugation and washed with a series of buffers: (a) Tris-NP40 buffer (0.005 

M Tris, pH 8.0, 0.4 M NaCl, 0.005 M EDTA, 1% NP-40, referred to as TNB); (b) 
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INB with 0.1% SDS; (c) TOB with 1.0 M NaCl. After washing, tiie beads 

were resuspended in electrophoresis buffer and heated at 100 °C for 3 min. 

The TCA predpitable radioactivity was estimated and electt-ophoresis of 

samples was preformed as described earlier. 

Results and Discussion 

Phase one experiments 

The determinant recognized by antibodies in NRS contains protein. 

When late stage blastocysts were treated with increasing amounts of trypsin, a 

concomitant decrease in the proportion of embryos lysed by NRS and 

complement was observed (Figure 5.2). Because it was possible that the 

trypsin preparation contained glycosidases or other contaminants which were 

responsible for the reduction in sensitivity to lysis, specific inhibitors of 

ttypsin were tested for their ability to block the effect. Both trypsin inhibitor 

and PMSF were found to block the effect indicating that result is due to 

proteolysis and not the action of unwanted glycosidases. From this result, it is 

concluded that the immunoreactive determinant responsible for embryo lysis 

with NRS contains protein. 

Lytic activity is proportional to the amount of IgM antibody present in 

NRS after tteatment of embryos with trypsin. The proportion of embryos 

lysed following treatment with trypsin (0.1%, w/v) was found to increase 

with the concenttation of NRS (i.e., between approximately 3.1% and 50.0% 

[v/v], y = 52.8 + 100.5 *Log NRS%, [r̂  = 0.96]); 50% lysis occurred at 9.0% NRS 

(Figure 5.3). That the pattern of lysis of embryos tteated with ttypsin was 

similar to that for untteated embryos, although higher concenttations of NRS 

were required, suggested that the same mechanism is involved. 
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The number of determinants present on tiie surface of a cell and the 

amount of antibody available to form antigen antibody complexes are 

important factors in cell lysis reactions and reasonably large numbers are 

required for botii efficient activation of tiie complement cascade and 

formation of a critical number of complement pores (i.e., relatively large 

numbers of pores are necessary to overcome the membrane repair 

mechanism that operates in all nucleated cells (May et al., 1972; Schlager et al., 

1978; Koski et al., 1983). Furthermore, it has been shown that pentameric IgM 

activates the complement cascade only when two or more antigen binding 

sites are occupied and the molecule is in the staple conformation on the cell 

surface (Gillian et al., 1977; Pruul and Leon, 1978; Borsos et al., 1981). Because 

the diameter of the staple conformation of IgM is approximately 46 

angsttoms, at least two determinants must be in close proximity for binding, 

activation of the complement cascade, and formation of a single lytic 

complex. Thus, spacing of a surface determinant is also an important factor 

in cell lysis reactions (Gillian et al, 1977; Borsos et al., 1981). It seems probable 

then, that trypsin caused a reduction in the number of surface determinants 

and that this was responsible for the reduction in sensitivity to lysis by NRS, 

presumably more IgM antibody was able to overcome the deficiency by 

increasing the number of complexes formed at the surface. 

Taken together the results indicate that the determinant contains protein 

and is expressed on the surface of mouse blastocysts in reasonably large 

numbers. 

The determinant recognized by antibodies in NRS is probably not 

carbohydrate. There was no effect on embryolytic activity when embryos were 

treated with glycosidases to remove surface N- or O-linked carbohydrates 
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(Table 5.1). Increasing tiie concenttation or length of exposure to the enzymes 

did not change tiiat result (Table 5.1). Similarly, when both N- and O-Unked 

carbohydrates were removed, embryolytic activity was not effected. This 

result suggests that carbohydrates are not critical components of the 

determinant. 

N-glycosidase F deaves all types of asparagine bound N-glycans in their 

native forms and O-glycosidase liberates tiie disaccharide unit Galfi (1-3) 

GalNAc from all O-glycans bound to serine or threonine provided that 

substituents such as sialic acid or fucose are not present at the nonredudng 

terminus (Umemoto et al., 1977). In the present study, sialic acid was 

removed from surface carbohydrates prior to tteatment with Oglycosidase to 

eliminate this problem. It should be pointed out, though, that fucose was not 

removed prior to exposure of embryos to O-glycosidase. Therefore, surface 

determinants with O-linked carbohydrates that are substituted with fucose 

would not be hydrolyzed by this enzyme. Fucose is not a common sugar 

found at the nonredudng terminus of most cell surface molecules of 

mammals and, thus, usually does not pose a problem in studies of surface 

carbohydrates (Wold, 1981). 

However, because the amount of carbohydrate released from embryos 

could not be measured (due the small amount of material), it can be argued 

that the determinant does contain carbohydrate and that the enzymes did not 

remove enough of it to cause a reduction in sensitivity to lysis by NRS. 

Because of this possibility the negative results do not prove condusively tiiat 

carbohydrate is not involved. Nevertheless, the enzymes were present in 

excess and the reaction was performed under standard conditions and it 

seems unlikely that incomplete digestion of surface carbohydrate is 

106 



Table 5.1 
Lytic Effect of Normal Rabbit Serum after Treatment 

of Embryos with Varying Concenttations 
of N- or O-Glycosidase 

Glycosidase Number of Embryos Lysed/Total 
(U/ml) Number Tested 

N-Glycosidase F 

No Treatment 15/17 

10 13/15^ 

13/15^ 

5 15/15 

15/16 

O-Glycosidase 

No Treatment 14/15 

0.12 14/16 

14/15 

0.06 13/15 

14/16 

0-r:ivmsidase ^ N-Hlvrosidase F*" 

No treatment 

10.12 

14/16 

19/22^ 

(a) embryos exposed to glycosidase for 2 h. 
(b) embryos exposed to glycosidase for 4 h. ^^, ,, , _ . . , 
(c) embryos exposed to both N-glycosidase F (10 U/ml) and O-glycosidase 

(0.12 U/ml). 
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responsible for the results. Clearly, additional sttidies will need to be done to 

confirm this conclusion. 

The finding that the determinant is probably not carbohydrate was 

unexpected since naturally occurring antibodies commonly recognize 

carbohydrate determinants (Miller et al., 1989). However, protein 

determinants that are recognized by natural antibodies have also been 

described and indude band 3 protein (Lutz et al., 1984) major 

histocompatibility antigens (Risser and Grunwald, 1981) tubulin, actin, 

thyroglobulin, albumin, and collagen (Guilbert et al., 1982). Thus, there are 

precedents for such a result. 

Phase 2 experiments 

PAGE analysis of iodinated surface proteins of blastocysts and outgrowths. 

The surface of blastocysts were labelled with ^̂ I, solubilized with detergents, 

and the total radioactivity incorporated into macromolecules was determined 

by TCA precipitation. The ID PAGE profile of the proteins contained bands of 

Mr 13, 000,18,000,33,000,56,000,63,000 85,000,110,000,195,000 (data not 

shown). Johnson and Calarco (1980) also analyzed the profile of ^^ Î-labelled 

surface proteins of mouse blastocyst stage embryos by this method. The 

results are in agreement except that they did not observe the 110,000 and the 

195,000 molecular weight species. The minor differences in protein profiles 

may be explained by differences in strains of mice used in the two 

experiments. 

The profile did not change with blastocyst attachment and outgrowth in 

vitro or when sialic acid was removed from the surface of embryo outgrowths 
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prior to lodination. Thus, sialic add does not "mask" proteins which can be 

iodinated on the surface of embryo outgrowths. 

Interestingly, although the protein profiles were not different, embryo 

outgrowths incorporated much more ^̂ Sj than blastocysts that had not 

attached and produced ttophoblastic outgrowtiis (compare Tables 5.2 and 5.3) 

indicating there is an increase in the amounts of already existing proteins 

available for lodination. Alternatively, it may result from an increase in cell 

number or the increase in surface area of the ttophoblast membrane that 

occurs at this time (Barlow and Sherman, 1972; Jenkinson and Wilson, 1973). 

lodination of surface proteins does not affect embryolytic activity of NRS 

or rabbit anti-mouse serum. In this experiment, embryos were first labelled 

with ^̂ I and tested by means of the cytolytic assay to determine if the 

determinant was denatured by lodination (Morrison et al., 1971; Morrison 

and Schonbaum, 1976). It was found that labelling with '̂ I did not affect 

embryolytic activity and, thus, apparently did not denature the determinant 

(Table 5.4). Therefore, experiments to immunoprecipitate the molecule were 

undertaken. 

Immunoprecipitation of the surface determinant on mouse blastocysts 

and embryo outgrowths that is recognized by IgM antibody in NRS. To 

demonsttate the feasibility of this approach, experiments were first 

undertaken to immunoprecipitate common mouse determinants from the 

surface of the embryos with known rabbit IgM antibody to mouse blastocysts 

and embryo outgrowths (i.e., rabbit anti-mouse serum, see appendix for 

preparation and characterization of this serum). A large proportion of 

labelled proteins from blastocysts and embryo outgrowths bound specifically 

to anti-rabbit IgM sepharose (Tables 5.2 and 5.3). In both cases, electrophoretic 
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Table 5.4 
Effect of lodination of Embryonic Surface 

Proteins on Lytic Activity of 
Nonnal Rabbit Serum 

TCA Predpitable 
CPM/Embryo 

Niunber of Embryos Lysed/Total Number 
Tested* 

Day of Development 

5 

490" 

150^ 

2" 

Embryos Treated 
with NRS 

14/15 

14/17 

15/16 

EmbryosTreated 
with Anti-Mouse 

Serum 

15/15 

16/17 

14/15 

16,467 

5230 

65 

13/13 

12/12 

13/13 

15/15 

13/13 

15/15 

* Day 5 blastocysts and embryo outgrowths (day 7) were tested by means 
of the cytolytic assay after lodination of cell surface protems witii 
(a) 1 mCi, (b) 0.5 mCi, or (c) 0.01 mCi of'^^I. 
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examination showed that the bound material was mostly high molecular 

weight protein (i.e., on 10% polyacrylamide gels, tiie labelled material 

migrated as one large diffuse band that remained at the top of the gel and 

were protein(s) of approximately M, 195,000 to 250,000, data not shown). Thus, 

antibody in rabbit anti-mouse serum recognizes high molecular weight 

protein on ttie surface of mouse blastocysts and embryo outgrowths. More 

importantly, ti\is result demonstrated ti\at specific ^^SMabelled proteins of 

mouse embryos can be immunoprecipitated under these conditions. 

However, when the experiments were done with NRS containing the 

naturally occurring IgM antibody responsible for embryo lysis, only a small 

proportion of ^^ Î-labelled proteins from blastocysts and outgrowths treated 

vdth was predpitated (Tables 5.2 and 5.3). A similar amount of material also 

bound to the negative controls (i.e., anti-rat-IgG sepharose and unconjugated 

sepharose) suggesting that some protein from the embryos were binding to 

the immunoglobulin and the sepharose nonspecifically. ID PAGE analysis 

and autoradiagraphy was used to confirm that this material was essentially 

background (data not shown). Therefore, it is conduded that the determinant 

recognized by antibody in NRS was either not precipitated under these 

conditions or was not labelled. The most likely explanation for the failure to 

immunoprecipitate the molecule is that it does not contain a tyrosine residue 

available for lodination and, therefore, would not be detected by this method. 

Alternatively, it may be that the IgM molecule is a low affinity antibody and 

thus would not precipitate the molecule efficiently. 
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CHAPTER VI 

SUMMARY 

The present research project was prompted by the observation that mouse 

embryos become sensitive to lysis by certain batches of commerdally prepared 

normal rabbit serum at the late blastocyst stage of development; ti\at is at 

about the expected time of implantation. It was found tiiat appearance of a 

specific cell surface protein determinant that is recognized by a naturally 

occurring IgM antibody in NRS was responsible for the sensitivity. Because 

expression of the immunoreactive determinant on the surface was 

temporally associated with embryo attachment and implantation, it is 

suggested that it plays a role in that important process. The additional finding 

that this determinant was present but "masked" by sialic acid during the 

dormant phase associated with delayed implantation, and "unmasked" 

during reactivation makes this molecule an especially strong candidate for 

such a role. 

The mechanism responsible for regulating expression of this cell surface 

protein was found to be composed of: (1) a developmentally fixed 

component, that is the intrinsic expression of the determinant at a specific 

stage of embryo development; and (2) a variable component, that is 

"masking" with sialic acid, which is modulated by the endocrine status of the 

mother. A mechanism comprising two such components has the potential to 

provide synchronization between a conceptus and its mother at the time of 

implantation and, thus, may be important for successful reproduction. 
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Although the factor could not be isolated with current technology, it is 

hoped that future work will bring new techniques to bear on this molecule 

and elucidate its role in implantation. 
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APPENDIX 

VALIDATION OF METHODS 

Effects of the various treatments on removing antibody or complement 

were first validated using a standard antibody-dependent complement-

mediated cytolytic assay. The assay is presented below as well as the results 

from these intial studies. 

Antibody-Dependent Complement-Mediated Hemolytic Assay: 
Materials: 

1. Bovine red blood cells (RBC, 10% suspension, Cat# 0002-1520; 

Cappel, West Chester, PA). 

2. IgG ft-action rabbit anti-RBC (Cat# 0202-1322, Cappel) or IgM fraction 

rabbit anti-RBC (Cat # 0502-1322, Cappel). 

3. 96 well round bottom sterile microtiter plates (Cat# 

3596, Costar, Cambridge, MA). 

4. Dulbecco's modified Eagles medium (DMEM, Gibco, Grand Island, 

NY). 

5. Chromium-51 (Na2Cr04, Cat# 62014, ICN, Irvine, CA). 

6. 2% NP-40 in distilled water. 

7. Phosphate buffered saline pH 7.4 (PBS). 

Procedure: 

1. Wash stock RBC 3 times with PBS. 

2. Add 80 1̂ of packed cells to 120 îl PBS containing 100 ^iCi/ml siCr. 

3. Incubate for approximately 1 h at 37 ̂ C 
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4. Wash 3 times with PBS. 

5. Prepare a 1% suspension of tiie washed RBCs (i.e. 1̂ 1 packed 

cells/ml in PBS) and opsonize with an optimal amount of anti-RBC 

antibody (i.e. the highest dose that does not produce RBC 

agglutination). 

6. Incubate for 1 h at 37 o c 

7. Rinse opsonized cells 3 times with PBS. 

8. Prepare a 1% suspension of opsonized cells in DMEM. 

9. Aliquot 50 îl of opsonized RBCs to wells of a microtiter plate and 

add 50 III of an appropriately diluted complement source. 

10. Incubate for 1 h at 37 oC with gentie agitation. 

11. Following incubation, allow unlysed cells to settle to the bottom of 

the well (approximately 10-15 min) before carefully removing 50 ̂ il 

for counting on a gamma counter (CPM experimental). 

12. Add 50 111 of 2% NP-40 solution to each well to lyse the remaining 

cells. 

13. Transfer entire contents of each well to RIA tube for counting on a 

gamma counter (CPM maxium). 

14. Correct samples for background radiation. 

15. Two controls are necessary and are as follows: 1) omit opsonization 

step, 2) omit complement (CPM spontaneous release). 

16. Calculate % specific release: 

[(CPM experimental - CPM spontaneous release)/(CPM maxium -

CPM spontaneous release)! X 100. 
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Figure A.l Lysis of opsonized RBC exposed to increasing 
concentrations of different lots of normal 
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Figure A.3 
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Known amounts of purified IgG (a) or IgM (b) were added to 
wells of an agar plate containing goat anti-rabbit IgG or goat 
anti-rabbit IgM specific antibodies and allowed to diffuse for 
48 h and areas of the radial precipitation rings measured. 
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Figure A.4 Lysis of opsonized RBC exposed to normal rabbit serum 
(final concentration 4%,v/v) that had been heated to 
5 6 1 for 30 min or not heated. 

135 



100. 

.a 
Vi 

H-l 

U 

PQ 

Vi 

& 4 
CD 

Untreated 
Serum 

No Calcium or 
Magnesium 

No 
Calcium 

No 
Magnesium 

Reconstituted 
with Calcium & 

Magnesium 

Figure A.5 Lysis of opsonized RBC exposed to normal rabbit serum 
(undiluted) that had been treated with either 
ethylendiaminetetraacetate (EDTA-serum, final concentration 
10 mM) to remove calcium and magnesium ions or to 
EDTA-serum to which calcium and/or magnesium ions had 
been replaced. 
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Figure A.6 Lysis of opsonized RBC exposed to normal rabbit serum 
(undiluted) that had been treated with increasing amounts of 
zymosan at 37 °C 0?lack bars) or 4 "C (hatched bar). 

137 



^̂ ^̂  CO 
• F H 

Vi 
> . 

l - l 

u 
PQ g 
0) 
Vi 
m 
0^ 

1-H 
0^ 

p< 
u • FH 

ill 
V 
^ 

CD 

• 

100. 

" 

8 0 . 

. 

6 0 . 

^ 

4 0 . 

• 

2 0 . 

0 

Not Heated Heated 
Figure A.7 Lysis of opsonized RBC exposed to guinea pig serum (final 

concentration 10%, v/v) that had been heated to 56° C or 
not heated. 

138 



Untreated 
Serum 

No Caldum or 
Magnesium 

No Caldum No Magnesium Reconstituted 
with Caldum & 

Magnesium 

Figure A.8 Lysis of opsonized RBC exposed to guinea pig serum 
(undiluted) that had been treated with either 
ethylendiaminetetraacetate (EDTA-serum, final 
concentration 10 mM) to remove calcium and magnesium 
ions or to EDTA-serum to which calcium and/or magnesium 
ions had been replaced. 
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Figure A.9 Lysis of opsonized RBC exposed to guinea pg serum 
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text for details). 
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3. 

Preparation of rabbit antimouse serum 

Materials: 

1. Placenta tissue from day 19 pregnant white Swiss mice. 

2. New Zealand White Rabbit. 

Plastic syringe (sterile, 1 ml) with a 25-gauge needle. 

4. Tissue homogenizer. 

5. 0.5-1.0 mg of the appropriate antigen in 0.4-0.5 ml of normal saline. 

6. Razor blade. 

7. Two clean 50 ml test tubes. 

8. Sterile gauze. 

Procedure (Harlow and Lane, 1988): 

1. Trim fat and exogenous tissue from day 19 placenta and rinse well 

in normal saline. 

2. Homogenize 5-10 clean placenta in 20 ml of normal saline. 

3. Centrifuge homogenate at 1000 rpm for 30 min. 

4. Carefully remove supernatant and determine protein concentration 

(optical density or Bradford methods are commonly used). 

5. Inject (im. into the hind leg) 0.5-1.0 mg protein antigen in 0.4-0.5 ml of 

normal saline using a 1 ml syringe fitted with a 25-gauge needle. 

6. Ten days later collect blood from the animal by shaving the inner edge 

of the ear and carefully cutting the marginal vein. Let approximately 

50 ml of blood drip into two 50 ml test tubes. 

7. Stop the blood flow by gentiy applying pressure to the cut with sterile 

gauze. 

8. After collection, allow the blood to dot for 30-60 min at 37° C. 
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9. Separate the clot using a Pasteur pipette and allow it to contract 

overnight at 4° C . 

10. Remove the serum and centrifuge at 10,000g for 10 min at 4° C . 

11. Separate serum from any remaining insoluble material and store at 

-20° C. 
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Figure A. 12 Day 5 blastocysts exposed to increasing amounts of rabbit 
anti-mouse serum (—O—^ or preimmune serum 
(—8Bf— ) followed by GPS (10%, v/v) and evaluated for 
lysis. 
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Table A.l 
Effect of Ammonium Sulfate and Low Ionic Strength/ 

Low pH Buffer on Immunoglobulin Concentration 
and Embryolytic Activity of 

Rabbit Anti-Mouse 
Serum 

Treatment 

None 

Ammonium Sulfate 
(50% v/v) 

Supernatant 

Precipitate 
(Reconstituted) 

2.0 mM Phosphate Buffer 
pH4.0 

Supernatant 

Precipitate 
(Reconstituted) 

Concentration of 
Immunoglobulin 

(mg/ml)* 

feG 

12.5 

0.7 

11.0 

11.4 

0.9 

(100) 

(5.6) 

(88.0) 

(91.2) 

(7.2) 

IgM 

0.62 (100) 

0.0 (0) 

0.56 (90.3) 

0.0 (0) 

0.59 (95.2) 

Number of Embryos 
Lysed/Total Number 

Tested** 

29/30 

0/25 

26/30 

0/27 

25/30 

* * 

Immunoglobulin (Ig) concentrations were estimated by radial 
immunodiffusion (see methods for details); percent of immunoglobulm 
remaining after treatment of rabbit serum (i.e. [mg Ig treated/mg Ig 
untreated] x 100) is in parenthesis. w ^ r T 
Late day 5 blastocysts were exposed to anti-mouse serum depleted of Ig 
(supernatant fraction adjusted to the original volume) or to the 
precipitated fraction of the serum (reconstituted to the original volume 
with DMEM); this was followed by exposure to guinea pig serum and 
evaluation for lysis. 
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The effect on embryo lysis by anti-mouse serum (—O—^ of 
selective removal of IgM ( - D - ) or IgCe -^ - )'• a) treatment 
with anti-rabbit IgM-sepharose to remove IgM; b) treatment 
with protein A-sepharose to remove IgG. Levds of IgM and IgG 
were estimated by radial immunodiffusion (see text for details). 
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