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ABSTRACT
Concommitant with in vitro cleavage arrest at the 2- 

cell stage, the mitochondria of embryos from random-bred
mice became clustered around the nuclei and the region of
the cytocortex immediately adjacent to the plasma
membrane. Injection of small aliquots of G2 phase 
cytoplasm from normally cleaving embryos of an inbred 
mouse strain restored the homogeneous mitochondrial 
organisation characteristic of such embryos in a
proportion of injected recipients. Subsequently, mitosis 
was reinitiated in these embryos and they proceeded to 
the blastocyst stage in vitro. Injection of cytoplasm 
from oocytes, after breakdown of the germinal vesicle, 
failed to reinitiate cleavage but led to nuclear membrane 
breakdown and partial condensation of the chromatin. It 
was concluded that the ”G2 cytoplasmic rescue factor" 
exhibits no functional homology with Maturation/Mitosis 
Promoting Factor (MPF).

One-cell random-bred embryos developed to the 
blastocyst stage within explanted oviducts maintained in 
organ culture. However, whilst embryos flushed from in 
vivo oviducts at the mid to late 2-cell stage developed 
to the blastocyst stage in vitro, embryos from organ 
cultured oviducts were only capable of similar 
development when flushed at the 4-cell stage.

jitThe metabolic inhibitors KAs and iodoacetamide 
induced mitochondrial aggregation in 2-cell inbred 
embryos, similar to that observed in cleavage arrested 
random-bred embryos. Culture in medium containing glucose 
as the sole energy source had a similar effect.

2



Investigation of the substrate requirements of inbred 
embryos revealed that lactate alone supported first 
cleavage in a majority of embryos, and lactate + pyruvate 
supported complete development to the morula stage. 
Exposure to medium containing glucose for 24h at any 
stage before Day 4 of development was required to support 
the morula to blastocyst transition. In random-bred 
embryos, maximal development from the 1-cell stage was 
obtained in medium lacking lactate on Day 1 of culture, 
and glucose on Day 2, but including lactate, pyruvate and 
glucose from Day 3 onwards.
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INTRODUCTION

During the past 30 years considerable progress has 
been made in our understanding of the developmental 
requirements of the preimplantation mammalian embryo. 
This has been made possible by the development of 
relatively simple and well defined in vitro culture 
techniques which have allowed separate assessment of the 
maternal and embryonic contributions to development to be 
investigated.

Embryos from the majority of mammalian species have 
proved to be extremely refractory to culture however. 
Complete development from the 1-cell to blastocyst stage 
in vitro has only been obtained consistently with embryos 
from certain inbred mouse stains and their F1 hybrids, 
when cultured in simple chemically defined media 
comprised of a basic physiological salt solution with the 
energy substrates lactate, pyruvate and glucose. 
Preimplantation embryos of outbred strains of mice are 
only capable of such development when cultured 
from the late 2-cell stage. If cultured from the 1-cell 
stage, these embryos undergo first cleavage only and 
arrest development during G2 phase of the second cell 
cycle, a phenomenon known as the "in vitro 2-cell block". 
Similar stage-dependant "in vitro" blocks to development 
occur in the embryos of other mammalian species? for 
example at the 4-cell stage in the pig, the 8-cell stage 
in the sheep and the 4- to 8-cell stage in the human.

These difficulties in culturing 1-cell and other 
preimplantation embryos, have seriously hampered
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progress in the application of biotechnologies such 
as gene-transfer and nuclear transplantation. This 
study was initiated to investigate the nature and 
causes of the "in vitro 2-cell block" in the 
preimplantation mouse embryo, to obtain a clearer 
understanding of this phenomenon and thus improve 
techniques for the culture of embryos of this and 
other mammalian species.
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CHAPTER 1

LITERATURE REVIEW
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LITERATURE REVIEW

The review of the literature has been divided into 4 
main sections. Firstly, information on the functional 
aspects of the mammalian oviduct is considered. Secondly, 
the present status of our knowledge of the culture of 
mammalian embryos is summarised, with special reference 
to the mouse. Thirdly, the information gathered on the 
biochemistry of the preimplantation embryo, as a result 
of the development of successful in vitro culture methods 
is presented. Lastly, there is a brief review of the 
recent dramatic advances in our understanding of the 
factors responsible for the regulation of the meiotic and 
mitotic cell cycles.

1.1 The oviductal environment.

Once considered only as a means of transporting the 
spermatozoa to the oocyte, and the fertilized embryo to 
the uterus, the oviduct has been shown to provide the 
environment in which a number of important reproductive 
events take place. In addition to facilitating the 
transport of gametes and embryos by the action of 
ciliated cells in the oviductal epithelium (Nicolas, 
1890; Fredricsson? 1959 a, b), the fluid environment 
within the oviductal lumen provides the medium in which 
capacitation of the spermatozoa occurs (Chang, 1959; 
Austin, 1961), and an appropriate nutritive and 
physiological environment for development of the
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preimplantation embryo (Hafez,1967). As with other 
biological fluids, the luminal fluid of the female 
reproductive tract contains a wide variety of substances 
including inorganic ions, energy substrates, amino acids, 
serum proteins, enzymes and hormones (Hamner, 1971). 
Additionally, specific oviductal and uterine proteins are 
known to be secreted by the oviductal and uterine 
epithelia (Kapur and Johnson, 1985, 1986; Nieder and
Macon, 1987; Robitaille et al. 1988; Kan et al. 1988),
although the functional significance of these is as yet 
poorly understood.

The composition and volume of the fluids secreted by 
the oviduct and uterus are known to change continuously 
throughout the oestrous cycle, under the influence of
steroid hormones (Mastroianni and Wallach, 1961; Holmdahl 
and Mastroianni, 1965; Hamner and Williams, 1965; Perkins 
and Goode, 1966; Restall, 1966 b; Restall and Wales, 
1966; Beier, 1974; Tantayaporn et al. 1974). Presumably 
these changes are necessary to satisfy the specific 
requirements of the embryo at its various early stages 
of preimplantation development (Hamner and Fox, 1969; 
Hamner, 1971), so to develop suitable in vitro culture 
systems it is necessary to have a thorough knowledge of 
the natural environment to which the embryo is exposed 
in vivo.

One of the earliest methods employed to study the 
composition of oviductal and uterine tubal fluids, 
involved ligation of specific sections of the 
reproductive tract to allow fluid accumulation in the 
region under investigation (Homberger and Tregier, 1957;

18



Stevens et al. 1964; Hamner and Fox, 1969? Brackett and 
Mastroianni, 1974). Cannulation of the oviduct to 
demonstrate its secretory activity was first accomplished 
(Bishop, 1956) in the rabbit. Subsequently this has been 
one of the most common methods used for the collection of 
fluid during the oestrous cycle. The advantage of this 
technique is the ability to recover sufficient fluid for 
biochemical analysis. It has been used to study the 
secretions in many species, including the rabbit (Clewe 
and Mastroianni, 1960; Mastroianni and Wallach, 1961? 
Hamner and Williams, 1965? Holmdahl and Mastroianni, 
1965? Iritani et al. 1971), sheep (Black et al. 1963; 
Perkins et al. 1965? Restall, 1966 a? Iritani et al. 
1969? Wales, 1973? Sutton et al. 1984), cow (Fahning et 
al. 1966, 1967? Carlson, et al. 1970), pig (Edgerton et 
al. 1966), monkey (Mastroianni et al. 1961)? and human 
(Moghissi, 1970? Lippes et al. 1972). Other studies have 
involved aspiration and flushing of the reproductive 
tract (Heap, 1962; Hamner and Fox, 1969? Wales and 
Edirisinghe, 1989).

Care must be taken in interpretation of the fluid 
analyses, since the procedures themselves have been shown 
to modify the composition of the fluids collected. 
Ligation alters their volume, as well as composition, 
(Heap, 1962? Brackett and Mastroianni, 1974). Flushing 
may strip cells from the luminal epithelium, causing 
contamination of fluid (Martin, 1984), and surgical 
cannulation of the tract may cause inflammation of the 
region under investigation and damage to the luminal 
epithelium (Wales and Restall, 1971). For an excellent
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recent review on the formation and function of oviduct 
fluid see Leese (1988).
1.1.1 Cyclical variation in the pattern of secretion.

Almost all studies have indicated the level of 
secretion in the female reproductive tract is greatest at 
oestrus, when the levels of endogenous oestrogen are at 
their highest (Blandau, 1945; Olds and Van Demark, 1957; 
Mastroianni et al. 1961; Perkins et al. 1965; Restall, 
1966 b; Iritani et al. 1969; Wales and Restall, 1971), 
and falls rapidly during dioestrus under the influence of 
progesterone . The exception to this appears to be the 
mare, where Blue et al. (1984) observed no significant 
changes in the volume of fluid secreted during the 
oestrous cycle.

Secretion in the oviduct and uterus of the spayed 
rabbit (Bishop, 1956; Mastroianni and Wallach, 1961) and 
ewe (Restall, 1966 b) is reduced to a very low level. 
If exogenous oestrogen is given to these animals, the 
secretion increases considerably, but progesterone has no 
effect. In addition, Mastroianni et al. (1961) and 
Restall (1966 b) showed that progesterone in the presence 
of oestrogen decreases the secretory rate. Interestingly, 
Borell et al. (1956), observed that secretory cells were 
absent in the oviduct of the spayed rabbit.

The volume of fluid in the reproductive tract varies 
considerably over the course of the oestrous cycle. 
Uterine fluid volumes vary from 2.5 to 90 ul in the mouse 
(Wales and Edirisinghe, 1989), 0.2 to 0.9 ml in the rat 
(Howard and De Foe, 1959), and 0.1 to 2 ml in the rabbit
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(Stevens et al.1964). Secretion rates have also been 
studied in a variety of species and include, 0.29 to 2.56 
ml/day in the sheep (Wales and Restall, 1971), 0.4 to 5 
ml/day in the cow (Fahning et al. 1966) and an average of 
0.37 ml/day in the rabbit over the whole oestrous cycle 
(Iritani et al. 1971).

Wales and Restall (1971) found tubal secretion in 
the ewe was up to 3 times greater than uterine secretion. 
Similarly, in the rabbit, the average secretion rate was 
reported to be 0.89 ml/day in the oviduct compared with 
0.37 ml/day in the uterus (Iritani et al. 1971). Since 
the tubal secretion rate is greater, the majority of the 
fluid collected by cannulation of the uterus may 
represent the product of tubal, rather than uterine 
secretion.

The drop in the uterine fluid volume after oestrus 
is dramatic. For example, the uterine fluid volume drops 
from 90 ul on Day 1, to 2.5 ul on Day 2 of pregnancy in 
the mouse (Wales and Edirisinghe, 1989). Similarly in the 
sheep the oviductal fluid volume is greatest within 2 
days of oestrus and decreases during dioestrus (Perkins 
et al. 1965)

To summarise, in all species studied so far, with 
the possible exception of the horse, a definite cyclical 
pattern occurs in the production of oviductal and uterine 
fluid. This is influenced by the fluctuating levels of 
endogenous ovarian hormones during the oestrous cycle.
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1.1.2 Chemical composition of the reproductive tract 
fluid.

The luminal fluids of the reproductive tract have a 
basic composition similar to that of blood serum but 
certain qualitative and quantitative differences do 
occur. Interpretation of the data in all of these studies 
has proved to be extremely difficult, since considerable 
variance in quantitative measurements has been found as 
a result of differences in the collection methods 
employed.

1.1.2.1. Electrolytes.

There is considerable variation between the 
concentration of electrolytes in blood plasma and 
oviductal fluid. The electrolyte composition of 
oviductal fluid from cannulated oviducts has been studied 
in the rabbit (Mastroianni and Wallach, 1961; Holmdahl 
and Mastroianni, 1965; Hamner and Williams, 1965) and ewe 
(Restall and Wales,1966; Hamner, 1971).

Hamner and Williams (1965) measured sodium, 
potassium, calcium, chloride and bicarbonate levels, but 
did not state the reproductive states of the does. They 
found relatively high bicarbonate (28.2 meq/1) and 
potassium (5.6 meq/1) levels in the oviductal fluid 
compared to blood plasma. Holmdahl and Mastroianni (1965) 
found a decrease in sodium and an increase in calcium 
after ovulation, but no changes in potassium and chloride 
levels. Restall and Wales (1966) found sodium to be the
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"Addendum

This finding is in agreement with the earlier observations of 

Borland et al. (1977) In the mouse employing a micropuncture 

and electron probe microanalysis technique. Bursal sac fluid was 

lower in calcium, sulphate and phosphate than serum, but slightly 

higher in potassium, whilst ampullary and isthmic fluids contained 

high concentrations of potassium (23-25mM) but low 

concentrations of caicium (1.7 - 2.0mM). Analysis of the 

proestrous oviductal fluids suggested that the high potassium 

levels in the mouse oviduct were not due to the degeneration of 

cumulus cells, but probably originated from the oviductal 

epithelium.



main cation, and chloride the main anion, in the 
oviductal fluid of the ewe. Wales (1973) confirmed this 
finding in the uterine fluid of sheep collected by 
cannulation, where these ions were found to constitute 80 
-90% of the electrolytes present. The levels of potassium 
and chloride are 4 times and 30% higher respectively, in 
oviductal fluid than in blood plasma (Restall and Wales, 
1966), whilst the calcium, magnesium, sodium, bicarbonate 
and phosphate levels are generally lower. This study also 
showed the electrolyte concentrations were highest during 
oestrus, with the exception of magnesium, where the 
converse was true. Oestrogen increased the levels of 
potassium and bicarbonate in spayed ewes, and decreased 
the magnesium level.

In the mouse, the potassium concentrations in
uterine fluids collected by flushing are up to 10 times

. . . *higher than those of serum (Wales and Edirisinghe, 1989). 
Similar levels were found in the rat (Howard and De Foe, 
1959; Ringler, 1961), ewe (Wales, 1973) and rabbit 
(Hamner and Williams, 1965).Borland et al. (1980) also 
found high potassium levels in human oviductal fluid, 
using a micropuncture technique.

Tantayaporn et al. (1974) suggest high potassium 
levels may be important for sperm survival, 
fertilization, development and implantation of the 
embryo. Bicarbonate ions play an important role in the 
maintenance of an appropriate pH within the luminal 
fluid, and in the fixation of carbon by preimplantation 
embryos (Quinn and Wales, 1974).The significance of the 
changes in electrolyte concentration during the oestrous
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cycle, remains unknown, although the changes appear to be 
correlated with the functional state of the oviductal and 
uterine epithelia (Whittingham, 1967; Wales, 1970).

1.1.2.2. Energy Substrates.

The main energy substrates common to the oviductal 
and uterine fluids of most species studied are glucose,
lactate, and pyruvate (Hamner, 1971). Bishop (1957) found
no difference in glucose concentrations between oestrous, 
pregnant and spayed rabbits (0 - O.llmM). Olds and Van
Demark (1957) reported a 5mM reducing sugar concentration 
in the cannulated cow oviduct, although Restall and Wales 
(1966) were unable to detect the presence of glucose in 
the cannulated oviduct of the ewe. Mastroianni and 
Wallach (1961) reported an average concentration of 
reducing sugars in oviductal fluid of the rabbit of 
0.33mM. Later Holmdahl and Mastroianni (1965) reported a 
higher level of glucose in oviductal fluid collected at 
low temperature before, and after ovulation, (1.43mM and 
1.60mM respectively). This may explain the inability of 
Restall and Wales (1966) to detect glucose in the fluid 
of the ewe, since these values are 3 and 6 times greater 
than those obtained from fluid collected at body
temperature (0.47mM and 0.27mM respectively). Later
studies suggest the collection technique may influence 
the values obtained for the levels of glucose. Glucose 
concentrations in uterine fluid obtained by cannulation 
were 0.28mM in the ewe (Wales, 1973), and 0.46mM in the 
rabbit (Iritani et al. 1971). Recently, Leese and Barton
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(1985) found a glucose concentration of 1.46mM in rabbit 
oviductal fluid using a micropuncture technique.

Bishop (1957) found lactate concentrations in the 
oviductal fluid of oestrous, pregnant and spayed rabbits 
to be 0.75, 1.67 and 0.83mM respectively. Mastroianni and 
Wallach (1961) reported lactate concentrations ranging 
from 0.49 to 5.56mM in oestrous rabbits, and 0.78 to 
5.67mM in pregnant animals. Later Holmdahl and 
Mastroianni (1965) found concentrations of 2.10mM and 
3.11mM lactate in oviductal fluid collected before and 
after ovulation. This study was performed using fluid 
collected at low temperatures, producing less variable 
results, and confirms earlier findings that the 
concentration of lactate increases after ovulation in the 
rabbit (Mastroianni and Wallach, 1961). These figures are 
in close agreement with those of Leese and Barton (1985), 
who found 3.67mM lactate level in the oviductal fluid 
of the rabbit following ovulation. Similar lactate 
concentrations were found in ovine oviductal fluid 
collected by cannulation (1.54 to 5.17mM; Restall and 
Wales, 1966), and murine uterine fluid of the mouse, 
obtained by flushing (0.33 to 4.12mM? Wales and 
Edirisinghe, 1989).

Restall and Wales (1966) first suggested that a 
significant proportion of the lactate in luminal fluids 
of the ewe is produced by the luminal epithelial cells. 
This has since been confirmed by Leese and Barton (1985) 
in the rabbit.

Holmdahl and Mastroianni (1965) found oviductal 
concentrations of pyruvate in the rabbit of 0.18mM before
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ovulation, and 0.25mM after ovulation. These figures were 
obtained using fluid collected at low temperatures, and 
were considerably lower than those obtained from fluid 
collected at body temperature. This is similar to the 
figure of 0.30mM obtained by Leese and Barton (1985) 
using a micropuncture technique. Pyruvate levels in 
rabbit oviductal fluid are therefore about 10 times lower 
than those of lactate. Biggers et al. (1967) first 
suggested that cumulus cells are one of the sources of 
pyruvate in oviductal fluid, and this has since been 
confirmed by Leese and Barton (1985) who found that mouse 
cumulus cells generated 7.5 pmol of pyruvate /cell/h when 
incubated in medium containing glucose. Some of this 
pyruvate is thought to be synthesised from propionic acid 
in the rabbit in vivo (Leese, 1980).

1.1.2.3. Amino acids.

Analysis of the oviductal and uterine fluids of a 
number of species have revealed the presence of a variety 
of amino acids at concentrations generally higher than 
those in blood serum (Fahning et al. 1967; Gwatkin, 1969; 
Iritani et al. 1971; Jaszczak and Hafez, 1972; Wales, 
1973).

Jaszczak and Hafez (1972) found amino acid levels in 
rabbit uterine fluid are under hormonal control, and 
increase in response to progesterone. This result must be 
viewed with caution, since oviductal and uterine 
secretion decreases in response to progesterone (Olds and 
Van Demark, 1957; Mastroianni et al. 1961; Perkins et al.
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1965? Iritani et al. 1969; Wales and Restall, 1971). Thus 
the amino acids may simply increase in concentration as 
tubal secretion volume decrease. Gwatkin (1969) observed 
a drop in the levels of amino acids in mouse uterine 
fluid on Day 2 of pseudopregnancy, followed by a rise on 
Day 3.

It has been suggested that amino acids may play a
role in the nutrition of spermatozoa (Chang, 1959) as
well as in the processes of capacitation (Fahning et al. 
1966). This nutritional role has also been implicated in 
sustaining growth of the developing embryo (Wales, 1973; 
Carney and Bavister, 1987? Seshagiri and Bavister, 1989? 
Chatot et al. 1989) .

Qualitative and quantitative differences have been 
found between species in the amino acids present in
reproductive tract fluid. Fahning et al. (1966) showed 
glycine to be the major amino acid in uterine fluid of 
the cow. Alanine and glycine were the major amino acids 
found in the uterine fluid of the rabbit (Iritani et al. 
1971? Jaszczak and Hafez, 1972). However, Gwatkin (1969) 
showed that alanine had no significant effect on
blastocyst development or implantation in the mouse, 
whilst an effect was detected with other amino acids 
present at much lower concentrations. The relative 
amounts of amino acids in these secretions do not, 
therefore, necessarily reflect their importance in the 
maintenance of embryonic development.

27



1.1.2.4. Protein.

The oviductal and uterine protein fraction varies in 
quantity throughout the oestrous cycle. The majority of 
proteins are plasma proteins, with serum albumin and 
immunoglobulins forming the major part. However, there are 
quantitative and qualitative differences between 
oviductal and uterine fluid proteins and those of blood 
plasma. In the ewe, there is less albumin in the uterine 
fluid than in plasma, whilst the converse is true for B- 
globulins (Wales, 1973).

Interestingly, total protein values in the oviduct 
fluid show little variation during the oestrous cycle. 
Restall and Wales (1966) and Perkins and Goode (1966) 
found total protein values of 1.55g/100ml and 3.02g/100ml 
respectively in ovine oviductal fluid. The latter value 
is similar to that reported by Rowan (1965) who obtained 
a concentration of 3.82g/100ml. The protein concentration 
found in the rabbit (Hamner and Williams, 1965 and 
Holmdahl and Mastroianni 1965) was much lower 
(0.27g/100ml and 0.24g/100ml respectively), although 
certain protein fractions do vary since Perkins and Goode 
(1966) found an increase in alkaline phosphatase levels 
during oestrus.

Epithelial cells of both the oviduct and uterus 
actively synthesise certain secretory proteins, which may 
contribute to a large proportion of the total protein. 
For instance, blastokinin (Krishnan and Daniels, 1967), 
otherwise known as uteroglobulin (Beier, 1968), 
constitutes about 50% of the total protein in the uterine
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fluid of the rabbit. This is thought to be a steroid 
carrier (Beier, 1974) and to influence blastocyst 
outgrowth and the adhesion phase of implantation (Bazer 
et al. 1978). Similar secretory proteins have been found 
in the oviductal fluid of the sheep (Sutton et al. 1984), 
mouse (Kapur and Johnson, 1985, 1986; Nieder and Macon,
1987), pig (Squire et al. 1972) and baboon (Fazleabas and 
Verhage, 1986). The embryo also appears to secrete 
certain proteins at certain pre- and peri-implantation 
stages (Beier et al. 1970; Martal et al. 1979; Godkin et 
al. 1982, 1984), which may play a role in the processes 
of implantation and maternal recognition of pregnancy 
(Martal et al. 1979).

Several oviduct-specific proteins have been 
identified in the rabbit (Feigelson and Kay, 1972), mouse 
(Kapur and Johnson, 1985, 1986), hamster (Kan et al.
1988; Robitaille et al. 1988), monkey (Mastroianni et al. 
1970) , and hima>v(Moghissi, 1970) , but not in the cow 
(Stanke et al. 1974) or the ewe (Roberts et al. 1976). In 
the mouse, one of these appears to be selectively 
sequestered to the perivitelline space of oocytes and 
early embryos (Kapur and Johnson, 1986). Similarly, in 
the hamster, another of these appears to be associated 
exclusively with the zona pellucida of the oocyte and 
early embryo (Kan et al. 1988). The functional 
significance of these observations remains unclear.
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1.2. Culture of preimplantation embryos.

Investigations into the development of suitable in 
vitro culture techniques to support development of 
preimplantation mammalian embryos began as early as 1880, 
using media consisting mainly of biological fluids. These 
early attempts have been adequately reviewed by Brinster 
(1964, 1969 a), and such a review will not be undertaken 
in this dissertation.

To gain detailed information on the nutritional 
requirements and biochemistry of mammalian embryos, it 
was first necessary to develop a suitable culture medium 
which would give consistently high levels of development, 
with a defined chemical composition. This would allow 
manipulation of the individual components in a controlled 
manner. Whitten (1956) first reported the use of such a 
medium in the successful culture of preimplantation mouse 
embryos from the 8-cell to blastocyst stage when cultured 
in a modified Krebs-Ringer bicarbonate solution 
supplemented with lmg/ml glucose, antibiotics, and 
crystalline bovine serum albumin (BSA) at concentrations 
ranging from 0.3 to 60mg/ml. Subsequently, mouse 
blastocysts cultured from 8-cell embryos were shown to 
develop into normal live young after transfer to pseudo
pregnant recipients (McLaren and Biggers, 1958). Later, 
Whitten (1957) and Brinster (1963, 1965 a, b, c, d)
designed factorial type experiments to define the 
physiological requirements for optimal development at the 
8-cell and 2-cell stages respectively.

Although the embryos of a variety of mammalian
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species have been cultured with varying degrees of 
success, it is only in the mouse that co%s

Lah Jje~v<JLs of development from the 1-cell to  ̂blastocyst stage hayebeen 
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achieved |̂ (Whitten and Biggers, 1968? Whittingham, 1975; 
Kaye, 1986). So far, the evidence suggests that the 
culture requirements of the preimplantation embryo vary 
considerably between species and there is no universal 
culture medium which satisfies the nutritional needs of 
all mammalian embryos. Successful culture depends on the 
optimisation of a number of environmental factors 
including osmolarity, ionic composition and pH, and the 
provision of appropriate energy substrates, nitrogen 
source and gaseous atmosphere. These components are 
considered separately in the following section.

1.2.1. Osmolarity.

Blood serum and most tissue-culture media have a 
theoretical osmolarity of about 308 m osmol (Brinster, 
1965 a) although measured osmolarities range from 285 to 
290m osmol. Several studies have indicated that the 
osmolarity of the fluids in the female reproductive tract 
closely approximates that of blood serum (Restall and 
Wales, 1966; Hamner, 1971? Iritani et al. 1971).

The effect of osmolarity on the development of 2- 
cell mouse embryos to the blastocyst stage was first 
examined by Brinster (1965 a) who found that embryos 
developed in media with a wide range of osmolarities (200 
- 354m osmol). An optimal response was obtained at 276m 
osmol. This was a surprising result, since this value is
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lower than that typically recorded for blood serum. 
However, optimal osmolarities between 270 - 2 8 0 m  osmol
have also been recorded for in vitro culture of a number 
of other mammalian tissues (Brinster, 1969 a), so the 
relatively low osmolarity found to be optimal for culture 
may reflect some in vitro artefact as a result of a 
failure to accurately re-create in vivo conditions.

1.2.2. Electrolytes.

Generally the ionic composition of any medium used 
to maintain mammalian cells in vitro is similar to the 
fluid surrounding them in vivo. Thus for the pre
implantation embryo the ionic composition of culture 
media reflects that of the luminal fluid of the 
reproductive tract. Essentially it resembles blood 
plasma, although the concentrations of certain components 
appear to differ (see Section 1.1.2.1). The ionic 
composition of Krebs-Ringer bicarbonate solution is based 
upon that of blood plasma, and is frequently used in its 
original or modified forms as a basic physiological salt 
solution for chemically defined media. It contains 6.0mM 
potassium, 1.2mM magnesium, 1.7mM calcium, 1.2mM 
phosphate and 1.2mM sulphate, with the resultant solution 
being made up to the desired physiological osmolarity 
with sodium chloride.

Whitten (1956) found that 8-cell mouse embryos were 
unable to develop in a modified Krebs-Ringer bicarbonate 
solution lacking calcium, magnesium and potassium. Wales 
(1970) found that 2-cell mouse embryos would not develop
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in the absence of potassium and calcium, and that the 
absence of phosphate from the medium significantly 
decreased the proportion of embryos which developed to 
the blastocyst stage, in agreement with the observations 
of Whitten (1956). Brinster (1969 a) found that reducing 
the magnesium concentration by 75% had no significant 
effect on development, and Wales (1970) obtained 
development in the complete absence of magnesium and 
sulphate. Wales (1970) and Whitten (1971) observed that, 
when calcium levels were reduced to 0.03mM, cleavage 
rates decreased and compaction was was severely 
inhibited, prompting Wales (1970) to suggest that calcium 
is essential for the maintenance of cell adhesion. 
Brinster (1974) confirmed these observations when he 
reported a substantial decrease in the proportion of 2- 
cell mouse embryos which developed to the blastocyst 
stage when cultured in medium containing reduced calcium 
levels.

It therefore appears that whilst calcium, potassium, 
and low levels of magnesium are essential for the 
maintenance of embryonic development in vitro, phosphate 
is of lesser importance, and sulphate of little or no 
importance.

1.2.3. pH.

Maintenance of an appropriate hydrogen ion 
concentration is an important factor for the development 
of the preimplantation embryo. Whitten (1956) first 
reported the development of 8-cell mouse embryos to the
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blastocyst stage within a pH range of 6.9 to 7.7. 
Brinster (1965 a) reported development of 2-cell mouse 
embryos to blastocyst at pH levels ranging from 5.87 to 
7.78, and by fitting a quadratic curve to the data 
(Biggers and Brinster, 1965), calculated an optimum pH of 
6.82. There is also a complex relationship between pH and 
the energy substrates used in the medium (Brinster, 1965
a), so it is difficult to interpret the real effect of pH 
alone. In general, a pH between 7.2 to 7.4, with the 
appropriate levels of energy substrates, is considered 
best for the culture of preimplantation mouse embryos 
(Biggers et al. 1971; Biggers and Stern, 1973; Biggers 
and Borland, 1976).

The use of bicarbonate-buffered media has proved to 
be most successful in the culture of preimplantation 
embryos. The pH of such media is affected by the level of 
C02 in the atmosphere as well as by the levels of 
bicarbonate. The provision of approximately 25mM 
bicarbonate, and an atmosphere containing 5% C02 in air 
(Brinster, 1963) is generally used to maintain a pH 
between 7.2 to 7.4. This presents no real problem during 
long-term culture in a suitably gassed incubator, but is 
difficult to maintain on the bench during short term 
manipulation. For this reason, media in which some or all 
of the bicarbonate is substituted with Hepes or phosphate 
buffer, have proved useful in the short term handing of 
embryos (Whittingham and Wales, 1969; Quinn et al. 1982). 
Such buffering systems are not suitable for long term 
culture however (Quinn and Wales, 1973 b), suggesting 
that the bicarbonate/C02 system is important in the
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maintenance of other physiological systems within the 
embryo. It is known, for example, that bicarbonate can 
serve as a source of carbon for the conversion of 
pyruvate to oxaloacetate in mouse embryos (Wales et al. 
1969), and that the amount of carbon fixed from C02 
accumulates during the first 3 days of development in the 
mouse (Wales et al. 1969; Quinn and Wales, 1971) and the 
rabbit (Quinn and Wales, 1974). Additionally, the pre- 
implantation mammalian embryo produces C02 by the 
metabolism of pyruvate, lactate and glucose (Brinster, 
1967 a, b, 1968 a, 1969 b, 1971? Rushmer and Brinster, 
1973), and it seems likely that the bicarbonate system is 
required to buffer C02 production intra-cellularly.

1.2.4. Gaseous atmosphere.

The provision of an appropriate gaseous environment 
is essential for the successful culture of mammalian 
embryos in vitro. For culture in unsealed tubes or 
chambers, saturation of an atmosphere with water vapour 
is essential, since evaporation of water from the medium 
will lead to increases in osmolarity and the 
concentration of media components. The technique 
developed by Brinster (1963, 1969 a) of covering the
culture drops with a layer of paraffin oil to prevent 
evaporation, has proved effective and convenient.

The 3 main components of the gas mixture used for 
the culture of mammalian preimplantation embryos are 
nitrogen, oxygen and carbon dioxide. The nitrogen 
component is considered to be inert and may therefore be
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varied to compensate for changes in the partial pressure 
of the other 2 components. The use of a bicarbonate 
buffered medium is the most suitable for the culture of 
early embryos, and the combination of 25mM bicarbonate 
with 5% CO2 produces the optimal pH of 7.4 in the medium.

Much work has been concentrated on evaluating the 
importance of the partial pressure of oxygen on 
development of the early embryo. Whitten (1957) observed 
that 8-cell mouse embryos developed in vitro in an 
atmosphere containing 20% oxygen, but that high levels of 
oxygen (95%) led to rapid degeneration. Good development 
of 1- and 2-cell mouse embryos also occurred in 20% 
oxygen (Whitten and Biggers, 1968? Brinster, 1963). 
Auerbach and Brinster (1968) investigated the effect on 
development of 2-cell mouse embryos of a range of oxygen 
concentrations from 0 to 19.9%. Whilst 2-cell embryos 
developed into normal blastocysts in concentrations of 
1.0% oxygen and greater, there was a significant decrease 
in the proportion developing in 0.5%, and no development 
occurred under anaerobic conditions. Whitten (1969, 1971) 
reported better development of 1-cell mouse embryos in 
the presence of 5% oxygen, and adopted a gas mixture of 
5% C02/ 5% 02 and 90% N2 for routine embryo culture. 
Quinn and Harlow (1978) found optimal development at all 
stages was achieved with an oxygen concentration between 
2.5 to 5%. There was a significant linear decrease in the 
proportion of embryos developing as the oxygen 
concentration increased. In contrast Betterbed and Wright 
(1985) found no effect on the cleavage of 1-cell sheep 
embryos of reducing the oxygen concentration from 20% to
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5%. Blastocysts which developed from 2-cell mouse embryos 
in culture tubes containing an atmosphere of 20% oxygen, 
had approximately 20% fewer cells than those grown in 5% 
oxygen (Harlow and Quinn, 1979). However, the post
implantation viability of blastocysts grown in 5% and 20% 
oxygen was similar, indicating the ability of smaller 
blastocysts to compensate for a lower cell number at some 
stage after transfer. There was no significant difference 
in the proportion of embryos which implanted after 
culture in the 2 different atmospheres.

The intrauterine oxygen tension in the mouse has not 
been measured, but the values of 5.2 to 5.9% obtained for 
the rat during the first 4 days of pregnancy (Yochim and 
Mitchell, 1968) appear to be comparable to the oxygen 
concentration found to be optimal for development of pre
implantation mouse embryos in these studies. The reported 
oxygen tensions within the female reproductive tract of 
the rhesus monkey (Maas et al. 1976) and rabbit
(Mastroianni and Jones, 1965) are somewhat higher,
ranging from 7.0 to 11.2% but are still within the range 
found to support development of a high proportion of 
embryos in these studies. Recently, Pabon et al. (1989) 
have reported reduced development of early mouse embryos 
exposed to atmospheric oxygen at the 1- cell stage, which 
is not seen at 5% oxygen levels. Interestingly, Mills and 
Brinster (1967) showed the oxygen consumption of pre
implantation mouse embryos increases dramatically after
the 8-cell stage, at a time when changes in the
utilization of energy substrates occur (Section 1.2.6.).
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The lower cell numbers found in blastocysts 
developing under 20% oxygen led Harlow and Quinn (1979), 
to suggest that an oxygen gradient in the blastocyst may 
induce cells on the outside to divide more rapidly and 
form the trophectoderm, whereas inside cells would divide 
more slowly and give rise to the inner cell mass (ICM). 
This hypothesis has yet to be tested. Edirisinghe et al.
(1984) have shown that trophectoderm cells accumulate 
large amounts of glycogen, and this is consistent with 
the aerobic metabolism that a higher oxygen tension would 
fuel. Trophectoderm cells have greater numbers of 
mitochondria than ICM cells in the rabbit (Benos et al. 
1985), which is consistent with greater aerobic 
metabolism. This might provide the embryo with vital 
positional information, in the initiation of 
differentiation (discussed by Johnson, 1981; Kaye, 1986).

Recently, Khurana and Wales (1989) showed that mouse 
embryos have a higher catabolic rate at lower oxygen 
levels. At reduced oxygen concentration CC>2 production 
and lactate formation from glucose increased. The rate of 
glycogen turnover also rose significantly under these 
conditions. While the reasons for this remain unclear, it 
may be related to the biochemical mechanisms underlying 
the beneficial effects of low oxygen levels in the media.

Adequate gassing of the medium to ensure complete 
equilibration with the gas mixture is essential. In an 
open culture system, a continuous gas flow at an 
appropriate flow rate is determined by the size of 
culture chamber. In a closed culture system, the size of 
the culture chamber will also affect the flushing rate
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and time required to equilibrate the medium with the 
atmosphere. The time-lag between complete replacement of 
air with the culture gas mixture will also be influenced 
by the physical barriers, affecting gaseous diffusion 
such as oil overlays, surface area: volume ratio
(Brinster, 1969 a). The plastics commonly used in the 
manufacture of Petri dishes hold large quantities of 
oxygen in solution, which are released slowly (Chapman et 
al. 1970). As a result, the liquid in contact with the 
plastic rarely reduces its oxygen tension to that of the 
ambient gas, within the short period of culture required 
for preimplantation embryos. For more accurate control of 
the oxygen tension in the medium, glass culture chambers 
are therefore preferable.

1.2.5. Temperature.

In general, preimplantation mammalian embryos have 
been cultured at 37.0°C to 37.5°C (Brinster, 1969 a). 
Alliston et al. (1965) showed that rabbit embryos 
cultured for 6h at 40°C did not develop as well as those 
cultured at 37°C after transfer to pseudopregnant 
recipient foster mothers. Brinster (1969 a) reported that 
2-cell mouse embryos rapidly start to degenerate at 42°C 
to 45°C. Lenz et al. (1983) however, showed that bovine 
oocytes matured at 39°C had a significantly improved rate 
of fertilization compared to those matured at 35°C to 
37°C, or 41°C. They also showed that the optimal 
temperature for the bovine acrosome reaction in vitro was 
38°C, and that pig oocytes matured at 39°C showed a
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significantly higher rate of polar body extrusion than 
those matured at 37°C. This variation is presumably 
related to the differences in actual body temperatures 
measured between species.

Embryos can tolerate quite dramatic temperature 
fluctuations in vitro during collection and handling. 
Early rabbit embryos held at 10°C (Chang, 1948), mouse 
embryos held at 5°C (Whittingham and Wales, 1969?
Whittingham, 1979) and sheep embryos held at 7°C (Harper 
and Rowson, 1963) can survive for up to 5 days in vitro, 
although embryo viability is reduced.

1.2.6. Energy substrates.

The pioneering early work of Hammond (1949), Whitten 
(1956, 1957) and Brinster (1965 b, d) showed that the 
energy substrate requirements of the early mouse embryo 
are quite different from other mammalian cells in 
culture. Hammond (1949) showed that glucose alone could 
support the development of 8-cell embryos to the 
blastocyst stage but was unable to support the
development of embryos from the late 2-cell stage. This 
was confirmed by Whitten (1956), who also showed that 
development of late 2-cell embryos was supported to the 
blastocyst stage by the addition of lactate to the 
medium. Whitten (1957) found that compounds such as
mannose, pyruvate and malate supported development of the 
8-cell mouse embryo. In a detailed examination of the 
substrate requirements of the 2-cell mouse embryo,
Brinster (1963, 1965 b) showed that lactate, pyruvate,
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oxaloacetate or phosphophenol-pyruvate can support early 
cleavage, but that glucose, fructose, ribose and various 
glycolytic and TCA cycle intermediates are ineffective. 
Pyruvate plus lactate or oxaloacetate plus lactate 
produced higher rates of development to the blastocyst 
stage than when present in the medium as the sole energy 
source. Optimal development of late 2-cell mouse embryos 
was achieved in a medium containing 0.25 to 0.50mM 
pyruvate and 25 to 50mM lactate. Wales and Whittingham 
(1973 a) confirmed the beneficial synergistic effect of 
lactate and pyruvate, but showed that tenfold lower 
levels of lactate (2 to 3mM) were equally effective in 
supporting the development of 2-cell embryos when in 
combination with 0.25mM pyruvate. This reduced lactate 
concentration is similar to that found in oviductal fluid 
(see Section 1.1.2.2) and therefore appears to reflect 
in vivo physiological conditions more accurately.

Whittingham and Biggers (1967) showed that first 
cleavage of random-bred Swiss mouse embryos could be 
supported in medium containing lactate and pyruvate, but 
not in medium containing lactate alone. Biggers et al.
(1967) later showed that only pyruvate and oxaloacetate 
could support first cleavage when present as the sole 
energy source in the medium. Brinster (1965 b) showed 
that pyruvate can support development of the 2-cell 
embryo to blastocyst, and that blastocyst formation only 
occurs in a limited range of pyruvate concentrations 
(0.1 to 0.4mM). The role of oxaloacetate is less clear, 
since this is unlikely to be available as an exogenous 
energy substrate in vivo; however oxaloacetate can be
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rapidly decarboxylated to pyruvate, and it is known that 
this process is significantly enhanced by the presence of 
the embryo (Brinster, 1969 c).

The experimental evidence clearly demonstrates 
distinct changes between developmental stages in the 
ability of mouse embryos to utilise different energy 
substrates. Brinster and Thomson (1966) found pyruvate, 
oxaloacetate, malate, citrate, alpha-ketoglutarate, 
acetate, glucose and fructose supported the development 
of 8-cell mouse embryos to the blastocyst stage, when 
added individually to a substrate-free medium devoid of 
crystalline BSA or any other nitrogen source. Succinate, 
glyceraldehyde, glucose-6-phosphate, fructose- 1, 6-
phosphate and ribose were ineffective. They did not study 
the effect of lactate or phosphoenolpyruvate, but did 
find that, in the absence of any energy substrate, 
crystalline BSA and the individual amino acids glycine, 
alanine, aspartate, glutamate, methionine, cystine, 
lysine, histidine, valine, serine, phenylalanine, 
glutamine, asparagine, threonine, proline and cysteine 
were able to support development. No development was 
obtained with tyrosine, tryptophan, arginine or 
isoleucine.

These results differ from those of Whitten (1956, 
1957) since he found that 8-cell embryos failed to 
develop in the absence of glucose in a medium containing 
crystalline BSA. He also found that fructose, acetate and 
citrate did not support development even though the 
medium contained BSA. These differences may be due to 
differences in the culture systems employed. Whitten
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(1956, 1957) cultured the embryos in agglutination tubes 
containing 1 ml of medium, whereas Brinster and Thomson
(1966) cultured the embryos in small drops of medium (100
ul) placed under paraffin oil which had been previously 
equilibrated with 5% C02 in air at 37°C.

Brinster (1965 b) suggested that the observed 
changes in substrate utilization may be due to the 
development of the necessary enzyme systems. Wales and 
Biggers (1968 b) found the permeability of 8-cell embryos 
to glucose was no greater than that of 2-cell embryos and 
that this would not therefore influence glucose 
utilization. Barbehenn et al. (1974) have since
demonstrated that a block to glycolysis exists at the 
phosphofructokinase step, which appears to be due to the 
enzyme's inhibition by high levels of citrate prior to 
the 8-cell to morula stages. It is interesting to note 
that it is at this stage that a major change in the 
morphological differentiation of the mitochondria is 
observed (Anderson et al. 1971; Van Blerkom et al. 1973; 
Goddard and Pratt, 1983; Johnson et al. 1984).
Mitochondria, which previously assumed a spherical 
configuration with an electron-dense inner matrix when 
viewed under the electron microscope (Anderson et al. 
1971; Goddard and Pratt, 1983), take on the more typical 
configuration observed in most mammalian cells, with an 
elongated appearance and separate transverse cristae. The 
decrease in relative density within the matrix of the 
organelles may reflect the changes in the level of 
metabolic activity (Anderson et al. 1971; Van Blerkom et 
al. 1973), and may be linked to the functional
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differentiation observed in the ability of the embryo to 
utilise an increasing number of different energy 
substrates.

The pattern of substrate utilization in embryos of a 
number of mammalian species is quite different from that 
observed for the mouse. For instance, Kane (1987) showed 
the 1-cell rabbit embryo is capable of proceeding through 
several cleavage divisions in medium which is completely 
free of any energy substrate. However glucose and 
pyruvate did significantly enhance development. Malate, 
lactate, phosphoenolpyruvate and oxaloacetate had no 
effect. Brinster (1963) showed that an exogenous energy 
source was essential for cleavage of 2-cell mouse 
embryos, and that lactate, oxaloacetate and 
phosphoenolpyruvate as well as pyruvate, were all 
preferred substrates during early cleavage (Brinster, 
1965 b). This led Kane (1987) to proposed that the rabbit 
embryo, unlike that of the mouse, has substantial 
endogenous energy stores which enable it to proceed 
through early cleavage in the absence of exogenous 
substrate. However, in the rabbit, exogenous glucose or 
pyruvate may prevent depletion of endogenous stores, 
resulting in improved development. Fridhandler (1961) and 
Brinster (1968 a) both showed the early rabbit embryo is 
capable of metabolising significant amounts of glucose 
via the pentose phosphate pathway, and Quinn and Wales 
(1973 a) showed that this utilization is sufficient to 
support development of the early cleavage stage rabbit 
embryo. Unlike the mouse, the culture of 1-cell rabbit 
embryos is enhanced by the provision of acetate (Kane,
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1979) although albumin has to be present in the medium to 
act as a carrier for acetate (Kane, 1987).

Some 8- cell mouse embryos can develop to the 
blastocyst stage in the absence of an energy substrate as 
long as a nitrogen source is present in the medium 
(Brinster and Thomson, 1966? Wales and Whittingham, 1973
b). However, Whittingham and Wales (1969) found that 
development of 8-cell mouse embryos could not be enhanced 
by the presence of short-chain fatty acids. Again, this 
is in contrast to the findings of Kane (1979) who 
demonstrated a requirement for the provision of fatty 
acids in the culture of 1-cell rabbit embryos to viable 
morulae. Recently Thompsorv. et al. (1989, and personal 
communication) showed there is little evidence to suggest 
that glucose or acetate can significantly enhance the 
development of 8- to 16-cell sheep embryos. This is in 
contrast to the earlier findings of Betterbed and Wright
(1985) who reported that glucose is an essential 
component of the media for normal development of the 
sheep embryo in vitro.

1.2.7. Nitrogen source.

Whitten (1956) reported development of 8-cell mouse 
embryos in a Krebs-Ringer bicarbonate medium containing 
0.3 - 6% BSA, and later (1957) observed that 3mM glycine 
as the sole fixed nitrogen source supported development 
of 8-cell mouse embryos to the blastocyst stage. Brinster 
(1965 c) was unable to obtain development of 2-cell mouse 
embryos into blastocysts in the absence of a fixed
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nitrogen source. Crystalline BSA at a concentration of 
lmg/ml, or the constituent amino acids of BSA, satisfied 
this requirement. The presence of single amino acids did 
not support blastocyst development, but the single 
omission of no amino acid completely prevented 
development. The only amino acid whose omission resulted 
in a significant decrease in development was cystine. 
Oxidised or reduced glutathione as the sole fixed 
nitrogen source allowed development of 2-cell mouse 
embryos to the blastocyst stage (Brinster, 1968 b). 
Brinster and Thomson (1966) showed 8-cell mouse embryos 
could develop into blastocysts in medium devoid of a 
fixed nitrogen source, suggesting an increased ability to 
rely upon endogenous nitrogen stores during late 
preimplantation development. Gwatkin (1966) however found 
that certain amino acids including arginine and cystine, 
were essential for mouse blastocyst outgrowth in vitro.

Cholewa and Whitten (1970) showed that 2-cell mouse 
embryos could develop to blastocyst when cultured in 
medium lacking a fixed nitrogen source but containing the 
polymer polyvinylpyrrolidone (PVP), previously used by 
Brinster (1965 c) to facilitate handling. The blastocysts 
formed under these conditions produced viable foetuses 
after transfer to pseudopregnant recipient foster
mothers. A fixed nitrogen source was however required for 
development from the 1-cell stage. Ogawa and Richard
(1987) also found that 1-cell embryos cultured for 24h in
the absence of a fixed nitrogen source showed significant
developmental retardation after transfer to medium 
containing BSA.
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Only the culture of 2-cell embryos from F1 hybrid 
mice has been shown to proceed normally in vitro in the 
complete absence of a fixed nitrogen source (Caro and 
Trounson, 1984). Few other measurements have been made of 
the effects of protein or amino acid supplements on 
complete development of cultured embryos transferred to 
pseudopregnant foster mothers however, so this result 
should be viewed with extreme caution (Kaye, 1986).

Not all preimplantation embryos appear to require a 
fixed nitrogen source for successful development in 
vitro. The 1-cell rabbit embryo readily undergoes 3-4 
cleavage divisions in vitro in the absence of both a 
fixed nitrogen source and exogenous energy substrates, 
indicating the presence of significant endogenous 
reserves (Kane, 1987). The 1-cell rat embryo is also 
capable of undergoing cleavage in the absence of BSA 
(Whittingham, 1975). However, Lindner et al. (1983) 
reported improved development of the sheep embryo in 
medium containing elevated levels of BSA, although this 
may have resulted from the greater provision of growth 
factors known to be present at low concentrations in the 
albumin (Kane, 1987).

The provision of certain low molecular weight 
contaminants, including growth factors, in BSA, may not 
always be sufficient for the development of some 
mammalian embryos, particularly those of certain 
domesticated species. Moore and Spry (1972) reported 
successful culture of 1- to 4-cell sheep embryos in media 
containing 10 - 30 % sterile heterologous sheep serum but 
not BSA. However, Wright et al. (1976), in a comparison
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of various culture media for the development of the sheep 
embryo in vitro, found that Whitten's mouse embryo 
culture medium (Whitten and Biggers, 1968) supplemented 
with 0.1% or 0.2% BSA, produced better levels of 
development than that achieved in several complex 
chemically defined media and serum supplemented media. 
Human cord serum has also been found to contain certain 
contaminants which may be toxic to embryos (Ogawa and 
Richard, 1987).

Although development can occur in the absence of a 
fixed nitrogen source, it is generally accepted that 
culture is improved in its presence. The beneficial 
effects of BSA and other fixed nitrogen sources could be 
due to a number of factors including the stabilisation of 
membranes, the chelation of toxic heavy metal ions in the 
medium (Holland and Pike, 1978) or its metabolic 
utilization. Whitten (1957) observed that whilst phenol 
red (0.2mg/ml) in the medium was toxic in the absence of 
BSA, even at higher concentrations it had no effect in 
the presence of BSA. Additionally, he observed that BSA 
alters the physical properties of the medium, greatly 
facilitating embryo handling. In investigations where 
strict regulation of the fixed nitrogen source in the 
medium is required, BSA's function in this respect can be 
substituted for by PVP which also maintains the viscosity 
of the medium and prevents the embryos from sticking to 
the handling pipette and each other (Brinster, 1965c? 
Cholewa and Whitten, 1970? Whittingham, 1971).
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1.3. Biochemistry of the preimplantation embryo.

The first studies on the metabolism of early embryos 
were performed using the embryos of echinoderms and 
amphibia. These were chosen since they are extremely easy 
to culture, developing naturally in an external 
environment, and readily available in large quantities. 
Such studies allowed a detailed and informative picture 
of the metabolism of these embryos to be constructed, and 
in particular, a considerable understanding of the 
factors controlling their maturation and early cleavage 
(reviewed: Kanatani, 1983; Ford, 1985).

Biochemical investigation of early mammalian embryos 
was only made possible by the development of suitable 
chemically defined media, in which the manipulation of 
individual components can be achieved. Methods of 
superovulation have greatly increased the availability of 
experimental material, and analytical techniques have 
been modified to permit the use of very small amounts of 
this material. These developments have considerably 
facilitated the investigation of the growth requirements 
and metabolism of preimplantation mammalian embryos 
(reviewed: Biggers, 1971; Wales, 1973 b,1975; Biggers and 
Borland, 1976; Kaye, 1986).

Satisfaction of the energetic requirements of the 
early embryo is essential for development in vitro and in 
vivo. Whilst this may be achieved by the utilization of 
endogenous energy stores in certain species, for example 
the rabbit (Kane, 1987), the in vitro development of most 
mammalian embryos is dependent on the provision of an
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exogenous energy source. The metabolic rate generally 
appears to be quite low at the 1- and 2-cell stages, but 
shows a marked increase at around the 8-cell stage.

Mills and Brinster (1967) noted that the oxygen 
consumption of the mouse embryo increases fourfold 
between the 1-cell and late blastocyst stages, eventually 
approaching 1 mole/mg dry weight/h. The increase in the 
Q02 indicates a change from a very low metabolic activity 
equivalent to that of skin or bone, to a relatively high 
activity equivalent to that of the kidney or brain. 
Studies on the oxygen consumption of early embryos have 
been made in other mammalian species. In the rabbit the 
major increase in oxygen consumption occurs between the 
morula and blastocyst stages (Fridhandler et al., 1957; 
Fridhandler, 1961). The values obtained for the rabbit 
are approximately three times higher than those of the 
mouse, (Smith and Kleiber 1950). Boell and Nicholas 
(1948) also obtained higher Q02 values for the rat than 
the mouse. They found an increase in consumption from the 
2-cell stage onwards, and no difference between the 1- 
and 2-cell stages.

The increase in metabolism also includes an increase 
in anabolic activity during this period. Although 
catabolic processes appear to predominate, as reflected 
by a fall in embryo volume and total protein content, 
studies on glycogen synthesis, C02 fixation, and the 
incorporation of amino acids, indicate considerable 
synthetic activity before the 8-cell stage (Biggers and 
Borland, 1976).
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Another general measure of the metabolic activity of 
the preimplantation embryo is provided by the ATP 
content. Quinn and Wales (1971 b) initially measured the 
ATP content of freshly collected preimplantation mouse 
embryos using the firefly luciferase assay (Stanley and 
Williams, 1969). They found a progressive gradual decline 
in the amount of ATP present as development proceeded, 
similar to that observed in sea urchin, amphibian and 
teleost embryos (Zotin et al. 1967). This decrease in ATP 
parallels the increase in oxygen consumption (Mills and 
Brinster, 1967), supporting the proposal that the 
concentration of high energy phosphate compounds is a 
regulatory factor in respiration during early 
embryological development (Immers and Runnstrom, 1960). 
These findings have since been confirmed by Leese et al. 
(1984) using an ultra-microfluoresence technique to 
examine the ATP/ADP content of single embryos. The 
progressive decline in total ATP and the ATP/ADP ratio 
during preimplantation development is accompanied by 
increases in the rate of ATP turnover and ATP synthesis 
(Ginsberg and Hillman, 1973).

Quinn and Wales (1973 c) investigated the effect of 
culture on the ATP content of preimplantation mouse 
embryos. They found no differences in the levels of ATP 
between embryos cultured from the 2- or 8-cell stages to 
morula, and freshly collected embryos at similar stages 
of development. However, embryos cultured to the 
blastocyst stage contained more ATP than freshly 
collected blastocysts. At the 1- and 2-cell stages a 
combination of pyruvate and lactate was more effective
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than either substrate alone at maintaining ATP levels 
during a 6h culture period. They also indicated an 
increasingly important role for glycolysis in the 
maintenance of ATP levels as development proceeds. 
Progressively higher ATP levels were recorded in embryos 
cultured in medium containing glucose, as compared to 
those cultured in substrate-free medium, with increasing 
developmental stage. They also suggested that the high 
ATP/ADP ratio in 1- and 2-cell embryos may limit the rate 
of glycolysis during early development, a suggestion 
supported by the findings of Barbehenn et al. (1974).

Quinn and Wales (1973 d) went on to investigate the 
relationship between the ATP content of preimplantation 
mouse embryos and their development in culture. A 
positive correlation was found between the levels of ATP 
in 2-cell embryos from random-bred mice and the 
proportion of these embryos which developed to the 
blastocyst stage during culture. They also suggested that 
the better development of hybrid 1-cell embryos to 
blastocyst compared to that of random-bred 1-cell embryos 
may be related to the higher levels of ATP found in 
hybrid 2-cell embryos cultured from the 1-cell stage.

Metabolic activity is also controlled by the redox 
state of the embryo, since the NAD/NADH and NADP/NADPH 
ratios determine the direction in which many reversible 
reactions will proceed. Wales (1975) showed that total 
NAD content falls between the 1- and 2-cell stages in the 
mouse. Whilst there was very little difference in the NAD 
content of 2-cell embryos collected from different mice, 
there was considerable variation in the NAD/NADH ratio in

52



1-cell embryos collected from different mice. He 
suggested that the substrate specificity exhibited at 
this stage may be due to the absence of a sufficiently 
developed homeostatic mechanism to maintain a constant 
redox potential. No overall change in the redox state was 
observed during preimplantation development, with 30 - 
40% of the NAD pool existing in the reduced form. These 
estimates do not differentiate between bound and free 
nucleotides however, nor between mitochondrial and 
cytoplasmic pools. Significant shifts between these pools 
could be important in the control of metabolism, since 
the ATP/ADP ratio is directly proportional to the 
NAD/NADH ratio in cytoplasm, whilst the converse is true 
in mitochondria (Krebs, 1973).

1.3.1. Lactate and pyruvate.

Pyruvate is the most important energy substrate for 
supporting the first and second cleavage divisions in the 
mouse in vitro (reviewed: Biggers et al. 1967, 1971;
Brinster, 1969 a). Wales and Whittingham (1967) showed 
that the 1-cell embryo is highly permeable to both 
lactate and pyruvate, however lactate alone is unable to 
support first cleavage (Whitten and Biggers, 1968; 
Whittingham, 1969). This is surprising since high levels 
of lactate dehydrogenase (LDH) are found in the embryo 
throughout preimplantation period (Auerbach and Brinster 
1967, 1968 b; Brinster 1965e, 1967c). Data presented by
Biggers et al. (1967) suggested that the restricted 
patterns of energy metabolism in the embryo are
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maternally determined during maturation of the oocyte. 
Pyruvate uptake is mediated by a facilitated diffusion 
mechanism in the unfertilised oocyte and throughout 
preimplantation development (Leese and Barton 1984; 
Gardner and Leese 1988). The pyruvate requirement appears 
to be satisfied in vivo by the conversion of substrate to 
pyruvate by the cumulus cells and the oviductal 
epithelium (Leese and Aldridge, 1979? Leese and Barton, 
1985; Leese, 1983, 1988).

By comparison of the amount of C02 formed from 
radio- labelled lactate, pyruvate and glucose, Brinster 
(1967 a) observed that the embryo oxidises all three 
equally well at the late blastocyst stage, but twice as 
much pyruvate as lactate before the 8-cell stage. Glucose 
is only oxidised to a small degree prior to this stage 
(Brinster, 1967 a, b). By studying the incorporation of 
carbon from glucose and pyruvate in the mouse embryo, 
Brinster (1969 c) found that total incorporation 
increases from 2.409 atoms/embryo/h during the 1- to 2- 
cell period, to 21.801 atoms/embryo/h during the morula 
to blastocyst period. Incorporation of glucose carbon was 
greater than that of pyruvate carbon at all 
preimplantation stages. However whilst glucose is 
incorporated more than it is oxidised, pyruvate is 
oxidised more than it is incorporated. These findings 
were later confirmed in the preimplantation rabbit embryo 
(Brinster, 1969), where it was also shown that the early 
embryo oxidises pyruvate to a greater extent than 
lactate. Rushmer and Brinster (1973) showed that the rate 
of C02 production from pyruvate was 12.78 p
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mole/oocyte/h, whilst the rate of production from glucose 
was 0.35 p mole/oocyte/h in the bovine oocyte.

Lactate was the main metabolite accumulating in the 
14medium when [1- C] pyruvate was provided to support

development of 2-cell mouse embryos in vitro (Wales and
Whittingham, 1970). Labelled lactate and acetate were

14found m  the medium after culture with [2- C] pyruvate. 
Embryos which had developed normally during culture were 
collected, and the incorporation of label into various 
intracellular fractions investigated. Accumulation of C2 
from pyruvate was 3 to 6 times greater than that of Cl. 
In both cases, 50 - 80% of the label was found in the
acid-soluble fraction, and most of the remainder was 
present in the protein fraction. There was also a minor 
incorporation of C02 from pyruvate into the lipid 
fraction. Between 50 - 80% of the label in the acid-
soluble fraction bound to a cation-exchange resin, 
indicating the accumulation of large amounts of basic 
compounds derived from the pyruvate. Paper chromatography 
of these compounds indicated the presence of aspartic
acid and alanine. Although acidic compounds made up the
majority of the remaining label in the acid-soluble
fraction, no carboxylic acids were detected in the 
embryos.

Accumulation of carbon from labelled lactate is
enhanced by provision of increasing concentrations of 
pyruvate in the medium, but C02 production from lactate 
is not increased by the addition of pyruvate (Wales and 
Whittingham, 1973 a). Similar observations were made on 
the accumulation of substrate carbon by 2-cell mouse
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embryos when the incorporation of labelled substrates was 
examined and compared by two different methods (Wales and 
Whittingham, 1974). This is interesting, as it has been 
suggested that the benefits observed from combining 
lactate and pyruvate in the medium (Brinster, 1965 d) 
could be due to stabilization of the redox state of the 
embryo (Brinster, 1965 d; Wales, 1973 b). In minimising 
stress on the intra- cellular redox potential by the 
provision of pyruvate, substrate carbon derived from 
lactate may be more easily channelled into the synthesis 
of necessary macromolecular components.

Biggers and Borland (1976) suggested the inability 
of lactate alone to support first cleavage may be due to 
the high ATP/ADP ratio in 1- and 2- cell mouse embryos, 
which might limit the flux of reducing equivalents 
through the electron transport chain. The simultaneous 
production of large amounts of NADH by LDH, and the 
inability of the electron transport chain to regenerate 
sufficient NAD, may limit the activity of the TCA cycle, 
thus preventing conversion of sufficient quantities of 
lactate to the essential intermediary metabolites 
required for biosynthesis and energy metabolism.

1.3.2. Glucose.

As discussed earlier (Section 1.2.6), glucose alone 
will only support development of the mouse 
preimplantation embryo from the 8-cell onwards. At this 
stage the respiratory and biosynthetic activities of the 
embryo rapidly increase, as indicated by increases in the
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rate of oxidation in the rabbit (Brinster, 1968 a) and 
mouse (Wales, 1986) , and incorporation of substrate 
carbon (Pike and Wales, 1982). This suggests the 
development of enzyme systems at this stage which were 
previously unavailable to the developing embryo.

Leese et al. (1984) demonstrated that glucose uptake 
was almost undetectable in the unfertilised oocyte, using 
ultramicrofluorescent techniques to investigate uptake in 
individual oocytes and embryos. Although this increased 
to about 0.5 p mole/embryo/h after fertilization, it was 
not until the early blastocyst stage that uptake was 
significantly increased to around 3.4 p mole/embryo/h. 
These results agree with earlier observations which 
suggested a similar pattern of glucose uptake by the 
preimplantation mouse (Wales and Brinster, 1968) and pig 
(Flood and Wiebold, 1988) embryos.

An explanation for the blockade of glycolysis in 
early mouse embryos has been provided by Barbehenn et al. 
(1974). By examination of the metabolite levels and 
enzyme activities in single mouse embryos, using an 
enzymatic cycling technique (Lowry and Passonneau, 1972), 
they proposed that the failure to utilise glucose prior 
to the 8-cell stage may be due to inhibition of the 
enzyme 6- phospho-fructokinase. The quantity of this 
enzyme remains relatively constant between the 2-cell and 
blastocyst stages (Brinster, 1971 b), however they 
suggest that reduced activity may occur as a result of 
inhibition by high ATP levels before the 8-cell stage 
Quinn and Wales (1971 b). They also observed that a 
defect in the TCA cycle led to high citrate levels during
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the early stages of development, and suggested that this 
may help to keep the phosphofructokinase strongly 
inhibited.

The oxidation of glucose to C02 occurs via the 
glycolytic pathway followed by the TCA cycle and 
respiratory chain, and via the pentose phosphate pathway 
(PPP). The relative activities of these two pathways have 
been examined in both mouse (Brinster, 1967 b; O'Fallon 
and Wright, 1986) and rabbit (Brinster, 1968 a; 
Fridhandler, 1968) preimplantation embryos, by measuring 
the amount of radiolabelled C02 produced from glucose 
labelled at the Cl and C6 positions. Utilization of 
glucose at all developmental stages is much higher in the 
rabbit than the mouse, however a general increase in 
utilization as development progresses is observed in the 
embryos of both species. In the mouse (O'Fallon and 
Wright, 1986) PPP activity was highest at the 2-cell 
stage and lowest at the blastocyst stage. Fridhandler
(1968) and Brinster (1968 a) suggested that PPP activity 
in cleavage stage rabbit embryos becomes less important 
after the 8-cell stage when TCA cycle activity becomes 
dominant. This was questioned by the work of Quinn and 
Wales (1973 a) who reported that glucose is metabolised 
via the glycolytic pathway and TCA cycle at all stages of 
rabbit preimplantation development. A note of caution 
should be introduced here however, since Katz and Wood 
(1960) have suggested that the C1/C6 ratio is not an 
accurate indicator of the pathways operating, as it bears 
no simple relationship to their relative activities. 
Accurate estimation of PPP activity requires information
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on Cl, C6 and total glucose carbon metabolism, corrected 
by a mathematical formulation determined by Katz and 
Rogstad (1966). For this reason the more recent 
estimations of O'Fallon and Wright (1986) in the mouse 
may be the most accurate, since they used this 
methodology in their calculations.

Lactate production increases with increasing glucose 
utilization as development proceeds. Lactate production 
in the mouse is low up to the 8-cell stage, and then 
increases significantly as the inhibition to glycolysis 
is removed Wales (1969, 1986) . Lactate derived from
glucose accumulates in the culture medium and in the 
blastocoel fluid of the preimplantation rabbit embryo 
(Quinn and Wales, 1973 a). Lactate production is much 
lower in preimplantation compared with early 
postimplantation mouse embryos, where it accounts for 
more than 90% of the glucose metabolised between Days 6 
to 9.5 of development (Clough and Whittingham, 1983).

As well as providing energy, glucose also acts as a 
substrate for the synthesis of macromolecules. Labelled 
glucose is incorporated into glycogen, nucleic acids, 
proteins and lipids (Brinster, 1969 c; Quinn and Wales, 
1973 a? Wales, 1973 b? Murdoch and Wales, 1971, 1973; 
Wales and Edirisinghe, 1989). Uptake of glucose carbon by 
the preimplantation rabbit embryo increases as 
development proceeds, with substantial increases in 
incorporation after blastocyst formation (Quinn and 
Wales, 1973 a). In this study a considerable amount of 
label was present as the parent substrate, indicating 
that uptake of glucose was greater than its conversion to
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other metabolites. However, throughout development, 
glucose carbon was incorporated into a wide range of 
metabolites including acidic and basic acid-soluble 
compounds, proteins and lipids. Lactate, pyruvate and 
acetate also accumulated in the medium. Accumulation of 
glucose carbon in such metabolites as lactate, citrate 
and malate as well as the amino acids glutamate, alanine 
and aspartate indicated that glucose is metabolised in 
the rabbit embryo by operation of the glycolytic pathway 
and TCA cycle. Wales (1973 b)showed that mouse embryos 
can also utilise glucose for a number of different 
synthetic processes, and that up to 50% of the glucose 
incorporated after the 8-cell stage, is detectable in the 
acid insoluble fraction composed of nucleic acids, 
proteins and lipids.

The incorporation of glucose into amino acids 
observed by Quinn and Wales (1973 a) can occur by the 
transamination of some of the TCA intermediates which are 
then available for protein synthesis. Evidence has also 
been presented for the glycosylation of glycoprotein by 
Flynn and Hillman (1978) who showed that labelled glucose 
is incorporated into the neutral lipid, phospholipid and 
glycolytic fractions of the embryo.

1.3.3. Glycogen.

During early development glycogen is the major 
product of incorporated glucose. Glycogen levels rise 10- 
fold between the 1- and 2-cell stages in the cultured 
mouse embryo in medium containing 5.56mM glucose (Ozias
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and Stern, 1973), but this is not reflected in 
incorporation of labelled glucose into acid-soluble 
glycogen (Stern and Biggers, 1968; Brinster, 1969 c). 
Rapid glycogen synthesis occurs during development from 
the 2-cell stage to blastocyst in vitro (Brinster, 1969 
c), but freshly collected embryos maintain virtually 
constant glycogen levels until the late blastocyst stage 
(Ozias and Stern, 1973). Glycogen levels in vitro are 
lowered if glucose is omitted from the medium (Ozias and 
Stern, 1973), but reduction to the uterine level of 
0.25mM glucose does not lower glucose incorporation to in 
vivo levels (Pike and Wales, 1982).

These differences are relatedtothe form of glycogen
synthesised by the early cleavage stages, and the role of
the reproductive tract secretions and other luminal
factors in the control of glycogen metabolism in the
morula and blastocyst. Tissue glycogen may be extracted
in two forms; the typical acid-soluble form, and an acid-
insoluble glycoprotein precursor called desmoglycogen
(Bartley and Dean, 1968; Whelan, 1976). Unless the
glucose from desmoglycogen is released using
glycosidases, this fraction will be lost from the total
glycogen extract obtained with acid. Treatment of embryos
with amyloglucosidases before acid extraction has shown

14that incorporation of [ C] glucose into total glycogen, 
between the 2- to 8-cell stages, increases from 34% to 
99% of total glucose incorporation. Treatment of the 
acid-insoluble fraction with amyloglucosidase shows that 
43% of the incorporated glucose accumulates as 
desmoglycogen which represents 56-66% of the acid-
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insoluble fraction (Pike and Wales, 1982). This explains 
the low incorporation data of Brinster (1969 c) using 
acid extraction, and the higher glycogen estimations of 
Ozias and Stern (1973) using an enzymatic assay. During 
the 1- and 2-cell stages desmoglycogen synthesis 
predominates over glycogen synthesis, but from the 8-cell 
stage glycogen synthesis increases rapidly and accounts 
for 60% of the glucose incorporated into late 
blastocysts, whilst desmoglycogen synthesis remains 
relatively constant (Pike and Wales, 1982).

The levels of glycogen synthetase were investigated 
by Stern (1970) who measured incorporation of labelled 
UDP glucose into primer glycogen in the preimplantation 
mouse embryo. Cech (1984) also examined the presence of 
this enzyme histochemically during early development. 
High enzyme levels present at fertilization increase to 
reach a peak at the 8-cell stage and decline thereafter, 
reaching very low levels by the blastocyst stage. The 
activity of glycogen phosphorylase is low during early 
cleavage but rises dramatically at the 8-cell stage 
(Hsieh et al., 1979). Phosphorylase appears to be the 
limiting factor for glycogen breakdown. At the 2-cell 
stage the ratio of P-glucomutase to phosphorylase 
activity is 2000:1. This ratio decreases as cleavage 
proceeds and is responsible for increases in glucose-6- 
phosphate and fructose-6-phosphate levels at the 8-cell 
stage when the block to glycolysis is removed (Barbehenn 
et al. 1974, 1978).

The high levels of glycogen in cultured embryos 
remain unexplained. The rate of synthesis has been
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studied by culturing mouse embryos in medium containing 
14[U - C] glucose and extracting embryonic glycogen 

(Brinster, 1969 c). This has shown that 1- and 2-cell 
embryos incorporate negligible amounts of glucose into 
glycogen, although the enzyme balance favours synthesis 
at these stages. Glycogen synthesis in vitro starts to 
increase at the 2-cell stage, with a considerable 
increase at the 8-cell to morula stage, and a further 
moderate increase at the blastocyst stage. The presence 
of other substrates such as lactate and pyruvate in the 
culture medium, also enhances glucose uptake and 
incorporation into acid-soluble glycogen at the morula 
and blastocyst stages. Pulse-chase experiments have been 
used to determine the rates of glycogen synthesis and 
degradation in vitro (Pike and Wales, 1982). These 
revealed little degradation of the glycogen accumulated 
in the later stages in vitro, unless complete energy 
starvation occurred (Pike et al. 1973; Pike and Wales, 
1982). Because enzyme activities favour synthesis, the 
comparatively low glycogen levels in uterine blastocysts 
are probably related to the influence of maternal effects 
on glycogen catabolism (Edirisinghe et al. 1984 b).

This hypothesis was tested by Edirisinghe et al. 
(1984 c) by combining an in vitro pulse-labelling period 
with chase in vitro or in vivo after transfer to 
pseudopregnant or ovariectomised recipients. During a 24h 
chase in the uteri of Day 4 pseudopregnant mice, the 
label was reduced to 20% of the initial pulse value in 
acid soluble glycogen, compared with 73% in embryos 
chased in vitro. If the chase time was increased to 48h,
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only 2% of the label incorporated by morulae remained in 
vivo. Thus the uterine environment induces a net 
degradation of acid-soluble glycogen in blastocysts. When 
morulae or early blastocysts were transferred to the 
uteri of untreated ovariectomised mice for a 24h chase, 
the level of label retained was between that for embryos 
transferred to the in vivo environment and embryos chased 
in vitro. Treatment of ovariectomised mice with 
progesterone reduced the amount of label retained to the 
level observed in embryos transferred to pseudopregnant 
recipients or in native blastocysts exhibiting 
inplantational delay (Ozias and Weitlauf, 1971).
Oestrogen alone, or oestrogen priming, did not alter the 
effects of progesterone, but when given in combination 
antagonised the effect of progesterone (Edirisinghe and 
Wales, 1984, 1985). Thus the progesterone-dominated
environment of the uterus produces a net degradation of 
glycogen pools, accounting for the differences observed 
in the glycogen levels of blastocyst in vitro and in 
vivo.

It is unlikely that the effect of progesterone is 
due to its direct action on the embryo. It may, however, 
alter the nutritional state of the reproductive tract, 
resulting in glycogen degradation and utilization. This 
is a plausible explanation, since reduced lactate and 
pyruvate levels lead to increased glycogen breakdown in 
vitro (Pike and Wales, 1982), and isthmic levels of 
lactate in the oviduct fall dramatically in the same 
period that embryonic glycogen levels are increasing in 
vitro (Nieder and Corder, 1983).
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Additionally, oxygen levels in the rat uterus
(Yochim and Mitchell, 1968) and rabbit oviduct
(Mastroianni and Jones, 1965) are around 5% as compared 
with the 20% commonly used for in vitro culture. Low 
oxygen levels in vivo might be responsible for greater 
glycogen breakdown, since high oxygen levels produce the 
Pasteur effect in which phosphofructokinase is inhibited 
by high levels of ATP, citrate, and other metabolites 
that accumulate in cells exposed to high oxygen
concentrations (Barbehenn et al. 1974). The evidence of 
Quinn and Wales (1973 c) and Spielman et al. (1984) 
supports this theory, since ATP has been shown to 
accumulate in blastocysts in vitro but not in vivo. 
Khurana and Wales (1989 a) also showed that low oxygen 
tension leads to increased glycogen turnover at the 
morula and blastocyst stages in the mouse. Some fractions 
of uterine luminal macromolecules have also been shown to 
increase the turnover of glucose carbon incorporated into 
glycogen (Khurana and Wales, 1989 b). In contrast ovarian 
steroids (Khurana and Wales, 1987 a), prostaglandins 
(Khurana and Wales, 1987 b) and hormones such as insulin, 
epinephrine and glucagon (Wales et al. 1985) have little 
effect on the glucose metabolism of Day 4 mouse embryos. 
This last result is surprising, since recent studies have 
indicated that insulin and insulin-like growth factor 
(IGF) receptors develop at the 8-cell stage, just prior 
to compaction, leading to the suggestion that the very 
earliest stages of mammalian embryogenesis may be subject 
to regulation by autocrine and paracrine factors from 
maternal and embryonic sources (Heyner et al. 1989 a, b).
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1.3.4. Lipids and glycoprotein.

A variety of radiolabelled substrates are 
incorporated into the embryonic lipid fraction (reviewed: 
Wales, 1975? Kaye, 1986). Flynn and Hillman (1978) found
that during culture of mouse embryos from the 2- cell

. . . 14stage to morula, the major lipid derived from [ C]
glucose was the glycerol of triacylglycerol.Eight-cell
embryos, grown from the 2-cell stage in vitro,

14incorporated about 300 f mol of [ C] palmitate over a 2h 
period, 83% of which was incorporated into the 
triacylglycerol fraction (Flynn and Hillman, 1980). This 
is a potential source of energy for the embryo, since 
each mole of palmitate can yield 129 moles of ATP, which 
represents about 40 p mol ATP equivalents stored per 2h. 
This compares with a rate of glycogen storage over the 
same period at the same stage of about 7 p mol ATP 
equivalents (Pike and Wales, 1982). Oocytes and 2- cell 
embryos oxidise palmitate at a rate of around 75 f mol/h, 
increasing to 400 f mol/h in the late blastocyst; about 
10% of the rate of glucose, lactate and pyruvate 
oxidation (Flynn and Hillman, 1980).

Data on the lipid metabolism in other species is 
limited, however Kane (1979) has shown that, in the 
rabbit, pyruvate can be replaced in the culture medium 
by myristic, palmitic, stearic, oleic, linoleic, 
proprionic and acetic acids for development from the 1- 
cell stage to morula. Arachidonic acid was found to be 
toxic, and butyric and valeric acids did not support 
development. These are potential energy sources in the
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rabbit embryo, because active TCA cycle and oxidative 
phosphorylation systems are present from the 1-cell stage 
(Kane and Buckley, 1977). Lindner et al. (1983) suggest 
that fatty acids bound to BSA could account for the 
beneficial effects of increasing BSA concentration on the 
growth of sheep embryos in vitro. This is supported by 
the finding that significantly fewer 1- and 2-cell mouse 
embryos develop to the blastocyst stage in medium 
containing either fatty-acid free BSA or trichloroacetic 
acid- extracted BSA, compared to normal Fraction V BSA. 
Interestingly fatty-acid free BSA supports high rates of 
fertilization of mouse oocytes in vitro whilst the 
addition of palmitic or oleic acid reduces the rates 
achieved for IVF (Quinn and Whittingham, 1982).

Much attention has been focussed on the effect of 
acetate in the preimplantation development of cultured 
embryos. Wales and Whittingham (1974) showed that acetate 
could be readily taken up by cultured mouse embryos, 
although it failed to support development of the early 
cleavage stages when present as the sole available energy 
source. They suggested the inability of acetate to 
support development could either be due to a limited 
conversion of acetate to acetyl CoA, or to the absence of 
sufficient endogenous oxaloacetate to act as a receptor 
for the acetyl CoA that is formed. The latter is 
unlikely, since acetyl CoA provides the main gate by 
which pyruvate enters the oxidative metabolic pathways 
(Biggers et al. 1967). Acetate has little effect on the 
development of cultured sheep embryos (Thompson et al. 
1989), but does appear to contribute some support to the
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development of 1-cell rabbit embryos (Kane, 1979). 
Fridhandler (1968) showed that rabbit blastocysts can 
metabolise radiolabelled acetate to produce glutamine, 
glutamic acid and aspartic acid.

The most important role of lipids in development of 
the preimplantation embryo, may lie in their requirement 
for the construction of membranes. Plasma membranes are 
known to play a crucial role in the regulation of cell 
growth and division as well as in the process of 
implantation (reviewed: Van Blerkom and Manes, 1977).
Four percent of the palmitate incorporated by the 
preimplantation mouse embryo enters the polar lipid 
fraction; 75% as choline phosphatides and 10% as 
glycolipid (Flynn and Hillman, 1980). Choline is 
incorporated into phosphatidylcholine as early as the 2- 
cell stage. Incorporation increases 9 - 1 3  fold during 
the 8-cell stage and compaction, and remains elevated in 
the blastocyst (Pratt, 1980). Incorporation of another 
major membrane lipid, cholesterol, increases from 0.34 p 
mol/oocyte to 1.08 p mol/blastocyst during in vitro 
development (Pratt, 1982). Uptake and incorporation of 
the lipid precursor mevalonate increases linearly from 
the 2- to 8-cell stage, and increases 10 fold in mature 
blastocysts. Labelled lipid products include cholesterol, 
lanosterol, squalene and cholesterol esters. From the 2- 
cell stage to the early blastocyst, more mevalonate 
appears as lanosterol than cholesterol, but this position 
is reversed in the expanded blastocyst. Pulse-chase 
experiments show the conversion of lanosterol to 
cholesterol during compaction (Pratt, 1982). Since
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inhibition of compaction by cytochalasin has no effect on 
this process, it appears that this metabolic switch is 
not tied to the formation of cell contacts, which is 
prevented by cytochalasin-induced inhibition of 
microfilament growth (Johnson and Maro, 1984). It was 
suggested that cholesterol might be derived from low- 
density lipoproteins (LDL) which inactivate
hydroxymethyl-glutaryl-CoA reductase (HMG-CoA reductase), 
thus inhibiting cholesterol synthesis (Pratt, 1982). 
However it is unlikely that this system is operative in 
the mouse embryo, since the cholesterol content can be 
accounted for by embryonic synthesis, so exogenous 
cholesterol is probably not utilised or available as LDL 
in oviductal fluid. This suggestion is supported by the 
fact that embryos are able to develop in media devoid of 
lipid. HMG-CoA-reductase activity could only be detected 
in the blastocyst in this study (Pratt, 1982), which 
disagrees with the earlier conclusions drawn from 
morphological studies of the effects of HMG-CoA- 
reductase inhibitors, where normal phospholipid and 
sterol metabolism was shown to be essential for 
cytokinesis and compaction in the mouse embryo (Pratt, 
1978; Pratt et al. 1980). This paradox may be due to the 
insensitivity of the assay used (Kaye, 1986).

Mevalonate, but not cholesterol can reverse the 
inhibition of compaction caused by HMG- CoAreductase 
inhibitors (Surani et al. 1983). Inhibition of squalene 
cyclization does not affect development. It therefore 
appears that the effects of HMG-CoA-reductase inhibition 
on development reported by Pratt et al. (1980), result
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from the lack of nonsterol isoprenoids or dolichols, not 
cholesterols. Dolichol is required as a sugar carrier in 
glycoprotein synthesis, and whilst HMG-CoA-reductase 
inhibition did not affect incorporation of amino acids 
into protein, it did inhibit incorporation of sugars into 
glycoprotein.

The role of glycoprotein in cell-cell interactions 
throughout development has attracted considerable 
interest from a number of investigators (Fisher and 
Surani, 1980; Harrison and Chesterton, 1980? Cooper and 
MacQueen, 1983? Ivatt, 1984? Edelman et al. 1985? Damsky 
et al. 1985? Johnson, 1985? Kimber, 1988). Considerable 
evidence points to involvement of the cell adhesion 
glycoprotein uvomorulin (cadherin) in the initial, 
calcium-dependent phase of compaction at the 8-cell stage 
(Hyagil et al. 1980, 1981? Yoshida and Takeichi, 1982?
Peyrieras et al. 1983, 1985? Damsky et al. 1983?
Shirayoshi et al. 1983? Yoshida-Noro et al. 1984). At 
around the time of division to the 16-cell stage, mouse 
embryos become increasingly resistant to decompaction 
induced by culture in calcium-free medium (Ducibella and 
Anderson, 1979), and it appears that a calcium- 
independent mechanism of cell adhesion develops (Ogou et 
al. 1982). Fucosylated cell surface glycoproteins are 
involved in this secondary, calcium-independent, 
stabilization of the compacted state (Bird and Kimber, 
1984? Kimber and Bird, 1985? Kimber, 1988). Evidence for 
this comes from the reversal of compaction by the 
pentasaccharide Lacto-N-fucopentose III (LNFP- III) (Bird 
and Kimber, 1984) or its Lysyl-lysine conjugate
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(Fenderson et al. 1984) but not by other related
oligosaccharides or simple sugars (Kimber and Surani,
1982, 1983). Kimber et al. (1987) showed in

3autoradiographic studies that incorporation of [ H] or 
14[ C] fucose increases progressively between the 4-cell

and blastocyst stages. Minor qualitative changes in
fucoproteins were detected at the time of compaction, and
additional bands appeared at the blastocyst stage.
Autoradiography of semi-thin sections at the 8- to 16-
cell stage show an enrichment in the incorporation of 
3[ H] fucose into macromolecules at the cell surfaces, in 

contact with each other as compared to the outer polar 
cell surface and cytoplasm (Kimber and Bagley, 1987). 
This evidence lends support to the suggestion that cell- 
surface glycoproteins, and in particular fucoconjugates, 
are of major importance in the stabilization of 
compaction, during and after the calcium-dependent phase.

1.3.5. Protein synthesis and transcription.

A number of investigators have shown a significant 
drop in the level of total protein during preimplantation 
development, and this is accompanied by a corresponding 
decrease in embryo volume (Brinster, 1967 d: Schiffner 
and Spielman, 1976; Sellens et al. 1981). Overall, 
estimates show that total protein decreases by 20-25% 
over the first 3-4 days of development. The evidence 
suggests that, up to the 8-cell stage, endogenous protein 
is partitioned equally amongst the increasing population 
of cells, with a low and relatively constant level of
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protein and nucleic acid synthesis (Mintz, 1964; Monesi 
and Salfi, 1967? Tasca and Hillman, 1970? Epstein and 
Smith, 1973). A sharp increase in protein synthesis 
observed in the mouse at the 8- to 16-cell stage (Epstein 
and Smith, 1973), has been estimated to constitute an 8 
fold increase in total protein synthesis between the 4- 
cell and blastocyst stages (Biggers and Borland, 1976). 
Since Cholewa and Whitten (1970) obtained development of 
2-cell mouse embryos to the blastocyst stage in medium 
without a fixed nitrogen source, embryos must obtain most 
of the amino acids required for de novo protein synthesis 
either from the degradation of endogenous proteins 
(Sellens et al. 1981) or from endogenous amino acid pools 
(Schultz et al. 1981). This is consistent with the 
observations of Tasca and Hillman (1970) and Brinster 
(1971 c) that amino acid uptake is low in the early 
cleavage stages. Uptake increases with developmental 
stage, thus replenishing the endogenous amino acid 
stores. This may be important because the endogenous free 
amino acid pool is depleted during culture (Sellens et 
al. 1981). The luminal fluids of the reproductive tract 
contain ample quantities of free amino acids to satisfy 
this requirement (see Section 1.1.2.3.). Thus an 
exogenous supply of amino acids may improve development 
of the late blastocyst.

Although changes in the levels of total protein are 
low before the 8-cell stage, quantitative and qualitative 
changes in the pattern of proteins synthesised have been 
detected as early as the 1-cell stage (Van Blerkom and 
Brockway, 1975; Levinson et al. 1978? Cullen et al. 1980;



Van Blerkom, 1980, 1981 a, b; Cascio and Wasserman, 1982; 
Pratt et al. 1983; Howlett and Bolton, 1985; Howlett, 
1986). The highly characteristic changes in the patterns 
of proteins synthesized at this stage, appear to 
represent the expression of a developmental program that 
is entirely independent of de novo RNA synthesis, using 
maternal messengers synthesized during oocyte maturation 
(Brower et al. 1981). Direct evidence for transcriptional 
activity at this stage is limited to the detection of 
radiolabelled adenosine incorporation into an 
unidentified species of heterodispersed high molecular 
weight RNA (Clegg and Piko, 1982, 1983 a, b), and the
detection of nascent fibrils on the chromatin of pig 
oocytes (McGaughey, 1983). Additionally, a large number 
of studies have failed to detect any effect on the timing 
or nature of polypeptide changes following physical or 
chemical enucleation over this period (Braude, 1979 a, b, 
Braude et al. 1979; Petzoldt et al. 1980; Van Blerkom, 
1981 a; Flach et al. 1982; Pratt et al. 1983; Bolton et 
al. 1984; Howlett and Bolton, 1985). Most of the proteins 
synthesized prior to first cleavage remain detectable 
until the morula stage (Pratt et al. 1983). However, 
whilst the proteins persist far into development, the 
RNAs which coded for them do not. Following first 
cleavage there is a rapid degradation of maternally 
derived mRNA, so that by the late 2-cell stage most, if 
not all, has gone. Although an early loss of transcripts 
has been reported at the 1-cell stage (Piko et al. 1984) 
most of this loss occurs during the 2-cell stage as 
evidenced by the disappearance of alpha-amanitin
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insensitive transcripts (Flach et al. 1982; Bolton et al. 
1984) and labelled maternal RNA (Bacharova and De Leon, 
1980), a drop in total or polyadenylated RNA (Piko and 
Clegg, 1982? Clegg and Piko, 1983 a, b), and the decline 
in maternal transcripts for histone H3 and actin 
(Giebelhaus et al. 1983).

Maternal messenger is replaced at the 2-cell stage 
by transcripts derived from the embryonic genome as shown 
by changes in the in vivo and in vitro translation 
patterns (Van Blerkom and Brockway, 1975; Bolton et al.
1984), an acquired sensitivity to alpha- amanitin (Moore, 
1975; Levey and Brinster, 1978; Flach et al. 1982; Bolton 
et al. 1984), the incorporation of labelled precursors 
into RNA (Young et al. 1978; Levey et al. 1978), and the 
appearance of new transcripts derived from the newly 
derived embryonic genome (Sawicki et al. 1981; Surani,
1985).

Switch on of the embryonic genome has been 
investigated with some precision in the preimplantation 
mouse embryo (Flach et al. 1982; Bolton et al. 1984), and 
shown to occur immediately before and immediately after S 
phase of the second cell cycle. Messenger RNA activity is 
first detected during G1 and results in the synthesis of 
a small group of polypeptides similar to the heat-shock 
proteins hsp 68 and hsp 70 (Bensaude et al. 1983). The 
main phase of embryonic transcription however occurs in 
G2, resulting in the production of mRNAs coding for many 
of the housekeeping proteins previously synthesized from 
maternally-derived transcripts, and many others coding 
for new developmental proteins (Van Blerkom and Brockway,
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1975; Sawicki et al. 1981? Giebelhaus et al. 1983; Bolton 
et al. 1984). Detection of the translated products of 
these transcripts is possible within 1 to 3 h of their 
appearance (Flach et al. 1982; Bolton et al. 1984). 
Although transcriptional activity continues throughout G2 
of the second cell cycle and thereafter during the later 
cleavage stages, Johnson and Pratt (1983) have shown that 
its inhibition by alpha-amanitin from the late 2-cell 
stage nevertheless permits the induction of a variety of 
developmental events up to the late 8-cell stage. These 
include events concerned with cell contact-induced 
polarisation of the blastomeres, cell flattening at 
compaction, and the development of junctional 
communication between blastomeres (Johnson and Pratt, 
1983; McLachlin et al. 1983). It appears that the 
generation of embryonic transcripts during the second 
cell cycle of the mouse embryo is able to meet most of 
the embryo's requirements for the next two cycles, and 
this demonstrates that embryonic mRNA, unlike maternal 
mRNA, is not immediately degraded following cleavage. 
Johnson et al.(1984) have argued that many of the early 
processes of cell interaction and positional recognition 
that lead to cell diversification can be regulated at a 
post-transcriptional level. Evidence for such stage- 
specific post-translational changes, such as
phosphorylation, have indeed been reported (Lopo and 
Calarco, 1982). Switch on of the embryonic genome appears 
to vary between species. Whilst the earliest detection of 
embryonic transcripts has been reported at the 2-cell 
stage in the mouse (Braude et al. 1979; Flach et al.
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1982? Bolton et al. 1984), they are not detected until 
the 4-cell stage in the pig (Osborne and Polge, cited, 
Braude et al. 1988), the 4- to 8-cell stage in the human 
(Braude et al. 1988) or the 8-cell stage in the sheep 
(Crosby et al. 1988). It is interesting to note that in 
vitro developmental arrest in these species is also 
associated with the onset of this transition (Muggleton- 
Harris and Brown, 1988), although the functional 
significance of this correlation requires further 
evaluation.

1.4 Factors responsible for the regulation of M-phase.

Recently rapid progress has been made in the 
understanding of the factors responsible for the 
induction and regulation of M-phase (reviewed: Hunt,
1989? Smith, 1989). Considerable evidence exists to 
indicate that a cytoplasmic agent designated maturation 
promoting factor (MPF) is the pivotal regulator of M- 
phase induction (reviewed: Masui and Markert, 1971? Smith 
and Ecker 1971). This followed initial observations that 
when aliquots of cytoplasm from mature Meiosis II 
arrested frog oocytes were injected into immature 
germinal vesicle (GV) stage oocytes, they entered M-phase 
as judged by germinal vesicle breakdown (GVBD) and the 
appearance of the white spot at the animal pole, and 
themselves proceeded to second meiotic metaphase arrest 
(Detlaff, 1966). MPF activity appears in the cytoplasm 
prior to GVBD, appears at the same time in manually 
enucleated oocytes, and can be continuously amplified
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through serial cytoplasmic transfers into recipient 
oocytes (reviewed: Wasserman and Smith, 1978? Masui and 
Clarke, 1979). This last observation in particular 
indicates that GV-stage oocytes contain a store of 
inactive MPF which can be activated and amplified by the 
presence of small amounts of active MPF. Reynhout and 
Smith (1974) and Wasserman and Masui (1975) showed that 
injection of cytoplasm containing MPF activity always 
induced premature GVBD in recipient oocytes. Wasserman 
and Masu.1 (1975) and Gerhart et al. (1984) showed that 
the initial appearance of MPF, but not amplification, 
requires protein synthesis. MPF was also detected in 
maturing starfish oocytes (Kishimoto and Kanatani, 1976) 
and can be assayed interchangably in frogs and starfish, 
irrespective of its source (Meijer and Guerrier, 1984).

Wasserman and Smith (1978) first reported that MPF 
activity occurs cyclically during the mitotic divisions 
of early cleavage in the amphibian embryo. Peak MPF 
activity coincided with M-phase, and activity disappeared 
after cells had completed mitosis. They also showed that 
protein synthesis was necessary for the reappearance, but 
not disappearance, of MPF activity at each division, 
suggesting that either MPF itself or an activator of MPF 
must be synthesised during each cell cycle. Soon after 
this, Sunkara et al. (1979) found MPF activity expressed 
in synchronised HeLa cells, using a Xenopus oocyte assay. 
The activity was first detected in G2, peaked at 
metaphase, and disappeared in G^ of the cell cycle. Since 
then, MPF has been detected in mitotic cells from yeasts 
to humans (Nelkin et al. 1980; Weintraub et al. 1982;
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Doree et al. 1983; Kishimoto et al. 1982, 1984; Gerhart 
et al. 1984, 1985? Sorensen et al. 1985). Most
importantly, MPF can drive G2~arrested cells into mitosis 
(Miake-Lye et al. 1983? Newport and Kirschner, 1984). 
Thus MPF activity is almost universally found to be 
concommitant with M-phase, and is probably responsible 
for catalysing the G2/M transition in all eukaryotic 
cells.

Purification of MPF was found to be extremely 
difficult. MPF proved to be extremely labile and the only 
available assay involved the micro-injection of Xenopus 
oocytes (Wasserman and Masui, 1976; Wu and Gerhart, 1980; 
Adlakha et al. 1985). Development of in vitro systems to 
monitor GVBD greatly assisted assays of MPF activity 
(Lohka and Mailer, 1985? Miake-Lye and Kirschner, 1985). 
Stability of MPF in cell homogenates was greatly improved 
by the use of techniques developed by Wu and Gerhart 
(1980). The latter investigators purified MPF about 100 
fold, and suggested it might be a phosphoprotein with an 
apparent relative molecular mass of around lOOkD.

The breakthrough in MPF purification came from Lohka 
et al.(1988) using the techniques developed by Wu and 
Gerhart (1980) on very large quantities of material to 
achieve a fraction purified approximately 3000 fold. This 
was found to contain two predominant proteins, of 34 and 
45kD respectively. The 34kD protein was identified as the 
Xenopus homologue of a fission yeast protein encoded by 
the gene cdc2+ which is required for G2/M transition in 
the mitotic cell cycle (Gautier et al. 1988? Dunphy et 
al. 1988). It has also been shown to be a component of
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MPF in starfish (Labbe et al. 1988, 1989; Arion et al.
1988) and clam oocytes (Draetta et al. 1989) as well as 
in mouse (Morla et al. 1989) and human (Draetta and
Beach, 1988; Brizuella et al. 1989) tissue culture cells.

+ . cdc2 • • • .The cdc2 protein (p34 ) is a serine/threonine protein
kinase that can phosphorylate a variety of different
substrates including histone HI as the cell undergoes the
G2/M transition (Nurse et al. 1976; Simanis and Nurse,
1986). The 45kD subunit of Xenopus MPF is a substrate for

cdc2 • • • •p34 and varies in size between species. For example,
it has been found to be homologous to the 62kD subunit of
human MPF (Draetta and Beach, 1988). Recent evidence
suggests that it corresponds to cyclin (Draetta et al.
1989; Murray and Kirschner, 1989; Murray et al. 1989).
The cyclins are a pair of proteins observed as prominent
bands on one dimensional SDS gels when clam or sea urchin
eggs are fertilised in the presence of labelled
methionine (Evans et al. 1983). They may also be detected
on western blots by anticyclin antibodies (Swenson et al.
1986), and have been identified in several eukaryotic
cells including yeast (Goebl and Byers, 1988; Solomon et
al. 1988), Xenopus (Minshull et al. 1989; Murray and
Kirschner, 1989), Drosophila (Lehner and O'Farrell, 1989;
Whitfield et al. 1989), starfish (Standart et al. 1987)
and mammalian tissue culture cells (Draetta and Beach,
1988). Swenson et al. (1986) originally showed that the
injection of mRNA for clam cyclin A induces the
resumption of meiosis in Xenopus oocytes. Similar results
were obtained using sea urchin cyclin mRNA (Pines and
Hunt, 1987) and clam cyclin B mRNA (Westendorf et al.



1989), indicating that cyclin is either a component of
MPF or its activator. It has also been shown that

• • cdc2 • •interaction of the cyclms with p34 is required for
the histone HI kinase activity of MPF to be expressed
(Draetta et al. 1989? Meijer et al. 1989; Brizuella et
al. 1989).

Since protein synthesis is required for the
generation of active MPF (Swenson et al. 1989) and

cdc2 • • • • • • •p34 is consistently present in dividing cells, this
implies that it is the synthesis and degradation of
cyclin that regulates MPF activity. This suggestion has
recently been confirmed by the use of in vitro Xenopus
egg extracts (Minshull et al. 1989? Murray and Kirschner,
1989? Murray et al. 1989).

These studies have given a much clearer
understanding of the factors responsible for the
regulation of M-phase, with an endogenous pool of
inactive or pre-MPF being cyclically activated and
deactivated by the periodic synthesis and destruction of
the regulatory protein, cyclin. At present, little is
known of the downstream operation of activated MPF, other
than its histone HI kinase activity, however the rapid
progress currently being made in the elucidation of these
processes suggests that considerable advances will
shortly be forthcoming.
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CHAPTER 2

MATERIALS AND GENERAL METHODS



2.1. Animals

2.1.1 Mice

The majority of the studies contained in this report 
were undertaken at the Medical Research Council 
Experimental Embryology and Teratology Unit, Carshalton, 
Surrey, between October 1986 and December 1988. In 
January 1989 the unit moved to St George's Hospital 
Medical School (SGHMS), Tooting, London, where the latter 
studies in this report were completed.

At Carshalton the mice were maintained under 
constant conditions of lighting [14 h of daylight (05.00 
to 19.00, and lOh of darkness (19.00 to 05.00] and 
temperature (18-22°C). At SGHMS, the mice were maintained 
under similar conditions of lighting and temperature 
except that during the summer months the midpoint of the 
dark period was shifted forward by one hour to correspond 
with midnight (24.00).

Three strains of mice were used in these studies. 
Immature random-bred albino female mice (MFl/Lac) were 
bred within the unit. MF1 males were obtained from the 
same source. The latter were caged individually, and for 
mating females were individually placed in a cage with a 
male.

Immature B6CBF1 hybrid (C57BL/6Lac females x CBA/Lac 
males) females and stud males and BALB/c females and stud 
males were obtained from breeding colonies within the 
unit.
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2.1.2 Rats

The work on the distribution of mitochondria in 
early cleavage stage rat embryos was carried out at 
Carshalton. Three month old female F344/N rats were 
placed overnight with males of the same strain, the 
presence of a copulation plug the next morning being 
taken as evidence of successful mating. All animals were 
maintained under similar conditions of lighting and 
temperature as those described above for mice.

2.2 Superovulation and "age" of embryos.

To obtain oviducts containing fertilised embryos in 
sufficient quantities for experimental purposes, the mice 
were superovulated by intraperitoneal injection of 
pregnant mares' serum gonadotrophin (PMSG) (Folligon, 
Intervet. U.K.) and human chorionic gonadotrophin (hCG) 
(Chorulon, Intervet. U.K.). This system produced an 
average yield of between 20-30 embryos per mouse. However 
the number of embryos obtained per mouse varied 
considerably between strains, and the amount of 
gonadotrophins injected was adjusted for differences in 
sensitivity to these hormones.

For MF1 and BALB/c females, optimal response was 
obtained with 5 International Units (iu) of PMSG, 
followed 48 h later by 5iu of hCG. For B6CBF^ hybrid 
female mice, optimal response was obtained with 7.5iu of 
PMSG followed 48h later by 5iu of hCG; embryos so derived 
are hereafter designated F2 for brevity. All hormones
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were made up in isotonic (0.9%) NaCl and stored in 5ml 
aliquots at -20°C prior to use. After the second 
injection the females were placed with males of the same 
strain. Successful mating was indicated by the presence 
of a vaginal plug on examination the following morning 
and this day was designated Day 1 of pregnancy.

In this study, the "age” of the fertilised embryos 
is always expressed by the number of hours after hCG 
injection (h.post hCG) or in the number of days after 
discovery of the vaginal plug (day of discovery = Day 1 
of development). The injection of hCG was chosen as the 
reference time (zero time) in these studies since the 
actual time of fertilisation could not be estimated 
precisely due to possible variations in the times of 
ovulation and fertilisation (ovulation ~ 10-12 hours post 
hCG injection, fertilisation 0-4 hours post ovulation) 
following hormone injection.

Injections were timed so that the time of induced 
ovulation corresponded to, or slightly preceded, the 
natural time of ovulation which would occur between 
midnight and 02.00 on the system of lighting used (Runner 
and Palm, 1953). The possibility of any adverse effect of 
light upon ovulation time was therefore considered 
negligible.

84



2.3 Collection and culture of fertilised embryos.

2.3.1. One-cell embryos.

Fertilised 1-cell embryos were generally collected 
from superovulated immature mice between 26 and 27 h.post 
hCG, on Day 1 of pregnancy. The mice were killed by 
cervical dislocation. The oviducts were aseptically 
removed by first cutting through the ovarian bursa 
between the ovary and the oviduct, and then cutting 
across the utero-tubal junction between the oviduct and 
the uterus. Excised oviducts were then placed in 2ml of 
Hepes buffered mouse embryo culture medium, M2 (Fulton 
and Whittingham, 1978) in an embryological watchglass.
After transfer to medium containing hyaluronidase (150iu.

-1 ,ml m  M2), the 1-cell embryos, surrounded by the 
cumulus oophorus, were released by tearing the wall of 
the ampullary region of the oviduct using watchmakers' 
forceps. After dispersal of the cumulus cells surrounding 
the embryos, the embryos were transferred (with a finely 
drawn Pasteur pipette attached to a mouthpiece) to 2x 2ml 
changes of M2. The embryos were immediately transferred 
from the final M2 wash to a 2ml wash of bicarbonate- 
buffered mouse embryo culture medium, M16 (Whittingham, 
1971) covered with light paraffin oil previously 
equilibrated with 5% C02 in air at 37°C.

Embryos (10 per drop) were then generally placed in 
small drops (~10ul) of M16 under oil in a plastic tissue 
culture dish (Falcon Plastics, U.K.) and incubated in a 
humidified atmosphere of 5% C02 in air at 37°C as
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described previously by Biggers et al (1971). In most 
experiments the embryos were established in culture 
between 26.5 to 27 h.post hCG injection.

2.3.2 Two-cell embryos

Two-cell embryos were flushed from the oviducts of 
successfully mated superovulated mice, at various stages 
of the second cell-cycle, between 38 to 48 h.post hCG 
injection. Oviducts were excised on Day 2 of development 
as described above and transferred to individual droplets 
(~ 200ul) of M2 in a plastic tissue culture dish
(Sterilin U.K). Two-cell embryos were expelled from the 
oviduct by introducing a blunted 30G needle, attached to 
a 1ml syringe, into the ampulla and flushing with M2. The 
embryos collected were transferred to an embryological 
watchglass containing 2ml of M2 with a finely drawn 
Pasteur pipette. The procedures for culture were the same 
as those described above (see Section 2.3.1).

2.3.3. Four- and eight-cell embryos

• • • rdTo obtain embryos at various stages during the 3
and 4th cell cycles, oviducts and the top third of the
uterine horns were excised on Day 3 of pregnancy. Four-
and 8-cell embryos were flushed from the reproductive
tract between 68 and 78 h.post hCG in a similar manner to
that described above for the collection of 2-cell
embryos (see section 2.3.2).
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2.4. Media

2.4.1 M2 and M16

The standard medium used for in vitro culture of 
embryos in the laboratory was a chemically defined, 
bicarbonate buffered mouse embryo culture medium 
designated M16. This is a modified Kreb's Ringer
bicarbonate solution suitable for oocyte maturation and 
the routine culture of pre-implantation mouse embryos 
Whittingham (1971).

The standard medium used for the collection and 
handling of embryos in the laboratory was also a modified 
Kreb's Ringer solution, in which some of the bicarbonate 
was substituted with Hepes buffer (Quinn et al. 1982). 
This allows a pH of - 7.4 to be maintained whilst working 
with embryos in an atmosphere of air, but is unsuitable 
for long term culture ( >6 h).

The sources of the components are shown in Table 2.1
M16 was prepared weekly, and M2 fortnightly by one 

of three methods.

2.4.1.1 Preparation by the volumetric method.

This method consists of weighing out individual 
components and making up to final volume with distilled 
water. This is suitable for the preparation of large 
quantities of media only (lOO-lOOOml) as accuracy cannot 
be achieved at smaller volumes. The quantities of the 
various components required to prepare 1 litre of M16 are

87



Table 2.1 
Source of Media Chemicals

Compound Grade Sunolier

NaCl "AnalaR" BDH, Poole, Dorset, England
KCl "AnalaR" BDH, Poole, Dorset, England
CaCl2.2H20 "AnalaR" BDH, Poole, Dorset, England
k h2p o4 "AnalaR" BDH, Poole, Dorset, England
MgS04.7H20 "AnalaR" BDH, Poole, Dorset, England
NaHC03 "AnalaR" BDH, Poole, Dorset, England
Phenol Red "AnalaR" BDH, Poole, Dorset, England
Glucose "AnalaR" BDH, Poole, Dorset, England
Na Lactate DL Lactic Acid,

Na Salt, 60% Syrup
Sigma, Poole, Dorset, England

Na Pyruvate Pyruvic acid,
Na Salt, crystalline

Sigma, Poole, Dorset, England

Hyaluronidase "Type 1-S" Sigma, Poole, Dorset, England,
(Bovine Testis)

BSA Crystalline ICN ImmunoBiologicals
Lisle, IL, U.S.A.

Penicillin G.(K salt) "Crystapen" Glaxo Laboratories Ltd,
Greenford, England.

Streptomycin sulphate "Crystapen" Glaxo Laboratories Ltd,
Greenford, England.

HEPes "Ultrol" CoO-biocU^ ,USf\
r«- oxut.̂
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presented in Table 2.2.
The penicillin and streptomycin are weighed out and 

dissolved in 2x distilled water, as is the CaCl2. The 
remaining components [except Bovine Serum Albumin (BSA) 
and lactate] are weighed out, placed in a 1 litre
volumetric flask, to which is added 500ml of 2x distilled 
water, and allowed to dissolve. The penicillin,
streptomycin and CaCl2 solutions are then added to the 
volumetric flask, thus preventing precipitation of the 
calcium salt. Finally the lactate syrup is added to the
flask and the volume made up to 1 litre with 2x distilled
water. M2 is made up in precisely the same manner except 
that the amount of bicarbonate is reduced and substituted 
with Hepes buffer (see Table 2.3).

After preparation, the osmolarity is measured, and 
if this is found to be outside the acceptable range (288- 
292 m osmol) the medium is discarded. BSA is added by 
sprinkling it on top of the medium and allowing it to 
dissolve slowly. Shaking or mixing of the medium at this 
stage will cause it to froth and denature the protein. 
The medium is filtered (0.22 um diameter Millipore 
filter) into tissue culture bottles or tubes (Falcon 
Plastics, U.K.) and stored for use at 4°C. The M16 is 
allowed to equilibrate in a humidified incubator at 37°C 
in an atmosphere of 5% C02 in air (final pH - 7.4) for 
24h prior to use.
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Compound
NaCl
KC1
CaC12.2H20

KH2P04
MgS04.7H20
NaHC03
Na Lactate

Na Pyruvate
Glucose
BSA
Penicillin G.(K salt) 
Streptomycin sulphate 
Phenol Red 
2x distilled water

Table 2.2 
M16 Culture Medium 
mM Mol. wt
94.66 
4.78 
1.71

gZi
58.45 5.533
74.557 0.356

147.200 0.252
1.19 136.091 0.162
1.19 246.500 0.293

25.00 84.020 2.101
23.28 112.100 2.610

or 4.349g
of 60% syrup

0.33 110.000 0.036
5.56 179.860 1.000
5.56 4.000

0.060
0.050
0.010

to 1 litre volume

90



Table 2.3
M2 Culture Medium

Compound

NaCl
KC1
CaC12.2H20

KH2P04
MgS04.7H20
NaHC03
Hepes
Na Lactate

Na Pyruvate
Glucose
BSA
Penicillin G.(K salt) 
Streptomycin sulphate 
Phenol Red 
2x distilled water

mM

94.66
4.78
1.71
1.19
1.19 
4.15
20.85
23.28

0.33
5.56
5.56

Mol. wt

58.45
74.557
147.200
136.091
246.500
84.020

238.300
112.100

3/i

5.533
0.356
0.252
0.162
0.293
0.349
4.969
2.610

or 4.349g 
of 60% syrup

110.000 0.036
179.860 1.000

4.000
0.060
0.050
0.010

to 1 litre volume
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2.4.1.2 Preparation from isotonic stocks.

This method involves the preparation of a series of 
isotonic solutions of each of the medium components, 
which may be stored and used to prepare small quantities
of media with great accuracy. The other main advantage of

. . . . . 2+this method is the ability to omit various ions (eg Ca ,
2+  -Mg , P04 ) or energy substrates (eg glucose, pyruvate, 

lactate) and replace these with additional NaCl to 
maintain constant osmolarity.

For the majority of the inorganic salts used and the 
Hepes buffer, 0.154M solutions were prepared (ionising in 
2 ions, theoretical osmolarity = 308 m osmol, measured
osmolarity = 285-290 m osmol). Since CaCl2 ionises in 
three ions, this is prepared as a 0.11M solution 
(measured osmolarity - 300 m osmol). Sodium pyruvate is 
made up to a final concentration of 0.00154M in isotonic 
0.154M NaCl, and 13mg of Phenol Red is dissolved in 10ml 
of 0.154M NaHC03 (see Table 2.4). The antibiotic stocks 
are prepared as shown in Table 2.4,stored in 2ml aliquots 
in 5ml tubes (Falcon Plastics, U.K.) and stored at -20°C. 
All other stocks are stored in tissue culture flasks 
(Falcon Plastics) at 4°C.

The volumes of the various stocks required to 
prepare 13ml of M16 or M2 are shown in Table 2.5. Medium 
is prepared by pipetting the stocks, in the order shown, 
into 10ml Falcon tubes and adding glucose and BSA. The 
BSA is sprinkled on top of the medium and allowed to 
dissolve slowly to prevent the protein from denaturing. 
After preparation the medium is filtered and stored as
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Table 2.4
Preparation of Isotonic Stock Solutions.

Component
NaCl
KC1
CaCl2.2H20(0.11M)
KH2p°4
MgS04.7H20
NaHC03
Na Lactate

Mol.Wt Amount
58.450 9 g/litre
74.557 0.574g/50ml
147.200 0.810g/50ml
136.091 1.048g/50ml
246.500 1.898g/50ml
84.020 1.294g/100ml
112.100 2.877g/100ml of 60%

syrup
110.000 85mg in 10ml of 0.154MNaCl. Take 2ml and

make up to 100ml with
0.154M NaCl.
13mg in 10ml 0.154MNaHC03
1.835g / 20ml 2xdistilled water +
15.5ml N/5 NaOH. Makeup to 50ml with 2x
distilled water.

Penicillin. Add 1ml 0.154M NaCl to original vial of
g1x10 iu. To each 0.1ml of this add 9.9ml 

NaCl to give 10 000 iu/ml stock solution. 
Streptomycin. Add 2ml 0.154M NaCl to original vial of lg.

To each 0.1ml of this add 9.9ml NaCl to give
5000mg/ml stock solution.

Na Pyruvate 
(0.00154M)

Phenol Red 

Hepes Buffer
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Table 2.5
Isotonic Stock Volumes required for the preparation of

Component

H2 °

NaCl
KC1
CaCl2.2H20 
KH2P°4 
MgS04.7H20 
NaHC03 
Hepes
Na Lactate 
Na Pyruvate 
Phenol Red 
Penicillin 
Streptomycin 
Glucose(mg) 
BSA (mg)

Medium M16 and M2.

13ml of M16 
0.12 
0.12 
0.40 
0.20 
0.10 
0.10 
2.01

1.97
2.79
0.10
0.13
0.13
13
52

13ml of M2 
0.12 
0.12 
0.40 
0.20 
0.10 
0.10 
0.25 
1.76
1.97
2.79 
0.10 
0.13 
0.13 
13 
52
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described previously (Section 2.4.1.1).

2.4.1.3 Preparation from concentrated stocks.

This method allows quick preparation of small 
quantities of medium, although care must be taken in 
pipetting as small errors lead to variation in the final 
osmolarity. However it is difficult to prepare media of 
varying ionic or substrate content unless other 
combinations of concentrated stocks are prepared. The 
quantities of the various components required to prepare 
the concentrated stocks are given in Table 2.6. Stock A
is prepared by weighing out all the salts into a
volumetric flask and adding ~50ml of 2x distilled water.
After the contents have dissolved, this is made up to 
final volume with 2x distilled water. Stocks B, C, D are 
made up in a similar manner. To prepare Stock E, the 
Hepes and phenol red are weighed out into a beaker, and 
~50ml of 2x distilled water added. The pH is adjusted to 
7.6 with N/5 NaOH and the solution made up to final 
volume with 2x distilled water. Stocks A, D and E may be 
stored for up to 3 months at 4°C, but stocks B and C
should be freshly prepared fortnightly. The volumes of 
the various stocks required to prepare 10ml of M16 or M2 
are shown in Table 2.7. Media is prepared by pipetting 
the stocks, in the order shown, into 10ml Falcon tubes. 
BSA is added and the media filtered and stored as 
described previously (Section 2.4.1.1).
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Table 2.6
Preparation of Concentrated Stock solutions

Stock A 
(lOx Cone)

Stock B 
(lOx Cone)

Stock C 
(lOOx Cone)

Stock D 
(lOOx Cone)

Stock E 
(lOx cone)

Component
NaCl
KC1
KH2P°4 
MgSO-.H-O 
Na Lactate

Glucose
Penicillin
Streptomycin

NaHC03 
Phenol Red

Na Pyruvate

CaCl2.2H20

Hepes
Phenol Red

q/lOOml
5.534
0.356
0.162
0.293
2.610

or 4.349 of 60% syrup 
1.000 
0.060 
0.050

2.101 
0.010

g/lOml
0.036

g/lOml
0.252

g/lOOml
5.985
0.010
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Table 2.7
M16 and M2 from concentrated stocks.

Stocks 10ml M16 10ml M2
A 1.0 1.00
B 1.0 0.16
C 0.10 0.10
D 0.10 0.10
E   0.84
H20 7.80 7.80
BSA 40 40
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2.4.2 Ham * s F 10 culture medium

The culture medium chosen for culture of explanted 
oviducts was a completely defined tissue culture medium, 
designated F 10 (Ham, 1963). This had been shown 
previously to permit good maintenance of the explanted 
mouse oviduct in culture, as judged by histological 
examination and development of embryos within the lumen 
(Whittingham, 1967? 1968 a,b; Whittingham and Biggers, 
1967).

The medium was purchased in powdered form (Sigma, 
U.K.), made up fortnightly in accordance with the 
manufacturers instructions, stored at 4°C, and 
supplemented with 60 ug/ml of penicillin G (Potassium 
salt) and 50 ug/ml of streptomycin sulphate prior to use.

The composition of the medium is shown in Table 2.8.

2.5 Oviduct culture

In vitro culture of the ampulla region of the mouse 
oviduct, was achieved using a modification of Chen's 
"raft” technique (1954), as described by Whittingham 
(1967? 1968a,b,c) and Whittingham and Biggers (1967). The 
culture chamber consisted of a pyrex petri dish (60mm in 
diameter) and a small watchglass (40mm in diameter) 
supported by an annulus of absorbent synthetic sponge 
which allowed observation of the explant under the 
dissecting microscope. This chamber was sterilised as a 
complete unit (dry heat, 1.5 hrs at 160°C). Two mis of 
sterile distilled water were placed in the bottom of the
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Table 2.8Chemical Composition of Ham's F 10 Medium

Component 
L-Alanine 
L-Arginine HC1 
L-Asparagine H20 
L-Aspartic acid 
L-Cysteine HC1 
L-Glutamic acid 
L-Glutamine 
Glycine
L-Histidine HC1 H20
L-Isoleucine
L-Leucine
L-Lysine HC1
L-Methionine
L-Phenylalanine
L-Proline
L-Serine
L-Theonine
L-Tryptophan
L-Tyrosine Disodium salt
L-Valine
Biotin
D-Calcium pantothenate 
Choline chloride 
Folic acid
i-Inositol 
Niacinamide

mg/1 moles/1
8.91 -41.10

210.7 lxl0“3
15.01 lxio”4
13.31 -41x10
31.53 2xl0”4
14.71 -41x10

146.2 lxio”3
7.51 -41x10

20.96 lxio”4
2.62 2xl0-5
13.12 -41x10
29.30 -41X10
4.48 3xl0"5
4.96 3xl0“5
11.51 lxlO”4
10.51 -41x10
3.57 3xl0”5
0.61 3xl0”6
2.25 lxlO-5
3.51 3xl0-5
0.024 lxlO”7
0.715 3xl0”6
0.698 5xl0“6
1.32 3xl0”6
0.541 3xl0-6
0.611 5xl0-6
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Table 2.8(contin.)
Comnonent mg/1 moles/1
Pyroxidine HC1 0.206 lxio”6
Riboflavin 0.376 lxlO”6
Thiamin HC1 1.012 3xl0”6
Vitamin B12 1.36 lxlO”6
CaCl2.2H20 44.1 3xl0“4
CuSO,.5Ho0 4 2 0.0025 lxlO”8
FeSO..7Ho0 4 2 0.8346 3xl0“6
KC1 285.0 3.8xl0”3

OCN 83.00 4.8xl0”4
MgS04.7H20 152.7 6.2xl0”4
NaCl 7400 1.2X101
Na^HPO. 2 4 156.2 1.lxio”3
NaHC03 1200 1.43X10”2
ZnSO..7Ho0 4 2 0.02881 lxlO’7
D-Glucose 1100 6.lxlO"3
Hypoxanthine 4.08 3x10 c
Phenol Red sodium salt 12.00 3.3xl0”5
Sodium Pyruvate 110.0 lxio"3
Thymidine 0.727 3xl0"6



petri dish to maintain the humidity of the chamber. One 
ml of F 10 medium (Ham,1963) was pipetted into the 
watchglass, and a disc of sterile teabag paper (2cm in 
diameter) floated on top of the medium. The teabag paper 
was a kind gift of Importers Retail Salerooms Ltd (tea 
and coffee specialists), Beckenham, Kent, and was washed 
thoroughly in several changes of ether, ethanol and 2x 
distilled water to remove any chemical residues prior to 
sterilisation.

The excised oviducts were transferred to small (~200 
ul) drops of M2 in a plastic tissue culture dish 
(Sterilin, U.K.), carefully uncoiled by tearing the 
surrounding mesenteric membrane, and transected in the 
aproximate region of the ampullary-isthmal junction. The 
ampulla was placed on the teabag "raft" (one explant per 
chamber) and the culture chambers incubated under 
identical conditions to those described for the culture 
of embryos in vitro (37°C, in a humidified atmosphere of 
5% C02 in air? Biggers et al 1971).

After 48 h of culture the medium was withdrawn from 
under the teabag raft, using a finely drawn Pasteur 
pipette, and replaced with fresh medium. The ease of 
observation of the explant using this technique proved 
extremely efficacious in experiments where embryos were 
transferred to the explants for further culture.

101



2.6. Micromanipulation

2.6.1. Equipment

The transfer of cytoplasm between oocytes and early 
cleavage stage embryos was achieved using a micro
manipulation system consisting of a Leitz-Diavert 
inverted epifluorescence microscope (Leitz, West 
Germany), with its stage maintained at 37°C using a 
thermostatically controlled infra-red heater (Opti-quip 
U.S.A.), and two pneumatic micromanipulators (DeFonbrune, 
France) connected to Agla microsyringes (Wellcome, U.K.) 
suitable for low pressure microinjection.

Microinjection and embryo holding pipettes were 
produced on a Livingstone pipette puller, and fashioned 
using a DeFonbrune microforge. Pyrex glass capillary 
tubes (outside diameter=lmm, inside diameter= 0.6mm, 
Drummond Scientific Co U.S.A.) were used to produce the 
injection pipettes (tip diameter ~4um). "Kwik-Fil" glass 
capillary tubes (W-P Instruments Inc. U.S.A) were used to 
produce the embryo holding pipettes (tip diameter ~200um) 
as shown in Plate 2.1.

2.6.2 Procedures

The procedures used in the manipulation of early 
mouse embryos are those described by Muggleton-Harris and 
Brown (1988).

To facilitate embryo penetration and the withdrawal of 
cytoplasm groups of donor and recipient embryos were
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incubated in M16 containing 0.5 ug/ml cytochalasin D 
(Sigma) (Syracuse, 1980? Muggleton-Harris et al. 1982) 
for 15 minutes at 37°C, prior to injection. To maintain a 
stable pH (between 7.2 and 7.4) in air during 
microinjection, the embryos were transferred to 50-100 ul 
drops of M2 containing cytochalasin D (0.5 ug/ml) 
overlaid with paraffin oil (B.D.H. Ltd, U.K.) in a 
plastic culture dish (Falcon Plastics, U.K.). The total 
exposure period of embryos to cytochalasin D did not 
exceed 45 minutes to ensure that their subsequent 
viability was unimpaired (Muggleton-Harris et al. 1982). 
All manipulations involved 2-4 donor oocytes or embryos, 
12-14 recipient embryos and 10-15 control embryos which 
had undergone all the handling procedures but were not 
injected (uninjected controls). The volume of cytoplasm 
transferred to each recipient was -8-12 pi (see Plate 
2.2) .

After manipulation, embryos were washed through 
several changes of M16 to remove all traces of 
cytochalasin D, before culture in individual lOul 
microdrops of M16 under oil. Groups of embryos which had 
not been subjected to any of the handling procedures were 
always cultured as unmanipulated controls.

Manipulated and control embryos were scored daily for 
their developmental progress. Embryos in which 
blastomeres lysed within the first 24 h were eliminated 
from analysis, since this probably occurred as a result 
of physiological damage to the plasma membrane sustained 
during the injection process.
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Plate 2.1

Cytoplasmic transfer injection 
of 2-cell mouse embryos.

(A-D) Withdrawal of cytoplasm from 2-cell donor
embryo.

(E-H) Microinjection of recipient 2-cell embryo with
donor cytoplasm.

Donor embryo secured to the holding pipette (A) 
is penetrated by the injection pipette (B) and 
cytoplasm withdrawn by the application of 
negative pressure (C). Lysed donor embryo 
remains attached to the holding pipette after 
withdrawal of the injection pipette (D).

Recipient embryo secured to the holding pipette 
(E) is penetrated by the injection pipette and 
injected with a small amount (8-12pl) of donor 
cytoplasm by the application of positive 
pressure (F). Recipient embryo remains intact 
after withdrawal of injection pipette (G) and 
after release from holding pipette (arrowed, 
H) .

Bar=100um
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2.7. Staining Techniques

2.7.1. Rhodamine 123

The mitochondrial distribution within the 
blastomeres of living preimplantation embryos was 
visualised using the vital fluorescent dye Rhodamine 123 
(Rho 123, Sigma). The specificity of this dye in the 
labelling of mitochondria has been described previously 
(Johnson et al. 1980) as has the subsequent viability of 
labelled preimplantation mouse embryos (Batten et al. 
1987? Muggleton-Harris and Brown,1988).

Embryos were placed in small drops (~50ul) of M2 
containing Rho 123 (lOug/ml) under oil, in a plastic 
culture dish (Falcon Plastics, U.K.) and maintained at 
37°C for 15 minutes. After staining, embryos were washed 
three times in large drops (~250 ul) of M2 and 
transferred to individual microdrops (~10ul) of M2 under 
oil on a cytotoxic slide (Baird and Tatlock, U.K.) for 
observation and photography.

2.7.2 Hoechst 33258

The degree of chromatin condensation within 
blastomere nuclei was visualised using the vital 
fluorescent DNA-binding dye, Hoechst 33258 (Sigma), 
(Hilwig and Gropp, 1972,1973? Jalal et al. 1975).

Embryos were placed in small drops (~50ul) of M2 
containing Hoechst 33258 (5ug/ml) under oil and 
maintained at 37°C for 15 minutes. After staining,
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embryos were washed three times in large drops (~250ul) 
of M2 and mounted for fluorescence microscopy, as 
described above (Section 2.7.1).

2.8. Fluorescence Microscopy

Fluorescence photography of Rhodamine 123 labelled 
embryos was carried out using 400 ASA film (HP5, Ilford 
or T-Max, Kodak) and a Leitz Vario-Orthomat camera 
mounted on a Leitz Epifluorescence microscope fitted with 
a Rhodamine filter. The microscope stage was maintained 
at ~37°C using a thermostatically controlled infra-red 
heater (Opti-Quip, U.S.A.).

Maximal excitation of the Rho 123 was achieved by 
irradiation with blue incident light (wavelength=450- 
490nm, FITC band pass filter? Leitz). The mitochondrial 
distribution pattern was the same with either filter 
system as shown previously by Johnson et al. (1980). The 
FITC band was used in preference to decrease the period 
of exposure to U.V. light required for photography 
(maximum exposure -10 seconds), preventing bleaching of 
the stain and damage to the embryo. Stained embryos were 
mounted individually in micro-drops (~10ul) of M2 under 
oil on cytotoxic slides (Baird and Tatlock, U.K.) and 
viewed using a 25/0.60 water immersion "Fluoreszenz" 
objective (Leitz). Unstained embryos did not exhibit 
fluorescence under these conditions. Intense organelle- 
specific fluorescence was retained in stained embryos for 
the duration of the observation period (10-15 minutes).

Hoechst 33258 labelled embryos were observed using
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a DAPI filter and photographed in the same manner as that 
described above for Rho 123 labelled embryos.

2.9. Processing for Transmission Electron Microscopy 
(T.E.M.)

Embryos were fixed for lh in 2.5% glutaraldehyde, 1% 
paraformaldehyde and 0.1% KFeCN in 0.075 M sodium 
cacodylate buffer (pH 7.4-7.6, 270 mOsm), before being
washed overnight in 0.075M cacodylate buffer. They were 
suspended in 1.5% agarose in cacodylate buffer at 30°C 
and the samples allowed to cool and form gel blocks 
(according to the method of Yuan and Gulyas, 1981) to 
facilitate handling during processing. Embryos were then 
postfixed for 1 h in 1% osmium tetroxide (0s04) in 
cacodylate buffer, washed thoroughly in 2x distilled 
water (3 changes, 10 minutes each), and dehydrated by 
transferring the blocks through a series of graded 
ethanols (10% to 90% in 10% stages, 3x 100%; 5 minutes 
each step), before being washed in 3 changes of propylene 
oxide. They were infiltrated in a 1:1 mixture of 
propylene oxide / resin overnight and transferred to pure 
resin containing accelerator for 8-24 hours. The agarose 
blocks were finally embedded in fresh resin and left to 
cure at 60°C for 2 days.

Embedding resin was prepared by mixing 33ml of Epon 
(Agar 100 resin) with 41ml of Dodecanyl Succinic 
Anhydride (DDSA) and 33ml of Epon with 22ml of methyl 
Nadic Anhydride (MNA). These mixtures were combined in a 
ratio of 33:55 respectively and 5 drops of
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Benzyldimethylamine (BDMA) accelerator added. All resin 
components were purchased from Agar Scientific Ltd. U.K.
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CHAPTER 3

TIMING OF THE FIRST AND SECOND MITOTIC DIVISIONS AND 
ANALYSIS OF THE MITOCHONDRIAL DISTRIBUTION IN 

PREIMPLANTATION EMBRYOS IN VIVO AND IN VITRO.
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3.1 Introduction

To conduct a detailed examination of the factors 
controlling early cleavage of preimplantation embryos, it 
is necessary to understand the kinetics of the embryonic 
cell cycle. Cellular receptivity to developmental signals 
may be limited to particular phases of the cell cycle 
(Smith and Johnson, 1988). Controlled manipulation of the 
system can therefore only be achieved when the stages of 
development have been clearly defined with respect to a 
prior time-setting event (eg injection of hCG; ovulation? 
insemination? fertilisation). Since a degree of 
asynchrony exists in the times of ovulation and 
fertilisation between embryos, developmental time is 
generally measured as the number of hours following the 
superovulatory injection of hCG.

Kaufman (1973) calculated the duration of the first 
mitotic division to be 117 minutes in embryos derived 
from in vivo fertilised CFLP oocytes. The 50% point for 
embryos entering first cleavage in vivo occurred at 29h 
56 min after the injection of hCG, and for embryos 
reaching the 2-cell stage occurred at 31h 51 min after 
the injection of hCG. In a later study, Sawicki et al. 
(1978) examined the timing of first and second mitosis in 
outbred Swiss mice as measured by the number of hours 
after insemination. Efflux from mitosis of the first 
cleavage division started 16-18h after insemination 
(h.p.i.) and reached 90% by 22-24 h.p.i. Completion of 
mitosis of the second cleavage division began 38-40 
h.p.i. and reached 90% by 48-50 h.p.i. Since insemination
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in their system occurred 10-10.5h after the injection of 
hCG (Abramczuk and Sawicki, 1975) this means that first 
cleavage in vivo was observed between 26-34 h.post hCG 
and second cleavage between 48-60 h.post hCG.

Observations of the proportions of F2 and MF1 
embryos which had undergone first and second cleavage 
were therefore made between 26-36 and 48-58 h.post hCG 
respectively, since these were the mouse strains used in 
the majority of subsequent studies. The results of this 
investigation are presented in this chapter.

Goddard and Pratt (1983) suggested that strain- 
dependant differences may exist in the localisation of 
mitochondria within the blastomeres of late 2-cell mouse 
embryos cultured from the 1-cell stage. Using thin 
sections examined by T.E.M., they observed a localised 
concentration of mitochondria at the region of cell-cell 
aposition in cleavage arrested 2-cell CFLP embryos 
cultured from the 1-cell stage. Similar localisations of 
mitochondria were only observed after successful cleavage 
in the embryos of normally developing embryos obtained 
from F1 hybrid mice.

Pratt and Muggleton-Harris (1988) later showed that 
”non blocking" F2 hybrid embryos exhibited a more 
homogeneous mitochondrial distribution than "in vitro 
blocking" random bred CD1 embryos, using the vital 
fluorescent mitochondrial stain Rho 123. Progressive 
mitochondrial aggregation was observed in 2-cell embryos 
cultured from the 1-cell stage, throughout G2 of the 
second cell cycle. This was observed in the perinuclear 
region and the area of the cytocortex immediately
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adjacent to the plasma membrane.
It was decided to investigate the in vitro and in 

vivo mitochondrial distribution in "in vitro blocking" 
embryos (MF1) and compare this with that observed in 
"non-blocking" embryos (F2). In this way it was hoped to 
determine whether a correlation existed between the 
degree of mitochondrial aggregation within the
blastomeres of an embryo and its ability to proceed 
through next cleavage.

To confirm that the mitochondrial distribution was 
accurately portrayed by the vital fluorescent
mitochondrial stain Rho 123, a T.E.M. study of fixed 
mouse embryos at various stages of development was also 
undertaken.

3.2 Cleavage times in vivo

3.2.1 F2 embryos.

To establish the times of first and second cleavage 
in vivo for the F2 embryos obtained from B6CBF^ female 
mice previously mated to B6CBF1 males, 38 successfully 
mated superovulated females were placed in the same box 
and randomly allocated to 12 treatment groups (3-4 
animals/treatment) using a table of 1000 random numbers 
(between 1 and 100).

At 2 hourly intervals corresponding to the previous 
estimates of first and second cleavage in vivo (Kaufman,
1973; Sawicki and Abramczuk, 1978), the mice in each
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treatment group were killed, their oviducts flushed, and 
the number of 1-, 2-, 3- or 4-cell embryos present
recorded. The embryos from each batch of mice were
pooled, washed and placed in culture to monitor
developmental progress.

3.2.1.1 First Cleavage

Groups of mice were killed and their oviducts
flushed at 2 hourly intervals between 2 6-36 h. post hCG 
injection and the numbers of 1 and 2-cell embryos present 
recorded. After culture for a further 12 hours, the 
number of 1-cell embryos which remained uncleaved in 
vitro was recorded and this number was subtracted from 
the total recorded at the time of flushing. When 
calculating the percentage of embryos which had cleaved 
at a given time, this procedure removed from the 
calculations any error resulting from the scoring of non- 
viable embryos (eg unfertilised oocytes? developmentally 
arrested embryos at the time of flushing).

The corrected data are. presented in Fig 3.1

3.2.1.2 Second Cleavage

Groups of mice were killed at 2 hourly intervals 
between 48-58 h.post hCG. The oviducts were flushed, and 
the number of 2-, 3- and 4- cell embryos present
recorded. After culture for a further 12 hours all the
2-cell embryos had cleaved so it was not necessary to 
correct the data for developmentally arrested embryos
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scored at the time of flushing. In calculating the 
percentage of embryos which had cleaved, 3- and 4-cell 
embryos were deemed to have undergone cleavage to 
standardise the scoring procedure. The results are 
presented in Fig 3.3.

3.2.2 MF1 embryos
To establish the times of first and 

second cleavage in vivo for the MF1 embryos obtained from 
gonadotrophin treated MF1 female mice mated to MF1 males, 
44 successfully mated females, were placed in the same 
box and randomly allocated to treatment groups using the 
same procedure as that described above for F2 females 
(Section 3.2.1). At 2 hourly intervals between 26-36 and 
48-58 h.post hCG, corresponding to the times of first and 
second cleavage respectively, groups of mice were killed, 
their oviducts flushed, and the number of 1-, 2-, 3- or 
4-cell embryos present recorded. Each batch of embryos 
was pooled, washed and placed in M16 culture to monitor 
developmental progress.

3.2.2.1 First Cleavage

Groups of mice were killed and their oviducts 
flushed at 2 hourly intervals between 26-36 h.post hCG 
injection, and the numbers of 1- and 2-cell embryos 
present recorded. After culture for a further 12 hours, 
the number of 1-cell embryos which remained uncleaved 
in vitro was recorded and the data corrected for the 
number of non-viable 1-cell embryos scored at the time of
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flushing (see Section 3.2.1.1.). The corrected data is 
presented in Fig 3.1.

3.2.2.2 Second Cleavage

Groups of mice were killed and their oviducts 
flushed at 2 hourly intervals between 48-58 h.post hCG, 
and the numbers of 2-, 3- and 4- cell embryos present
recorded. After culture for a further 12 hours in vitro 
no 2-cell embryo remained uncleaved so it was 
unnecessary to correct the data to allow for non-viable 
embryos scored at the time of flushing. This confirms the 
previous observations of Whittingham (1966) and Biggers 
et al. (1967) that embryos from random bred strains of 
mice do not exhibit the "in vitro 2-cell block" when
cultured from the late 2- cell stage. In calculating the
percentage of embryos which had cleaved at a given time, 
3- and 4-cell embryos were deemed to have undergone 
cleavage to standardise the scoring procedure. The
results are presented in Fig 3.3.

3.3 Cleavage times in vitro

3.3.1 F2 embryos.

To establish the times of first and second cleavage 
in vitro for the F2 embryos, 6 and 9 successfully mated 
gonadotrophin treated B6CBF1 female mice, were killed and 
their oviducts flushed at 26 h.post hCG in two replicate 
experiments carried out on different days. In each
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experiment all the 1-cell embryos collected were pooled 
and placed in M16 culture within one hour of flushing 
from the oviduct. Their developmental progress in vitro 
was then monitored.

3.3.1.1 First Cleavage

Embryos were scored at 2 hourly intervals between
26-40 h.post hCG, and the number of 1- and 2- cell 
embryos present recorded. At 50 h.post hCG the number of 
uncleaved embryos was recorded and the data corrected to 
allow for the number of non-viable 1- cell ova scored at 
the time of flushing (see Section 3.3.1.1.). The
corrected data are presented in Fig 3.2.

3.3.1.2 Second Cleavage

The embryos which had proceeded normally through the 
first cleavage division in vitro were scored at 2 hourly 
intervals between 52-76 h.post hCG, and the number of 2-,
3- and 4-cell embryos present recorded. After 76 h.post 
hCG no 2-cell embryos remained uncleaved so it was not 
necessary to correct the data to allow for non-viable 2- 
cell embryos recorded at the time of scoring. In
calculating the percentage of embryos which had cleaved 
at a given time, 3- and 4-cell embryos were deemed to 
have undergone cleavage to standardise the scoring
procedure. The results are presented in Fig 3.4.
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3.3.2 MF1 embryos

To establish the times of first and second cleavage 
in vitro for the MF1 embryos, 6 and 8 successfully mated 
gonadotrophin treated MF1 female mice, were killed and 
their oviducts flushed at 26 h.post hCG in two replicate 
experiments carried out on different days. In each 
experiment all the 1- cell embryos collected were pooled 
and established in M16 culture within one hour of 
flushing from the oviduct. Their developmental progress 
in vitro was then monitored.

3.3.2.1 First Cleavage

Embryos were scored at 2 hourly intervals between
26-40 h.post hCG, and the number of 1- and 2- cell
embryos present recorded. At 50 h.post hCG the number of

u><xs to ereuncleaved 1-cell embryosj^recorded and the
to allow for the number of non-viable 1-cell embryos
scored at the time of flushing (see section 3.3.1.1).
The corrected data are presented in Fig 3.2.

3.3.2.2 Second Cleavage

The MF1 embryos which had been flushed from the 
oviduct at 26 h.post hCG to record the progress of first 
cleavage in vitro, were scored for developmental progress 
between 52-76 h.post hCG. Since MF1 embryos flushed from 
the oviduct at the 1-cell stage exhibit the "in vitro 2- 
cell block", no correction for the number of non-
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Figures 3.1 - 3.4

The figures show the proportions of F2 ad MF1 embryos which 

underwent first and second cleavage, in vivo and in vitro, at 

various times during the first two days of development.

The onset and progression of both cleavage divisions in vivo was 

examined once only (Figs 3.1, 3.3), whilst duplicate experiments 

(replicates "a" and "b") were performed using both strains to 

obtain the in vitro data (see keys, Figs 3.2, 3.4).
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developing embryos was made to the data, and the curves 
obtained for second cleavage in vitro reflect the typical 
between-day variation observed in the proportion of MF1 
embryos which cleave to the 4-cell stage. The results are 
presented in Fig 3.4.

3.4 Analysis of the mitochondrial distribution in
preimplantation embryos in vitro and in vivo.

3.4.1 F2 and MF1 mouse embryos in vitro.

In a series of 6 experiments, fertilised 1-cell 
embryos were flushed from successfully mated 
gonadotrophin treated B6CBF^ and MF1 female mice, between 
20-21 h.post hCG. The embryos collected from each strain 
were placed in culture in drops of M16 under oil within 
one hour of flushing.

At 2 hourly intervals, from the time of flushing 
until 65 h.post hCG (by which time normally cleaving F2 
embryos have reached the 4-cell stage in vitro), groups 
of 6 embryos from each strain were labelled with the 
vital fluorescent mitochondrial stain Rho 123 (Section 
2.7.1). Photomicrographs were taken of individual embryos 
immediately after staining (see Section 2.8).

F2 embryos, cultured from the 1-cell stage showed 
homogeneously distributed mitochondria throughout the 
cytocortex of their blastomeres (Plate 3.1 A-E). In MF1 
embryos cultured from the same stage in vitro, (Plate 3.1 
F-J) the previously observed homogeneous mitochondria 
distribution (Plate 3.1, F) was progressively lost. This
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Plate 3.1
Mitochondrial distribution in F2 and MF1 embryos 

in vitro and in vivo.

(A-E) F2 embryos in vitro.
(F-J) MF1 embryos in vitro.
(K-0) MF1 embryos in vivo.
(A, F, K) Early 2-cell embryos (34 h.post hCG). F2 embryos (A) 

exhibit the homogeneous mitochondrial distribution in 
vitro associated with the ability to proceed through 
second cleavage. MF1 embryos in vitro (F) and
immediately after flushing (K) show similar patterns.

(B,G,L) Mid 2-cell embryos (40 h.post hCG). No observable changes observed in the F2 (B) or MF1 (L) embryos. 
Slight aggregation of mitochondria in the cytoplasmis apparent in the MF1 2-cell in vitro (G).

(C,H,M) Late 2-cell embryos (53 h.post hCG). Homogeneous mitochondrial distribution is maintained by F2 in 
vitro (C), and MF1 in vivo (MJ embryos. Markedaggregation is observed in the MF1 in vitro 2-cell 
embryos (H).

(D,I, N) F2 in vitro (D) and MF1 in vivo (N) 4-cell embryos (65 h.post hCG) exhibit homogeneous mitochondrial 
distribution patterns. The "blocked" MF1 in vitro 2- cell (65 h.post hCG) (I) shows marked mitochondrial 
aggregation in the cytocortex and perinuclear region.

(£,.1,0) F2 in vitro (E) and MF1 in vivo (0) compacting 
morulae show homogeneous mitochondrial distribution (87 h.post hCG). By this time the in vitro "blocked" 
MF1 2-cell embryo exhibits severe mitochondrial 
aggregation in the perinuclear region.

(P) An MF1 4-cell embryo which underwent second cleavage
in vitro, but subsequently ceased development prior 
to the 8-cell stage, exhibits the mitochondrial aggregation typical of the arrested embryo (72 h.post 
hCG) .

Bar=25um.
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was replaced by an uneven, aggregated distribution, 
predominantly associated with the perinuclear region and 
the region of the cytocortex immediately adjacent to the 
plasma membrane (Plate 3.1, G-J).

The abnormal aggregation of mitochondria in cultured 
embryos which were unable to proceed through the next 
cleavage division was not merely confined to 2-cell 
embryos. In some instances, MF1 embryos cultured from the 
1-cell stage were able to cleave to the 3- or 4-cell 
stage. In these cases clumping of mitochondria was not 
observed at the 2-cell stage, but the mitochondria became 
aggregated within the blastomeres of the arrested 4-cell 
embryo (Plate 3.1, P).

3.4.2 F2 and MF1 mouse embryos in vivo.

In a series of 5 experiments, fertilised embryos 
were flushed from successfully mated gonadotrophin 
treated B6CBF1 and MF1 female mice at 32, 40, 53 h.post 
hCG (corresponding to the early, mid and late 2-cell 
stages respectively), 65 h.post hCG (early 4-cell stage) 
and 87 h.post hCG (compacted morula stage) and 
immediately stained with Rho 123. Photomicrographs were 
taken of 6 embryos, selected at random from each pooled 
batch, immediately after staining.

No differences in mitochondrial distribution could 
be seen between same stage embryos of either strain when 
labelled immediately after flushing from the oviduct. The 
organisation is similar to that observed in normally 
cleaving F2 embryos cultured from the 1-cell stage in
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vitro (cf. MF1 embryos in vivo, Plate 3.1, K-0 / F2
embryos in vitro, Plate 3.1, A-E). F2 embryos immediately 
after flushing from the oviduct, exhibit the same 
homogeneous mitochondria distribution as that observed in 
same stage F2 embryos cultured from the 1-cell stage in 
vitro.

3.4.3 BALB/c mouse embryos in vitro and in vivo.

To assess whether the mitochondrial aggregation 
characteristic of the "in vitro blocked" embryo was 
confined to the MF1 strain of mouse, embryos of the 
BALB/c 'blocking' strain were also studied.

In the first experiment, 2-cell embryos were flushed 
from the oviducts of 4 successfully mated, gonadotrophin 
treated BALB/c females at 53 h.post hCG. The 20 2-cell 
embryos collected were pooled and 10 of these were 
established in M16 culture within one hour of flushing. 
The remaining 10 embryos were immediately stained with 
Rho 123 and photomicrographs taken of each embryo 
immediately after staining. Late 2-cell BALB/c embryos, 
observed immediately after flushing from the oviduct 
(Plate 3.2, A) exhibited the same homogenous 
mitochondrial distribution observed in same stage F2 and 
MF1 embryos in vivo, (Plate 3.1, M) and F2 embryos 
cultured from the 1-cell stage in vitro (Plate 3.1, C). 
All of the 10 control embryos, placed in M16 culture 
after flushing at the late G2 stage of the second cell 
cycle, proceeded normally through second cleavage. Eight 
of these subsequently developed to the blastocyst stage

125



Plate 3.2

(A, B) 
(C, D)
(A)

(B)

(C)

(D)

Mitochondrial distribution in BALB/c mouse and F344/N rat 2-cell embryos in vitro and in vivo.

BALB/c mouse embryos.
F344/N rat embryos.
Late 2-cell BALB/c embryo (53 h.post hCG) labelled 
with Rho 123 immediately after flushing from the 
oviduct. Homogeneous mitochondrial distribution clearly visible in both blastomeres.
Late 2-cell BALB/c embryo (53 h.post hCG) cultured 
from the 1-cell stage (flushed at 26 h.post hCG). 
Mitochondria observed only in the region of cell aposition, and in small aggregates adjacent to the 
plasma membrane.
F344/N rat 2-cell embryo at 16.00h on Day 2 of pregnancy, labelled with Rho 123 immediately after 
flushing from the oviduct. Homogeneous mitochondrial 
distribution in both blastomeres.
F344/N rat 2-cell embryo at 18.00h on Day 2 of development (flushed at 16.00h on Day 1). Homogeneous 
mitochondrial distribution similar to that observed 
in the same stage in vivo embryo (C) observed in both blastomeres.

Bar=30um.
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Plate 3.2
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by Day 5 of development. This confirms previous 
observations that embryos from strains of mice which 
exhibit the "in vitro 2-cell block" when cultured from 
the 1- and early 2-cell stage in vitro, are capable of 
normal development to the blastocyst stage when cultured 
from the late 2- cell stage (Whittingham, 1966, 1967, 
Whittingham and Biggers, 1967).

In a second experiment, fertilised 1-cell embryos 
were flushed from 5 successfully mated superovulated 
BALB/c female mice at 29 h.post hCG. The 43 embryos 
collected were pooled and established in M16 culture 
within 1 hour of flushing. At 53 h.post hCG, 
corresponding to the late G2 phase of the second cell 
cycle, 10 embryos were randomly selected from the culture 
dish and Rho 123 labelled. Photomicrographs were taken of 
each embryo immediately after staining.

BALB/c embryos show an even more dramatic effect of 
the "in vitro 2-cell block" on the spacial organisation 
of their mitochondria than that observed in MF1 embryos 
(Plate 3.2, B). In all the embryos examined, mitochondria 
were only observed at the point of contact of the 
blastomeres and in small aggregates adjacent to the 
plasma membrane. None of the 33 control embryos which 
were not Rho 123 labelled proceeded through second 
cleavage in vitro.

3.4.4 Mitotic mouse embryos in vitro and in vivo.

While observing the distribution of the mitochondria 
in early mouse pre-implantation embryos, it was noted
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Plate 3.3
Mitochondrial translocations in mitotic mouse embryos.

(A-J) F2 1-cell, 2-cell and 4-cell embryos in vitro
exhibiting the typical mitochondrial translocations observed on entry to, and exit from mitosis.

(A) 1-cell embryo with 2 pronuclei migrating towards the 
centre of the cell. Mitochondria translocating from 
cortex to perinuclear region.

(B) Two pronuclei immediately prior to syngamy. Mitochondria translocated to perinuclear region.
(C) Two-cell embryo immediately after cleavage. Mitochondria predominantly associated with remnants 

of spindle (mid-body).
(D) Mitochondria translocated to perinuclear region at 

the onset of Mitosis II.
(E,F) Mitochondria closely associated with the mitoticspindle during anaphase of Mitosis II.
(G,H) Three- and four-cell embryos showing mitochondrial

association with the remnants of the spindle (mid
body) immediately following cleavage.

(I) Mitochondria translocated to perinuclear region atthe onset of Mitosis III.
(J) Mitochondria closely associated with the mitotic

spindle during anaphase of Mitosis III.

Bar=30um.
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that well organised and specific mitochondrial 
translocations were associated with entry to, and exit 
from M-phase (Plate 3.3). Initially, the mitochondria 
were sequestrated from the cortex to the region 
surrounding the two pronuclei during pronuclear migration 
at the 1-cell stage (Plate 3.3 A, B). In addition, it was 
found that such translocations occurred during the period 
immediately preceding mitosis in the blastomeres of
cleaving 2-, 3- and 4-cell embryos (Plate 3.3, D, I).
During M-phase, the mitochondria appeared to be
intimately associated with the mitotic spindle (Plate
3.3, E,F,J). Furthermore, immediately after mitosis, 
mitochondria could be seen clearly associated with the
remnants of the mitotic spindle (mid-body) (Plate 3.3, C, 
G,H) .

3.4.5 F344/N rat embryos in vitro and in vivo

Since mitochondrial aggregation had been observed in 
cleavage arrested embryos of both the MF1 and BALB/c 
mouse strains in vitro, it was decided to investigate 
whether the same effect occurs in the embryos of another 
mammalian species which exhibits a 'block1 to development 
when cultured in vitro. Rat embryos, like those of random 
bred mouse strains, exhibit an "in vitro 2-cell block" to 
development when cultured from the 1-cell stage so this 
was deemed a suitable system with which to compare the 
phenomenon of mitochondrial aggregation between species.

To investigate the distribution of the mitochondria 
in normally cleaving rat 2-cell embryos in vivo, 15

131



female F344/N rats were naturally mated overnight (see 
section 2.1.2), 2 of which were found to have vaginal 
plugs the next morning. At 16.00h on Day 2 of pregnancy 
the rats were killed and 20 2-cell embryos recovered from 
the oviducts. These were immediately Rho 123 labelled and 
photomicrographs taken of the mitochondrial distribution 
within the blastomeres. Like normally developing F2, MF1 
and BALB/c in vivo, and F2 embryos in vitro all the 2- 
cell rat embryos exhibited homogeneously distributed 
mitochondria throughout their cytoplasm (Plate 3.2 C), 
although there did appear to be organisational 
differences between the species. Small, evenly dispersed 
groups of mitochondria in the rat embryos gave the 
stained blastomeres a more 'speckled' appearance than 
that observed in mouse embryos, with these groups 
appearing to be more regularly spaced than the somewhat 
random distribution characteristic of the mouse. After 
being returned to culture none of the 2-cell rat embryos 
proceeded through second cleavage in vitro confirming 
previous observations that rat embryos cultured from the 
late 2-cell stage will not develop in vitro, unlike those 
of mice.

To investigate the distribution of the mitochondria 
in "in vitro blocked" 2-cell rat embryos, 15 female 
F344/N rats were naturally mated overnight, 1 of which 
was found to have a vaginal plug the next morning. At 
16.00h on Day 1 of pregnancy this animal was killed and 9 
fertilised 1-cell embryos recovered from the oviducts. 
The embryos were washed free of cumulus cells, placed in 
M16 culture drops, and left to cleave to the 2-cell stage

132



overnight. At 18.00h on Day 2 of development 5 embryos 
were Rho 123 labelled and photomicrographs taken of the 
mitochondrial distribution within the blastomeres. Unlike 
•in vitro blocked1 MF1 or BALB/c mouse 2-cell embryos, 
all the F344/N rat embryos exhibited precisely the same 
homogeneous mitochondrial distribution seen in same stage 
embryos in vivo 24h earlier (Plate 3.2 D).

At 16.00h on Day 3 of development, the remaining 4 
rat embryos which had been left in culture for a further 
24h were still at the 2-cell stage and appeared 
morphologically normal. When these were Rho 123 labelled 
and observed under the microscope, the mitochondrial 
distribution was identical to that observed in embryos 
arrested on Day 2 of development (Plate 3.2,D).

These findings confirm the suggestion that 
interspecific differences must exist in the intracellular 
systems maintaining cytoplasmic integrity of early 
cleavage stage embryos and that the correlation between 
mitochondrial distribution and embryo viability observed 
in mouse embryos in vitro may not be generalised to the 
embryos of other mammalian species.

3.4.6 T.E.M. study of mitochondrial morphology and 
distribution in F2 and MF1 mouse embryos in 
vitro.

Fertilised 1-cell embryos were flushed from the 
oviducts of successfully mated gonadotrophin treated 
B6CBF^ and MF1 mice between 20-21 h.post hCG. The embryos 
collected from each strain were pooled and placed in M16
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culture within lh of flushing. At 22 h.post hCG (late 1- 
cell stage), 33 h.post hCG (Mitosis 1), 42 h.post hCG
(early 2-cell stage), 52 h.post hCG (mid 2-cell stage) 
and 60 h.post hCG (late 2-cell stage), groups of 20-30 F2 
and MF1 embryos were collected from the culture dishes 
and fixed in 0.075M sodium cacodylate buffer containing 
2.5% glutaraldehyde and 1% paraformaldehyde, and 
processed for T.E.M. as described previously (Section 
2.9). Semi-thin sections were cut from the embedded 
specimens using a Sorvall MT 5000 ultramicrotome , and 
mounted on copper grids for T.E.M. Sectioned specimens 
were viewed using a Philips 301 transmission electron 
microscope and photomicrographs taken of the morphology 
and distribution of the mitochondria at each stage of 
development.

Dynamic changes in the mitochondrial distribution 
were similar to those previously defined using the vital 
fluorescent mitochondrial stain Rho 123 (Section 3.4.1). 
No obvious differences were observed in this distribution 
between strains until the late 2-cell stage in vitro. 
Mitochondria were seen clustered in small groups (5-10/ 
cluster) which were distributed homogeneously throughout 
the cytoplasm of the embryos from both mouse strains at 
the late 1-, early 2-, and mid 2-cell stages respectively 
(See Plate 3.4). Whilst this distribution was maintained 
in late 2-cell stage F2 embryos, larger clusters of 
aggregated mitochondria were observed in the perinuclear 
region and the periphery of the cytocortex in late 2-cell 
stage MF1 embryos.

Unfortunately, no sections obtained from the
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Plate 3.4

Mitochondria distributed homogeneously throughout the 
cytoplasm of an F2 2-cell embryo during G2 phase of the 
cell cycle (52 h.post hCG).

N=nucleolus; PN=pronucleus; m=mitochondria

x 8700
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Plate 3.5

MF1 1-cell embryo (24 h.post hCG).
Transverse cristae observed in a limited number of 
mitochondria.

m=mitochondrion

X 174000
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specimens fixed at 33 h.post hCG (midpoint of Mitosis 1) 
bisected the mitotic apparatus (MA) so it was not 
possible to observe the relationship of the mitochondria 
with respect to the MA as originally intended. However, 
observations of some of these embryos appeared to 
indicate an increased mitochondrial concentration in the 
perinuclear region prior to nuclear membrane breakdown 
(NMBD) corroborating the evidence obtained using Rho 123.

No differences between strains was observed in the 
morphology of the mitochondria throughout the first 2 
cell cycles. Mitochondria appeared spherical and 
vacuolated, and contained an electron-dense inner matrix 
with very few transverse cristae. The inner mitochondrial 
membrane generally appeared to be arranged into a limited 
number of cristae, assuming a radial configuration around 
the centrally situated vacuole (Plate 3.4). Transverse 
cristae were however occasionally seen in a limited 
number of mitochondria in both strains at all stages of 
development examined (Plate 3.5).

3.5 Discussion

There was no apparent difference in the timing of 
first and second cleavage in vivo between embryos of the
two mouse strains used in this and the majority of
subsequent studies contained in this report (Figs 3.1 and
3.3 respectively) . Both F2 and MF1 embryos underwent
first cleavage between 30-36 h.post hCG, with 50% having
cleaved by 33 h.post hCG (Fig 3.1). This is in close 
agreement with the findings of Kaufman (1973) who
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observed first cleavage between 28-34 h.post hCG in CFLP 
embryos, with 50% having cleaved by 32 h.post hCG; and 
Sawicki et al (1978) who observed first cleavage between 
26-34 h.post hCG in random bred Swiss mouse embryos.

Second cleavage in vivo occurred between 50-58 
h.post hCG, with 50% of embryos having cleaved by 53 
h.post hCG (Fig 3.3). This is in close agreement with the 
findings of Sawicki (1978) who observed second cleavage 
between 48-60 h.post hCG in random bred Swiss embryos.

Both F2 and MF1 embryos underwent first cleavage in 
vitro between 30-38 h.post hCG (Fig 3.2), closely 
following the schedule of first cleavage in vivo (28-36 
h.post hCG). The 2 hour delay observed probably occurred 
as a result of the flushing procedure due to 
physiological stress (eg cooling), from which embryos 
must recover before resuming development. Cleavage of MF1 
embryos appeared to consistently precede that of F2 
embryos (Fig 3.2), with 50% of MF1 embryos having cleaved 
by 33 h.post hCG and 50% of F2 embryos having cleaved by 
35 h.post hCG. This suggests that MF1 embryos may be less 
sensitive to, or recover more quickly from, the flushing 
process.

Between-strain and between-day variation was much 
more apparent during second cleavage in vitro (Fig 3.4). 
Second cleavage in both strains was markedly delayed in 
vitro (54-72 h.post hCG) compared with that observed in 
vivo (50-58 h.post hCG). In the "non-blocking" F2 embryos 
considerable between-day variation was seen between 
replicates (50% F2 cleavage at 67 h.post hCG, F2 a; at 59 
h.post hCG F2 b. Fig 3.4). The 'in vitro blocking' MF1
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embryos showed between-day consistency in the timing of 
second cleavage (60-72 h.post hCG, MF1 a? 56-72 h.post 
hCG, MF1 b. Fig 3.4) but considerable between-day 
variation in the proportion of embryos which proceeded 
through second cleavage in vitro. In the first replicate 
less than 10% of MF1 2-cell embryos cleaved to the 3 or 4 
cell stage (Fig 3.4, MF1 a), but in the second replicate 
more than 50% of embryos cleaved to these stages (Fig
3.4, MF1 b). This degree of variation in the proportion 
of MF1 embryos undergoing second cleavage in vitro, was 
typical of the variation encountered during the course of 
these studies although rarely did the percentage cleaved 
rise to 50%, as observed in the second replicate (Fig
3.4, MF1 b).

These observations are summarised in Fig 3.5. The 
times of cleavage indicated are those at which 50% of the 
embryos had cleaved, or, in the case of MF1 second 
cleavage in vitro, the time at which 50% of those embryos 
which underwent second cleavage had cleaved.

In both strains first cleavage exhibited close 
synchrony in vivo and in vitro. However the second cell 
cycle in vitro was considerably extended compared with 
that observed in vivo (-20 h in vivo; 30 h in vitro). 
McLaren and Biggers (1958) reported delayed development 
of 8- and 16-cell mouse embryos to the blastocyst stage 
in vitro (48h) compared to that observed in vivo (24h), 
and a number of studies have demonstrated similar 
developmental delay in vitro (reviewed by Molls et al. 
1983) . The reasons for in vitro developmental delay 
remain unclear but may be due to the effects of embryo
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Figure 3.5 and MF1 1st and 2nd cleavage
in vivo and in vitro.

In vivo

In vitro

Timescale indicated in h.p.hCG.
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handling involved during the flushing process (eg
cooling), and/or the provision of sub-optimal culture 
conditions in vitro compared with those provided by the 
maternal environment in vivo.

The suggestion of Goddard and Pratt (1983) that 
strain-dependent differences exist in the localisation of 
mitochondria within the blastomeres of late 2-cell mouse 
embryos cultured from the 1-cell stage, has been 
confirmed in this study. However the localised 
concentration of mitochondria which they observed at the 
region of cell-cell apposition in "in vitro blocked" 2- 
cell CFLP embryos, was only observed in "in vitro 
blocked" 2- cell BALB/c embryos. Same-stage MF1 embryos 
exhibited progressive mitochondrial aggregation (in the 
perinuclear region and the area of the cytocortex 
immediately adjacent to the plasma membrane) throughout 
G2 of the second cell cycle, when cultured from the 1- 
cell stage. This was similar to that observed by Pratt 
and Muggleton-Harris (1988) in "in vitro blocked" CD1 
embryos.

Although only a qualitative assessment was made, it 

appeared that embryos which exhibited a homogeneous 

mitochondrial distribution were able to cleave in vitro, 

whilst those in which mitochondrial aggregation was 

observed arrested development.

The observation that mitochondrial aggregation does 
not occur in "in vitro blocked" rat embryos suggest that 
interspecific differences may exist in the intracellular
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systems maintaining cytoplasmic integrity. For this 
reason, the correlation between mitochondrial 
distribution and embryo viability observed in mouse 
embryos may not be generalised to the embryos of other 
species.

The mitochondrial morphology observed in 1- and 2- 
cell F2 and MF1 embryos was similar to that previously 
described by a number of investigators. Stern at al. 
(1971) reported that the mitochondria of 1- and 2-cell 
mouse embryos had an electron dense matrix and
peripherally located cristae. At the 4- and 8- cell
stages the mitochondria became more diverse in form and 
contained vacuole-like inclusions. The majority of the 
mitochondria in the morula and blastocyst stages 
contained transverse cristae. Similar morphological 
maturation of the mitochondria during preimplantation 
development was described by Van Blerkom and Motta 
(1979). Studies on the ultrastructure of mature oocytes 
of other mammalian species have also described 
mitochondria with peripherally arranged, concentric 
cristae. These include the rat? (Franchi and Mandl, 1962; 
Schlafke and Enders, 1967)? guinea-pig (Adams and Hertig, 
1964); hamster (Weakley, 1967); rabbit (Anderson et al. 
1970); cow (Baker and Franchi, 1969); monkey (Hope, 1965? 
Baker and Franchi, 1969) and human (Steger and
Wartenburg, 1961? Hertig, 1968). The changes in the
mitochondrial morphology which occur in the 
preimplantation mouse embryo therefore appear to be a 
common feature of early mammalian development.

It is interesting that the morphological maturation
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of mitochondria described by Stern et al. (1971) at the 
8-cell stage coincides with the radical changes in 
activity of a variety of metabolic pathways (reviewed, 
Section 1.3). For example, the oxygen consumption of 
early mouse embryos increases markedly at the 8-cell 
stage (Mills and Brinster, 1967) by which time 
mitochondria with transverse cristae have appeared. 
Fridhandler et al. (1956, 1957) observed a similar rapid 
increase in oxygen consumption by rabbit embryos at the 
morula stage, when changes in mitochondria morphology
could also be seen (Anderson et al. 1970). It is not 
clear whether the change in oxygen consumption is
directly related to changes in mitochondria morphology,
but conformational changes in mitochondria have been 
linked to changes in their metabolic state (Hackenbrock, 
1966, 1968, 1972).

Mitochondrial translocations, similar to those 
observed during mitotic M-phase in this study, have been 
described by Van Blerkom and Runner (1984) during M-phase 
of the first meiotic division. They found that 
mitochondria translocate to the perinuclear region during 
formation of the first metaphase spindle, and 
subsequently disperse during extrusion of the first polar 
body. Whilst the function of this event remains 
uncertain, they suggest that these rapid translocations 
serve to concentrate mitochondria for localised 
activities that require elevated levels of ATP. Another 
possible role for these translocations may be in the 
mitochondrial affinity for calcium. It has been shown 
that regulation of micro-tubule assembly/disassembly in
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the mitotic spindle is dependant on the localised release 
of calcium from intracellular stores (Baker and Warner, 
1972; Berridge, 1976? Welsh et al. 1978, 1979? Silver et 
al. 1980? Kiehart, 1981? Schatten et al. 1982). 
Mitochondria are known to sequester intracellular calcium 
with high affinity and to be intimately involved in the 
control of intracellular calcium (reviewed: Baker, 1972, 
1976? Carafoli and Crompton, 1976? Bygrave, 1977, 1978). 
It is therefore possible that mitochondrial translocation 
to the metaphase spindle is required for the localised 
control of free calcium and the regulation of M-phase. 
Observation of similar translocations during mitotic 
metaphase of 1-, 2- and 4-cell embryos in this study
(Section 3.4.4) suggest that mitochondrial redistribution 
is probably a normal and necessary feature of mitotic as 
well as meiotic metaphase.

146



CHAPTER 4

DEVELOPMENT OF INBRED AND RANDOM BRED MOUSE EMBRYOS 
IN ORGAN CULTURES OF THE EXPLANTED OVIDUCT.
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4.1 Introduction

Biggers, et al. (1962) were the first to report 
complete development of 1-cell mouse embryos to the 
blastocyst stage in organ cultures of the oviduct in a 
chemically defined medium, BGJb (Biggers et al. 1961) 
using a modification of Chen's (1957) "raft technique". 
Furthermore, they showed that the blastocysts were 
capable of development to 17 day foetuses when 
transferred to the uteri of suitably prepared recipient 
foster mothers. The organ culture system provided a 
suitable physiological environment for development 
through all the preimplantation stages. Gwatkin and 
Biggers (1963) later showed by histological examination 
that the structure of the oviducts was well maintained in 
this medium throughout the culture period; the only 
significant degeneration occurring in the connective 
tissue of the mesenteries supporting the oviduct. The 
majority of the embryos were found to develop to the 
morula stage on the third day of culture and the 
blastocyst stage on the fourth, no data u>ere presented on 
the proportions of embryos developing from the 1-cell 
stage to blastocyst.

Brinster and Biggers (1965) obtained fertilisation 
of mouse oocytes and development to the blastocyst stage 
within explanted ampullae using a modification of Chen's 
(1957) "raft technique" developed by Whittingham and 
Biggers (1967). The medium used was a modified Krebs- 
Ringer bicarbonate medium supplemented with BSA (1 
mg/ml), pyruvate (0.316 mM), glucose (5.6 mM) and
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antibiotics (Brinster 1965a). Pavlok (1967) showed that 
blastocysts from oocytes fertilised in this system 
develop into 17 day fetuses after transfer to recipient 
foster mothers. In this study the oviducts were cultured 
in TC-199 medium supplemented with glucose (24.8 mM) and 
5% homologous serum.

Whittingham and Biggers (1967) used the organ 
culture technique to examine the viability of 2-cell 
embryos obtained after the culture of 1-cell embryos for 
24h in a simple chemical defined medium (Brinster, 
1965a). The 2-cell embryos obtained developed to the 
blastocyst stage if transferred back into the cultured 
oviduct. Transfer of blastocysts to recipient foster 
mothers produced 17 day fetuses. They suggested the 
oviduct provides an essential but unknown contribution at 
the early 2-cell stage. Whittingham (1967), in a 
comparison of 6 different chemically defined media, found 
that optimal development within the explanted oviduct 
occurred using Ham's F-10 nutrient mixture (Ham, 1963) 
supplemented with 100 IU.ml”1 penicillin G (potassium 
salt) and 50 ug ml streptomycin sulphate.

Subsequently Whittingham (1968a) showed that only 
the explanted ampullar region of the oviduct was able to 
support development. The 1-cell embryos degenerated in 
organ cultures of the isthmal part of the oviduct or 
anterior portion of the uterine horn. Ampullae explanted 
from mated or unmated mice, 20-24 h after the injection 
of hCG, were equally successful in maintaining 
development, and removal of the zona pellucida and/or 
cumulus cells did not affect the subsequent development
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of 1-cell embryos cultured in this system. In addition it 
was shown that ampullae explanted from mice at different 
stages of the oestrous cycle were able to maintain 
development of 1-cell embryos transferred to them in 
organ culture (Whittingham, 1968b). A cyclical variation 
was observed? a greater proportion of 1-cell embryos 
developed into blastocysts within ampullae explanted at 
metoestrus 1 than at dioestrous This indicated that 
functional changes must occur in the mouse oviduct during 
the oestrous cycle. These changes appeared to be mediated 
by the levels of maternal oestrogen since ampullae 
explanted from spayed mice previously treated with 
oestradiol were able to maintain development 
significantly better than those removed from untreated 
spayed controls. Pre-treatment of spayed mice with 
progesterone did not increase the proportion of embryos 
developing within the explants, and no synergistic effect 
was observed when this given in combination with
oestradiol.

The ability of the explanted ampulla alone to 
support development of embryos is probably related to the 
fact that it appears to be the most active secretory 
region of the oviduct. Renius (1967) showed the oviductal 
epithelium of the ampulla has a higher proportion of 
secretory cells than any other region of the oviduct in 
the mouse. Restall (1966 a,b) and Restall and Wales 
(1966) showed by a cannulation technique that the ampulla 
provides the bulk of the oviductal secretions in the ewe.

Whittingham (1968 c) first achieved development of 
rat and mouse 1-cell embryos to the blastocyst stage
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using inter- and intraspecific transfers to oviduct 
explants, but only recently has there been a resurgence 
of interest in the use of this system. Minami et al.
(1988) showed the explanted mouse oviduct can support the 
growth of early 2-cell hamster embryos to the morula and 
early blastocyst stages. More recently Krishner et al.
(1989) have achieved successful development of 1-cell 
porcine embryos to the blastocyst stage using organ- 
cultured mouse oviducts. The lack of species specificity 
for embryo development in oviducts has been noted for 
other species such as the rabbit and sheep (Fehilly and 
Willadsen, 1986).

Interest in the use of a culture system employing 
the coculture of embryos with other cellular systems to 
support and enhance development has been stimulated by 
the limited success achieved in the development of 
completely in vitro systems for the culture of embryos 
from various domestic species. These embryos have proved 
refractory to attempts to achieve good rates of 
development in vitro even when cultured in complex media 
supplemented with homologous and/or heterologous serum 
(reviewed by Wright and Bondioli, 1981). Systems other 
than oviduct organ culture have been developed. Camous et 
al. (1984) succeeded in culturing early bovine embryos 
through the 8-12 cell stage "block" (Thibault, 1966) by 
coculturing in the presence of bovine trophoblastic 
vesicles, and later showed that a similar system could be 
used successfully for the support of early ovine embryos 
(Heyman et al. 1987). Gandolfi and Moor (1987) found that 
ovine embryos developed at similar rates when cultured on
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oviduct cells or fibroblast feeder layers (95% 1-cell to 
morula) whilst only a few underwent similar development 
in medium alone (13% 1-cell to morula). Despite similar 
cleavage rates in the coculture groups, only 33% of 
embryos grown to the morula stage on fibroblasts, as 
compared with 80% grown on oviduct cells, were 
subsequently capable of normal development after transfer 
to recipient foster mothers. After 6 days in culture 42% 
of embryos cocultured with oviductal cells developed into 
expanded blastocysts as compared with only 4.5% cultured 
on fibroblasts. Of the former group 30% were fully viable 
as judged by their ability to develop normally after 
transfer to recipient animals.

Since oviduct organ culture is easier to accomplish 
than primary epithelial cell culture and fewer embryos 
are lost than with embryo transfer to heterospecific 
recipients (Ebert and Papaioannou, 1986, Papaioannou and 
Ebert. 1986) it was decided to investigate further the 
effect of various manipulations on the level of 
developmental success achieved using this system in the 
mouse. In this way it was hoped to further elucidate the 
precise period during which exposure to the oviductal 
milieu was required to enable embryos to overcome the "2- 
cell block".

4.2 Development in-situ within the unflushed explanted
oviduct.

To ensure the culture system would provide levels of 
development comparable to those observed in previous
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reports (Whittingham, 1968 a,b,c) oviducts were excised 
from successfully mated superovulated female mice on Day 
1 of development (26-29 h.post hCG) and placed in organ 
culture using the method described (Section 2.5). 
Development of 1-cell embryos within the explant was 
assessed by monitoring the proportion of embryos 
recovered, after a total of 96h in culture, which 
developed to the expanded blastocyst stage. By culturing 
the oviducts and embryos of both an inbred (B6CBF^) and a 
random bred (MF1) strain, it was also possible to assess 
whether strain-differences existed in the ability of 
explanted oviducts to support embryonic development.

In 3 replicate experiments, 5, 8 and 8 B6CBF1 and 4, 
8 and 10 MF1 oviducts were excised from the reproductive 
tracts of mated superovulated female mice respectively, 
and placed in organ culture. An odd number of B6CBF1 
oviducts were cultured in the first experimental 
replicate since the wall of the oviduct is easily torn, 
and the embryos consequently ejected from the ampulla, 
during dissection of the mesenteric membranes supporting 
the oviduct. This loss was rapidly minimised with 
increased experience in the technique and rarely occurred 
in later experiments. During the first 24h in culture the 
ampullar region of the oviduct became greatly distended 
and the developing embryos could be clearly seen with the 
aid of a dissecting microscope. For the first 2 days in 
culture peristaltic muscular action was observed in the 
explant suggesting that the organ was being maintained 
in a good physiological condition. This movement was 
occasionally observed on the third day of culture but had
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ceased completely on the fourth. After 96h in culture 
equivalent to on Day 5 of pregnancy, the oviducts were 
transferred to large (200ul) drops of medium M2 in 
plastic tissue culture dishes and the embryos within 
gently flushed out. The number of blastocysts and the 
total number of embryos recovered were recorded. All 
embryos which failed to develop to the blastocyst stage 
by the time of scoring were found to have degenerated.

4

The number of degenerate 1-cell ova observed was omitted
from the total number of embryos recovered since these
appeared to be unfertilised oocytes which showed no sign
of having extruded a second polar body and were therefore
eliminated from analysis.

The number of oviducts containing fertilised embryos
and the percentage of these which developed to the
blastocyst stage are presented in Table 4.1.

2X analyses were performed on the combined data in 
Table 4.1. A statistically significant difference was
found in the number of cultured oviducts containing

. . . 2fertilised embryos between the 2 mouse strains (X =10.93,
df=l, p<0.01). Only 1 of the 20 cultured B6CBF1 oviducts 
contained no fertilised embryos, whereas 11 of the 22 
cultured MF1 oviducts cultured did so. Analysis of the 
number of B6CBF1 oviducts containing fertilised embryos
showed no significant difference between experimental

2 . . .replicates (X =0.04, df=2, p>0.05). A similar analysis
could not be performed on the number of MF1 oviducts 
containing fertilised embryos since the numbers in each 
cell of the calculation was so low that 20% of the cells 
had expected values less than 5.0, thus making the
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Table 4.1
Development of fertilised 1-cell embryos to 
the blastocyst stage in oviduct organ culture.

Mouse
strain

B6CBF1

MF1

No oviducts containing No blastocysts/No of
fertilised embryos/total fertilised embryos
No oviducts cultured recovered. (%)________
Exptl Expt2 Expt3 Total Exptl Expt2 Expt3

5/5 8/8 7/8 20/21 62/71 96/85 78/90
(87%) (85%) (87%)

2/4 6/8 3/10 11/22 9/10 45/54 12/13
(90%) (83%) (92%)

Total

236/274
(86%)

66/77
(86%)
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statistic inappropriate (Ryan et al. 1985). It may be 
seen from the data (Table 4.1) however that considerable 
between day variation was observed in the number of MF1 
oviducts found to contain fertilised embryos (2/4, 6/8,
3/10, Expts 1 to 3 respectively).

2An overall X analysis was performed on the
proportion of fertilised embryos developing to blastocyst
within the cultured oviducts of both strains over the

2course of the replicate experiments (X =1.12, df=5,
p>0.05). This showed that there was no significant 
difference between strains or between days in the 
proportions of fertilised embryos recovered which 
developed to blastocyst. The data from the 3 replicate 
experiments could therefore be safely combined to give an 
overall figure for the %age of fertilised embryos 
developing to the blastocyst stage for each strain. In 
the cultured B6CBF1 oviducts, 86% of fertilised F2 1-cell 
embryos developed into blastocysts. In the cultured MF1 
oviducts, 86% of fertilised MF1 1-cell embryos developed 
into blastocyst (Table 4.1).

4.3 Development after transfer to the flushed/unflushed 
oviducts of hormone-primed, unmated BeCBF^ mice.

While investigating development of F2 and MF1 
embryos in organ cultures of the unflushed oviduct 
(Section 4.2), it was found that B6CBF1 oviducts were 
physically more robust and consequently easier to dissect 
and establish in organ culture, than MF1 oviducts. It 
therefore seemed prudent to select B6CBF1 oviducts as the
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recipient organs for investigation of the period during 
which random bred embryos required exposure to the 
oviductal environment to achieve complete development 
from the 1-cell stage to blastocyst in vitro. Initially 
it was necessary to establish that MF1 embryos were 
capable of similar rates of development to those of 
homologous controls after heterologous transfer to B6CBF^ 
oviducts. Further, it was decided to use the oviducts of 
hormone-primed unmated B6CBF^ mice to ensure that all 
fertilised embryos recovered after organ culture could be 
identified as MF1 embryos transferred to them. In 
addition, it was decided to test the effect of flushing 
the recipient oviducts on the subsequent development of 
embryos transferred to them. The effect of these 
manipulations on the development of 1-cell embryos was 
therefore examined in 3 replicate experiments using the 
following treatment groups:

1. F2 1-cell embryos cultured in the unflushed 
B6CBF^ oviduct

2. MF1 1-cell embryos cultured in the unflushed MF1 
oviduct

3. Flushed F2 1-cell embryos cultured in the
unflushed, hormone primed B6CBF^ oviduct.

4. Flushed MF1 1-cell embryos cultured in the
unflushed, hormone primed B6CBF1 oviduct

5. Flushed F2 1-cell embryos cultured in the
flushed, hormone primed B6CBF^ oviduct.

6. Flushed MF1 1-cell embryos cultured in the
flushed, hormone primed B6CBF1 oviduct.
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In each experimental replicate 2 oviducts were 
cultured in each treatment group. The recipient organs 
cultured in Treatments 3-6 were obtained from unmated 3-4 
month old BeCBF^ female mice which had been injected with 
7.5 IU of PMSG at the same time as the embryo donor mice, 
but did not receive an injection of hCG 48h later in 
order to minimise the number of unfertilised oocytes 
present in the ampullae at the time of dissection.
Fertilised 1-cell embryos for transfer to the recipient 
oviducts in Treatments 3-6 and oviducts containing 
fertilised 1-cell embryos for culture in treatments 1 and 
2, were obtained from successfully mated superovulated 
B6CBF^ and MF1 female mice as described previously
(Section 2.3.1). At 1200h on Day 1 of development, the 
recipient oviducts in Treatments 3 and 4 were explanted 
from the PMSG-primed B6CBF^ females and placed in organ 
culture (Section 2.5). The oviducts allocated to
Treatments 5 and 6 were explanted at the same time and
flushed with a small volume of medium M2, to remove any
unfertilised oocytes and cumulus cell debris within the 
lumen, prior to establishment in organ culture.
Approximately 2h later (26 h.post hCG) the B6CBF1 and MF1 
embryo donor mice were killed and the oviducts from each 
strain pooled in 2 embryological watchglasses containing 
2ml of M2. Two oviducts from each strain were selected at 
random from each pool and immediately established in
organ culture to serve as unflushed controls in
Treatments 1 and 2. The remaining oviducts were flushed, 
the fertilised 1-cell embryos of each strain collected as 
described previously (Section 2.3.1), and pooled in
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separate watchglasses containing medium M2. The F2 
embryos collected were then transferred to the previously 
prepared B6CBF^ oviducts in Treatments 3 and 5, and the 
MF1 embryos collected were transferred to previously 
prepared B6CBF1 oviducts in Treatments 4 and 6 (20-30 
embryos per oviduct).

After 96h in culture the oviducts were transferred 
to large (200ul) drops of medium M2 in plastic tissue 
culture dishes and the embryos within gently flushed out 
(Section 2.3.2). The number of blastocysts and the total 
number of fertilised embryos recovered were scored as
before (Section 4.2) and the results are presented in
Table 4.2.

Fertilised embryos were recovered from all but 1 of 
the 36 oviducts cultured. This was one of the unflushed 
MF1 oviducts containing MF1 embryos in the third 
experimental replicate, whose embryos could not be 
checked for signs of fertilisation prior to organ culture 
since the oviducts were established in culture 
immediately after explantation. Fertilised embryos were 
recovered from all of the oviducts to which pronuclear 
stage 1-cell embryos had been transferred. Inspection of 
the data in Table 4.2 shows that there was considerable 
variation in the number of fertilised embryos recovered 
within each treatment between replicates. For example, in
Treatment 3 only 11 embryos were recovered in Expt 1,
whereas 39 and 32 were recovered in Expts 2 and 3 
respectively. This was in spite of the fact that 
approximately equal numbers of embryos (20-25) had been 
transferred to each oviduct. The source of this variation
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Table 4.2
Development of fertilised 1-cell embryos to the blastocyst stage in 

flushed/unflushed recipient oviducts.

Treatment Strain fand state) of No of blastocysts/Total No of 
Oviduct Embryo fertilised embryos recovered(%)

B6CBF1 F2
(unflushed) (unflushed)

Expt 1 Expt 2 Expt 3 Total
28/33 35/36 21/26 84/95
(85) (97) (81) (88)

MF1 MF1
(unflushed) (unflushed)

31/40 26/28 4/4 61/72
(78) (93) (100) (85)

B6CBF1 F2
(unflushed) (flushed)

4/11 35/39 28/32 67/82
(36) (90) (88) (82)

B6CBF, MF1
(unflushed) (flushed)

14/23 37/42 20/24 71/89
(61) (88) (83) (80)

B6CBF1 F2
(flushed) (flushed)

30/48 37/41 44/52 111/141
(63) (90) (85) (79)

B6CBF. MF1
(flushed) (flushed)

7/12 24/38 6/7 37/57
(58) (63) (86) (65)
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was clearly due to the loss of embryos from some of the 
oviducts during culture. Although both ends of the 
oviducts were crimped with forceps immediately following 
embryo transfer, the failure of this procedure to 
properly seal the embryos within the lumen was 
occasionally seen to result in the loss of embryos during 
culture.

Inspection of the data in Table 4.2 further revealed 
considerable between-day variation in the proportion of 
fertilised embryos developing into blastocysts within
each treatment. The significance of this variation was

2 . . .confirmed by X analyses of the proportion of fertilised
embryos developing to blastocyst in Treatments 3
(X2=14.4, df=2, p<0.01) and 5 (X2=11.87, df=2, p<0.01)
but could not be similarly confirmed between replicates
within the other treatment groups since >20% of the
cells in the analyses generated expected values < 5.0,
thus ruling application of the statistic to be
inappropriate (Ryan et al 1985).

In order to allow valid statistical analysis of the
differences in the proportion of fertilised embryos
recovered which developed to blastocyst between
treatments, it was therefore necessary to sum the
recorded values of the 3 replicate experiments to obtain
totals for the number of embryos developing/the number of

2fertilised embryos recovered. X analysis of the combined
data in Table 4.2 revealed no significant difference in
the proportion of fertilised embryos recovered which
developed to blastocyst between the 6 treatments 

2(X =4.37, df=4, p>0.05). An analysis of the difference
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between Treatment 6 and all other treatments did reveal a
significant difference in the proportion of fertilised

2embryos recovered which developed to blastocyst (X =9.33, 
df=l, p<0.01).

These results show that:
1. Both F2 and MF1 unflushed embryos were capable of 

similar levels of development when cultured
within the unflushed oviducts in which they were 
fertilised (as shown previously, Section 4.2).

2. Both F2 and MF1 flushed embryos were capable of
similar levels of development when cultured
within the unflushed oviducts of hormone-primed, 
unmated B6CBF1 mice. The levels of development 
observed were equivalent to those achieved by 
unflushed embryos in the oviduct in which they 
were fertilised.

3. The levels of development achieved by flushed MF1 
embryos cultured in the flushed oviducts of 
hormone-primed unmated B6CBF1 mice, were 
significantly lower than those achieved by 
flushed F2 embryos cultured in the same oviductal 
environment. F2 embryos were capable of normal 
control levels of development after transfer to 
those oviducts.

The results showed that to achieve optimal 
development of random bred MF1 1-cell embryos in the 
organ culture system described, transfer to surrogate 
unflushed oviducts obtained from PMSG primed unmated 
B6CBF^ mice could provide a suitable and adequate 
physiological environment. Removal of oocyte and cumulus
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cell debris by flushing of the oviduct with a small 
amount of medium M2 prior to embryo transfer, however, 
significantly reduced the ability of the oviducts to 
support development of MF1 1-cell embryos. No such 
reduction was observed following culture of inbred F2 1- 
cell embryos in the flushed oviduct.

4.4 Development of random bred MF1 embryos in vitro 
following various periods of exposure to the oviduct 
in vitro and in vivo.

The embryos of random bred mice are capable of 
complete preimplantation development to the blastocyst 
stage in a chemically defined media when flushed from the 
oviduct at the late 2-cell stage (Brinster, 1963, 1965 
a,b,c,d? Whittingham and Biggers, 1967? Biggers, 1971; 
Whittingham, 1971, 1975). It has also been shown that 2- 
cell embryos from these mice are capable of complete pre
implantation development if transferred back into the 
oviduct after culture from the 1-cell stage in vitro 
(Whittingham and Biggers, 1967). It was therefore decided 
to investigate how long these embryos had to remain 
within the explanted oviduct in organ culture, in order 
to be able achieve complete preimplantation development 
in vitro after flushing.

The experiment was repeated three times. In the 
first experiment the oviducts from 7 successfully mated 
superovulated MF1 mice were explanted at 21 h.post hCG 
and pooled in a watchglass containing 2ml of medium M2.

Twelve oviducts were placed in organ culture
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(Section 2.5) between 21-23 h.post hCG. At 36 h.post hCG, 
2 of the cultured oviducts were flushed and the 1- and 2- 
cell embryos recovered placed in M16 culture (Section
2.3.2). Embryos recovered at different developmental 
stages were cultured separately so that the subsequent 
development of each could be monitored. This procedure 
was repeated at 5 hourly intervals until 51 h.post hCG, 
when the embryos had reached the late 2-cell stage. The 2 
remaining oviducts were cultured for a further 23h and 
flushed at 74 h.post hCG; the 4- and 8-cell embryos 
recovered were cultured separately in drops of M16. On 
Day 5 of development (120 h.post hCG) the culture dishes 
were examined and the developmental stages attained by 
the different groups of embryos recorded.

The same protocol was followed in the second and 
third experiments with the following exception. In 
addition to flushing 2 organ cultured oviducts at each 
sampling point, the 2 oviducts of a freshly killed mouse 
from the same mated batch were also flushed, and the 
embryos recovered placed in M16 culture. This provided an 
in vivo control, against which development after flushing 
from the organ cultured oviduct could be compared. The 
development of embryos after flushing from the cultured 
oviduct is shown in Table 4.3 and after flushing from the 
in vivo oviduct in Table 4.4.

Inspection of the data in Table 4.3 showed that very 
few embryos flushed from the cultured oviducts prior to 
the late 2-cell stage were capable of development into 
blastocysts in vitro (3-8% after flushing between 36-46 
h.post hCG). Only 20% of the embryos were capable of such
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Table 4.3
In vitro development of MF1 embryos after flushing 
from the cultured oviduct explanted at 21 h.post hCG.

Time of flushing Stage No of blastocysts/Total No of Total %age 
fh.post hCG) of embrvo embryos recovered 12Oh.post hCG. to Blastocyst

Expt 1 Exot 2 Exot 3 Total
36 1-cell 0/9 1/10 0/17 1/3 6 3
36 2-cell 0/7 0/10 0/10 0/27 0
41 2-cell 0/11 0/3 1/5 1/19 5
46 2-cell 0/8 1/11 1/5 2/24 8
51 2-cell 5/11 1/18 1/5 7/34 20
74 4-cell 4/4 7/7 10/15 21/26 81
74 8-cell 4/4 7/7 --- 12/12 100

Table 4.4
In vitro development of MF1 embryos after flushing

from the in vivo oviduct.

Time of flushing Stage No of blastocysts/Total No of Total %age 
fh.post hCG) of embrvo embrvos recovered 12Oh.post hCG. to Blastocyst

Exot 1 Exot 2 Exot 3 Total
36 1-cell --- 1/17 0/5 1/22 0
36 2-cell --- 6/14 0/14 6/28 21
41 2-cell --- 25/25 4/11 29/36 81
46 2-cell --- --- 12/19 12/19 63
51 2-cell --- 21/23 20/22 41/45 91
74 4-cell --- 5/5 --- 5/5 100
74 8-cell --- 9/9 --- 9/9 100
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development when flushed at the late 2-cell stage. To 
achieve high levels of development to the blastocyst 
stage in vitro, the embryos had to be left within the 
cultured oviduct until 74 h.post hCG, by which time they 
had cleaved to the 4- to 8-cell stage. Inspection of the 
data in Table 4.4 showed that embryos flushed from the in 
vivo oviduct at the early 2-cell stage (36 h.post hCG) 
were capable of levels of development to blastocyst 
similar to those achieved by embryos flushed from the 
cultured oviduct at the late 2-cell stage (21% and 20% 
respectively). Substantial (>80%) levels of development 
to the blastocyst stage in vitro were achieved by embryos 
flushed from the in vivo oviduct as early as 41 h.post 
hCG (mid 2-cell stage) in most instances, although only
63% of embryos flushed at 46 h.post hCG developed to
blastocyst. This figure however, relies solely on the 
results obtained by culturing the embryos of 1 mouse in 
Experiment 3 since no fertilised embryos were recovered 
from the oviducts of the same-stage mouse in Experiment 2 
(see Table 4.4), and must therefore be considered as an
unreliable estimate based on limited data.

2X analyses of the data in Tables 4.3 and 4.4 could
not be performed to determine whether significant 
differences within treatments between experiments existed 
due to the very low observed counts recorded in each
replicate. Inspection of the data in Table 4.3 however, 
revealed no obvious differences in the proportion of 
fertilised embryos developing to blastocyst between 
replicates so the results obtained in each were summed 
and total values obtained for the proportion developing
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in each treatment (Table 4.3).

4.5 Discussion

Development of fertilised 1-cell embryos in situ 
within explants of the unflushed oviduct was apparently 
better than that achieved by Whittingham (1968 a,b,c) 
using the same culture system. In this study, 86% of F2 
and MF1 embryos completed development from the 1-cell 
stage to blastocyst (Table 4.1), compared with 
approximately 60% of random-bred Swiss mouse embryos in 
his investigations. The reasons for this difference are 
unclear but may be due to a combination of variables. The 
oviducts and or embryos from random-bred Swiss mice may 
be more sensitive to the effects of manipulation during 
explantation than those of B6CBF1 and MF1 mice. The most 
likely explantation for this difference however, appears 
to lie in the method of scoring employed in the different 
studies. Whittingham (1967, 1968 a,b,c) scored the number 
of blastocysts present after 96h in culture/ the total 
number of embryos recovered. In this investigation 
however, degenerate 1-cell ova observed at the time of 
flushing, were judged to be the remnants of unfertilised 
oocytes, and were therefore not included in the data when 
scoring the total number of "fertilised" embryos 
recovered. Since approximately 20% of the total number of 
embryos recovered were eliminated from the analysis in 
this way this would appear to explain the greater part of 
the observed differences between the two investigations.

Although the proportion of fertilised embryos
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developing to the blastocyst stage was found to be the 
same for both F2 and MF1 embryos (86%, Table 4.1), a 
considerable strain difference was observed in the number 
of cultured oviducts which contained fertilised embryos. 
Whereas 20/21 B6CBF1 oviducts were found to contain 
fertilised embryos at the time of flushing, only 11/22 
MF1 oviducts were found to do so. This observation was 
compatible with those made throughout this investigation 
during embryo collection and presumably reflects the 
enhanced fertility of B6CBF^ mice commonly observed in 
hybrid strains.

The development of F2 and MF1 embryos transferred to 
the ampullae of PMSG- primed unmated B6CBF^ mice was 
found to be similar to that achieved by those developing 
in situ within the unflushed explanted oviduct (Table
4.2). This confirms and extends the findings of 
Whittingham (1967) who showed that the disruptive 
procedures of flushing and embryo transfer did not affect 
subsequent development of embryos within the explanted 
ampulla. The recipient organs in that study however were 
obtained from unmated mice which had been hormone-primed 
with injections of both PMSG and hCG, given 48h apart, 
before explantation between 20-24h after the injection of 
hCG. In this study, the recipient organs were obtained 
from unmated mice which had been hormone primed with an 
injection of PMSG 72h before explantation but did not 
receive an injection of hCG. This minimised the number of 
unfertilised oocytes present within the explant. Since 
development of embryos within the recipient explants was 
similar to that achieved by those developing in situ
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within the unflushed explanted oviduct (Table 4.2), it 
appears that synchronisation of the oestrous cycle may be 
adequately achieved solely by the injection of PMSG, 
obviating the requirement for an injection of hCG.

Normal development of F2 embryos transferred to the 
explanted ampulla, after it has been flushed, indicates 
that this procedure has no significantly disruptive 
effect on the oviductal milieu, in agreement with the 
finding of Whittingham (1967, 1968a). However, suboptimal 
levels of development were achieved after transfer of MF1 
embryos to oviducts treated in the same manner. This 
appears to indicate that the flushing procedure does have 
some harmful effects upon the oviductal milieu which is 
not sufficiently deleterious to affect development of F2 
embryos but is sufficiently disruptive to exert its 
effect on the development of MF1 embryos. The medium used 
to flush the recipient explants was the Hepes-buffered 
mouse embryos culture medium M2, routinely used for the 
collection and handling of embryos throughout these 
investigations (Section 2.4.1). Whilst this is suitable 
for the short-term culture of embryos, the Hepes-buffer 
becomes toxic during prolonged exposure (Quinn et al. 
1982). Traces of Hepes remaining in the lumen of the 
oviduct after flushing could thus lead to the reduction 
in development of MF1 embryos observed after culture in 
the flushed oviducts. This suggestion could be 
investigated further by comparison of the development of 
MF1 embryos cultured within explants which had been 
flushed using a medium containing a bicarbonate-only 
buffering system, such as M16 (Section 2.4.1) or Ham's F-
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10 (Section 2.4.2).
The clearest indication that the in vitro oviduct 

provides an inferior developmental environment following 
explantation, compared to the in vivo oviduct, was shown 
by investigation of the length of time MF1 embryos had to 
be exposed to the oviductal environment before they were 
capable of normal development in vitro after flushing 
(Section 4.4). Two-cell embryos flushed from the in vivo 
oviduct at the early to mid 2-cell stage (41 h.post hCG) 
were capable of maximal levels of development to the 
blastocyst stage when cultured in M16. Same stage embryos 
flushed from the cultured oviduct were not capable of 
such development. MF1 embryos developing within cultured 
oviducts were only capable of similar development to the 
blastocyst stage in vitro when flushed at the 4-cell 
stage (74 h. post hCG) having undergone second cleavage 
within the explanted ampulla. This implies that although 
the proportion of embryos which develop to the blastocyst 
stage may be similar in the cultured and in vivo oviduct, 
the effect of explanting the oviduct does lead to some 
developmental delay in the embryos contained within it. 
This delay is not apparent in embryos left to continue 
development within the explanted oviduct, and only 
manifests itself when the in vitro developmental 
potential of the embryos is investigated after flushing.

This result highlighted the problems involved in 
using a complex in vitro culture system in the 
investigation of the processes responsible for the normal 
development of embryos in vivo. The investigator has no 
means of controlling the physiological environment to
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which the embryos are exposed, other than by manipulation 
of the medium in which the culture is being maintained. 
Some evidence has been provided that oviduct-specific 
glycoproteins secreted by the oviduct may play a role 
during fertilisation and cleavage (Brown and Cheng, 1986? 
Kapur and Johnson, 1985,1986). Gandolfi and Moor (1987) 
have shown that coculture of embryos with oviductal 
epithelial cells provides a better environment for the in 
vitro development of sheep embryos than does coculturing 
with various other non-oviductal feeder layers (Kuzan and 
Wright, 1982 a,b). Recently Gandolfi et al. (1988) have 
identified two major secretory proteins which follow a 
cyclical secretory pattern in sheep oviductal cell 
cultures, and actively bind to the zona pellucida of the 
embryos. However it has still not been possible to relate 
any known biological function to these species. They also 
propose the existence of an oviductal mitogenic factor 
(OMF) which is detected throughout the oestrous cycle and 
even during the anoestrous season, but little progress 
toward its characterisation has yet been made.

While the use of such a system may therefore prove 
invaluable in the culturing of preimplantation embryos 
from species which are difficult to culture in vitro 
(Minami et al. 1988; Krisher et al. 1989), little 
progress appeared achievable in its use for investigation 
of the processes leading to the in vitro cleavage arrest 
of mouse 2-cell embryos. This study was therefore 
concluded in favour of the development of more specific 
methods of investigation of the nature and causes of this 
phenomenon.
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CHAPTER 5

CYTOPLASMIC FACTORS INFLUENCING MITOCHONDRIAL AND 
NUCLEAR REORGANISATION AND THE RESUMPTION OF CLEAVAGE IN 

"IN VITRO BLOCKED" 2-CELL MOUSE EMBRYOS.
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5.1 Introduction

Muggleton-Harris et al. (1982) showed that cleavage 
may be reinitiated in an "in vitro blocked" 2-cell embryo 
by injection of a small amount (-8-12 pi) of cytoplasm 
from the 2-cell embryo of a "non-blocking" mouse strain. 
Subsequent work showed that the cytoplasmic factor(s) 
responsible for reinitiation of cleavage is at its most 
effective level during the late G2 phase of the cell 
cycle (Pratt and Muggleton-Harris, 1988).

It has been suggested that there is a spatial as 
well as temporal programming over this early period of 
development, based on observations of major 
reorganisations of cytoplasm, cellular organelles and 
presumptive cytoskeletal components (Van Blerkom, 1984; 
Johnson et al. 1984; Van Blerkom and McGaughey, 1978 a,b; 
Van Blerkom and Runner, 1984).

Meiotic maturation of the oocyte is accompanied by 
mitochondrial translocations to the peri-nuclear region 
during formation of the meiotic spindle (Van Blerkom and 
Runner, 1984). Similar translocations associated with 
formation of the mitotic spindle of early cleavage stage 
embryos have been observed in these studies (Chapter 3; 
see also Muggleton-Harris and Brown, 1988). The 
functional significance of this phenomenon is unknown, 
although it has long been suggested that this movement 
enables mitochondrial sequestration to localised regions 
that require elevated levels of adenosine triphosphate 
(ATP) (Van Blerkom and Runner, 1984; discussed Section 
3) .
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A correlation between mitochondrial distribution and 
embryo viability has already been established (Muggleton- 
Harris and Brown, 1988; see Chapter 3). The resumption of 
cleavage in "in vitro blocked" 2-cell embryos achieved by 
cytoplasmic rescue injection, should therefore be 
associated with a restoration of the homogeneous 
mitochondrial distribution characteristic of cleaving 
embryos in vivo and in vitro. In this chapter, the 
reinitiation of cleavage following successful cytoplasmic 
rescue injection is described, and the associated 
mitochondrial distribution investigated.

The finding that injection of very small aliquots of 
late G2 stage cytoplasm from the blastomeres of "non- 
blocking" F2 mouse embryos could reinitiate cleavage in 
"in vitro blocked" MF1 2-cell embryos, suggested that the 
reactivation of the mitotic process could be due to the 
introduction of an activated cell cycle regulatory 
protein, whose effect might be amplified by its action on 
an endogenous pool of inactive regulator in the cytoplasm 
of the "blocked" embryo. This hypothesis immediately 
suggested a possible role for the well characterised cell 
cycle regulator Maturation or Mitosis Promoting Factor 
(MPF), initially described by Masui and Markert (1971)

and Smith and Ecker 
(1971) in Rana pipiens oocytes (reviewed: Section 1.4). 
These and subsequent experiments showed that transfer of 
a small amount of cytoplasm (1% of total) from a mature 
oocyte which had undergone germinal vesicle breakdown 
(GVBD) could induce GVBD in a germinal vesicle stage (GV) 
oocyte, and that this must involve an amplification of
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MPF in the recipient oocyte because serial transfers of 
cytoplasm through as many as 10 recipient oocytes did not 
reduce the ability of the cytoplasm to induce GVBD 
(Reynhout and Smith, 1974). Additionally early reports of 
MPF activity indicated it could be detected after 
fertilisation during cleavage (Masui and Markert, 1971) 
and that activity following fertilisation was cyclical, 
with a peak at the beginning of mitosis near the G2/M 
border in cleaving Xenopus embryos (Wasserman and Smith,
1978) and synchronised HeLa cell extracts (Sunkara et al.
1979).

It was therefore decided to test the hypothesis that 
the G2 cytoplasmic rescue factor responsible for the 
reinitiation of cleavage in "in vitro blocked" 2-cell 
embryos (Muggleton-Harris et al. 1982? Pratt and 
Muggleton-Harris, 1988; Muggleton-Harris and Brown, 1988) 
exhibits functional homology with MPF. This was achieved 
by transferring cytoplasm from oocytes which had recently 
undergone GVBD prior to extrusion of the first polar 
body, known to exhibit maximal MPF activity, to the 
blastomeres of "in vitro blocked" 2-cell MF1 embryos, and 
observing its effect on subsequent nuclear morphology and 
developmental potential.

Manipulated and control embryos were scored daily 
for their developmental progress. Additionally, embryos 
were checked for signs of nuclear membrane breakdown 
(NMBD) at 2 hourly intervals following cytoplasmic 
injection using phase contrast microscopy, and the number 
undergoing NMBD within 24hrs recorded.
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5.2 Mitochondrial reorganisation following cytoplasmic
"rescue" injections.

5.2.1 Embryo staging

In a series of 5 replicate experiments 1-cell 
embryos were flushed from successfully mated, 
superovulated BGCBF^ and MF1 female mice between 26-28 
h.post hCG. The embryos from each strain were pooled 
separately and placed in M16 culture within lhr of 
flushing. Preliminary observations on embryos of both 
strains placed in culture at this time had shown the mid 
point of first cleavage occurs between 33-35 h.post hCG, 
and the midpoint of second cleavage occurs at 63 h.post 
hCG (Figure 3.5).

Previous studies on the timing of the second cell 
cycle in vivo have shown that G1 phase occurs occurs 
between 0-1.3h, S phase 1.3-6h and G2 phase 6-21.5 h.post 
cleavage (Sawicki et al. 1978). These measurements are in 
close agreement with the findings of Bolton et al. (1984) 
investigating the timing of second cleavage in vitro 
following in vitro fertilisation (IVF). They showed that 
G^ phase occurs between 0-lh, S phase l-6h and G2 phase 
6-18 h. and M phase 18-20 h.post cleavage. The former 
study indicates an in vivo second cell cycle lasting 
21.5h in embryos obtained from female Swiss mice. This is 
very similar to the 2Oh measured for the embryos of both 
B6CBF^ and MF1 mice in vivo, in this report (Figure 3.5). 
The latter study indicates an in vitro second cell cycle 
lasting 2Oh in embryos obtained from female B6CBF^ mice
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following IVF. This compares with an in vitro measurement 
of 28-30h in the embryos of B6CBF1 and MF1 mice following 
superovulation and in vivo fertilisation, in this report 
(Figure 3.5).

Reasons for the 8-10h delay in second cleavage are 
unclear, although variations between studies seem to 
occur predominantly due to variations in the length of G2 
phase (6-21.5 h.post cleavage, Sawicki et al. 1978; 6-18 
h.post cleavage, Bolton et al. 1984).

Since the duration of G1 and S phases show 
considerable homology between studies, it was assumed 
that G2 phase of the second cell lasted from 6-28 h.post 
cleavage in the embryos used in these studies, 
corresponding to the period 40-63 h.post hCG. The 
cytoplasmic factor(s) responsible for reinitiation of 
cleavage of "in vitro blocking" embryos is optimally 
present in G2 phase cytoplasm of non-blocking 2-cell
embryos (Pratt and Muggleton-Harris, 1988). Embryos of 
both strains were therefore harvested for microinjection 
between 50-54 h.post hCG, corresponding to the mid to 
late G2 phase of the second cell cycle in vitro.

5.2.2 Cytoplasmic transfer injections.

The equipment and procedures involved in the micro
manipulation of 2-cell mouse embryos have been described
elsewhere (see Section 2.6). Briefly, F2 donor and MF1
recipient 2-cell embryos were harvested for 
microinjection between 50-54 h.post hCG during mid to
late G2 phase of the cell cycle. After preincubating for
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15 minutes in M16 containing cytochalasin D, the embryos 
were transplanted to 50-100 ul drops of M2 containing 
cytochalasin overlaid with paraffin oil in a plastic 
culture dish (Falcon Plastics) for micro-manipulation.

Each micromanipulation dish contained 10 donor 2- 
cell embryos, 20 recipient embryos and 10 control embryos 
which had undergone all the handling procedures but were 
not injected (cytochalasin controls) (10 embryos/drop) 
Cytoplasm from 2-4 of the donor embryos was withdrawn 
into the injection pipette and injected in 8-12pl 
aliquots into 12-14 recipient embryos (Plate 2.1). After 
manipulation, the embryos were washed through several 
washes of M16 to remove all traces of cytochalasin D, 
before culture in individual lOul microdrops of M16 under 
oil. A further group of F2 and MF1 embryos which had not 
been subjected to any of the handling procedures was 
cultured as unmanipulated controls.

Manipulated and control embryos were scored daily 
for their developmental progress. Embryos in which 
blastomeres lysed within the first 24h, probably as a 
result of the injection procedure, were eliminated from 
analysis.

Data from the 5 replicate experiments were pooled. 
Each replicate consisted of 8 treatments: (1) F2 and (2) 
MF1 unmanipulated in vitro controls? (3) F2 and (4) MF1 
uninjected cytochalasin treated controls? (5) F2 and (6) 
MF1 self-injected controls (F2 recipients receiving F2 
donor cytoplasm:MF1 recipients receiving MF1 donor 
cytoplasm)? and (7) F2 and (8) MF1 reciprocally 
transferred experimental recipients (F2 recipients
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receiving MF1 donor cytoplasm: MF1 recipients receiving
F2 donor cytoplasm).

The efficacy of the G2 stage cytoplasm obtained from
F2 embryos of the "non-blocking" B6CBF1 mouse strain in
rescuing arrested 2-cell embryos of the "blocking" MF1

2strain is shown m  Table 5.1. X analyses of the combined 
data in Table 5.1 were performed on the proportion of 
embryos developing to the late morula/blastocyst stage, 
and the results are presented in Table 5.2. Neither 
treatment with cytochalasin D, nor the injection 
procedure itself, significantly affected the proportion 
of F2 or MF1 embryos developing to the cavitating 
morula/blastocyst stage from the 1-cell stage in vitro. 
The injection of MF1 late G2 stage cytoplasm from an "in 
vitro blocked" 2-cell embryo did not have any inhibitory 
effect on the development of normally cleaving F2 2-cell 
embryos in vitro (F2 recipients of MF1 cytoplasm, 81% 
developed to morula/ blastocyst). However, MF1 recipients 
of F2 cytoplasm showed a significant increase in their 
ability to resume development (24% developed to
morula/blastocyst compared with 0-4% in control groups).

5.2.3 Analysis of the mitochondrial distribution

Groups of 4-5 embryos from each of the 8 treatment 
groups (see Section 2.7.1) were Rho 123 labelled at the 
time of injection (ti) and at 2 hourly intervals 
thereafter until ti+8h. By this time normally cleaving F2 
embryos and MF1 embryos in which cleavage had been 
reinitiated by successful cytoplasmic "rescue" injection,
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Table 5.1 
In vitro development of 

experimental and control 2-cell embryos.

Treatment No of Developmental stage % to
embryosa reached after 96h M/B

in culture.
2c 3c 4c 8c M Bb

Non injected controls
7 2 unmanipulated controls 110 4 5 6 1 1 93 85
MF1 unmanipulated controls 67 42 9 13 0 2 1 4
F2 cytochalasin controls 43 3 2 0 0 5 33 88
MF1 cytochalasin controls 50 34 4 12 0 0 0 0

Injected controls
7 2 recipients/F2 cytoplasm 26 1 2 3 0 2 18 77
MF1 recipients/MFl cytoplasm 45 24 7 13 0 1 0 2

Injected experiments
F2 recipients/MFl cytoplasm 21 2 0 2 0 4 13 81
MF1 recipients/F2 cytoplasm 74 39 7 9 1 6 12

a Results pooled from five replicate experiments.
y.
c=cell; M=morula; B=blastocyst.
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Table 5.2
2Analysis of X for the combined data in Table 5.1

X2 calculated for df X2

Difference in development to
*morula/blastocyst stage 3 1.91 >0.5

between F2 treatment groups

Difference in development to
morula/blastocyst stage 1 20.27 <0.001
between MF1 experimental 
recipients of F2 cytoplasm 
and MF1 control groups

Difference in development to
morula/blastocyst stage 1 211.95 <0.001
between MF1 and F2 embryos

* . . .P not significant
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had proceeded through second cleavage in vitro. 
Immediately after staining, the embryos were observed and 
photomicrographs taken of the mitochondrial distribution 
within the blastomeres. After photography the embryos 
were recovered from the cytotoxic slides, returned to 
culture and their developmental progression monitored. 
The short exposure to UV irradiation' necessary for 
photography did not appear to have any deleterious effect 
on the subsequent development of 2-cell embryos to the 
blastocyst stage.

There was a correspondence between the re
organisation of the cytoplasm, as visualised by 
observation of the mitochondrial distribution, with 
mitotic events in the cultured mouse embryos (Plate 5.1). 
F2 2-cell embryos at the time of injection, whether 
unmanipulated controls (Plate 5.1, A), cytochalasin-
treated controls (Plate 5.1, B) or injected recipients of 
homologous cytoplasm (Plate 5.1, C) showed homogeneously 
distributed mitochondria. When the embryos were examined 
4h later, the mitochondrial distribution pattern was 
similar to that observed at the time of injection (Plate
5.1, G-I). In contrast, MF1 embryos arrested in vitro at 
the 2-cell stage (50-54 h.post hCG) exhibited the 
aggregated mitochondrial distribution associated with 
their inability to proceed through normal cleavage, 
whether they were unmanipulated in vitro controls (Plate
5.1, D), cytochalasin-treated controls (Plate 5.1, E) or 
injected recipients of homogeneous cytoplasm (Plate 5.1, 
F). None of these procedures were able to restore the 
homogeneous mitochondrial pattern observed in the F2 2-
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Plate 5.1
Mitochondrial distribution in MF1 2-cell embryos 
following successful "cytoplasmic rescue 
injection".

(A-F) Control embryos at time of injection (ti) (50- 
54 h.post hCG)

(G-L) Control embryos 4h after injection time (ti+4h)
(A,G) F2 unmanipulated control embryos
(D,J) MFl unmanipulated control embryos
(B,H) F2 uninjected cytochalasin D-exposed

control embryos 
(E,K) MFl uninjected cytochalasin D-exposed 

control embryos 
(C,I) F2 embryos injected with F2 cytoplasm (self

injected control)
(F, L) MFl embryos injected with MFl cytoplasm (self

injected control)
(M-P) MFl G2 recipients of F2 G2 phase cytoplasm
(M) MFl embryo at time of injection (50-54h.post hCG)
(N) MFl recipient 2h after injection, (arrow

indicates injection site)
(O) MFl recipient 4h after injection
(P) MFl recipient which has been rescued from the "2-

cell block" and cleaved to the 4-cell stage (15h 
post injection, 65 h.post hCG)

(Q-R) F2 G2 phase recipient of MFl G2 phase cytoplasm
(Q) F2 embryo at time of injection (50 h.post hCG)
(R) F2 recipient 4h after injection

Bar=2 5um

183



Plate 5.1
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cell embryos of similar developmental age (Plate 5.1, G- 
L. 4h post treatment).

The injection of G2 stage F2 2-cell embryos with G2 
MFl 2-cell cytoplasm did not affect the homogeneous 
distribution of the mitochondria (Plate 5.1, Q-R). 
However, when the reciprocal transfer was carried out 
with MFl 2-cell embryos arrested in vitro, redistribution 
of the aggregated mitochondria was seen in the injected 
blastomeres of some embryos within 2h of the injection of 
F2 2-cell stage cytoplasm (Plate 5.1, N; arrow). After a 
further 2h, the mitochondria of both blastomeres of these 
embryos had redistributed homogeneously (Plate 5.1, 0). 
They then re-entered a normal cleavage cycle, progressing 
to the 4-cell stage between 60-65 h.post hCG (Plate 5.1, 
P) . The MFl embryos which did not show signs of 
mitochondrial reorganisation after cytoplasmic injection 
remained blocked at the 2-cell stage.

5.3 Nuclear reorganisation following oocyte cytoplasmic
injection of "in vitro blocked" 2-cell embryos.

5.3.1 Collection of oocytes.

In a series of 6 replicate experiments germinal 
vesicle-stage (GV) oocytes were harvested from 3-4 
immature B6CBF1 female mice 48h after priming with 7.5 IU 
of PMSG. The mice were killed by cervical dislocation, 
the ovaries aseptically removed and placed in 2ml of M2 
in an embryological watchglass and oocyte-cumulus cell
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complexes teased out by puncturing large Graffian 
follicles using a pair of fine dissecting needles. 
Cumulus cells were removed by gently drawing the 
complexes in and out of a finely drawn Pasteur pipette 
held at a 45° angle to the bottom of the watchglass 
(Eppig et al. 1985). Half of the GV oocytes collected 
were washed free of cumulus cells in 2 x 2ml changes of 
M2 and placed in culture drops of M16 + Dibutryl cyclic 
AMP (db cAMP, lOOug/ml) to prevent spontaneous in vitro 
maturation occurring before micromanipulation (Clarke and 
Masui, 1985). The rest of the oocytes were washed free of 
cumulus cells, placed in M16 culture, and allowed to 
undergo in vitro maturation for 3h prior to 
micromanipulation, by which time all had undergone 
germinal vesicle breakdown (GVBD).

5.3.2 Embryo Staging

The procedure used to obtain G2 stage "in vitro 
blocked" 2-cell embryos has been described previously 
(see Section 5.2.1). Briefly in each of the 6 replicate 
experiments fertilised 1-cell embryos were flushed from 
the oviducts of 3-6 superovulated MFl female mice between 
26-27 h post hCG and cultured in M16 overnight to the 2- 
cell stage. "Jn vitro blocked" 2-cell embryos were 
collected from the culture dishes for micromanipulation 
between 50-54 h post hCG.
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5.3.3 Cytoplasmic transfer injections.

The equipment and procedures involved in the 
microinjection of "in vitro blocked" 2-cell mouse embryos 
with oocyte cytoplasm were essentially the same as those 
described previously for the microinjection of 2-cell 
embryo cytoplasm (Section 2.6) with the following 
exception. GV and GVBD donor oocytes were preincubated 
for 15 minutes in cytochalasin B (5ug/ml) + colcemid 
(lug/ml) in M16 prior to micromanipulation (McGrath and 
Solter, 1986). Two-cell mouse embryos were preincubated 
for 15 mins in M16 and cytochalasin D (5ug/ml) as before. 
This was found to reduce the viscosity of the donor 
oocyte cytoplasm and thus increase the proportion of 
recipient 2-cell embryos which survived the injection 
process. After preincubation, the oocytes and embryos 
were transferred to 5-10 ul drops of M2 containing 
cytochalasin D overlaid with paraffin oil in a plastic 
culture dish for micromanipulation.

Each dish contained 10 donor GV or GVBD oocytes, 20 
recipient 2-cell embryos and 10 control 2-cell embryos 
which had undergone all the handling procedures but were 
not injected (cytochalasin controls) (10 embryos/drop). 
Cytoplasm from 2-5 of the donor oocytes was withdrawn 
into the injection pipette and injected in 8-12 pi 
aliquots into 5-18 recipient 2-cell embryos. After 
manipulation the embryos were washed through several 
changes of M16 to remove all traces of cytochalasin 
before culture in individual lOul microdrops of M16 under 
oil. A further group of MFl 2-cell embryos which had not
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been subjected to any of the handling procedures were 
cultured as unmanipulated controls. Embryos in which 
blastomeres lysed within 24h of injection, probably as a 
result of the injection procedure itself, were eliminated 
from analysis. Manipulated and control embryos were 
scored daily for their developmental progress. 
Additionally, embryos were checked for signs of nuclear 
membrane breakdown (NMBD) at 2 hourly intervals following 
cytoplasmic injection using phase contrast microscopy and 
the number undergoing NMBD within 24h recorded.

Data from the 6 replicate experimentsu>erepooled. 
Each replicate consisted of 4 treatments:

1. MFl unmanipulated in vitro controls
2. MFl uninjected cytochalasin treated 

controls
3. MFl recipients of GV oocyte cytoplasm
4. MFl recipients of GVBD oocyte cytoplasm.

The efficacy of oocyte cytoplasm in reinitiating
cleavage and inducing NMBD in arrested MFl 2-cell embryos
is shown in Table 5.3. There was no significant
difference between treatments in the proportion of

2embryos which cleaved to the 4-cell stage (X =5.01, df=3, 
p>0.1). Neither GV nor GVBD stage oocyte cytoplasm was 
therefore capable of reinitiating cleavage. The injection 
of GV stage oocyte cytoplasm did not induce NMBD in any 
of the recipient 2-cell embryos. However the injection of 
GVBD oocyte cytoplasm induced NMBD in 54% of the 
recipient embryos. This was generally observed within 4- 
8h of injection and was never observed in embryos failing 
to undergo 2nd cleavage in the other treatment groups.
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Table 5.3
Incidence of nuclear membrane breakdown and cleavage of 2-cell MFl 
embryos following oocyte cytoplasm injection.

Treatment No of Developmental stage
embryosa reached after 24h

after injection time 
2-cell
NM+ NM- NM+'

4-cell 
b

%NMBD %4-cell

Controls
MFl unmanipulated 

controls 
MFl cytochalasin 

controls

68

47

61

47

10

Injected experimentals
MFl recipients of GV 31 
oocyte cytoplasm

29

MFl recipients of
GVBD oocyte cytoplasm 76 33 38 54

Results pooled from 6 replicate experiments
NM+ = Nuclear Membrane present 24h after time of injection.
NM- = Nuclear Membrane absent 24h after time of injection. 

c %NMBD = % of "blocked" 2-cell embryos exhibiting nuclear membrane 
breakdown.
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5.3.4. Chromatin organisation following cytoplasmic 
injection.

At the time of injection (50-54 h post hCG), and 4- 
8h later (immediately following observation of NMBD in 
experimental recipients of GVBD oocyte cytoplasm), 5 MFl 
embryos from each treatment group were labelled with 
Hoechst 33258 (see Section 2.7.2) to visualise the 
structure of the chromatin. In the unmanipulated control, 
cytochalasin control, and GV oocyte cytoplasm recipient 
groups, the chromatin maintained a diffuse structure with 
clearly defined nucleoli, typical of the interphase 
nucleus (Debey et al. 1989) within the nuclear membrane 
(Plate 5.2., A). This structure was also observed in MFl 
experimental recipients of GVBD oocyte cytoplasm at the 
time of injection and in those embryos which failed to 
undergo NMBD following injection. However in those 
recipients in which NMBD was observed prior to staining, 
strands of partially condensed chromatin, typical of the 
conformation normally associated with prophase 
chromosomes, could be clearly observed within the 
blastomeres (Plate 5.2., B). These observations confirmed 
the previous findings that only the injection of 
cytoplasm from mature GVBD oocytes was capable of 
inducing NMBD in "in vitro blocked" 2-cell embryos.

5.4 Discussion

The presence of cytoplasmic factor(s) in the late G2 
stage F2 2-cell cytoplasm was demonstrated by a
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Plate 5.2

Chromatin conformation in NMBD and control MFl 2-cell 
embryos following GVBD oocyte cytoplasmic injection.

MFl control 2-cell cultured from the 1-cell stage in 
vitro, (60 h.post hCG). The chromatin maintains a 
diffuse structure with clearly defined nucleoli.

MFl 2-cell recipient of GVBD oocyte cytoplasm 
following observation of NMBD, 8h after injection (60 
h.post hCG). Strands of partially condensed 
chromatin, similar to that normally associated with 
prophase chromosomes, in both blastomeres.

Bar=25um.



Plate 5.2
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significant increase in the number of in vitro arrested 
MFl 2-cell embryos which were able to reinitiate cleavage 
following cytoplasmic "rescue" injection. There appears 
to be considerable variation between studies in the 
proportion of injected embryos able to reinitiate 
cleavage in vitro. Muggleton-Harris et al. (1982) 
successfully reinitiated cleavage in 71% of injected 
embryos which survived the micro-manipulation procedures 
as judged by development to the morula/ blastocyst stage, 
using the same mouse strains as in this study. Pratt and 
Muggleton-Harris (1988) successfully reinitiated cleavage 
in 33% of injected MFl embryos, as judged by the same 
criteria, and 25% of injected CD1 embryos in a separate 
study. Data from the 5 replicate experiments were pooled, 
since considerable between-day variation in the 
proportion of micro-injected embryos which reinitiated 
cleavage was encountered. The reasons for this variation, 
which seems to be inherent in this type of study, are 
unclear. Although great care was taken to ensure that 
embryos were always manipulated at the same stage (50-54 
h.post hCG), it was noticed that the physical consistency 
of the donor cytoplasm varied considerably between days, 
and between dishes on the same day. This phenomenon has 
been noted previously (Pratt and Muggleton-Harris, 1988), 
later stage cytoplasm becoming more viscous and 
consequently harder to withdraw, and the plasma membrane 
acquiring a rubbery consistency making penetration of the 
recipient more difficult. These changes presumably 
reflect stage-specific cytosolic changes in the 
mechanisms responsible for the maintenance of cytostolic
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integrity, and may covary with the activity of the 
cytoplasmic factor(s) responsible for reinitiation of 
cleavage. Additionally these changes seriously reduce 
embryo survival after manipulation, increasing variation 
between experiments.

The fact that a mitochondrial redistribution to the 
configuration characteristic of normally cleaving embryos 
was observed, concomitant with the reinitiation of 
cleavage in "rescued" embryos, supports the suggestion 
made earlier that this parameter provides an accurate and 
reliable indication of an embryo's ability to proceed 
through the next cleavage event (Table 5.4). Moreover, 
since this reorganisation, first observed at the side of 
injection, proceeds throughout both blastomeres of the 
injected embryo, it seems unlikely that the "rescue" 
factor(s) could be organelle based (eg mitochondrial), as 
the only source of communication between blastomeres at 
this time is that provided by the remnants of the first 
mitotic spindle (mid-body). This would be unlikely to 
permit the transmission of such elements between 
blastomeres (Lo and Gilula, 1979).

The injection of cytoplasm from in vitro "blocked" 
embryos into normally cleaving F2 embryos did not reduce 
their subsequent viability. Additionally, no disruption 
of the recipients' cytoplasm or aggregation of their 
mitochondria was observed within the blastomeres of these 
recipients, even in the region of the injection site. 
This suggests that embryos which fail to cleave in vitro 
do so as a result of a failure to generate the factor(s) 
provided by cytoplasmic transfer, rather than from the
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Table 5.4
Correspondence between redistribution of mitochondria and 

mitosis in 2-cell mouse embryos in vitro.
MFl recipient of 
F2 cytoplasm.

MFl and/or F 0 and/or
MFl recipient of F_ recipient of
MFl cytoplasm F2 cytoplasm.

Time of injection(ti) Moderate 
50-54 h.post hCG mitochondrial

aggregation
Time after cytoplasmic 
injection

Moderate
mitochondrial
aggregation

Homogeneous
distribution

ti+2hr redistribution moderate aggregated homogeneous
in injected aggregations in
blastomere both blastomeres

ti+4h redistribution 
in both 
blastomeres

aggregated aggregated homogeneous

ti+6h homogeneous marked
aggregation

marked
aggregation

homogeneous

ti+8h translocation 
to perinuclear 
region before 

mitosis

marked
aggregation

marked
aggregation

translocation 
to perinuclear 
region before 
mitosis

MITOSIS 
(SUCCESSFUL RESCUE)

BLOCKED
(UNSUCCESSFUL)

BLOCKED MITOSIS
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generation of some cytotoxic by-product of sub-optimal 
culture conditions which is suppressing normal cleavage. 
This is not to say that "in vitro blocked" embryos do not 
generate abnormal cytoplasmic components due to sub- 
optimal culture conditions, but that any such activity 
does not appear to be directly responsible for cleavage 
arrest.

The injection of mature (GVBD) oocyte cytoplasm was 
able to induce NMBD and partial chromatin condensation in 
-50% of the "in vitro blocked" 2-cell embryos, whilst 
injection of GV oocyte cytoplasm was unable to induce 
either of these events. This result confirmed the
presence of active MPF in the injected GVBD oocyte
cytoplasm. However the proportion of recipient embryos 
which reinitiated cleavage subsequent to MPF injection 
was no greater than that observed in the control groups. 
The hypothesis that the G2 "cytoplasmic rescue factor" 
present in normally cleaving F2 2-cell embryos and
responsible for the reinitiation of cleavage in "in vitro 
blocked" MFl 2-cell embryos, is functionally homologous 
to MPF, was therefore disproved. This finding does not
exclude the possibility that the G2 "rescue factor" may
be a cell cycle regulating protein working upstream of 
MPF. It has recently been shown that MPF is itself 
activated by another regulatory protein, cyclin (Murray, 
et al. 1989), and that cyclin is the only newly
synthesised protein required to induce MPF activity and 
entry into mitosis in the cell cycle of early Xenopus 
embryos (Murray and Kirschner, 1989). Indeed, the
addition of exogenous cyclin mRNA is sufficient to
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produce multiple cell cycles in cell-free extracts of 
frog eggs in vitro (Murray and Kirschner, 1989).

A cyclin mRNA would therefore be an attractive 
candidate for the G2 cytoplasmic "rescue" factor for a 
number of reasons. A mRNA would explain the apparent 
autoamplification of the effect of the very small amount 
of cytoplasm injected into the "blocked" 2-cell embryos. 
It is known that the level of cyclin rises progressively 
throughout G2 of the cell cycle (Evans et al. 1983), at 
the time the injected cytoplasm is at its most
efficacious (Pratt and Muggleton-Harris, 1988). Also, 
such a species could be transmitted through the mid-body 
to effect the "rescue" of both blastomeres of the
recipient embryo (Lo and Gilula, 1979). Since the mRNA
for cyclins has now been cloned and sequenced in a number 
of species including the clam, S. solidissima (Swenson et 
al. 1986), sea urchin (Pines and Hunt, 1987), frog
(Minshull et al. 1989) and Drosophila (Lehner and 
O'Farrell, 1989? Whitfield et al. 1989) it would now be 
possible to investigate this suggestion by the direct 
injection of purified mRNA and/or protein and observing 
their effects on the reinitiation of mitosis in "in vitro 
blocked" 2-cell mouse embryos.
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CHAPTER 6

THE EFFECT OF SPECIFIC INHIBITORS OF METABOLISM, 
PROTEIN SYNTHESIS AND TRANSCRIPTION ON THE MITOCHONDRIAL 
DISTRIBUTION IN 2-cell F2 EMBRYOS IN VITRO.
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6.1 Introduction

Earlier studies contained within this report, showed 
that the mitochondrial distribution could be used as a 
morphological marker to give a reliable indication of an 
embryo's ability to undergo cleavage (Chapters 4,5; see 
also Muggleton-Harris and Brown, 1988) . Two-cell embryos 
obtained from random-bred MF1 mice and cultured from the
1-cell stage in vitro exhibited progressive 
mitochondrial aggregation throughout G2 phase of the 
cell-cycle, in those embryos which arrested cleavage at 
this stage (Chapter 4). Restoration of the homogeneous 
mitochondrial distribution characteristic of normally 
cleaving embryos in vitro and in vivo preceded the 
resumption of cleavage following successful "cytoplasmic 
rescue injection" (Chapter 5). It was therefore decided 
to investigate whether exposure of "non-blocking" inbred 
F2 embryos to a variety of inhibitors of carbohydrate 
metabolism, protein synthesis and transcription, would 
result in mitochondrial aggregation similar to that 
observed in "in vitro blocking" embryos. In this way it 
was hoped to gain a better understanding of the processes 
leading to mitochondrial aggregation and, by inference, 
the processes responsible for this phenomenon in embryos 
exhibiting the "2-cell block".

A number of investigators have used specific 
inhibitors of carbohydrate metabolism to investigate the 
biochemical pathways utilised by preimplantation 
mammalian embryos.

Thomson (1967) studied the effect of 8 inhibitors,
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classified into 4 categories, on the development of 2- 
cell embryos obtained from random-bred Swiss mice;

1.Inhibitors of glucose uptake and utilisation 
(phlorizin and 2-deoxyglucose).

2.Inhibitors of glycolysis (iodoacetate and 
fluoride).

3.Inhibitors of the tricarboxylic acid (TCA) cycle 
(malonate and fluoroacetate)

4.Inhibitors of respiration (2,4- dinitrophenol and 
cyanide).

Initially she established the minimum dose of each
inhibitor required to completely inhibit development of
2-cell embryos to the blastocyst stage in vitro. Embryos
were later exposed to these doses for 24h treatment
periods on Days 2-5 of development, to compare the
sensitivities of these stages to inhibition of the
different pathways.

The glycolytic inhibitors exerted a greater effect
on development during the late preimplantation stages
(morula, blastocyst stages) suggesting that glycolysis
becomes progressively more important in satisfying the
embryo's energy requirements. The TCA cycle was suggested
to play little or no role in the maintenance of
preimplantation development, since concentrations of

-2malonate and fluoroacetate as high as 10 M had to be
used to inhibit the development of 2-cell embryos.
Inhibition of oxidative phosphorylation however, by

-3relatively low concentrations of cyanide (10 M) and 2,
, . - 44- dinitrophenol (10 M), blocked development of 2-cell

200



embryos and caused rapid degeneration at higher 
concentrations. This suggests that oxidative 
phosphorylation, via the cytochrome chain, is essential 
for the maintenance of preimplantation development, in 
agreement with the results of Fridhandler (1961) and Kane 
and Buckley (1977) in the rabbit, where low doses of 
cyanide were found to be inhibitory at all stages of 
preimplantation development.

Thomson's technique (1967) of establishing a minimum 
inhibitory dose, in order to make comparisons between 
different inhibitors, is of vital importance in such a 
study due to their different modes of action. For 
example, fluorocitrate is a competitive inhibitor of 
aconitase, which is responsible for the conversion of 
citrate to isocitrate in the TCA cycle (Mahler and 
Cordes, 1971). Since citrate levels appear to be 
unusually high in preimplantation embryos (Barbehenn et 
al. 1974, 1978), levels of inhibitor must necessarily 
also be high to compete with the embryo's endogenous 
substrate pool. In contrast, iodoacetate acts by altering 
the tertiary structure of the enzyme glyceraldehyde-P- 
dehydrogenase, by the formation of S-alkyl derivatives 
of cysteine (ie protein-S-CH2COR) (Mahler and Cordes, 
1971). Low levels of this inhibitor may therefore be 
expected to have a significant inhibitory effect.

To overcome these problems in the present study the 
minimum inhibitory dose required for the complete 
inhibition of second cleavage in vitro was established 
for a range of different inhibitors. The mitochondrial 
distribution within embryos exposed to these doses was
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then monitored to identify those which induced 
mitochondrial aggregation within the blastomeres, prior 
to the scheduled onset of second cleavage (58 h.post hCG; 
Fig 3.5).

The same procedure was also used to investigate the 
effect of blocking protein synthesis and translation, 
both of which are required for second cleavage in the 
preimplantation mouse embryo (Thomson and Biggers, 1966; 
Tasca and Hillman, 1970).

A total of 8 inhibitors were chosen, classified into 
5 categories:

1.Inhibitors of glycolysis; potassium arsenate and 
iodoacetamide, which both inhibit glycolytic ATP 
production at the glyceraldehyde-P-dehydrogenase 
step.

2.Inhibitors of respiration; potassium cyanide which 
inhibits the electron transport chain by blocking 
the activity of cytochrome oxidase; and 2,4- 
dinitrophenol, which inhibits the electron 
transport chain and uncouples oxidative 
phosphorylation (Slater, 1963; Thomson, 1967; 
Mahler and Cordes, 1971).

3.An inhibitor of the TCA cycle; sodium malonate, 
which blocks the conversion of succinate to 
fumarate and oxaloacetate to citrate (Thomson, 
1967; Mahler and Cordes, 1971).

4.Inhibitors of protein synthesis; puromycin which 
inhibits the passage of amino acids from transfer 
RNA to the ribosome (Thomson and Biggers, 1966);
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and cycloheximide, which appears to block the 
synthetic site of the ribosome (Hillman and Tasca, 
1970).

5.An inhibitor of transcription; actinomycin D, 
which interferes with the RNA polymerase system by 
binding to the guanine residues of the DNA 
molecule (Goldberg et al. 1962; Thomson and 
Biggers, 1966).

6.2 Establishment of the minimum dose of inhibitor
required to completely inhibit second cleavage in
vitro.

The dose range for each inhibitor was similar to 
that used in previous studies to inhibit the development 
of preimplantation embryos (Thomson and Biggers, 1966; 
Thomson, 1967; Hillman and Tasca, 1970). Each series of 
inhibitor concentrations was tested in 2 duplicate 
experiments.

In each experiment 1-cell F2 embryos were flushed 
from successfully mated superovulated B6CBF1 mice between 
26-27 h.post hCG, pooled and cultured in M16 overnight to 
the 2-cell stage. Two-cell embryos were collected from
the culture dishes at 50 h.post hCG and distributed
equally between the treatment groups, which included M16 
as a control. Embryos were cultured for a further 72h and 
their developmental stage scored after a total of 96h in 
culture. Since there were no marked differences between 
pairs of experiments, the data from both were pooled.

The results are presented in Figures 6.1 to 6.8 and 
the minimum dose of the inhibitors required to completely
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Figures 6.1 - 6.8

Effect of exposing F2 2-cell embryos (cultured from the 1-cell 

stage after collection between 26h to 27h post hCG) to various 

concentrations of potassium arsenate - KAs (Fig 6.1), 

iodoacetamide - IAA (Fig 6.2), potassiumcyanide - KCN (Fig 6.3), 

2,4^Jinitrophenol - 2,4-dnP (Fig 6.4), sodium malonate (Fig 6.5), 

puromycin (Fig 6.6), cycloheximide (Fig 6.7) and actinomycin D 

(Fig 6.8), during culture for 72h between 50h to 116h post hCG.

The figures show the proportions of 4-cell embryos and 

blastocysts observed after incubation for 24h and 72h 

respectively with each inhibitor.

n= total number of embryos in each treatment.



Figure 6.1
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Figure 6.3 Dose response of F2 2-cell embryos exposed to KCN
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Figure 6.7 Dose response of F2 2-cell embryos exposed to cycloheximide
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Table 6.1
Minimum doses of inhibitor required to completely inhibit 

cleavage of 2-cell F2 embryos in vitro.

Inhibitor

Potassium arsenate 
Iodoacetate 
Potassium cyanide 
2,4-dinitrophenol

Sodium malonate 
Puromycin 
Cycloheximide 
Actinomycin D

Process inhibited Dose

-4Glycolysis 10 M
-4Glycolysis 10 M
-3Electron transport chain 10 M

Electron transport chain
-3and oxidative phosphorylation 10 M

TCA cycle >10“2M
Protein synthesis 2.0ug/ml
Protein synthesis 2.Oug/ml
Transcription 2.Oug/ml
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inhibit second cleavage in vitro are summarised in Table 
6.1.
6.3 Investigation of the mitochondrial distribution in 

2-cell F2 embryos following exposure to the minimum 
dose of inhibitor required to completely inhibit 
second cleavage.

In a series of 8 experiments, 1-cell F2 embryos were 
obtained from successfully mated superovulated B6CBF1 
mice between 26-27 h.post hCG, pooled, and cultured in 
Ml6 overnight to the 2-cell stage. Two-cell embryos were 
collected from the culture dishes at 50 h.post hCG and 
divided equally between the 2 treatments:

1. M16 control
2. M16 + minimum dose of inhibitor required to 

completely inhibit second cleavage.

The dose levels used in the latter treatment were 
those established previously (Section 6.2) and presented 
in Table 6.1. All inhibitor solutions were freshly 
prepared on the day of treatment. At the time of exposure 
(t ) to inhibitor (50 h.post hCG), six 2-cell embryosGXjp
from the M16 control group were labelled with Rho 123 
(Section 2.7.1) and photofluoromicrographs taken of the 
mitochondrial distribution. This procedure was repeated 
at 2 hourly intervals with six 2-cell embryos from each 
treatment group, until 8h after the initial time of 
exposure to the inhibitor (texp+8h; 58 h.post hCG). By 
this time a number of 4-cell embryos were observed in the
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Table 6.2
Development of 2-cell F2 control embryos exposed to the minimum doses 
of inhibitor required to completely inhibit second cleavage in vitro.

No of
Exot Treatment Embrvos

Developmental stage attained 
after 96h in culture

2-c 4-C 8-c M B'
1 M16 control 109 0 2 0 0 107

10"4M KAs 112 112 0 0 0 0
2 M16 control 97 0 1 0 0 96

i o"4m  iaa 128 128 0 0 0 0
3 Ml6 control 96 2 0 0 0 94

10"3M KCN 132 132 0 0 0 0
4 M16 control 103 1 2 0 3 97

10'3M 2,4-dnP 98 98 0 0 0 0
5 M16 control 148 0 1 0 0 147

10-1M Malonate 154 154 0 0 0 0
6 M16 control 89 0 0 0 0 89

Puromycin0 98 98 0 0 0 0
7 M16 control 115 0 0 0 0 115

CyclohexImide° 126 126 0 0 0 0
8 M16 control 150 1 1 4 0 144
Actinomycin D° 150 148 2 0 0 0

% %B
t-cell-

100 98
0 0

100 99
0 0

98 98
0 0

99 94
0 0

100 . 99
0 0

100 100
0 0

100 100
0 0

99 96
1 0

c=cell; M=morula; B=blastocyst
%age of embryos undergoing one or more cleavage divisions.
Concentration of inhibitors = 2.Oug/ml.

210



M16 control group in each of the 8 experiments. This 
observation was in accordance with the scheduled onset of 
second cleavage in vitro as recorded previously (Fig 
3.5). The developmental stages attained by control and 
inhibitor-treated embryos after a total of 96h in culture 
are shown in Table 6.2. All M16 control groups showed 
high rates of development to blastocyst (94-100%) whilst 
second cleavage was almost never observed in the 
inhibitor-treated groups. The only exception to this was 
in Experiment 8 where 2 (ex 150) actinomycin D treated 
embryos cleaved to the 4-cell stage before arresting.

6.3.1 Metabolic inhibitors

6.3.1.1 Potassium arsenate (KAs)

-4The effect of exposing 2-cell F2 embryos to 10 M
KAs is shown in Plate 6.1. After 2h exposure to the
inhibitor (teXp + 2h) mitochondrial aggregation was
clearly visible within the blastomeres of the inhibitor-
treated embryos (Plate 6.1,F), whilst the homogeneous
mitochondrial distribution characteristic of normally
cleaving embryos was observed in same-stage M16 controls
(Plate 6.1, B). Mitochondrial aggregation became
progressively severe in embryos exposed to the inhibitor
(Plate 6.1, G-I) with prolonged exposure but was never
observed in same-stage M16 controls (Plate 6.1, C-E). At
t +6h, several control embryos were seen to exhibit exp
the perinuclear mitochondrial translocation indicative of 
entry into mitosis (Plate 6.1, D) observed in earlier
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studies (Section 3.4.4). Following cleavage in control 
embryos, the mitochondria remained associated with the 
remnants of the mitotic spindle (mid-body) and the 
region of the cytoplasm around the telophase chromosomes 
(Plate 6.1,E). Embryos exposed to KAs appeared 
morphologically normal when viewed under phase contrast 
microscopy at t0Xp +8h, but had all degenerated by Day 3 
of development (72 h.post hCG).

6.3.1.2 Iodoacetamide (IAA)

-4The effect of exposing 2-cell F2 embryos to 10 M 
IAA is shown in Plate 6.2. No mitochondrial aggregation 
was observed within the blastomeres of M16 control 
embryos, and second cleavage commenced on schedule at 
58h.post hCG (te + 8h) (Plate 6.2, A-E). Mitochondrial 
aggregation was observed within the blastomeres of 
embryos exposed to IAA. Very slight aggregation observed 
at teXp + became progressively apparent during
continuous exposure to the inhibitor (Plate 6.2, F-I). 
Although morphologically normal, as judged by phase 
contrast microscopy, by tex^ + 8h the blastomeres of IAA 
treated embryos were easily separated during the handling 
procedures involved in staining and photography. This 
implied that as well as inhibiting the glycolytic pathway 
IAA was having some non-specific secondary effect on the 
systems responsible for the maintenance of cell adhesion. 
The nature of this effect remains unknown, but it seems 
likely to involve some structural disruption of the cell- 
surface glycoproteins involved in cell adhesion (Hughes,
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1975).

6.3.1.3 Potassium cyanide (KCN)

-3The effect of exposing 2-cell F2 embryos to 10 M 
KCN is shown in Plate 6.3. No mitochondrial aggregation 
was observed within the blastomeres of M16 control 
embryos (Plate 6.3, A-E) or same-stage KCN treated 
embryos (Plate 6.3, F-I). Although some KCN treated 
embryos started to degenerate by teXp + 8h, those which 
appeared morphologically normal at this time showed no 
signs of mitochondrial aggregation within their 
blastomeres (Plate 6.3, I). All KCN treated embryos had 
degenerated by Day 3 of development (72 h.post hCG).

6.3.1.4 2,4-dinitrophenol (2,4-dnP)

-4The effect of exposing 2-cell F2 embryos to 10 M 
2,4-dnP is shown in Plate 6.4. No mitochondrial 
aggregation was observed within the blastomeres of M16 
control embryos (Plate 6.4, A-E) and second cleavage 
commenced on schedule at 58h.post hCG (t0Xp + 8h) (Plate 
6.4, E). By t0Xp + 6h, the first signs of morphological
degeneration could be seen in 2,4-dnP treated embryos 
when viewed under bright-field optics. Some embryos 
started to become opaque as the cytoplasm took on the 
dark, granular appearance typical of degenerating 
embryos. By tex^ + 8h approximately 90% of inhibitor 
treated embryos had degenerated and did not incorporate 
the Rho 123 label into their mitochondria. This was

213



presumably due to destruction of the electrochemical 
gradient across the inner mitochondrial membrane, 
maintenance of which is essential for Rho 123 
incorporation (Johnson et al. 1980; 1981). Embryos which 
did not exhibit morphological degeneration by +8h
showed no signs of mitochondrial aggregation (Plate 6.4, 
F-I). All 2,4-dnP treated embryos degenerated by Day 3 of 
development (72 h.post hCG).

6.3.1.5 Sodium malonate

During experiments to establish the minimum dose of
malonate required to completely inhibit second cleavage,

-2doses as high as 10 M permitted up to 82% of 2-cell F2 
embryos to undergo one or more cleavage divisions in 
vitro (Fig. 6.5). It was therefore decided to monitor the 
mitochondrial distribution in these embryos after 
exposure to 10 M malonate, a dose level at which no 2- 
cell F2 embryos underwent second cleavage in vitro

(Table 6.2). The effect of exposing 2-cell F2 embryos to
-1 .10 M sodium malonate is shown in Plate 6.5.

No mitochondrial aggregation was observed within the 
blastomeres of M16 control embryos (Plate 6.5, A-E) or 
same-stage malonate treated embryos (Plate 6.5, F-I). The 
latter appeared morphologically normal when viewed under 
bright-field optics at t0Xp + 8h, and approximately 30%
of these remained as morphological normal 2-cell embryos 
on Day 4 of development (96h.post hCG). By Day 5 of 
development (12Oh.post hCG) all malonate treated embryos 
had degenerated.

214



6.3.2
6.3.2.1

Protein synthesis inhibitors 
Puromycin

The effect of exposing 2-cell F2 embryos to 2.Oug/ml 
puromycin is shown in Plate 6.6. No mitochondrial 
aggregation was observed within the blastomeres of M16 
control embryos (Plate 6.3, A-E) or same-stage puromycin 
treated embryos (Plate 6.3, F-I). No puromycin treated 
embryos underwent second cleavage in vitro (Table 6.2) 
and all had degenerated by Day 5 of development 
(120h.post hCG).

6.3.2.2 Cyclohex i mide

The effect of exposing 2-cell F2 embryos to 2.Oug/ml 
cycloheximide is shown in Plate 6.7. No mitochondrial 
aggregation was observed within the blastomeres of M16 
control embryos (Plate 6.7, A-E) or same-stage
cycloheximide treated embryos (Plate 6.7, F-I). No
cycloheximide treated embryos underwent second cleavage 
in vitro (Table 6.2) and all had degenerated by Day 5 of 
development (12Oh.post hCG).

6.3.3 Transcription inhibitor: Actinomycin D

The effect of exposing 2-cell F2 embryos to 2.Oug/ml 
actinomycin D is shown in Plate 6.6. No mitochondrial 
aggregation was observed within the blastomeres of M16 
control embryos (Plate 6.8, A-E) or same-stage
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Plate 6.1
Mitochondrial distribution in 2-cell F2 embryos

-4exposed to KAs (10 M).

(A-E) Ml6 control embryos.
(F-I) KAs treated embryos.
(A) M16 control at time of exposure to inhibitor

(teXp + 50 h.post hCG) exhibiting the
homogeneous mitochondrial distribution
characteristic of normally cleaving embryos.

(B,F) texp + 2h. M16 control remains unchanged (B),
but mitochondrial aggregation apparent in KAs 
treated embryos (F).

(C,G) teXp + 4h. Ml6 control unchanged (C) but
increasingly aggregated mitochondria apparent 
in KAs treated embryos (G).

(D,H) t _ _  + 6h. Mitochondrial translocation toexp
perinuclear region associated with entry into 
mitosis observed in M16 control embryos (D).

Clear mitochondrial aggregation observed in KAs 
treated embryo (H).

(E,I) t0Xp + 8h. Mitochondria of M16 control embryos 
associated with remnants of the mitotic spindle 
(midbody) following second cleavage in vitro 
(E). Severe mitochondrial aggregation observed 
in KAs treated embryo arrested at the 2-cell 
stage (I).

Bar=50um.
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Plate 6.2
Mitochondrial distribution in 2-cell F2 embryos

- 4exposed to IAA (10 M).

(A-E) M16 control embryos.
(P-I) IAA treated embryos. (A) M16 control at time of

exposure to inhibitor (̂ eXp + O*1' 50 h.post
hCG) exhibiting the homogeneous mitochondrial 
distribution characteristic of normally 
cleaving embryos.

B,F) texp + 2h. M16 control remains unchanged (B),
but slight mitochondrial aggregation apparent 
in IAA treated embryos (F).

(C,G) teXp + 4h. Ml6 control unchanged '(C)' but
increasingly aggregated mitochondria apparent 
in IAA treated embryos (G).

(D,H) texp + 6h. M16 control remains unchanged (D).
Clear mitochondrial aggregation observed in IAA 
treated embryo (H).

(E/I) t ^  + 8h. Mitochondria associated with the' exp
mitotic spindle of a cleaving M16 control 
embryo (E). Severe mitochondrial aggregation 
observed in IAA treated embryo arrested at the 
2-cell stage (I).

Bar=50um
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Plate 6.3
Mitochondrial distribution in 2-cell F2 embryos

exposed to KCN (10~3M).

(A-E) M16 control embryos.
(P-I) KCN treated embryos.
(A) M16 control at time of exposure to inhibitor

(t0Xp + 50 h.post hCG) exhibiting the
homogeneous mitochondrial distribution
characteristic of normally cleaving embryos in 
vitro.

<B'F> %xp + 2h- <C'G> + 4h- <D'H> ^xp + 6h*
Homogeneous mitochondrial distribution
maintained in Mi6 control (B,C,D) and KCN
treated (F,G,H) embryos.

(E/I) teXp + 8h. Mitochondria of M16 control embryo
associated with the mitotic spindle following
second cleavage in vitro. (E). No mitochondrial 
aggregation observed in KCN treated embryo 
arrested at the 2-cell stage (I).

Bar=50um
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Plate 6.3
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Plate 6.4
Mitochondrial distribution in 2-cell F2 embryos

-3exposed to 2,4-dnP (10 M).

(A-E) Ml6 control embryos.
(P-I) 2,4-dnP treated embryos.
(A) M16 control at time of exposure to inhibitor 

(teXp + 50 h.post hCG) exhibiting the
homogeneous mitochondrial distribution
characteristic of normally cleaving embryos.

<B'F> W  + 2h- <C'G> ^xp + 4h* <D'H> ^xp + 6h- 
Homogeneous mitochondrial distribution
maintained in M16 control (B,C,D) and 2,4-dnP
treated (F, G, H) embryos.

(E, I) teXp + 8h. Mitochondria of Ml6 control embryo 
associated with the mitotic spindle following 
second cleavage in vitro (E). No mitochondrial 
aggregation observed in 2,4-dnP treated embryo 
arrested at the 2-cell stage (I).

Bar=50um
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Plate 6.4
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Plate 6.5
Mitochondrial distribution in 2-cell F2 embryos

exposed to Na malonate (10-1M).

(A-E) Ml6 control embryos.
(P-I) Na malonate treated embryos.
(A) Ml6 control at time of exposure to inhibitor 

(teXp + °h? 50 h.post hCG) exhibiting the
homogeneous mitochondrial distribution
characteristic of normally cleaving embryos.

<B'F> W  + 2h* <C'G> ^ x p  + 4h* <D'H> W  + 6h-
Homogeneous mitochondrial distribution
maintained in M16 control (B,C,D) and Na 
malonate treated (F,G,H) embryos.

(E/I) teXp + 8h. Mitochondria of M16 control embryo 
associated with the mitotic spindle following 
second cleavage in vitro (E). No mitochondrial 
aggregation observed in Na malonate treated 
embryo arrested at the 2-cell stage (I).

Bar=50um
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Plate 6.6
Mitochondrial distribution in 2-cell F2 embryos

exposed to puromycin (2.0ug/ml).

(A-E) Ml6 control embryos.
(F-I) puromycin treated embryos.
(A) M16 control at time of exposure to inhibitor

(teXp + oh? 50 h.post hCG) exhibiting the
homogeneous mitochondrial distribution
characteristic of normally cleaving embryos in 
vitro.

<B'P> ^xp + 2h- <C'G> ^xp + 4h- <D'H> ^xp + 6h-
Homogeneous mitochondrial distribution
maintained in M16 control (B,C,D) and puromycin 
treated (F, G#H) embryos.

(E#I) tQXp + 8h. Mitochondria of Ml6 control embryo
associated with the mitotic spindle following 
second cleavage in vitro (E). No mitochondrial 
aggregation observed in puromycin treated 
embryo arrested at the 2-cell stage (I).

Bar=50um
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Plate 6.7
Mitochondrial distribution in 2-cell F2 embryos

exposed to cycloheximide (2.0ug/ml).

(A-E) M16 control embryos.
(P-I) cycloheximide treated embryos.
(A) M16 control at time of exposure to inhibitor 

(teXp + °h? 50 h.post hCG) exhibiting the
homogeneous mitochondrial distribution
characteristic of normally cleaving embryos.

<B'F> ^ x p  + 2h- <C'G> + 4h- <D'H> fcexp + 6h-
Homogeneous mitochondrial distribution
maintained in M16 control (B,C,D) and
cycloheximide treated (F, G,H) embryos.

(E,I) heXp+8h. Homogeneous mitochondrial distribution 
in M16 control following second cleavage in
vitro (E). No mitochondrial aggregation
observed in cycloheximide treated embryo
arrested at the 2-cell stage (I).

Bar=50um
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Plate 6.8
Mitochondrial distribution in 2-cell F2 embryos

exposed, to actinomycin D (2.0ug/ml).

(A-E) M16 control embryos.
(F-I) actinomycin D treated embryos.
(A) M16 control at time of exposure to inhibitor

(teXp + 50 h.post hCG) exhibiting the
homogeneous mitochondrial distribution
characteristic of normally cleaving embryos.

<B'P> + 2h’ (C'G> W  + 4h* <D'H> W  + 6h-
Homogeneous mitochondrial distribution
maintained in M16 control (B,C,D) and 
actinomycin D treated (F/ G,H) embryos.

(E,I) ^eXp+8h. Homogeneous mitochondrial distribution 
in M16 control embryo following second cleavage 
in vitro (E). No mitochondrial aggregation 
observed in actinomycin D treated embryo 
arrested at the 2-cell stage (I).

Bar=50um
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actinomycin D treated embryos (Plate 6.3, F-I) . Two of 
the 150 actinomycin D treated embryos underwent second 
cleavage in vitro (Table 6.2) but all had degenerated by 
Day 5 of development (12Oh.post hCG).

6.4 Discussion

The response of 2-cell embryos to treatment with the
transcriptional inhibitor actinomycin D (Fig. 6.8), was
similar to that described by a number of previous
investigators. These showed that low doses of actinomycin 

—4D ( 1 to 2 x 10 ug/ml) have no effect on the rate of
cleavage or on blastocyst formation (Thomson and Biggers,

- 4  - 31966) ; intermediate concentrations (6 x 10 to 1 x 10
ug/ml) do not interfere with cell division during
cleavage but prevent blastocyst formation when treatment
begins at the late 4-cell or older stages (Mintz, 1974;
Skalko and Morse, 1969)? and cells of embryos treated
with higher concentrations ( >0.1 ug/ml), undergo no more
than one additional mitotic division before development
is arrested (Silagi, 1963). The requirement for de novo
mRNA synthesis by 2-cell mouse embryos for second
cleavage to occur has also been demonstrated in studies
where the action of another transcriptional inhibitor
(alpha-amanitin) , has been investigated (Braude, 1979;
Braude et al. 1979; Johnson, 1981; Flach et al. 1982).

Although transcription of the embryonic genome is
necessary for second cleavage, no mitochondrial
aggregation was observed in embryos exposed to doses of
actinomycin D sufficient to completely inhibit second
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cleavage in vitro. This implies that the mitochondrial 
aggregation observed in embryos exhibiting the 11 in vitro 
2-cell block” is not caused by a failure to switch on the 
embryonic genome at the 2-cell stage, although the 
processes responsible for such aggregation may well 
result in a downstream failure to synthesise the 
transcripts necessary for cleavage to occur.

The responses of 2-cell embryos to treatment with 
the inhibitors of protein synthesis, puromycin and 
cycloheximide, were also similar to those reported by 
previous investigators (Figures 6.6 and 6.7 
respectively). Thomson and Biggers (1966) showed that 
the minimum dose of puromycin required to completely 
inhibit the development of 2-cell embryos to the 
blastocyst stage was 2.0 ug/ml, although they did not 
present any data on the minimum dose required to 
completely inhibit second cleavage. Tasca and Hillman 
(1970) showed that treatment with 0.5 ug/ml cycloheximide 
reduces the rate of protein synthesis by at least 30% at 
all stages of preimplantation development, but found that 
cleavage stage embryos were still able to develop to the 
blastocyst stage when exposed to the inhibitor at this 
dose level. This is somewhat at variance with the 
observations made in this report, since 0.1 ug/ml 
cycloheximide was found to be sufficient to completely 
inhibit the development of 2-cell embryos to the 
blastocyst stage. This difference was presumably related 
to differences in the purity of the reagents used in the 
two investigations.

Since no mitochondrial aggregation was observed
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within embryos exposed to doses of these inhibitors 
sufficient to completely inhibit second cleavage in 
vitro, this suggests that the mitochondrial aggregation 
observed in embryos exhibiting the "in vitro 2-cell 
block" is not caused by a failure in protein synthesis. 
Again the proviso must be added that the processes 
responsible for this aggregation may well result in a 
downstream failure to synthesise new protein in "in vitro 
2-cell blocked" embryos, since they are known to exhibit 
qualitatively reduced and temporarily delayed synthesis 
of novel alpha-amanitin-sensitive polypeptides (Goddard 
and Pratt, 1983).

-3The rapid degeneration of embryos exposed to 10 M 
cyanide and 2,4-dinitrophenol provides strong evidence of 
an essential role for oxidative phosphorylation and 
electron transport via the cytochrome chain in the 
maintenance of normal development during early cleavage. 
Thomson (1967) also found that cyanide and 2,4- 
dinitrophenol caused degeneration of 2-cell mouse embryos 
during the first 24h of culture at this concentration, 
and Kane and Buckley (1977) observed that 1-cell rabbit 
embryos degenerated rapidly after exposure to these 
inhibitors at the same concentration. These findings are 
in agreement with the work of Fridhandler et al. (1957) 
who showed that cyanide almost completely inhibited 
oxygen uptake in 2- to 8-cell rabbit embryos. The 
concentrations at which embryo death occurred correspond 
to those normally used to inhibit oxidative 
phosphorylation in other tissues (Mahler and Cordes, 
1971), providing further evidence to support the
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specificity of their action.
Although normal functioning of the oxidative 

phosphorylation pathway appears to be essential for the 
maintenance of normal development during early cleavage, 
no mitochondrial aggregation was observed prior to 
morphological degeneration in embryos exposed to doses of 
cyanide or 2,4-dinitrophenol sufficient to completely 
inhibit second cleavage in vitro. Mitochondrial 
aggregation observed in random-bred embryos exhibiting 
the "in vitro 2-cell block" does not therefore appear to 
result from generalised degenerative processes occurring 
within the cytoplasm, but from the failure of the culture 
system to maintain some specific metabolic and/or 
synthetic pathway(s) required for the maintenance of 
normal development. This also implies that the 
mitochondrial aggregation observed in embryos exhibiting 
"in vitro 2-cell block" is not caused by the failure of 
the pathways of oxidative phosphorylation during culture.

The failure of malonate to exhibit any toxic effect
-2at doses as high as 10 M was in agreement with the

results of Thomson (1967) who showed that it failed to
prevent the formation of blastocysts from 2-cell embryos
at this concentration when BMOC2 (Brinster, 1965 d) was

-2used as the culture medium. She found that 10 M malonate 
only inhibited the development of 2-cell mouse embryos 
when oxaloacetate was used as an energy source instead of 
lactate and pyruvate. This was probably due to the 
inhibition by malonate of the decarboxylation of 
oxaloacetate, lending support to the suggestion that 
oxaloacetate may only be metabolised by the 2-cell embryo
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after its conversion to pyruvate (Brinster, 1965 a). 
Similarly Kane and Buckley (1977) found no inhibition of
blastocyst formation by 1-cell rabbit embryos exposed to

-2 . . .10 M malonate, although they did find that sodium
monofluoroacetate (another TCA cycle inhibitor which
competes with citrate for the enzyme aconitase? Hochster
and Quastel, 1963) completely prevented development to

-2 -3the blastocyst stage at concentrations of 10 to 10 M.
In their study, development was arrested at the 1-cell

—2 -3stage in 10 M and 3 x 10 M sodium monofluoroacetate,
concentrations comparable to those used to block the TCA
cycle and cause citrate accumulation in other tissues
(Leibecq and Peters, 1949? Buffa et al. 1951).
Considerable evidence exists for a fully functional TCA
cycle in mouse embryos from the 1-cell stage (reviewed by
Wales, 1975), it therefore seems surprising that
malonate is unable to exert an inhibitory effect at

-2concentrations as high as 10 M. Kane and Buckley (1977) 
suggest that this may be partly attributed to low 
permeability of the embryo to this inhibitor due to the 
dicarboxylic nature of the malonate molecule. There is 
some evidence to suggest that entry of malonate into 
mitochondria is dependent on a carrier system (Pressman, 
1970). Although evidence for the presence of such a 
carrier system is lacking for embryonic plasma membranes, 
Wales and Biggers (1968) have shown that malate, another 
dicarboxylic acid, appears to enter mouse embryos by an 
active process.

Observation of the mitochondrial distribution 
following exposure to malonate had to be carried out at a
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- 1level of 10 M since this was the lowest concentration at 
which malonate successfully inhibited second cleavage. 
However it was later realised that no compensation was 
made for the considerable rise in osmolarity induced by 
the addition of such a high concentration of inhibitor to 
the medium. Cleavage arrest of embryos exposed to this 
dose was therefore more likely to be due to the rise in 
osmolarity, which would be elevated outside the 
acceptable range established by Brinster (1965 a), rather 
than the effect of the inhibitor itself. This proved to 
be an informative error however, since no mitochondrial 
aggregation was observed within embryos exposed to this 
dose, thus excluding the possibility that mitochondrial 
aggregation may result from culture in media of an 
inappropriate osmolarity. Because of the doubt over the 
permeability of the embryo to malonate, it remains 
uncertain whether direct inhibition of the TCA cycle 
itself might lead to mitochondrial aggregation similar to 
that observed in "in vitro 2-cell blocked" embryos. Since 
such a high concentration of inhibitor was employed 
however, it seems unlikely that such an effect should 
remain undetected, so it does not appear that the 
mitochondrial aggregation observed in embryos exhibiting 
the "in vitro 2-cell block" is related to any failure of 
the TCA cycle.

Whitten (1957) and Brinster (1965 b) first suggested 
that the glycolytic pathway is inactive in the mouse 
embryo prior to the 8-cell stage. This was based on the 
observation that whilst lactate, pyruvate,
phosphenolpyruvate and oxaloacetate supported the
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development of 2-cell mouse embryos to the blastocyst 
stage, glucose alone was unable to support cleavage until 
the 8-cell stage had been reached. This is in agreement 
with the work of Fridhandler and his associates 
(Fridhandler et al. 1957, 1967; Fridhandler, 1961, 1968)
which indicated that the ability of rabbit embryos to 
carry out glycolysis developed only at the morula stage. 
Later, Barbehenn et al. (1974) demonstrated that a block 
to glycolysis exists at the 6-phosphofructokinase step in 
early mouse embryos, which is removed at the 8-cell 
stage. Although they found no early difficulty in the 
phosphorylation of glucose, glucose-6-phosphate levels 
were much lower before the 8-cell stage than at later 
stages. An increase in fructose-6-phosphate with age 
appeared to be the major factor leading to an increase in 
6-phosphofructokinase activity. They suggested that 
unusually high citrate levels at all stages may help to 
keep the enzyme strongly inhibited until the increase in 
fructose-6-phosphate occurs.

It was therefore surprising to find that of all the
metabolic inhibitors examined, it was the inhibitors of
glycolysis (arsenate and iodoacetamide) which led to
complete inhibition of second cleavage at the lowest

—4pharmacological dose levels (10 M). Additionally these 
were the only inhibitors found to induce mitochondrial 
aggregation, similar to that observed in embryos 
exhibiting the "in vitro 2-cell block" following exposure 
at the minimum inhibitory dose level.

It therefore appears that a functional requirement 
exists for the maintenance of glycolysis, albeit at a
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much reduced level of activity, during early cleavage of 
the mouse embryo. This is not incompatible with the 
available evidence since Quinn and Wales (1973) found 
some glycolytic capacity in cleavage stage rabbit 
embryos, although this capacity was greatly increased at 
the blastocyst stage. Failure to meet this functional 
requirement during culture appears to be directly 
implicated in the failure of random bred mouse embryos, 
cultured from the 1-cell stage, to undergo second 
cleavage in vitro.

This observation led to the re-examination and 
comparison of substrate requirements and metabolism of 
both inbred and random-bred mouse embryos presented in 
Chapter 7.



CHAPTER 7
ENERGY REQUIREMENTS OF INBRED AND RANDOM-BRED MOUSE 
EMBRYOS DURING PREIMPLANTATION DEVELOPMENT IN VITRO.
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7.1 Introduction

The inhibitor studies presented previously (Chapter 
6) demonstrated that mitochondrial aggregation appeared 
only within the blastomeres of F2 hybrid embryos after 
inhibition with the glycolytic inhibitors iodoacetamide 
or potassium arsenate. This suggested that the 
mitochondrial aggregation observed in random-bred embryos 
arrested at the 2-cell stage in vitro is due to the 
inhibition of glycolysis. This is surprising since 
glucose is present in the routine embryo culture media, 
and when present as the only energy source is unable to 
support development until the 8-cell stage. Furthermore, 
the uptake and utilization of glucose at the 1-cell stage 
is very low (see Section 1.3.2). It was therefore decided 
to investigate whether the culture of F2 embryos in 
medium containing glucose only, would induce 
mitochondrial aggregation similar to that observed in 
embryos exhibiting the "in vitro 2-cell block".

To test whether the results obtained were in 
specific response to the presence of glucose, the effect 
of medium containing lactate only on the mitochondrial 
distribution of cultured 1-cell F2 embryos was examined, 
since Whittingham (1969) showed that the embryos of 
random-bred Swiss mice are incapable of undergoing first 
cleavage in this medium. During the course of a 
preliminary experiment however, it was found that a 
majority of the F2 embryos (>80%) were able to undergo 
first cleavage under these conditions, so culture in 
medium containing lactate alone did not lead to the
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developmental arrest expected. To investigate the 
mitochondrial distribution after cleavage arrest induced 
by culture in medium containing lactate alone it was 
therefore necessary to use random-bred MF1 1-cell 
embryos. Most of these were unable to undergo first 
cleavage in this medium. For the purposes of clarity, the 
following abbreviations have been used to indicate the 
nature of the energy source(s) contained in the modified 
Ml6 culture medium.

L medium = lactate medium 
P medium = pyruvate medium 
G medium = glucose medium 

glut, medium = glutamine medium
Media containing combinations of energy sources are 

designated accordingly (eg LPG medium = medium containing 
lactate, pyruvate and glucose).

7.2 Mitochondrial distribution in 2-cell F2 embryos 
cultured in medium containing glucose only.

One-cell F2 embryos were obtained from 
successfully mated superovulated B6CBF1 female mice 
between 26-27 h.post hCG, and cultured in LPG medium 
(M16) overnight to the 2-cell stage. After 2Oh in 
culture, embryos which had developed to the 2-cell stage 
were collected, washed through several changes of the 
medium to which they were being transferred, and cultured 
in one of the following media:
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1. LPG medium
2. LP medium
3. G medium
4. Substrate-free.
All media were prepared by the isotonic stock method 

outlined in Section 2.4.1.2. The LP medium was included 
to check whether the absence of glucose from the LPG 
control had any detrimental effect on the second cleavage 
division. Substrate-free medium was included to see 
whether general depletion of endogenous energy stores 
affected mitochondrial aggregation.

After 5h in the various media, 5 embryos from each 
group were labelled with Rho 123 and photo- 
fluoromicrographs taken of the mitochondrial distribution 
within the blastomeres.

No mitochondrial aggregation was observed in embryos 
cultured in LPG medium or LP medium. The homogeneous 
mitochondrial distribution was typical of that exhibited 
by F2 embryos which do not normally arrest in vitro at 
the 2-cell stage (Plate 7.1, A). The Rho 123 label
incorporated poorly into the mitochondria of embryos 
cultured in substrate free medium for 5h, and the 
fluorescence was too low to photograph. However 
sufficient incorporation occurred to confirm visually 
that no mitochondrial aggregation occurred within the 
blastomeres, further confirming that mitochondrial 
aggregation does not result from a general depletion of 
energy sources in metabolically compromised embryos.

Considerable mitochondrial aggregation was observed 
however in embryos cultured in medium containing glucose
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Plate 7.1

Mitochondrial distribution in 2-cell F2 
embryos after culture for 5h in LPG or G 
medium.

(A). LPG control exhibits the homogenous 
mitochondrial distribution associated with 
normally cleaving embryos in vitro and in vivo 
(52 h.post hCG).

(B). Same-stage embryo cultured for 5h in G medium 
exhibits an aggregated mitochondrial 
distribution similar to that observed in 
random-bred embryos exhibiting the "in vitro 2- 
cell block" (52 h.post hCG).

Bar=25um
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Plate 7.1
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Table 7.1
Effect of culturing 2-cell F2 embryos, previously grown from the
1-cell stage in LPG medium, in media containing various 
energy substrates.

Medium No of embryos

Percentage of embryos developing to 
the various preimplantation stages 
during 96h in culture.
4-cell 8-cell Morula Blastocyst

LPG 40 100 100 100 100

LP 40 100 100 100 100

40

Substrate
free

40
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only. This distribution was similar to that observed in 
embryos exhibiting the "in vitro 2-cell block" (Plate
7.1, B).

The developmental progress of the embryos remaining 
in culture was scored daily, and the results presented in 
Table 7.1. Embryos grown in LP and LPG media developed 
normally from the 2-cell stage to blastocyst. No embryos 
cultured in substrate free medium cleaved to the 4-cell 
stage, and all of these degenerated during the second 24h 
period in culture. Only one of 40 embryos cultured in G 
medium cleaved to the 4-cell stage, and approximately 
half of these had degenerated after 96h in culture.

7.3 Mitochondrial distribution in 1-cell MF1 embryos
cultured in medium containing lactate only.

In a preliminary experiment 1-cell F2 embryos were 
cultured in L medium to examine the mitochondrial
distribution during first cleavage mitotic arrest. 
However most of the F2 embryos (>80%) underwent first
cleavage in the presence of lactate alone. Therefore the 
mitochondrial distribution in embryos induced to arrest 
during the first cell cycle by culture in medium 
containing lactate only, could only be examined in the 
random-bred MF1 zygote.

Fertilised 1-cell embryos were obtained from
superovulated MF1 females between 23-24 h.post hCG. The
cumulus cells were removed and the embryos pooled before 
being divided equally between the 2 treatments:
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1.LPG control medium.
2.L medium.
After culture for 3h, 6 embryos from each treatment 

were labelled with Rho 123 and the mitochondrial 
distribution photographed.

No mitochondrial aggregation was observed in
embryos cultured in LPG medium (Plate 7.2,A) or L medium 
(Plate 7.2,B). At 47 h.post hCG all embryos in LPG 
control medium had undergone first cleavage, but those in 
lactate were arrested at the 1-cell stage. Six embryos 
from each treatment were labelled with Rho 123 and the 
mitochondrial distribution photographed. Mitochondrial 
aggregation had commenced in 2-cell embryos cultured in 
LPG control medium (Plate 7.2, C). None of the embryos 
remaining in culture in LPG medium underwent second 
cleavage. However no mitochondrial aggregation was
observed within embryos arrested at the 1-cell stage by 
culture in lactate medium (Plate 7.2, D).

After 24h in culture, half of the embryos in the 
lactate medium were transferred to LP medium to see if 
the arrest was reversible. Within 2h of transfer, about 
half of the embryos began to cleave. After 48h in culture 
(72 h.post hCG), 6 of the 2-cell embryos and 6 arrested 
1-cell embryos, were labelled with Rho 123 and
photographed. Again no mitochondrial aggregation was 
found in the arrested 1-cell embryos (Plate 7.2, E) or in 
the embryos which developed to the 2-cell stage (Plate
7.2, F). None of the 2-cell embryos underwent second 
cleavage in vitro. Thus the inhibition of cleavage by 
omission of energy sources from the medium, is not always
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Plate 7.2

Mitochondrial distribution in 1-cell MF1 
embryos after cleavage arrest induced by 
culture in L medium.

(A,B) One-cell MF1 embryos 3h after flushing (27
h.post hCG). M16 control, lh prior to the
scheduled onset of first cleavage, exhibits the 
homegenous mitochondrial distribution typical 
of normally cleaving embryos in vitro and in 
vivo (A). No signs of mitochondrial aggregation 
observed in same-stage embryos cultured in L 
medium (B).

(C,D) MF1 embryos observed 23h after flushing (47
h.post hCG). M16 control beginning to show
signs of the mitochondrial aggregation 
previously observed in embryos exhibiting the 
"in vitro 2-cell block" (C). No mitochondrial 
aggregation in 1-cell embryos arrested by 
culture in L medium (D).

(E,F) MF1 embryos observed 24h after transfer from L
medium to LP medium (72 h.post hCG) . No 
mitochondrial aggregation observed in embryos 
which failed to cleave (E) or in embryos which 
underwent first cleavage before arresting at 
the 2-cell stage (F).

Bar=25um.
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Plate 7.2
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associated with mitochondrial aggregation, although when 
glucose is present, aggregation will occur.

7.4 The ability of lactate to support first cleavage of
F2 and MF1 embryos.

As mentioned previously preliminary experiments 
showed that F2 embryos are able to undergo first cleavage 
in medium containing lactate as the only energy source. 
However the 1-cell embryos were flushed close to first 
cleavage (between 26-27 h.post hCG) and they may have 
contained sufficient endogenous energy to divide, 
although they were unable to complete mitosis in vitro in
the absence of an exogenous energy source (Table 7.1).
Therefore the influence of time of removal from the 
oviduct on progression through first cleavage was 
examined with lactate as the sole source of energy in the 
medium. A comparison with MF1 embryos was also made. 
Previous reports have always shown that most 1-cell 
embryos of random-bred mouse strains are unable to 
utilise lactate to support first cleavage in vitro

(Whittingham, 1966, 1969; Biggers et al. 1967).
In 3 replicated experiments, 1-cell embryos were 

obtained from superovulated B6CBF^ and MF1 female mice at 
3 intervals after the injection of hCG (19-19.5h; 23- 
23.5h; 28-28.5h). These times approximate to the early, 
mid and late 1-cell stages respectively. After removal of 
the cumulus cells, the embryos from each strain were 
pooled, washed through 2 x 2ml changes of L medium and 
cultured overnight in drops of the same medium. At 48
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h.post hCG the proportion which had developed to the 2- 
cell stage was recorded (Figure 7.1).

Afterwards, all the F2 embryos were washed and 
cultured in LPG medium. Further progression of MF1 
embryos in vitro could not be assessed since they exhibit 
the "in vitro 2-cell block". Developmental progress of 
the F2 embryos was scored daily and the stages reached 
after 96h in culture are presented in Table 7.2. Since 
the proportion of embryos undergoing first cleavage in L- 
medium, and the proportion of F2 embryos developing to 
the blastocyst stage after transfer to LPG medium were 
similar in each experiment, the replicates were pooled. 
The combined data are presented in Figure 7.1 and Table
7.2.

For F2 and MF1 embryos, the ability of lactate to
support first cleavage in vitro was influenced by the
time of removal from the oviduct (Figure 7.1). Overall
there was a significant increase in the ability of
lactate to support cleavage of F2 embryos between times

2of removal from the oviduct (X =24.48? df=2? p<0.01).
. . . 2 . . .Partitioning of X showed that this difference did not

lie between removal from the oviduct at the early or mid
21-cell stages (X =1.5; df=l? p>0.05), but between the

2mid and late 1-cell stages (X =16.96? df=l? p<0.01).
Similarly there was a significant increase in the ability
of lactate to support cleavage of 1-cell MF1 embryos with

2increasing developmental age (X =86.16? df=2? p<0.01),
and again the difference was between mid and late 1-cell

2stage embryos (X =51.44; df=l; p<0.01), but not between
2early to mid 1-cell stage embryos (X =2.23? df=l;
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Table 7.2
Further development of 1-cell F2 embryos, cultured for 

24h in L medium, after transfer to LPG medium.

Time of 
Ch.post

19-19.5

23-23.5

28-28.5

flush. No of Percentage of embryos developing to
hCG) Embrvos— the various preimplantation stages

during 96h in culture._________
2-cell 4-cell 8-cell Morula Blastocyst

100 94 83 58 56 10

100 96 85 46 37 9

70 99 90 57 57 29

a Data pooled from 3 replicate experiments.
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p>0.05).
There was a marked difference in the ability of 

lactate to support first cleavage between the two strains 
(Figure 7.1). For 1-cell F2 embryos removed between 19-
19.5 h.post hCG 65% cleaved compared with 3% of MF1 
embryos. The relative proportions remained statistically 
unchanged until embryos were flushed at the late 1-cell 
stage (28-28.5 h.post hCG) just prior to the onset of
first cleavage (see Figure 3.5).

Although a high proportion of 1-cell F2 embryos 
cleaved in lactate medium, subsequent development in LPG 
medium was severely impaired (Table 7.2). Only 10% of 
early, 9% of mid, and 29% of late flushed 1-cell stage F2 
embryos subsequently developed into blastocysts. This 
compared with a developmental rate of 100% 1-cell to 
blastocyst when the embryos were cultured in LPG medium 
throughout (Table 7.1).

7.5 Glucose requirements of 1- and 2-cell F2 embryos.

While assessing the effect of glucose medium on the 
mitochondrial distribution in F2 2-cell embryos (Section
7.2), it was discovered that the 2-cell embryos cultured
from the 1-cell stage in LPG medium, completed 
development to the blastocyst stage after transfer to LP 
medium (Table 7.1). It was therefore decided to examine 
more closely the role of glucose in the development of 1- 
cell and 2-cell F2 embryos.

In the first study, 1-cell embryos were flushed from 
successfully mated superovulated B6CBF1 female mice
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between 26-27 h.post hCG in 2 replicate experiments. 
These were pooled and divided equally between the 4 
treatment groups:

1. LPG control medium
2. LP medium
3. G medium
4. Substrate free medium

The effects of these treatments on the development 
of 1-cell F2 embryos after 96h in culture is shown in 
Table 7.3.

In the second study, 1-cell embryos were obtained 
from superovulated B6CBF1 female mice at 26 to 27 h.post 
hCG in three replicate experiments. The cumulus cells 
were removed and the embryos pooled and placed in LPG 
medium. After 19h in culture (46 h.post hCG) all the 2- 
cell embryos present were collected and divided among the 
same 4 media used in the previous study. After a further 
77h in culture development was recorded and the data ô e. 
presented in Table 7.4.

Neither substrate-free medium nor glucose medium, 
could support first cleavage in vitro (Table 7.3). LP 
medium was able to support development to the morula 
stage, but was unable to support the blastocyst formation 
stage.The "morula stage block" did not occur when glucose 
was present in addition to lactate and pyruvate (LP- 99% 
Morula, 0% Blastocyst; LPG- 98% Morula, 95% Blastocyst).

Substrate-free and glucose media were not able to 
support second cleavage in vitro as shown previously.
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Table 7.3
Development of 1-cell F2 embryos in media containing

different energy sources after 96h in culture.

Percentage of embryos developing to 
the various preimplantation stages

Medium Embrvos 2-cell 4-cell 8-cell Morula Blastocyst

LPG 100 99 98 98 98 95

LP 100 99 99 99 99 0

G 100 11 0 0 0 0

Substrate 98 2 0 0 0 0
free

Data pooled from 2 duplicate experiments.

257



Table 7.4
Development of 2-cell F2 embryos in media containing various

energy sources after culture through first cleavage in LPG medium.

Medium

LPG

LP

G

Substrate
free

Percentage of embryos developing to 
the various preimplantation stages 
during 96h in culture.

No of embrvos 4-cell 8-cell Morula Blastocyst

108 96 96 96 96

108 99 99 99 99

108 0 0 0 0

108 1 1 1 0

Results pooled from 3 replicate experiments
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However, 2-cell embryos cultured in LP medium which had 
only been exposed to glucose for ~22h during culture from 
the 1-cell stage, were able to complete development to 
the blastocyst stage (99%) in similarly high proportions 
to those continually exposed to glucose throughout
culture (96%). Thus support of the morula to blastocyst 
transition does not require the continuous presence of 
glucose throughout the preimplantation period. Exposure 
for a limited period (~22h) 2-3 days prior to the
transition is sufficient.

7.6 Role of lactate and pyruvate in supporting
development of 1- and 2-cell F2 embryos to the
morula stage.

In Section 7.5 LP medium was shown to support 
development of 1-cell F2 embryos to the morula stage in 
vitro. Here, the relative contributions of lactate and 
pyruvate to the support of development from the 1-and 2- 
cell stages to morula are assessed separately.

In the first study 1-cell embryos were obtained from 
superovulated B6CBF1 female mice between 26-27 h.post 
hCG. The embryos were washed pooled and divided among the 
following 4 media:

1. LPG control medium
2. LP medium
3. P medium
4. L medium
LP and LPG media were included as controls. The 

experiment was replicated 3 times. Development during
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culture for 96h was recorded and the pooled data is
presented in Table 7.5.

j Embryos grown from the 1-cell stage in LPG medium
developed at high levels to the blastocyst stage (95%),
but LP medium only supported development to the morula
stage (95% Morula, 0% Blastocyst) as shown earlier
(Section 7.5). Pyruvate alone supported development
similar to that obtained in LP medium to the morula stage
(83% Morula), but the proportion reaching this stage was

2slightly lower than in LP medium (X =5.94? df=l;
0.01<p<0.05). Only a few embryos reached the morula stage
in lactate medium (1%), but large numbers underwent first
cleavage, and over 50% proceeded through second cleavage.

In a second study 1-cell embryos were obtained from
superovulated B6CBF^ female mice between 26-27 h.post
hCG. The embryos were washed, pooled and cultured in LPG
overnight. The experiment was replicated 3 times. All 2-
cell embryos present were collected, pooled and divided
between the 4 different media used in the above study.
Development during 96h in culture was recorded and the
pooled data are given in Table 7.6.

Two-cell embryos cultured from the 1-cell stage in
LPG medium were capable of limited development to the
morula and blastocyst stages in lactate medium (Table
7.6). This was a significantly lower response than that

2obtained in pyruvate medium (X =23.37? df=l? p<0.01).
Similarly, the response in P medium was significantly

. . .  2 lower than that obtained in LP medium (X =12.96? df=l?f
| p<0.01).
I
f|ii

260



Table 7.5
Development of 1-cell F2 embryos cultured in media containing

different combinations of energy sources for 96h.

Medium

LPG

LP

P

Percentage of embryos developing to 
the various preimplantation stages 
during 96h in culture.

No of embrvos 4-cell 8-cell Morula Blastocyst

2-cell
100 100 100 100 100 95

100 97 94 94 94 0

100 99 94 91 83 0

100 98 50 1 1 0

Results pooled from 3 replicate experiments
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Table 7.6
Development of 2-cell F2 embryos in media containing various 
combinations of energy sources after culture through first cleavage in 
LPG medium.

Percentage of embryos developing to 
the various preimplantation stages 
during 96h in culture.

Medium No of embrvos 4-cell 8-cell Morula Blastocyst

LPG 110 100 99 99 95

LP 110 98 98 98 93

P 110 95 85 85 59

L 110 75 55 55 35

Results pooled from 3 replicate experiments

262



7.7 Development of 1-cell F2 embryos in media containing
various energy sources.

To assess whether the presence or absence of glucose 
affected the rate of development of 1-cell F2 embryos to 
the morula stage, the cell numbers in compacting morulae 
obtained by culturing embryos in LPG or LP medium was 
compared after 5Oh in culture, (76 h.post hCG). The cell 
number of decompacted morulae was also determined in the 
LP treatment group after a further 24h in culture to 
establish whether further cleavage occurred before 
degeneration.

One-cell embryos were obtained from superovulated 
B6CBF^ female mice between 26-27 h.post hCG. The embryos 
were pooled and divided between the LP and LPG media.

Developmental progress was recorded photographically 
each day, and the results are presented in Plate 7.3. 
After 50h in culture (76 h.post hCG) morphologically 
normal compacting morulae were observed in both media. 
Twenty embryos from each were labelled with the 
fluorescent DNA stain Hoechst 33258 (Section 2.7.2) and 
the number of fluorescently labelled cell nuclei in each 
embryo counted. The mean cell number for embryos cultured 
in LP medium was 11.75 +/- 2.15, and for embryos cultured 
in LPG medium was 12.1 +/- 2.10. A two-tailed t-test
analysis of the data (Snodgrass, 1977) showed no 
significant difference between these two means (t=1.02, 
df=38; p>0.05). Thus glucose had no effect on the rate of 
development of 1-cell F2 embryos to the morula stage. 
After a further 22h in culture, (98 h.post hCG) the
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Plate 7.3

Development of 1-cell F2 embryos cultured in 
LP or LPG medium.

(A-D) F2 embryos cultured in LPG medium
(E-H) F2 embryos cultured in LP medium.
(A,E) Morphologically normal 2-cell embryos in both

LPG (A) and LP medium (E) after 22h of culture
(48 h.post hCG).

(B,F) Morphologically normal 4- to 8- cell embryos in
both LPG (B) and LP medium (F) after 50h of 
culture (76 h.post hCG).

(C,G) Compacted morulae in LPG medium (C) but embryos
have decompacted and show signs of degeneration 
(dark granular cytoplasm? blebbing? extrusion 
of blastomeres) in LP medium (G) after 70h of 
culture (96 h.post hCG)

(D,H) Embryos cultured in LPG medium have completed
development to the expanded blastocyst stage 
(D), whilst embryos cultured in LP medium (H) 
have completely decompacted and degenerated 
after 96h of culture.

Bar=50um
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embryos cultured in LP medium had decompacted and 
degenerated, while embryos cultured in LPG medium were 
starting to cavitate. Twenty embryos from the LP medium 
were labelled with Hoechst 33258 and the number of cell 
nuclei counted. The mean cell number was 12.75 +/- 2.38, 
which was just significantly different from the number 
counted 24h earlier (11.25 +/- 2.15) (t=2.11; df=38;
0.02<p<0.05). The slightly higher cell number suggests 
that a few blastomeres cleaved before decompaction and 
degeneration, but it would appear that, in the absence of 
glucose, embryos fail to develop beyond the fourth 
cleavage division.

7.8 Period of exposure to glucose required to support
the morula to blastocyst transition in F2 embryos.

Earlier it was shown that exposure of F2 embryos to 
glucose for -22h during the first 24h in culture from the 
1-cell stage is sufficient to support the morula to 
blastocyst stage transition (Section 7.5). Glucose does 
not appear to be required for development to the morula 
stage, since embryos develop at the same rate in LP 
medium as in LPG medium (Section 7.7). A more detailed 
examination of when glucose is required to support the 
later stages of development was therefore undertaken 
using a randomised complete block designed experiment.

One-cell F2 embryos were obtained from 
superovulated B6CBF1 female mice between 26-27 h.post hCG 
in 3 replicated experiments. The cumulus cells were 
removed and the embryos pooled and divided among the 16
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Table 7.7

Glucose exposure period required to support the morula to blastocyst 
transition in F2 embryos cultured from the 1-cell stage in LP medium.

Percentage of embryos 
Day of culture developing to stages

Treatment embryos exposed No of indicated during 96h
Number to glucose embryos in culture__________

1 2 3 4 Morula Blastocvst
1 + - - - 30 100 93
2 - + - - 30 100 93
3 - - + - 25 96 96
4 - - - + 30 100 0
5 + + - - 25 100 96
6 - + + - 25 100 96
7 - - + + 30 100 100
8 + - + - 25 100 100
9 - + - + 25 100 88
10 + - - + 30 100 90
11 + + + - 30 100 97
12 - + + + 25 100 96
13 + - + + 25 100 100
14 + + - + 30 100 97
15 + + + + 25 96 96
16 - - - - 30 100 0

+ = medium containing glucose (LPG); - = medium lacking glucose
b <LP>Embryos transferred on Day 1 between 26-27 h.post hCG; Day 2 = 46- 
c 48 h.post hCG; Day 3 = 70-72 h.post hCG? Day 4 = 94-96 h.post hCG. 

Data pooled from 3 replicate experiments
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treatments (see Table 7.7). The medium was changed daily, 
with the embryos being transferred through 2x2ml washes 
of the medium in which culture was to continue for the 
next 24h. Development was recorded daily, and the results 
of culturing for 96h are presented in Table 7.7. Since no 
significant differences between the 3 experiments were 
found, the data were pooled. In all treatments,
development proceeded to the morula stage after 5Oh in 
culture (76 h.post hCG).

Exposure to glucose for a 22-24h period at any 
stage during the first 72h in culture supported the 
morula to blastocyst transition (Treatments 1-3).

Addition of glucose after the morulae had begun to 
decompact and degenerate was unable to support the this 
transition (Treatment 4). Embryos cultured in LP medium 
for 96h developed to the morula stage but were unable to 
develop into blastocysts (Treatment 16). Exposure to 
glucose for 22-24h at any stage of development up to Day 
4 (Treatments 1-3) resulted in similar levels of 
development compared to those observed after more
prolonged (Treatments 5-14) or continuous exposure
(Treatment 15).

7.9 Stage at which exposure to glucose is unable to
rescue F2 embryos from the "morula stage block”.

One-cell embryos were obtained from superovulated 
B6CBF^ female mice between 26-27 h.post hCG. The cumulus 
cells were removed and the embryos cultured in LP medium
for 44h. Starting at 70 h.post hCG, and at 6 hourly
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intervals thereafter, groups of 50 embryos were 
transferred to LPG medium from the LP medium. At the time 
of transfer to LPG medium the developmental stage and 
morphological appearance of the embryos was recorded.

Of the embryos in Group 1, transferred after 44h in
culture (70 h.post hCG), 72% were morphologically normal
8-cell embryos and 24% morphologically normal 4-cell 
embryos (similar to those shown in Plate 7.3, F).

Of the embryos in Group 2, transferred after 50h in
culture (76 h.post hCG), 88% were compacting or compacted
morulae (similar to those shown in Plate 7.3, C) whilst 
8% were still at the 8-cell stage.

All the embryos in Group 3, transferred after 56h in 
culture (82 h.post hCG), had reached the compacted morula 
stage and started to decompact (similar to those shown in 
Plate 7.3, G), with the outline of the individual 
blastomeres once again becoming distinct.

All the embryos in Group 4, transferred after 62h in 
culture (88 h.post hCG), had reached the compacted morula 
stage but decompaction was clearly apparent. Much 
blebbing from the extrusion of blastomeres and/or 
cytoplasm could be seen, and the cytoplasm had started to 
take on the dark, granular appearance typical of the 
early stages of degeneration.

Of the embryos in Group 5, transferred after 68h of 
culture (94 h.post hCG), 80% remained partially compacted 
whilst the remaining 20% had decompacted and showed 
signed of degeneration within their blastomeres (similar 
to that shown in Plate 7.3, G).

j Further development of the transferred embryos is
i
i.
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summarised in Figure 7.2. Although the percentage 
response for development to blastocyst appears to tail 
off progressively in those groups of embryos transferred 
to LPG medium after 76 h.post hCG, it should be noted 
that the blastocysts formed did not develop into 
morphologically normal expanded blastocysts. Instead they 
showed poor, uneven expansion with many degenerate cells 
extruded into the blastocoel cavity and perivitelline 
space. The cut off point, after which transfer to medium 
containing glucose will not support morphologically 
normal development through the morula/blastocyst 
transition, therefore appears to lie somewhere between 
76-82h.post hCG immediately after compaction of the 8- 
cell is completed, but before decompaction commences.

7.10 Effect of lactate, pyruvate and glucose, alone and 
in combination, on development of 1-cell F2 and MF1 
embryos.

Since lactate and pyruvate appear to act 
synergistically in supporting development from the 1-cell 
to morula stage in vitro, and glucose is required for the 
morula to blastocyst transition, a more detailed 
examination of the interaction between these substrates 
during first and second cleavage on subsequent 
development of F2 and MF1 embryos to the blastocyst stage 
was carried out. An experiment employing a randomised 
incomplete block design was used without the glucose-only 
medium since this is unable to support first or second 
cleavage. This reduced the total number of treatments
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required to 36 (see Table 7.8), however it was felt that 
the amount of washing involved, during the transfer of 
embryos to this number of treatments on the first 2 days 
of the experiment would prove too much for an individual 
investigator to carry out. It was therefore decided to 
break down each replicate experiment into 3 component 
experiments, testing the effect of just 12 treatments in 
each. This presented a problem with the random allocation 
of embryos to the individual treatments. Normally the 
random allocation of material to different treatment 
groups may be achieved simply by pooling the material 
collected (eg. all embryos collected from a batch of 
mice) and dividing the material equally between the 
different treatments. Employing this technique alone in 
each component experiment by dividing pooled embryos 
between treatments 1-12, 13-24, and 25-36 would not
result in proper randomisation of the material. Between- 
day variation in the quality of the material collected 
from different batches of mice would be artificially 
introduced into a specific group of treatments. It was 
therefore necessary to randomly allocate the treatments 
to each component experiment using a random number table 
(Fisher and Yates, 1963). This was done in addition to 
randomisation of the embryos collected on each day to the 
individual treatments tested in each component 
experiment.

Three replicate experiments were performed in 3 
separate weeks. One-cell embryos were obtained from 
superovulated B6CBF^ female mice between 26-27 h.post 
hCG, in 3 component experiments carried out on three
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consecutive days.
In each component experiment the embryos were pooled

before being distributed equally between the 12
treatments. After 2Oh in culture (46-47 h.post hCG) the
embryos in each treatment were washed through 2x2ml
changes of the medium in which culture was to continue.
Development was recorded daily and the final assessment
made after 96h of culture (Table 7.8). No major
differences were observed between experiments, so the
data was pooled.

Culture of embryos in lactate medium during first
cleavage severely reduced subsequent development to the
blastocyst stage after transfer to LPG medium at the 2-
cell stage (Treatment 6), as compared to culture in LPG

2medium throughout (Treatment 36) (X =18.42, df=l,
p<0.01). This reduced viability was also observed when
embryos were cultured through first cleavage in pyruvate

2medium (Treatment 12) (X =5.00, df=l, p<0.05), LP medium
(X2=5.27, df=l, p<0.05); or LG medium (X2=21.07, df=l,
p<0.01)? but not when embryos were cultured in PG medium.
Although development to blastocyst was higher in PG
medium (100%) than in LPG medium (88%) this was not

2statistically significant (X =3.41; df=l? p>0.05). It was 
concluded that the omission of lactate from the medium 
during first cleavage has no effect on embryonic 
development.

Culture in LP medium from the 1-cell stage 
(Treatment 15) supported good development to the morula 
stage (95%) but did not support the morula/blastocyst 
transition (0%). This response was not significantly
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Table 7.8
The effects of lactate, pyruvate and glucose, alone 

and in combination, on development of 1-cell F2 embryos.
Energy Percentage of embryos developing to

Treatment Sourcesa No of . the various preimplantation stages
Davl Dav2-5 Embrvos during 96h in culture.______________

2-Cell 4/8 Cell Morula Blastocyst
1 L L 40 95 27 2 0
2 L P 50 88 26 0 0
3 L LP 50 94 52 6 0
4 L LG 35 97 60 26 14
5 L PG 25 100 28 4 0
6 L LPG 35 91 74 57 37
7 P L 40 100 55 20 0
8 P P 40 100 97 78 0
9 P LP 25 96 88 88 0

10 P LG 50 100 34 10 6
11 P PG 35 100 97 49 26
12 P LPG 35 100 91 77 63
13 LP L 35 100 77 20 0
14 LP P 25 100 60 56 0
15 LP LP 40 100 97 95 0
16 LP LG 35 100 71 51 9
17 LP PG 30 100 83 23 7
18 LP LPG 50 98 96 80 64
19 LG L 40 92 27 0 0
20 LG P 30 100 10 0 0
21 LG LP 30 97 90 43 20
22 LG LG 40 90 45 15 5
23 LG PG 40 87 35 15 0
24 LG LPG 40 92 80 65 35
25 PG L 40 100 82 73 38
26 PG P 35 97 91 51 29
27 PG LP 35 100 100 97 80
28 PG LG 40 95 62 45 40
29 PG PG 40 100 92 75 50
30 PG LPG 40 100 100 100 100
31 LPG L 50 100 84 70 32
32 LPG P 35 94 77 34 17
33 LPG LP 40 100 97 98 80
34 LPG LG 40 100 70 50 25
35 LPG PG 50 100 96 74 50
36 LPG LPG 40 100 100 100 88

a L=lactate; P=pyruvate; G=glucose
Data pooled from 3 replicate experiments
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different from that obtained by culture through first 
cleavage in P medium followed by subsequent culture in LP 
medium (Treatment 9, 88% M, 0% B) (X2=0.04; df=l;
p>0.05). It was concluded that pyruvate is the only 
energy source required to support first cleavage, and 
that development to morula is not compromised by the 
omission of lactate from the medium at this stage.

As found previously glucose need only be present in
the medium during first cleavage to support the morula to
blastocyst transition (See Section 7.8). Culture in LPG
medium during first cleavage followed by culture in LP
medium (Treatment 33) supported development to the
blastocyst stage (80%) in similar proportions to LPG

2medium throughout (Treatment 36, 88% B) (X =0.37? df=l;
p>0.05). Additionally, no reduction in development was 
observed in equivalent groups grown in L medium through 
first cleavage (Treatment 27, 80% B; Treatment 30, 100%
B), showing that the absence of lactate during first 
cleavage is not detrimental to embryonic development.

The experiment outlined above was repeated using 1- 
cell embryos obtained from the random-bred MF1 mouse 
strain. This allowed determination of the substrate 
regime(s) required to give maximal development of these 
embryos in vitro.

Development was recorded daily and the final 
assessment made after 96h of culture (Table 7.9). No 
major differences were observed between experiments, so 
the data lo-erepooled.

It was immediately apparent from the data that, in 
those treatments where pyruvate was available during

275



Table 7.9
The effects of lactate, pyruvate and glucose, alone 

and in combination, on development of 1-cell MF1 embryos.

Energy
Treatment Sources No of ,

Dayl Dav2-5 Embrvos

1 L L 70
2 L P 70
3 L LP 70
4 L LG 70
5 L PG 70
6 L LPG 60
7 P L 60
8 P P 60
9 P LP 70

10 P LG 70
11 P PG 70
12 P LPG 70
13 LP L 70
14 LP P 70
15 LP LP 60
16 LP LG 80
17 LP PG 80
18 LP LPG 60
19 LG L 60
20 LG P 60
21 LG LP 70
22 LG LG 60
23 LG PG 70
24 LG LPG 50
25 PG L 80
26 PG P 50
27 PG LP 70
28 PG LG 80
29 PG PG 70
30 PG LPG 70
31 LPG L 60
32 LPG P 60
33 LPG LP 70
34 LPG LG 50
35 LPG PG 60
36 LPG LPG 70

ab L=lactate; P=pyruv 
Data pooled from 3

Percentage of embryos developing to 
the various preimplantation stages
during 96h in culture.______________
2-Cell 4/8-Cell Morula Blastocyst

69 16 0 0
59 3 0 0
61 20 0 0
64 11 0 0
76 11 0 0
67 17 0 0
93 27 0 0
93 37 0 0
83 69 41 0
80 9 0 0
90 11 0 0
90 59 10 6
93 34 1 0
94 47 1 0
90 75 33 0
92 32 1 1
79 20 3 3
97 73 22 13
45 7 0 0
60 10 0 0
70 21 4 0
68 17 0 0
77 7 0 0
86 34 0 0
95 32 10 3
94 60 0 0
93 83 59 9
89 30 0 0
93 24 0 0
94 77 24 9
93 23 2 0
87 32 0 0
97 81 44 0
92 38 4 0
95 38 0 0
94 76 17 3

; G=glucose
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first cleavage, subsequent development to the morula
stage was significantly enhanced by culture in medium
containing lactate and pyruvate only (Treatments 9, 15,
27, and 33? 41%, 33%, 59%, 44% M respectively). The
addition of glucose during the second 24h of culture to
each of these treatments (except Treatment 15) in
Treatments 12, 30, and 36 respectively, resulted in a
significant decrease in the proportion of embryos
developing to the morula/blastocyst stages [Treatments 9
and 12, (X2=16.49? df=l? p<0.001): Treatments 27 and 30
(X2=15.57 ? df=l? p<0.001): Treatments 33 and 36
2(X =10.87? df=l? p<0.001)]. The reason no decrease was

2apparent between Treatments 15 and 18 (X =1.50? df=l? 
p>0.05) is unclear, although it appears that the presence 
of lactate in the medium during first cleavage may have 
an adverse effect on late embryonic development 
(Treatments 9 and 15, 41% and 33% M/B) even though the 
observed difference is not statistically significant 
(X2=0.59? df=l? p>0.05).

The presence of glucose in the medium during second 
cleavage therefore, had an inhibitory effect on the 
development of MF1 embryos cultured from the 1-cell stage 
in the presence of pyruvate. This did not occur when 
glucose was present in the medium during first cleavage 
since there was no significant difference in the 
proportion of embryos developing to morula between 
Treatments 9 and 27 (X2=3.46? df=l? p>0.05).

The failure of embryos to develop beyond the morula 
stage in the absence of glucose, (Treatments 9 and 15) 
was similar to that observed with 1-cell F2 embryos
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(Table 7.8). Thus exposure to glucose at a later stage 
during culture might be sufficient to support the morula 
to blastocyst transition. Unlike F2 embryos, the majority 
of MF1 embryos exposed to glucose during first cleavage 
only, and subsequently cultured in LP medium, were unable 
to develop into blastocysts (Treatment 27, 9% B;
Treatment 33, 0% B).

7.11 Substrate regimes for development of 1-cell MF1
embryos.

Development of a majority of 1-cell MF1 embryos to 
the morula stage was achieved by culture in P, LP or PG 
medium during the first 24h of culture followed by 
subsequent culture in LP medium (Section 7.10). A similar 
"morula stage block" to development in F2 embryos was
overcome by the provision of glucose at or before the 
time of compaction. MF1 embryos cultured from the 1-cell 
stage under these 3 substrate regimes were therefore 
transferred to medium containing glucose (LPG) after 48h 
in culture to investigate whether this would support the 
morula to blastocyst transition.

In three replicate experiments, 1-cell embryos were 
obtained from superovulated MF1 females between 26-27
h.post hCG. These embryos were pooled and divided equally
between the 4 treatments.

After 22h in culture (46-47 h.post hCG) and 48h in 
culture (70-71 h.post hCG), the embryos in each treatment 
were washed through 2 x 2ml changes of the medium in 
which subsequent culture was to take place before
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transfer to drops of the same medium for culture.
Development was recorded daily and the stages reached
after 96h and 120h in culture are shown in Table 7.10.
Development was assessed after 12Oh in culture since many
morphologically normal but developmentally retarded
morulae were observed within the treatment groups after
96h in culture. No differences were observed between
experiments, so the data were pooled.

The proportion of embryos developing to the
blastocyst stage in all 3 experimental treatments after
96h in culture, was significantly higher than that
observed in LPG control medium [difference between:

2Treatments 1 and 4, (X =4.74; df=l? p<0.05): 2 and 4, 
(X2=17.02 ? df=l; p<0.01): 3 and 4, (X2=18.26; df=l;
p<0.01].

The proportion of embryos developing to the
blastocyst stage in Treatments 2 and 3, was not
significantly different demonstrating that the presence
of glucose during first cleavage had no effect on
embryonic development. The proportion of embryos
developing to the morula stage or beyond was
significantly higher in Treatment 3 than in Treatment 2 

2(X =5.53? df=l? p<0.05), suggesting that the presence of
glucose during first cleavage has a beneficial effect on
development to the morula stage.

The proportion of embryos developing to the
blastocyst stage after 96h in culture in Treatment 2 was
not significantly higher than that in Treatment 1 

2(X =3.60; df=l? p>0.05), but the proportion developing to 
this stage in Treatment 3 was significantly higher than
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Table 7.10

Substrate regimes for the culture of 1-cell MF1 embryos

Percentage of embryos developing to 
the various preimplantation stages

Treatment Enercrv Source3 No of durina 96h in culture.
Day 1 Dav 2 Dav 3 Embrvos 2-Cell 4/8-Cell Morula Blastocvst

1 LP LP LPG 80 96 89 68 23
2 P LP LPG 80 100 80 58 38
3 PG LP LPG 80 99 95 80 39
4 LPG LPG LPG 80 100 82 18 9

Treatment aEnercrv Source No of

Percentage of embryos developing to 
the various preimplantation stages 
durina 120h in culture.

Dav 1 Dav 2 Dav 3 Embrvos 2-Cell 4/8-Cell Morula Blastocvst

1 LP LP LPG 80 96 89 69 31
2 P LP LPG 80 100 80 58 51
3 PG LP LPG 80 99 95 81 56
4 LPG LPG LPG 80 100 82 20 15

Data pooled from 3 experiments 
a L=lactate; P=pyruvate; G=glucose

280



2that observed in Treatment 1 (X =4.24; df=l; p<0.05). 
This apparently demonstrates that whilst the presence of 
lactate during first cleavage is not detrimental to 
embryonic development, a combination of the removal of 
lactate plus the addition of glucose at this time, 
results in a significant improvement in embryonic 
development. However, whilst agreeing with the latter 
statement, the presence of lactate in the medium during 
first cleavage was seen to result in a reduction in the 
development of 1-cell MF1 embryos in both this and 
previous investigations (Section 7.10). For this reason 
the observed reduction in development in Treatment 1 
appears to reflect a genuine inhibitory effect of lactate 
during first cleavage, on subsequent embryonic 
development.

Many of the morulae observed after 96h in culture 
had developed to the blastocyst stage 24h later in the 
experimental groups (120 h post hCG). This suggests that, 
even though culture using these substrate regimes 
significantly enhances development of 1-cell MF1 embryos, 
this development occurs at a substantially reduced rate 
to that observed in vivo. The substrate regime found to 
produce greatest development of 1-cell MF1 embryos to 
the blastocyst stage in vitro was Treatment 3. This 
involves culture of embryos in PG medium for the first 
24h and LP medium for the second 24h followed by 
subsequent culture in LPG medium. Culture of 1-cell MF1 
embryos under these conditions supported 80% development 
to the morula and blastocyst stage (39% B) after 96h in 
culture, and 81% to the morula and blastocyst stage (56%
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B) after 12Oh in culture.

7.12 Role of glutamine in F2 and MF1 embryos.

A number of investigators have indicated a possible 
role for glutamine (ImM) in improving development of 
cultured hamster (Brinster et al. 1983? Carney and 
Bavister, 1987) and mouse (Chatot et al. 1989) embryos. 
The effect of glutamine on development of 1-cell F2 and 
MF1 mouse embryos was therefore examined.

In 3 replicated experiments, 1-cell embryos were 
obtained from superovulated B6CBF1 female mice between 
26-27 h.post hCG. The embryos were pooled and divided 
equally between the 4 treatment groups:

1. LPG medium
2. LP medium
3. LP glut, medium
4. Glutamine medium.
The development of 1-cell F2 embryos during 96h in 

culture in the various media is shown in Table 7.11. 
There were no differences between the three experiments 
so the data u>e*repooled.

LPG medium supported development to the blastocyst 
stage (98%). LP medium supported development to the 
morula stage (96%) but was unable to substantially 
support the morula to blastocyst transition (5%). LP 
medium supplemented with ImM glutamine (Chatot et al. 
1989) supported similar development to that observed in 
LP medium (98% M? 7% B). Glutamine was therefore unable
to substitute for glucose in supporting the morula to
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Medium

LPG

LP

LPglut

glut

Table 7.11
Effect of glutamine on the development of

1-cell F2 embryos in culture.

Percentage of embryos developing to 
the various preimplantation stages 

No of durina 96h in culture.
Embrvos 2-cell 4/8 cell Morula Blastocyst

130 100 98 98 98

130 98 96 96 5

130 99 98 98 7

130 26 0 0 0

Data pooled from 3 replicate experiments
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blastocyst transition. Glutamine medium supported first 
cleavage in a proportion of embryos (26%) but was unable 
to support further development. The arrested 1- and 2- 
cell embryos all degenerated within the first 48h of 
culture.

In 3 replicated experiments, 1-cell embryos were 
obtained from superovulated MF1 female mice between 26- 
27 h.post hCG. The embryos were pooled and divided 
between the 4 treatments outlined above.

The effect of these treatments on the development of 
1-cell MF1 embryos during 96h in culture is shown in 
Table 7.12. No differences between experiments were 
observed so the data have been pooled.

LPG medium supported development of an unusually 
high proportion of 1-cell MF1 embryos to the blastocyst 
stage (31%). Typically these embryos arrest development 
at the 2- to 4- cell stages in LPG medium, however 
naturally occurring biological variation in experimental 
material sometimes leads to variation in the response 
obtained,and this appears to account for the unusually 
high response obtained in this experiment. LP medium 
supported development of 47% of the embryos to the morula 
stage, but was unable to substantially support the morula 
to blastocyst transition (1% B). The addition of ImM 
glutamine to this medium however, significantly reduced 
the proportion of embryos developing to the morula stage 
(X2=9.47; df=l; p<0.01). In contrast to 1-cell F2 
embryos, MF1 embryos did not cleave in medium containing 
glutamine (ImM) as the sole energy source, and all 
degenerated withing the first 24h in culture.
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Medium

LPG

j
I LP

LPglut

i

J glut

Table 7.12
Effect of glutamine on the development of 

1-cell MF1 embryos in culture.

Percentage of embryos developing to 
the various preimplantation stages 

No of during 96h in culture.
Embrvos 2-cell 4/8 cell Morula Blastocvst

130 86 72 45 31

130 92 81 47 1

130 91 77 28 0

130 0 0 0 0

Data pooled from 3 experiments
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7.13 Discussion

Mitochondrial aggregation similar to that in embryos 
exhibiting the "in vitro 2-cell block" occurred when F2 
embryos were cultured in medium containing glucose as the 
sole energy source. This led to a number of interesting 
new observations on the in vitro substrate requirements 
of both hybrid B6CBF1 and random-bred MF1 mouse embryos.

Whittingham (1969) showed that medium containing 
lactate as the sole energy source did not support the 
first cleavage division of early, mid or late 1-cell 
random-bred mouse embryos of Swiss origin. Investigations 
contained in Section 7.4 show that lactate alone is only 
capable of supporting limited cleavage of early and mid 
1-cell stage MF1 embryos, but can support cleavage in a 
high proportion of MF1 embryos obtained at the late 1- 
cell stage. Although the embryos used in both studies 
were obtained at the same times after hCG injection (19h, 
23h, and 28h), the lactate concentration was lower in the 
present study (23.28mM versus 31.6mM).The higher lactate 
level may inhibit first cleavage in vitro. Lactate alone 
supported a high proportion of 1-cell F2 embryos through 
first cleavage, irrespective of the time at which they 
were removed from the oviduct. This is the first report 
that lactate can support first cleavage.Brinster (1965 d) 
first observed that a complex relationship exists between 
the type and concentration of energy sources on 
development of 2-cell mouse embryos in vitro. Optimal 
development of late 2-cell random-bred Swiss mouse 
embryos to the blastocyst stage was obtained in medium
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containing 0.25 to 0.5 mM pyruvate + 25 to 50 mM lactate. 
Cross and Brinster (1973) showed that a combination of 
0.25mM pyruvate + 30mM lactate produced maximal 
development to blastocyst of 2-cell Swiss mouse embryos. 
A number of other studies have also demonstrated the 
beneficial synergistic effect on development of a 
combination of pyruvate and lactate (discussed: 
Whittingham, 1971; Biggers et al. 1971; Kaye, 1986). In 
the current investigation, complete development from the 
1-cell stage to morula was achieved in medium containing 
0.33mM pyruvate + 23.28mM lactate. Significantly better
development was obtained with a combination of these 
substrates than with either alone (Section 7.6)
confirming the synergism of the response. The absence of 
glucose from the medium had no effect on the proportion 
of embryos which developed to the morula stage (Section 
7.6) or their rate of development (Section 7.7). However 
a specific requirement for the presence of glucose to 
support the morula to blastocyst transition was observed 
(Sections 7.5-7.10). In the absence of glucose, 1-cell F2 
embryos cultured in LP medium arrested at the morula 
stage. This result is at variance with the observation of 
Cross and Brinster (1973) that 27% of 1-cell Swiss 
embryos developed to the blastocyst stage in pyruvate 
medium. The reason for this low level of development to 
the blastocyst stage is unclear, as it seems unlikely 
that random-bred Swiss embryos should lack the specific 
glucose requirement observed in F2 hybrid embryos. 
Indeed, later studies on the substrate requirements of 1- 
cell random-bred MF1 embryos demonstrated that culture in
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the absence of glucose does not permit the morula to
blastocyst transition to occur (Section 7.11). It is
possible that carry-over of glucose from the flushing
medium to the culture medium occurred in the studies of
Cross and Brinster (1973), resulting in the low levels of
development to the blastocyst stage observed.

The nature of the specific embryonic requirement for
glucose to support the morula to blastocyst transition
remains unknown but is worthy of further detailed
investigation. Since 1-cell F2 embryos cultured in LP
medium develop to the morula (8- to 16-cell) stage and
complete the initial (calcium-dependent) phase of
compaction before decompacting and degenerating, it
appears that synthesis of the cell adhesion glycoprotein
uvomorulin (reviewed: Section 1.3.5) is unaffected by the
absence of glucose in the medium. The subsequent
decompaction of these embryos suggests that the later
(calcium independent) phase of compaction (reviewed:
Section 1.3.5) is the stage for which glucose is
required. This is indirectly supported by the work of

3 14Kimber et al. (1987) who showed that [ H] or [ C] fucose 
incorporation increases progressively between the 4-cell 
and blastocyst stages, as reflected by the increasing 
intensity of fucosylated glycoprotein bands on 
autoradiographs. They observed minor qualitative changes 
in fucoproteins at the time of compaction, and the 
appearance of additional bands at the blastocyst stage.
Although Flynn and Hillman (1978) found that the major
. . . 14lipid derived from [ C] glucose, in mouse embryos

cultured from the 2-cell stage to morula, was the
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glycerol of triacyloglycerols, the fate of exogenous 
glucose into the glycolipid and glycoprotein fraction 
during compaction requires further analysis.

It appears that glucose is required for some 
specific anabolic process at this stage since normal 
development through the early cleavage stages of F2 
embryos is completely supported by lactate and pyruvate. 
It is extremely unlikely that a switch ir\ metabolism at 
the 8- to 16- cell stage should operate so specifically 
(between 76-82 h.post hCG; Section 7.9) to deprive the 
embryos of a lactate/pyruvate-based catabolic metabolism 
to one solely dependent on glucose. Even though Barbehenn 
et al. (1974) showed that it is at this stage that the 
block to glycolysis is removed j there is no evidence to 
suggest that TCA cycle activity is simultaneously 
downregulated. The specificity of the glucose requirement 
is further demonstrated by the observation that glutamine 
cannot substitute for glucose in supporting the morula to 
blastocyst transition (Section 7.12), although the role 
of other simple sugars (eg. fucose) requires further 
evaluation. Also, the results of Brinster (1965 d) show 
that embryos cultured in LP medium from the 2-cell stage 
are capable of development to the blastocyst stage. These 
would only have been exposed to glucose during the first 
cel1-cycle in vivo (Gardner and Leese, 1990) and it seems 
unlikely that sufficient exogenous glucose could be 
incorporated at this stage to satisfy a specific 
energetic requirement for glucose 2-3 days later. 
Previous studies have indicated very little glucose 
carbon incorporation at this early stage in the mouse
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(Wales and Brinster, 1968? Brinster, 1969 c) or rabbit 
(Quinn and Wales, 1973 a) embryo.

Based on the observations of Schini and Bavister 
(1988) that glucose inhibits development of 2-cell 
hamster embryos, and Seshagiri and Bavister (1989) that 
glucose inhibits development of 8-cell hamster embryos, 
Chatot et al. (1989) have recently developed an improved 
culture medium for the development of random-bred 1-cell 
mouse embryos. This medium, designated CZB medium, is a 
further modification of BMOC-2 (Ebert and Brinster, 1983) 
containing an increased LP ratio of 116 (Cross and 
Brinster, 1973) and O.lmM EDTA (Abramczuk et al. 1977) 
but lacking glucose. It also contains ImM glutamine, 
since Carney and Bavister (1987) found that this improved 
development of cultured 8-cell hamster embryos to the 
blastocyst stage. Continuous culture of random-bred 1- 
cell CF-1 embryos in CZB medium allowed 63% of these to 
develop to the morula stage after 72h of culture, but 
blastocysts did not develop. However, washing embryos 
into CZB medium containing glucose after 48h in culture 
(3- to 4-cell stage) was sufficient to allow development 
to proceed, with 48% of embryos reaching the blastocyst 
stage after 96h of culture. They concluded that the 
presence of glucose in the medium for the first 48h in 
culture (1- to 4-cell stage) was detrimental to embryo 
development, but that glutamine exerted a beneficial 
effect during this period which was not evident at the 
later stages of development.

The results presented in this report support the 
suggestion that glucose in the medium considerably
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reduces development of 1-cell random-bred embryos in 
vitro if present during the second 24h of culture (2-cell 
stage). However, if present in combination with pyruvate 
during the first 24h of culture, no such inhibitory 
effect was observed. No beneficial effect of glutamine 
was observed in the present study. Indeed, a significant 
reduction in development of MF1 embryos cultured in LP 
medium was observed when a ImM glutamine supplement was 
provided (Section 7.2). The reasons for this are unclear, 
but may be related to strain differences in the 
utilisation of glutamine by CF-1 and MF1 embryos. This 
suggestion is supported by the observation that 
considerable strain differences exist between F2 and MF1 
embryos in their ability to use lactate to support first 
cleavage in vitro (Section 7.4). The role of glutamine in 
supporting embryonic development in the study by Chatot 
et al. (1989) is unclear. In cultured somatic cells 
glutamine can be utilised as a substitute for glucose 
(Eagle at al. 1955; Reitzer et al. 1979). This was found 
not to be the case in the present study, since 1-cell F2 
embryos cultured in LP medium + glucose could develop 
through the morula to blastocyst transition, whilst those 
cultured in LP medium + glutamine could not. Chatot et 
al. (1989) suggest that "blocking" mouse embryos have the 
ability to metabolise lactate and pyruvate, but do not 
generate sufficient energy in this way to develop in 
vitro. They propose that the addition of glutamine and 
the removal of glucose may allow increased glutamine 
metabolism to supply the additional energy required for 
development of the 1-cell embryo beyond the 2-cell stage,

291



but admit that other mechanisms are possible. The results 
of this investigation suggest that almost, if not all, of 
the improvement in development observed in CZB medium may 
be accounted for by the absence of glucose in the medium 
during the second 24h period of culture.

Gardner and Leese (1990) have pointed out that the 
mammalian embryo is exposed to a continually changing 
environment at it passes along the female reproductive 
tract. The nutrient requirements also change during 
development (Leese and Barton, 1984; Gardner and Leese, 
1986) switching from a pyruvate to a glucose based 
metabolism around the time of compaction and entry into 
the uterus. They therefore suggest that optimal 
development in vitro may be achieved in not one but 
possibly two or more media, each reflecting the embryos* 
requirements as development proceeds. The results 
presented in this report provide direct evidence to 
support this suggestion, since the best development of 
random-bred 1-cell MF1 embryos was achieved in medium 
containing pyruvate (+/- glucose) during the first 24h of 
culture, lactate + pyruvate during the second 24h of 
culture, and lactate, pyruvate and glucose thereafter.

The concentrations of these substrates were not 
varied however in these studies, and were based on the 
levels found to be optimal for the culture of late 2-cell 
Swiss embryos by Brinster (1965 b,d). Further 
investigation of the specific substrate requirements of 
embryos using experiments employing complex factorial 
designs (similar to those used in this report and by 
Cross and Brinster, 1973), to vary both the type and
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concentration of substrates, should lead to the
development of more appropriate culture regimes for the 
development of random-bred mouse embryos in vitro.

Recently Poueymirou et al. (1989) showed that 
culture of embryos in CZB medium (Chatot et al. 1989) 
leads to an enhanced rate of total protein synthesis and 
greater synthesis of proteins that reflect activation of 
embryonic genome transcription, when compared to other 
media. Embryonic requirement for these transcripts and/or 
the proteins encoded by them may possibly account for the 
resumption of cleavage induced by "cytoplasmic rescue 
injection" described in Chapter 5 of this report (see 
also Muggleton-Harris et al. 1988? Muggleton-Harris and 
Brown, 1988) , although this too requires further 
investigation.
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