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ABSTRACT

The aim of this work was to understand the basis of the defect in the 
mouse DDK strain. Defective embryos are produced when DDK females are mated 
with males of an alien strain (C3H). 95% of the DDK/C3H embryos are destined to 
decompact and fail to form normal blastocysts. A short review on gap junctions, 
followed by a discussion of mouse embryo pre-implantation development is presented 
in the Introduction. The morphology and the pattern of gap junctional communication 
in control and defective DDKembryos from the 8- to the 16-cell stage were compared. 
The results confirm that DDK/C3H embryos transfer Lucifer Yellow through gap 
junctions more slowly than controls. The physiological basis of the DDK syndrome 
was examined. Intracellular pH measurements indicate that 8-cell DDK/C3H embryos 
have significantly lower pHi than control embryos at the same stage. This could 
account for the reduction of dye transfer through gap junctions observed within the 
DDK/C3H population. Artifically lowering intracellular pH in normal 8-cell control 
embryos with butyrate for 4 hours reduced gap junctional communication and 
reproduced the DDK phenotype. Treatment with cyclic-AMP significantly speeded dye 
transfer in control and DDK/C3H embryos at the 8-cell stage. Preliminary experiments 
suggest that cyclic-AMP may rescue some DDK/C3H embryos to the blastocyst stage, 
but the effect is small (about 25%). Gap junctions were immunologically identified 
with a specific antibody to gap junction protein. The same protein was present in gap 
junctions of embryos from both control and defective strains. Since DDK/C3H 
embryos have functional gap junctional channels, the gap junction proteins themselves 
probably are not directly implicated in the DDK/C3H defect. It is more likely that 
defective pHi regulation is responsible. A general discussion and an hypothesis for the 
role of gap junctions is presented.
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How can a one-dimensional genetic code specify a three-dimensional 
animal? What are the mechanisms that control the organization of cells into 
tissues and organs to constitute a fully developed individual? In order to answer 
these challenging questions, embryonic development of animals from nearly all the 
Animal Kingdom have been observed. From these studies, it became more and 
more evident that the control of cell differentiation and pattern formation required 
that cells exchange with each other information about their position and fate.

For this purpose, different mechanisms for the transmission of 
developmentally important signals have emerged. Two types of pathways are 
possible: (i) Extracellular pathways. In this case, the signal molecules, released by 
one cell or a group of cells into the extracellular space, diffuse to the target cells. 
Another extracellular pathway involves the direct interaction of surface membrane 
molecules of two adjacent cells (ie, cell adhesion molecules, extracellular matrix, or 
other glycoproteins). Evidence strongly suggests that these types of cellular 
communication are implicated during neural induction (review in Saxen, 1989). 
(ii) The second type is an intercellular pathway which allows the direct exchange 
of molecules through specialized membrane structures linking the cell interiors (ie, 
gap junctions). The last mechanism, cell-to-cell communication through gap 
junctions during embryonic development is the topic of this thesis.

In order to understand the importance of gap junctional communication in 
development, a short review on gap junctions is first presented.
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1. Gap junctional communication in development

1.1 The gap junctional channels

Gap junctions are specialized regions of apposed plasma membrane between 
actfacent cells, found in nearly all developing and fully differentiated tissues. Gap 
junctional channels differ from other membrane channels in many ways. Indeed, a 
unique feature of the cell-to-cell communication through gap junctions is that the 
exchange of cytoplasmic molecules between cells is done without secretion into the 
extracellular space. Gap junctional channels can be non-specific, they permit the 
exchange of cytosolic ions and small molecules, up to a molecular weight of about 
1200 daltons (Simpson et al., 1977). They also allow for passive diffusion.

1.1.1 Gap junction structure

The gap junctional channel is composed of a hemichannel, called® connexon, 
embedded in the plasma membrane of one cell and joined with a similar connexon 
in the apposing cell membrane of the adjacent cell. Robertson, (1963) was the first 
to describe the regular hexagonal lattice organization characteristic of the 
connexon. Its structure in this lattice has been studied by thin-section and freeze- 
fracture electron microscopy (Revel and Karnovsky, 1967; Benedetti and Emmelot, 
1968; McNutt and Weinstein, 1970) and by low angle X-ray diffraction (Caspar et 
al., 1977; Makowski et al., 1977; Unwin and Zampighi, 1980). Combined results 
obtained with these methods indicate that the junctions appear as a pair of 
plasma membranes separated by a 2-3 nm wide gap (Revel and Karnovsky, 1967). 
The connexon has been pictured as roughly rod shaped, about 2.5 nm in diameter 
and 7.5 nm long. It is an oligomer composed of six protein subunits which span 
the membrane and protude from either side (Caspar et al., 1977; Makowski et al., 
1977; Unwin and Zampighi, 1980). Finally, three-dimentional mapping, calculated 
by Fourier transforms, indicates that the subunits are tilted around the axis by 
about 14°. A simple mechanism for opening and closure of the gap junctions has 
also been proposed. The closure of the hemichannel could be achieved by the 
sliding of the subunits against each other, reducing the inclinaison by about 5° 
(Unwin and Zampighi, 1980).
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1.1.2 The connexin family

The molecular cloning of one of the gap junction proteins in 1986 (Kumar 
and Gilula, 1986; Paul, 1986) led to the discovery that the gap junctions in many 
tissues are formed by members of a familyjfrelated proteins for which the generic 
term connexin has been suggested (Goodenough, 1974; Beyer et al., 1987). This 
term is associated with the predicted molecular mass calculated from the cDNA, in 
order to distinguished between the different proteins.

As yet, the primary sequence of several gap junction proteins has been 
determined from cDNA clones. Some others are only partially sequenced from the 
amino terminal of isolated proteins. So far, six different connexins have been 
identified (review in Beyer et al., 1990; Green, 1990).

Connexin32. This is the most extensively characterized gap junction 
protein. The polypeptide has been isolated from mouse and rat liver (Hertzberg 
and Gilula, 1979). On SDS-polyacrylamide gels, this polypeptide runs at 26-29 kD, 
however, it also runs at 32 kD according to polyacrylamide gel concentration 
(Green et al., 1988). Recently, the complete amino acid sequence of this 
polypeptide has been determined from rat and human cDNA libraries (Kumar and 
Gilula, 1986; Paul, 1986).

Connexin26. In isolated liver gap junctional preparations, a minor protein 
component (21 kD) has also been found (Nicholson et al., 1987; Traub et al., 1989). 
So far, this protein has only be described in mouse and rat. Recently, a cDNA 
clone coding for this protein has been characterized, its calculated molecular 
weight being 26 kD. In addition, 64 % homology between the primary sequences of 
connexin32 and connexin26 has been found (Zhang and Nicholson, 1989).

Connexin43. Gap junctions isolated from heart contain a major component 
that runs between 43 and 47 kD on polyacrylamide gels (Mary'unath et al., 1984). 
The complete amino acid sequence, worked out from a cDNA cloned fromaheart 
library, indicates that the true molecular weight of this gap junction protein is 43 
kD, and that it shows about 43 % overall homology with connexin32 (Beyer et al., 
1987). Site-directed antibodies against connexin43 indicate that it^also distributed 
in uterus smooth muscle cells and in other organs such as kidney, ovary, and 
stomach (Dupont et al., 1988; Beyer et al., 1989).
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Connexin30. This protein has been (derived from a liver cDNA library 
(Gimlich et al., 1988). It occurs in embryonic as well as in adult Xenopus tissues 
and show 71 % homology with the rat or human connexin32.

Connexin38. This protein which shows 32 and 41 % homology to rat 
connexin32 and connexin43 respectively is yet expressed only in oocytes and early 
embryos (up to stage 15, 18 hours) of Xenopus (Ebihara et al., 1989).

Connexin46. A membrane protein of 70 kD (MP70) and its in vivo 
breakdown product of 38 kD (MP38), have been exclusively identified in membrane 
junctional domains of vertebrate lens (Kistler et al., 1985, 1990). These two 
proteins have distinct localizations, while MP70 is predominant in outer lens 
regions, the processrlform MP38 is mostly found in inner lens regions. These two 
proteins have only been partially sequenced. However, both show strong homology 
at the amino-terminal end with liver connexin32 and 26 and with heart 
connexin43 (Kistler et al., 1988). MP70 has not yet been cloned, but a cDNA has 
been isolated from lens cDNA libraries. Its N-terminal amino acid sequence 
matches that of MP70, this cDNA codes for a 46 kD polypeptide.

1.1.3 Gap junctional protein topology

The amino acid sequences derived from the cloned cDNAs have been used to 
predict the topological organization of the connexins. Hydropathy plots as well as 
site-directed antibody localization studies, and microsequence analysis by 
proteolytic digestion of the protein predict that connexin32 and connexin43 share 
a number of topological features (Kumar and Gilula, 1986; Paul, 1986; Beyer et al., 
1987; Zimmer et al., 1987; Milks et al., 1988; Yancey et al., 1989; Laird and Revel, 
1990). In particular, the connexin is composed of four transmembrane regions, 
most probably alpha-helices. These regions are separated by two highly conserved 
extracellular loops, each containing three invariant cysteines (Beyer et al., 1987). 
Both the amino-terminus and the carboxy-terminus are on the cytoplasmic side. 
With exception of the N-terminal region, little sequence homology was found, 
between these connexins, in the cytoplasmic loop and in the C-terminal end. 
Connexins with the higher molecular weights appear to have a long C-terminal 
region. Such studies have not been performed with the other connexins, however, 
amino acid comparison with connexin32 and connexin43 suggests that their basic 
structure are identical (see figure 34 and for recent reviews Beyer et al., 1990; 
Bennett et al., 1991).
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1.2 Gap junctional communication during embryonic development

Gap junctional communication has been well documented in a number of 
developing organisms, from invertebrate to vertebrate, from oogenesis through 
organogenesis (see Caveney, 1985 for review).

Development does not begin at fertilization. The primary embryonic axis is 
set up in the oocyte prior to ovulation. Gap junction communication may be 
implicated in the establishment of this axis in mammals, amphibians, as well as in 
insects. Indeed, it has been shown that gap junctions exist at the contact area 
between oocytes and the surrounding follicle cells. In addition, it has been 
demonstrated that gap junctions are needed for normal oocyte growth and 
maturation (Moor et al., 1980; Eppig, 1982; and review in Caveney, 1985).

After fertilization, the existence of low resistance intercellular 
communication asociated with the ultrastructural presence of gap junctions has 
been observed between blastomeres, without exception, in a number of embryos. 
In invertebrates, gap junctions were first detected in the squid embryo. The 
observations of Potter et al in 1966, indicate that squid embryonic cells are all 
electrically coupled. Later, gap junctions have been found in the mollusc 
gastropod, Patella and Lymnaea (de Laat et al., 1980; Dorresteyn et al., 1981, 1982, 
1983)., Echinoderm (starfish and sea urchin) and tunicate embryonic cells are also 
coupled through gap junctions (Miyazaki et al., 1974; Andreuccetti et al., 1987; 
Serras et al., 1988). In vertebrates embryos, intercellular communication has been 
reported, either ultrastructurally, showing the presence of gap junctions, or 
experimentally, showing dye- or electrical coupling. These observations have been 
performed particularly in early stages amphibian development (Warner, 1973), in 
the killifish Fundulus (Bennett et al., 1978; Kimmel et al., 1984), as well as in 
mammalian embryos (Ducibella et al., 1975; Lo and Gilula, 1979b).

1.2.1 Evidence that gap junctions play a role in development

The idea that gap junctions are involved in development came from the 
observations that gap junctional channels function much like a tammy cloth which 
only allows passage, from one cell to another, of ions and small molecules. This 
mean that the cells can exchange intercellular signals, involved in the control of 
growth and differentiation, while they retain their individuality of differentiation 
or expression (Crick, 1970). In addition, intercellular communication through gap
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junctions appears at critical embryonic stages where cell determination occurs, and 
cell-cell communication is later restricted as differentiation occurs (Wolpert, 1978). 
Gap junctions are present early during embryonic development, however, the stages 
at which embryonic cells are coupled through gap junctions vary between species. 
According to the pattern of intercellular communication and the time of 
appearance of this communication, gap junctions probably fulfil different task 
during development.

One possible role for gap junctions is that the determination of a group of 
cells to a certain fate might arise from the restriction of cell-to-cell communication 
within the group. This may restrict the transfer of developmentally important 
molecules or "morphogeny within a single yet undifferentiated compartment. 
Consequently, the communication compartment should match the development 
compartment.

In the mouse embryo, a temporal correlation between the apparition of 
functional gap junctional channels and compaction of the 8-cell blastomeres has 
been found (Lo and Gilula, 1979b; Goodall and Johnson, 1982, 1984; McLachlin et 
al., 1983). There is a more detailed review about gap junctional communication in 
the preimplantation mouse embryo in|^ge2&of.tlus iljiesis • At the
blastocyst stage, at first, intercellular coupling, measured by dye and electrical 
coupling, exist between cells of the two lineages, Inner Cell Mass (ICM) and 
trophectoderm (Lo and Gilula, 1979b). Then, at later stages (6 to 8 days old 
postimplantation embryos), a progressive restriction of dye coupling is observed 
first between ICM and trophectoderm cells and later within the ICM itself (Lo and 
Gilula, 1979a).

The studies performed on mosaic embryos, such as the pond snail Lymnaea 
and the marine gastropod Patella, where the cell lineage are well defined, give 
additional evidence for the correlation between developmental and communication 
compartments. In the embryo of Lymnaea, gap junctional communication is 
extensive from the 4-cell up to the 24-cell stage (Serras and van den Biggelaar, 
1987). In contrast, dye coupling throuh gap junctions appears only at the 32-cell 
stage in Patella embryos (Serras et al., 1990). The first changes in gap junctional 
communication appear at the 48-cell stage and at the 72-cell stage in Lymnea and 
Patella embryos respectively. In both embryos, this corresponds to the apparition 
of a group of cells, the trochoblast, which are uncoupled whereas other cells of the 
embryos are still dye coupled. It should be noted that at theses stages, the 
trochoblast cells have arrested their cycle while the other blastomeres continue to 
divide. Later this restriction in the dye coupling pattern will result in the 
formation of two distinct communication compartments with different 
developmental fates, these two compartments being separated by a ring of
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uncoupled trochoblast cells. The pre-trochal domain will form the head while the 
post-trochal domain will form the rest of the body, the trochoblast cells will later 
form the locomotory organ of the larva (Verdonk and van den Biggelaar, 1983).

Another evidence for the involvement of gap junctions in the establishment 
of developmental compartments came from dye and electrical coupling 
observations on epidermis cells of segmented insects. All epidermal cells of the 
milkweed bug Oncopeltus and of the maggot of the blowfly Calliphora are 
electrically coupled whatever their position in the epidermis. However, in both
species, the transfer of Lucifer Yellow has been found to be restricted to cells
within the same segment (Warner and Lawrence, 1973, 1982; Blennerhassett and 
Caveney, 1984). Dye spreading stops abruptly at the segment boundary, which is 
known to be also a developmental boundary (Lawrence, 1973). Furthermore, in 
Calliphora, molecules smaller than Lucifer Yellow, such as lead-EDTA (MW, 350) 
can diffuse freely between segments. These observations give additional support to 
the idea that gap junctions are require for the formation of a gradient of
morphogen within developmental compartment.

Another possible role of gap junctions is to enable a group of individual
cells to behave as a whole and to act synchronously. In the sea urchin,
blastomeres are coupled by cytoplasmic bridges up to the 8-cell stage (Dale et al.,
1982). From the 16-cell stage onwards, electron microscopy observations give
evidence for the presence of gap junctions (Andreuccetti et al., 1987). It should be
emphasistlthat the gap junctional communication appears, in the sea urchin, after
the fourth cleavage, at the same time as mitosis becomes asynchronous;
blastomeres closer to the micromeres enter mitosis prior to those more distant
(Parisi et al., 1978). It has been suggests) that intercellular communications
through gap junctions may be implicated in the establishment of the mitotic wave
along the vegetal-animal axis by allowing the transfer of a periodic signal (Parisi et
al., 1982). The example of the marine gastropod Patella can once more be used to
illustrate this role. Serras et al, (1985), observed the reappearance of dye coupling
between the trochoblast cells once they have differentiated into ciliated cells and

■Hot-formed a functional organ, the locomotory organ of the larva, termed prototroch.
Later in development, the presence of gap junction! in rat myometrium has 

been detected immediately prior to and during delivery, as well as postpartum 
(Garfield et al., 1977). It has been suggested that gap junctions are required for 
synchronizing the uterine cells contractility for the effective expulsion of the fetus.

This review is not exhaustive, however it gives examples to illustrate some 
plausible roles for gap junctions in development. It is worth noting that the 
presence of gap junctions immediately prior to and/or during developmental events 
does not necessarily mean that gap junctions effectively play a role in these events.
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Indeed, it only suggests that cell-cell communication through gap junctions might 
be implicated in development. A good example to illustrate this statement is the 
experiment of Warner and Gurdon (1987) during mesodermal induction in the 
blastula of Xenopus. Animal pole cells which will normally give rise to ectodermal 
derivatives, can be induced to form mesodermal derivatives, such as muscle, by 
contact with vegetal pole cells of mid-blastula embryos. Although gap junctional 
communication is present between animal and vegetal cells shortly after 
corrugation of the two tissues, the suppression of intercellular coupling by iryection 
of antibodies to the 27 kD gap junction protein (Warner et al., 1984), does not 
inhibit the expression of a specific marker for muscle differentiation in antibodies- 
iiyected embryo; the production of cardiac mRNAs.

Similarly, during neuromuscular junction formation in Xenopus cultures, 
although gap junction communication is established between neurons and myocytes 
at their initial contact (Peng et al., 1980; Allen and Warner, 1991), experiments 
using gap junction antibodies indicate that acetylcholine receptor clustering does 
not depend on the presence of intercellular coupling between neurons and 
myocytes (Allen and Warner, 1991).

1.2.2. Experiments to prove that gap junctions play a role in
development

The production of antibodies raised against gap junctional proteins has 
given to developmental biologists new tools for a direct insight of the role played 
by gap junctional communication during crucial developmental events.

The first attempt to elucidate the role of intercellular communication in 
early development was performed in Xenopus embryos with antibodies raised 
against the 27 kD rat liver gap junctional protein (connexin32). These antibodies 
were injected into a dorsal blastomere of an 8-cell stage Xenopus embryo (Warner 
et al., 1984). Such iryection reduced both dye and electrical coupling of dorsal 
cells of 32-cell stage embryos. Restriction of cell-to-cell communication causes 
defects in patterning in the tadpole. Cells differentiate, but the structures formed 
by th  ̂ antibodiy -ir\jected cell in the tadpole stages (trigeminal ganglion, otic 
vesicles, eye, and part of the brain) were abnormally placed relative to their 
normal position along the anteroposterior axis. In the most severe cases, these 
structures were totally absent.

Another attempt to study the putative role of gap junctions in pattern 
formation came from the work of Fraser et al (1987) in the fresh water 
coelenterate Hydra. It is so far the only example where a morphogen has been
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identified (Schaller and Bodenmiiller, 1981). In this animal, the body plan is very 
simple. It is composed of a two-layered epithelial cylinder whose cells 
communicate through gap junctions (Fraser and Bode, 1981), with a head and a 
foot at opposite ends. The morphogen is a small peptide molecule of 11 amino 
acids, small enough to diffuse from cell to cell through gap junctions. This 
molecule is produced by the existing head to prevent the formation of a secondary 
one in the anterior region. In addition, it is distributed as a monotonic gradient, 
termed the head inhibition gradient, down the body axis. Selective disruption of 
gap junctional communication with antibodies raised against the rat liver gap 
junction protein (connexin32) perturbs the head inhition gradient and, as a result 
an additional head is formed close to the first one.

The same gap junction antibodies have been used more recently, to 
investigate the involvement of gap junctions in patterning of the chick limb bud 
(Allen et al., 1990). In the chick limb bud, the patterning of digit formation is 
influenced by an area of mesenchyme at the posterior margin of the bud, called the 
polarising region (Tickle et al., 1975). Grafting of this region into anterior 
mesenchyme margin induced digit duplications (Tickle, 1981). It has been shown 
by Allen et al., 1990, that blocking gap junction communication in either the 
polarising region or the anterior mesenchyme cells, had liilfe effect on extra digit 
formation. However, blocking communication in both of these tissues reduces the 
ability of the graft to generate additional digits. These experiments therefore 
support the idea that direct cell-to-cell communication playfan important role in 
pattern formation.

A last example, detailed in the following paragraphs, cpme$from early 
development of the mouse embryo.



Figure 1. Schematic diagram of mouse preimplantation development from 
fertilization in the oviduct to implantation in the uterus membrane. From Hogan 
et al, (1986).
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2. Mouse development

2.1. Introduction

We will specially focus on early mouse development; called
preimplantation stage, starting from fertilization of the oocyte by the sperm to 
the expanded blastocyst stage, just before implantation of the embryo in the 
uterus.

In the mouse oocyte, fertilization triggers completion of the second meiotic
occoCs-

division and extrusion of the second polar body about 2 to 5 hours after 
insemination. Cleavage occurs at about 10 hour intervals and is characterized by 
asynchrony of the early divisions. Thus it is not unusual to find a mixed 
population of embryos, some of them with odd numbers of cells. The normal 
sequence of events from ovulation and fertilization to blastocyst formation is 
illustrated in Figures 1 and 2.

The first three cleavage divisions divide the oocyte into eight blastomeres 
which show no obvious differences in properties and developmental potency (Kelly, 
1977). Within a few hours of the formation of the 8-cells, on day 4 after 
successfull insemination, the embryo changes markedly from a loose agregate of 
blastomeres (Fig. 2,D) into a compact mass, the morula (Fig. 2,E). This process is 
called compaction. As will be detailed in the following paragraphs, compaction 
involves substantial changes in the organization of individual cells and their 
interrelationships. The phenomenon of compaction represents the first 
developmental event at which major positional differences in the organization of 
the embryo occur. It has been proposed that the positional differences in 
embryonic organization observed at compaction might represent the first step of 
cell differentiation in mammalian development.

As cleavage proceeds to the 32-cell stage, on day 5 after insemination, there 
is a gradual restriction of the developmental potency of the blastomeres. The 
embryo acquires a fluid-filled cavity, the blastocoele, and is called an early 
blastocyst with half of the volume occupied by the blastocoele (Fig. 2,F). On some 
occasions, a two cavity embryo can be observed (Fig. 2,G). The blastocyst consists 
of an outer cell layer, the trophoblast or trophectoderm, surrounding a small 
cluster of cells at one pole, the Inner Cell Mass (ICM). On the following day, the 
embryo is called an expanded blastocyst (Fig. 2,H,I); the blastocoele has expanded



Figure 2. Morphology of mouse preimplantation development. (A) 2-cell stage 
embryo (about 1.5 days postcoitum). (B) 3-cell mouse embryo. (C) 4-cell stage 
embryo (2.5 days postcoitum). (D) 8-cell not compacted embryo. (E) 8-cell 
compacted embryo (3 days postcoitum). (F-I) blastocyst stages; (F) early 
blastocyst, note in (G) 2 cavities. (H) expanded blastocyst. (I) fully expanded 
blastocyst prior to hatching.
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further (more than half of the whole volume) and the ICM has differentiated into 
two layers. The inner layer is the primitive ectoderm (epiblast) from which the 
fetus will develop; the peripheral layer is the primitive endoderm (hypoblast). The 
trophectoderm and the primitive endoderm form the basis of the placenta and the 
extraembryonic yolk sac, required for sucessful interaction with the mother’s 
uterine membrane. The morula is transformed into a blastocyst by two processes: 
compaction and cavitation. These two processes occur approximatively 3 days 
after fertilization when the embryo is at the 8-cell stage.

2.2. Compaction

The phenomenon of compaction first described by Lewis and Wright (1935) 
occurs at the 8-cell stage. It consists of an extensive reorganization of both the cell 
surface and cytoplasmic components of the mouse embryo. The earliest discernible 
event at compaction is cell polarization which is accompany©! by intercellular 
features such as cell flattening and the formation of specialized junctions (tight 
junctions, gap junctions). These three events do not appear to be interdependent 
as it is possible to inhibit each selectively. Each event takes place at a different 
time during the 11 to 12 hours of the 8-cell embryo’s life. Gap junction formation 
and intracellular reorganization of organelles occurring over the period 3 to 5 
hours, cell flattening between 5 and 7 hoursland establish ment of surface polaritybetween 

6 to 9 hours after the third cleavage.

2.2.1 Cell polarization

One of the essential features of compaction is the polarization of the 
blastomeres, so that they show distinct apical and basolateral membrane domains; 
the outer poles of the cells have numerous microvilli, while the inner surfaces are 
smooth.

The extent of cell polarization of preimplantation mouse embryos was 
assessed by transmission and scanning electron microscopy as well as by the 
pattern of fluorescent ligand binding, such as fluorescein-coryugated concanavalin 
A (FITC-ConA). Reeve and Ziomek (1981) have demonstrated the existence of a 
good correlation between the degree of polarization of microvilli and that of ligand 
binding. Studies performed, with either of these techniques, on preimplantation 
mouse embryos have shown that blastomeres of 2- and 4-cell embryos have a 
uniform distribution of microvilli over their cell surface (Calarco and Epstein,
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1973; Ducibella, 1977; Ducibella et al., 1977; Handyside, 1980; Reeve and Ziomek, 
1981). In contrast, at the onset of compaction, a reorganization of the blastomere 
surfaces of 8-cell embryos is observed. Microvilli become restricted to an apical 
region and to the basal zone of intercellular contacts. The surfaces located 
between these two polarized domains are smooth. At the 16-cell stage, the 
blastomeres can be separate into two subpopulations with respect to microvilli 
distribution, polarized and non-polarized. Handyside (1980) has reported that 
more than half of the blastomeres showed polarized surfaces while the others were 
uniformly surface labelled with FITC-ConA. Both scanning electron microscopy 
studies and fluorescent labelling experiments suggest that the polarized cells are in 
the outer position while the non-polarized cells occupy the inner position 
(Handyside, 1980; Reeve and Ziomek, 1981).

Cytoplasmic organelles also appear to be polarized after compaction. 
Experiments performed on isolated precompaction blastomeres (from the 2- to the 
early 8-cell stage) clearly showed that endocytotic organelles (endosomes), 
visualized at the optical level by horseradish peroxidase (HRP) labeling, are 
randomly distributed in the cortical cytoplasm while, in postcompaction 
blastomeres (from late 8-cell stage onward), the endosomes tend to become 
localized in a polar cluster in the apical cytoplasm above the nucleus and below 
the microvillous poles (Reeve, 1981; Fleming and Pickering, 1985). At the 16-cell 
stage, while outside blastomeres exhibit a polar distribution of endosomes in the 
apical cytoplasm identical to that found in compacted 8-cell embryos, inside cells 
possess apolar endosome clusters, resembling the distribution observed in early 8- 
cell embryos (Fleming and Pickering, 1985). In addition, during the late 16-cell 
stage, and in 32-cell embryos, a further maturation of the endocytotic 
apparatus can be observed, in both outside and inside cells. A population of 
secondary lysosomes developed which, in outside blastomeres, polarized in the 
basal cytoplasm while, within enclosed cells the distribution occurs in a more 
random manner (Fleming and Pickering, 1985; Maro et al., 1985). It should be 
stressed that endosome polarization is, in fact, initiated prior to overt polarization 
of the surface membrane (Fleming and Pickering, 1985). A reorganization in the 
basal cytoplasm of several other cytoplasmic organelles also occurs, fluorescent 
labeling of nuclei with Hoescht 33258, indicates that nuclei also display a polarized 
localization upon compaction (Reeve and Kelly, 1983). Whereas in isolated 
blastomeres of 4-cell and uncompacted 8-cell stage embryos nuclei show a 
peripheral localization, in blastomeres of compacted 8-cell embryos the nuclei are 
localized at the base of the cell, away from the apical pole of microvilli. Finally, 
during compaction microtubules redistribute. In 8-cell blastomeres, microtubules 
are found predominantly located around the nucleus and in the cell cortex.
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However, upon compaction, they concentrate away from cell contacts and 
accumulate in the apical part of the cells (Ducibella et al., 1977; Houliston et al., 
1989).

It thus appears that during the process of compaction, mouse 8-cell 
blastomeres become polarized along a radial axis with (i) an apical localization of 
microvilli on the surface of the blastomeres while, endosomes and microtubules are 
localized in the apical cytoplasm below the microvillous poles and (ii) a basal 
localization of both cytoplasm organelles and nuclei.

The cellular mechanisms underlying the induction of polarity in blastomeres 
of 8-cell embryos has been extensively studied over the past years.

One of the important questions under investigation is whether this 
redistribution of plasma membrane domains precedes, or results from, a 
reorganization of cytoskeletal elements. Some insight into the mechanisms 
involved in the polarization process has come from the use of cytoskeletal 
disrupting drugs (cytochalasin D, colcemid, nocodazole) on compacting 
blastomeres. The development of surface polarity is apparently not disturbed by 

either micro tubule nor microfilament disrupting drugs. However, both reduce the 
proportion of the population of cells that polarize, and both affect the detailed 
organization of the poles that form (Ducibella, 1982; Pratt et al., 1982; Johnson and 
Maro, 1984, 1985; Maro and Pickering, 1984; Fleming et al., 1986). On the other 
hand, recent work supports the idea that the cytoplasmic polarization that 
develops at the 8-cell stage in vivo is dependent upon a functional cytoskeletal 
network. Fleming et al (1986) have demonstrated, using cytoskeletal-destabilizing 
drugs, that the incidence of endosome polarization was greatly reduced in 8-cell 
blastomeres. These authors have also shown that endosome polarization at the 8- 
cell requires cytoskeletal participation for two separate events: (i) The physical 
migration of organelles from their initial random localization in the cell cortex to 
the apical cytoplasm, and (ii) the stabilization of the asymmetric distribution once 
formed, stabilization which is exclusively performed by microtubules. 
Microfilaments seems to play a more crucial role in | the generation bf endosome poles.

Intercellular interactions are also of great importance during the 
polarization process, both in facilitating its progress and orientating the axis of 
polarity. Studies performed on natural pairs of 8-cell blastomeres derived in vitro 
from single 4-cell blastomeres clearly show that the microvillous poles and Con A 
binding sites always develop at the poles opposite the points of cell-cell contact 
(Ziomek and Johnson, 1980; Johnson and Ziomek, 1982). Multiple cell contacts 
affect the orientation of the axis of polarity. In groups of cells generated by 
aggregation of 8-cell blastomeres, each cell appeared to recognize all cell contacts
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and showed a FITC-Con A binding site at a point geometrically most distant from 
all of them. In addition, no polarity developed in cells totally surrounded by 
others (Johnson and Ziomek, 1982). If 8-cell blastomeres are denied effective cell 
contact, either by isolation or by preventing the process of cell flattening with an 
antibody directed against the Ca2+-dependent cell adhesion system (such as ECCD- 
1 against E-cadherin), a lower proportion of cells polarize than in control 
populations and the surface poles that do form are usually "off-axis", that is, 
positioned opposite the point of cell-cell contact (Ziomek and Johnson, 1980; 
Shirayoshi et al., 1983; Johnson et al., 1986b; Houliston et al., 1989). Cell contact 
is not however, essential for polarization, since many cells in a population polarize 
even if isolated (Handyside, 1980; Ziomek and Johnson, 1980). In cells prevented 
from flattening, Houliston et al (1989) reported a correspondence between the 
peripheral location of nuclei and the presence of surface poles. Indeed, surface 
polarization was favoured in cells with nuclei located close to the cell surface. 
More over, microvillous poles were found overlying the nuclei, whatever the nuclei 
position. A correspondence between the distribution of microtubules and the 
apical localization of the nucleus was also found. In blastomeres with peripheral 
nuclei, microtubules were found to be located between the nucleus and the surface 
(Houliston et al., 1989). These authors therefore proposed two mechanisms, which 
probably both operate in the intact, undisturbed embryo, to explain the process of 
surface polarization. One is independent of microtubules, although it requires cell 
flattening; the other can occur without cell flattening and involves a microtubule- 
mediated interaction between the nucleus and the cell cortex.

Nuccitelli and Wiley (1985) found that polarized enlarged blastomeres, 
created by fusing together blastomeres of 4-cell stage embryos, drive a positive ion 
current, carried by Na+, into their apical ends and out of their basal ends. They 
proposed that this transcellular current might be involved in the generation of 
both surface and cytoplasmic polarization of 8-cell blastomeres by creating an axial 
gradient of small molecules within the cell.

Finally, it should be noted that in contrast to gap junction formation, which 
cannot be induce prematurely before its normal time, at the late 8-cell stage, it is 
possible to elicit cytocortical polarization and cell flattening at the early 4-cell 
stage by inhibiting protein synthesis (Levy et al., 1986). In addition, it has also 
been shown that the proteins required for the process of compaction are present in 
the embryo well before the time of compaction itself (McLachlin et al., 1983; Kidder 
and McLachlin, 1985; Levy et al., 1986).

In conclusion, these results indicate that (i) the process of polarization is 
probably organized at a post-translational level, as a result of chemical and/or 
conformational modifications of pre-existing proteins and (ii) the process of
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or "induction" will therefore release the cell from such a block.

2.2.2 Formation o f specialized junctions

Ultrastructural studies on intercellular junctions indicate that at least four 
types of junctions can be identified in the preimplantation mouse embryo: Tight 
junctions, gap junctions, desmosomes, and adherent junctions. These junctions can 
be found either isolated or associated within junctional complexes.

Focal tight junctions first appear on apical end of blastomeres of 8 -cell 
embryos. Indeed, thin section and freeze-fracture electron microscopy of 2- and 4- 
cell embryos failed to detect any cell contacts or intercellular junctions at these 
stages (Magnuson et a l., 1977). It is at the morula stage (16- to 32-cell) that the 
focal tight junctions became zonular and form a seal impermeable to lanthanum 
tracer. Zonular tight junctions are localized at the apices of the cells on the 
outside of the embryo. In contrast, no tight junction complexes were found in cells 
inside the morula (Ducibella et a l., 1975; Magnuson et al., 1977). A more recent 
study (Fleming et al., 1989), using monoclonal antibodies recognizing the tight 
junctional-specific peripheral membrane protein, ZO-1, indicates that the antigen is 
first localized in compacting and compacted 8 -cell embryos and that the ZO-1 
staining pattern, first focal at the 8 -cell stage, became zonular in 16- to 32-cell 
embryos. These findings therefore confirm the gradual assembly of tight junctions 
seen in ultrastructural preparations. The tight junctions act as a permeability seal, 
limiting the passage of ions and small molecules accross the epithelium (the 
trophoblast cells), via the intercellular spaces. The role play&jby tight junctions 
during mouse embryo preimplantation development will be detailed further in the 
page 3,3, about blastocoel formation.

Two other types of intercellular junctions, desmosomes and adherent 
junctions have also been found in the preimplantation mouse embryo, although at 
later stages (Ducibella et al., 1975; Magnuson et al., 1977; Reima, 1990). 
Desmosomes are observed for the first time during development at the onset of 
blastocoel formation. These junctions are localized at the apices of trophoblast 
cells, associated with both tight and gap junctions in junctional complexes 
(Ducibella et al., 1975; Magnuson et al., 1977). Desmosomes are thought to serve as 
strong intercellular spot welds, to prevent fluid leakage which may result from the 
disruption of the tight junctions. This leakage can be caused by the hydrostatic 
pressure, thought to accompany the blastocoel expansion. Another junction, also 
associated with gap and tight junctions, and localized in the most apical regions of
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contacts between blastomeres, has been identified in the morula. Transmission and 
immuno electron microscopy revealed that these junctions contain Ca2+-dependent 
adhesion molecules (E-cadherin), actin filaments, and vinculin, components 
characteristic of adherent junctions (Eeima, 1990).

The sequential appearence of a fourth type of intercellular junction, the gap 
junction, has been extensively studied. Ultrastructural studies indicate that gap 
junction formation in mouse embryos take place at the 8 -cell stage, in association 
with compaction, when the apical tight junctions became zonular (Calarco and 
Brown, 1969; Ducibella et al., 1975; Magnuson et al., 1977). Gap junctional plaques 
have also been observed in freeze-fracture replicas of mouse embryos from the time 
of compaction through to the blastocyst stage. Whereas tight junctions were only 
found in outside blastomeres, gap junctions were detected between outside as well 
as inside blastomeres of morulae (Magnuson et al., 1977). Lo and Gilula (1979b) 
were the first to provide electrophysiological evidence for the onset of intercellular 
communication through gap junctions in the preimplantation mouse embryo. The 
extent of gap junctional communication was measured by monitoring the presence 
of ionic coupling and low-molecular weight dye (carboxyfluorescein or Lucifer 
Yellow, molecular weight of 330 and 450 respectively) transfer between cells of 
early mouse embryos, from the 2-cell to the blastocyst stage. The early mouse 
embryo does not possess junctional channels until early compaction, at the late 8 - 
cell stage. At early stages (2-cell and 4-cell), cytoplasmic bridges were responsible 
for ionic and dye coupling of sister blastomeres. At the blastocyst stage, 
trophoblast and ICM cells are all linked through gap junctions. More recently, 
Goodall and Johnson (1982, 1984) provide^ further evidence that gap junctional 
communication is acquired at the mid-8 -cell stage, about 3 hours after completion 
of the third cleavage.

Several experiments were designed in order to explore the temporal 
regulation of the assembly of gap junctions in preimplantation mouse embryos 
(McLachlin et al., 1983; Goodall and Johnson, 1984; Goodall and Maro, 1986; 
McLachlin and Kidder, 1986; Kidder et al., 1987). The aim was to answer the 
following question: What does trigger the initiation of gap junction assembly in the 
8 -cell stage mouse embryo,^whaV- is the clock involved in the process? 
Experiments with inhibitors of transcription and protein synthesis have 
demonstrated that junctional channels can form in the absence of gene expression 
from the 4-cell stage. This finding suggests that a pool of gap junctional protein 
precursors is present, in the embryo, at least from the 4-cell stage or even earlier 
(McLachlin et al., 1983; McLachlin and Kidder, 1986). However, continued gene 
expression is required for the full extent of junctional coupling to be established 
from the 8 -cell compacted stage onward. Indeed, McLachlin and Kidder, 1986



30

found that unlike ionic coupling, dye coupling was weak or undetectable in the 8 - 
cell compacted embryos treated with either inhibitors from the 4-cell stage. In 
addition, although precursors are present in 4-cell embryos, premature gap 
junctional channel formation was never obtained when 2-cell or 4-cell embryos 
were aggregated with communication-competent 8 -cell embryos (McLachlin et al., 
1983). Alternatively, experiments with microfilament and microtubule poisons 
have showed that the assembly of the junctional channels does not require intact 
networks of microtubules or microfilaments. Therefore, all the candidates for 
control of gap junctional channel assembly studied so far (transcription, protein 
synthesis, microtubules, microfilaments, cell flattening, cytokinesis) have been ruled 
out. However, it seems clear that gap junction formation is an early event in the 
life of the 8 -cell embryo coinciding with the induction of polarity and preceding 
cell flattening. The timing of assembly of the gap junctional channels seems 
therefore, to depend strictly on the developmental age of the embryo (Kidder et al., 
1987).

2.2.3 Cell flattening

At the 8 -cell stage, the blastomeres of the preimplantation mouse embryo 
undergo a dramatic modification in cell adhesion (Mulnard, 1967; see also Johnson, 
1985 for review). Although blastomeres tend to flatten on each other to a limited 
extent from the 4-cell stage (Magnuson et al., 1977), the phenomenom of cell 
flattening is particularly marked at the mid-8 -cell stage during compaction. At this 
time, cell outlines become so indistinct that the embryo appears as a single cell at 
the light microscope level (Ducibella and Anderson, 1975; Lehtonen, 1980).

What do we know about the molecules involved in cell-adhesion during 
compaction? Cell adhesion mechanisms tend to involve cell-matrix glycoproteins 
as well as glycoproteins of the cell surface.

Most of the extracellular matrix glycoproteins studied are only detectable at 
blastocyst stages. Collagens (I through IV) are first detected in the ICM of 
blastocyst stage embryos (Leivo et al., 1980). Fibronectin and entactin becomes 
detectable in hatched blastocyst embryos prior implantation (Wartiovaara et al., 
1979; Wu et al., 1983). The only glycoprotein to be detected at preblastocyst stages 
is laminin. Laminin is a disulfide-bounded complex of three N-glycosylated 
polypeptide chains, A, Bl, and B2 (Timpl et al., 1979; Cooper et al., 1981). 
Immunocytochemical analyses have shown the presence of laminin intracellularly 
and intercellularly along cell contours of 16-cell compacted morula (Leivo et al., 
1980; Wu et al., 1983). Cooper and McQueen, (1983) have shown that the 3
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polypeptide subunits of laminin are not synchroneously expressed during 
development. Indeed, whereas all 3 chains are only detected at the 16-cell stage, 
B1 chain seems to be already synthesized in oocyte and in unfertilized and 
fertilized eggs, and B1 and B2 chains are made by 4- to 8 -cell embryos before 
compaction. In addition, assembly and secretion of laminin is only possible when 
all 3 chains are synthesized. These results suggest that the intercellular adhesion 
at the 8 -cell stage is not dependent on the cell-matrix adhesion glycoproteins such 
as fibronectin and entactin. The role of laminin would rather be to consolidate the 
adhesion between cells from the 16-cell stage onward than to initiate cell flattening 
at the 8 -cell stage, since at this stage laminin is nonfunctional.

Biosynthesis of a variety of cell surface glycoproteins by mouse embryos has 
been reported (Pinsker and Mintz, 1973; Jenkinson and Searle, 1977; Muramatsu et 
al., 1978; Surani 1979). Some evidence indicates the involvement of 
oligosaccharides in cell flattening during compaction. When N-linked glycosylation 
is blocked by tunicamycin, embryos eventually decompact (Maylie-Pfenninger and 
Bennett, 1979; Surani 1979; Atienza-Samols et al., 1980; Surani et al., 1981; Pratt et 
al., 1982; Sutherland and Calarco-Gillam, 1983). In addition, tunicamycin 
treatment of 8 -cell stage embryos inhibits incorporation of glucosamine and 
mannose by about 60 % (Maylie-Pfenninger and Bennett, 1979; Surani, 1979; 
Surani et al., 1981). Some other evidence suggests that an other glycoprotein of 
the cell surface may be involved in cell flattening. Compaction of 8 -celi mouse 
embryos can be blocked by Fab fragments of antibodies raised against 
Teratocarcinoma F9 cells (Kemler et al., 1977). The molecule(s) responsible for 
this effect has been identified as a surface glycoprotein named uvomorulin by one 
group (Hyafil et al., 1980, 1981; Peyrieras et al., 1983), cadherin by another group 
(Ogou et al., 1982; Yoshida and Takeichi, 1982; Shirayoshi et al., 1983; Yoshida- 
Noro et al., 1984) and CAM120/80 by yet another group (Damsky et al., 1983). 
These 3 molecules may in fact be different names for the same molecule. Indeed, 
like uvomorulin and cadherin, cell-CAM 120/80 falls into the calcium-dependent 
group of cell-cell adhesion molecules whose complete proteolytic degradation is 
protected by calcium. Its molecular weight (120 kD), the molecular weight of its 
major trypsin-stable fragment (80 kD), its ability to bind concanavalin A (con A), 
but not wheat germ agglutinin (WGA), and its tissue distribution, are properties 
also shared by cadherin and uvomorulin. These 3 molecules may also be identical 
to a 123 kD glycoprotein which has also been identified in mouse embryonal 
carcinoma cells (Vestweber and Kemler, 1984) and to L-CAM, a sialated surface 
glycoprotein involved in the Ca2+-dependent intercellular adhesion of liver and 
other tissues and isolated from embryonic chick liver (Gallin et al., 1983; Thiery et 
al., 1984). Johnson et al (1986b) have shown that the intercellular flattening can
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be abolished as long as the adhesion system is inactivated with either polyclonal 
antiserum to uvomorulin, monoclonal antibody to E-cadherin, prolonged exposure 
to Ca-free medium or short exposure to trypsin and EGTA. This result is in 
agreement with earlier results of Shirayoshi, (1983). However, it is important to 
stress the presence of uvomorulin/cadherin on the surface of blastomeres from the 
one-cell stage onward (Hyafil et al., 1981; Ogou et al., 1982), indicating that the 
regulation of cell flattening is not achieved solely at the level of Ca2+-dependent 
cell-adhesion molecules.

Finally, in the mouse embryo, evidence suggests that cytoskeletal elements 
are involved in the process of cell flattening (for review see Lehtonen et al., 1988; 
Maro et al., 1990). Cytoskeletal proteins are knowi\ to play a major role in 
determining cell shape and morphogenetic movements. These proteins can be 
divided in two groups: (i) The first, and better known, group contains cytoskeletal 
elements that are in the cytoplasm such as microfilaments, microtubules and 
intermediate filaments, (ii) The second group is composed of elements of the cell 
and nuclear membrane such as spectrin-like protein and nuclear lamin. Several 
cytoskeletal proteins from the two groups (spectrin-like protein, actin, vinculin, 
myosin, tubulin, cytokeratin and nuclear lamins) have been reported to be present 
in early mouse embryo (for review see Lehtonen et al., 1988).

Microfilaments are probably invoved in compaction since cytochalasin D, a 
drug which disrupts microfilaments, inhibits and reverses intercellular flattening 
(Pratt et al., 1982; Johnson and Maro, 1984). In addition, the distribution of actin 
and various actin-associated proteins, such as myosin, vinculin and spectrin-like 
proteins, has been studied in preimplantation mouse embryos. Myosin was 
reported to be present in the peripheral regions of the blastomeres from the 2 -cell 
to the blastocyst stage, and not detectable in regions of cell apposition (Sobel, 
1983b). Furthermore, development of new intercellular contacts between 
blastomeres can induce the loss of myosin from the contact areas (Sobel, 1983a). 
For actin, a similar staining pattern has been reported. During compaction, when

contact areas increase between adjacent blastomeres, this pattern became 
particularly marked (Johnson and Maro, 1984). However, Lehtonen and Badley, 
(198(); Reima and Lehtonen, (1985) and Lehtonen and Reima, (1986) reported a 
somewhat different staining pattern for actin which seems to be located not only in 
the cortex adjacent to the contact zones between blastomeres but also to 
accumulate in the intercellular contact areas. No changes in the staining pattern 
upon compaction was reported by these authors.

The distribution of spectrin seems to match that of actin. In the 
blastomeres of preimplantation mouse embryos (from the 2 -cell stage to the
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morula stage), spectrin-like protein was localized by immunofluorescence in the 
cortex underlying the intercellular contact between two blastomeres. No 
redistribution of localization was observed during compaction (Sobel and Alliegro, 
1983; Reima and Lehtonen, 1985; Dan\janov et al., 1986; Schatten et al., 1986). 
Finally, the localization of vinculin, the microfilament-membrane linking protein, 
has been found to be modified during compaction. Whereas in precompaction- 
stage blastomeres vinculin shows localized ring-like accumulation in the most 
peripheral regions of the intercellular contacts zones, after compaction, vinculin 
seems to be lost from most areas of contacts (Lehtonen and Reima, 1986). Hence, 
these results suggest that the distribution of myosin, actin and vinculin is related 
to the capacity of the blastomeres to flatten upon each other.

Aroother element of the cytoskeleton has been found to be involved in 
compaction. Houliston et al (1987) have studied the distribution of microtubules 
during the 8 -cell stage using a monoclonal anti-tubulin antibody . In contrast to 
the previous observations of Ducibella et al., 1977, their data from both 
fluorescence and electron microscopy indicated that, in natural pairs of 8 -cell 
blastomeres, as cells flatten upon each other during compaction, a redistribution of 
microtubules occurs. This redistribution is characterized by an accumulation of 
microtubules in the regions distant from the zones of intercellular contacts. In 
addition, drugs which affect microtubules organization can affect compaction.

Microtubule depolymerizing drugs, such as colchicine or colcemid have been 
reported to have no effect on compaction (Ducibella and Anderson, 1975; Surani et 
al., 1980; Ducibella, 1982; Pratt et al., 1982; Sutherland and Calarco-Gillam, 1983). 
Furthermore, depolymerization of the microtubules by nocodazole was rather 
reported to accelerate completion of cell flattening (Maro and Pickering, 1984). In 
contrast, microtubule stabilization by taxol can inhibit intercellular flattening 
(Maro and Pickering, 1984; Johnson and Maro, 1985; Houliston et al., 1987).

These results suggest that the microtubule network is involved in 
compaction by exercicing a constraining role on the changes in cell shape.

2.3. Cavitation

For clarity, the morphological aspects involved in blastocyst formation will 
be first cited then a model explaining cavitation will be introduced.
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2.3.1 Morphological cell changes at the onset of cavitation

Blastocoel formation, or cavitation, begins in the mouse preimplantation 
embryo when it is a morula consisting of a compacted cluster of 16-32 cells. The 
process is complete within 18 hours. Blastocyst formation is one of the final 
morphogenetic events in preimplantation development; it is associated with 
differentiation of the two cell types that gives rise to different lineages: The Inner 
Cell Mass gives rise to the embryo proper and the Trophectoderm, which is the 
surrounding outer layer of cells, gives rise to the extraembryonic tissues.

Cavitation is under the control of several processes which occurs during 
compaction; particularly the morphological cell polarization which confers to the 
outer wall of mouse and rabbit blastocyst the characteristics of a fluid-transporting 
epithelium (therefore first called trophectoderm by Gardner and Papaioannou in 
1975) with:

(i) The formation of a tight junctional seal .

As mentioned previously, intercellular junctions of the zonula
occludens type (or tight junctions) form between presumptive external trophoblast
cells of the 16- to 32-cell morulae and became more extensive between trophoblast
cells of the 32- to 128-cell blastocyst (Ducibella et al., 1975; Magnuson et al., 1977,
1978). Using molecules of different molecular weights to assay for intercellular 
permeability, Magnuson et al (1978) correlated the change in tight junction 
organization with the establishement of a permeability barrier prior to blastocoel 
formation. Only 10 % of early morulae block anti-mouse thymocyte serum from 
diffusing into intercellular spaces, while 50 % of the late morulae block the 
diffusion of the serum (Magnuson et al., 1978).

,

tr
\
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(ii) Concentration of Na+/K +-ATPase within the plasma membranes lining 
the blastocoel.

Vorbrodt et al (1977), using cytochemistry showed that the NA/K-ATPase 
first appeared in morula in closely apposed plasma membranes of adjacent cells. 
Then in blastocyst, Na/K-ATPase was present in trophoblast as well as in ICM, in 
the plasma membrane of adjacent cells. Later work of Watson and Kidder (1988) 
by immunofluorescence methods, using a polyclonal antibody raised against the 
catalytic a-subunit of the Na/K-ATPase from rat kidney, failed to detect specific 
staining before the late morula stage where the a-subunit of the Na/K-ATPase was 
detected within the cytoplasm. Upon cavitation, these authors observed a dramatic 
changes in the Na/K-ATPase pattern. The enzyme being localized along the inner 
surface of the mural trophectoderm. However biochemical evidences indicate the 
existence of a ouabain-sensitive Na/K-ATPase in the plasma membrane of mature 
mouse eggs (Powers and Tupper, 1975, 1977). Recent work by Watson et al (1990) 
demonstrates, by Northern blot analysis during preimplantation development of the 
mouse, that the gene of the a-1 isozyme of the Na/K-ATPase catalytic subunit is 
expressed throughout preimplantation development; confirming early work of 
Powers and Tupper (1975). The £ non-catalytic subunit was first detectable in the 
late morula at which time the enzyme itself becomes detectable by 
immunocytochemistry (Watson and Kidder, 1988).

Na/K-ATPase activity seems to be directly involved in the blastocoel 
expansion since modulation of the Na/K pump activity either by ouabain or by 
variation of extracellular potassium concentration, can control cavitation (Biggers 
et al., 1978; Benos, 1981; Wiley, 1984). Na/K-ATPase is not the only plasma 
membrane enzyme whose activity is developmentally regulated. For example, the 
Na-dependent amino acid transport is restricted to the apical side of the 
trophoblast cells (Vorbrodt et al., 1977; Manejwala et al., 1989).

In addition to the apically located tight junctions and the basolaterally 
located Na/K-ATPase, intracellular polarization is also involved in cavitation. Using 
microcinematography, Mulnard (1967) first reported that the cavity is formed by 
small cytoplasmic vesicles which accumulated on the ventral side of the morula.

More recent studies were able to confirm and extend these observations and 
to show that the blastocyst formation also involved:
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(iii) The migration to the cell cortex of cytoplasmic vesicles and 
mitochondria.

Immediately preceding blastocyst formation, mitochondria and cytoplasmic 
droplets become cortically localized to apposed cell borders of the morula 
(Calarco and Brown, 1969; Wiley and Eglitis, 1980, 1981). Shortly after, the 
cytoplasmic droplets diminish in number as apposed cell surfaces become 
separated by intercellular spaces that subsequently coalesce to form the blastocoele 
(Calarco and Brown, 1969; Wiley and Eglitis, 1980). Na/K-ATPase activity seems to 
be involved in the distribution of mitochondria along apposed cell borders since 
this assymetric distribution is sensitive to ouabain and low external K+ which 
block Na/K-ATPase activity (Wiley, 1984). As the result of the restricted
localization of ion channels (Na/H exchanger, Na-dependent amino acid transport 
and amiloride-sensitive Na channels) and ion pumps, a transcellular ion current 
entering the apical surface and leaving the basolateral ones is generated (Jaffe,
1981). This ion current has been measured in isolated blastomeres of mouse 
morulae by Nuccitelli and Wiley, 1985 with the vibrating probe technique. It is 
supposed to produce a self electrophoresis-like action and/or an electroosmotic 
movement of water accross the cells. Such a transcellular current is supposed to 
have effects both extracellular and intracellular, and is involved in blastocyst 
formation; i.e it can determine site of tight junctions formation by moving 
junctional proteins at the apical ends, it can also influence morphological
polarization by displacement of mitochondria towards the basal end of the cell 
(Jaffe, 1977, 1981).

(iv) Cytoskeletal elements.

It has been shown that at the onset of cavitation microtubules, either singly 
or in bundles, paralleled the cell membranes of apposed cell surfaces. 
Furthermore, colcemid and/or cytochalasin B-induced disruption of microtubules 
can both abolished the cortical localization of cytoplasmic droplets and 
mitochondria (Wiley and Eglitis, 1980; 1981). The vectored movement of 
cytoplasmic organelles and cavitation can also be inhibited in presence of colcemid, 
cytochalasin B or calcium free medium (Izquierdo et al., 1980; Wiley and Eglitis,
1980). Secretion of polarized vesicles might thus be involved in the process of
blastocoel formation (Calarco and Brown, 1969; Wiley and Eglitis, 1981).
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2.3.2. The model

Wiley in 1984 proposed a model that integrates the four cellular processes 
which have been shown to be related to cavitation. This model supposes two 
sources of water for blastocoel formation and its subsequent expansion.

(1) A production of metabolic water (also called nascent blastocoelic 
fluid) via the (3-oxidation of lipid by cortical mitochondria. Several observations 
supported this idea. Flynn and Hillman (1980) reported an increase in the rate of 
fatty acid oxidation between the 8 -cell and the late blastocysts stage. This increase 
express a change in mitochondrial oxidative function and can be correlated to an 
increase of oxygen consumption by preimplantation mouse embryo between the 8 - 
cell and the morula stages as previously reported by Mills and Brinster (1967).

Upon cavitation, the rabbit embryo undergo^a profound change in volume 
area (Daniel, 1964) where the rate of fluid accumulation has been directly 
correlated with the active transport of Na+, Cl" and HCO3" (Borland et al., 1976, 
1977; Biggers et al., 1978). As opposed to the rabbit, the mouse blastocyst undergo 
only a small change in volume during preimplantation. Wiley and Eglitis (1981) 
reported that until the nascent blastocoel reaches one-third of the embryo 
diameter, the size of the embryo remain unchanged, thus supporting the hypothesis 
of an intracellular sources of water. Indeed the excess fluid produce by the lipid 
metabolism accompanied by the decrease in lipid volume would account for the 
overall mouse embryo diameter being constant during the early phase of blastocyst 
formation.

(2) Creation of an osmotic flux driven by the Na/K-ATPase activity 
localized in the basolateral surface of the trophectoderm cell layer. This 
transtrophectoderm fluid transport is mainly due to the net flux of Na+ accross the 
cell layer. Na+ enters by the free (apical) side through a Na/H exchanger and 
probably an amiloride-sensitive Na+ channel (Manejwala et al., 1989) and exits by 
the basolateral side through the Na/K-ATPase (DiZio and Tasca, 1977; Wiley, 1984). 
Additional apical routes for Na+ are not excluded since Na-dependent amino acid 
transport mechanisms are present in the blastocyst (DiZio and Tasca, 1977). 
Extracellular chloride is also necessary for cavitation but as opposed to sodium, 
Cl“ entry into the early blastocyst appears not to be carrier-mediated since uptake 
of chloride is linear with respect to extracellular chloride concentration (Manejwala 
et al., 1989). Manejwala et al (1989) suggest that Cl~ enters the blastocyst through 
paracellular route; between the trophectoderm cells in responses to an 
electrochemical gradient. These authors effectively showed that the permeability 
seal surrounding the morula and the early blastocyst, has a leaky nature. As the
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apical junctions became more tight, and the magnitude of the paracellular shunt 
decreases, the osmotic flux produces the expansion of the blastocyst.

In addition, cyclic-AMP has been shown to be involved in blastocoel 
expansion (Manejwala et al., 1986; Manejwala and Schultz, 1989). Manejwala and 
Schultz (1989) reported that elevation of blastocyst cAMP levels result in an 
increase of both the rate of Na+ uptake and of blastocoel expansion. The 
molecular basis for the stimulatory effect of cAMP is not known. However, studies 
in other fluid-transporting epithelia indicate that cAMP can stimulate tight 
junction permeability as in Necturus gallbladder (Duffey et al., 1981) and that 
cAMP is often involved in Na flux and water transport (Hays, 1976; Macknight et 
al., 1980 for some typical examples). A similar effect of cAMP on mouse blastocoel 
formation is therefore not excluded.

2.4 the role of compaction in the segregation of the trophectoderm and 
Inner Cell Mass cell lineage

The origin of the Inner Cell Mass and trophectoderm cells is one of the most 
important issues of the developmental studies performed on the mouse embryo. 
Until the 8 -cell stage, blastomeres of the preimplantation mouse embryo do not 
show any obvious differences in properties and developmental potencies (Hillman, 
1972; Garner and McLaren, 1974; Kelly, 1977). However, at the late 8 -cell stage, the 
blastomeres of the embryo undergo the process of compaction to form a morula. 
As it has been detailed in the preceding paragraphs, compaction induces 
substantial changes in the organization of individual cells and in their 
interrelationships. This leads to the formation, at the 16-cell stage, of two distinct 
subpopulations of cells. A population of large polar cells preferentially adhesive 
over their basolateral surface, and a population of small apolar cells uniformly 
adhesive (Burgoyne and Ducibella, 1977; Ziomek and Johnson, 1981; Kimber et al.,
1982). The polar cells are located on the outside of the embryo while the apolar 
cells are located inside. These two populations are however still totipotent 
(Ziomek et al., 1982). Furthermore, at the blastocyst stage, the process of 
compaction will lead to the differentiation of two distinct cell lineages: An inner 
celh layer, the Inner Cell Mass, and an outer cell layer, the trophectoderm 
(Hillman, 1972; Stern and Wilson, 1972; Wilson et al., 1972; Kelly, 1977). The 
segregation of these two cell populations is important for later development, 
because it represents the initial step in the divergence of placental and fetal 
lineages. Investigations of cell fate show that the ICM will give rise to the amnion, 
the yolk sac, and to the embryo proper whereas the trophectoderm is the origin of
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the trophoblast giant cells, the ectoplacental cone, and the extraembryonic 
ectoderm (Gardner, 1968; Gardner et al., 1973; Rossant and Lis, 1979).

Two hypotheses, which are not mutually exclusive, have been presented in 
order to explain the generation of the two first cell lineages within the morula.

2.4.1 Cell fate is related to cell position

The inside/outside microenvironment hypothesis was originally suggested by 
Mintz (1965). Later, Tarkowski and Wroblewska, (1967) propounded more
explicitly this hypothesis: "The differentiation of blastomeres into trophoblastic and 
Inner Cell Mass cells is achieved epigenetically and depends in the first instance 
on the position occupied by blastomeres in the morula”. Precisely, the 
inside/outside hypothesis proposed that cells on the inside of the 16-cell morula 
are directed, as a result of their internal position, to differentiate into centrally 
located ICM whereas, cells located on the outside of the morula are directed to 
form the outer trophectoderm layer.

Considerable evidence suggests that cells positioned centrally within the 
embryo contribute preferentially to the ICM, whereas peripheral cells generate 
trophectoderm. The existence of a relationship between division order and cell 
allocation has been demonstrated (Kelly et al., 1978; Surani and Barton, 1984). 
Using [^H]thymidine labelled 4-cell blastomeres to follow the division order to the 
8 -cell stage, and reassembled embryos containing one labelled cell to study the 
progeny of the first cell to divide, Kelly et al (1978) give evidence that the cells 
which divide earlier tend to contribute more to the ICM than the last cell to divide 
to the 8 -cell stage. Barlow et al., (1972) noticed that the first cell to divide to the 
16-cell stage tended to form inside cells in intact cultured embryos. Furthermore, 
Graham and Deussen, (1978) followed the cell lineage from the 2-cell stage to the 
blastocyst. They observed that when 2-cell blastomeres divide, one sister cell 
usually lies inside the embryo while the other is directed on the outside. In 
addition, they also show, by injecting oil drops into cells at the 8 -cell stage, that 
between the 8 -cell and the blastocyst stages, the deeper cells contributed more 
frequently to the ICM than the outer cells.

A corrollary of the inside/outside hypothesis is that cell’s fate in the 
blastocyst may be altered by changing its relative position in the morula. Hillman 
et al (1972), therefore designed experiments to study the effect of blastomere 
position on cell fate. [^H]thymid Jne labelled blastomeres from 4- and 8 -cell 
embryos were dissociated and placed on the outside of 4- to 16-cell embryos. In 
such a situation, more than 90 % of the labelled cells were found in the outside
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layer of the blastocysts, and no labelling was found to be only located in the ICM. 
In the contrary, when labelled cells were placed between the blastomeres of 2- and 
4-cell embryos, only 60 % of the labelled cells were found in the outside layer; 
when labelled cells were entirely surrounded by other blastomeres, in 4/7 
experiments, the labelling was found only in the ICM.

The inside/outside hypothesis presented by Tarkowski and Wroblewska, 
(1967) also suggests that the differentiation of the ICM requires a distinct 
intercellular environment. The formation of the network of tight junctions between 
outer cells is supposed to generates distinct inside and outside microenvironments 
to which the cells will respond according to their position in the embryo. This 
view therefore supposes that commitment of the mouse embryos blastomeres does 
not occur before the blastocyst stage. Indeed, the time at which the positional 
determination of cell fate occurs has been determined. It has been shown that at 
the 8 -cell stage, individual blastomeres can still give rise to both ICM and 
trophectoderm derivatives (Kelly, 1977; Balakier and Pedersen, 1982). However, at 
the fully expanded blastocyst, both ICM an trophectoderm cells are committed to 
their respective fates (Gardner, 1972; Rossant, 1975a, b). The commitment of ICM 
seems to occurs late in preimplantation development. ICM cells isolated by 
immunosurgery, from late morula or early blastocyst can still give rise to 
trophectoderm derivatives in vitro et in uiuo (Handyside, 1978; Hogan and Tilly, 
1978a, b; Rossant and Lis, 1979). On the other hand, Rossant and Vyh, (1980) 
showed, by aggregation studies that outside cells from late morula retain their 
ability to form ICM. 50 % of the embryos reconstitued from outside cells only 
produce morphologically normal blastocysts. It thus appear that all cells of the 
embryo may keep their potency and do not become committed to an ICM or 
trophectoderm fate until after the initial formation of the blastocoel cavity. Few 
experiments have been designed in order to test the effect of the microenvironment 
on cell fate. However, Pedersen and Spindle, (1980) showed by injection of 8 -cell 
or morula stage embryos into host blastocysts that the blastocoel fluid alone does 
not alter the early morphological development of the totipotent cells. Indeed, 2/3 
of the injected embryos develop into normal blastocysts.

Therefore, an alternative hypothesis has been proposed in an attempt to 
explain the generation of the two first cell lineages within the morula.
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2.4.2 Cell fate is related to cell polarization

The polarization hypothesis proposes that the asymmetry between the 
apical and basal domains of 8 -cell blastomeres forms the basis to account for the 
differentiation of the two distinct cell lineages of the blastocyst (Johnson et al., 
1986a and see review in Johnson et al., 1981). According to this hypothesis, cell 
differentiation is dependent upon two features : (i) The generation of cellular 
differences, that is, the process of surface and cytoplasmic polarization which 
occurs during compaction. This point has already been discussed in the preceding 
paragraphs, (ii) The conservation, during successive cleavages, of the cellular 
polarization of the blastomeres. Such a conservation could be achieved with 
appropriate cleavage planes.

According to the Johnson and Ziomek hypothesis (Johnson, 1981; Johnson 
and Ziomek, 1981), the allocation of cells to an inside position is achieved by 
differentiative division of a polarized 8 -cell blastomeres. In this case, the cleavage 
plane is perpendicular to the axis of polarity, this lead to the formation of a large 
polar outside cell and a small apolar inside cell (Johnson and Ziomek, 1981). 
Although most of the features identified as being polarized in 8 -cell blastomeres 
are dispersed at entry into mitosis, some elements of cytocortical polarity are 
relatively stable (Johnson and Ziomek, 1981; Johnson et al., 1986a). Consequently, 
immediately after the completion of cytokinesis, the cytoskeletal matrix and 
cytoplasmic organelles in the 16-cell blastomeres that have inherited an apical 
cytocortical domain, resume a polarized distribution coincident with the cytocortex 
axis of polarity (Fleming and Pickering, 1985; Maro et al., 1985). Therefore, the 
differentiation of the ICM and trophectoderm, at the blastocyst, is the result of 
cellular polarization elicited early during compaction. As stated by the 
polarization hypothesis, if all 8 -cell blastomeres divide differentially, the entire 
population of inside cells will give rise to ICM lineage. Johnson and Ziomek, 
(1981), indeed reported that 82 % of individual 8 -cell blastomeres divide such that 
the couplet formed is composed of a polar and an apolar cells. The other 8 -cell 
blastomeres generate a couplet of two polar cells. This mean that in this case, the 
cleavage plane is parallel to the axis of polarity. Such a division is called 
conservative. Observations on intact embryos have also demonstrated that not all 
8 -cell blastomeres undergo a differentiative division during the 8 - to 16-cell 
transition (Balakier and Pedersen, 1982; Soltynska, 1982; Pedersen et al., 1986; Dyce 
et al., 1987; Fleming, 1987). The number of inside cells found in both aggregate 
and intact 8 -cell embryos also indicates that not all 8 -cell blastomeres divide 
differentially. This number vary from 2 to 7 (Fleming, 1987; Garbutt et al., 1987).
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It is determined by the ratio of differentiative to conservative division by polarized 
cells at the fourth and fifth cleavage. Furthermore, Fleming, (1987), reported that 
in intact embryo, the pool of inside cells contribute to about 75 % of the ICM cells. 
A second allocation of cells to the inside, during the fifth cleavage (transition from 
the 16- to the 32-cell stage), account for the remaining 25 % of ICM (Balakier and 
Pedersen, 1982; Pedersen et al., 1986; Dyce et al., 1987; Fleming, 1987).

Recently, Sutherland et al., (1990) have examined the intact embryo with 
time-lapse cinematography. They observed in fact, during the transition 8 - to 16- 
cell, three mgjor orientations for the cleavage planes instead of the two previously 
reported. The third orientation is intermediate between the perpendicular and the 
parallel orientations, and defined as oblique, that is, at an angle between the two 
(roughly 45°). According to the angle, this division can gives rise to either 
polar/apolar couplet or polar/polar couplet, although not entirely identical. This 
third cleavage plane may explain some observations of Soltynska, (1982) and 
Pedersen et al., (1986) who both noted the presence of some "partially internal" 
16-cell blastomeres, mostly enclosed but which show a small area of surface 
exposed to the outside. However, their results support the prediction of the 
polarization hypothesis; the division perpendicular to the axis of polarity yields to 
the formation of two sister cells with differents positions and fates.

A number of studies has described the development of blastomeres either 
isolated or within the embryo. From these studies, the role play by the cleavage 
plane orientation has emerged. However, -W# question remains*, what does influence 
the orientation of the division during the fourth and fifth cleavages ?

It has been shown that the early-dividing (or older) cells which contribute 
preferentially to the inside cells populations of 16-cell embryos, flattened earlier 
than the late-dividing cells (Graham and Lehtonen, 1979; Garbutt et al., 1987). In 
addition, Garbutt et al., (1987) demonstrated that incubation of the reconstructed 
8 -cell embryo in low Ca2+ medium induces the elimination of the flattening 
advantage of the early-dividing cells and suppress the preferential allocation of 
these cells to the ICM. This finding therefore supports the idea that the 
preferential contribution of early-dividing cells arises because these cells undergo 
intercellular flattening in advance to the other cells. The importance of cell 
interaction on cell allocation has also been clearly demonstrated by Johnson and 
Ziomek (1983) during the fifth cleavage. These authors have examined the fate of 
16-cell individual blastomeres cultured either alone or with another individual 16- 
cell blastomere, and allowed to divide to form a cluster of four 32-cell blastomeres. 
During normal interactions, ie contact between one polar and one apolar cell, most 
of the individual 16-cell polar blastomeres (79 %), envelop the apolar one and at 
the following division, the cluster of 32-cell blastomeres is formed by 2
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trophectoderm-like external cells and 2 ICM-like internal cells. However, in some 
cases, they observed the formation of 32-cell clusters composed of either 4 
trophectoderm-like external polar cells or 3 trophectoderm-like external polar cells 
and 1 ICM-like internal apolar cell. Such situations can also be obtained with 
either the combinations of two polar or two apolar cells. Furthermore, in these 
type of combinations, the incidence of conservative divisions increases with the 
extent of cell interaction. During the Fifth cleavage, if cell interaction is modified 
(contact between 2 polar cells or 2 apolar cells), polar cells can generate ICM cells 
by a differentiative division, and apolar cells can generate trophectoderm cells by 
polarizing in response to asymmetric, non-enveloping cell contact with the polar 
blastomere. These findings therefore support the idea that cleavage plane 
orientations can be modified by altering cell interactions and that continuing 
interaction between polar and apolar cells is necessary in order to maintain their 
respectives fates as trophectoderm and ICM respectively.

2.4.3 Cell fate is related to cell polarization and cell phenotype

Both hypotheses predict that the inside cells will contribute preferentially to 
the ICM and that most outside cells will give rise to the trophectoderm. However, 
the polarization hypothesis implys that the cell’s phenotype (polar or apolar) 
determine its position whereas the inside/outside hypothesis suggests that the 
position of the cell (inside or outside) determine its phenotype. Ziomek and 
Johnson (1982) designed experiments in order to assess the respective roles of 
position and phenotype in determining cell fate. Newly formed large and small 16- 
cell blastomeres were associated in order to constructed a "false” 16-cell embryo 
and to study the progeny of one labelled 16-cell blastomere. The FITC-labelled cell 
was reassociated either in a native position; polar cells outside and apolar cells 
inside, an alien position; polar cells inside and apolar cells outside, or a random 
position. Labelled larger polar cells placed in either three positions gives progeny 
mainly located in the trophectoderm. In the contrary, when smaller apolar cells 
were placed in native or alien positions, a complete reverse of the contribution of 
the labelled cell to ICM or trophectoderm was obtained. Only 17 % of the labelling 
was found in the trophectoderm for native position whereas 69 % of the small 
labelled cells give at least one trophectoderm cell, when placed in an alien 
position. From these results, a third hypothesis has been proposed by Ziomek and 
Johnson (1982), taking into account the assumptions of both the inside/outside 
hypothesis and the polarization hypothesis. These authors propose that the 
differentiation of the small apolar cells is strongly influenced by their position
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whereas for larger polar cells the phenotype is of major importance in determining 
their fate.

2.5 The aim of the present study

Much evidence indicates that gap junctional communication is involved in 
development. From the examples cited above, it is clear that the temporal and 
spatial distribution of gap junctions within a developing organism may contribute 
to the spatial subdivision of the embryo in developmental territories and later to 
the formation of a fully developed individual. However, as this introduction has 
shown, the role assigned to gap junctions is largely based on correlative 
observations between the presence of intercellular communication and the 
occurrence of developmental events. Indeed, only few studies have unequivocally 
demonstrated an effective role for gap junctions in development. As it has been 
presented in the preceding chapter, gap junctions are likely to play a role in the 
coordination of early development, although the exact nature of this role is yet to 
be determined. It also has been shown by Goodall, (1986) that during 
preimplantation mouse development, cell polarization and compaction can occur in 
the absence of intercellular communication. Although the role of gap junctions, 
during the onset of compaction, has been questioned, recent studies provide direct 
evidence for a major role of cell-to-cell communication during preimplantation 
mouse embryo development. Inhibition of gap junction communication by 
intracellular injection of antibodies raised against the major 27/32 kD rat liver gap 
junction protein (Lee et al., 1987) or by injection of antisense RNA to the same gap 
junctional protein (Belilacqua et al., 1989) lead to block of the intercellular 
communication. As a consequence, the communication-incompetent blastomeres 
are unable to take part in compaction, and the embryos do not form normal 
blastocysts. It has been proposed by Lee et al in 1987 that gap junctions are in 
fact not involved in the initiation of compaction but in its maintenance. As it has 
been explained in the previous paragraph, the maintenance of a compacted state in 
the mouse embryo is necessary for the formation of a blastocyst and therefore for 
the differentiation of the two first cell lineages. Until recently, only one 
experiment supports the view that gap junctions are necessary for maintaining 
compaction in early mouse embryo. It has been performed by Buehr et al (1987) 
on the DDK inbred strain of mice. The DDK strain seems to associate poor gap 
junctional communication with failure of normal trophoblast differentiation. The 
work presented in this thesis uses the DDK embryo as a model system in order to 
further investigate the implication of gap junctional communication in the



45

differentiation of the first distinct cell populations. Detailed information about 
DDK mice in relation to cell-to-cell communication through gap junctions can be 
fio<\d in the "Results" chapter.



MATERIALS AND METHODS
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1. Reagents

1 mg of the acetoxymethyl (AM) ester form of the intracellular pH probe 
2’,5’-bis(carboxyethyl)-5(6)carboxyfluorescein (BCECF, Molecular Probes) was 
dissolved in chloroform and aliquoted in 20 microfuge tubes of 50 pi. The solvent 
was then evaporated and the tubes were stored dessicated at -20 °C. When 
needed, the sample was reconstituted with 50 pi of dimethyl-sulfoxide (DMSO, 
Aldrich). Stock samples had a concentration of 1 mM BCECF, and were diluted to 
5 or 2.5 pM when used.

Nigericin (Molecular Probes) was dissolved in ethanol to make a 10 mM 
stock solution, and was diluted to 20 pM when used.

A 10 mM stock solution of dibutyryl-cyclic-AMP (dbC-AMP, Sigma), the 
membrane permeant analog of cyclic-AMP, was made fresh each time in the 
handling medium (M2).

N-butyric acid and trimethylammonium chloride were obtained from BDH. 
Lucifer Yellow (CH), lithium salt was a gift from W.W. Stewart. A 5 % solution was 
made in distilled water, aliquoted into 10 pi lots and stored at -20 °C.

1.1 Procedure for preparation of the handling medium (M2) and the 
culture medium (Ml 6)

M2 and M16 media were prepared from concentrated stocks of the different 
components following a published procedure (Hogan et al., 1986). High quality 
water (Elgastat) was used for making up the medium. Solutions were filter 
sterilised using a 0.22 pm Sartorius filter.
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Ml 6 culture medium 

compound mM g/litre

NaCl 94.66 5.533
KC1 4.78 0.356
CaCl2 ,2H20 1.71 0.252
kh 2po4 1.19 0.162
MgS04 ,7H20 1.19 0.293
NaHC03 25.00 2.101

Sodium Lactate 23.28 2.610

Sodium Pyruvate 0.33

or 4.349 g 
of 60 % syrup 

0.036
Glucose 5.56 1.000

Bovin serum albumin 4.000
(BSA)
Penicillin G potassium salt 0.060
(final conc.,100 units/ml) 
Streptomycin sulphate 0.050
(final conc.,50 |ig/ml)
2 X glass-distilled H20 up to 1 litre

Gas with 5 % CO2 and pH to 7.4 with NaOH 1 N.
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M2 handling medium

Some of the bicarbonate was substituted with HEPES buffer. M2 was used 
for collecting embryos and for handling them outside the incubator.

Compound mM g/litre

NaCl 94.66 5.533
KC1 4.78 0.356
CaCl2 ,2H20 1.71 0.252
kh 2po4 1.19 0.162
MgS04 ,7H20 1.19 0.293
NaHC03 4.15 0.349
HEPES 20.85 4.969
Sodium Lactate 23.28 2.610 

or 4.349 g 
of 60 % syrup

Sodium Pyruvate 0.33 0.036
Glucose 5.56 1.000
BSA 4.000
Penicillin potassium salt 0.060
Streptomycin sulphate 0.050
Phenol red 0.010

2 X distilled water up to 1 litre

pH to 7.4 with NaOH 1 N.
These two media were stored at 4 °C for up to a week.
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2. Recovery o f embryos and culture conditions

2.1 Mice

The strains of mice used for this work had two origins.
1) An inbred strain used as control.

The FI progeny of the cross C57B1/10 female by Balb/c males were mated to 
produce the embryos used for the experiments. Mice were kept in the animal 
house of University College London under controlled conditions of temperature and 
light.

2) The albino inbred strain DDK came from the MRC Mammalian 
Development Unit where the colony has been maintained since 1976.

DDK males crossed with DDK females were used as control and DDK females 
crossed with C3H/bi males develop the defect characteristic of the DDK. This 
defect is described with further details in chapter 1 of the "Results". Throughout 
this text, the genetic constitution of the embryos will be indicated with the female 
parent coming first followed by the male parent.

2.2 Recovery of embryos

Embryos were obtained from natural matings. Ovulation and fertilization 
were controlled by the environmental conditions. Mice were maintained under a 
constant light-dark period. Under these conditions, females tend to ovulate once 
every 3 to 4 days, 3 to 5 hours after the onset of the dark period and males will 
copulate with the ovulating females at about the mid point of the dark period. 
This means that fertilization takes place 1 to 2 hours after ovulation. Females (8  

weeks to 4 months of age) were placed with males (1 or 2 females in each cage 
with 1 male) late in the afternoon. The following morning, the females were 
checked for the presence of a copulation plug in the vagina (vaginal plug). The 
vaginal plug consists of coagulated proteins from the male seminal fluid. This plug 
usually dissolves about 12 hours after mating so the check must be made between 
9 and 10 in the morning.

The first morning a vaginal plug was found was recorded as day 1. Mice 
were killed by cervical dislocation on day 3 to give embryos at the late 4- to early 
8 -cell stage. At this stage, embryos were found in the lower part of the oviduct as 
shown in Figure 1. After dissection, the oviduct and the upper part of the uterus
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were cut and transferred to an embryological watch glass containing M2 handling 
medium at room temperature (20-25 °C). Dissection was made under a 
stereomicroscope with transmitted illumination. The embryos were released by 
gently squeezing the oviduct and the attached segment of the uterus with a bent 
needle. They were collected with a suction pipette and either transferred to fresh 
M2 medium until use or directly transferred to the M16 culture medium. A mean 
value of 4 embryos per female, with a maximum of 13 embryos, can be expected 
whatever strain used.

2.3 Culture

Small drops (5 to 10 pi) of M16 culture medium were placed on a 50 mm 
plastic tissue culture dish (Sterilin). The dish was flooded with 5 ml paraffin oil 
(BDH liquid paraffin light) and placed in a humidified 37 °C incubator, with an 
atmosphere of 5 % CO2 and 95 % air, to equilibrate for at least 30 minutes. 
Embryos were transferred one by one into the drops (usually one in each drop) 
with a suction pipette and the dish returned to the incubator.

3. Scoring o f compaction

Embryos were categorized into three groups on the basis of their degree of 
compaction when examined on a Wild dissecting microscope (magnification X 100). 
Embryos were classified as not compacted if their cell outlines were clearly visible 
(figure 2,D); partially compacted or compacting if they were beginning to compact, 
as evidenced by flattening of the cells and partial obscuring of the cell outlines 
(figure 2,E); and fully compact or compacted when none of the cell outlines were 
visible.

4. A ssay for gap junctional communication

Compacted 8 - to 16-cell embryos were introduced into about 500 pi of 
handling medium (M2) in a special chamber and observed with a Zeiss microscope



Figure 3. (A) Excitation and emission spectra of BCECF at the indicated pH. (B) 
Structure of bis(carboxy-ethyl)carboxyfluorescein (BCECF). From Molecular 
Probes documentation.
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equipped for epifluorescence and with Hoffman modulation contrast objectives of 
10 and 40 magnification and a fluorescent long working distance objective of 40 
magnification (numerical aperture 0.50, Nikon).

The embryos were held on a small glass suction pipette prepared as follows: 
A glass pipette was marked with a diamond pen at the desired position, and 
broken to give a square cut. The end of the pipette was then fire polished to the 
desired size on a microforge (tip opening approximatly 15 to 20 pm).

Injection pipettes were pulled from Corning 7740 Omega dot glass (Glass 
Company of America), external diameter of 1.2 mm, with a vertical puller. Lucifer 
Yellow (5 % solution in distilled water) was introduced into the tip of the pipette 
by capillarity and the pipette back filled with 100 mM NaCl.

The electrode was held in a Ag/AgCl half cell (Clark Electromedical) so that 
the membrane potential could be monitored during electrode insertion. The half 
cell was connected to a WPI M 707 high input impedance amplifier and the 
membrane potential was recorded on a Tektronix storage oscilloscope. The bath 
solution was grounded through an Ag/AgCl wire.

Lucifer Yellow was injected by brief electronic oscillation of the pipette tip 
using the negative capacity control which induces bulk flow of solution out of the 
pipette tip. This method allows rapid injection of small amounts of dye, but 
precise quantification of the amount injected was not possible. For measurement 
of dye transfer times, sufficient Lucifer Yellow was injected to ensure that the 
injected cell was brightly fluorescent and visually saturated with dye.

The time taken for the Lucifer Yellow to become just visible in the last cell 
of 8 - or 16-cell embryos, was measured with a stop watch. All measurements were 
made at 26 °C as gap junctional communication is sensitive to temperature (Lee et 
al., 1987).

Insertion of the electrode was made under the 40 X Hoffman objective and 
injection of Lucifer Yellow with the 40 X fluorescent objective.

5. pHj measurement with trapped fluorescent indicator

A pH sensitive dye, 2’,5’-bis(carboxyethyl)-5(6)carboxyfluorescein (BCECF) 
was used to measure the intracellular pH of individual embryos.

BCECF is one of the best pH indicators at near physiological values of pH, 
with a pKa around 7. Graber et al., (1986) have reported an effective pKa of 6.7 +



Figure 4. Block diagram of the complete system. The cell whose fluorescence is to 
be measured is illuminated by light which has passed through the excitation filter 
(500 or 434 nm). Emitted light passes through the dichroic mirror and the 
emission filter (barrier filter) to the photodiode. The electrical signal from the 
photodiode is recorded on a stripchart recorder and displayed on an oscilloscope.
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0.1, and Rink et al (1982) reported a pKa value of 6.97 calculated from a Hill plot 
of the excitation and emission spectra. As shown on the emission and excitation 
spectra of Figure 3, BCECF is highly sensitive to pH. Increasing pH markedly 
enhances the intensity of fluorescence at 504 nm but only slightly decreases the 
fluorescence at 434 nm so the ratio of the intensities obtained at 504 and 434 nm 
measures pHj while cancelling variations in the cell thickness and dye content. 
Additional information about the fluorescent pH-sensitive dye is given in chapter 3 
of the "Results".

BCECF is loaded into cells as its permeant acetoxymethyl ester form 
(BCECF-AM), and is converted by intracellular esterases to a highly fluorescent pH- 
sensitive form. Embryos were soaked in 2.5 pM BCECF-AM in M2 handling 
medium for 5 to 10 minutes, washed twice in M2 to remove the extracellular dye 
and kept at room temperature (22 °C) for up to 30 minutes, until used.

The BCECF-loaded embryo was transferred to the recording chamber, which 
consisted of the lid of a 35 mm plastic dish (Nunc, volume 2 ml), specially 
modified to allow constant perfusion (flow rate, 0.8 ml/min). The chamber was 
placed under the objective (X 40 fluorescent, NA 0.50, Nikon) of a Zeiss microscope 
equipped for epifluorescence. The embryo was held with a suction pipette as 
described for Lucifer Yellow ir\jection.

A schematic diagram of the set-up is shown in Figure 4. A HBO 50 W high- 
pressure mercury lamp provided the fluorescent illumination. The light was 
routinely attenuated by 50 % using a neutral density filter (Zeiss) inserted in the 
excitation light path. Exciter filters were mounted in a double reflector housing .

Fluorescence was measured using two filters of 504 nm and 434 nm (Ealing) 
with a half band width of 10 nm (kindly provided by Dr D. Eisner). After passing 
through the filter, the exciting light was reflected by a dichroic mirror (pass 
wavelength of 510 nm) and focused on to the preparation by the objective. The 
longer wavelength emitted by the fluorescent dye was transmitted by the dichroic 
mirror to a barrier filter (band pass 520 nm). The light was then sent to the eye 
pieces and a photodiode by a beam splitter which sent 20 % of the light to the eyes 
pieces and 80 % to the photodiode detector for quantitative measurements.

The principal component of the detector circuit was a photodiode- 
operational amplifier integrated circuit (UDT 455, United Detector Technology). 
This device provides an alternative to measuring light levels with a photomultiplier 
and is suitable for applications which do not require a combination of very high 
sensitivity and very fast response.
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The device as used in the laboratory and provided by Dr J.Hall (UC Irvine, 
Department of Biophysics, USA) consists of an optical head stage and a control box 
which carries controls for time constant and gain and contains the power supply.

The head stage consists of the 455 photop with the photodiode wired in the 
photovoltaic mode, a 100 Megohm feedback resistor, a 1 pF stabilizing capacitor in 
parallel with the feedback resistor, two electrolytic capacitors to decouple the 
power supply from the photop and a 100K 20 turn trimpot to adjust the zero. The 
device thus has an intrinsic time constant of 1 msec.

The control box provides switchable gains from 1 to 100 in multiple stages 
of 1, 2 and 5, and switchable time constants from 0.1 to 1000 msec in multiples of 
10. The 0.1 msec position simply provides compensation for the first stage 
operational amplifier, but does not improve the bandwidth. There is also a ten- 
turn potentiometer zero adjustment on the front panel. A schematic diagram of 
the device is shown in Figure 5.

Wired in this manner, the device, when operated at unity gain, has a 
sensitivity of 14 volts output per microwatt of incident optical power at 400 nm 
and 36 volts per microwatt at 600 nm.

The output of the amplifier was connected to a Bryans multichannel pen 
recorder (Gould).

The fluorescence from a single embryo was acquired alternately at 504 and 
434 nm by manually changing the position of the filter housing to select the 
desired exciting light.
pHj was calculated using the following equation (Grynkiewicz et al., 1985):

pHj = log(Rx-Rmin)/(Rmax'Rx) + P^a (1)

In the following experiments, the pHj values obtained with too high (> 7.2) 
or too low values (< 6 .6) of pK’a were discarded.



Figure 5. Schematic of the photodiode detector system. The headstage, shown to 
the left, is mounted in a light-tight container inserted into the vertical eyepiece 
tube of the microscope so that the face of the photodiode is near the image plane 
of the microscope objective. The electrical components of the headstage are 
mounted inside a length of metal braid about 5 cm in length, and the headstage is 
connected to the control box by a flexible shielded cable approximately two meters 
in length. The plus and minus 15 V supplies were constructed using standard 
single-chip regulators, a full-wave bridge and the appropriate power transformer. 
Standard construction techniques, including single-point grounding were used.
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More about equation (1)

The ratio R of the dye’s fluorescence intensities Fa and Fb at the pH 
sensitive and pH insensitive excitations wavelengths, La and Lb, is sufficient to 
calculate the intracellular pH independent of the total dye concentration, path 
length or absolute sensitivity of the instrument.

Two assumptions have to be made:

(a) the dye forms a 1:1 complex with the proton.

BCECF + H+ BCECF-H

Ka = (BCECF)(H+)/(BCECF-H) = Cub.(H+)/Cb (2) 
with Cub and Cb being the concentration of unbound and bound dye respectively.

(b) the dye is sufficiently diluted for fluorescence intensities to be linearly 
proportional to the concentrations of the fluorescent species.
Thus the total fluorescence intensities at La and Lb can be expressed as follows:

Fa = f(ub)a.Cub + f(b)a.Cb
( 3 )

Fb -  f(ub)b.Cub + f(b)b.Cb

with f(ub)b, f(b)b being the fluorescence of the unbound and bound form of the 
dye respectively, at the pH insensitive wavelength and f(ub)a, f(b)a being the 
fluorescence of the unbound and bound form of the dye respectively, at the pH 
sensitive wavelength.

Using equations (2) and (3), one can calculate pHj in terms of R = Fa/Fb,

^min = f(b)a/f(b)b and ^max = f(ub)a/f(ub)b

PHj = pK’a + log(R-Rmin)/(Rmax-R) - log(f(ub)b/f(b)b) (4)

In practice, only the two first terms of equation (4) were used to calculated 
pK’a and then pHj.
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For pHj measurement, phenol red and Bovin Serum Albumin were omitted 
in M2 handling medium in order to avoid alteration of background levels during 
the calibration procedure.

KCl Ringer solution used for pH$ calibration

compound mM

KCl 140
kh 2po4 1

MgS04 1

Glucose 10

HEPES 20

pH to desired values with NaOH

6. Im munolocalisation o f gap junctions

This experiment was done in collaboration with Dr C. Green (Dept, of 
Anatomy and Developmental Biology, UCL).

Embryos were rinsed twice in PBS and fixed in 100 % methanol for 2 
minutes at room temperature and washed twice more in PBS.

After fixation, embryos were soaked in a blocking solution (0.18 g of L- 
Lysine and 10 pi of triton X100 in 10 ml of PBS) for at least 30 minutes.

Embryos were incubated with an antipeptide antibody (dilution 1:10 in 
PBS) to a synthetic peptide constructed to match amino acid residues 131 to 142 of 
the 382 amino acid connexin43 gap junction protein (Beyer et al., 1987; Gourdie et 
al., 1990; Harfst et al., 1990). This region of the protein has a putative cytoplasmic 
localisation. Additional details on the antibody used in these experiments are 
given in chapter 6 of the "Results".

Incubation was for 45 minutes at 37 °C. The embryos were then washed 
several times in PBS and transferred to the secondary antibody (FITC conjugated 
Swine anti-rabbit (DAKO); 1:20 in PBS) for 1 hour at room temperature. They 
were again washed with PBS and mounted on a cavity slide using a mounting 
media countaining an autofluorescence quenching agent (citifluor).
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The embryos were viewed with a laser scanning confocal microscope (Bio- 
Rad MRC 500) and optically sectioned in 1 pm steps. Fluorescent images obtained 
were stored on disk. Measurements of most gap junction lengths were taken 
directly from the computer screen using the Bio-Rad image processing system and 
software supplied; in some cases, the length was measured subsequently from 
photographs.

In early experiments, the zona pellucida was removed before fixation and 
staining. To remove the zona pellucida, embryos were treated with 0.5 % pronase 
in M2 handling medium for 3 to 10 minutes at 37 °C and washed several times in 
normal M2 medium before use according to the procedure described by Hogan et al 
(1986). Embryos without the zona pellucida were much more difficult to handle 
throughout the process of staining because of their high degree of stickiness. We 
therefore eliminated this step and in later experiments the zona pellucida was only 
slighly disrupted using a glass needle. The pattern of fluorescence was the same 
whether the zona pellucida was left or not.

7. Statistical analysis

Statistical analysis of the results were performed using the test, or for 
small samples, the Fisher exact test. Comparison between two distributions was 
done using the non-parametric Mann-Whitney test; occasionally the non-parametric 
test of Kruskall-Wallis was used to compare more than two distributions.



RESULTS
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1. Culture o f embryos up to the blastocyst stage

Embryos were collected 2 ^ 2  days postcoitum and cultured for up to 48 
hours in M16 culture medium (Hogan et al., 1986). Embryos resulting from the 
Balb-c/C57bl-10 and from the DDK/DDK crosses were used as control embryos. 
Throughout the text, embryos resulting from the Balb-c/C57bl-10 cross are referred 
as B10CF1 embryos.

1.1 B10CF1 and DDK/DDK normal embryos

The survival rate of cultured B10CF1 zygotes was good. 48/54 (88.9 %) 
formed normal, expanded blastocysts. There was some variability between batches, 
which ranged from 100 % (9/9) to 66.7 % (6/9). DDK/DDK zygotes also showed a 
good survival rate. 58/67 (86.6  %) survived to give normal blastocysts with a range 
of 11/11 (100 %) to 5/8 (62.5 %) in individual batches of cultured embryos. Thus 
DDK/DDK zygotes have the same chance as normal B10CF1 zygotes of reaching the 
expanded blastocyst stage.

1.2 DDK/C3H embryos

When DDK females are crossed with a male from an alien strain, the 
survival rate falls substantially. Buehr et al., (1987) found an overall survival rate 
of 8.3 % to the expanded blastocyst.

1.2.1 The DDK "syndrome"

1.2.1.1 History

DDK is an inbred strain (i.e strain that has been maintained for more than 
20 generations by brother-to-sister matings) which carry the albino c/c mutation at 
the C locus and are characterized by low fertility when outcrossed to other males 
(Staats, 1968).

Early work of Wakasugi, Tomita and Kondo (1967) showed that the 
reproductive physiology of DDK females was characterized by semi-sterility when 
mated with males from others strains (KK, NC, or C57BL/6J) though, normal



Figure 6 . Morphological appearance of in vitro cultured morulae derived from the 
cross of a DDK female with a C3H/Bi male. Embryos were isolated on day 3 
(about 50 hours postcoitum), then cultured overnight at 37 °C, and examined 
several times during the culture period (up to day 5). (A) normal expanded
blastocyst; T, Trophectoderm; ICM, Inner Cell Mass; the star indicates the blastocyst 
cavity. (B-C) abnormal morulae showing diverst degrees of decompaction. (B) 
several blastomeres (arrows) are completely extruded from the resting part of the 
morulae. (C) degenerated embryo with all blastomeres decompacted. (D-E) 
abnormal blastocysts. (D) abnormal blastocyst with two cavities (arrows). One 
cavity is formed by only one cell (star). (E) arujother example of an abnormal 
blastocyst with 4 cells (arrow heads) which start. to accumulate fluid, two 
decompacted blastomeres (arrows) are clearly visible. Scale bar = 80 pm.
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fertility was observed in the intra-strain mating of DDK males and females and in 
inter-strain mating between DDK males and females from others strains. It has 
also been shown that this semi-sterility was not due to failure of ovulation or 
fertilization, but to the embryonic death at the morula-blastocyst stage, 4 to 5 days 
after mating. Embryological observations have shown that the cause of death was 
due to a defect in trophoblast formation (Wakasugi et al., 1967; Wakasugi, 1973).

Furthermore, ovary transplantation experiments have demonstrated that the 
embryonic death was not due to an adverse effect of the uterine environment of 
the DDK mother, but to the fertilized eggs themselves (Wakasugi, 1973).

Genetic analysis, using backcrosses and double backcrosses, have suggested 
that four alleles at either one locus or two closely linked loci were involved in the 
establishement of an incompatibility between a factor in the cytoplasm of the DDK 
egg and a factor in the alien spermatozoa, leading to the embryonic death 
(Wakasugi, 1973, 1974).

More recent studies by Mann (1986) and Renard and Babinet (1986) have 
confirmed the early work of Wakasugi. These authors have used nuclear 
transplantation at the one-cell stage to demonstrate that the DDK cytoplasm, not 
the maternal pronucleus, was involved in the embryonic death at the 
preimplantation stage. Therefore, supporting the idea that the alien male 
pronucleus interacting with the DDK egg cytoplasm, renders the cytoplasm 
incapable of supporting development from the blastocyst stage onwards, and that 
some male gene product necessary for further development (i.e trophoblast 
formation) was acting as early as during the one-cell stage (Renard and Babinet, 
1986).

1.2.1.2 Morphology

DDK/C3H embryos collected at the 4- to 8 -cell stage appeared normal, and 
identical to control DDK/DDK or B10CF1 embryos of the same age. However their 
subsequent development was very different. At the late 16-cell stage, many of the 
morulae that had appeared compacted early on, exhibited drastic morphological 
alterations; they began a process of decompaction and degenerated very rapidly 
(Renard and Babinet, 1986; Buehr et al., 1987). Figure 6 gives example of embryos 
showing various degree of abnormal development characteristic of the DDK/C3H 
defect.

These embryos can be classified in three categories according to the stage of 
development they achieve.
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1) Embryos able to form an expanded blastocyst (Fig. 6 ,A).
The percentage of embryos of this category vary with the male strain used 

in the crossing. Renard and Babinet (1986) reported that less than 10 % of the 
embryos from the inter-strain crosses involving DDK females and BALB/c males 
were able to form a blastocyst and only 5 % of them hatched out of their zona 
pellucida whereas, with the crosses involving C57BL/6 males, 25 % of the embryos 
were able to form a blastocyst and 15 % hatched during the following 48 hours of 
culture. Similarly, Buehr et al. (1987) reported that only 5 to 10 % of the embryos 
resulting from the cross between DDK females and C3H/bi males developed to the 
expanded blastocyst stage while 95 % of the embryos resulting from the control 
crosses DDK/DDK or C3H/C3H attained this stage during the same period of 
culture.

2) Embryos with blastomeres which were either protuded from the 
surface of the compacted ball of cells or totally extruded from the embryo (Fig. 
6 ,B). The extent of decompaction varied a lot between embryos: some were totally 
decompacted as in Figure 6 ,C; while, in some others, only 1 or 2 blastomeres have 
been extruded (Fig. 6 ,B). According to Buehr et al. (1987), 60 to 70 % of the 
DDK/C3H embryos fell in this category.

3) Embryos which were looking like a blastocyst with either one cell, 
as indicated by the star (Fig. 6 ,D); or a small group of cells which cavitates 
abnormally as illustrated in figure 6 ,E, where at least 4 cells (arrow heads) started 
to accumulate fluid, the others blastomeres are decompacted.

Table 1 gives the survival rate of individual batches of DDK/C3H embryos 
collected over 2 years. The embryos were collected from the pregnant mice at the 
4- to 8 -cell stage and cultured in vitro for 24 to 48 hours, by which time controls 
collected at the same stage have reached the expanded blastocyst stage.

The variability was considerable, ranging from 0/10 (0 %) to as high as 5/18 
(27.8 %). No significant difference arise in survival rates between embryos 
collected from the 4-cell stage (samples 1-5) or at the 8 -cell stage (samples 8-11).

Buehr et al., (1987) reported less variability in the proportion of DDK/C3H 
embryos reaching the expanded blastocyst; ranging from 5 to 10 %. Reasons for 
this variability between batches is not known and will be analysed further in the 
discussion.
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Table 1

P r o p o r t io n  o f  e m b r y o s  a t  th e  4 - to  8 -c e ll s ta g e  s u r v i v i n g  to  n o r m a l  b la s to c y s t  a f t e r  2 4  to  4 8  
h o u r s  i n  c u ltu r e .

Embryos Sample proportion of 
abnormal 
blastocyst 

(%)

proportion of 
normal 

blastocyst 
(%)

DDK/C3H
(8 cells) 1* 8/18 (44.5%) 5/18 (27.8%)

A

2 0 /6  (0%) 1/6 (16.7%)

3 2/9 (22.2%) 1/9 (11.1%)

4 4/10 (40%) 0 /1 0  (0 %)

5 3/12 (25%) 2/12 (16.7%)

8-16 cells
A

6 6/24 (25%) 2/24 (8.3%)
A

7 6/13 (46.2%) 2/13 (15.4%)

16 cells
A

8 2/19 (10.5%) 3/19 (15.8%)
A

9 4/8 (50 %) 0 /8  (0%)

10 5/15 (33.3%) 2/15 (13.3%)

11 7/14 (50%) 1/14 (7.1%)

B10CF1 48/54 (88.9 %)

DDK/DDK 58/67 (86.6  %)

*

: s a m p le s  c o lle c te d  i n  1 9 8 8



Figure 7. Dye transfer in 8 -cell compacted B10CF1 embryo. (A) bright field photograph, 
the embryo is held with a suction pipette (sp). (B) fluorescent photograph to show the 
transfer of Lucifer Yellow after injection into 1 cell, scale bar = 25 /im.
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2. Dye transfer rates in preimplantation mouse embryo at the 8-cell 
and 16-cell to morula stage.

The basis for our study was the observation of an association between 
decompaction of the DDK/C3H embryos at the late 16-cell stage and poor gap 
junctional communication, as measured by dye transfer at the 8 -cell stage (Buehr 
et al., 1987). In the following experiments, first of all, the results obtained by 
Buehr et al. (1987) have been confirmed and, experiments, designed to give further 
information about the mechanism involved in the defect responsible for the 
preimplantation embryonic death of DDK/C3H embryos were carried out.

Direct cell to cell communication through gap junctions between blastomeres 
of mouse embryos at the 8 -cell compacted or 16-cell stage was assayed by 
measuring the time taken for Lucifer Yellow injected into one cell to transfer 
throughout the embryo. The end-point of the measurement was the time when the 
last cell had just become visibly fluorescent. Embryos in which dye had failed to 
transfer to all cells within 15 minutes (900 seconds), were recorded as non
transferring.

Embryos were classified according to the stage of development reached at 
the time of the measurement. Figure 7,A shows bright field photograph of a 8 -cell 
compacted embryo prior to dye injection. Because of its tight compaction, it was 
not possible to count the blastomeres. However, after dye injection, and prior to 
complete equilibration of the dye, it was possible to count the 8  cells. Figure 7,B 
gives a fluorescent photograph of the same embryo after complete equilibration of 
the dye in all cells. Classification of the embryos by stage was thus performed 
immediately after dye injection. Embryos which were not fully compacted were 
either in the process of compaction after the third division leading to the 8 -cell 
stage, or in the process of decompaction in preparation for division to the 16-cell 
stage. In the former situation, after dye ir\jection, it was possible to count only 8  

blastomeres of identical size whereas in the latter, because the blastomeres divide 
asynchroneously, the dividing blastomeres decompact successively; it was thus 
possible to count more than 8  cells of different sizes. Embryos at the 16-cell or 32- 
cell stage were classified in the same group: 16-cell to morula stage.



Figure 8 . The transfer of Lucifer Yellow from cell to cell in control B10CF1 embryos 
at the 8 - to 16-cell stage. (A) The incidence of transfer of Lucifer Yellow after 
injection into one cell of 8 -cell stage embryo. Ordinate, number of observation; 
abscissa, number of cells containing Lucifer Yellow at the end of observation period 
(15 min). (B-D) Time taken for Lucifer Yellow injected into one cell to reach the 
last cell. Ordinate, number of observations; abscissa, time at which the last cell 
just becomes visibly fluorescent (min) in 8 -cell not fully compacted embryos (B), 
8 -cell compacted embryos (C), and 16-cell embryos (D). The arrows indicate 
median time for each distribution. NT, non transferring embryos.
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2.1 The transfer of Lucifer Yellow in normal embryos

2.1.1 8-cell not fully compacted stage

2.1.1.1 B10CF1 embryos

The index of transfer in the 8 -cell not fully compacted or 8 -cell compacting 
stage embryos is shown in Figure 8 ,A. Of the 38 embryos tested, 68  % (26/38) 
showed transfer to all 8  cells and 32 % (12/38) showed partial transfer within 15 
minutes, with transfer to either 7 cells (5/12), 6 cells (2/12), 4 cells (1/12) or to an 
adjacent cell (4/12) only.

Figure 8 ,B gives the time of dye transfer for the 26 embryos showing 
complete transfer of dye. These data, and all the following on dye transfer rates, 
were plotted using histograms which set the number of embryos per class. Classes 
were defined as time intervals of 60 seconds. In the 26 embryos tested, the median 
time for transfer, as indicated by the arrow, was 189J5 seconds. No embryo took 
less than a minute for Lucifer yellow to become visible in the last cell. 30 % (8/26) 
took more than 3 minutes for complete dye transfer and 46 % (12/26) took 
between 1 and 3 minutes for dye to transfer throughout. The slowest embryo took 
565 seconds for complete dye transfer (about 10 minutes).

2.1.1.2 DDK/DDK embryos

Comparable plots to those obtained in the B10CF1 embryos, are shown in 
Figure 9,A for embryos from the DDK/DDK cross at the 8 -cell not fully compacted 
stage.

Of the 28 embryos tested, 5 showed incomplete transfer of dye within 15 
minutes. For the 23 embryos showing complete transfer, the median time for 
transfer was 208 seconds (Fig. 9,A). Only one embryo took less than a minute for 
complete transfer of dye to all 8  cells. The majority, 69 %, showed transfer times 
within 4 minutes. 26 % (6/23) took more than 4 minutes for dye to transfer 
throughout but only one took 672 seconds (about 11 minutes). In the 5 embryos 
showing incomplete transfer the last cell became visibly fluorescent within 6 

minutes.



Figure 9. The transfer of Lucifer Yellow from cell to cell in control DDK/DDK 
embryos at the 8 - to 16-cell stage. Time taken for Lucifer Yellow iryected into one 
cell to reach the last cell. Ordinate, number of observations; abscissa, time at 
which the last cell just becomes visibly fluorescent (min) in 8 -cell not fully 
compacted embryos (A), 8 -cell compacted embryos (B), and 16-cell embryos (C). 
The arrows indicate median time for each distribution. NT, non transferring 
embryos.
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2.1.2 8-cell compacted embryos

2.1.2.1 B10CF1 embryos

Figure 8 ,C gives data obtained for B10CF1 8 -cell compacted embryos. As 
illustrated on this figure, 27 embryos were tested for the incidence of transfer of 
Lucifer Yellow to all 8  cells. 96 % (26/27) of these embryos showed transfer out of 
the injected cell to all 8  cells while 1 transferred Lucifer Yellow to an adjacent cell 
only, as indicated by the non-transferring (NT) class on Figure 8 ,C. Thus, at the 8 - 
cell compacted stage, direct cell-to-cell communication through gap junctions is 
more reliable and reproducible than when embryos are not fully compacted. This 
result confirms early work of Goodall and Johnson (1982, 1984).

Figure 8 ,C shows also the time required for Lucifer Yellow to transfer to all 
cells at the 8 -cell compacted stage, determined in the 26 transferring embryos. 3 
embryos showed transfer times of less than a minute (12 %). The median time of 
the distribution lies at 133.5 seconds, although there is considerable variation from 
embryo to embryo. Of the embryos tested, 50 % (13/26) transferred dye to all 8  

cells between 1 and 3 minutes. 38.5 % (10/26) transferred dye in more than 3 
minutes, and 8  % (2/26) took more than 5 minutes for total transfer of the Lucifer 
Yellow. No embryo was slower than 7 minutes.

2.1.2.2 DDK/DDK embryos

Data obtained with 8 -cell compacted DDK/DDK embryos are plotted in 
Figure 9,B. Compared to the 8 -cell compacted B10CF1 embryos, less variability 
was observed in the distribution of transfer times with the DDK/DDK embryos at 
the same stage. Of the 37 embryos at the 8 -cell compacted stage, injected with 
Lucifer Yellow, only 1 was not completely fluorescent within 15 minutes (Fig. 9,B, 
NT class). At the 8 -cell stage, the median time for dye to transfer to all 8  cells was
92.5 seconds, with the majority (83 %, 30/36) taking between 1 and 3 minutes. The 
slowest embryo in this sample took 361 seconds (about 6 minutes) for the last cell 
to become visibly fluorescent, and only 3 of them took more than 3 minutes.
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2.1.3 16-cell to morula embryos

2.1.3.1 B10CF1 embryos

The plot of dye transfer for embryos of this stage of development is shown 
in Figure 8 ,D. In the B10CF1 embryos, a higher proportion of non-transferring 
embryos were found at this stage than at the 8 -cell compacted stage; 18.2 % (4/22) 
at the 16-cell stage against 3.7 % (1/27) at the 8 -cell stage (compare Fig. 8 ,C and 
8 ,D).

However, at the 16-cell to morula stage, there was less variability in the 
speed of dye transfer than at the 8 -cell compacted stage. Only 1 embryo of the 20 
tested showed a transfer time above 5 minutes, and 61 % (11/18) took between 1 
and 3 minutes for dye to fill all blastomeres. In addition, 11 % (2/18) took less 
than a minute for dye to transfer throughout. The median of the distribution was
141.5 seconds.

2.1.3.2 DDK/DDK embryos

The distribution of time to fill all cells for DDK/DDK embryos at the 16-cell 
to morula stage is illustrated on Figure 9,C. Of the 17 embryos tested at this stage, 
no embryo was classified as non-transferring. The median transfer time was 90 
seconds. A majority of the embryos, 82 % (14/17), took between 1 and 3 minutes 
for complete transfer of the dye, 11.8 % (2/17) took less than a minute for the last 
cell being scored as visibly fluorescent and the slowest took 258 seconds (4’30") to 
fill all 16 cells.

2.1.4 Comparisons between stages for normal embryos

2.1.4.1 Incidence of transfer

The incidence of dye transfer was assessed in embryos from the B10CF1 and 
the DDK/DDK crosses in relation to the stage of development at the time of dye 
injection. In the B10CF1 cross, embryos at the 8 -cell not fully compacted stage (i.e 
compacting or going to the 16-cell stage) showed a high proportion (32 %) of non
transferring embryos. This proportion was significantly different from that (3.7 %) 
recorded among 8 -cell compacted embryos (p = 0.00445, Fisher exact test). In the
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DDK/DDK cross, the proportion of non-transferring embryos among the population 
of 8 -cell not fully compacted embryos was 17.8 %. Although this proportion was 
higher than that recorded among the 8 -cell compacted embryos (2.7 %), it was not 
significantly different (p = 0.0972, Fisher exact test). At the 16-cell to morula 
stage, no non-transferring DDK/DDK embryo were found. However, this was not 
the case for the B10CF1 cross. 18 % (4/22) of 16-cell to morula stage B10CF1 
embryos were scored as non-transferring. Though this value was higher than that 
found for the B10CF1 embryos at the 8 -cell compacted stage (3.7 %; 1/27), the 
difference was not significant (p = 0.2348, Fisher exact test).

2.1.4.2 Dye transfer rates

To make the comparison between stages for normal embryos clear, Figure 10 
summarizes the data obtained stage by stage for B10CF1 and DDK/DDK embryos 
and which were already presented separatly on Figures 8  and 9. The non- 
parametric statistical test of Mann-Whitney was used to compare the distributions 
of dye transfer times.

A common picture arise from the comparison of the dye transfer rates 
between stages: The embryos which were not fully compacted (either compacting or 
decompacting for preparing division to the 16-cell stage; Fig. 10,A and B for 
B10CF1 and DDK/DDK respectively) were significantly slower than those at the 8 - 
cell fully compacted stage (p = 0.0337 and p = 0.0001; Fig. 10,B and E for the 
B10CF1 and the DDK/DDK embryos respectively). When the comparison was made 
between the 8 -cell compacted embryos and the 16-cell to morula embryos, no 
significant difference was found, whatever the crosses (p = 0.9239 and p = 0.587, 
for B10CF1 and DDK/DDK respectively).

Comparisons of dye transfer rates between the two crosses used as controls, 
indicate that B10CF1 and DDK/DDK embryos which were not fully compacted 
(either compacting or going to 16-cell) were not significantly different (p = 0.8569). 
Similarly, although the B10CF1 8 -cell compacted embiyos were slower and showed 
a larger variability in the distribution of dye transfer rates than the DDK/DDK 
embryos at the same stage, the difference between the two populations was not 
significant (p = 0.1516).

Surprisingly, a significant difference was observed in the distribution of dye 
transfer times between the two control crosses when looking at the 16-cell to



Figure 10. Comparison of transfer of Lucifer Yellow from cell to cell between the 
control crosses B10CF1 (A-C) and DDK/DDK (D-F) at the 8 -cell not fully 
compacted stage (A,D), the 8 -cell compacted stage (B,E), and the 16-cell stage 
(C,F). This figure summarizes data presented in Fig. 8  and Fig. 9 for B10CF1 and 
DDK/DDK embryos respectively. Ordinate, number of observations; abscissa, time 
at which the last cell just becomes visibly fluorescent (min). The arrows indicate 
median time for each distribution.
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morula stage embryos. The B10CF1 embryos were significantly slower than the 
DDK/DDK embryos at the same stage (p = 0.0281).

2.2 Transfer of Lucifer Yellow in the DDK/C3H embryos

Dye transfer experiments were performed on normal looking DDK/C3H 
embryos. This mean that the 8 -cell or 16-32-cell stage embryos used in the 
following experiments had not yet begun to express the defect and were not 
morphologically different from the control embryos.

2.2.1 8-cell not fully compacted embryos

As illustrated on Figure 11,A, 12 DDK/C3H embryos at the 8 -cell not fully 
compacted stage were tested. As for the controls, the DDK/C3K embryos were also 
scored for the incidence of dye transfer to all 8  cells as well as for the rate of 
transfer. Again, a high proportion of 8 -cell not fully compacted embryos (25 %; 
3/12) had not transferred Lucifer Yellow throughout after 15 minutes. Over the 9 
embryos transferring Lucifer Yellow, no embryo showed a transfer time of less than 
a minute, 55.6 % (5/9) showed a transfer time between 1 and 3 minutes, 33.3 % 
(3/9) transferred dye in about 6 minutes, and the slowest embryo transferred 
Lucifer Yellow in 829 seconds (about 14 minutes). The median of the distribution 
of time was 142 seconds (n = 9).

2.2.2 8-cell compacted embryos

At the 8 -cell compacted stage, 49 embryos were tested. Figure 11,B gives 
the distribution of time for dye transfer obtained at this stage. Only 1 embryo out 
of 49 (2 %) did not transfer Lucifer Yellow to all 8 cells within 15 minutes. Of the 
48 transferring embryos, a majority of them, 58.3 % (28/48), showed a transfer time 
between 1 and 3 minutes. No embryo showed transfer of dye in less than a 
minute, 35.4 % (17/48) took between 4 and 6 minutes for the dye to fill all 8  cells 
and only 3 (6.3 %) took more than 6 minutes with the slowest taking 595 seconds 
(about 11 minutes). The median of the distribution was 139 seconds (n = 48).



Figure 11. The transfer of Lucifer Yellow from cell to cell in control DDK/C3H 
embryos at the 8 - to 16-cell stage. Time taken for Lucifer Yellow iryected into one 
cell to reach the last cell. Ordinate, number of observations; abscissa, time at 
which the last cell just becomes visibly fluorescent (min) in 8 -cell not fully 
compacted embryos (A), 8 -cell compacted embryos (B), and 16-cell embryos (C). 
The arrows indicate median time for each distribution. NT, non transferring 
embryos.
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2.2.3 16-cell and morula stage embryos

Figure 11,C illustrates the distribution of time for dye transfer throughout in 
DDK/C3H embryos at the 16-cell to morula stage. 17 embryos were tested and only 
1 (5.9 %) was not transferring dye completely within the 15 minutes of the scoring 
period. The median of the distribution for the 16 transferring embryos was 105.5 
seconds (n = 16). Only 1 embryo transfered dye in less than a minute and a 
majority, 81.3 % (13/16), of the embryos tested were transferring dye between 1 
and 3 minutes. Two embryos showed transfer time greater than 3 minutes and the 
slowest embryo showed a transfer time of 465 seconds (about 8  minutes; Fig. 11,C).

2.2.4 Comparison between stages

2.2.4.1 Incidence of transfer

When looking at the incidence of transfer, similar results to those found 
with the normal embryos were obtained with the DDK/C3H embryos. The 
incidence of transfer was significantly higher among the fully compacted DDK/C3H 
embryos than among the DDK/C3H embryos at the 8 -cell not fully compacted stage 
(p = 0.0432, Fisher exact test). On the other hand, no significant difference was 
found when comparing the incidence of transfer between the 8 -cell compacted and 
the 16-cell to morula stage embryos (p = 0.9035, Fisher exact test).

2.2.4.2 Dye transfer rates

Comparison of dye transfer times obtained for the 8 -cell not fully 
compacted, the 8 -cell fully compacted and the 16-cell stages DDK/C3H embryos, 
was performed using the same statistical test as for the normal embryos.

Although the two samples of DDK/C3H embryos collected at the 8 -cell not 
fully compacted and at the 8 -cell compacted stage are of different size, it is 
interresting to note that, as opposed to that obtained for normal embryos, the 
distribution of dye transfer times are identical (p = 0.3338). However, the 16-cell 
to morula embryos were significantly quicker than the 8 -cell stage embryos (p = 
0.0196 and p = 0.0165 for the comparison with the 8 -cell not fully compacted 
embryos and the 8 -cell fully compacted embryos respectively).
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2.3 Comparison between control DDK/DDK and DDK/C3H embryos

A comparison of the distribution of dye transfer times was performed
between the normal DDK/DDK embryos and the apparently normal DDK/C3H
embryos using the statistical test of Mann-Whitney.

The findings confirm the results obtained by Buehr et al in 1987. The 8 -cell 
compacted embryos resulting from the cross of a DDK female with an alien male 
(C3H/bi) were significantly slower than the control embryos at the same stage and 
resulting from the cross of a DDK female with a DDK male (p = 0.0011).

In addition to the results obtained by Buehr et al (1987), our data shows
that morphologically normal DDK/C3H embryos at the 16-cell stage were not
significantly slower than the control DDK/DDK taken at the same stage (p = 
0.6393). For embryos at the 8 -cell not fully compacted stage, it is difficult to 
compare the results obtained for the two crosses because the samples sizes are very 
different.

2.4 Discussion

Culture of 4- to 8 -cell stage embryos and dye transfer measurements in 8 - 
to 16-cell stage embryos were performed using zygotes from the control crosses, 
DDK/DDK and B10CF1 and from the defective cross DDK/C3H.

Proportion of DDK/C3H embryos reaching blastocyst

Overall, 13 % (19/148) of DDK/C3H embryos developed and formed a normal 
blastocyst after 48 hours in culture, but we observed a large variability in the 
proportion of embryos reaching a normal blastocyst; 0 to 28 %. This is slightly 
higher than that found by Buehr et al (1987) who reported a survival rate up to 
the blastocyst stage for DDK/C3H embryos of 8.3 % with variation of 5 to 10 %. 
According to the origin of the male, the defect can be more or less strongly 
expressed (Wakasugi et al, 1967 and Renard and Babinet, 1986). The litter size at 
birth was significantly reduced for DDK females crossed either with KK or NC 
males. It was 5.8 |forthe’ DDK/DDK cross and dropped to 1.1 and 2.6 for DDK/KK 
and DDK/NC crosses respectively. Similarly, Renard and Babinet (1986) reported 
that for the crosses DDK/Balb-c and DDK/C57B1-6, 9.3 % and 25 % of 4-cell stage 
embryos developed into zona-enclosed blastocysts respectively. Reasons for this
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variability between batches and in survival rates among the DDK/C3H embryos, 
may reflect different degrees in the incompatibility between the egg cytoplasm and 
a factor or factors from the sperm (Renard and Babinet, 1986). Consequently, one 
could not exclude that, even among embryos resulting from the DDK/C3H cross, 
such variability could be expressed.

Cell-cell communication in controls

This variability was also present when looking at cell-cell communication. 
We used the speed of dye transfer to all blastomeres of 8 -cell stage embryos as a 
way to measure gap junctional communication.

In 8 -cell not fully compacted embryos, whatever the strain, we observed dye 
transfer times significantly slower than in embryos at the 8 -cell compacted or 16- 
cell compacted stage. This finding fits with the observation that gap junctional 
communication is not fully established in compacting 8 -cell embryos and that 
junctional coupling is reduced when embryos proceed for division (Goodall and 
Maro, 1986).

In 8 -cell well compacted embryos, with no morphological signs of 
decompaction, dye transfer times range from less than 1, to 6  and 7 minutes in 
DDK/DDK and in B10CF1 control embryos respectively. B10CF1 embryos showed a 
wider range since only 19 % of them fell in the median class (between 2 and 3 
minutes), whereas 57 % of the DDK/DDK embryos were scored with dye transfer 
times in the median class (between 1 and 2 minutes). In addition, the control 
B10CF1 embryos were significantly slower than the DDK/DDK control embryos. 
However, both developed normally since, 85 to 89 % reached the fully expanded 
blastocyst stage. The reasons for this variability in the speed of dye transfer is not 
known. The very rapidly transferring embryos (less than 60 seconds) may reflect 
embryos in which cytoplasmic bridges link half the blastomeres (Goodall and 
Johnson, 1984), thus reducing the time taken for Lucifer Yellow diffusion as fewer 
gap junctions are involved. Such a possibility can be easily discriminated since, in 
such cases, upon dye injection, the iryected blastomere and at least one adjacent 
blastomere became simultaneously and instantaneously fluorescent. Results from 
such embryos were discarded. Alternatively, the variability may reflect inherent 
differences from embryo to embryo and could be due to differences in the number 
of gap junctions per embryo and/or the proportion of open gap junctional 
channels. This point will be discussed further in chapter 6 .
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Cell-cell communication in DDK/C3H embryos

In 8 -cell well compacted DDK/C3H embryos, overall dye transfer was 
significantly slower than in DDK/DDK control embryos at the same stage,
suggesting that DDK/C3H embryos are characterized by poor gap junctional
communication as already mentioned by Buehr et al (1987). Although the same 
dye ir\jection conditions (i.e dye concentration, temperature) and the same criteria 
for measuring complete dye transfer in 8 -cell embryos were used, we observed 
overall times of transfer quicker than those observed by Buehr et al (1987) in 
DDK/DDK and DDK/C3H embryos. Differences in timing the last visible fluorescent 
cell could not be excluded. It is thus important to compare DDK/C3H embryos 
with its true control; DDK/DDK embryos at the same stage. An important point is 
that the main difference in dye transfer times between the DDK/C3H and the 
normal DDK/DDK embryos lies at the 8 -cell compacted stage whereas at this stage 
no morphological difference between the two crosses can be observed. By the 16- 
cell stage, some DDK/C3H embryos have already developed the defect and will
therefore not have been included in the dye transfer measurements. This
observation supports the idea suggested by Buehr et al in 1987, that gap junction 
communication is involved in maintaining compaction.

However, direct correlation between the dye transfer times and the 
percentage of DDK/C3H embryos reaching normal blastocyst is not straightforward. 
Indeed, estimation of what can be classified as slow embryos is not easy because of 
the wide range of dye transfer times as already observed within the controls and 
within the DDK/C3H embryos. However, 41.7 % of the DDK/C3H embryos showed 
transfer times of more than 3 minutes, compared with only 8.3 % for the control 
DDK/DDK embryos. This indicates that among the 8 -cell compacted DDK/C3H 
population, a proportion of the embryos is characterized by slow transfer of Lucifer 
Yellow through gap junctions. The fraction of "slow transferring" embryos is 
smaller than the proportion of embryos that eventually fail to form normal 
blastocysts (about 87 %). This finding fits the suggestion of Buehr et al (1987) that 
poor dye transfer at the 8 -cell stage may only be observed in embryos that will 
decompact towards the end of the 16-cell stage. The 20 to 40 % of embryos that 
form abnormal blastocysts may not show any slowing in gap junctional 
communication when scored at the 8 -cell compacted stage. This hypothesis is 
confirmed by the transfer times observed in compacted, normal looking, 16-cell 
stage DDK/C3H embryos. At this stage, no significant difference, in the speed of 
dye transfer, was observed between the control DDK/DDK and the DDK/C3H 
embryos.
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Consequently, one can wonder if the reduction in gap junctional 
communication, observed in DDK/C3H embryos, is directly linked to decompaction. 
Previous work by Lee et al (1987), suggested that when gap junctional 
communication was blocked by gap junction antibodies, this lead to decompaction 
of the non-communicating cells from the compacted mass. However, this question 
will be addressed more precisely with the experiments performed in chapter 5.



Figure 12. Photograph of a mouse embryo at the 8 -cell stage loaded with BCECF. 
(A) bright field photograph of the embryo held with a suction pipette (sp) during

«s

the pHj determination. (B) fluorescent photograph of the same embryo.
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3. Identification of underlying defect.

8.1 Introduction

As shown in the previous section, the DDK/C3H embryos are characterized 
by poor cell-to-cell communication through gap junctions. This finding confirmed 
the observations of Buehr et al in 1987.

Two possible mechanisms could provide simple explanations for the genetic 
defect of the DDK/C3H cross.

(i) The gap junction proteins themselves may be directly implicated 
in the defect; this supposes that the gap junction proteins have some constitutional 
properties which would for example influence the assembly of the gap junctions or 
their gating. A defect in the synthesis of the gap junction protein is not excluded 
as well.

(ii) Alternatively, the defect may lie at some other physiological level 
which would then control gap junctional communication. The effect observed on 
cell-cell communication would then be indirectly responsable for the early 
degenerescence of the DDK/C3H embryos.

In that respect, several physiological factors are known to affect gap 
junction permeability (see Spray and Bennett, 1985 and Neyton and Trautmann, 
1986 for review): intracellular calcium and cyclic-AMP levels and intracellular pH 
are the main ones.

Internal pH seems to be a good candidate in our case since an increase in 
internal pH using the weak base methylamine, was able not only to improve gap 
junctional communication but also to produce a significant degree of rescue, at 
least up to the expanded blastocyst stage, among the DDK/C3H embryos (Buehr et 
a l,  1987).

The following experiments were thus designed to test the possibility that the 
poor gap junctional communication in the DDK/C3H embryos is due to a defect in 
pH regulating mechanisms. For this purpose we measured internal pH in control 
embryos and in DDK/C3H embryos at the 8 -cell stage.



Figure 13. Bleach rate of the fluorescent pH-sensitive dye BCECF once trapped in 
the embryo cytoplasm over the first 20 minutes of pHj measurements. Ordinate, 
fluorescent intensity of the ratio measured at two wavelengths, 500 and 434 nm; 
abscissa, time in minutes. Inset, logarithmic conversion of the fluorescent ratio 
over the first 10 minutes. Note the linear relation, indicating an exponential 
variation of the bleach rate of the fluorescent probe over the first 10 minutes.
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3.2 Measurement of intracellular pH with BCECF

3.2.1 The method

A pH sensitive dye, 2’,5’-bis(carboxyethyl)-5(6)carboxyfluorescein (BCECF) 
was used to measure the intracellular pH of individual embryos. This dye has been 
shown to be a useful probe for measurements of cytoplasmic pH in a variety of 
cells (Rink et al., 1982; Moolenaar et al., 1983). The acetoxymethyl ester form of 
BCECF can be loaded into all the cells of an 8 - or 16-cell embryo without 
membrane disruption as reported for rabbit gastric glands (Paradiso et al., 1984). 
Impermeant dye is generated in situ by the action of cytoplasmic esterase. Under 
fluorescence microscopy, the dye appeared to be evenly distributed throughout all 
blastomeres of the 8 -cell stage embryos as shown in Figure 12. BCECF did not 
seem to be toxic to the embryos, which developed normally to the expanded 
blastocyst stage, although, we observed some variation in sensitivity to BCECF 
between batches of embryos.

BCECF displays an appreciable bleach rate of 50 % in the first 3 to 15 
minutes. The bleach rate declined exponentially with time during this period as 
shown on Figure 13 which gives an example of a typical record. The measurements 
were therefore extended for at least 20 minutes to be able to measure baseline 
intracellular pH. The fluorescence from a single embryo was acquired alternately 
at 504 and 434 nm by manually changing the position of the filter housing to select 
the desired exciting light (see under Methods for diagram of the set-up used).

Measurements were made at about 2 to 3 minute intervals. For each point, 
3 values were taken. The time necessary to acquire one value was about 10 to 20 
seconds. The background fluorescence for each excitation wavelength was 
measured at the beginning and the end of each experiment. After subtraction of 
the background for each excitation wavelength, the ratio R504 /R434  was calculated.

As shown in the example of Figure 14,A, calibration of the ratio R504/R434  

in terms of pHj was performed, at the end of each experiment, by clamping 
intracellular pH to three different pH values with the H+/K+ exchanger nigericin 
using the procedure of Thomas et al., (1979). The embryo was exposed to KC1 
Ringer’s containing 20 pM nigericin at pH 7.0, 8.5, and 5.5. From the three ratios 
obtained for these known pHj values, other ratios can be converted to pHj using 
the following equation (Grynkiewicz et al., 1985):



Figure 14. (A) Calibration of fluorescent ratio intensities of intracellular trapped 
BCECF versus pHj in 8 -cell stage embryo. At the end of the experiment, the 
normal medium M2 was replaced with high K+ Ringer solution (140 mM) 
containing 20 pM nigericin at different external pH (pH0). After equilibration of 
the intracellular pH with the external pH, the solution was replaced with the same 
solution at another pH0. First arrow, KC1 Ringer solution at pH0, 7.0; second 
arrow, KC1 Ringer solution at pH0, 8 .6; third arrow, KC1 Ringer solution at pH0, 5.6. 
Each point is the mean of 3 fluorescent ratio determinations in order to eliminate 
variations due to oscillations of bath solution level. (B) relationship between 
fluorescence and external pH of 0.15 pM BCECF in Ringer solution (From Paradiso 
et al, 1986).
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pHj l°g(Rx"^min)/(^max'^x) + P^a O)

Where R* is the experimentally derived ratio and Rmjn and Rmax are t îe limiting 
ratios for the bound and unbound forms of the dye at extremes of acid and 
alkaline pH respectively. pH values of 8.5, 5.5 and 7.0 were chosen because BCECF 
exhibited a nearly linear relationship between fluorescence and pH between pH 7.4 
and 6.4 and was relatively insensitive to changes of pH below 5.5 and above 8.0 as 
shown on Figure 14,B (Paradiso et al., 1986). PK’a is the negative log of the 
effective dissociation constant K’a of the dye, calculated from the ratio obtained 
when pHj is equal to pH 7.0 during the calibration procedure using equation (1).

3.2.2 Measurements in normal embryos

Although considerable progress has been made toward understanding the 
mechanisms of intracellular pH regulation on all kinds of cell from different 
species, few measurements of intracellular pH have been performed on embryos 
(see Roos and Boron, 1981 for review).

In fertilized sea urchin eggs Lytechinus pictus, using Thomas electrode type, 
Shen and Steinhardt, (1978) give a pHj of 7.26 + 0.06 . With the same technique, 
on Xenopus laevis embryos between the 4-cell and the early blastula stage, Turin 
and Warner, (1980) reported a resting intracellular pH of 7.7, a value higher than 
that found in other systems. However, some differences in intracellular pH values 
can be due to the different methods used for the measurements (Shen and 
Steinhardt, 1978). Very recently, with the pH-sensitive dye BCECF, Baltz et al 
(1990) investigating the regulation of intracellular pH by the blastomeres of 2-cell 
stage mouse embryo, reported for individual blastomeres a mean resting 
intracellular pH of 6.9 + 0.15, ranging from 6.6 to 7.4.

Since physiological consequences of the defect seem to be first measurable 
at the 8 -cell stage, most of the pH measurements were performed at this stage. 
Intracellular pH calculated for either B10CF1 or DDK/DDK normal 8 -cell stage 
embryos is shown in Figure 15,A. The pHj calculated from equation (1) ranged 
from 6.6  to 7.3 with a mean of 7.03 + 0.22 (n = 12). Figure 15,B shows the 
distribution of pK values obtained in controls for each pHj. The mean pK 
calculated from equation (1) for an intracellular pH of 7 was 6.87 + 0.13 (n = 12); 
values similar to those found by Rink et al., (1982) and Graber et al., (1986). pHj



Figure 15. Histogram plots of the intracellular pH (pHj) (A,C) and of the effective 
pK of the fluorescent dye BCECF (B,D) calculated from equation (1) in 8 -cell stage 
embryos. (A-B), measurements of pHj and pK performed on control DDK/DDK and 
B10CF1 embryos; (C-D) measurements of pHj and pK performed on defective 
DDK/C3H embryos. The arrow indicates the median of each distribution.
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values obtained for a pK lower than 6.6 or higher than 7.2 were discarded. Figure 
16,A gives a scatter diagram of the relation between pK and pHj in control 8 -cell 
stage embryos. No correlation was found between the two values (correlation 
coefficient r = -0.2680; 0.30<p<0.50; t-test). As illustrated on Figure 15,A, 16.5 % 
(2/12) of these embryos at the 8 -cell stage showed intracellular pH of less than 6.9.

3.2.3 Measurements in DDK/C3H embryos

Similarly, intracellular pH was measured in the DDK/C3H embryos. The pHj 
calculated from equation (1) range from 6.3 to 7.4, the mean pHj was 6.71 + 0.35 
(n = 13). As shown in Figure 15,C, 69 % (9/13) of the embryos tested at the 8 -cell 
stage were scored with a pHj of less than 6.9. Figure 15,D gives the distribution of 
pK values obtained for each pHj. The mean pK calculated was 6.85 + 0.18 (n = 13); 
again similar to those found by Rink et al., (1982) and Graber et al, (1986) who 
give a mean value of 6.97 and 6.7 + 0.1 respectively. Statistical analysis, using the 
Mann-Whitney test, of the distributions of pK values indicates that the 
distributions of pK obtained with control and DDK/C3H embryos are not 
significantly different (p = 0.7221, Mann-Whitney test). However, the scatter 
diagram of relation between pK and pHj in DDK/C3H embryos indicates a positive 
correlation between low pK and low pHj. The correlation coefficient calculated 
from the data of Figure 16,B is 0.8014 (p<0.001, t-test). Reasons for a different 
behavior of the fluorescent probe BCECF once trapped into the cytoplasm of the 
DDK/C3H embryos is not known. This may be due to the fact that intracellular pH 
of most DDK/C3H embryos is rather far from 7.0.

The median values of pHj obtained from the distributions of Figure 15,A and 
C, are 7.06 and 6.66 for control and DDK/C3H embryos respectively. These results 
suggest that the DDK/C3H embryos have significantly lower pHj than the control 
embryos (p = 0.0366, Mann-Whitney test). Figure 17 gives examples of fluorescent 
ratio versus time traces obtained for a DDK/C3H embryo with intracellular pH of
7.4 (Fig. 17,A) and for a DDK/C3H embryo with a low intracellular pH; pHj = 6.7 
(Fig. 17,B).



Figure 16. Correlation between pK and pHj calculated from equation (1) for each 
8 -cell embryos. Ordinate, pK values; abscissa, pHj values corresponding to each 
pK in control embryos (A) and in defective embryos (B). A linear regression line 
has been drawn for each plots. Correlation coefficient r = -0.2680 and r = 0.8014 
for control and defective embryos respectively.
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Table 2

pHi measurements with the pH-sensitive probe BCECF in control and defective embryos 
stages of development other than the 8-cell stage.

stage defective DDK/C3H control B10CF1 
& DDK/DDK

1
(n=l)

6.57 (6.81) 6.79 (6.79)

2 7.11 (7.17) 7.01 (6.71)
(n=2) 7.09 (7.01) 6.70 (6.63)

4 6.72 (6.93) 6.55 (6.83)
(w=/) 6.80 (6.75)

16
(n=l)

7.13 (7.13) 7.07 (6.92)

values in parentheses are pK values calculated for each pH\



Figure 17. Example of two traces of fluorescent ratio intensity versus time (in 
minutes) obtained in 8 -cell stage defective DDK/C3H embryos with intracellular pH 
of 7.4 (A) and with low intracellular pH of 6.7 (B) followed in each case by the 
calibration curve necessary to calculate the intracellular pH from the fluorescent 
ratio intensity.
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Figure 18. Scatter diagram of relation between pK and pHj calculated from 
equation (1) for 2-, 4-, or 16-cell stage embryos from the control crosses B10CF1 
and DDK/DDK (A) and from the defective cross DDK/C3H (B). The correlation 
coefficient for the control embryos was r = 0.274, and r = 0.924 for the defective 
embryos.
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3.2.4 Measurements of pHi at some others stages in control and 
DDK/Q3H embryos.

A few measurements of p H j were performed also on control and D D K /C 3 H  

embryos at other stages (zygote, 2-cell, 4-cell, and 16-cell stages).
The results obtained are set out in Table 2. In control embryos, p H j values 

calculated were similar to those found in embryos at the 8 -cell stage. The values 
range from 6.55 (4-cell stage embryo) to 7.07 (16-cell stage embryo). Identically, 
in D D K /C 3 H  embryos, the p H j values calculated were comparable to those found in 
8 -cell stage embryos. As indicated by Table 2, p H j values range from 6.57 (zygote) 
to 7.13 (16-cell stage embryo).

As observed for the 8 -cell stage embryos, the scatter diagram of Figure 18,B 
indicates a positive correlation between pK and pHj in DDK/C3H embryos 
(correlation coefficient = 0.924) whereas no correlation was found in control 
embryos between pK and pHj (Fig. 18,a; correlation coefficient = 0.274). This 
confirms that the pH-sensitive fluorescent probe BCECF may behave differently in 
the cytoplasm of the DDK/C3H embryos.

3.3. Manipulating intracellular pH.

3.3.1. Raising intracellular pH with a weak base

Exposure for at least 6 hours of 8 - to 16-cell stage DDK/C3H embryos to the 
weak base methylamine (5 to 15 mM) was able not only to speed the transfer of 
Lucifer Yellow but also to rescue up to 40 % of 8 - to 16-cell embryos to the 
blastocyst stage (Buehr et al., 1987). Another weak base, trimethylamine, also was 
able to speed dye transfer.

A few measurements were made to check that treatment with a weak base 
was able to raise intracellular pH to a significant extent. In 3 independent 
experiments on the DDK/C3H embryos, the weak base trimethylamine (pK  ̂ = 9.8) 
was used at 5 or 10 mM. Figure 19,A gives example of a trace obtained from one 
experiment on a 8 - to 16-cell stage DDK/C3H embryo exposed for 20 minutes to 5 
mM trimethylamine, followed by a 15 minutes exposure to 10 mM trimethylamine. 
Upon addition of the weak base solution, a rapid change in pHj, from a baseline 
value of 6.96 to 7.11 was recorded. In the example shown in Figure 19,A, the 
steady state pHj increased by 0.15 pH unit in 5 mM



Figure 19. Effects of trimethylamine on the intracellular pH of defective DDK/C3H 
embryos. (A) 8 - to 16-cell embryo in handling medium M2. The normal medium 
(M2) was replaced (first arrow) with M2 containing 5 mM trimethylamine, after 20 
minutes, this medium was replaced (second arrow) with 10 mM trimethylamine in 
M2 for 15 minutes, and finally (third arrow) returned to normal M2 medium. A 
substantial acidification followed, the pHj drops from 6.95 to 6.50. Recovery from 
trimethylamine exposure was not achieved after 64 minutes. (B) 2-cell embryo in 
M2. The normal M2 medium was replaced (first arrow) with 5 mM trimethylamine 
for 15 minutes and returned (second arrow) to normal M2 medium. A slight but 
noticeable acidification follows. Each point is the mean of 3 pHj determinations, 
calculated from the fluorescent ratio 500/434 using equation (1) (see text for more 
details).
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trimethylamine then rapidly decreased to a pHj value of 6.97, a second increase of 
pHj by 0.12 pH unit was obtained with 10 mM trimethylamine. Again, the pHj 
rapidly decreased to 6.96. This suggests that a pHj regulation mechanism is 
probably turned on. We observed such kinetics in 2 experiments out of 3; even 
with trimethylamine present in the superfusate, the intracellular pH decreased to 
its original steady state value. The one experiment with no such behavior (Fig. 
19,B) was observed in a 2-cell stage DDK/C3H embryo. When the weak base 
solution was replaced with the normal handling medium (M2), the cells became 
acid-loaded (Fig. 19A and 19B). However, a different behavior can be observed 
upon recovery from acid-loading between the 2-cell and the 8 -cell stage embryos. 
As illustrated in Figure 19A, the rate of recovery of 8 -cell embryo is faster than 
that observed in 2-cell embryo (Fig. 19B). Whereas after about 20 minutes in M2 
medium, the pHj of the 8 -cell embryo increase from 6.50 to 6.80 (Fig. 19A), the 
intracellular pH of the 2-cell embryo was constant over 30 minutes. This 
observation fits the results of Baltz et al (1990) who demonstrated the absence of 
an active Na+/H+ exchanger in regulating pHj in 2-cell mouse embryos. However, 
the embryos were unable to recover completely after washing in M2 for 35, 40, or 
even 65 minutes.

Measurements of intracellular pH for longer treatment times (more than 60 
minutes) with a weak base were not performed.

3.8.2 Lowering intracellular pH with a weak add

Exposure of mouse embryos to a weak acid such as butyric acid results in a 
decrease in intracellular pH. Butyrate crosses the membrane in the undissociated 
form and then dissociates in the cytoplasm generating free acid, responsible for a 
rapid decrease of pHp

A typical pHj trace from one experiment can be seen in Figure 20,A, the 
data in this case from a 16-cell stage DDK/DDK mouse embryo. Complete change 
in pHj was observed as a result of exposure to 10 mM butyrate added to the 
handling medium, M2 (pH0 6 .6). The time course of the pHj change is biphasic, 
with an initial drop from a baseline pHj of 6.96 to 5.85; this new steady state value 
is reached in about 10 minutes. After 20 minutes, although butyrate is still present 
in the bathing solution, the intracellular pH starts to recover and reached a second 
steady state value of 6.14 + 0.05 (n = 21, 7 points) in about another 10 minutes. 
This suggests that a pHj regulation mechanism is turned on after about 20 minutes.



Figure 20. Effect of the weak acid, butyric acid, on the intracellular pH (pHj) of 
control embryos. Embryos in the normal M2 medium were exposed (first arrow) to 
M2 containing 10 mM butyrate (pH0, 6 .6). Rapid recovery is observed when 
returned to normal M2 medium (second arrow). (A) 16-cell stage embryo exposed 
80 minutes to butyrate. Note that after about 20 minutes (arrow head), a slight 
increase in pHj from 5.85 to 6.14 can be observed. (B) a 2-cell stage B10CF1 
embryo exposed 15 minutes to 10 mM butyrate. No increase in pHj occurs during 
the incubation period in butyrate. Each point is the mean of 3 pHj determinations, 
calculated from the fluorescent ratio 500/434 using equation (1) (see text for more 
details).
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For shorter exposures (about 10 to 15 minutes), no pHj regulation was observed 
(Fig. 20,B). However, this experiment was performed with a 2-cell stage B10CF1 
embryo. As already pointed out, at this stage, embryos seems to lack of an active 
Na+/H+ exchanger (Baltz et al., 1990).

Data from six independent experiments on control embryos at the 8 - to 16- 
cell stage where 10 mM butyrate in handling medium at different external pH 
(pH0) was used, are given in Table 3 and Figure 21. The intracellular pH reached, 
when 10 mM butyrate is added to the medium, depended on the external pH of the 
solution (ie, on the concentration of the undissociated form of the weak acid 
capable of crossing the cell membrane). The maximum variation in pHj (Table 3) 
was observed when pH0  was more acid, closer to the pKa of the butyrate (pKa = 
4.82). When 10 mM butyrate is added to the solution, the pH0 usually drops from 
its original value of 7.2-7.4 to about 6.0-6.6. For experiments at pH around 7, the 
pH of the bathing the solution was back titrated with NaOH to desired values.

In the six independent experiments performed on control embryos, removal 
of the weak acid always produces a rapid increase in pHj. In the example of 
Figure 20,A, the recovery was very rapid; the intracellular pH returned to its initial 
baseline pH (6.97 + 0.04; n= 18, 7 points) in about 10 minutes. However, the time 
necessary to return to the original pHj was variable and did not seems to depend 
on the intracellular concentration of butyrate as illustrated by Figure 21 which 
gives the relation between pH0 and the variation in pHj upon butyrate addition. 
In experiment number 4, a DDK/DDK embryo was exposed for 80 minutes to M2 
with 10 mM butyrate, pH0  was 7.4. The variation in pHj calculated was 0.08 pH 
unit. By contrast, in experiment number 9, 60 minutes exposure to 10 mM 
butyrate in M2 (pH0 = 6 .6) induced a change in pHj of 0.91 pH unit. However, in 
both experiments a complete recovery to the initial pHj was observed within 10 
minutes. Alternatively, in experiment number 3 where the embryo was exposed for 
only 20 minutes to butyrate (pH0 = 7.23), a variation in pHj of 0.05 pH unit was 
calculated and a return to the baseline pHj of 6.92 was not achieved after 35 
minutes in normal handling medium. However with experiments performed with 
low pH0  (< 6 .6), the intracellular pH of the embryos tested is clamped to a pH 
value which differs from the initial pHj from about 0.5 to 0.9 pH unit (Fig. 20). 
Such pH0 conditions were chosen when the effect of low intracellular pH induced 
by butyrate on cell-cell communication and on embryo development was studied.



Figure 21. Effect of butyric acid 10 mM in solution of different external pH on the 
extent of intracellular pH variation in 8 -cell control embryos (from DDK/DDK or 
B10CF1 crosses). Ordinate, variation of pHj achieved after exposure to 10 mM 
butyrate; abscissa, external pH (pH0) of the bathing solution containing the weak 
acid.
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Table 3

Effect of butyric a d d  (10 mM) on the intracellular pH of 8- to 16-cell stage DDK/DDK 
embryos.

Exp. initial pHj butyrate
(mM/pH0)

pHi in 
butyrate

pHj after 
recovery

pHj

1 7.25 10/6.61 7.06 - 0.19

2 7.09 10/7.13 7.00 7.37 0.09
2’ 7.37 10/6.17 6.48 7.41 0.89

3 6.92 10/7.23 6.87 7.27 0.05
3’ 7.27 10/6.35 6.81 7.30 0.46

4 6.92 10/7.40 6.84 6.90 0.08

5 7.09 10/7.02 6.61 7.16 0.48
5’ 7.16 10/6.35 6.52 7.27 0.64
6 6.96 10/6.60 6.05 6.96 0.91



Figure 22. Effect of butyric acid on the extent of dye transfer. The speed of dye 
transfer was measured over a period of 15 minutes. Embryos scored with one or 
more cell not fluorescent by the end of this period were considered as non
transferring. The percentage of non-transferring embryos (ordinate) is plotted as a 
function of exposure time to 10 mM butyrate (in minutes). Sample number for 
each point is given by the above number in parentheses.
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3.4 Dye transfer in embryos with low intracellular pH

In a variety of preparations, the permeability of gap junctions is known to 
be highly sensitive to intracellular pH (see Spray and Bennett, 1985 for review). In 
embryos, exposure to CO2, a treatment reducing intracellular pH, has been 
reported to decrease dramatically coupling between cells in the early Xenopus 
blastula (Turin and Warner, 1977; 1980), in embryonic cell pairs of Fundulus 
(Bennett et al., 1978; Spray et al., 1981), and of Ambystoma (Hanna et al., 1978; 
Spray et al., 1981). The relation between junctional conductance and pHj is a 
sigmoid curve, with an apparent pK of about 7.3 and a Hill coefficient of about 4.5. 
These experiments suggest that the closure of gap junction channels at low pHj is a 
cooperative process which involves several charged sites. The protons are probably 
acting directly on the gap junctional channel proteins. Reduction of gap junctional 
permeability can also be achieved by cytoplasmic acidification upon exposure to 
weak acids such as lactic acid, acetic acid, or propionic acid (Bennett et al., 1978; 
Hanna et al., 1978; Spray et al., 1981). In all these preparations, the effect of weak 
acids on the junctional conductance is rapid in onset (within 20 to 60 seconds) 
and completely reversible. Consequently, the effect of the weak acid butyrate on 
cell-cell communication was tested in the normal B10CF1 and DDK/DDK embryos.

3.4.1 Effects of butyrate on the extent of dye transfer

For dye transfer measurement, 8 - to 16-cell compacted embryos were 
exposed to 10 mM butyrate for different lengths of time. At the end of the 
incubation period, Lucifer Yellow was iryected into one cell and the incidence and 
speed of dye transfer scored. Lucifer Yellow was considered to have failed to 
transfer throughout when one or more blastomeres were not visibly fluorescent 15 
minutes after injection of the dye.

Figure 22 gives the percentage of non-transferring embryos in untreated 
control embryos (n = 20), in treated embryos for up to 60 minutes (n = 12), for 60 
to 120 minutes (n = 10) and for 270 minutes (n = 7). As illustrated in this figure, 
a substantial increase of non-transferring embryos was observed after butyrate 
treatment. 41.7 % (5/12) and 40 % (4/10) failed to transfer dye throughout in 
DDK/DDK and B10CF1 embryos treated with 10 mM butyrate for less than 60 
minutes and between 60 and 120 minutes respectively. These percentages were 
significantly different from that observed in untreated embryos where in the



Figure 23. Lowering intracellular pH with butyric acid reduces gap junctional 
communication in 8 -cell compacted B10CF1 embryos. The fluorescent photographs 
show the transfer of Lucifer Yellow after injection into 1 cell (star). (A) in 
untreated embryo, the 8  cells were filled in 1.33 minutes. (B-C) embryo exposed 
27 minutes to 10 mM butyrate. (B) 5 minutes after injection of Lucifer Yellow, 
only 4 cells were visibly fluorescent. (C) 25 minutes after Lucifer Yellow injection, 
a fifth cell start to be visibly fluorescent (arrow).
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sample used in these experiments, 5 % (1/20) of the control B10CF1 embryos failed 
to transfer Lucifer Yellow to all blastomeres (p = 0.0363 and p = 0.0313 
respectively, Fisher exact test). Furthermore, when embryos at the 8 - to 16-cell 
stage were treated for 270 minutes with 15 mM butyrate, 100 % (n = 7) of the 
embryos failed to transfer Lucifer Yellow to all blastomeres.

Figure 23 shows an example of B10CF1 normal 8 -cell compacted embryos 
exposed for 27 minutes to 10 mM butyrate where dye transfer was still restricted 
to 4 cells after 5 minutes whereas, during the same period, Lucifer Yellow has 
already filled all 8  blastomeres in a control 8 -cell compacted embryos (compares 
Fig. 23,A and B). After 25 minutes, a fifth cell is just visibly fluorescent (Fig. 23,C).

3.4.2 Effect of butyrate on the speed of dye transfer

The effect of butyrate on the speed of dye transfer in B10CF1 normal 
embryos is presented in Figure 24. Among the 12 B10CF1 embryos exposed to 10 
mM butyrate for up to 60 minutes, 7 were scored as transferring embryos. The 
median of the distribution of dye transfer time for these embryos was 119 seconds 
(Fig. 24,B). A majority of them (4/7) were transferring Lucifer Yellow in less than 
3 minutes, 2/7 between 3 and 5 minutes and only one showed a dye transfer time 
of about 13 minutes. When the time of exposure to 10 mM butyrate was increased 
to between 60 and 120 minutes only 6 embryos were transferring dye throughout. 
The median of the distribution obtained for these embryos was 175 seconds. Half 
of the embryos were scored with dye transfer times of less than 3 minutes, and the 
other half transfer dye between 5 and 10 minutes (Fig. 24,C). For comparison, Fig. 
24,A gives the distribution of dye transfer times obtained with untreated B10CF1 
embryos used as control during these experiments. The median time of this 
distribution was 172 seconds (n = 19). One embryo was transferring Lucifer Yellow 
in less than a minute, 11/19 (57.9 %) showed a transfer time between 1 and 3 
minutes and 7/19 (36.8 %) were transferring in more than 3 minutes with the 
slowest taking around 7 minutes (432 seconds). However, for those butyrate 
treated embryos which were transferring dye within the scoring period of 15 
minutes, the distributions of times for dye to transfer to all cells were not 
significantly different from that of the untreated embryos (compares Fig. 24,A,with 
Fig. 24,B and C) (p = 1 and p = 0.1946, Mann-Whitney test).



Figure 24. The effect of butyric acid on the transfer of Lucifer Yellow from cell to 
cell in B10CF1 normal embryos at the 8 - to 16-cell stage. Time taken for Lucifer 
Yellow injected into one cell to reach the last cell. Ordinate, number of 
observations; abscissa, time at which the last cell just becomes visibly fluorescent 
(min) in untreated embryos (A), in embryos exposed for up to 60 minutes to 10 
mM butyrate (B), and in embryos exposed between 60 and 120 minutes to 10 mM 
butyrate (C). The arrows indicate the medians of the distributions in each case.



105

G
O

• rH
-4-3

>
0
t/3

XI
O

0
X
6
s

8

untreated

4

0

8

60 min. butyrate

4

0

8

60—120 min. butyrate

0 2 4 6 8 10 12
Time to fill all cells  (min)

14



106

3.5 The developmental consequences of lowering intracellular pH

We tested whether the decrease in junctional communication brought about 
by the weak acid butyrate treatment was able to induce defects similar to the 
DDK/C3H defect, where partial or total decompaction of the blastomeres and 
vesicle-like blastocoel formation occurs. For these experiments, DDK/DDK or 
B10CF1 normal embryos at the 8 - to 16-cell stage embryos were cultured in M16 
culture medium containing butyric acid, then scored for the number of normal 
blastocyst or expanded blastocyst present after 24 hours in culture. In some cases, 
embryos were kept in culture for an additional 24 hours. The concentration of 
butyrate tested was 10, 15 and 20 mM; exposure time ranged from 30 to 360 
minutes.

3.5.1 Percentage of embryos reaching normal blastocyst stage

Figure 25,A,B compares normal untreated DDK/DDK embryos at the end of 
the culture period to the appearance of DDK/DDK embryos treated with 10 mM 
butyrate for 360 minutes. The untreated embryo has formed a normal blastocyst 
(Fig. 25,A, 1) and by the end of the next 24 hours, has reached a fully expanded 
blastocyst (Fig. 25,A,2). By contrast, the treated embryos showed a highly
abnormal appearance with many decompacted cells that have degenerated after 
decompaction (Fig. 25,B,1) and/or blastomeres which cavitated abnormally (Fig. 
25,B,2). By the next 24 hours, some of the treated embryos which were compacted 
morula developed and formed a normal blastocyst (Fig. 25,B,3) while others have 
degenerated (Fig. 25,B,4).

No significant difference was found between 8 -cell or 16-cell embryos 
treated 360 minutes with 10 mM butyrate (p > 0.5, test). Consequently, the 
results are set out in Table 4 with pooled data obtained with 8 -cell and 16-cell 
stage embryos. Table 4 gives the percentage of B10CF1 and DDK/DDK embryos 
reaching normal blastocyst after 24 hours in culture when exposed for up to 360 
minutes to 10, 15, or 20 mM butyrate.

When B10CF1 and DDK/DDK embryos were treated with butyrate, both 10 
and 15 mM significantly decreased the number of embryos reaching normal 
blastocyst after 24 hours in culture.



Figure 25. Morphological aspects of butyric acid treated DDK/DDK embryos. 
Embryos at the 8 -cell compacted stage were incubated 360 minutes in 10 mM 
butyrate, at the end of the incubation period, the embryos were transferred to 
normal M16 culture medium and cultured overnight. (A) Control untreated 
DDK/DDK embryos. Early blastocyst (1), by the next 24 hours, the untreated 
embryos have reached an expanded blastocyst stage (2). (B) Butyrate treated
embryos. Abnormal morulae with many decompacted blastomeres (arrow heads) 
(1), some blastomeres start to cavitate abnormally, in this example (2) one cell 
(arrow head) has already accumulated fluid. By the next 24 hours, some of the 
butyrate treated embryos have recovered and formed a normal blastocyst (3 ), 
while some others have completely degenerated (4). Scale bar = 80 pm.
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Table 4

Effect of butyric a d d  on development of 8- to 16-cell stage embryos. Number of embryo* 
reaching a blastocyst stage after 24 hours in culture.

Embryos Exposure Butyrate conc. (mM)
(stage) (min) 0 10 15 20

B10CF1 none
8-16 cell

180

258

360

DDK/DDK none
8-16 cell

30-60

180

360

39/43 
(90.7 %)

99/109 
(90.8 %)

39/60
(65%)

20/23
(86.9%)

20/33 
(60.6 %)

7/8 0/9
(87.5 %) (0 %)

5/17 
(29.4 %)

7/13 
(53.8 %)

5/7 
(71.4 %)
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41.7 % (7/17) and 53.8 % (7/13) of the B10CF1 embryos survived to normal 
blastocyst after 258 and 360 minutes exposure to 15 mM butyrate respectively. 
These survival rates are significantly smaller than with the untreated embryos (p < 
0.001 and p < 0.01 respectively, X% test). Similarly, 65 % (39/60) and 60.6 % 
(20/33) of DDK/DDK embryos reached a normal blastocyst after 30 to 60 minutes 
and 360 minutes exposure with 10 mM butyrate respectively. Again, these survival 
rates are significantly smaller than the untreated embryos (p < 0 .00 1 , test). 
Surprisingly, treatment of DDK/DDK embryos with 10 mM butyrate for 180 minutes 
did not decrease the number of embryos reaching normal blastocyst. 86.9 % 
(20/23) developed as the untreated embryos. Identical results were found with 
B10CF1 embryos exposed 180 minutes to 15 mM butyrate. 87.5 % (7/8) reached a 
normal blastocyst stage in these conditions.

3.5.2 Reversibility of the effect of butyrate

To test whether butyrate treatment was reversible, in some experiments, 
treated embryos were kept for an additional 24 hours in normal medium and 
scored again for the number of embryos developing to the expanded blastocyst. 
Table 5 summarized the results obtained for treatment with 10 and 15 mM butyrate 
in DDK/DDK and B10CF1 embryos respectively, where scoring for normal blastocyst 
has been performed, on the same embryos, in a first step after 24 hours (3 first 
columns of Table 5) and in a second step after an additional 24 hours (48 hours, 3 
last columns of Table 5). The data presented on this table came from pooled 
results of 6 and 5 independent experiments for the control DDK/DDK and B10CF1 
embryos respectively and of 3 independent experiments for B10CF1 and DDK/DDK 
exposed 258 and 360 minutes to butyrate respectively. The values obtained for 30 
minutes exposure were from one experiment.

Figure 26 illustrates by histogram plots the results presented in Table 5 for 
the B10CF1 embryos. 12 out of 17 B10CF1 embryos cultured 258 minutes in M16 
culture medium containing 15 mM butyrate were morula by 24 hours, 3 were at an 
early blastocyst stage, and 2 were expanded blastocyst. After an additional 24 
hours in normal M16 medium, 9 were still morula and 8  had reached the expanded 
blastocyst stage. Among the 12 morulae, 5 were able to recover from butyrate 
treatment and developed to expanded blastocyst.
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Figure 26. Incidence of blastocyst formation among B10CF1 embryos treated with 
butyric acid. Embryos were incubated in M16 culture medium containing 15 mM 
butyrate, then transferred to normal M16 and cultured for an additional 24 to 48 
hours. Ordinate, number of observations; abscissa, stage of development reached in 
untreated embryos (A), in embryos exposed 4 hours 30 to butyrate (B), and 
exposed 6 hours to butyrate (C), after 24 hours (first column) and after 48 hours 
(second column). Note that the effect of butyrate is reversible, after 48 hours some 
of the developmentally arrested embryos reached a normal blastocyst stage.
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These values may be compared with the untreated embryos where out of 24 
embryos, 8  were morula, 12 early blastocyst and 4 already expanded blastocyst. By 
48 hours, all 24 (100 %) had reached a fully expanded or hatching blastocyst stage.

Similarly, DDK/DDK embryos were able to recover from 10 mM butyrate 
treatment for 360 minutes. On the first day following butyrate treatment, 58.4 % 
(7/12) were scored as early or expanded blastocysts, significantly different from 
that of the untreated DDK/DDK embryos where 82.1 % (23/28) developed to the 
same stages (p < 0.0001, Fisher exact test). Out of 12, 5 DDK/DDK embryos were 
scored as morula, by 48 hours of culture, 3 were still able to reach the early or/and 
expanded blastocyst stage (Table 5). Consequently, 83.3 % (10/12) were scored as 
blastocyst; a proportion not significantly different from that of untreated DDK/DDK 
where 89.3 % reached the same stages after 48 hours in M16 culture medium.

Treatment with higher concentrations of butyrate ( >20 mM) had probably 
some lethal effect on embryos since none (n = 9) recovered and reached a normal 
blatocyst after 48 hours.

Acetic acid, another weak acid, also was able to reduce the number of 8 - to 
16-cell B10CF1 embryos developing to blastocyst (table 5). 33.3 % (5/15) and 15.8 
% (3/19) formed a normal blastocyst when exposed 60 and 180 minutes to 1 mM 
acetic acid respectively. These reductions in the number of blastocyst were 
significantly different from that of untreated embryos where 78.6 % (11/14) reached 
blastocyst after 24 hours in culture (p < 0.0001, Fisher exact test).

These results suggests that reduction in gap junctional communication by 
lowering intracellular pH with the weak acid butyrate induces abnormal 
development in normal B10CF1 and DDK/DDK embryos similar to those obtained 
in DDK/C3H embryos cultured in normal M16 medium. Once butyrate was 
removed from the medium, a significant number of embryos were able to resume 
normal development and formed a normal, fully expanded blastocyst.
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3.6 Discussion 

Measurements of intracellular pH

The pH sensitive dye BCECF has been used to measure intracellular pH in 
control DDK/DDK and B10CF1 embryos and in embryos resulting from the 
DDK/C3H cross.

in control embryos

For the control embryos (DDK/DDK and B10CF1) at the 8 -cell stage, the 
mean pHj calculated was 7.03 + 0.22 (n = 12). The baseline pHj calculated for 
these embryos range from 6.6 to 7.4. Recently, Baltz et al„ 1990 reported, with the 
same technique, a mean pHj for individual blastomeres of 6.9 + 0.15 (n = 171 
embryos), ranging from 6.6 to 7.4. However, these authors gave values for mouse 
embryos (from CF1 females and BDF males) at the 2-cell stage only. The mean 
pHj values and the range found for the B10CF1 and the DDK/DDK embryos are 
similar to those found by Baltz et al (1990) for the CF1/BDF embryos. These 
results suggest that the intracellular pH is probably constant through out early 
development.

The proportion of B10CF1 and DDK/DDK embryos with a pHj of less than 
6.8 is low; 8.3 % (1/12). In addition, as reported in chapter 1, the percentage of 
embryos which failed to form a normal blastocyst is about 12 %. This might 
indicate that the fraction of embryos with intracellular pH below 6.8 are likely to 
be the same that those which die before the blastocyst stage. However, when 
looking at dye transfer times in embryos at the 8 -cell compacted stage, the 
proportion of slow transferring embryos (with dye transfer times of more than 3 
minutes) is different for B10CF1 embryos and for DDK/DDK embryos. 8.3 % of the 
8 -cell compacted DDK/DDK embryos were slow transferring ones whereas up to
38.5 % of the B10CF1 transferred Lucifer Yellow in more than 3 minutes. 
Therefore, it seems that for control embryos, the intracellular pH is a better 
criterion than the speed of dye transfer, or the fraction of slow transferring 
embryos, to detect which embryo will develop normally in vitro up to the 
expanded blastocyst stage. As it has been discussed in chapter 2, slow dye transfer 
time do not necessarily reflect an abnormal physiological state of the embryos.
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pHi in DDKJC3H embryos

In the DDK/C3H embryos, at the 8 -cell stage, the mean pHj calculated was 
6.71 + 0.35 (n = 13). A shift toward the low pH values was also observed in these 
embryos when looking at the range of pHj, the lowest pHj calculated was 6.3 and 
the highest 7.3. Statistical analysis of the distribution of pHj indicates that the two 
populations of embryos (control B10CF1 or DDK/DDK and DDK/C3H), have 
significantly different intracellular pH. A much higher proportion of DDK/C3H 
embryos with a pHj below 6.8  was also found; up to 61.5 % (8/13) fell in this 
group. In addition, a substantial fraction of DDK/C3H embryos, 6/13 (46.2 %), have 
pHj of less than 6.7. As opposed to the observations with control B10CF1 embryos, 
the proportion of slow transferring embryos (41.7 %) is comparable to that of 
embryos with pHj below 6.7 (46.2 %). These results suggests that there is a good 
correlation between embryos with poor cell-cell communication through gap 
junctions and embryos with low intracellular pH. The DDK/C3H embryos can 
therefore be divide in at least two different populations, (i) A first population 
characterized by pHj below 6.7 and by dye transfer rates of 3 minutes or more 
(about 42 to 46 % of the DDK/C3H embryos). This population is likely to die 
before implantation, (ii) A second population with a pHj above 6.7 and a speed of 
dye transfer of less than 3 minutes. According to these two criteria, embryos from 
the second population might be classified as "normal". The percentage of DDK/C3H 
embryos which can be put in this second population is about 54 to 58 % (according 
to pHj and dye transfer measurements respectively, ie chapter 2). However, the 
proportion of DDK/C3H embryos which failed to form a normal blastocyst is much 
higher (about 87 %). This indeed indicates that among this second population, 
although normal at the 8 -cell stage, in terms of pHj and cell-cell coupling, most of 
the embryos (about 41 %) are not physiologically able to develop to a normal 
blastocyst stage.

These observations strongly support the hypothesis of Buehr et a I in (1987) 
and expounded in the previous chapter, that all the DDK/C3H embryos will not 
express the defect at the same stage during early development.

(*) Embryos with low pHj (below 6.7) will have poor cell coupling 
and will die early (around the 16-cell stage).

(*) Embryos with normal pHj and normal cell coupling could either 
express the defect at a later stage (around the 32-cell stage or later) or be true 
normal embryos (for about 5 to 10 % of them), and develop to a normal expanded 
blastocyst.
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Manipulation of pHf

Most animal cells maintain their pHj in the range 7.0 to 7.4 (review by Roos 
and Boron, 1981). As the pHj is higher than would be expected if H+ were at 
equilibrium across the cell membrane, it follows that an active H+ extruding 
mechanism must be present to counteract the acidifying effects of cellular 
metabolisms (production of weak acids such as CO2 and lactate) and of passive H+ 
influx and HCO3 " efflux.

Several pHj regulation mechanisms have been identified in vertebrate and 
invertebrate cells.

In vertebrate cells, the regulation of intracellular pH is predominantly 
achieved by a Na-H exchanger (Boron, 1983 and Moolenaar, 1986 for review). This 
active transport system located in the plasma membrane, mediates the 
electroneutral amiloride-sensitive exchange of extracellular Na+ for intracellular 
H+. The Na-H exchanger responds to an intracellular acid loading by rapidly 
extruding H+ from the cell, thereby returning pHj to its normal value.

In addition to the Na-H exchanger, a Na/HCC>3 -CI/H exchanger has been 
identified in invertebrate cells as well as in certain mammalian cells such as mouse 
skeletal muscle, human carcinoma cells and hamster fibroblast (Boron, 1983). This 
transport system which apparently exchanges external Na+ and HCO3' for internal 
Cl" and possibly H+, is inhibited by stilbene derivatives (SITS, known inhibitor of 
anion fluxes in erythrocytes), but is insensitive to amiloride and, like the Na-H 
exchanger, it is electroneutral. The Na/HC0 3 -Cl/H exchanger acts, in mammalian 
plasma membrane, in parallel with, but independently of, the Na-H exchanger to 
eject H+ in response to a decrease in pHj.

Another transport system which mediates the uptake of Cl“ and extrusion of 
HC0 3 ~ has also been identified, in vertebrate cells, in parallel with the Na-H 
exchanger. The CI-HCO3 exchanger is electroneutral and can be blocked by 
stilbene derivatives (SITS and DIDS). An interesting aspect of this exchanger is 
that it could participate in the acid extrusion when pHj rises above normal. 
Indeed, whereas the other pHj regulators (Na/HC0 3 -Cl/H and Na-H exchangers) 
regulate pHj only on the acid side, the CI-HCO3 exchanger regulates pHj on the 
alkaline side of the normal pH (Paradiso et al., 1986 and for review Boron, 1983).
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Mechanism of action of weak bases and adds: information about pHi 
regulation mechanisms

The effects of weak base and weak acid on intracellular pH has been 
extensively studied for about 60 years. Exposure of cells to a solution containing 
the neutral weak base| ammonia (NH3) induces a rapid rise in intracellular pH. 
The alkalinisation of the cytoplasm is due to the influx of NH3 followed by its 
combinaison with intracellular proton to give NH4 +. As the intracellular 
concentration of NH3 approaches the extracellular concentration, the net influx of 
NH3 declines. At this point, the passive entry of NH4 + causes the intracellular pH 
to slowly decrease. Finally, when the cell is returned to a NH4 +/NH3 free solution, 
all the intracellular NH4+ gives up a H+ and exits the cell as NH3 . As a result, pHj 
falls far below its normal value. Subsequently, this intracellular acid load 
stimulates active acid-extruding mechanisms such as the Na-H and Na/HC0 3 -Cl/H 
exchangers cited above. In our experiments, the intracellular pH of 8 -cell 
DDK/C3H embryos treated with the neutral weak base trimethylamine behave as 
explained previously.

(i) a rapid rise of pHj followed by a slow return toward normal pHj 
in trimethylamine containing solution.

(ii) a rapid decrease of pHj (acid-loading) followed by a slow 
recovery toward the initial pHj upon removal of the weak base, probably due to 
the stimulation of an active pHj regulation mechanism (acid-extruding 
mechanism).

Conversely, exposure of cells to a solution containing a weak acid induces a 
rapid fall in intracellular pH due to the entry of the neutral acid and to its 
subsequent dissociation in to its conjugate weak base, thereby inducing an increase 
in the intracellular concentration of H+. Then, the fall in pHj gradually slow down 
as the equilibrium between intracellular and extracellular concentration of the 
neutral acid is reached. At this point, the subsequent course of pHj will depend on 
the interplay between (a) active transport systems which are stimulated by the low 
pHj, and which tend to restore normal pHj and, (b) the passive efflux of the 
conjugate base of the neutral weak acid, which antagonizes the effects of the active 
transport systems by lowering pHj.

In our experiments, after the initial fall in pHj and throughout the 
incubation period (up to 80 minutes) in butyric acid-containing solution, the pHj is 
nearly constant. This indicates that (i) an active acid-extrusion mechanism exist 
in the 8 -cell control embryo and (ii) the rate of acid extrusion equaled the passive 
efflux of the conjugate anionic weak base butyrate. If no pHj regulation
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mechanisms were active at this stage, after the initial rapid decrease in pHp one 
should observed a continious slow fall in pHj due to the passive efflux of butyrate 
exceeding the acid-extruding capacity of the cell.

The results presented in this chapter strongly suggest that the 
developmental defect observed among the DDK/C3H embryos is due to a low 
intracellular pH, probably due to a defect in the pHj regulation mechanism(s). 
Although no pHj regulation mechanism involving the Na-H exchanger has been 
identified in the 2-cell stage mouse embryo (Baltz et al., 1990), one cannot exclude 
the possibility that such a transport system could be functional in the 8 -cell stage 
embryos. Indeed, as pointed above, the weak base and weak acid experiments 
strongly indicates the existence, in the control embryos (DDK/DDK or B10CF1) as 
well as in the DDK/C3H embryos, of an active pHj regulation mechanism. However, 
further investigations about the transport systems that might regulate intracellular 
pH (such as Na/HC0 3 -Cl/H and Na-H exchangers), in preimplantation mouse 
embryos would be necessary to confirm the hypothesis that the early embryonic 
death of the DDK/C3H embryos is due to a defect in intracellular pH regulation.

Effect of butyric acid, on the development of DDK/DDK and B10CF1 embryos

The consequences of culturing normal 8 - to 16-cell compacted DDK/DDK 
and B10CF1 embryos in butyric acid-containing medium were observed at two 
levels: (i) immediate and (ii) delayed (or long-lasting).

The immediate effects can be observed during the incubation period in 
butyric acid. As described previously, this weak acid induces a rapid decrease in 
intracellular pH. The pHj stays at a low level throughout the incubation time (up 
to 80 minutes), the recovery is rapid although, not total for most of the treated 
embryos. In addition to a fall in intracellular pH upon butyric acid treatment, a 
change in gap junctional permeability was observed. The consequence of the weak 
acid on cell-cell communication through gap junctions was tested by measuring the 
time taken for Lucifer Yellow to be transferred to all cells of the embryos. Gap 
junctional permeability was only affected at the level of the incidence of transfer. 
Incubation in butyric acid for up to 120 minutes induces a significant increase in 
the percentage of non-transferring embryos. However, butyrate treated embryos 
still capable of transferring dye to all blastomeres displayed no significant 
difference in dye transfer times when compared to untreated control embryos. A 
negative effect of the weak acid on intercellular communication through gap 
junctions was not recorded in all the embryos tested. After 60 to 120 minutes in 
butyric acid-containing solution, the blastomeres of about 60 % of the treated
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embryos were still dye coupled. This discrepancy between intracellular pH and gap 
junctional permeability behavior in response to the weak acid may be due to a 
differential sensitivity, from embryo to embryo, of the gap junctional channels to 
intracellular pH variations. However, all the embryos treated with butyric acid 
during a much longer incubation period (270 minutes), were unable to transfer dye 
throughout.

The delayed effects of butyric acid started to appear about 24 hours after 
transfer of the embryos to the normal culturing medium (Ml6). The weak acid 
treatment was acting at the level of the developmental ability of the 8 - to 16-cell 
compacted DDK/DDK or B10CF1 embryos to reached a normal blastocyst stage. 
The treated embryos showed abnormal development, characterized by 
decompaction of one or more blastomeres and abnormal cavitation, similar to that 
observed among the DDK/C3H population. The exposure of the 8 - to 16-cell stage 
DDK/DDK or B10CF1 embryos to butyric acid was performed in order to mimic 
what was suspected to be the normal situation in the DDK/C3H embryos. The 
experimental conditions chosen to observe the effect of butyrate on mouse embryos 
development were such that, a drop of about 0.5 to 0.9 pH unit from the resting 
pHj was achieved during the incubation period. This gives pHj values ranging from
6.1 to 6.5, slightly lower than those observed in DDK/C3H embryos (the lowest pHj 
calculated being 6.3). In addition, one can suppose that gap junctional 
communication was completely abolished during the 258 and 360 minutes exposure 
to butyric acid. Under such conditions and after 24 hours in normal M16 medium, 
the proportion of DDK/DDK or B10CF1 embryos reaching a normal blastocyst stage 
significantly decreased. While 91 % of the control embryos formed normal 
blastocysts, 40 to 70 % of the treated embryos were either still at a morula stage, 
or formed abnormal blastocysts. It is important to note that after 24 hours in M16, 
the effect of butyric acid on intracellular pH and on gap junctional permeability 
has disappeared. The pHj was returned to its initial value, close to neutrality and 
the cell-to-cell communication is probably fully restored. However, the weak acid 
has some long-lasting effect on mouse embryo preimplantation development which 
can be associated with a significant reduction in cell-cell communication through 
gap junctions due to a decrease in pHj induced by butyric acid. This phenomenom 
is reversible, after 48 hours in normal medium most of embryos reached a normal 
blastocyst stage.

The results presented in this chapter indicate that the period from the 8 - to 
the 16-cell stage, is a critical period for mouse embryos preimplantation 
development. The alteration of cell-cell communication through gap junctions 
during this period induces a dramatic modification of the pattern of development 
which can eventualy lead to the death of the embryo. These results also confirm,



119

to a certain extent, the hypothesis that a state of low intracellular pH was 
probably involved in the DDK/C3H syndrome.
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4. Other methods o f rescue

4.1 Introduction

There is evidence that the secondary messenger cyclic-AMP (cAMP) can 
affect gap junctional communication. The first evidence that cyclic nucleotides 
might alter cell-to-cell communication was obtained from studies of intercellular 
coupling in salivary gland of Drosophila (Hax et al., 1974) in which Cyclic-AMP 
was reported to increase the permeability of the low-resistance junctions.

The action of cAMP on cell-to-cell communication may be of two types:
Long-term modulation of direct cell-to-cell communication by 

cAMP has been described in several tissues. In cultured rat sympathetic 
neurones, the incidence of electrotonic coupling between cells is enhanced by 
exposure to the membrane-permeant dibutyryl-cAMP (dbcAMP). The effect is 
maximal within 12 hours of treatment (Kessler et al., 1984). Similarly, in 
various mammalian cell lines, an increase in intracellular cAMP stimulates gap 
junction permeability over several hours. This slow rise in junctional 
permeability is associated with an increase in the number of gap junctional 
membrane particles as determined by freeze-fracture electron microscopy and is 
generally dependent on protein synthesis (Azarnia et al., 1981; Flagg-Newton et 
al., 1981; Radu et al., 1982; Kessler et al., 1984), suggesting that the control is on 
formation of gap junctions.

In the short term (in the seconds to minutes range), changes in 
gap junctional communication may simply involve a change in the state of gap 
junctions, from open to shut. Forskolin, a compound known to directly activate 
the adenylate cyclase, and therefore to increase intracellular cAMP levels, causes 
a closure of gap junctions between the HI horizontal cells in turtle retina 
(HIAT). Identical effects are obtained by inhibiting the degradation of cAMP by 
phosphodiesterase inhibitors such as caffeine or isobutyl-methylxanthine (IBMX) 
(Piccolino et al., 1984). Similar results have also been obtained in isolated fish 
retina preparation (Teranishi et al., 1983), or on pairs of cultured, isolated 
horizontal cells (Lasater and Dowling, 1985). In these preparations, the 
maximal effect is observed within 5 minutes. Cyclic-AMP appears also to be 
involved in a short-term modulation of the gap junctions between mammalian 
cardiac cells (de Mello, 1984) and between rat hepatocytes (Saez et al., 1985). 
In these two preparations, increasing intracellular cAMP induces a fast increase 
in gap junctional conductance, the maximal effect being observed within 1 to 3



Figure 27. dbcyclic-AMP speeds the transfer of Lucifer Yellow in control B10CF1 
embryos at the 8 - to 16-cell stages incubated in M2 handling medium. Time taken 
for Lucifer Yellow irejected into one cell to reach the last cell. Ordinate, number of 
observations; abscissa, time at which the last cell just becomes visibly fluorescent 
(min) in untreated B10CF1 embryos (A), in embryos exposed 15 minutes to 0.1 mM 
dbcyclic-AMP (B), in embryos exposed to 1 mM dbcyclic-AMP for 5 minutes (C) 
and 15 minutes (D). The arrows indicate the medians of the distributions in each 
case.
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minutes. In the salivary glands of the larvae of Drosophila, the effect of cAMP 
on cell coupling can be observed within 5 minutes (Hax et al., 1974). These 
modulations are too fast to be due to a change in the junctional channel 
turnover. In rat myocardial cells, Burt and Spray (1987) showed that the 
increase in gap junctional permeability was probably due to an increase in the 
average number of open channels rather than an altered single channel 
conductance. However, it is still not known whether cAMP acts directly by 
phosphorylating the channel-forming protein through a cyclic-AMP dependent 
protein kinase or if another intermediary, is needed for its action. A cAMP- 
dependent protein kinase may also phosphorylate a modulating protein that will 
affect the channel properties. A direct binding of cAMP to the channel seems to 
be excluded (Saez et al., 1986). Gap junction protein has been shown to be 
phosphorylated both in vitro and in vivo (Johnson and Johnson, 1982; Saez et 
al., 1985, 1986; Traub et al., 1985, 1987; Johnson et al., 1986). Phosphorylation 
of the gap junction protein could be catalysed by several protein kinases. 
Takeda et al., 1987 reported that the liver gap junction protein (connexin32) 
was phosphorylated in vitro by protein kinase C. The cAMP-dependent protein 
kinase is also involved in the phosphorylation of the connexin32 and of the 
MP26 lens junction protein. The precise phosphorylation targets are not known. 
However, there is evidence that the channel subunit itself could be a target; it 
offers potentially suitable serine and tyrosine residues in the carboxy-terminal 
domain. Indeed, phosphoamino acid analysis revealed that serine was the only 
residue phosphorylated on the connexin32 from rat liver (Saez et al., 1985, 
1986). Furthermore, 98 % of the serine residues and 2 % of the tyrosine residues 
was found to be the target for phosphorylation of the connexin32 from mouse 
liver (Traub et al., 1987). The MP26 lens protein was mostly phosphorylated on 
the serine residues, only 5 to 10 % on threonine residues while and no tyrosine 
residues were found phosphorylated (Johnson et al., 1986).

4.2 Dye transfer results

If poor gap junctional communication is directly reponsible for the 
decompaction of DDK/C3H embryos, then treatments which improve gap 
junctional communication might be able to influence the expression of the 
defect. We therefore tested whether cyclic-AMP was able to speed dye transfer 
from cell to cell at early stages in the mouse, in both normal B10CF1 and



Figure 28. The effect of dbcyclic-AMP on the speed of dye transfer in 8 -cell 
compacted DDK/DDK embryos. Time taken for Lucifer Yellow iryected into one cell 
to reach the last cell. Ordinate, number of observations; abscissa, time at which 
the last cell just becomes visibly fluorescent (min) in untreated DDK/DDK embryos 
(A), in embryos exposed 15 minutes to 1 mM dbcyclic-AMP (B). The arrows 
indicate the medians of the distributions in each case.
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DDK/DDK embryos and in DDK/C3H embryos. The membrane-permeant cyclic- 
AMP derivative, dibutyryl-cyclic-AMP (dbcyclic-AMP), was used for these 
experiments.

4.2.1 Control embryos

4.2.1.1 B10CF1 embryos

The first set of experiments were designed to find the optimum 
concentration of dbcyclic-AMP and time of incubation necessary to obtain a 
significant effect on the speed with which Lucifer Yellow transferred to all 
blastomeres of normal B10CF1 embryos.

Figure 27 gives the time taken for Lucifer Yellow to reach the last cell in 
8 - and 16-cell B10CF1 control embryos (A) and in B10CF1 embryos treated with 
0.1 mM dbcyclic-AMP for 15 minutes (B) and with 1 mM dbcyclic-AMP for 5 and 
15 minutes (C and D respectively). The median time of transfer of the dye was 
87 seconds (n = 31) and 81 seconds (n = 24) for 15 minutes treatment with 0.1 
mM and 1 mM dbcyclic-AMP respectively, significantly faster (p = 0.0044 and p = 
0.0014 respectively, Mann-Whitney test) than the control B10CF1 embryos at the 
same stage whose median time of transfer lies at 137.5 seconds (n = 44). On the 
other hand, embryos treated with 1 mM dbcyclic-AMP for only 5 minutes 
showed no significant increase in the speed of dye transfer (p = 0.8958, Mann- 
Whitney test). The median time was 138.5 seconds (n = 34) (Fig. 27,C). 15
minutes exposure to 0.1 or 1 mM dbcyclic-AMP proved to be sufficient to 
achieve maximal speeding in B10CF1 embryos. Therefore, treatment of embryos 
with 1 mM dbcyclic-AMP for 15 minutes was used to test its effect on normal 
DDK/DDK embryos and on DDK/C3H embryos.

4.2.1.2 DDK/DDK embryos

In normal DDK/DDK embryos at the 8 -cell compacted stage, 15 minutes 
exposure to 1 mM dbcyclic-AMP was not sufficient to significantly increase the 
speed with which Lucifer Yellow transferred to all 8  cells (p = 0.8303, Mann- 
Whitney test). The median time of dye transfer was 109 seconds (n = 17) in 
untreated DDK/DDK embryos and 98 seconds (n = 11) in dbcyclic-AMP treated



Figure 29. dbcyclic-AMP speeds the transfer of Lucifer Yellow in 8 - to 16-cell stage 
defective DDK/C3H embryos. The embryos were incubated in M2 handling medium 
for short exposure time to dbcyclic-AMP and in M16 culture medium for 60 
minutes exposure; in this case, the embryos were kept at 37 °C in incubator. Time 
taken for Lucifer Yellow ir\jected into one cell to reach the last cell. Ordinate, 
number of observations; abscissa, time at which the last cell just becomes visibly 
fluorescent (min) in untreated DDK/C3H embryos (A), in DDK/C3H embryos 
exposed 15 minutes to 1 mM dbcyclic-AMP (C), in DDK/C3H embryos exposed 60 
minutes to 1 mM dbcyclic-AMP (D), and, for comparison, in untreated DDK/DDK 
embryos (B). The arrows indicate the medians of the distributions in each case.
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embryos (Fig. 28,A, B respectively). One possibility is that maximal speed is 
already achieved in the normal DDK/DDK embryos (median time of dye transfer 
= 92.5 seconds) whereas in the normal B10CF1 embryos, cyclic-AMP is still able 
to open gap junctional channels (median time of dye transfer = 137.5 seconds).

4.2.2 DDK/C3H embryos

Figure 29 (A,C) compares the time taken for Lucifer Yellow to fill all cells 
of DDK/C3H embryos at the 8 - to 16-cell compacted stage, in control embryos 
(A) and in 1 mM dbcyclic-AMP treated embryos for 15 minutes (C). Whereas 
this treatment was sufficient to increase the speed of dye transfer in normal 
B10CF1 embryos, it was not sufficient for significant speeding of transfer in 
DDK/C3H embryos (p = 0.5139). The median of the distribution was 145 
seconds (n = 12) in the control DDK/C3H embryos and 143 seconds (n = 9) in 
the dbcyclic-AMP DDK/C3H treated embryos.

The effect on dye transfer in DDK/C3H embryos of 60 minutes exposure 
to 1 mM dbcyclic-AMP is shown in Figure 29,B. The median time of transfer was 
96 seconds (n = 37), significantly faster than in 8 - to 16-cell compacted 
DDK/C3H control embryos (p = 0.0038, Mann-Whitney test). Thus after dbcyclic- 
AMP treatment (1 mM, 60 min), the speed of transfer in DDK/C3H embryos was 
no longer significantly different (p = 0.5222, Mann-Whitney test), from that in 
DDK/DDK control embryos (compare Fig. 29,B and D).

The adenylate cyclase activator, forskolin, is known to raise intracellular 
levels of cyclic-AMP by activating the conversion of ATP to 5’cyclic-AMP. In 
addition, it has been shown to increase gap junctional communication in several 
model systems (Hax et al., 1974; Flagg-Newton et al., 1981; Saez et al., 1986 and 
Spray and Bennett, 1985 for review). Its effect on cell-cell communication in 
DDK/C3H 8 - to 16-cell embryos has been tested. Figure 30 gives the distribution 
of dye transfer times in untreated embryos (Fig. 30,A) and in DDK/C3H embryos 
exposed for 180 minutes to 100 pM of forskolin (Fig. 30,B). The median of the 
distribution of times in untreated embryos was 181 seconds (n = 15) while it 
was 82 seconds (n = 10) in forskolin treated embryos. Statistical analysis of this 
2 distributions indicates that raising the intracellular level of cyclic-AMP with 
an adenylate cyclase activator induced a significant increase in cell-cell



Figure 30. The adenylate cyclase activator, forskolin, speeds the transfer of Lucifer 
Yellow in 8 - to 16-cell stage defective DDK/C3H embryos. Embryos were incubated 
in M16 culture medium supplemented with forskolin and kept at 37 °C in the 
incubator. Time taken for Lucifer Yellow injected into one cell to reach the last 
cell. Ordinate, number of observations; abscissa, time at which the last cell just 
becomes visibly fluorescent (min) in untreated DDK/C3H embryos (A), and in 
embryos exposed 180 minutes to 100 pM forskolin (B). The arrows indicate the 
medians of the distributions in each case.
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communication through gap junctions in DDK/C3H embryos (p = 0.0061, Mann- 
Whitney test).

4.3 The developmental consequences o f improving communication 
through gap junctions.

We tested whether the improvement in junctional communication brought 
about by cyclic-AMP treatment was reflected by an increase in the survival rate 
of the DDK/C3H embryos. For these experiments, DDK/C3H embryos were 
cultured in M16 culture medium containing dbcyclic-AMP and scored for the 
number of normal blastocyst present after 24 hours of culture.

The concentrations of dbcyclic-AMP tested were 1 and 20 mM. Embryos 
were treated at the 8 - to 16-cell compacted stage for 1) 60 minutes; 2) 90 
minutes; 3) 180 minutes; and 4) 360 minutes. The results are summarized in 
Table 6 .

4.3.1 BlOCFl and DDK/DDK normal embryos

To test whether dbcyclic-AMP treatment had any toxic effects on the 
survival of embryos from the control strains, BlOCFl and DDK/DDK embryos at 
the 8 - to 16-cell stage were treated with dbcyclic-AMP in the same conditions as 
the DDK/C3H embryos.

80 % (4/5) of the untreated DDK/DDK embryos developed to normal 
blastocyst while, 100 % (4/4) of the 8 - to 16-cell DDK/DDK embryos treated 360 
minutes with either 1 or 20 mM dbcyclic-AMP developed into normal blastocyst. 
Again there was no difference between survival rate to the blastocyst stage 
between untreated and treated BlOCFl embryos with 1 mM dbcyclic-AMP for 
180 minutes (untreated, 92.3 % (12/13) of normal blastocyst; treated, 85.7 % 
(12/14) of normal blastocyst).

This suggest that dbcyclic-AMP at the concentration and times of 
exposure tested, had no adverse effect on the development of normal embryos 
(BlOCFl and DDK/DDK), from the 8 - to 16-cell compacted stage to the 
blastocyst stage.
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4.3.2 DDK/C3H embryos

Among the 48 embryos at the 8 - to 16-cell stage, cultured with 1 mM 
dbcyclic-AMP for 60 minutes, only 4 had formed a normal blastocyst after 24 
hours in culture. This percentage (8.3 %) is not significantly different from that 
observed with untreated DDK/C3H embryos where 9.6 % (10/104) survived to the 
normal blastocyst stage (p > 0.5, X2 test). Although 20 % (2/10) and 18.8 % 
(6/32) of the embryos exposed 90 and 180 minutes to 1 mM dbcyclic-AMP 
developed to normal blastocyst respectively, these percentages were not 
significantly different from that observed with the untreated embryos (p > 0.3, 
and p > 0.1 respectively, test). Similarly, DDK/C3H embryos treated with 20 
mM dbcyclic-AMP for 360 minutes prior to culture in normal M16 culture 
medium for 24 hours, showed no significant increase in their survival rate up to 
the blastocyst stage. 20 % (1/5) reached normal blastocyst (p > 0.05, X% test). 
However the number of embryos tested at each concentration was small and 
possibly insufficient to reveal a statistical significant difference. In paragraph
4.2 of this section, we have shown that 60 minutes exposure to 1 mM dbcyclic- 
AMP induces a significant increase in the dye transfer rates of DDK/C3H 
embryos. Consequently, the data obtained on survival rates (Table 6) for 
dbcyclic-AMP treated embryos with 1 to 20 mM for 90, 180, and 360 minutes, 
were pooled and compared to the untreated embryos. Although the percentage 
of treated embryos which developed to a normal blastocyst was only 20.9 % 
(14/67), it was significantly different from the untreated DDK/C3H embryos (X  ̂
= 4.304, 0.05 < p < 0.02, Fisher exact test).

4.4 Discussion

When BlOCFl and DDK/C3H 8 -cell compacted embryos were treated with 
a membrane permeant derivative of cyclic-AMP such as dibutyryl-cyclic-AMP 
(dbc-AMP), the efficiency of gap junctional communication was significantly 
increased.

However, in BlOCFl and in DDK/C3H 8 -cell not fully compacted embryos, 
whose communication through gap junctions was not fully established, dbc-AMP 
was not able to significantly increase dye transfer after 15 and 60 minutes 
exposure to dbc-AMP respectively. This suggests that, both in BlOCFl and 
DDK/C3H embryos (i) dbc-AMP was not able to create cytoplasmic bridges 
between adjacent cells, (ii) no stimulation of gap junction protein synthesis
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Table 6

Effect of dbcyclic-AMP treatment on the proportion of embryos surviving to blastocyst 
stage, in relation to duration of exposure.

Embryos
(stage)

Exposure
(min)

cyclic-AMP conc. (mM)
0 1 20

controls

DDK/DDK 
8-16 cell

BlOCFl 
8-16 cell

defectives

DDK/C3H 
8-16 cell

none

180

none

180

none

60

90

180

360

4/5 
(80 %)

12/13 
(92.3 %)

10/104 
(9.6 %)

3/3 
(100 %)

12/14 
(85.7 %)

4/48 
(8.3 %)

2/10 
(20 %)

6/32 
(18.8 %)

4/4 
(100 %)

5/20 
(25 %)

1/5 
(20 %)
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occurs during the 15 to 60 minutes exposure to dbc-AMP, and (Hi) most of the 
gap junctional proteins already incorporated in the membrane were in an open 
state.

Effect of dbc-AMP on the speed of dye transfer in controls

In BlOCFl control 8 -cell compacted embryos treated either with 0.1 or 1 
mM dbc-AMP, 15 minutes was the minimum time required for a significant 
increase in the speed of dye transfer. This effect suggests a direct gating process 
rather than a stimulation of gap junction formation. Such a rapid effect of 
cyclic-AMP has also been observed in some other preparations (Hax et al., 1974; 
Teranishi et al., 1983; de Mello, 1984; Piccolino et al., 1984). The mechanism by 
which phosphorylation of the gap junctional channels leads to an increase in the 
channel conductance is unknown, but presumably the number of the open 
channels or the time they stay open is increased.

However, with DDK/DDK embryos, the same treatment (1 mM dbc-AMP, 
15 min.) was not able to significantly increased the speed of dye transfer. As 
DDK/DDK embryos already show more efficient cell coupling than the BlOCFl 
embryos, one explanation is that, in the normal DDK/DDK embryos, either all 
the channels are opened or the fraction of opened channels is enough to achieve 
maximal speed of dye transfer. In the normal BlOCFl embryos, only a fraction 
of the channels may be functional since, cyclic-AMP was able to open gap 
junctional channels, as observed by the overall increase in cell coupling.

Effect of dbc-AMP on the speed of dye transfer in DDK/C3H embryos

In the DDK/C3H embryos, at the 8 -cell compacted stage, as in the 
DDK/DDK control embryos, 15 minutes exposure to 1 mM dbc-AMP was not 
sufficient for a significant increase in cell-cell communication through gap 
junctions. A minimum exposure time of 60 minutes was necessary to observed a 
significant effect. After such treatment, the speed of transfer in DDK/C3H 
embryos was no longer significantly different from that in BlOCFl embryos 
treated for 15 minutes with dbc-AMP and in DDK/DDK untreated controls. A 
significant increase in the speed of dye transfer was also observed in DDK/C3H 
embryos treated with the adenylate cyclase activator forskolin. This finding 
suggests that, in the DDK/C3H embryos, cell-cell communication through gap
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junctions can be regulated, like in normal embryos, by increasing intracellular 
level of cyclic-AMP. This might indicate that in the DDK/C3H embryos, gap 
junctional proteins are not different from those in control embryos (DDK/DDK 
or BlOCFl). The control of cell-cell communication through gap junctions 
probably occurs through activation of a c-AMP-dependent protein kinase (de 
Mello, 1984; Saez et a l., 1985, 1986).

The difference in exposure time, between BlOCFl and DDK/C3H embryos, 
required for a positive effect on the speed of dye transfer indicates that the gap 
junction channels in these two populations are not in the same functional state. 
Four physiological relevant factors are known to affect gap junction permeability 
directly or indirectly (see Spray and Bennett, 1985 and Neyton and Trautmann, 
1986 for review): transmembrane voltage, intracellular calcium and cyclic-AMP 
level and internal pH. Low intracellular pH is known to decrease gap junction 
permeability whereas in most cells including the mouse embryos, c-AMP is 
known to have an opposite effect. In the previous section, it was reported that 
the DDK/C3H embryos are characterized by low intracellular pH. In that 
respect, a longer incubation time in dbc-AMP of the DDK/C3H embryos, might be 
necessary in order to compensate for the negative effect of low pHj on the gating 
of the gap junctional channels.

In a few cases, the effects of cyclic-AMP on cell coupling has been 
observed over periods of hours or days. These slow effects were generally 
dependent on protein synthesis (Azarnia et al., 1981; Flagg-Newton et al., 1981; 
Radu et al., 1982; Kessler et al., 1984; Traub et al., 1987). In addition, cyclic- 
AMP has been reported to stimulate transcription of several genes (Nagamine 
and Reich, 1985). An additional stimulation of gap junctional protein 
biosynthesis is not excluded in DDK/C3H embryos after 60 minutes exposure to 
dbc-AMP. However, it seems unlikely that 1 hour is enough to produce a sizable 
and significant increased in gap junctions since, no effect was observed in 
DDK/C3H 8 -cell not fully compacted embryos after 1 hour and an increase in 
the number of gap junctional membranes particles, as reported in the litterature, 
occurs after incubation periods in cyclic-AMP of 3 to 4 hours.

Effect of c-AMP on the rescue o f DDK/C3H embryos

Although c-AMP was able to improve cell communication through gap 
junctions within 60 minutes, a significant rescue was only observed after a 
minimum exposure to dbc-AMP of 90 minutes. However, only 20.9 % of rescue 
was observed among the treated embryos. This percentage is small when
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compared to that obtained by Buehr et al (1987) where improvement of gap 
junction permeability by raising intracellular pH, leads to a rescue of the 
DDK/C3H embryos of up to 40 %. A possible toxic effect of dbc-AMP seems 
unlikely since, DDK/DDK and BlOCFl controls treated with dbc-AMP developed 
to fully expanded blastocysts with the same time course as untreated controls.

These results imply that (i) longer incubation periods in dbc-AMP may be 
necessary to see an effect on DDK/C3H development. Indeed, although 6 hours 
exposure to methylamine leads to an increase in the proportion of DDK/C3H 
reaching blastocysts, this was a minimum time since 3 hours was not sufficient 
to see any significant rescue. (ii) Poor cell communication through gap 
junctions may not be the unique cause of decompaction since restoration of cell 
coupling similar to control DDK/DDK, was not sufficient to rescue the DDK/C3H 
embryos.

The difference between the relative rapid effect (within maximum 60 
minutes) of these factors (dbc-AMP and methylamine) on cell coupling and the 
long incubation period (at least 6 hours) necessary for developmental rescue of 
the DDK/C3H embryos, strongly support the idea that the mechanism involved 
in the defect both modulates cell communication through gap junctions and 
controls the active presence of a factor (or signal) in all blastomeres. This 
factor necessary for maintaining compaction in the preimplantation mouse 
embryo is probably transferred from cell to cell through gap junctions.
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5. Correlation betw een gap junctional com m unication and 
survival rate up to  the b lastocyst stage.

5.1 Introduction

In previous experiments, looking at dye transfer times in DDK/DDK and 
DDK/C3H embryos, Buehr et al in 1987 noticed that only a proportion of the 
DDK/C3H embryos examined at the 8 -cell compacted stage showed slow gap 
junctional communication (embryos scored with dye transfer times greater than 
3 minutes were considered to have slow gap junctional communication). 
Approximately, 74.3 % of the DDK/C3H embryos transferred dye in more than 3 
minutes whereas, this figure was only 31.2 % in control DDK/DDK embryos. 
They suggested that this might reflect those embryos destined to decompact 
towards the end of the 16-cell stage, and that embryos destined to decompact at 
later stages might only show defective gap junctional communication at later 
times, when decompaction became imminent.

One way of testing this hypothesis is to measure dye transfer rates and 
subsequently to score for survival time in individual embryos.

5.2 Results

In order to correlate the speed of dye transfer with the stage of 
development reached by the embryos, parallel experiments were performed on 
individual DDK/C3H embryos as well as on control DDK/DDK embryos. These 
experiments were designed in two steps: (i) measure of dye transfer in 8 -cell 
compacted embryos, (ii) followed by culture in M16 medium for 24 to 48 hours.

While measuring dye transfer time in 8 -cell compacted stage embryos 
from the DDK/C3H cross, it became apparent that over the period from 
February 19£7 to September 1988, the DDK/C3H embryos were not a 
homogenous population.



Figure 31. The transfer of Lucifer Yellow in defective DDK/C3H embryos collected 
in 1988. Time taken for Lucifer Yellow injected into one cell to reach the last cell. 
Ordinate, number of observations; abscissa, time at which the last cell just becomes 
visibly fluorescent (min) in 8 -cell not fully compacted embryos (A), 8 -cell 
compacted embryos (B). The arrows indicate median time for each distribution.
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5.2.1 Dye coupling in DDK/C3H embryos from  two distinct 
populations collected in 1987 and 1988

5.2.1.1 8-cell compacted embryos

Figure 31,A gives the time taken for Lucifer Yellow to reach all cells of 32 
DDK/C3H embryos collected in 1988. The median of the distribution lies at 101 
seconds. No embryo took more than 5 minutes for the dye to fill all 8  cells, 12.5 
% (4/32) showed a tranfer time of less than a minute, and the majority (71.9 %) 
took between 1 and 3 minutes.

5.2.1.2 Other stages: 8-cell compacting and 16-cell stage
embryos

25 8 -cell compacting embryos were tested in 1988. 8  % (2/25) did not
transfer dye to all 8  cells within 15 minutes. The median of the distribution of 
time for dye transfer for the 23 transferring embryos was 111 seconds and 8.7 % 
(2/23) of these embryos showed a transfer time of less than a minute, while a 
large majority (82.6 %, 19/23) showed a transfer of time between 1 and 3 
minutes. Only 2/23 (8.7 %) transferred dye throughout in about 5 minutes (Fig. 
31,B).

On the other hand, only 7 16-cell stage embryos were tested during the 
same year. 6/7 (85.7 %) transferred dye to all cells in less than 3 minutes and 
only 1 embryo showed a transfer time of more than 3 minutes (211 seconds). 
The median of the distribution of time was 92 seconds.

5.2.1.3 Comparison between the populations of embryos 
collected in 1987 and in 1988

When comparison was made for the results obtained over the entire two 
years, 1987 versus 1988; the two populations of DDK/C3H 8 -cell compacted 
embryos turned out to be significantly different; dye transfer through gap 
junctions was significantly quicker in 1988 than in 1987 (p = 0.0006, Mann- 
Whitney test). Similarly, comparison of the results obtained in 1987 and 1988 
shows that for 8 -cell compacting embryos in 1988 the speed of transfer of 
Lucifer Yellow through gap junctions was significantly quicker than that in 1987
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(p = 0.0331, Mann-Whitney test). Comparison between 1987 and 1988 data for 
DDK/C3H embryos at the 16-cell stage is not very meaningful because the 
numbers are so small for the 1988 population.

A difference in the speed of dye transfer was also observed when looking 
at the level of a month. For example, Figure 32,A gives the distributions of time 
to fill all 8  cells during February 1988. The median of the distribution of time 
was 105 seconds (n = 23); 13 % (3/23) transferred dye to all 8  cells in less than 
a minute, a large majority (16/23, 69.6 %) showed transfer times between 1 and 
3 minutes and only 4/23 (17.4 %) were slower than 3 minutes. In comparison, 
during February 1987 (Fig. 32,B), the median of the distribution was 145 
seconds (n = 12); no embryo took less than a minute for complete dye transfer, 
66.7 % (8/12) were scored for the last cell visibly fluorescent between 1 and 3 
minutes and the proportion of slow embryos (transfer times of more than 3 
minutes) increased to 33 % (4/12). These two distributions are significantly 
different (p = 0.0464, Mann-Whitney test).

Comparatively, during the same period, the control DDK/DDK embryos 
showed no significant difference in their distribution of time in 1987 and 1988 
(p = 0.2257, Mann-Whitney test). The median of the distribution of dye transfer 
times was 106 seconds (n = 23) and 84 seconds (n = 13) in 1987 and 1988 
respectively. Moreover, the speed of dye transfer for 8 -cell compacted DDK/C3H 
embryos collected in 1988 was not significantly different from that observed in 
control DDK/DDK embryos, at the same stage, (p = 0.5473, Mann-Whitney test), 
as opposed to that observed for DDK/C3H embryos collected in 1987 (ie , data 
presented exposed in chapter 2).

5.2.2 relation speed of dye transfer/development

It thus appears that DDK/C3H embryos collected in 1988 were 
characterized by a better cell-cell communication through gap junctions than 
1987 DDK/C3H embryos. Looking at these two different sets of data, one 
wonders if this could be related with the proportion of DDK/C3H embryos 
reaching a normal blastocyst stage.



Figure 32. Comparison of the speed of dye transfer in defective DDK/C3H embryos 
in 1988 and 1987. Time taken for Lucifer Yellow injected into one cell to reach the 
last cell. Ordinate, number of observations; abscissa, time at which the last cell 
just becomes visibly fluorescent (min) in embryos collected in February 1988 (A), 
in embryos collected in February 1987 (B). The arrows indicate median time for 
each distribution.
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5.2.2.1 Control embryos

31 control embryos at the 8 - to 16-cell stage, were tested for the stage of 
development reached 24 hours after being injected with Lucifer Yellow. The 
embryos used in these experiments were from BlOCFl and DDK/DDK crosses. 
Embryos were classified in 3 groups:

(i) normal blastocyst
(ii) abnormal blastocyst; this group represents 

embryos with at least one cell forming a fluid-filled cavity ressembling a 
blastocyst cavity.

(iii) no development or arrested embryos: in this 
group are pooled all injected embryos which were either degenerated, 
decompacted, or still compacted when observed after 24 hours in culture.

Table 7 gives the proportion of Lucifer Yellow injected embryos that 
reached a normal blastocyst stage. The number of developmentally arrested 
embryos as well as the number of embryos forming an abnormal blastocyst are 
also given in Table 7. When looking at the control embryos (DDK/DDK and 
BlOCFl crosses), it already appears from the data set in this table, that the 
proportion of embryos which developed normally has substantially decreased. 
Only 45.1 % (14/31) of the tested control embryos reached a normal blastocyst 
stage in this experiment whereas 86.6  % (58/57) to 88.9 % (48/54) of non 
injected control embryos developed to normal blastocyst for the DDK/DDK and 
BlOCFl crosses respectively (ie, Table 1).

The relation between the speed of dye transfer and the stage of 
development reached is given on Figure 33. For the 31 control embryos tested, 
no correlation was found between slow transfer ( dye transfer time of more than 
180 minutes; dotted line on Fig. 33) and development. This suggests that 
approximately 40 % of the embryos were damaged as a result of Lucifer yellow 
injection (Fig. 33,A).

5.2.2.2 1987 embryos

The same experiments as the one described for the control embryos were 
performed on 29 8 - to 16-cell DDK/C3H embryos. The results are set out in 
Table 7 (first line) and in Figure 33,B. After dye injection, followed by 24 hours 
in culture, 20.7 % (6/29) embryos developed to normal blastocyst. As illustrated



Figure 33. Relation between the speed of dye transfer and the stage of development 
reached by the injected embryo. Lucifer Yellow was injected into 1 cell of embryos 
at the 8 - to 16-cell stage, the time for Lucifer Yellow to fill all cells was measured 
for each embryos, they were then cultured separately and examined the following 
day for the stage of development reached. Ordinate, stage of development reached; 
blastocyst, abnormal blastocyst , or arrested, (see text for additional details); 
abscissa, time for Lucifer Yellow to fill all cells (in seconds) in control DDK/DDK 
and BlOCFl embryos (A), in defective DDK/C3H embryos collected in 1987 (B), and 
in defective DDK/C3H embryos collected in 1988 (C). Dotted line indicates the 
threshold of 3 minutes; all embryos scored with dye transfer times above this 
threshold were considered as slow transferring embryos.
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in Figure 33,B, all of them (expect one whose transfer time was 191 seconds) 
showed transfer times of less than 180 seconds. Of the 9 abnormal blastocyst 
embryos (31 % of the ir\jected embryos), 2 were scored as slow transferring 
embryos. The dye ii\jected embryos which belong to the third category as 
defined above in paragraph 5.2.2.1 (no development or arrested embryos), 
represent 48.3 % of the tested population (14/29). 6 of them were slow
transferring embryos (Fig. 33,B) and 1 had not transferred dye to all the 
blastomeres by the end of the 15 minutes of the scoring period (not shown on 
Fig. 33,B). As previously shown in chapter 2, the DDK/C3H embryos at the 8 - 
cell compacted stage, collecting during 1987, were characterized by poor cell-cell 
communication through gap junctions. Although the proportion of slow 
transferring embryos seems to be higher for those embryos which did not 
develop, no correlation was found between slow dye transfer times and 
abnormal development, when using the Kruskall-Wallis test to compare the 
distribution of times of these 3 groups (H = 3.65131, p > 0.05, Kruskall-Wallis 
test). However the data collected from such experiments may be biased by the 
high proportion of damaged embryos after dye iryection. From the experiments 
performed on controls (Table 7 and Fig. 33,A) this proportion may be estimated 
to be around 40 %. In order to see a significant percentage of slow transferring 
embryos emerging from the arrested group of embryos, a much larger data set 
will be probably needed.

5.2.2.S 1988 embryos

Table 7 and Figure 33,C give the results obtained for 35 8 - to 16-cell 
embryos collected in 1988 and observed for the stage of development reached 
after dye ir\jection. 54.3 % (19/35) and 34.3 % (12/35) were either arrested or 
abnormal blastocyst after 24 hours in culture respectively. The percentage of 
normal blastocyst was 11.4 % (4/35). These values are similar to those found for 
1987 embryos. In addition, no correlation was found between the speed of dye 
transfer and the stage of development reached (H = 0.23218, p > 0.05, Kruskall- 
Wallis test). However, this finding is not surprising because these embryos 
collected in 1988 were characterized, as shown previously (paragraph 5.2.1), by 
a significantly higher speed of dye transfer than the 1987 embryos. In addition, 
the 1988 embryos were not significantly different from the control DDK/DDK 
embryos.
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Table 7

Proportion of dye injected embryos at the 8-cell compacted and 16-cell to morula stage 
surviving to blastocyst

Embryos Year Stage
iiyected

No

Stage of development

Abnormal Normal
development blastocyst blastocyst

1987 8-16 compacted 14/29 
(48.3 %)

9/29 
(31 %)

6/29 
(20.7 %)

1988 n it 19/35 
(54.3 %)

12/35 
(34.3 %)

4/35 
(11.4 %)

1989 n it 10/12  
(83.3 %)

2 /1 2  
(16.7 %)

0 /1 2
(0 %)

n n 11/31 
(35.5 %)

6/31 
(19.4 %)

14/31 
(45.1 %)

DDK/DDK 
& B10CF1
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5.3 Discussion 

Cell-cell communication in DDK/C3H embryos in 1988

Surprisingly, results obtained with DDK/C3H embryos in 1988 seem to be 
in complete opposition with those obtained in 1987. DDK/C3H embryos at the 
8 -cell well compacted stage, from samples taken in 1988 were significantly 
quicker than those from samples taken in 1987. When compared with DDK/DDK 
control embryos or with DDK/C3H 16-cell stage embryos, no significant 
difference in the distribution of dye transfer times was find. The simplest 
explanation for this discrepancy is that DDK/C3H embryos from 1988 express, 
for an unknown reason, the defect at a later time in development.

In such cases, one might expect to find a higher proportion of DDK/C3H 
embryos forming blastocysts or blastocyst-like cavities. We were unable to find 
any such evidence. Table 1 gives the proportion of DDK/C3H embryos surviving 
to normal blastocyst in 1987 (samples 3, 4, 5, 10, 11) and in 1988 (samples 1, 2, 
6 , 7, 8 , 9). Although the number of normal blastocyst recorded in 1988 seems to 
be higher (13/88, 14.8 %) than that recorded in 1987 (6/60, 10 %), the two 
populations are not significantly different (X^ = 0.724). In addition, overall, 45 
% of the DDK/C3H embryos from 1987 began to cavitate, compare with 44.3 % in 
1988.

Relation speed o f dye transfer/development

Direct correlation between poor gap junctional communication and 
subsequent decompaction was assayed by individually scoring the transfer time 
and the developmental stage reached by DDK/C3H embryos tested either at the 
8 - or the 16-cell compacted stage. Comparison of dye transfer times between 
embryos forming either a normal or an abnormal blastocyst and embryos that 
were either compacted or decompacted, showed that there was no correlation 
between the distribution of transfer times and the stage of development 
achieved by the embryos neither from the 1987 nor from the 1988 population. 
However, these results do not exclude the possibility of a correlation between 
the slow communicating embryos through gap junctions and their subsequent 
decompaction. The experiments are difficult to interprete because lethal 
damage of some of the embryos upon impalement could not be excluded.
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Indeed, after such experiments only 21.7 % (5/23) and 48.8 % (21/43) of the 
B10CF1 and DDK/DDK control embryos formed a normal blastocyst.

A possible explanation for these results is that the genetic defect, 
responsible for early embryonic death of the DDK/C3H embryos, is expressed at 
least at two levels; (i) regulation of cell-cell communication through gap 
junctions and (ii) control of synthesis and/or of metabolic activity of factor(s) 
directly implicated in the control of compaction. Both should be present and 
functional to maintain compaction and subsequently to control blastocyst 
formation in preimplantation mouse embryo.

Although the population of DDK/C3H embryos collected in 1988 seems to 
be normal when looking at cell-cell communication through gap junctions at the 
8 -cell stage, it is not sufficient to ensure normal development of these embryos. 
Results obtained with control B10CF1 8 -cell compacted embryos fit with this 
hypothesis. Indeed, as previously reported, B10CF1 embryos are significantly 
slower than DDK/DDK control embryos and are as slow as the DDK/C3H 
embryos. This results suggest that poor cell-cell communication through gap 
junction is not the unique cause of decompaction. Experiments in which an 
increase in intracellular pH both improve communication through gap junctions 
and rescues about 40 % of the DDK/C3H embryos (Buehr et ai, 1987), confirms 
this hypothesis since, intracellular pH is known to control gap junctional 
channel gating as well as numerous metabolic transformations such as protein 
synthesis, protein conformation and activity (see Roos and Boron, 1981; Epel 
and Dube, 1987 for review). The experiments performed with c-AMP (chapter 4) 
came also in support of this hypothesis since cell communication through gap 
junctions can be improved by short exposure to c-AMP without any significant 
effect on the survival rate of DDK/C3H embryos up to the blastocyst stage.
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6. Im m unological id entification  o f gap junction  proteins

6.I Introduction

Preliminary electron microscopy work done in order to measure gap 
junctional size in DDK/C3H embryos seemed to indicate that when compared 
with control embryos, DDK/C3H embryos attempt to compensate for poor cell
cell communication by increasing the size of the gap junctions (Badcok, Green 
and Warner personal communication). However with the electron microscopy 
technique, only a partial view about the distribution and size of the gap 
junctions was acquired for each embryo.

The simultaneous use of the laser scanning confocal microscope and a 
gap junction antibody was an easier and better way to address the problem. 
Unfortunately, this antibody just became available at the end of my research 
and at a time when the supply of DDK/C3H mice was low. Never the less, with 
this technique, it was possible to acquire some interesting results.

An antibody raised against a synthetic peptide constructed to match the 
amino acid residues 131 to 142 of the connexin43 rat heart gap junction protein 
(Beyer et al., 1987; Gourdie et al., 1990; Harfst et al., 1990) was available in the 
laboratory. Therefore, the immunofluorescent localization of gap junctions in 
the B10CF1 and DDK/C3H mouse embryos was performed using this antibody. 
Figure 34 gives a two-dimensional model representing the structural domains of 
the connexin43 based on the work of Beyer et al, 1987. The binding domain of 
the antipetide antibody (residues 131 to 142) is located, as indicated in Figure 
34, in the cytoplasmic loop.

Antibody treated embryos were viewed with a Bio-Rad MRC 500 laser 
scanning confocal microscope. This technique allowed us to localize gap 
junctions as we traversed the whole embryo, using the microscope ability to cut 
optical "sections" through it. It was then possible to score the number and the 
size of each fluorescent spot in the entire embryo.

Fluorescent spots were considered to be gap junctions when localized at 
the border between two blastomeres as illustrated in Figure 35,A. In embryos 
which had been damaged during the process of fixation and staining, some non
specific staining was found. In these cases, the pattern of fluorescence appeared 
either like a large spot not localized at the border between two cells (Fig. 35,B),



Figure 34. Two-dimensional model representing the topology of the connexin43 
protein. All the gap junction proteins are thought to have the same basic 
arrangement with four transmembrane domains, two extracellular loops, one 
cytoplasmic loop and the cytoplasmic carboxyl-terminal tail. The amino-terminus 
is also located on the cytoplasmic side. The peptide antibody used in the present 
work was raised against a synthetic peptide constructed to match a cytoplasmic 
region between residues 131 and 142 and labeled HJ in the literature (Mikls et al, 
1988; Gourdie et al, 1990; Harfst et al, 1990). The actual sequence derived from the 
cDNA clone of the 43kD cardiac gap junction protein (Beyer et al, 1987) is: Glu-Ile- 
Lys-Lys-Phe-Lys-Tyr-Gly-Ile-Glu-Glu-His-(Cys). Its putative position on the 
protein subunit is shown by the shaded area on the diagram.
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or as if the entire cell border had been stained (Fig. 35,C). Embryos showing 
these types of non-specific staining were discarded.

6.2 Number of gap junctions in relation with stages o f development 
reach by the embryos.

The immunolocalization was performed from the 2-cell stage up to the 
16-cell stage. Embryos were classified in groups according to the number of 
cells and degree of compaction.

Table 8  summarizes the results obtained for immunolocalization 
experiments with either the B10CF1 or the DDK/C3H embryos.

6.2.1. Number of gap junctions in control and DDK/C3H embryos 
at the 2-cell to 8-cell uncompacted stage

As illustrated in Figure 36 (A,B), which shows fluorescent images of 
optically sectioned embryos at the 2 -cell and 8 -cell not fully compacted stage, 
embryos stained prior to the 8 -cell compacting stage showed no specific staining 
with the 43 kD gap junction peptide antibody irrespective of strain. This finding 
is consistent with the coupling experiments since neither electrical nor dye 
coupling through gap junctions were observed in mouse embryos before gap 
junctions communication appeared at the 8 -cell compacted stage. Transfer from 
cell to cell prior to the 8 -cell stage takes place through cytoplasmic bridges and 
only involves transfer between sister blastomeres (Lo and Gilula, 1979b; Goodall 
and Johnson, 1984).

6.2.2 Number of gap junctions in control B10CF1 and DDK/C3H 
embryos from the 8-cell stage onwards

Gap junction proteins could be localized with the peptide antibody at the 
8 -cell compacting stage (Fig. 36, C), at the 8 -cell compacted stage (Fig. 36, D), 
and at the 16-cell stage (Fig. 36, E) in control B10CF1 embryos (Fig. 36,D and 
Fig. 35,A) as well as in DDK/C3H embryos (Fig. 36, C,E and Fig. 35 B,C).
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Table 8

Number o f gap junctions as a Junction of developmental stage in B10CF1 
and DDK/CSH embryos

stage

number of gap junction 

B10CF1 

NT T NT

DDK/C3H

T

2 0,0 - - -

7 - 0 -

8  not 0 _ - _

compacted

8 2 ,2,1 16,18 3,0 -

compacting 0,2 25

8 2,0 8,9 0 9,10
compacted 4,2,3 19

8-16 - - 0 -

16 _ 13,0 23,27
29,30

NT: non transferring



Figure 35. Localization of the gap junction protein using antibodies to peptide HJ 
on methanol fixed mouse embryos. The second antibody label was FITC 
conjugated with Swine anti-rabbit immunoglobulin. These photos, taken with the 
laser scanning confocal microscope, consist of single optical sections or confocal 
images of whole mouse embryos. (A) The antibody has bound to border regions 
between two blastomeres where the gap junctions occur (arrow heads). This 
example is from a 8 -cell B10CF1 embryo. (B) In this example, from a 16-cell 
compacted DDK/C3H embryo, in addition to specific labeling corresponding to gap 
junction proteins (arrow heads), some non specific labeling was observed (arrow). 
(C) An other example of a labeling artefact where the entire cell border has been 
stained. This example is from a 8 -cell DDK/C3H embryo. Scale bar = 25 pm.
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6.2.2.1 Control embryos

What is the smallest number of gap junctions required, in an 8 -cell stage 
embryo, to observe transfer of the fluorescent tracer Lucifer Yellow? This is the 
first question which should be addressed in order to correlate the results with 
the dye transfer rates experiments (paragraph 2.1 of chapter 2).

If one assume5 that 1 gap junction is sufficient to ensure coupling between 
two adjacent blastomeres, at the 8 -cell stage, 7 gap junctions should be the 
smallest number required to observe complete coupling between the 8  

blastomeres at this stage.
Therefore, embryos at the 8 -cell compacting or 8 -cell compacted stage can 

be divided in two groups:
(1) embryos scored with less than 7 gap junctions; 

and which can thus be considered as non-transferring.

5/8 (63 %) embryos labeled at the 8 -cell compacting stage belong to this 
group. These embryos display 0, 1, or 2 gap junctions only (Table 8 ); they were 
probably in the process of incorporating gap junction proteins in their 
membranes, and were just initiating compaction (Lo and Gilula, 1979b; Goodall 
and Johnson, 1984)

On the other hand, out of 8  B10CF1 embryos at the 8 -cell compacted 
stage, 5 can be considered as not fully coupled since 1 was scored with no gap 
junctions and 4 with 2 to 4 gap junctions (Table 8 ).

The proportion of compacting or compacted embryos in this group is 
quite high; 63 % and does not seems to fit totally with the dye transfer 
experiments. Indeed, as already mentioned in chapter 2, only 32 % of 8 -cell 
compacting B10CF1 embryos showed partial transfer of Lucifer Yellow through 
gap junctions. For the 8 -cell compacted embryos, the figure was only 1/27 (S.'f 
%) showing partial transfer. Development is not synchronous among a 
population of embryos collected from a single female. At day 3, it was not rare 
to find embryos still at the 4-cell stage while some others were already at the 8 - 
cell stage. Consequently, the 8 -cell compacted embryos with a low number of 
gap junctions (less than 7) may reflect those already preparing for division to 
the 16-cell stage while some others were still at an early compacted stage. 
Goodall and Maro (1986) effectively



Figure 36. Localization of the antibodies to peptide HJ in preimplantation mouse 
embryo. No labeling was observed in embryos prior to the 8 -cell stage. (A) 2-cell 
stage B10CF1 mouse embryo. (B) 8 -cell not fully compacted DDK/C3H embryo. 
All the other optical sections failed to reveal any immunolabeling of gap junction 
proteins. A similar observation was made on a 7-cell embryo. (C-E) 
Immunolabeling of gap junctions on embryos from the 8 -cell stage (arrows). (C) 
Example of a 8 -cell compacting DDK/C3H embryo. (D) A single optical section of a 
8 -cell compacted B10CF1 embryo. (E) Confocal image of a 16-cell DDK/C3H 
embryo. Scale bar = 25 pm.
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observed during the 8 -cell to 16-cell transition a reduction in junctional 
coupling.

Alternatively, lack of gap junctional labeling may be the result of 
inacessibility of the gap junction proteins to the antibody due to the presence of 
the zona pellucida. However, this hypothesis seems unlikely since the majority 
of the labeling was performed on zona pellucida enclosed embryos.

(2) This second group contains embryos scored with at least 7 gap 
junctions. Embryos from this group were classified as putative transferring 
embryos.

Among the 8 -cell compacting embryos 3 of them were scored with 
respectively 16, 18, and 25 gap junctions (Table 8). These compacting embryos 
may have already incorporated gap junctional proteins in their membranes, and 
were probably more advanced in the process of compaction.

Only 3/8 embryos studied at the 8 -cell compacted stage could be 
classified in this group; they respectively showed 8 , 9, and 19 gap junctions.

It is worth noting that each blastomere was scored with at least one gap 
junction. As an example, Figure 37 shows a sequence of fluorescent images from 
a 8 -cell compacting embryo (ME29), directly acquired from the computer screen, 
where 18 gap junctions were counted. This observation is valid for all embryos 
scored with at least 7 gap junctions, and rules out the possibility that embryos 
with a high number of gap junctions (more than 7) are not dye coupled because 
of restricted localisation of gap junction to only 2 or 3 blastomeres.

If one can reasonably assume that the speed of dye transfer reflects the 
number of gap junctions involved in the transfer, the converse is not true. 
Indeed, direct correlation between the number of gap junctional channels and 
the speed of dye transfer is not straightforward since at one particular time, 
only a proportion of the existing channels may be opened and therefore account 
for the effective speed of transfer. However the wide range of number of gap 
junctions in itself, found both in the B10CF1 8 -cell compacting and 8 -cell 
compacted embryos, may be sufficient to explain the variability in the rates of 
dye transfer among these embryos (see chapter 2).



Figure 37. An FITC-antibody localization similar to those shown on Figure 36 from 
successive optical sections of a 8 -cell B10CF1 embryo, giving an indication of the 
number and the distribution of gap junctions which can be present in an embryo 
at this stage. 18 gap junctions could be counted in this example. The blastomeres 
are numbered from 1 to 8  as they appear on the successive sections (see diagram 
in J). (A) On this first optical section with 3 blastomeres (1-3) clearly visible ( a 
fourth cell appears on top (*)), a single gap junction (arrow head) can be counted, 
(B) and disappears on the following section while an other gap junction is now 
visible (arrow head). The large fluorescent spot at the bottom is an artefact. (C) 
On this confocal image, a fifth blastomere starts to come up, while the blastomere 
number 3 disappears. A third gap junction can be seen at the top (arrow) while 
the second one (arrow head) is still visible. (D) Five blastomeres (numbers 1-2 
and 4-5) are clearly visible on this section, the arrows indicate six new gap 
junctions. (E) On the following section five gap junctions are still present; 3 are 
now clearly localized (arrow heads) while one has disapperared and 2 others are 
now more faint (arrow); Blastomere number 6 starts to come up behind blastomere 
number 5. (F) Blastomere number 8  is totally visible on this section, an other 2
groups of 2 gap junctions are labeled (arrows). (G) Again 2 of these gap junctions 
are cominp up clearly (arrow heads), while the 2 others start to disappear. (H,I) 
On these two close sections, 5 others gap junctions can be seen, they linked 
blastomeres 1 and 8 , and blastomeres ? and 5. (J) A schematic diagram shows the 
spatial arrangement of the blastomeres as well as the *\% gap junctions distribution. 
Scale bar = 25 pm.
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6.2.2.2 DDK/C3H embryos 

8-cell compacting stage

Only 2 DDK/C3H embryos were collected at this stage, with respectively 
none and 3 gap junctions. According to the previous comments on the number 
of gap junctions, the 8  blastomeres of these 2 embryos were not fully coupled.

8-cell compacted stage

3 DDK/C3H embryos were collected and stained at this stage. 1 was 
lacking any gap junctions, and the 2 others were scored with 9 and 10 gap 
junctions respectively (Table 8 ) and were probably able to transfer dye to all 
blastomeres.

Unfortunately, as the number of DDK/C3H embryos studied at this stage 
is too small, it is not possible to compare quantitatively these results with those 
obtained with B10CF1 control embryos.

16-cell stage

Only DDK/C3H embryos were collected at this stage. Out of 6 DDK/C3H 
scored, 1 had no gap junctions, 1 had 13 gap junctions and the 4 others had 
respectively 23, 27, 29, and 30 gap junctions. While the blastomeres of the 4 
embryos with 23, 27, 29, or 30 gap junctions are probably all dye coupled, the 
transferring capacity of the embryo with 13 gap junctions is less certain.

It seems that more gap junctions were counted in DDK/C3H at the 16-cell 
stage than at the 8 -cell stage but the small size of the samples renders statistical 
analysis suspiscious. However even on these small sample sizes, it seems clear 
that the DDK/C3H embryos, at the 8 -cell and 16-cell stages, are forming gap 
junctions just like the control embryos.

When looking at these results, the proportion of embryos (2/6; 33 %) not 
able to transfer is still higher than that found with dye transfer experiments 
(1/7; 5.9 %). The high number of gap junctions obtained for the 4 others fits 
with the data obtained with dye transfer. Effectively, no significant difference 
was observed when comparing the distribution of dye transfer times between the 
control DDK/DDK and the DDK/C3H at the 16-cell stage.
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6.3 Size of gap junctions in each embryo and within groups of 
developmental stage.

As mentioned previously, the confocal microscope enabled us to visualize 
fluorescent spots corresponding to either individuals or groups of gap junctions 
at a particular focal plane. In the following figures, the data are plotted as 
histograms that give the number of observations in relation to the size of the 
gap junctions. Classes of 0.4 pm amplitude were chosen as it appears that 0.4 
pm was of the order of error made when measuring, directly from the computer 
screen, the size of the fluorescent spot.

For each embryo, the histogram plot was analysed using the non- 
parametric Mann-Whitney test.

6.3.1 Control B10CF1 embryos 

8-cell compacting embryos

Figure 38,A illustrates the distribution of gap junction length for the 3 
B10CF1 8 -cell compacting embryos which were classified as putative transferring 
embryos according to the number of gap junctions scored. In these 3 embryos, 
named ME30, ME29, and ME23 (histograms a, b, c of Figure 38 respectively), 16, 
18, and 25 gap junctions were counted respectively.

The distribution of gap junction lengths is not homogenous both in 
individual embryos and between embryos at the same stage. The smallest length 
measured was 0.4 pm; 12.5 % (2/16) and 16 % (4/25) of the gap junctions felt in 
the class 0.4 to 0.8 pm for the embryos ME30 and ME23 respectively (Fig.38,A 
a,c) while no gap junction from embryo ME29 was smaller than 0.8 pm 
(Fig.38,A, b). The median values of the distribution of length of the gap 
junctions are 1.1 pm for both embryos ME30 and ME23 with 81.3 % (13/16) and 
60 % (15/25) of the lengths between 0.8 to 1.6 pm (Fig.38,A, a,c respectively). 
At the other end, ME29 shows larger variability in the distribution of lengths. 
The median value is 1.6 pm; with only 44.4 % (8/18) of the records between 0.8 
to 1.6 pm. The largest length measured was 3.4 pm and 27.8 % (5/18) of the



Figure 38. The length of gap junctions in B10CF1 embryos. Ordinate, number of 
observations; abscissa, size of the fluorescent spot (in pm) corresponding to specific 
immunolabeling of the gap junction proteins in 3 embryos at the 8 -cell compacting 
stage scored with 16 (a), 18 (b), and 25 (c) gap junctions (A), and in 3 embryos at 
the 8 -cell compacted stage scored with 19 (d), 8  (e), and 9 (f) gap junctions (B). 
The arrows indicate the median of each distribution.
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measurements were larger than 2.4 pm (Fig.38,A, b). Although the Mann- 
Whitney test indicates that the distribution of size for ME30 and ME29 are 
significantly different for these two embryos (p = 0.0224), their data were 
combined in order to compare gap junctional length with the stage of 
development and degree of compaction reached by the embryos.

8-cell compacted

The distribution of gap junctional lengths obtained for 3 B10CF1 embryo 
at the 8 -cell compacted stage is shown in Figure 38,B (embryos ME 18, ME21 and 
ME25; d, e, f respectively). These embryos were found to have 19, 8 , and 9 gap 
junctions respectively and have therefore the capacity to transfer dye through 
gap junctions to all blastomeres. As illustrated on the histogram plots of Figure 
38,B, the distribution of lengths covered a large range; from 0.6 to 5.8 pm. One 
fluorescent spot of 5.8 pm (Fig. 38,B,e; embryo ME21) was in fact at least 4 
individual spots when observed at higher magnification.

From these results, it is difficult to draw a common picture since embryo 
ME25 and embryo ME21, with nearly an identical number of gap junctions, 
display a totally different distribution of lengths. Effectively 100 % (9) of the 
gap junctions from ME25 (Fig. 38,B, f) have lengths ranging from 1.2 to 2 pm, 
the median of this distribution lies at 1.6 pm; whereas the median of the 
distribution of lengths for embryo ME21 lies at 1.2 pm; 62.5 % of the gap 
junctions were measured between 0.8 to 1.6 pm. No gap junctions were 
measured between 1.6 and 2.4 pm and 37.5 % (3/8) were larger than 2.4 pm.

The histogram plot from the data obtained with the 19 gap junctions of 
embryo ME 18 (Fig. 38,B, d) shows lengths ranging from 0.4 to 2.8 pm. The 
median of the distribution of length is 1.4 pm; only 1/19 gap junction was 
smaller than 0.8 pm, 47.4 % (9/19) were measured to be between 0.8 and 1.6 pm 
and the same proportion, 9/19 (47.4 %), were larger than 1.6 pm.

Although these distributions have different median values; 1.4, 1.2, and
1.6 pm for d, e, f respectively; they are not significant different (Mann-Whitney 
test: p= 1, p = 0.1459, p = 0.8803 for ME21 vs ME18, ME21 vs ME25, and ME25 vs 
ME 18 respectively).



Figure 39. Comparison of the length of gap junctions in 14 B10CF1 embryos. 
Ordinate, number of observations; abscissa, size of the fluorescent spot (in pm) 
corresponding to specific immunolabeling of the gap junction proteins in 3 
transferring embryos at the 8 -cell compacting stage (scored with more than 7 gap 
junctions) (A, White histogram); in 4 non-transferring embryos at the 8 -cell
compacting stage (scored with less than 7 gap junctions) (A, shaded histogram); in 
3 transferring embryos at the 8 -cell compacted stage (scored with more than 7 gap
junctions) (B, White histogram), in 4 non-transferring embryos at the 8 -cell
compacted stage (scored with less than 7 gap junctions) (B, shaded histogram).
The arrows indicate the median of each distribution.
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Comparison between 8-cell compacting and 8-cell compacted embryos

In order to compare the length of gap junctions between the two state of 
compaction, data obtained from the 8  compacting embryos were pooled and 
compared to the pooled data obtained from the 8  compacted embryos.

Figure 39 summarizes the results obtained using histogram plots. The 
median values are 1.2 and 1.4 pm for the 8 -cell compacting and the 8 -cell 
compacted group respectively (Fig. 39,A, B respectively). 11.5 % (7/61) of the 
gap junctions from the compacting embryos were smaller than 0.8 pm, 63.9 % 
(39/61) were between 0.8 and 1.6 pm and 24.6 % (15/61) larger than 1.6 pm 
(Fig.39,A). In comparison, 1 gap junction from the 45 measured in the 
compacted embryos was less than 0.8 pm, 55.6 % (25/45) were between 0.8 and
1.6 pm and 42.2 % were larger than 1.6 pm; among those 8.9 % (4/45) were 
larger than 2.4 pm (Fig.39,B).

Statistical analysis (Mann-Whitney test) indicates that the gap junctions 
from the 8 -cell compacted embryos tend to be larger than those from the 8 -cell 
embryos in the process of compaction (p = 0.0474).

Although the sizes of the samples obtained from embryos scored with a 
low number of gap junctions are small, it is worth noting that:

* for the 8 -cell compacting embryos, the distribution 
of gap junctional lengths (Fig.39,A, shaded histogram) seems to match the 
distribution of lengths obtained from all the embryos at this stage.

* whereas for the 8 -cell compacted embryos, the 
distribution obtained (Fig.39,B, shaded histogram) seems to be different. A 
majority (77.8 %, 7/9) of the gap junctions were between 0.8 and 1.6 pm long. 
However additional data needs to be collected in order to get a correct idea of 
this phenomenom.

6.3.2 DDK/C3H embryos

Figure 40 gives histogram plots of the length of gap junctions scored on 
DDK/C3H embryos at the 8 -cell compacted stage (Fig. 40,A) and at the 16-cell 
compacted stage (Fig. 40,B).

Histograms of Figure 40,A was constructed from results obtained for the 
two 8 -cell compacted embryos with 9 and 10 gap junctions (ie, classified as 
putative transferring embryos). Figure 40,B is composed of two histograms: one



Figure 40. Comparison of the length of gap junctions in 5 DDK/C3H embryos. 
Ordinate, number of observations; abscissa, size of the fluorescent spot (in pm) 
corresponding to specific immunolabeling of the gap junction proteins in 2 

transferring embryos at the 8 -cell compacted stage (scored with more than 7 gap 
junctions) (A), in 2 transferring embryos at the 16-cell stage (B, White histogram), 
in 1 non-transferring embryos at the 16-cell stage (B, shaded histogram). The 
arrows indicate the median of each distribution.
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from embryo ME42 with 13 gap junctions; the blastomeres of this embryo, as 
already mentioned paragraph 6 .2 .1.2 are probably not all dye coupled (shaded 
bars). Alternately, the second histogram (white bars) was constructed from 
pooled data of embryos ME43 and ME50 (2 putative transferring embryos) with 
27 and 29 gap junctions respectively. Data from ME43 was acquired 
subsequently from photographs, therefore it was not possible to collect 
measurements for all the gap junctions counted in this embryo, as all optical 
sections were not photographed.

8-cell compacted embryos

Lengths of gap junctions for DDK/C3H embryos at the 8 -cell compacted 
stage cover a large range: from 0.4 to 4 pm. 5.3 % (1/19) was smallest than 0.8 
pm, 41.1 % (8/19) were measured between 0.8 and 1.6 pm, but a majority of the 
lengths measured (52.6 %, 10/19) were larger than 1.6 pm. The median of the 
distribution lies at 1.6 pm (Fig. 40,A).

16-cell compacted embryos

As opposed to embryos at the 8 -cell stage, at the 16-cell stage 69.8 % 
(37/53) of the gap junctions have lengths between 0.8 and 1.6 pm, 13.2 % (7/53) 
were smaller than 0.8 pm and nearly the same proportion (17 %, 9/53) larger 
than 1.6 pm. The median of the distribution of lengths was 1.0 pm (Fig.40,B). 
For comparison, the data obtained from embryo ME42 with only 13 gap 
junctions, was plotted on the same histogram as the two others 16-cell stage 
embryos (Fig.40,B, shaded histogram). The median of the distribution of lengths 
for embryo ME42 lies at 1.1 pm and similar proportion was found for each class 
between the two distributions. No significant difference between these two 
distributions was found.

Comparison between 8- and 16-cell stage DDK/C3H embryos

Statistical analysis of the distribution of lengths for embryos at the 8 - 
and 16-cell stage of Figure 35, indicates that these two types of embryos have
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significantly different gap junctional sizes (p = 0.0004). Gap junctions, although 
fewer in embryos at the 8 -cell stage, are larger than at the 16-cell stage.

Comparison between B10CF1 and DDK/C3H embryos

Comparison of the size of the gap junctions between control and 
DDK/C3H embryos at the 8 -cell compacted stage was performed using the Mann- 
Whitney test on the histograms shown in Figure 40,A and 39,B for control 
B10CF1 and DDK/C3H embryos respectively. The two distributions were not 
significantly different between the two (p = 0.6425). Unfortunately, it was not 
possible at that time to collect 16-cell stage B10CF1 embryos as well as 
DDK/DDK embryos either at the 8 - or 16-cell stages. This results needs to be 
collected in order to get a complete picture of the distribution and size of the 
gap junctions in control and DDK/C3H embryos according to the stage of 
development before implantation.

6.4. Discussion

The specific labeling of gap junction proteins obtained with the 
antipeptide antibody raised against residues 131 to 142 of the connexin43 was 
positive in our experiments in both types of embryos; control B10CF1 and 
DDK/C3H embryos. In addition, it was only observed at stages where the 
blastomeres are supposed to be electrically and metabolically coupled through 
gap junctions.

From these results we can conclude that DDK/C3H embryos are able to 
synthetise gap junction proteins, probably connexin43, and to form gap 
junctional channels apparently identical to those found in control B10CF1 
embryos. This finding rule out the possibility that the defect involved in the 
DDK/C3H "syndrome" lies at the level of gap junctional protein synthesis.

In 1987, Lee, Gilula and Warner reported specific immunolocalization of 
gap junctions in the mouse embryo at the 16- to 32-cell stage, using an affinity 
purified antibody raised against the major 27/32 kD protein electrophoretically 
eluted from rat liver gap junctions (Warner et al., 1984). However, these 
antibodies were polyclonal antibodies, they are now known to cross react with a 
number of different gap junctions proteins, including connexin43 and appear to 
recognize epitopes that are shared between the different member of the 
homologous family of gap junctions proteins (Green personal communication).
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Further evidence for the presence of connexin43 in mouse preimplantation 
development came from the recent work of Barron et al (1989). Using a 
monoclonal antibody which recognizes specifically connexin32, these authors 
showed that connexin32 is present in all stages of mouse preimplantation 
development, from the one-cell zygote through the late morula. However, they 
did not detect connexin32 mRNA in any preimplantation stage whereas they 
showed that the mRNA for connexin43 is abundant in morulae and early 
blastocyst embryos. The works of Barron et al., (1989) suggests that it is more 
likely connexin43, and not connexin32, that is used to form gap junctional 
plaques when intercellular coupling appears after compaction.

In order to compare the number of gap junctions in 8 -cell and 16-cell 
stage embryos, it is necessary to know the number of gap junctions per 
blastomere rather than for the whole embryo. This conversion was done from 
the results summarized in Table 8  for the putative transferring embryos. In 
control 8 -cell compacted embryos each blastomeres possess 1, 1.1, or 2.4 gap 
junctions per blastomere, corresponding to the 8 , 9, and 19 gap junctions found 
in each embryos respectively. This give a mean value of 1.5 (n = 3) gap 
junctional plaques per blastomere.

By comparison, in DDK/C3H embryos, a similar calculation gives a 
number of gap junctions per blastomere of 1.1 to 1.2. From Table 8 , it appears 
that at the 16-cell stage, the DDK/C3H embryos have roughly triple the number 
of the gap junctions while doubling the number of blastomeres. This gives a 
mean of 1.7 (n = 4) gap junctional plaques for each blastomere of the 16-cell 
DDK/C3H embryos. No statistical analysis has been done because of the small 
sample sizes. However, when looking at the level of individual blastomere, it 
seems that the 16-cell DDK/C3H embryos have more gap junctions than the 8 - 
cell compacted ones. Several possibilities could be proposed to explain such 
results.

(i) The 16-cell DDK/C3H embryos are not normal embryos; consequently, 
they tend to overcome the defect in cell-cell communication by increasing the 
number of gap junctions involved in the coupling. This suggests that between 
the 8 -cell and the 16-cell stage, DDK/C3H embryos incorporate more gap 
junction proteins in their membranes. This incorporation may involve new 
synthesis of gap junction proteins and/or the use of gap junction proteins from 
intracellular pool. The larger number of gap junctions observed in 16-cell 
embryos could therefore be characteristic of the DDK/C3H embryos and not of 
the stage of development reached, regardless of the origin of the embryos



Figure 41. Schematic diagram of gap junctions assembly during preimplantation 
development of mouse embryo. Gap junctions appear at the 8 -cell compacting 
stage (a). During compaction, the number of gap junctions increase (b), then they 
aggregate to form larger junctions when the embryos is fully compacted (c). 
During the 8 - to 16-cell transition, both the size and the number of the junctions 
decrease (d). At the end of the fourth division (16-cell stage embryos), the 
number of the gap junctions starts to increase again (e).
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(DDK/DDK or DDK/C3H). The change of coupling properties between coupled 
blastomeres at different stage of development may be due to changes in the 
number of gap junctions per blastomeres that are involved in the coupling. The 
data reported in chapter 2indeed support this hypothesis. 16-cell DDK/C3H 
embryos were found to be both significantly quicker in transferring Lucifer 
Yellow than 8 -cell compacted DDK/C3H embryos, and not significantly different 
from control 16-cell DDK/DDK embryos.

(ii) However, the data obtained from dye transfer rates can also support 
the possibility that 16-cell DDK/C3H embryos used for immunolabeling, were in 
fact normal embryos. The higher number of gap junctions reflecting for example 
a higher state of compaction, characteristic of all embryos at the 16-cell stage. 
Our experiments cannot discriminate between the two possibilities but the 
results obtained by modifying gap junctional permeability (Buehr et al., 1987; 
and our results) and the measurements of intracellular pH with the pH-sensitive 
fluorescent probe BCECF suggest that the poor cell-cell communication observed 
in embryos from the DDK/C3H cross results from differences in the gap 
junctional permeability due to differences at the level of intracellular pH 
regulation between control and DDK/C3H embryos. However additional data on 
gap junctions number and size from DDK/DDK and DDK/C3H embryos should be 
collected in order to test these two hypotheses.

The immunolabeling results also suggest a possible mechanism for gap 
junctional assembly and disassembly during compaction and transition from the 
8 -cell to the 16-cell stage. Data obtained with DDK/C3H embryos can be used as 
well if one assumed that these embryos were making gap junctions just like the 
control embryos.

Figure 41 gives a schematic diagram of the mechanism. In a first step, 8 - 
cell compacting embryos show a small number of gap junctions (insufficient 
information about the size of these junctions is available). In a second step, 
compacting embryos start to increase the number of gap junctions whose size 
are around 1.2 pm. During compaction, the size of the gap junctions increase 
(about 1.4 to 1.6 pm) while their numbers decrease. This suggests a 
redistribution of the gap junctional particles leading to bigger but fewer gap 
junctions. This type of gap junction reorganization has been observed by freeze- 
fracture during the metamorphosis of an insect (Lane and Swales, 1980). 
Although this phenomenom has not been reported in vertebrates tissues, it 
cannot be excluded. During the transition from the 8 - to 16-cell stage, the 
number as well as size of the gap junctions decrease. The number of gap 
junctions increase again when the embryos have reached the 16-cell stage. This
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mechanism is in agreement with the early work of Magnuson et al., (1977) who 
showed, using freeze fracture electron microscopy, that as the development 
progressed from the early to mid 8 - to 16-cell stages, the occludens and gap 
junction complexes increase in size with a diameter up to 1.5 pm. Recently, 
some additional data on the number of gap junctions in control B10CF1 
embryos, at the 8 -cell and 8 - to 16-cell stages, were collected using the same 
immunolabeling technique as that reported in this thesis (Becker, Green and 
Warner; 1990, personal communication). 10 and 15 gap junctions were counted 
in 8 - to 16-cell stage embryos, and 20 and 32 gap junctions in 2 embryos at the 
16-cell stage. This gives a number of gap junctions per blastomere of 1.3 to 2. 
These values are very similar to those found in 16-cell defecive DDK/C3H 
embryos. This result supports our second hypothesis which assumes that the 
higher number of gap junctions is characteristic of the stage of development and 
reflects a higher state of compaction rather than an attempt by the DDK/C3H 
embryos to overcome their defect in cell-cell communication by increasing the 
number of their junctions. In addition, 43 gap junctions were counted in a 8 - 
cell B10CF1 embryo. Although this value is very high in comparison to those 
found so far (Table 8 ), it is in agreement with the diagram of gap junctions 
assembly presented in Figure 41.



GENERAL DISCUSSION
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The results presented in this thesis contribute to the knowledge of the 
DDK/C3H syndrome as well as to the understanding of the role played by cell
cell communication through gap junctions in the development of 
preimplantation mammalian embryos.

The main conclusions which can be drawn about the defect involved in 
the DDK/C3H phenotype, are the followings: (1) The DDK/C3H mouse embryos 
are able to synthetise gap junctional proteins and to form, like any other normal 
embryo, at the 8 -cell stage, functional gap junctional channels with connexin43. 
Therefore, a failure in the gap junctional channel formation cannot be 
implicated in the syndrome. (2) A state of low intracellular pH, inducing a 
reduction in gap junctional communication between blastomeres of 8 -cell stage 
embryos is more likely responsible for the early embryonic death of about 40 to 
45 % of the DDK/C3H embryos. (3) In fact, these embryos can be divide in three 
subpopulations:

* True normal developing embryos, at least to the expanded
blastocyst stage.

* Embryos with low pHj, which will express the defect at an 
early stage, and will decompact toward the 16-cell stage.

* Embryos with pHj around 7, which however will express 
the defect at a later stage, and will form abnormal blastocyst around the 32- to 
64-cell stages. This finding is in agreement with the early work of Wakasugi in 
1973 and 1974 who suggest that at least four alleles are involved in the DDK 
syndrome.

The experiments showing that a low pHj condition may be implicated in 
the DDK defect (Buehr et al, 1987; and this thesis) suggest a pathway to tackle 
the study of this defect at a molecular level: It would be necessary to examine 
the implication of a pHj regulation mechanism in the DDK phenotype. However, 
an impaired pHj regulation mechanism seems to account for the death of only 
45 % of the DDK/C3H embryos. The situation is probably more complex. 
Indeed, Babinet et al (1990) not only show that the DDK phenotype is due to an 
incompatibility between a factor of paternal origin and a cytoplasmic product 
but also that a cytoplasmic factor, probably from maternal origin, can influence 
the paternal genome. Injection of DDK cytoplasm into 2-cell stage embryos from 
either Balb-c/DDK or from Balb-c/Balb-c crosses, lead to normal development up
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to the blastocyst stage of more than 70 % of the former while the later embryos 
show a strong reduction in their ability to form blastocyst (Barra and Renard, 
1988; Babinet et al., 1990).

Such°situation wherei the expression of embryoniogeniome is influence^by its 
parental origin is characteristic of genomic imprinting. This means that the 
paternal and the maternal alleles are not functionally equivalent. It is thought 
that imprinting of genes are important for normal mouse development and 
particularly for cell proliferation, cell interaction, and cell differentiation 
(Surani et al., 1990). The genetic control of the early mouse embryos involved 
the consecutive activation of at least three different programmes. The oocyte 
programme which induces the reactivation of the oocyte and the germinal 
vesicle breakdown, the activation programme which starts at fertilization and 
leads to protein synthesis from maternally inherited mRNA. These two 
programmes only involve the expression of the maternal genome. Around the 
mid-2-cell stage, while the activation programme switchs off, the embryonic 
programme takes over and leads to the switch on of embryonic genes, with both 
the expression of maternal and paternal genes (see Johnson, 1981; Magnuson 
and Epstein, 1981 and Johnson, et al., 1984 for review). Thus, it is from this 
stage that genomic imprinting is effective. Therefore, it will be interesting to 
look at differences, from the mid-2-cell stage onwards, in the pattern of protein 
synthesis between control and DDK embryos. It will also be relevant to know if 
early stages (l-,2-, and 4-cell stages), the DDK/C3H embryos are characterized, 
like the 8-cell stage ones, by low intracellular pH. This might provide an early 
marker for the DDK syndrome.

Differences in the pattern of protein synthesis was indeed found between
1-cell zygote, resulting from the DDK/alien cross and control 1-cell zygotes from 
Balb-c origin. The comparison between the two protein patterns indicates that a 
particular polypeptide, termed D14, is actively synthetized by the DDK 1-cell 
zygote whereas it is produced to a much lesser extent by control ones (Richoux 
et al., 1991). However, no correlation was found between the synthesis of D14 
and the DDK defective phenotype, indicating that this polypeptide is not 
directly involved in the early death of the DDK/alien embryos. Since the DDK 
phenotype shows up only around the morula stage, it is possible that initiation 
of the lethal effect occurs later in development, at the late 8-cell stage. 
Consequently, comparison of protein synthesis patterns should rather be done 
around the 8-cell stage.

There are several other recessive mutations known to affect the 
development of preimplantation mouse embryos (Magnuson and Epstein, 1981).
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Among those mutations, one, called t12, displays early developmental 
abnormalities similar to those found whith the DDK/C3H embryos; it affects 
compaction. In the t12 mutant embryos, cell divisions are normal and the 
embryos are morphologically identical to normal developing control embryos. 
Compaction proceeds normally but, the compacted 8-cell t12 embryos soon 
decompact and fail to form blastocysts (Smith, 1956; Mintz, 1964). The 
mutation t12 occurs in a large region of the chromosome 17, called the T-locus 
(for review see Bennett, 1975). This mutation has been extensively studied in 
order to understand the mechanisms responsible for this early abnormal 
development (see Magnuson and Epstein, 1981 for review). In more recent 
work, Nozaki et al., (1986) show that the protein pattern of single embryos from 
the wild type and from the t12 mutant already differs at the mid-morula-stage 
although the morphology of the t12 embryos is still normal. In particular, they 
show that the expression of cytokeratin-type intermediate filament protein 
(Endo A and Endo B) is remarkably reduced. It is noteworthy that the 
synthesis of intermediate filament proteins as well as the intermediate filaments 
themselves are first detected at the time of compaction (Lehtonen et al., 1983; 
Oshima et al., 1983). It will also be interesting to look at the pattern of cell-cell 
communication in this mutant in comparison to that found in the DDK/C3H 
embryos.

Beside an insight onto the mechanism involve in the DDK/C3H defect, the 
work presented in this thesis also shows that manipulations of gap junctional 
permeability can interfere with the development of 8-cell stage embryos up to 
the blastocyst stage and consequently with the differentiation of the ICM and 
trophectoderm.

The results obtained in the present work, suggest that the mechanism 
involve in maintaining a compacted organization of the mouse blastomeres 
require the presence of intercellular communication through gap junctions 
during a time long enough to allow the synthesis and the transmission of a 
"signal" molecule(s) to all blastomeres. According to the findings of chapter 5 
with c-AMP and to the results obtained by Buehr et al in 1987 with 
methylamine, this time can be estimated to be at least 6 hours. This signal may 
be involved directly or indirectly, in one of the different features of compaction. 
Failure in its transmission to all blastomeres will lead to decompaction.
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If this work gives further evidence that gap junctions play an effective 
role in development, it also gives rise to several new questions:

* What is the nature of the "information(s)" exchange by the 
blastomeres of compacted mouse embryos?

* What is the mechanism which controls its synthesis?
* Is the signal synthesized by a particular cell type (polar or apolar

cells)?
* What is its target and how can cell diversity be generated?

From the results obtained with the DDK/C3H embryos (Buehr et al., 1987; 
Lee et al., 1987; this thesis), it can be predicted that the signal travels through 
gap junctions. Therefore, a good candidate could be a small peptide. Such a 
developmentally important signal molecule as so far been only isolated in Hydra 
(Schaller and Bodenmuller, 1981).

The process of compaction itself may be implicated in the control of its 
synthesis. Indeed, as was discussed in the "Introduction", prior to blastocyst 
formation, a transcellular ion current, due to restricted localization of ion 
channels and pumps, flows from the apical to the basolateral end of single polar 
blastomeres (Jaffe, 1981; Nuccitelli and Wiley, 1985). This transcellular current 
is thought to generate cytoplasmic ion gradients as well as charge molecules 
gradients. In the follicle of the insect Cecropia, such current has been observed 
to account for a self electrophoresis-like action. This, in turn, can generate a 
gradient of molecules within the cell (Woodruff and Telfer, 1980).

In the whole mouse embryos, since all blastomeres are coupled through 
gap junctions, this transcellular current may be responsible for the accumulation 
of charged molecules in the apolar cells. Therefore, it could be possible, in spite 
of intercellular coupling, to generate positional information within the mouse 
embryo. The synthesis of the above cited signal may thus be under the control 
of such a gradient. Its synthesis can occur either in the apolar or polar cells, 
according to the mechanism of activation of the gene coding for this signal.

The mechanism for maintaining compaction presented here fits with the 
finding that the polar and the apolar blastomeres of the mouse morula are 
committed to their respective fate very late in preimplantation development, ie, 
at the fully expanded blastocyst stage (Gardner, 1972; Rossant, 1975a, b). It 
also fits with both the inside/outside and the polarization hypothesis. Indeed, 
changing the position (inside or outside) of a blastomere will modified the 
transcellular current and thus the ions and small molecules gradients.

Finally, the use of different mutations (t12, DDK...) affecting normal 
preimplantation development may provide a valuable tool to test the above
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mechanism for maintaining compaction, and for dissecting how gap junctions 
are involved in cell differentiation.
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