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Reflections on the culture of the preimplantation embryo
JOHN D. BIGGERS*
Department of Cell Biology, Harvard Medical School, Boston, USA

ABSTRACT There has been a considerable improvement in the media available for the culture of
preimplantation mouse embryos during the 40 years since mouse embryos were first cultured and
successfully transferred to uterine foster mothers. Two new media, KSOM and mMTF, are
becoming more commonly used. The history of the development of these media, including recent
work on KSOM and mMTF, is reviewed. A major artefact in the earlier work was the two-cell block.
The causes of the two-cell block and the methods by which it has been overcome are reviewed. It
is concluded that even the best available media inevitably cause imbalances in the environment in
which the embryos are forced to develop, because they consist of only a small subset of the
compounds present in the natural environments. As a result, the embryos must adapt to these
abnormal conditions if they are to survive. The implications of these conclusions on the choice of
media for specific purposes are discussed.
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The possibility of experimentally studying the mammalian
preimplantation embryo in vitro became a reality between 1956
and 1959 with the publication of three papers. Whitten (1956)
reported that eight-cell mouse embryos would develop into
blastocysts when cultured in a simple chemically defined medium
containing only nine components, including water. McLaren and
Biggers (1958) then showed that blastocysts produced in this way
could develop into outwardly normal young after being transferred
into the uterus of surrogate mothers. Finally, Chang (1959) successfully fertilized rabbit ova in vitro and produced apparently
normal young. By the use of genetic markers, both McLaren and
Biggers, and Chang unequivocally ruled out the possibility that the
surrogate mothers produced young from their own oocytes.
This pioneer work was done at a time when chemically defined
media were finally being perfected to replace biological media for
the culture of cell lines. Biological media contain biological fluids of
unknown chemical composition, such as serum, while chemicallydefined media are solutions in water of a set of compounds of
known composition. The idea of using chemically defined media for
the culture of cells and tissues was not new. Only four years
elapsed between the first tissue culture experiments by Ross
Harrison (1907), who used a biological medium, and the recognition of the potential usefulness of chemically defined media. Two
papers were published in 1911 by Warren and Margaret Lewis
entitled:
(1) The growth of embryonic chick tissues in artificial media, agar and
bouillon.

(2) The cultivation of tissues from chick embryos in solutions of NaCl, CaCl2,
KCl and NaHCO3.
They extended the earlier work begun by Ringer (1883) on the
study of tissues removed from the body that resulted to the design
of physiological salines for the study of the beating heart. Lewis and
Lewis commented:
“It is to be hoped that an artificial medium will be found as satisfactory
as the plasma, for the advantages are obvious if one can work with a known
medium in the investigation of the many new problems, which suggest
themselves.”
The reasons for utilizing chemically defined media instead of
biological media are pragmatic: they are reproducible at different
times and in different laboratories; they can be varied in a controlled
manner, and they are free of unknown enzyme, hormonal and
other activities which may interfere with the responses being
studied. Thus, the reasons are not dependent on any fundamental
physiological principles.
Generally, a chemically defined medium is an artificial mixture
of known chemical components that can substitute for the natural
microenvironment of cells after they, or aggregates of them, are
explanted. A conditional definition of a chemically defined medium,
which applies specifically to the culture of preimplantation embryos, is an artificial mixture of known chemical components that
can substitute for the natural microenvironments encountered by
an embryo as it develops from the one cell zygote to the blastocyst,
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while traveling from the ampullary region of the oviduct to the
uterus. There are two steps in the design of a chemically defined
medium, the choice of compounds to include, and the concentrations of selected compounds.
A surprise from Whitten’s work was that the eight-cell mouse
embryo would develop into a blastocyst in a very simple solution
based on a physiological saline, described earlier by Krebs and
Henseleit (1932), supplemented only with a carbon source (glucose) and bovine plasma albumin (BSA) (Table 1). The first three
TABLE 1
A COMPARISON OF THE CHEMICAL COMPOSITIONS OF
WHITTEN’S ORIGINAL MEDIUM FOR THE CULTURE OF 8-CELL
MOUSE EMBRYOS AND KREB’S RINGER BICARBONATE

Component
NaCl
KCl
KH2PO3
CaCl2
MgSO4
NaHCO3
Glucose
BSA (mg ml-1)

Whitten’s original medium
118.50
4.74
1.18
2.54
1.18
24.90
5.56
1,00

Kreb’s Ringer Bicarbonate
118.50
4.74
1.18
2.54
1.18
24.90
-

cleavage divisions would not develop in this medium. It was even
more surprising when Whitten (1957) reported that the two-cell
stage mouse embryo, but not the zygote, would develop into a
blastocyst if lactate was added to the medium. These observations
raised the possibility that the oviduct provides a unique
microenvironment for the preimplantation embryo. This idea was
supported in part when Biggers, Gwatkin and Brinster (1962)
showed that the preimplantation mouse embryo would develop
from the zygote to the blastocyst in explants of the fallopian tube.
The possibility that the oviduct might provide different environments which are species dependent was also suggested by the
work of Purshottam and Pincus (1961), who found that a medium
similar to Whitten’s did not support the development of rabbit
preimplantation embryos. Instead, they found that the much more
complex Eagle’s medium, developed earlier for the culture of
human cell lines, supported cleavage to the morula stage (Eagle,
1959). Thus, in the early 1960s, it appeared that some species of
preimplantation embryos could develop in very simple chemically
defined media, while others could not. Nevertheless the notion that
the oviduct provided a unique microenvironment for the
preimplantation embryo was not generally accepted, particularly
by clinicians treating human infertility due to occluded oviducts. At
this time these patients were treated by using the Estes’ operation
in which the ovary, with its pedicle intact, was inserted into the
uterine cavity where it was hoped that ovulation would occur.
Although the results were equivocal, the oviduct was believed by
some investigators to be dispensable (reviews: Adams, 1979;
Biggers, 1984). It was from this background that Ralph Brinster
undertook a systematic study of the preimplantation mouse embryo in Whitten’s medium (Brinster, 1963,1965a,b,c,d; Biggers and
Brinster, 1965; Brinster and Thomson, 1966) . A singular result
from this work was that only four members of the glycolytic pathway
and the citric acid cycle would support the development of the twocell mouse embryo to the eight-cell stage (pyruvate, lactate,

oxaloacetate, phosphoenolphosphate), while many additional compounds, including glucose, would support the development of the
eight-cell stage to the blastocyst. This work led to the formulation
of a well-known medium called BMOC2 (Table 2) (Brinster, 1972).
When parallel studies showed that only two compounds (pyruvate
and oxaloacetate) would support the final maturation of the oocyte
and the first cleavage division (Biggers et al., 1967), a working
hypothesis was developed that the energy pathways became
restricted during oogenesis and were restored during cleavage
after fertilization (review: Biggers, 1971). It is now generally accepted that pyruvate is an essential component of media to support
preimplantation development in all species.
Several other chemically defined media were proposed for the
culture of preimplantation mouse embryos in the ensuing 20 years
after Brinster’s work. The most widely used medium was M16
(Table 2), designed by Whittingham (1971), and a variant of it, M2
(Quinn et al., 1982) in which part of the bicarbonate buffer in M1
was replaced by the Hepes buffer. These are the media recommended in the most widely used manual on techniques for the
experimental study of the development of mouse embryos (Hogan
et al., 1994). Other media were produced in an effort to overcome
the phenomenon known as the two-cell block (review: Biggers,
1987).
The two cell block was recognized as the result of four observations. Whitten (1957) had shown that two-cell mouse embryos
would develop into blastocysts in vitro but not zygotes, and Biggers
et al. (1962) had shown that zygotes would develop in organ
cultures of the oviduct. When Cole and Paul (1965) reported that
mouse zygotes would cleavage to the two-cell stage in vitro and
then degenerate, it was suggested that the oviduct protects the
embryo over this apparently vulnerable stage. This hypothesis was
confirmed when Whittingham and Biggers (1967) and Whittingham
(1968) demonstrated that two-cell stage embryos that had arrested
in vitro could be rescued by transferring them into the lumen of
organ cultures of the oviduct, specifically the ampullary region. A
simple explanation for these results was that the oviduct secretes
some substance that is necessary for the second cleavage division
to occur. Subsequent work by several investigators has now
TABLE 2
THE COMPOSITIONS OF SEVERAL MEDIA THAT HAVE BEEN
USED TO CULTURE MOUSE ZYGOTES SENSITIVE TO
THE TWO-CELL BLOCK
Compound
NaCl
KCl
KH2PO4
MgSO4
CaCl2
NaH2CO3
Lactate
Pyruvate
Glucose
Glutamine
EDTA
BSA (mg ml-1)

BMOC2*

M16*

CZB

88.98
4.83
1.18
1.18
1.7
25.12
29.9
0.27
5.55
0
0
5

94.7
4.78
1.19
1.19
1.71
25
23.3
0.33
5.56
0
0
4

81.62
4.8
1.18
1.18
1.7
25.12
31.3
0.27
0
1
0.11
5

* Two-cell block occurs.

START* SOM KSOM MTF
80
5
1
1
1.71
25
1.5
0.3
0.1
1
0.01
2.5

85
0.25
0.35
0.2
1.71
25
10
0.2
0.2
1
0.01
1

95
2.5
0.35
0.2
1.71
25
10
0.2
0.2
1
0.01
1

94.7
4.78
1.19
1.19
1.71
25
4.79
0.37
3.4
0
0
4
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resulted in media that has overcome the two-cell block, but not
through the finding of a specific oviductal factor.
The notion that the two-cell block was caused by the absence of
a specific oviductal factor came into question when Whitten and
Biggers (1968) showed that it was strain dependent. They demonstrated that, while the block occurred in inbred strains, it did not
occur in F1 hybrids between inbred strains, suggesting that the
block was caused by some defect within the ovum itself. Further
doubt of the hypothesis that the two-cell block was caused by the
absence of an oviductal factor was later provided by the observation that the block could be overcome by adding EDTA to the
medium (Abramczuk et al., 1977). This finding suggested that a
chelating agent was needed to remove any deleterious trace
elements from the medium used for cultivation. Thus proximate
causes, arising within the embryo, or ultimate causes, present in
the environment provided by the medium, could cause the two-cell
block (Biggers, 1993).
Proximate causes of the two-cell block may be regarded as a
deficiency in some essential molecule(s) produced intrinsically by
the embryo that is necessary for development to proceed. Indirect
evidence for this suggestion was provided by Muggleton-Harris et
al. (1982), who showed that the two-cell block in a blocking strain
could be overcome by the injection of cytoplasm from a zygote of
a non-blocking strain. Later it was shown that the production of the
putative cytoplasmic factor reaches a maximum between the G2
and M phases of the second cleavage division (Pratt and MuggletonHarris, 1988). The factor(s) could be small regulatory molecules or
transcription factors since protein synthesis is retarded in culture
conditions that cause the two-cell block (Poueymirou et al., 1989).
Ultimate causes of the two-cell block arise in the microenvironment
provided by the culture conditions. They presumably act by causing
a proximal defect. Known ultimate causes can be classified into three
types: simple toxicity, simple deficiency and environmental imbalance (Biggers, 1993). Simple toxicity may arise from too high
concentrations of trace metals, as suggested by the effectiveness of
adding EDTA. Another example is the two-cell block produced by
oxygen-free radicals, which can be overcome by the addition of
apoferritin, transferrin and diethylenetriaminepentaacetic acid (NasrEsfahani et al., 1990; Legge and Sellens, 1991; Noda et al., 1991).
An example of simple deficiency as a cause of the two-cell block was
provided by Chatot et al. (1989) who showed that the replacement of
glucose with glutamine in medium BMOC-2 would allow zygotes of
a blocking strain to develop into blastocysts. In these experiments the
absence of glutamine is a simple deficiency.
A modification of BMOC-2, called CZB, was proposed by Chatot
et al. (1989), which contained EDTA, an increased lactate/pyruvate ratio, and glutamine as a replacement for glucose (Table 2).
This modification was introduced partly because Schini and Bavister
(1988) had reported that glucose and phosphate caused a two-cell
block in the hamster, and partly because Carney and Bavister
(1987) had demonstrated the beneficial effect of glutamine, also in
the hamster. CZB allowed the development of the zygote to the
blastocyst of several strains of mice that normally blocked at the
two-cell stage (Chatot et al., 1989,1990). Only when the embryos
had developed to the morula stage was it necessary to add glucose
to ensure a high yield of blastocysts. Although the medium contained EDTA and glutamine, both of which had been shown to
independently overcome the two-cell block using other media, the
two-cell block occurred using CZB if the glucose was raised to
normal blood concentration.
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To understand the third ultimate cause of the two-cell block,
imbalances in the environment, we need to discuss the relationship
between the responses of the embryos in culture to different
concentrations of the substances that make up the medium. In
designing a medium for any type of culture, microbial, cell, organ
or embryo culture, it is a common practice to examine the effect of
a series of concentrations of a compound on a response of interest
to determine a concentration-response line. The concentration
selected to include in the medium is usually near the maximum of
this line. However, this approach, which examines the effects of
one compound at a time, is limited since it will not detect any
interactions with the effects of other compounds in the medium.
The subject was treated theoretically by Biggers et al. (1957) who
proposed that the totality of responses to the mixture of compounds
in a medium be represented by a concentration-response surface.
This model was again suggested for the development of media for
the culture of preimplantation embryos by Biggers et al. (1971). If
there are n compounds in the medium, then the concentrationresponse surface can be modeled in (n+1)-dimensional space.
Thus the problem of determining the concentrations of the components of a medium involves finding the co-ordinates of an acceptable point on the concentration-response surface. Such concentration-response surfaces may be complex having both a global
maximum and other local maxima. These surfaces were first
proposed in a technique for increasing industrial productivity,
called evolutionary operation (Box, 1957). They have now found
application in many areas, including the optimization of microbial
processes (Bull et al., 1990). A recent monograph on their exploration has been written by Drain (1997).
The first study of the joint action of two compounds in a medium
for the culture of the preimplantation embryo was done by Brinster
(1965d), who studied the effect of simultaneously varying the concentrations of lactate and pyruvate on the development of the twocell mouse embryo. A 2x2 factorial design was used. Unfortunately
2n factorial experiments cannot detect curvatures in a concentrationresponse surface and therefore they cannot detect global and local
maxima in a concentration-response surface. At least a 3n factorial
design is required. These designs are logistically impossible to
execute because of the large number of media that need to be
prepared and their effects compared. Thus a medium containing 10
compounds would require the preparation of 59,049 media. Other
experimental strategies are required, such as the method of steepest
ascent or sequential simplex optimization (Everitt, 1987; Walters et
al., 1991; Drain, 1997). Lawitts and Biggers (1991,1992) found that
sequential simplex optimization was a logistically practical strategy
to optimize a medium for the culture of the mouse zygote which
overcame the two-cell block. The composition of the initial medium
(START) is shown in Table 2. Although START contained glucose,
glutamine and EDTA it nevertheless caused a two-cell block in
zygotes from the outbred CF-1 strain of mouse which is notorious for
its susceptibility to the block. After 20 cycles of optimization a medium
called simplex optimized medium (SOM) was produced whose
composition is shown in Table 2. The concentrations of NaCl and KCl
were later increased because analyzes of the intracellular K+/Na+
ratio in the two-cell stages that developed from zygotes in SOM were
only about 3 instead of the normal value of about 10 (Biggers et al.,
1993). The new medium was called KSOM (Table 2) (Lawitts and
Biggers, 1993; Erbach et al., 1995).
The effects of simultaneously varying the concentrations of
NaCl, glucose and glutamine in SOM, using a 33 factorial experi-

882

J.D. Biggers

ment, yielded some surprising results (Lawitts and Biggers, 1992).
Raising glucose to 5 mM (~blood concentration) was not inhibitory,
contrary to the earlier work of Chatot et al. (1989). Increasing the
concentration of NaCl to 125 mM inhibited development when
glutamine was omitted, whereas the presence of glutamine protected the embryos from the damaging effects of high concentrations of NaCl. Possibly the glutamine exerts its protective action by
acting as an organic osmolyte, as does glycine (Van Winkle et al.,
1990) and betaine (Biggers et al., 1993). The non-inhibitory effect
of glucose on the development of CF-1 zygotes to blastocysts has
been repeatedly shown using KSOM (Summers et al., 1995;
Biggers et al., 1997). Furthermore, phosphate is only marginally
inhibitory to these zygotes (Biggers and McGinnis, unpublished),
contrary to other observations on the hamster (Schini and Bavister,
1988) and mouse (Brown and Whittingham, 1992; Quinn, 1995).
These examples stress the importance of environmental imbalances caused by interactions between the effects of the different
components of a medium.
Brinster (1965c) reported that the development of the outbred
two-cell mouse embryo into a blastocyst has no absolute requirement for exogenous amino acids. This observation was later
confirmed by Cholewa and Whitten (1970). Other studies of
explanted mouse blastocysts suggested that the need for amino
acids develops around the time of implantation (Gwatkin, 1966;
Spindle and Pedersen, 1973). Recently there has been a resurgence of interest in the need for amino acids in media for the culture
of preimplantation embryos (Chatot et al., 1989; Mehta and Kiessling,
1990). Gardner and Lane (1993) cultured F1 hybrid zygotes in a
modified tubal fluid medium (mMTF) supplemented with amino
acids. The percentage of embryos that developed at least to the
blastocyst stage were the same as obtained in the control
unsupplemented medium. However, the embryos that developed
in the amino acid-supplemented medium developed at a faster
rate. Gardner and Lane (1993) also found that the addition of amino
acids to mMTF increased the percentage of blastocysts that
partially hatched, and significantly increased, albeit small, the total
number of cells in the blastocyst. Ho et al. (1995) cultured C57BL/
6J zygotes in KSOM supplemented with amino acids. The percentage zygotes that developed were the same in supplemented and
unsupplemented media. Like Gardner and Lane (1993) they also
found that the rate of development of the blastocysts was accelerated in the supplemented KSOM. Ho et al. (1995) also observed that
added amino acids also caused a significant increase in partial
hatching and in total cell count of the blastocysts. Similar observations have been reported on the effect of adding amino acids to
KSOM for the culture of mouse zygotes by Biggers et al. (1997).
Amino acid-supplemented KSOM has now been shown to support
the development of cow and rabbit zygotes to blastocysts (Liu and
Foote, 1995; Liu et al., 1996). The role of amino acids in culture
media is now under intense study, and the results obtained are
likely to require an update of the composition of currently used
media (review: Gardner and Lane, 1997).
The composition of media which have been described so far in
this paper have been designed without reference to the composition of the naturally occurring microenvironments they experience
in the female genital tract. Heuristically, it seems reasonable to
assume that media should mimic the natural environments as
closely as possible. This point of view has been taken by Leese
(1988) and Gardner and Leese (1990). Unfortunately we are

largely ignorant of the compositions of the oviductal and uterine
fluids during the preimplantation stages of pregnancy, with the
exception of the common elements (Borland et al., 1977), carbon
sources (Gardner and Leese, 1990) and a few macromolecules
(review: Leese, 1988). Medium MTF (Mouse Tubal Fluid; Table 2)
was designed by changing M1 to include the concentrations of
glucose, pyruvate and lactate in the mouse oviduct (Gardner and
Leese, 1990). Development of zygotes from F1 hybrids was the
same in both M1 and MTH. The required concentration of K+ in
media for the culture of mouse preimplantation embryos seems
paradoxical. The concentration of K+ in the mouse oviduct is high
(29 mM). This concentration of K+ in a medium supports the
development of two-cell embryos to blastocysts (Wales, 1970;
Roblero and Riffo, 1986). In contrast, Whittingham (1975) found
concentrations above 6 mM K+ to be toxic to zygotes of outbred
mice. A striking feature of KSOM is the low concentration of K+
(2.85 mM).
It must be stressed that currently used media that support
preimplantation development contain only a small subset of the set
of compounds found in the natural microenvironments. Such
media could easily produce environmental imbalances because of
the absence of compounds needed to balance the effects of other
compounds included in the medium. It is likely that embryos are
able to develop in these artificial media only because they are able
to adapt to the conditions (Biggers, 1993; Leese 1995). The
physiological analyses of such adaptations may well be a fruitful
area of research, such as the study of the regulation of intracellular
ion concentrations (Baltz et al., 1966) and osmolarity and cell
volume regulation (Dawson and Baltz, 1997; Seguin and Baltz,
1997).
The choice of a medium depends on the purpose for which it is
to be used. The uses fall into three categories: (a) biotechnical,
including assisted reproduction, (b) experimental for the study of
development, and (c) experimental for physiological studies. In all
of these applications it is important to be aware of the artefacts that
can be produced by the culture media. In general the biotechnical
applications require the use of a medium that is as simple and
economic as possible, but at the same time ensures that the young
eventually produced after development in a surrogate uterus are
normal or at least viable. It is for this reason that the final evaluation
of a medium will be made by the determination of the rate of normal
embryos born (review: Gardner and Lane, 1997). Recently Gardner
and Lane (1997) have proposed that a two-step culture system be
adopted; a medium for the culture of the pre-compaction stages
and a more elaborate medium for the culture of the post-compaction
stages. Whether this procedure yields more robust young than
those produced by a one-step culture method involving only one
medium needs confirmation. Developmental research often involves the study of the action of some gene product or a growth
factor. Our interpretation of negative results requires caution, for if
a strain of mouse is used which is susceptible to the two cell block
completely misleading results will be obtained. However, there
may be more subtle artefacts. Biggers (1993) wrote:
... if a growth factor has no effect on an embryo in culture, it would be rash
to conclude that the embryo has no receptor for the factor. There may be many
other possible explanations. For example, the conformation of the cellular
proteins involved in the response to the growth factor may have been altered
by the composition of the medium, Just as the effect of a gene often depends on
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the genetic background of an individual, the action of a growth factor under
in vitro conditions may depend on the background provided by a culture
medium.

BRINSTER, R.L. (1965b). Studies on the development of mouse embryos in vitro. II.
The effect of energy sources. J. Exp. Zool. 158: 59-68.

If a negative result is obtained it may be necessary to repeat the
experiment with other media. Physiological research may be
particularly prone to artefacts produced by culture media since the
experiments are often of short duration and may inadvertently be
done during the adaptations to the initial shock of explanation.
Even if the embryos are given time to adapt the experiments may
be studying systems that have changed due to the non-normal
environments. These changes may become more serious the
longer the cultures are maintained.

BRINSTER, R.L. (1965d). Studies on the development of mouse embryos in vitro. IV.
Interaction of energy sources. J. Reprod. Fertil. 10: 227-240.

BRINSTER, R.L. (1965c). Studies on the development of mouse embryos in vitro. III.
The effect of fixed-nitrogen source. J. Exp. Zool. 158: 69-78.

BRINSTER, R.L. (1972). Cultivation of the mammalian embryo. In Growth, Nutrition
and Metabolism of Cells in Culture (Ed. G. Rothblat and V. Cristofalo), Vol. II.
Academic Press, New York. pp. 251-286.
BRINSTER, R.L. and THOMSON, J.L. (1966). Development of eight-cell mouse
embryos in vitro. Exp. Cell Res. 42: 308-315.
BROWN, J.J.G. and WHITTINGHAM, D.G. (1992). The dynamic provision of different
energy substrates improves development of one-cell random-bred mouse embryos in vitro. J. Reprod. Fertil. 95: 503-511.

References

BULL, A.T., HUCK, T.A. and BUSHELL, M.E. (1990). Optimization strategies in
microbial process development and operation. In Microbial Growth Dynamics.
(Ed. R.K. Poole, M.J.Bazin and C.W. Keevil), IRL Press, Oxford, UK. pp. 145-168.

ABRAMCZUK, J., SOLTER, D. and KOPROWSKI, H. (1977). The beneficial effect of
EDTA on development of mouse one-cell embryos in chemically defined medium.
Dev. Biol. 61: 378-383.

CARNEY,E.W. and BAVISTER, B.D. (1987). Stimatory and inhibitory effects of amino
acids on development of hamster eight-cell embryos in vitro. J. In Vitro Fert.
Embryo Transfer 4: 162-167.

ADAMS, C.E. (1979). Consequences of accelerated ovum transport, including a reevaluation of the Estes’ operation. J. Reprod. Fertil. 55: 239-246.
BALTZ, J.M., SMITH, S.S., BIGGERS, J.D. and LECHENE, C. (1996). Intracellular ion
concentrations and their maintenance by Na+/K(+)-ATPase in preimplantation
mouse embryos. Zygote 5: 1-9.
BIGGERS, J.D. (1971). Metabolism of mouse embryos. J. Reprod. Fertil. (Suppl.) 14:
41-54.
BIGGERS, J.D. (1984). In vitro fertilization and embryo transfer in historical perspective. In In Vitro Fertilization and Embryo Transfer (Ed. A. Trounson and C. Wood),
Churchill Livingstone, London. pp. 3-15.
BIGGERS, J.D. (1987). Pioneering mammalian embryo culture. In The Mammalian
Preimplantaion Embryo (Ed. B.D.Bavister), Plenum, New York. pp. 1-22.
BIGGERS, J.D. (1993). The culture of the mammalian preimplantation embryo. In
Implantation in Mammals (Ed. L. Gianaroli, A. Campana and A.O. Trounson),
Raven Press, New York. pp.123-136.
BIGGERS, J.D. and BRINSTER, R.L. (1965). Biometrical problems in the study of
early mammalian embryos in vitro. J. Exp. Zool. 158: 39-44.

CHANG, M.C. (1959). Fertilization of rabbit ova in vitro. Nature 193: 466-467.
CHATOT, C.L., LEWIS, J.L., TORRES, I. and ZIOMEK, C.A. (1990). Development of
1-cell embryos from different strains of mice in CZB medium. Biol. Reprod. 42:
432-440.
CHATOT, C.L., ZIOMEK, C.A., BAVISTER, B.D., LEWIS, J.L. and TORRES, I. (1989).
An improved culture medium supports development of random-bred 1-cell mouse
embryos in vitro. J. Reprod. Fertil. 86: 679-688.
CHOLEWA, J.A. and WHITTEN, W.K. (1970). Development of two-cell mouse
embryos in the absence of a fixed-nitrogen source. J. Reprod. Fertil. 22: 553-555.
COLE, R.J. and PAUL, J. (1965). Properties of cultured preimplantation mouse and
rabbit embryos, and cell strains derived from them. In Preimplantation Stages of
Pregnancy. (Ed. G.E.W. Wolstenholm and M. O’Connor), Churchill, London.
pp.82-112.
DAWSON, K.M. and BALTZ, J.M. (1997). Organic osmolytes and embryos: substrates
of the Gly and beta transport systems protect mouse zygotes against the effects
of raised osmolarity. Biol. Reprod. 56: 1550-1558.
DRAIN, D. (1997). Handbook of Experimental Methods for Process Improvement.
Chapman and Hall, New York.

BIGGERS, J.D., GWATKIN, R.B.L. and BRINSTER, B.L. (1962). Development of
mouse embryos in organ cultures of Fallopian tubes on a chemically defined
medium. Nature 194: 747-749.

EAGLE, H. (1959). Amino acid metabolism in mammalian cell cultures. Science 130:
432-437.

BIGGERS, J.D., LAWITTS, J.A. and LECHENE, C.P. (1993). The protective action of
betaine on the deleterious effects of NaCl on preimplantation mouse embryos in
vitro. Mol. Reprod. Dev. 34: 380-390.

ERBACH, G.T., LAWITTS, J.A., PAPAIOANNOU, V.E. and BIGGERS, J.D. (1995).
Differential growth of the mouse preimplantation embryo in chemically defined
media. Biol. Reprod. 50: 1027-1033.

BIGGERS, J.D., RINALDINI, L.M. and WEBB, M. (1957). The study of growth factors
in tissue culture. Symp. Soc. Exp. Biol. 11: 264-297.

EVERITT, B.S. (1987). Introduction to Optimization Methods and their Application in
Statistics. Chapman and Hall, New York.

BIGGERS, J.D., SUMMERS, M.C. and MCGINNIS, L.K. (1997). Polyvinyl alcohol and
amino acids as substitutes for bovine serum albumin in culture media for mouse
preimplantation embryos. Hum. Reprod. (Update) 3: 125-135.

GARDNER, D.K. and LANE, M. (1993). Amino acids and ammonium production
regulate mouse embryo development in culture. Biol. Reprod. 48: 377-385.

BIGGERS, J.D., WHITTEN, W.K. and WHITTINGHAM, D.G. (1971). The culture of
mouse embryos in vitro. In Methods in Mammalian Embryology. (Ed. J.C. Daniel,
Jr), Freeman, San Francisco. pp. 86-116.
BIGGERS, J.D., WHITTINGHAM, D.G. and DONAHUE, R.P. (1967). The pattern of
energy metabolism in the mouse oocyte and zygote. Proc. Natl. Acad. Sci. USA
58: 560-567.
BORLAND, R.M., HAZRA, S., BIGGERS, J.D. and LECHENE, C.P. (1977). The
elemental composition of the elements of the gametes and preimplantation
embryo during the initiation of pregnancy. Biol. Reprod. 16: 147-157.

GARDNER, D.K. and LANE, M. (1997). Culture and selection of viable blastocysts: A
feasible proposition for human IVF. Hum. Reprod. (Update) 3: 367-382.
GARDNER, D.K. and LEESE, H.J. (1990). Concentrations of nutrients in mouse
oviduct fluid and their effects on embryo development and metabolism in vitro. J.
Reprod. Fertil. 88: 361-368.
GWATKIN, R.B.L. (1966). Amino acid requirements for attachment and outgrowth of
the mouse blastocyst in vitro. J. Cell. Physiol. 68: 335-344.
HARRISON, R. (1907). Observations on the living developing nerve fiber. Proc. Soc.
Exp. Biol. Med. 4: 140-143.

BOX, G.E.P. (1957). Evolutionary operation: method for increasing industrial productivity. Appl. Stat. 6: 81-101.

HO, Y., WIGGLESWORTH, K., EPPIG, J.J. and SCHULTZ, R.M. (1995).
Preimplantation development of mouse embryos in KSOM: augmentation by
amino acids and analysis of gene expression. Mol. Reprod. Dev. 41: 232-238.

BRINSTER, R.L. (1963). A method for in vitro cultivation of mouse ova from the twocell to blastocyst. Exp. Cell Res. 32: 205-207.

HOGAN, B., BEDDINGTON, R., COSTANTINI, F. and LACY, E. (1994). Manipulating
the Mouse Embryo. Cold Spring Harbor Laboratory Press.

BRINSTER, R.L. (1965a). Studies on the development of mouse embryos in vitro. I.
The effect of osmolarity and hydrogen concentration. J. Exp. Zool. 158: 49-57.

KREBS, H.A. and HENSELEIT, K. (1932). Untersuchungen über die Harnstoffbildung
im Tierkorper. Z. Phys. Chem. 210: 33-66.

884

J.D. Biggers

LAWITTS, J.A. and BIGGERS, J.D. (1991). Optimization of mouse embryo culture
media using simplex methods. J. Reprod. Fertil. 91: 543-556.

PURSHOTTAM, N. and PINCUS, G. (1961). In vitro cultivation of mammalian eggs.
Anat. Rec. 140: 51-55.

LAWITTS, J.A. and BIGGERS, J.D. (1992). Joint effects of sodium chloride, glutamine,
and glucose in mouse preimplantation embryo culture media. Mol. Reprod. Dev.
31: 189-194.

QUINN, P. (1995). Enhanced results in mouse and human embryo culture using a
modified human tubal fluid medium lacking glucose and phosphate. J. Assist.
Reprod. Genet.12: 97-105.

LAWITTS, J.A. and BIGGERS, J.D. (1993). Culture of preimplantation embryos. In
Guide to Techniques in Mouse Development. (Ed. P.M. Wassarman and M.L.
DePamphilis), Academic Press, New York. pp.153-164.

QUINN, P., BARROS, C. and WHITTINGHAM, D.G. (1982). Preservation of hamster
oocytes to assay the freezing capacity of human spermatozoa. J. Reprod. Fertil.
66: 161-168.

LEESE, H.J. (1988). The formation and function of oviduct fluid. J. Reprod. Fertil. 82:
843-856.

RINGER, S. (1883). A further contribution regarding the influence of the different
constituents of the blood on the contraction of the heart. J. Physiol. 4: 29-42.

LEESE, H.J. (1995). Metabolic control during preimplantation mammalian development. Hum. Reprod. (Update) 1: 63-72.

ROBLERO, L.S. AND RIFFO, M.D. (1986). High potassium concentration improves
preimplantation development of mouse embryos in vitro. Fertil. Steril. 45: 412-416.

LEGGE, M. and SELLENS, M.H. (1991). Free-radical scavengers ameliorate the 2cell block in mouse embryo culture. Hum. Reprod. 6: 867-871.

SCHINI, S.A. and BAVISTER, B.D. (1988). Two-cell block to development of cultured
hamster embryos is caused by phosphate and glucose. Biol. Reprod. 39: 11831192.

LEWIS, M.R. and LEWIS, W.H. (1911a). The growth of embryonic chick tissues in
artificial media, agar and bouillon. Johns Hopkins Hosp. Bull. 22: 126-127.
LEWIS, M.R. and LEWIS, W.H. (1911b). The cultivation of tissues from chick embryos
in solutions of NaCl, CaCl2, Kcl and NaHCO3. Anat. Rec. 5: 277-293.
LIU, Z. and FOOTE, R.H. (1995). Effects of amino acids on the development of in-vitro
matured/in-vitro fertilization bovine embryos in a simple protein-free medium.
Hum. Reprod.10: 2985-2991.
LIU, Z., FOOTE, R.H. and SIMKIN, M.E. (1996). Effect of amino acids and alphaamanitin on the development of rabbit embryos in modified protein-free KSOM
with HEPES. Mol. Reprod. Dev. 45: 157-162.
MCLAREN, A. and BIGGERS, J.D. (1958). Successful development and birth of mice
cultivated in vitro as early embryos. Nature 182: 877-878.
METHA, T.S. and KIESSLING, A.A. (1990). Developmental potential of mouse
embryos conceived in vitro and cultured in ethylenediaminetetraacetic acid with or
withou amino acids or serum. Biol. Reprod. 43: 600-606.
MUGGLETON-HARRIS, A., WHITTINGHAM, D.G. and WILSON, L. (1982). Cytoplasmic control of preimplantation development in vitro in the mouse. Nature 299:
406-462.
NASR-ESFAHANI, M., JOHNSON, M.H. and AITKIN, J.R. (1990). The effect of iron
and iron chelators on the in vitro block to development of the mouse preimplantation
embryo: BAT6 a new medium for improved culture of mouse embryos in vitro.
Hum. Reprod. 5: 997-1003.
NODA, Y., MATSUMOTO, H., UMAOKA, Y., TATSUMI, K., KISHI, J. and MORI, T.
(1991). Involvement of superoxide radicles in the two-cell block. Mol. Reprod. Dev.
28: 356-360.
POUEYMIROU, W.T., CONOVER, J.C. and SCHULTZ, R.M. (1989). Regulation of
mouse preimplantation development: differential effects of CZB medium and
Whitten’s medium on rates and patterns of protein synthesis in 2-cell mouse
embryos. Biol. Reprod. 41: 317-322.
PRATT, H.P.M. and MUGGLETON-HARRIS, A.L. (1988). Cycling cytoplasmic factors that promote mitosis in the cultured 2-cell embryo. Development 104: 115120.

SEGUIN, D.G. and BALTZ, J.M. (1997). Cell volume regulation by the mouse zygote:
mechanism of recovery from a volume increase. Am. J. Physiol. 272 (6 Pt 1):
C1854-C1861.
SPINDLE, A.I. and PEDERSEN, R.A. (1973). Hatching, attachment, and outgrowth of
mouse blastocycts in vitro: fixed nitrogen requirements. J. Exp. Zool. 186: 305-318.
SUMMERS, M.C., BHATNAGAR, P.R., LAWITTS, J.A. and BIGGERS, J.D. (1995).
Fertilization in vitro of mouse ova from inbred and outbred strains: complete
preimplantation embryo development in glucose-supplemented KSOM. Biol.
Reprod. 53: 431-437.
VAN WINKLE, L.J., HAGHIGHAT, N. and CAMPIONE, A.L. (1990). Glycine protects
preimplantation mouse concentuses from a detrimental effect on development of
the inorganic ions in oviductal fluid. J. Exp. Zool. 253: 215-219.
WALES, R.G. (1970). Effects of ions on the development of the preimplantation
mouse embryo in vitro. Aust. J. Biol. Sci. 23: 421-429.
WALTERS, F.H., PARKER, L.R. JR., MORGAN, S.L. and DEMING, S.N. (1991).
Sequential Simplex Optimization. CRC Press, Boca Raton, FL.
WHITTEN, W.K. (1956). Culture of tubal ova. Nature 177: 96.
WHITTEN, W.K. (1957). Culture of tubal ova. Nature 179: 1081-1082.
WHITTEN, W.K. and BIGGERS, J.D. (1968). Complete development in vitro of the
preimplantation stages of the mouse in a simple chemically defined medium. J.
Reprod. Fertil. 17: 399-401.
WHITTINGHAM, D.G. (1968). Development of zygotes in cultured mouse oviducts. I.
The effect of varying oviductal conditions. J. Exp. Zool. 169: 391-398.
WHITTINGHAM, D.G. (1971). Culture of mouse ova. J. Reprod. Fertil. (Suppl.) 14: 721.
WHITTINGHAM, D.G. (1975). Fertilization, early development and storage of mammalian ova in vitro. In The Early Development of Mammals. (Ed. M. Balls and A.E.
Wild), Cambridge University Press. pp.1-24.
WHITTINGHAM, D.G. and BIGGERS, J.D. (1967). Fallopian tube and early cleavage
in the mouse. Nature 213: 942-943.

