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ABSTRACT
The objective of this experiment was to compare in
vitro development of bovine embryos obtained from super
ovulation and in vitro fertilization (IVF) in two unique
monolayer co-culture systems, bovine fetal spleen cell
monolayers (BFS) and chick embryo fibroblast monolayers
(CEF).
To test the possible harmful effects of these co-cul
ture systems, 225 murine morula-stage embryos were cultured
for 72 hours with these monolayers. The percentage of
hatched embryos was 62.7% in culture medium alone, 76% in
BFS and 57.3% in CEF. BFS and CEF did not induce any detect
able harmful effect on these developing murine embryos.
When 60 transferable morula-stage bovine embryos, which
were obtained from superovulation, were cultured for 72
hours, the percentage of embryos that hatched in vitro

was

45% in culture medium alone, 75% in BFS and 83.4% in CEF.
Finally, the developmental capabilities of cleaved IVF
bovine embryos were compared among four treatments: cumulus
cells monolayers (Treatment A ) , BFS (Treatment B), CEF
(Treatment C) and a control in tissue culture medium (TCM199) alone (Treatment D ) . When 200 cleaved embryos obtained
from heifers were cultured for more than 10 days, the per
centage of development to the blastocyst stage was 32%, 18%,
18% and 26% for Treatments A, B, C and D, respectively. The
percentage of hatched blastocysts was 18%, 8%, 6% and 0% for
ix

Treatments A, B, C andi D, respectively. More IVF embryos
developed to hatched blastocysts from the cumulus cell
monolayer treatment and the BFS treatment than from the
control in TCM-199 alone.
When 100 cleaved embryos obtained from cows were cul
tured, the percentage of development to the blastocyst stage
was 32%, 20%, 36% and 16% for Treatments A, B, C and D,
respectively. The percentage of hatched blastocysts was 20%,
8%, 28% and 0% for Treatments A, B, C and D, respectively.
These results showed that CEF treatment was as effec
tive as cumulus cell monolayer treatment in the development
rate of IVF embryos of cows to the hatched blastocyst stage.
No IVF embryos from either heifers or cows in the control
treatment of TCM-199 alone developed to hatched blastocysts.
The overall results showed that co-culturing in BFS and CEF
can be useful for superovulated or IVF bovine embryos.

x

INTRODUCTION
The need to culture early stage bovine embryos (<16cell stage) has increased considerably in recent

years, as

the procedure for in vitro fertilization (IVF) of bovine
oocytes from slaughterhouses has became successful (Lu et
al., 1987, 1988a,b). This access to IVF bovine embryos
enables researchers to use a number of early stage embryos
for embryo engineering work. Researchers could utilize these
embryos in gene transfer procedures (Hammer et al., 1985)
and in embryo cloning techniques (Willadsen, 1986) to repro
duce genetically superior domestic animals in the laborato
ry.
If early stage IVF embryos could be cultured up to the
morula or blastocyst stage, these embryos could then be
transferred non-surgically to recipient females. After nonsurgical transfer of morula-stage embryos, acceptable preg
nancy rates and live offspring were obtained (Looney and
Godke, 1980). Co-culturing embryos on a monolayer of other
cell types has a beneficial effect on the development of
early stage bovine embryos in vitro. Eyestone et al.
(1987a,b) reported that 5- to 8-cell bovine embryos that
were co-cultured on oviductal cell monolayers developed to
the late morula or blastocyst stage. In contrast, embryos
cultured in medium alone did not grow past a 16-cell stage,
1
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which is called a 16-cell "block" in the in vitro develop
ment of bovine embryos (Thibault, 1966).
To achieve the continuous development of embryos in
vitro, co-culturing morula-stage bovine embryos on a mono
layer has been used. Kuzan and Wright (1982) reported that
co-culturing bovine morulae on bovine uterine fibroblasts or
bovine testicular fibroblast monolayers resulted in more
blastocysts and hatching embryos from zona pellucida than
did culturing in control medium alone. The minimum essential
medium (Eagle, 1959) supplemented with fetal bovine serum
(BFS) was used as a control medium and co-culture medium.
To optimize the developmental effect, co-culturing cell
types were chosen based on the developmental stages of the
embryos. Early stage bovine embryos were co-cultured on
oviductal and ovarian cumulus cells (Goto et al., 1988;
Eyestone et al., 1987b), and morulae and blastocysts were
co-cultured on fibroblast cells of uterine origin (Kuzan and
Wright,

1982; Voelkel et al., 1985).

The developmental requirements of early stage bovine
embryos in vitro need to be clarified. Previously, some of
the factors used to select the optimal culture condition for
bovine embryos included the different additives in the
culture media, the gas atmosphere in the embryo incubator,
and the developmental stage of the embryos. Another way to
determine the optimal growth requirements for the developing
embryos in vitro would be to co-culture bovine embryos on

different selected cell types.
Interactions between the embryos and the different
supporting cell types could be identified in co-culture to
find the specific role of the particular co-culture cells
for the embryonic development. Moreover, co-culturing bovine
embryos may improve the viability of embryos after microma
nipulation procedures such as embryo splitting, micro
injection of foreign genes and nuclear transfer for embryo
cloning.
The specificity of particular co-culture cells for
bovine embryos has not been demonstrated. Kuzan and Wright
(1982) have shown that bovine morulae developed to the
blastocyst stage as well when cultured on a uterine fibro
blast monolayer as on a testicular fibroblast monolayer.
Rexroad (1989) indicated that co-culturing bovine morulae
did not need a specific growth stimulus from the co-culture
cells of reproductive origin, because these embryos had
already grown beyond the stage of the 16-cell block in
vitro.
The function of the co-culture cells is not clearly
demonstrated. Kuzan and Wright (1982) suggested several
possible roles of co-culture cells, such as provision of
necessary metabolites, of specific growth factors, and the
detoxification of the culture medium for the benefit of the
co-cultured embryos. Rexroad and Powell (1986, 1988) have
shown that ovine embryos cultured in conditioned medium

alone were not comparable with those grown in co-culture.
They suggested that the contact between the embryo and the
co-culture cell monolayer is essential to the improved
development of embryos in vitro.
Allen and Wright (1984) proposed that the contact
between embryos and co-culture cells might be made by the
membrane extensions of co-culture cells through the zona
pellucida of the developing embryos. However, such electron
microscopic connections have not been demonstrated in co
culture thus far.
In contrast with the conditioned medium used by Rexroad
and Powell

(1986, 1988) for ovine embryos, Eyestone and

First (1988) used culture medium that was previously condi
tioned by an oviductal cell monolayer. They found that in
vitro matured and in vitro fertilized (IVM-IVF) bovine
oocytes developed as well beyond the 16-cell stage block in
the conditioned culture medium as in co-culture on an ovi
ductal cell monolayer. The different concentrations of
embryonic growth factors that might be present in different
conditioned culture media would affect the development of
embryos in vitro.
This experiment was initiated with the hypothesis that
in vitro co-culture of bovine and murine embryos would be
influenced by the particular cell types of the monolayers.
Two unique fibroblast monolayer co-culture systems, bovine
fetal spleen cell monolayers (BFS)(Amborski et al., 1987)

and chick embryo fibroblast monolayers (CEF), were used to
co-culture bovine embryos. These BFS and CEF cells were
originated from non-reproductive organs. Developmental capa
bilities of IVF precompaction-stage bovine embryos and
superovulated bovine morula-stage embryos were evaluated
using these co-culture systems. To test possible harmful
effects of these co-culture systems, superovulated murine
morula-stage embryos were cultured with these monolayers in
Experiment I. In Experiment II, superovulated bovine morulastage embryos were cultured in these co-culture systems up
to the hatched blastocyst stage. Finally, in Experiments III
and IV, the developmental capabilities of in vitro ferti
lized precompaction-stage bovine embryos were compared among
four treatments: the two monolayer culture systems, the
treatment without co-culture system, and the treatment with
a cumulus cell monolayer co-culture system. The cumulus cell
monolayer treatment was included as it is the most common
choice of co-culture systems for IVF embryos at this time.

LITERATURE REVIEW
CLASSIC BACKGROUND OF IN VITRO CULTURE SYSTEMS
FOR MAMMALIAN EMBRYOS

Development of cell/tissue culture method
Since McWhorter and Whipple (1912) reported the in
vitro development of the three-day-old chick embryo in a
mixture of Locke's solution and plasma from the adult fowl,
biological fluids have been used as the basis of the tissue
culture medium for in vitro cell/organ culture. In the same
year, Carrel (1912) reported that serum was required for in
vitro tissue culture. In 1953, Scherer et al. reported that
a malignant epithelial cell strain, which was obtained from
an epidermoid carcinoma of the human cervix and designated
as strain HeLa, was successfully maintained in continuous
serial culture passage in vitro on a glass substrate to
provide surface for cellular multiplication. In that study,
a medium composed of human adult serum (40%) and Hank's
balanced salt solution (60%) was used to maintain growing
cells. A sheet of cellular growth was formed as a monolayer
of cells on a glass plate in culture medium. For the subpas
sage of cells, cellular clumps were scraped from the glass
plate of a culture vessel and dispersed by using .5% trypsin
solution to seed cells in a new culture vessel. The concen
tration of cells in suspension after enzymatic separation of
6

cells by trypsin was measured by direct microscopic enumera
tion of the cells in an aliquot of suspension placed on a
hemocytometer.
In 1955, Eagle reported a tissue culture system that
did not require a supporting structure such as a plasma or
fibrinogen clot. He used a single-cell line of mouse fibro
blasts (strain L) and a human uterine carcinoma cell (strain
HeLa). These cells adhered to the bottom surface of the
glass container in a media of a balanced salt solution
enriched with serum, where the cells multiplied and spread
out horizontally to form a thin adherent sheet called a
monolayer.
Because such a complex tissue culture system did not
lend itself to the identification of the specific require
ments for growth, Eagle (1955) used a medium consisting of
an arbitrary mixture of amino acids, vitamins, carbohy
drates, and salts. This culture medium was supplemented with
a small amount of dialyzed horse or human serum protein. It
was found that in such a system the omission of a single
essential component resulted in the early death of the
culture. It thus proved possible to determine most of the
specific nutrients that are essential for the growth of
mammalian cells in tissue culture. Using this chemically
defined medium, 27 factors had been identified as essential
for the growth of a mouse fibroblast and a human carcinoma
cell. The function of the small amounts of serum protein
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that must be added over and above these essential compo
nents, and in the absence of which the cells degenerate and
die, remains to be determined.
In 1959, Eagle used the minimum essential medium (MEM),
in which each of the 29 components (including 13 amino
acids, 8 vitamins, 6 ionic species, glucose, and serum
protein) was demonstrably essential for cultivation of
mammalian cells in either a monolayer or cell suspension.
The essentiality of serum protein in cell suspension cul
tures indicated the function of serum as a carrier of un
identified growth factors. It was assumed that growth fac
tors were bound to the serum protein and slowly released
into the culture medium. In addition, the serum protein
played a role in the adhesion of the cells to the glass in
monolayer cultures. Eagle's studies provided the basis for
development of the in vitro culture of mammalian embryos.

Culturing embryos from laboratory animals
Brachet (1912) took advantage of the development of
tissue culture techniques in order to investigate a specific
stage of development in rabbit embryos. He observed that 5day-old rabbit blastocysts developed and continuously in
creased in diameter when cultured in plasma for 24 hours. In
1929, Lewis and Gregory published an account of the cinema
tography of rabbit embryos developing in culture. In this
pioneering work, rabbit embryos in the 1-cell stage were

collected from oviducts with Locke's solution and mounted as
separate eggs in rabbit blood plasma on flat glass slides
with supports under the cover-glass. The gap between the
glass slides and the cover-glass was sealed with paraffin,
and this assembly of the culture plate was kept on the
microscope stage in a warm box under the camera. In 24
hours, 2 embryos were observed to be in the 8-cell stage and
continued to live for one more day in this culture device.
Also in this study, blastocyst-stage embryos were obtained
by culturing the late morula-stage embryos for up to 8 days.
The authors hypothesized that some of the secretions of the
uterus would alter the character of the zona pellucida of
the embryos so that the expanding blastocyst could stretch
it into a thin membrane without exerting undue tension and
producing rupture. Without such a softening of the zona
pellucida, normal development of rabbit embryos probably
could not take place.
Pincus (1936) pointed out that the peculiar difficulty
of hatching rabbit embryos in vitro could be caused by the
presence of a relatively tough zona pellucida and albumin
coat. When the ova descended to the uterine end of the ovi
duct, successive layers of albumin were acquired so that the
albumin layer eventually became several times the thickness
of the egg itself.
Hammond (1949), using a saline medium (NaCl, KC1,
CaCl2, MgCl2, NaH2P04) containing glucose and hen egg yolk
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and egg white, was the first to culture 8-cell mouse embryos
through to the blastocyst stage. In this study, a difference
between the viabilities of the 2-cell and 8-cell stage
embryos was noticed; the 8-cell embryos without exception
survived and developed into blastocysts (n = 65) in culture,
whereas 2-cell embryos (n = 83) did not.
Chang (1949) used undiluted blood serum of various
species to culture 2-cell rabbit embryos for 24 hours into
12- to 16-cell stages, and occasionally into the 32-cell
stage. It was found that there was an ovicidal factor pres
ent in the serum of humans, sheep, cattle, goats and fowl.
The factor was lethal rather than inhibitory. Death of the
embryos resulted after 10 minutes of exposure. This factor
was unstable (loss of activity after 17 to 30 days of stor
age at 3°C) , thermolabile (destroyed at 55°C in 30 minutes)
and of large molecular size. However, the blood serum of the
rabbit, horse, dog, guinea pig, rat and pig contained no
ovicidal factor against rabbit embryos. Normal development
of young rabbits was obtained by transplantation of embryos
cultured for 24 hours in heated serum or in serum of other
species containing no ovicidal factor. The effect of the the
serum appeared to be attributable to the colloidal osmotic
pressure of the particular serum and to the presence of
growth factors, amino acids, enzymes and other serum con
stituents.
Whitten (1956) reported that 8-cell mouse embryos
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developed into blastocysts (145/148) when cultivated in a
balanced salt solution of Krebs-Ringer bicarbonate contain
ing glucose and .4% bovine serum albumin. It was noted that
bovine serum albumin altered the physical properties of the
medium and greatly facilitated the manipulation of the ova
with a pipette, as those in Krebs-Ringer bicarbonate alone
adhered to the glass. In this study, growth of the embryos
occurred only between pH 6.9 and 7.7.
Using the same culture medium of Whitten (1956), Adams
(1956) reported a successful attempt to combine the tech
niques of embryo culture and embryo transplantation. Six
teen-cell rabbit embryos were cultured for 21 hours and
transferred to a recipient that had been mated with a vasectomized male 3 days previously. At autopsy 7 days after
transfer, there were normal embryos in the uterus of the
recipient female.
In 1957, Whitten obtained the development of 2-cell
mouse embryos into blastocysts (21/52) by substituting
calcium lactate for calcium chloride in Krebs-Ringer bicar
bonate medium. McLaren and Biggers (1958) confirmed the work
of Whitten (1956) and showed that these murine blastocysts
developed into normal young when transferred to the uterus
of recipient females.
Biggers et al.

(1962) and Gwatkin and Biggers (1963)

reported the development of embryos within explanted mouse
oviducts maintained as organ cultures on a chemically de-

fined medium without using serum. Most of the embryos inside
the oviducts developed from the uncleaved zygote through to
advanced blastocyst stages (69/106) at the normal in vivo
rate by the fourth day. The cilia of the epithelial cells
lining the oviduct continued to beat throughout the culture
period in almost all explants (n = 54). The embryos devel
oped, passed down the oviduct, and by the fourth day were
recovered from the middle region. These authors assumed that
a healthy functional epithelium may be critical for embryo
development in organ culture. The structure of the oviduct
was well maintained throughout the four-day culture period.
The only significant degeneration that occurred was in the
connective tissue of the mesenteries.
In 1963, Brinster successfully cultured 2-cell murine
embryos to the hatched blastocyst stage in a medium of
balanced salt solution plus sodium lactate and bovine serum
albumin. Embryos were cultured in a microdrop (.1 ml) of
medium under paraffin oil in plastic Petri dishes. The Petri
dishes were placed on trays in desiccating chambers at 37°C
and the chambers were gassed with 5% C02 in air. This method
allowed the investigators to examine and photograph the
embryos at any of the succeeding stages of development.
Several thousand 2-cell embryos were cultured in vitro and
between 60 and 100% of them developed into normal blast
ocysts.
Edwards (1964) cultured 1-cell rabbit embryos into the

32-cell stage and above in Waymouth's medium plus 10% rabbit
serum after removing the albumin coat and the zona pellucida
by a 1% solution of protease Pronase for between 5 and 30
minutes. In some of the microdrops of culture medium under
liquid paraffin, feeder layers of irradiated HeLa cells were
used to culture 1-cell denuded embryos into the 9-cell
stage. It was also observed that removal of the zona pellu
cida from rabbit embryos between the 4-cell stage and the
blastocyst led to the emergence of a cell type that attached
quickly to the bottom of the container and grew as a mono
layer.
Onuma et al.

(1968) cultured 2- to 8-cell rabbit embry

os in .2 ml droplets of either bovine or rabbit serum under
10 ml of paraffin oil in 60 x 15 mm Falcon tissue culture
dishes at 36°C in a humidified mixture of 5% C02 in air.
Both treatments yielded blastocyst-stage rabbit embryos,
suggesting that both bovine and rabbit serum are capable of
supplying the necessary requirements for embryo development.
When the embryos were treated with a 1% pronase solution for
5 minutes at 22°C to weaken the zona pellucida after 52 to
60 hours in culture, the number of completely hatched
blastocysts increased significantly. The embryos hatched
from the zonae pellucidae within 24 hours after pronase
treatment. The blastocysts degenerated rapidly 3 days after
hatching (Day 7 in culture). The sera were prepared by
allowing whole blood to clot, decanting off the serum,
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centrifuging at 1485 x g and heating to 56°C for 30 minutes
(Chang, 1949). To each milliliter of serum .5 mg streptomy
cin sulphate and 100 units of penicillin G were added and
the sera were frozen until needed. The variability in the
different batches of serum was observed as far as the effect
on embryo development was concerned.
Kane and Foote (1970) observed that the addition of
1.5% of bovine serum albumin to Ham's F-10 medium enabled
development of 2- to 4-cell rabbit embryos to the expanding
blastocysts (42%; n = 57) in vitro. One blastocyst was
hatched by the fourth day of culture and had expanded to
over .4 mm in diameter. This was contrary to the work of
Krishnan and Daniel (1967), who found that a uterine protein
component (blastokinin) was necessary for expansion of
blastocysts cultured from 3-day-old rabbit morulae.
Kille and Hamner (1973) had shown that rabbit oviductal
fluid could support growth of preimplantation rabbit embry
os, though oviductal fluid collected on various days after
ovulation did not support embryonic development to the same
degree throughout the course of early gestation. The authors
suggested that a component of oviductal fluid, particularly
active on day 2 and days 8 and 9 after ovulation, signifi
cantly enhances the developmental capacity of the preimplan
tation rabbit embryos. The component was heat labile at
60°C, but was stable for at least 9 days when stored at 4°C.
Pronuclear rabbit embryos were cultured in a microdrop of
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oviductal fluid under paraffin oil for up to 9 days without
changing the medium. In 8-day oviductal fluid, 89% (17/19)
of 1-cell embryos became expanding blastocysts of 3 mm or
more in diameter. Previously, Whittingham (1967) had shown
that explanted mouse oviducts in culture at metestrus would
support development of more zygotes than would oviducts from
diestrus mice.
Kane and Headon (1980) reported that 1.5% bovine serum
albumin in H a m 1s F-10 medium without energy substrates al
lowed growth of 1-cell rabbit embryos to hatched blastocysts
(71%; n = 31). Fractionation of the normal BSA indicated
that the property of promoting embryonic development to
hatching blastocysts was not due to the albumin but was
associated with the higher molecular weight fraction of the
BSA. It was suggested that commercial BSA may have at least
two effects on blastocyst growth:

(1) energy provision via

albumin-bound fatty acids, and (2) enhanced development to
hatching blastocysts by a non-albumin component.

Culturing bovine embryos in vitro
Brock and Rowson (1952) reported attempts to culture,
either in follicular fluid or in serum, bovine embryos from
the undivided egg to the 8-cell stage. The objective of this
experiment was to determine the most appropriate stage of
bovine embryos in vitro to be transferred to recipient
females. At that time embryos were customarily collected

from the oviduct of slaughtered animals and then transferred
non-surgically into the uterus of recipient females. It was
believed that this could only be successfully done when the
developmental stage of the embryos coincided with the proper
stage of the corpus luteum of the recipient. Embryos used in
this study were obtained from superovulation. No cleavage
divisions were obtained in follicular fluid, whereas three
out of four 4-cell embryos divided to the 8-cell stage in
serum. The serum used for culturing embryos was not heattreated (Chang, 1949).
Hafez et al.

(1963) cultured 97 fertilized ova in vitro

in autologous blood serum diluted with physiological saline
solution (25, 50 or 75%) in an attempt to establish a reli
able procedure to differentiate between viable and nonviable ova and synchronize the stage of development of the
embryos with that of a recipient female for future embryo
transfer. In 4 ova, one cleavage took place, and the cleaved
blastomeres were not morphologically normal. The authors did
not mention whether the serum used was heat-treated.
In 1966, Thibault used the liquid from the large gra
afian follicles of cow ovaries induced by PMSG injection to
culture the fertilized bovine eggs in vitro up to the 24cell stage. In the same study, several other culture media
were tested to culture embryos. The author reported that
heat-treated amniotic fluid and Locke's medium with heattreated serum did not support the cleavage of fertilized
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eggs.
Sreenan et al.

(1968) conducted embryo culture studies

with superovulated embryos in follicular fluid that was
obtained by drawing off the liquid fraction of the follicle
and centrifuging it. The maximum cleavage stage that was
reached in vitro was 24 cells developed from 8-cell embryos.
Also, 2- to 8-cell embryos were cultured in the oviduct of
pseudo-pregnant rabbits for 4 days, involving a total of 189
embryos of which 138 (73%) were recovered. These investiga
tors showed that cattle embryos can continue cleaving in the
rabbit oviduct. The maximum cleavage stage recorded was 64
cells developed from 8 cells. This in vivo embryo culture
technique could be useful in covering the interval between
surgical embryo recovery from the donor's oviducts and nonsurgical transfer into the uterus of the recipient females,
at least 4-5 days post-estrus. In the same year, Sreenan and
Scanlon (1968) obtained the early blastocyst-stage embryos
(17/32) from the 4- to 10-cell stage after culture in the
ligated rabbit oviducts for 4 days. Embryo recovery rate was
59% (19/32).
Onuma and Foote (1969) cultured superovulated embryos
from prepuberal cattle in either heat-treated bovine serum
or bovine follicular fluid and found that bovine follicular
fluid was not superior to bovine serum. The most advanced
stage of development was a 16-cell embryo cultured in fol
licular fluid from one that was a 4-cell embryo at the time
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of collection.
Rowson et al.

(1969) showed that homologous blood serum

alone was not a good medium for the flushing and storage of
cow embryos before transfer, whereas TCM-199 without serum
was a satisfactory medium for both recovery and transfer of
embryos. A very high rate of pregnancy (91%) for surgically
recovered and transferred embryos was obtained after trans
ferring 2 embryos to each recipient. Maximum storage time of
embryos in TCM-199 for a successful pregnancy was 150 min
utes.
Seidel et al.

(1971) reported that the maximum cleavage

in vitro was from the 1-cell to the 12-cell stage in a
medium of TCM-199 with 1.5% BSA after 48 hours of culture.
McKenzie and Kenny (1973) obtained the cleavage of 1-cell
fertilized bovine ova to 8-cells in a chemically defined
Brinster's medium containing pyruvate as the only energy
source. Nine 1-cell stage embryos out of 132 developed in
vitro into the 8-cell stage in 2 to 3 days.
The first successful in vitro culture of bovine embryos
was reported by Tervit et al.

(1972). One-cell and 8-cell

cattle embryos were successfully cultured to the morula and
blastocyst stages in droplets of chemically defined medium
under liquid paraffin in an atmosphere of 5% C02 in air for
4 to 6 days. In this study, ova cleaved most readily in a
medium with a composition based on the biochemical analysis
of sheep oviductal fluid (Restall and Wales, 1966). This
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medium was referred to as synthetic oviduct fluid and con
tained lactate, pyruvate, glucose and BSA in addition to
balanced saline solution. The reported osmolarity was 270
milli-osmol and the pH was 7.2 to 7.4. The medium was fil
tered through millipore (.45 jum) and stored at 5°C. Tervit
et al.

(1972) also showed that reducing the oxygen atmo

sphere from 20 to 5% was beneficial for the development of
bovine embryos in vitro.
Gordon (1975) compared two different culture media in
the recovery, temporary storage and transfer of cattle
embryos and showed that 60% (30/50) of 2-cell to morulae
continued regular cleavage in the phosphate buffered saline
(PBS) medium supplemented with 15% FBS at 3 0°C, whereas such
cleavage occurred very rarely (3.7%; 1/27) in TCM-199
without serum. Embryos were cultured for more than 24 hours
and cleaved to a limited degree in this study.
Sreenan et al.

(1975) compared two media used for

embryo collection and storage before transfer: TCM-199B was
based on Earle's basic salt solution and buffered with
sodium bicarbonate; TCM-199H was based on Hank's basic salt
solution and buffered with Hepes buffer. No serum or antibi
otics were used with these media. The proportion of fertil
ized embryos that developed into normal fetuses was not
affected by the medium used (60%; 35/58 for TCM-199B and
58%; 30/52 for TCM-199H). The pH of TCM-199B changed from
7.0 to 8.5 at 3 hours after the start of storage in this
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medium at 37°C, while the pH of TCM-199H was within the very
narrow limits of 7.0 at the start to 7.3 after 7 hours.
However, the pH of the medium did not affect the pregnancy
rate between pH values of 7.0 to 8.6. The results showed
that, after embryo transfer with storage periods of up to
120 minutes, embryo survival rates were high (70-75%; n =
62) but decreased between 121 and 180 minutes (50%; n = 28),
and were only 30% (n = 20) for a storage period of 181 to
480 minutes.
Renard et al.

(1975) cultured day 6 to 7 bovine embryos

in a closed tube under oil in Brinster's medium with .5% BSA
or Menezo's B2 medium. The percentage of embryos hatching
from the zona pellucida after 4 days of culture was signifi
cantly higher in Menezo's B2 medium (65%; 13/20) than in
Brinster's medium (18%; 3/16). The atmosphere in the glass
tube with embryos and 1 ml of medium under paraffin oil was
gassed with a mixture of 5% 02, 5% C02 and 90% N2.
In 1976, Wright et al. reported that Ham's F-10 medium
supplemented with 10% heat-treated FBS supported the devel
opment of 7 of 20 (35%) 8-cell embryos into expanded blasto
cysts after 134 to 150 hours in culture, and one of the ex
panded blastocysts underwent an in vitro hatching process
after 160 hours in culture. No other media such as modified
Eagle's medium (MEM) with 10% FBS, TCM-199 with 10% FBS,
synthetic oviduct fluid, Brinster's mouse ova culture medium
(BMOC-3), or Whitten's medium with .4% bovine serum albumin

supported development of bovine embryos beyond the 32- to
64-cell stage from the 2- to 8-cell stage in this study. The
authors tried to quantify the embryo development in culture
by a cleavage index based on the number of complete cell
divisions as measured by the formula for a geometric pro
gression. A cleavage index of one was assigned to an embryo
when at the cessation of culture the original number of
cells had doubled, a cleavage index of two when the embryo
had four times the original number of cells present, and
three when the embryo had eight times the original number of
cells. The mean cleavage index was used for statistical
comparison among culture media with respect to their ability
to promote in vitro embryo development. The mean cleavage
index for Ham's F-10 with 10% FBS was 2.83 while the mean
cleavage indices for MEM, TCM-199, BMOC-3, synthetic oviduct
fluid, and Whitten's medium were .75, 1.0,

.63, .50 and .50,

respectively.
When Allen et al.

(1982) compared FBS, new-born calf

serum (NBCS) and normal steer serum (NSS) at the 5% and 10%
levels as medium supplements of Ham's F-10 in the develop
ment of bovine morulae in vitro. NSS was found to be superi
or to NBCS, which was in turn superior to FBS. These results
did not show any effects of serum level at 5% or 10% for the
development of embryos. All sera were heat inactivated at
56°C for 30 minutes to eliminate complement activity. Ten of
15 morulae embryos (67%) developed into hatched blastocysts
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in Ham's F-10 with 10% NSS, which represented the greatest
percentage of bovine morulae reaching the hatched blastocyst
stage in vitro thus far reported. However, the authors
indicated that caution should be exercised when considering
the replacement of FBS or NBCS with NSS as a media supple
ment in embryo culture because of considerable variation in
commercial lots of FBS and NBCS. Also, commercial sera were
screened for the presence of Mycoplasma and bacterial endo
toxins, which may be present in non-screened serum such as
NSS used in this study. These results clearly indicated that
the source of serum used for medium supplementation signifi
cantly affects the ability of bovine embryos to develop in
vitro.
Rajamahendran et al.

(1985) also reported that 70.4%

(19/27) of morulae cultured in Ham's F-10 supplemented with
10% NSS developed to the hatched blastocyst stage in con
trast to 11.5% (3/26) in Dulbecco's phosphate buffered
saline (D-PBS). The mean times to reach early blastocyst (26
vs 47 hours), blastocyst (45 vs 62 hours) and expanded
blastocyst stage (65 vs 73 hours) were significantly shorter
for embryos cultured in Ham's F-10 than in D-PBS. No dif
ference was observed in the mean times to reach hatching (90
vs 84 hours) and hatched blastocyst stage (97 vs 96 hours),
possibly due to the small sample size; only 4 and 3 embryos
in D-PBS reached hatching and hatched stages, respectively.
This study indicated that, with optimal culture conditions,
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the in vitro time course of development was very similar to
that known to occur in vivo (Renard and Heyman, 1979).

Development of mammalian embryos in organ culture systems in
vitro
Since Biggers et al.

(1962) and Gwatkin and Biggers

(1963) obtained the development of uncleaved murine zygotes
into advanced blastocyst-stage embryos within explanted
mouse oviducts maintained as organ cultures on a chemically
defined medium, several researchers used this organ culture
technique for the development of mammalian embryos. Whittingham and Biggers (1967) presented evidence that murine
zygotes can develop in vitro into 2-cell ova, independently
of the oviduct. However, those 2-cell ova produced in vitro
were capable of further development between the first and
second cleavage divisions only if exposed to the environment
of the explanted oviduct in organ culture. Using the embryo
culture method of Brinster (1963), 1598 1-cell embryos were
cultured in vitro and 63.8% of the 1-cell ova proceeded
through the first cleavage in 24 hours. Development through
the first cleavage division was dependent on an exogenous
source of energy such as pyruvate and lactate. Two-cell ova
developed in vitro were transferred into organ cultures of
the ampullar regions of mouse oviduct in early metestrus.
Ham's F-10 medium was used to maintain the explanted ovi
ducts for 3 days. Thirty-seven percent (88/240) of the 2-
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cell ova transferred into explanted ampullae developed into
blastocysts. This result demonstrated that the environment
of the oviduct was only required to promote development of
murine ova between the first and second cleavage.
Minami et al.

(1988) obtained the development of ham

ster early 2-cell embryos to the expanded blastocyst stage
within the isolated mouse ampulla maintained in an organ
culture system. When mouse ampullae were isolated 30-32
hours after hCG or PMSG treatment, 38% (117/307) of the
cultured eggs developed further after 48 hours in mouse
oviduct, some (43/256) to the expanded blastocyst stage
after additional culture for 65-70 hours. In the absence of
hCG treatment as a control, no embryos developed to the
morula stage (n = 59). These results indicated that unknown
oviductal factors stimulated the development of hamster
early 2-cell embryos, and these factors were under the
control of hCG or PMSG.
Krisher et al.

(1989) reported that successful develop

ment of porcine embryos from the 1-cell stage to the blasto
cyst stage was accomplished using mouse oviducts in organ
culture. One-cell embryos were transferred to mouse oviducts
maintained in organ culture and were cultured for 6 days. In
medium alone as a control, 35.7% (10/28) of the 1-cell
embryos reached the morula or blastocyst stage, whereas
78.1% (25/32) of the 1-cell embryos transferred to mouse
oviducts reached the morula or blastocyst stage. Cell num-

bers were similar for the control and oviduct cultures. In
this experiment, all oviduct donor mice were hormonally
primed with gonadotrophins, resulting in the initiation of a
wave of follicular growth accompanied by follicular synthe
sis and release of estrogen into the systemic circulation.
Exposure of oviducts to systemic estrogen initiated the
secretion of oviductal fluid, which may contain factors
necessary for embryonic development.

Development of mammalian embryos cultured in reproductive
organs of different species
Since Averill et al.

(1955) reported that fertilized

sheep ova can survive for at least 5 days and develop to the
early blastocyst stage following transfer to the rabbit
oviduct, the use of a rabbit as an in vivo incubator offered
the prospect of successful long distance transport of fer
tilized sheep ova. Hunter et al.

(1962) reported the first

case in which the fertilized ova of farm animals had been
transported in this way and subsequently developed to term.
In that experiment, the sheep ova remained in the oviducts
of the rabbits for five days. Fourteen of 16 ova were recov
ered from the two does after aerial transportation and 11
showed continued cleavage to the early blastocyst stage. Ten
embryos were transferred to seven ewes, three of which
became pregnant, two eventually lambing. The authors sug
gested that these techniques could be of value in cases
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where the importation of exotic breeds was desirable, but
where either the importation of farm animals was prohibited
for reasons of disease control, or the cost of transporta
tion was prohibitive.
Beyer and Zeilmaker (1973) conducted an experiment to
answer the question of whether the critical contribution of
the oviduct in overcoming the blockage between first and
second cleavage was dependent on the hormonal conditions
during the estrous cycles of females. In this study, 272
mouse and 127 rat zygotes with adhering granulosa cells were
transferred to the oviducts of prepuberal, cyclic (estrus,
metestrus, diestrus and pro-estrus) and pregnant mice and
prepuberal rats for 3 to 4 days of in vivo development. The
embryo recovery rate after in vivo culture was 65% (176/272)
for mice embryos and 83.5% (106/127) for rat embryos. The
percentage of embryos developed into morulae was 83%
(146/176) for mice embryos and 44% (47/106) for rat embryos,
regardless of the condition of the oviducts for in vivo
culture. Results of this study showed that synchronization
of the oviduct was not a requirement for zygote development
and that mouse and rat zygotes can develop in xenogeneic
oviducts in vivo. Some of the recovered morulae were trans
ferred to the uterus of pseudo-pregnant recipients. Seven
out of 11 rat morulae recovered from the oviducts of prepu
beral mice, and 7 out of 8 mouse morulae obtained from rat
oviducts in the in vivo culture developed into living young.

Papaioannou and Ebert (1986) also used the reproductive
tract of immature female mice to culture 1-cell mouse embry
os for 3 days and found that embryos cultured in vivo were
developmentally more advanced, had higher cell numbers and
better viability than did embryos cultured for the same
period in vitro. It was suggested that the immature mouse
oviduct was, therefore, a suitable alternative environment
to in vitro culture and had the advantage that synchrony
between embryos and temporary host was not necessary. The
question remains as to why the immature oviduct was a better
environment for complete development of the fertilized
embryos than in vitro culture conditions.
According to Ebert and Papaioannou (1989), results from
the immature mouse oviduct as an in vivo culture system were
comparable to those of the in vitro culture of rabbit embry
os. In the immature mouse oviduct, 76% (73/96) and 60%
(6/10) of the transferred zygotes developed in vivo to the
morula stage after 2 and 3 days, respectively. The porcine
zygotes, however, failed to develop beyond the 4-cell stage
in either the immature mouse oviduct or in vitro.
In the case of cow embryos, Hafez and Sugie (1963) were
unable to obtain the development of bovine embryos in rabbit
oviduct culture .in vivo and assumed that the environment
provided in the oviduct of the pseudopregnant rabbit was
incompatible to support the bovine embryos. However, Sreenan
et al.

(1968) reported that about half of the transferred

bovine embryos underwent some development in the oviduct of
pseudopregnant rabbits. The maximum development obtained was
64-cell embryos from 8-cell embryos. Lawson et al.

(1972)

reported that 1- to 8-cell bovine embryos continued to
develop normally and remained viable after spending at least
3 to 4 days in the untreated rabbit oviduct. The tubal side
of the uterotubal junction was ligated to prevent the eggs
entering the rabbit's uterus. Of the 48 eggs transferred, 41
eggs (85.4%) were recovered and 34 embryos appeared normal.
All of the 1-cell eggs (n = 6) had developed into 8- to 16cells and the majority of the 2- and 4-cell embryos had
reached the 16-cell stage at recovery 3 days after transfer.
After re-transferring viable embryos to heifers (n = 12),
one set of triplets, three twin and two singleton calves
were born.
Eyestone et al.

(1987a) have shown that ligated ovine

oviducts provided an adequate site for the culture of 1- and
2-cell bovine embryos to the blastocyst stage. From 86 1- to
2-cell embryos cultured in 10 ewes, 58 embryos (68%) were
recovered after 5 days; of these, 31 (53%) had continued
normal development. The developmental competence of oviductcultured bovine embryos was tested by transferring embryos
to 16 heifers, of which eight became pregnant; five deliv
ered calves. Eyestone et al.

(1987a) also demonstrated that

ovarian activity of the sheep was not essential for normal
development of bovine embryos and this in vivo culture
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system could be used throughout the year.

RECENT PROGRESS OF CULTURING BOVINE EMBRYOS

Culturing bovine embryos in vivo
The use of the rabbit oviduct as an effective in vivo
culture system for the early bovine embryo was first demon
strated by Sreenan and Scanlon (1968). This in vivo culture
system has been widely used by Japanese workers with in
vitro matured and fertilized eggs to bring the zygote to the
morula/blastocyst stage of development.
A variant of the culture method is to incubate the
embryos in the oviduct of an animal of the same (Fehilly et
al., 1984) or different (Boland, 1984) species for 2-3 days.
Following the incubation period, the embryos can be examined
for stage of development and only those embryos at the
proper stage transferred. Although this procedure could
provide sufficient selection to increase pregnancy rates, it
too is not without problems. Transfer and retrieval of
embryos from the oviduct of the temporary foster mother
necessarily results in the loss of a certain percentage of
the embryos. In addition, the surgical transfer and recovery
of embryos to and from the intermediate recipient increases
the cost of the procedure in terms of time, supplies, equip
ment and number of animals needed.

In the cow it is necessary to have embryos at the moru
la/blastocyst stages for nonsurgical uterine transfer, which
is the only commercially viable procedure. Prather et al.
(1987) and Willadsen (1986) used an in vivo culture system
to get embryos from the 1-cell stage to a transferable
stage. Embryos were embedded in 1.2% agar cylinders and
transferred surgically to ligated sheep oviducts. The ovi
ducts were flushed 4 to 5 days later and viable embryos were
transferred to recipient cattle for development to term.
Hawk et al.

(1988) used the rabbit as an efficient incubator

for micromanipulated embryos with the injection of foreign
DNA.
Although bovine embryos develop normally in surrogate
sheep and rabbit females, in vivo cultures are labor inten
sive and expensive, and a sizable portion of the embryos can
be lost in the transfer and recovery procedures. Gordon and
Lu (1990) used the sheep rather than the rabbit as the in
vivo culture system. The usual routine has been to introduce
eggs into the ligated oviduct of the ewe a few hours after
ovulation, which is controlled by progestogen-PMSG treat
ment. This in vivo culture system would provide eggs with
much the same oviductal environment as exists in the live
cow. Efficiency of egg recovery from the ewe is likely to
vary widely according to animal factors and the experience
of workers. Gordon and Lu (1990) reported a recovery rate of
56% (31,469/55,797). From those recovered embryos, 7401
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(23.5%) were matured embryos at the morula/blastocyst stage.
Ellington et al.

(1990) reported a 65% embryo recovery

rate from the rabbit oviducts after 5 days of in vivo incu
bation. The mean cell count after recovery was 52 with a
range of 4 to 125. The number of embryos incubated in the
rabbit oviducts was not presented in this paper.
Marek et al.

(1990) cultured the nuclear transfer

bovine embryos, which were embedded in agar chips and trans
ferred into ligated sheep oviducts in vivo. After 6 days
viable morula/blastocyst-stage embryos were recovered from
the sheep oviducts with recovery rates of 95% (842/882) and
23.2% (196/842), respectively.
Westhusin et al.

(1989) reported a recovery rate of

bovine embryos cultured in vivo from sheep oviducts as 100%
(52/52) and from rabbit oviducts as 77% (53/69) after 6 days
culture. Those embryos were embedded in the agar chips (6
embryos per chip). Forty-three percent (23/53) of the 1- or
2-cell embryos obtained from superovulated cows developed to
morulae or blastocysts from the rabbit oviduct culture,
while 52% (27/52) developed from the sheep oviduct culture.
Ectors et al.

(1989) reported a 15% recovery rate

(36/180) of IVF embryos from rabbit oviducts and 72% (36/50)
from sheep oviducts. Robl et al.

(1987) reported recovery

rates of 54 to 83% when using surrogate ewes. Additionally,
of those recovered, between 13 and 17% of the

nuclear

transplant embryos consisted of only empty zonae pellucidae.
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Co-culture with monolayers of fibroblast cells from repro
ductive and non-reproductive origins
The co-culture of mouse embryos with other cell types
was first reported by Cole and Paul (1965). They showed that
a higher percentage of mouse blastocysts hatched from the
zona pellucida when cultured with a feeder layer of irradi
ated HeLa cells. Glass et al.

(1979) also utilized several

cell types (L-cells, liver, JLS-V11 and teratocarcinoma
cells) in co-culture with mouse embryos to investigate in
vitro hatching and found no differences among cell types.
Co-culture of bovine embryos on a monolayer of fibro
blast cells improved the developmental capabilities of
embryos in vitro. Kuzan and Wright (1982) have co-cultured
morula-stage bovine embryos in minimum essential medium
(MEM) with a monolayer of bovine fibroblast cells of either
uterine or testicular origin. Using this co-culture system,
12 out of 30 morulae in uterine fibroblast monolayers and 11
out of 27 morulae in testicular fibroblast monolayers devel
oped into hatched blastocysts as compared with only 1 out of
29 morulae cultured in MEM medium without the cellular
substratum.
Kuzan and Wright (1982) cultured explants of bovine
uterine endometrium to obtain the uterine fibroblast cell
monolayer. To subpass cells, the fibroblast cell monolayer
was dispersed by trypsin enzyme when the fibroblast cells
formed a confluent sheet on the culture substratum. Fibro
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blast cells of three to five subpassages were used for co
culture of bovine embryos.
To test the possibility that fibroblast cells were
either releasing a growth factor that promoted embryo devel
opment or were removing a toxic substance from the culture
medium, Kuzan and Wright (1982) employed conditioned medium.
The results showed that conditioned medium from the fibro
blast monolayers had no effect on bovine embryo development.
Supported by the results of this study, Allen and Wright
(1984) suggested that cell contact between embryos and the
fibroblast monolayer might be responsible for the enhanced
in vitro embryonic development. The failure of endometrial
explants to support the in vitro development of bovine
morulae (Kuzan and Wright, 1982) may possibly be explained
by the absence of the cell to embryo contact that was pres
ent when embryos were cultured on fibroblast monolayers.
Voelkel et al.

(1985) also co-cultured bovine demi-

embryos as a split half of a morula on a monolayer of bovine
uterine fibroblast cells. After 72 hours of incubation,
embryo viability was much higher in co-culture than in
culture medium alone. Recently, the use of the fetal bovine
uterine fibroblast monolayer co-culture system has proved
superior to that of medium alone for the development of
bovine (Wiemer et al., 1987; 1988), equine (Wiemer et al.,
1988) and human (Wiemer, 1989) embryos.
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Co-culture with trophoblastic vesicles
Camous et al.

(1984) developed another successful co

culture system for the in vitro development of mammalian
embryos. This co-culture system used trophoblastic vesicles
that were obtained from day 13 or day 14 bovine embryos in
their early elongation phase (.4 to 40 mm). Each elongated
embryo was cut into several fragments of trophoblastic
tissue and the embryonic disc was removed. Each piece of
trophoblastic tissue was then cultured for 24 hours in
Menezo's B2 medium. During culture, pieces of trophoblastic
tissue changed into spherical vesicles as trophoblastic
vesicles (TV) with the mean diameter of 1.2 mm. When early
bovine embryos (1- to 8-cell stages) were cultured for 3-4
days in Menezo's B2 medium supplemented with 15% fetal
bovine serum either in the absence (n = 106) or in the
presence of TV (n = 190), there were more morulae in the
presence (46%) than in the absence of TV (18%). This study
showed the efficiency of TV for culturing embryos beyond the
block stage. This was the first report of in vitro develop
ment of bovine embryos through the 8- to 16-cell block in an
in vitro culture. Camous et al.

(1984) suggested that TV

would provide some metabolic compounds (such as lipids)
normally present in the reproductive organs and required for
early embryo cleavage. In the co-culture of TV, there was no
direct contact between the early embryos and trophoblastic
vesicle cells. To test the hypothesis that the beneficial

effect of the TV was via compounds released into the culture
medium, Heyman et al.

(1987) used conditioned medium to

culture 1- and 2-cell bovine embryos. Using the conditioned
medium, 38.8% (14/36) of the embryos developed to the 16cell stage, while 41.8% (23/55) developed to the same stage
in co-culture with TV. This result showed that components
released by the trophoblastic vesicle were present in the
conditioned medium. This experiment indicated that cellembryo contact was not necessary in co-culture with TV,
since conditioned media also improved the cleavage of 1- and
2-cell bovine embryos.
The in vitro viability of micromanipulated bovine
embryos could be enhanced by co-culture with TV. To compare
the viability of embryos in different co-culture systems,
Rexroad and Powell

(1988) co-cultured 1-cell ovine embryos

with either TV or on oviductal cell monolayers. Ham's F-10
culture medium supplemented with serum was used to support
the growth of embryos in co-culture. After 3 days of co
culture, embryos on oviductal cell monolayer showed a better
development than those with TV. However, more research would
be required to choose the best co-culture system for bovine
embryos.

Oviductal and cumulus cell monolayers
The use of efficient co-culture systems for IVF embryos
might provide the uterine factors responsible for the devel
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opment of embryos in vivo and eliminate the unacceptably
high embryonic losses associated with embryo transfer and
recovery from the intermediate recipients. Although culture
of IVF embryos to the morula stage in conventional culture
media is not possible because of the block at the 8- to 16cell stage, oviductal cell monolayers provide an effective
answer to this problem. Rexroad and Powell (1986) first used
an ovine oviductal epithelial cell monolayer culture system
for the short-term culture of early stage ovine embryos.
Eyestone et al.

(1987a,b) used a similar oviductal epitheli

al cell monolayer culture system for early stage bovine
embryos. When 5- to 8-cell stage bovine embryos were co
cultured on the bovine oviductal monolayers for 4 to 5 days,
46% of the embryos developed to late morula or blastocyststage embryos compared with none in Ham's F-10 medium alone.
Oviducts were obtained from cattle showing evidence of
recent ovulation.
Non-oviductal cells, such as cumulus/granulosa cells,
also were successfully used in a monolayer culture system to
yield viable cattle embryos (Vergos et al., 1989). Younis
and Brackett (1990) reported that incubation of cleaved
embryos, 48 hours after fertilization, on cumulus cell
monolayer in TCM-199 with 10% proestrous cow serum resulted
in morulae/blastocysts of 28% (14/50. In contrast, without
initial cumulus cells, only one morula resulted from 36
cleaved embryos 5 days later.

Berg and Brem (1990) cultured 429 1-cell IVF oocytes in
three different tissue culture systems. Bovine embryo devel
opment was compared on a monolayer of oviductal epithelial
cells using Ham's F-10 plus 10% FBS (Trt A), oviductal
epithelial cells in modified Parker's medium (MPM) plus 20%
estrous cow serum (ECS)

(Trt B) and granulosa cells in MPM

plus 20% ECS (Trt C ) . There were significantly more morulae/blastocysts in Trt C (31.9%; 51/160) than Trt A (11.6%;
13/112) or Trt B (17.2%; 27/157) 7 days after IVF. The
authors suggested that the presence of granulosa cells
provides superior conditions for bovine embryo development
from the 1-cell to morula/blastocyst stage in vitro.
Chen-Lu and Lu (1990) co-cultured IVF cleaved eggs (2to 8-cells) on granulosa cell monolayers with estrous cow
serum to obtain blastocyst development (35%; 262/740) and
hatching (69%, 123/178). When cleaved ova were co-cultured
without estrous cow serum, the development rate was 21%
(161/759) and the hatching rate was 47% (55/116). Signifi
cant differences (P c.Ol) were found between treatments
representing the presence and absence of estrous cow serum
in blastocyst development rate and hatching rate.
Jiang et al.

(1990) co-cultured early bovine embryos

(2- to 4-cells) derived from IVM and IVF on granulosa cell
monolayers with a combination of the optimal levels of the
different factors: 10% estrous cow serum, 290-300 Mm osmo
lality, and without insulin. Up to 42.2% (n = 334) of the
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embryos developed into late morulae

or blastocysts at 5

to 7

days of the co-culture period.
When Kajihara et al.

(1990) cultured IVF bovine ova (80

hours after fertilization) in dishes with cumulus cells
(CCL) or with combinations of cumulus cells and monolayers
of uterine endometrial cells (CUL), the percentage
development to the blastocyst stage

of embryo

was higher (P <.01)

in

CUL at 39.4% (54/137) than in CCL at 25.9% (232/888). At 80
hours after fertilization, cumulus cells attached to the ova
were removed, and those attached to the bottom of the cul
ture dish were maintained for co-culture.
Kinis et al.

(1990) cultured chimeric and intact IVF

bovine embryos in oviductal monolayers for one week. Of the
chimeric embryos from the 4-cell stage, 23.4% (11/47) devel
oped to the morula/blastocyst stage, while 41.8% (18/43) of
the 4-cell and 51.8% (14/27) of the 8-cell intact embryos
reached the morula/blastocyst stage. Ling and Lu (1990) cocultured 2- to 8-cell bovine embryos from IVF in Medium-199
with granulosa cell monolayers for 5-7 days at 39°C. The
percentage of inseminated oocytes developing to the blasto
cyst stage was 27.8% (196/705). This study indicated that as
many as 50 bovine oocytes can be effectively fertilized in a
fertilization drop (46

nl)

placed in a petri dish before the

mineral oil overlay is added.
Lu et a l . (1990) co-cultured early embryos (2- to 8cells) for 5-7 days by utilizing two co-culture systems with
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granulosa and oviductal cells. The percentage of ova devel
oped to blastocysts was 25-30%. Established pregnancies were
obtained in recipient cows by transfer of either fresh
(58.3%; 14/24) or frozen-thawed (50%; 4/8) embryos derived
from oocytes that had been matured, fertilized and subse
quently cultured in vitro.
Rorie et al.

(1990) co-cultured 8- to 16-cell stage IVF

embryos in oviductal cells suspended in 50 microliter drops
of Menezo’s B2 medium under silicone oil for 3 days. Fortyseven percent (15/32) of the embryos developed to morulae/blastocysts while 50% (16/32) of the embryos on a monolayer
of uterine cells developed. When 32 embryos were transferred
into the uterus of a synchronous heifer for development in
v i v o . 7 embryos were recovered transcervically and 4 of
these (57%) were morulae/blastocysts.
Saeki et al.

(1990) cultured cleaved IVF embryos in

TCM-199 on oviductal cell monolayers with fetal calf serum
only. Only 3% (1/34) developed to blastocysts, whereas 31%
(11/35) developed to blastocysts with fetal calf serum and
hormones (LH, FSH and estradiol). Tan and Lu (1990) cocultured 2- to 8-cell IVF embryos with granulosa cell mono
layers for development to the hatched stage. From 954
oocytes inseminated, 807 embryos were cleaved (84.6%) and
284 embryos developed to blastocysts (29.8%, 284/954). From
193 blastocysts, 123 embryos developed to the hatched stage
(63.7%).
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Xu et al.

(1990) co-cultured IVF zygotes for a period

of 6 to 7 days with oviductal cells either in suspension or
on a matrigel-millicell system in Menezo's B2 medium plus
10% estrous cow serum. When good or excellent quality morulae/blastocysts were transferred to recipients (two embry
os/recipient) , a 66.7% (12/18) pregnancy rate was obtained,
indicating a pregnancy rate comparable to that obtained with
similar embryos produced in vivo.
Pollard et al.

(1989) compared the co-culture effect of

bovine oviductal epithelial cells maintained in either
tissue culture plastic plates or in Millicell inserts (Millipore) treated with Matrigel (Collaborative Research) on the
developmental capabilities of bovine IVM-IVF embryos. After
5 days of co-culture, 40% (8/20) of the 2- to 4-cell stage
embryos developed beyond the 8- to 12-cell block from the
tissue culture plastic plate treatment, and 75% (15/20) of
the embryos developed beyond the embryonic block stage from
the Matrigel-Millicell treatment. However, the control
medium (TCM-199 plus 10% estrous cow serum) treatment with
out co-culture cells produced no embryos (0/20) that passed
the block stage.
Bondioli et al.

(1990) cultured nuclear transfer bovine

embryos in vitro utilizing an oviductal cell co-culture
system and obtained 13% (46/353) morulae or blastocysts
after 7 days of culture. Eleven of these embryos were trans
ferred to synchronous recipients and resulted in three live
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calves. After 6 days, the development rate for this experi
ment was lower than the in vivo rate of 35% (29/84) in the
ligated sheep oviducts. Eighty-seven nuclear transfer embry
os were transferred to the sheep oviducts, and 6 days later
84 embryos (97%) were recovered from the ligated oviducts.
In theory, one half of the nuclear transfer embryos were
fused to oocytes with original nuclei and no development
resulted. The oocyte enucleation procedure presented a major
limiting factor for the development of nuclear transfer
embryos in vivo or in vitro.
Goto et al.

(1990) co-cultured sperm-injected bovine

oocytes with cumulus cells after the oocytes were activated
by a 10-minute incubation in 50 microM calcium ionophore
A23187. Development to morula and blastocyst was 9.9% (9/92)
and 10.5% (4/38), respectively, after 8 days of incubation.
Whole, in vitro capacitated, frozen-thawed-killed spermato
zoa were used for sperm injection into the ooplasm of in
vitro matured bovine oocytes. The cumulus cells surrounding
the embryos were removed by pipetting 72 hours after sperm
injection, but the cumulus cell layer attached to the bottom
of the culture dish was not removed and the embryos were cocultured with this monolayer.

Culturing embryos in conditioned medium
Kuzan and Wright (1982) cultured bovine morulae in
conditioned medium to find out whether fibroblast cells used
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in the co-culture system would either secrete a growth
factor or detoxify the culture medium. Conditioned medium
was obtained as a supernatant of minimum essential medium
(supplemented with 10% FBS) in which bovine uterine fibro
blast cells were maintained for 24 hours. The results indi
cated that conditioned medium did not enhance embryo devel
opment .
Allen and Wright (1984) tested the effect of condi
tioned medium on early porcine embryos by culturing the
embryos on a permeable filter membrane that was placed on a
porcine endometrial cell monolayer to prevent direct cell to
embryo contact. This culture system allowed embryos to
utilize the diffusible substances possibly produced by co
culture cells in the form of peptides or hormones. However,
this culture system did not enhance embryo viability in
vitro. The results suggest that cell to embryo contact is
responsible for the improved embryonic development in co
culture.
Allen and Wright (1984) proposed the possibility that
cell membrane projections penetrate the zona pellucida of
the embryos to make contact with the inner embryonic cells.
Rexroad and Powell (1986, 1988) also reported that Ham's F10 culture media conditioned by oviductal epithelial cells
for 48 hours was not beneficial for the in vitro development
of early ovine embryos.
These observations suggest that contact between the
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embryo and the monolayer is necessary for expression of the
co-culture effect. Allen and Wright (1984) proposed that
membrane extensions through the zona pellucida might provide
direct contact between the monolayer and developing embryo.
Such connections have not been demonstrated for culture.
Rodriguez et al.

(1990) reported that conditioned

medium alone (without helper cells) was not able to maintain
comparable growth and development of similar stage bovine
embryos in vitro. Superovulated early morulae were cultured
in a medium that was conditioned for 24 hours on fetal
bovine uterine fibroblast cells monolayers and filtered (.22
ixm

filter) prior to culture. The percentage of embryos

classified as viable at 120 hours in co-culture was 15% in
conditioned medium alone. In contrast, 65% of the embryos
maintained the viability when cultured in fresh TCM-199
medium with bilayers of both fetal bovine uterine fibroblast
cells and fetal bovine uterine epithelial cells.

In this

bilayer culture system, epithelial cells were grown with
embryos in the upper chamber on a collagen-treated microporous membrane (.4

n

m pore size) in a Costar transwell 24-

well cluster unit.
However, Eyestone and First (1988) found that TCM-199
conditioned by oviductal cells supported the development of
IVM-IVF bovine zygotes past the 16-cell stage. In contrast,
none developed beyond the 16-cell stage in fresh TCM-199
alone. Subsequently, Eyestone and First (1989) and Eyestone

et al.

(1990) have shown that medium conditioned by oviduc

tal tissue was as effective as co-culture in supporting
bovine embryo development from IVF zygotes to blastocysts in
vitro. Conditioned medium was prepared from oviductal tissue
suspensions in TCM-199 plus 10% FBS. Embryos were cultured
in 50 microliter droplets under paraffin oil, and media were
not changed during culture. Embryotrophic activity was
stable through one freeze-thaw cycle and remained stable
at -70°C for several weeks. The best results were achieved
after a conditioning period of 48 hours that resulted in 38%
expanded blastocysts over cleaved embryos (23/60), and also
when media were used without dilution (27%; 20/75). Condi
tioned media from oviductal cells of either the estrual
phase or the luteal phase provided similar embryonic de
velopment. The percentage of embryonic development from IVF
zygotes to the morula and blastocyst stage was 33% (21/63)
from the conditioned medium of estrual phase oviductal cells
and 27% (21/79) from the conditioned medium of luteal phase
oviductal cells.
Wang et al.

(1990) collected conditioned medium from

the fresh culture medium (TCM-199 plus 20% estrous cycle cow
serum) of bovine oviductal cells every 24 hours, centri
fuged, adjusted to pH 7.4 and millipore-filtered (.22 jtim) .
Two to 4-cell bovine embryos from IVF were cultured in the
three treatments:(1) TCM-199 plus 20% estrous cycle cow
serum with oviductal cell monolayers (2) Conditioned medium
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(3) TCM-199 plus 20% estrous cycle cow serum without mono
layers. In this study, the percentage of development to
morulae/blastocysts was higher (P <.05) in co-culture
(28.2%? 174/617) and in conditioned medium (32.3%; 22/68)
than in TCM-199 plus 2 0% estrous cycle cow serum without
monolayers (15.9%; 11/69). No significant difference was
observed between oviductal cell monolayers and conditioned
medium. These results indicate that the medium conditioned
by oviductal cells was as effective as co-culture in sup
porting the development of early bovine embryos to morula
and blastocyst stages. Oviductal cells may secrete some
beneficial factors required by embryos for normal develop
ment.

Chick embrvo co-culture and amniotic fluids co-culture
Blakewood and his co-workers (1989) co-cultured
precompaction-stage bovine morulae (8 to 16 cells) with
chick embryos. Bovine embryos were agarose-embedded and were
injected into the chick amnion. After 72 hours in the chick
amniotic cavity, the embryos were placed in the Ham's F-10
medium for further culture. Among the bovine precompaction-stage morulae, there were significantly more expanded
and hatching blastocysts in the chick-embryo treatment vs
the Ham's F-10 treatment; 80% (16/20) expanded and 35%
(7/20) hatching blastocysts with the chick-embryo treatment,
compared with 15% (3/20) and 0% (0/20) with the Ham's F-10
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treatment (control).
The living chick embryo actively regulates the pH,
osmolarity and 02 content of its own environment, thereby,
providing a more stable physiological system for mammalian
embryo development than that provided by the existing in
vitro embryo culture systems. The active synthesis of growth
factors associated with the chick embryo may provide a
stimulus to growth and development that is not obtainable
from conventional culture systems, which require supplemen
tation with active serum or other growth factors.
The inherent mortality of developing chick embryos is
the primary drawback to using this procedure. In this study,
the mortality of chick embryos was 14%. This loss may be due
to the manipulations associated with shell-less, chick
embryo culture. In theory, the use of the amniotic cavity as
a culture vessel could continue until day 11 or 12, when the
chick begins to ingest the amniotic fluid.
Recently, human amniotic fluids have been used as an
alternative to balanced salt solutions for human in vitro
fertilization (Gianaroli et al., 1986). The amniotic fluids
were collected from women during different stages of gesta
tion. These fluids supported the growth of two-cell murine
embryos at a rate similar to that of a serum-supplemented
medium. Pregnancies were obtained from in vitro fertilized
human embryos cultured in these human amniotic fluids.
Gianaroli and his co-workers (1986) considered human

amniotic fluid to be an appropriate embryo culture medium
because it is an ultrafiltrate produced in contact with the
developing human fetus. Similarly, chick embryo amniotic
fluid may be an ultrafiltrate of the avian egg. Embryotoxic
impurities may be absorbed and filtered by the egg membranes
and chick tissues before reaching the amniotic fluid.
Javed and Wright (1990) evaluated bovine amniotic and
allantoic fluids as culture media for the development of 2cell mouse embryos to the hatched blastocyst stage. Their
data indicated that bovine amniotic and allantoic fluids
obtained from < 70 days of gestation are suitable culture
media for murine embryos (66.6% with amniotic fluids and
57.4% with allantoic fluids developed to the hatched blasto
cyst stage). The amniotic and allantoic fluids were trans
ported on ice from the slaughterhouse, centrifuged (500 x g
for 15 minutes), antibiotics added, filtered (.2

fj.m)

and

stored at 4°C. Freezing of the amniotic and allantoic fluids
had an adverse effect on the development of mouse embryos in
vitro.

MATERIALS AND METHODS
Experimental Design
Co-culture of superovulated murine embryos
Precompaction-stage murine embryos were cultured in
Dulbecco's Modified Eagle Medium (DMEM) as a control medium
(Treatment A ) , and the developmental capabilities of embryos
were compared with similar embryos placed on either a bovine
fetal spleen cell (BFS) monolayer (Treatment B) or a chick
embryo fibroblast (CEF) monolayer (Treatment C ) . Embryos in
Treatment A (control)

(n = 75) were placed in 24-well cul

ture plates (Gibco) with 2 ml DMEM containing HEPES buffer
(5.95 g/1), glucose (3.5 g/1), 1% antibiotics (Ab, 100 IU/ml
of penicillin and 100 /ig/ml of streptomycin) and 10% fetal
bovine serum (FBS). Similarly, embryos in Treatment B (n =
75) were placed on a BFS monolayer with 2 ml of the control
medium, and those in Treatment C (n = 75) were on a CEF cell
monolayer with 2 ml of the control medium (Table 1).

Co-culture of superovulated bovine embryos
Precompaction-stage bovine embryos were cultured in
DMEM as a control medium (Treatment A) and developmental
capabilities of embryos were compared with other embryos
placed on either a BFS monolayer (Treatment B) or a CEF
monolayer (Treatment C ) .
Embryos assigned to Treatment A (control)
48

(n = 2 0) were
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TABLE 1. EXPERIMENTAL DESIGN FOR CO-CULTURE OF
SUPEROVULATED MURINE EMBRYOS ON MONOLAYERS
OF DIFFERENT CELL LINES
Treatment
Embryos

A

B

C

No. of embryos

75

75

75

Viable, developing
after 72 hours

Yn

Y21

Y 31

Y 12

Y22

Y 32

Hatched embryos

Treatment A : control with DMEM plus fetal bovine serum
alone
Treatment B : bovine fetal spleen cell monolayers
Treatment C : chick embryo fibroblast cell monolayers
Yjj = the number of embryos developed in Treatment,, to
stagej.

placed in wells of 24-well culture plates (two embryos/well)
with 2 ml DMEM with HEPES buffer (5.95 g/1), glucose (3.5
g/1), 1% Ab and 10% FBS. Similarly, embryos in Treatment B
(n = 20) were placed on a BFS cell monolayer with DMEM in
wells of 24-well culture plates and those in Treatment C (n
= 20) were placed on a CEF cell monolayer with DMEM in wells
of 24-well culture plates (Table 2).

Co-culture of in vitro fertilized bovine embryos
I. In vitro fertilized bovine embryos from heifers
Cleaved embryos ranging from the 2- to 16-cell stage
were randomly and equally allocated to one of four treat
ments: Treatment A with cumulus cell monolayers (n = 50),
Treatment B with BFS monolayers (n = 50), Treatment C with
CEF monolayers (n = 50) and Treatment D without monolayers
in a control medium of tissue culture medium 199 (TCM-199)
plus 5% FBS alone (n = 50). All the monolayers and embryos
were maintained in 1 ml of the control medium in wells of 4well tissue culture plates (Nunclon)

(Table 3).

II. In vitro fertilized bovine embryos from cows
Cleaved embryos ranging from the 2- to 16-cell stage
were randomly and equally allocated to one of four treat
ments: Treatment A with cumulus cell monolayers (n = 25),
Treatment B with BFS monolayers (n = 25), Treatment C with
CEF monolayers (n = 25) and Treatment D without monolayers
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TABLE 2. EXPERIMENTAL DESIGN FOR CO-CULTURE OF
SUPEROVULATED BOVINE EMBRYOS ON MONOLAYERS
OF DIFFERENT CELL LINES
Treatment
Embryos

A

B

C
20

No. of embryos

20

20

Viable, developing
after 72 hours

Y u

Y 21

Y 31

Y 12

Y 22

Y 32

Hatched embryos

Treatment A : control with DMEM plus fetal bovine serum
alone
Treatment B : bovine fetal spleen cell monolayers
Treatment C : chick embryo fibroblast cell monolayers
Y^. = the number of embryos developed in Treatment,, to
stage^.
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TABLE 3. EXPERIMENTAL DESIGN FOR CO-CULTURE OF BOVINE
IN VITRO FERTILIZED EMBRYOS FROM HEIFERS
IN DIFFERENT CO-CULTURE TREATMENTS
Treatment

n

*

Morula (%)

Blastocyst (%) Hatched (%)

A

50

Yn

Y 12

Y 13

B

50

Y 21

Y 22

Y 23

C

50

Y 31

Y 32

Y 33

D

50

Y41

Y42

Y 43

200
Treatment A : cumulus cell monolayers
Treatment B : bovine fetal spleen cell monolayers
Treatment C : chick embryo fibroblast cell monolayers
Treatment D : control with TCM-199 plus fetal bovine
serum alone
*Number of cleaved embryos assigned to treatments
Yjj = the number of embryos developed in Treatmentj to
stagej.
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in a control medium of TCM-199 plus 5% FBS alone (n = 25).
All the monolayers and embryos were maintained in 1 ml of
the control medium in wells of 4-well tissue culture plates
(Table 4).

Experimental Procedures

Preparation of bovine fetal spleen cell fibroblast monolayer
Bovine fetal spleen cells were obtained from the tissue
culture lab, Department of Microbiology and Parasitology,
School of Veterinary Medicine, Louisiana State University as
an established cell line. Those cells were used to prepare
monolayer culture systems in DMEM with HEPES, glucose (3500
mg/ml) and 1% Ab (100 IU/ml of penicillin and 100 jug/ml of
streptomycin). When a confluent monolayer was formed in a 25
cm2 flask, the cells were trypsinized (.05% trypsin in PBS)
to seed a 24-well culture plate (8.0 x 104 viable fibroblast
cells/well) 48 hours prior to co-culture of the embryos. One
half of the 2 ml medium in the culture well was replaced
with fresh medium at 2-day intervals to maintain cultures.
Cells from the 9th to the 63rd subpassages were used to co
culture the embryos. BFS cells of various subpassages were
used as these cells had been maintained and subpassed con
tinuously in the tissue culture lab during the 2 years of
these experiments.
To determine the concentration of viable cells after
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TABLE 4. EXPERIMENTAL DESIGN FOR CO-CULTURE OF BOVINE
IN VITRO FERTILIZED EMBRYOS FROM COWS
IN DIFFERENT CO-CULTURE TREATMENTS
Treatment

n

*

Morula (%)

Blastocyst (%) Hatched (%)

A

25

Y ii

Y 12

Y 13

B

25

Y 21

Y22

Y 23

C

25

Y 31

Y 32

Y33

D

25

Y 41

Y 42

Y43

100
Treatment A : cumulus cell monolayers
Treatment B : bovine fetal spleen cell monolayers
Treatment C : chick embryo fibroblast cell monolayers
Treatment D : control with TCM-199 plus fetal bovine
serum alone
‘Number of cleaved embryos assigned to treatments
Yjj = the number of embryos developed in Treatment to
stage^.

trypsinization, the cells were suspended in 500

fil

of the

control medium. In order to differentiate viable cells from
dead cells, a 100
with 100

fil

/il

aliquot of cell suspension was mixed

of a .04% Trypan blue exclusion stain in PBS.

The number of viable cells were counted using a hemocytometer (Richert) at 100X magnification under an inverted Nikon
microscope. The concentration of viable cells in 1 ml of
cell suspension was determined, using the cell count method
described by Freshney (1987). The equation used to calculate
the total number of viable cells in each tissue culture
flask was as follows:
Total viable cell number/ml of cell suspension in flask =
(No. of viable cells counted) X 104 X (dilution factor)
No. of grids counted in hemocytometer
To determine the general growth pattern characteristics
of BFS cells, cells from the 13th subpassage and from the
41st subpassage were cultured in 25 cm2 tissue culture
flasks. In order to draw the growth curve of cells of each
passage, six tissue culture flasks were concurrently seeded
with the same concentration of cells. For 6 consecutive
days, one flask was selected each day representing each
passage. Cells in the selected flask were trypsinized and
viable cells were counted.

Preparation of chick embryo fibroblast monolayer
The chick embryo fibroblast monolayer was prepared by
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modifying the procedures described by Crowe et al.

(1978)

and Freshney (1987). Fertile chicken eggs were incubated at
38.5°C in a humidified atmosphere and turned through 180°
daily. A 10- to 11-day-old egg was candled to insure that it
was viable. The egg was placed in a small beaker with the
blunt end up. The top of the egg was swabbed with 70% alco
hol and punctured to peel off to the edge of the air sac
with sterile forceps.
The white shell membrane was peeled off to reveal the
chorioallantoic membrane below. The chorioallantoic membrane
was pierced with sterile curved forceps to lift out the
embryo. The embryo was transferred to a 100 mm plastic petri
dish (Falcon) containing 20 ml PBS and washed several times
with PBS to remove yolk and blood (Figure 1).
After the embryo was moved to a clean dish, the back of
the embryo was removed and washed with PBS. The back was
finely minced with a scalpel to the size of 2 to 3 mm in
length, and the minced tissue in PBS was transferred to a
flask. The tissue pieces were allowed to settle. Then the
PBS was removed and 25 ml of trypsin (.25% in PBS) was
added. The solution was stirred for 10 minutes at 37°C.
The tissue pieces were allowed to settle and the super
natant was decanted into an equal volume of Ham'S F-10 with
10% FBS to inactivate the trypsin. Serum inhibits the activ
ity of protease in the trypsin solution. Fresh trypsin was
added to the remaining tissue and the trypsinization proce-

1. Day 10 Chick Embryo
Removed From Shell

2. Chick T issues are Minced

W
3. Minced Tissues are
Trypsinized and Washed

4. Monolayers of Cells are Grown

foooooo\
oooooo\
oooo oo\
oooo oo\
5. Cells are Passed to Wells for Embryo Co-culture

Figure 1. Preparation of chick embryo fibroblast ceils monolayers
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dure was repeated to combine the two trypsinates. The trypsinate was centrifuged at 1,000 rpm (200 x g) for 10 minutes
to remove the supernatant. The pellet was resuspended in 25
ml of Ham's F-10 with 10% FBS and an aliquot was counted to
determine the cell number.
Cultures were prepared as needed in Ham's F-10 with 10%
FBS and 1% Ab. The medium was changed after 24 hours to
remove dead cells and debris. All the incubation conditions
as well as the procedures for seeding the 24-well culture
plates, for changing the medium and for counting cells were
the same as those of the bovine fetal spleen cells. Cells
from the first to the seventh subpassages were used to co
culture the embryos. The growth curve of CEF cells from the
first subpassage and the sixth subpassage were obtained by
the same procedures used for the BFS cells.

Preparation of DMEM control medium
One liter of DMEM was prepared by adding 10 g of pow
dered DMEM (Gibco) that contained 1,000 mg D-glucose, L-glutamine and 110 mg sodium pyruvate to 3500 mg glucose, 1% Ab,
5950 mg HEPES and 10% FBS in distilled-deionized water. The
culture medium had a Ph of 7.4 with an osmolarity of 282
mOsm. When embryos were cultured in the 24-we11 culture
plate with Treatment A and B, DMEM was also used as the
culture medium for monolayer cells.
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Collection of superovulated murine embryos
Morula-stage murine embryos were collected after sacri
ficing superovulated HSD mice. Donor mice (21-day-old female
HSD) were injected with 5 IU of pregnant mare serum gonado
tropin (PMSG) followed after 48 hours with 5 IU human chori
onic gonadotropin (HCG) and were mated by HSD male mice.
Seventy-two hours after HCG injection, morula-stage embryos
were collected from the females. Harvested embryos were
placed in DMEM with 10% FBS and 1% Ab and then evaluated
under a stereoscope. Embryos with quality grades (Shea,
1981) of 1 (excellent) and 2 (good) were then equally and
randomly assigned across three treatment groups. Based on
the report of Lindner and Wright (1983) that there was no
difference in pregnancy rates between grade 1 and 2 embryos
after transferring in recipient females, the grade 1 and 2
embryos were pooled as transferable embryos.

Collection of superovulated bovine embryos
A commercially-available purified follicle stimulating
hormone (FSH: Folltropin®, Vetrepharm, Ontario, Canada) was
used to stimulate follicular growth in cyclic Holstein
heifers (x = 346 kg bwt)(Kim et al., 1989a). The total of 18
mg FSH was divided into eight equal portions and adminis
tered (im) twice daily to females for 4 days. An 18 mg dose
of this product contained the equivalent of 35 mg of NIH
standard pituitary FSH.
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Superovulation treatment was started on days 9 to 14 of
the estrous cycle (estrus = day 0). A 35 mg dose of PGF2a
(Lutalyse®: Upjohn) was given at the fifth FSH injection to
donors to induce luteolysis. Each donor was inseminated with
2 units of frozen semen at 12 and 24 hours after the onset
of standing estrus.
Embryos were collected non-surgically on either day 6
or 7 of the cycle using PBS with 2% FBS and 1% Ab-Am (100
IU/ml of penicillin, 100 jug/ml of streptomycin and .25 /ng/ml
of amphotericin-B) as the flushing medium. Bovine embryos
were placed in the holding medium (10% FBS and 1% Ab-Am in
PBS) and evaluated under a stereomicroscope. Embryo quality
grade was assigned to each embryo (1 = excellent, 2 = good,
3 = poor, 4 = degenerating) under a stereomicroscope. Embry
os with quality grade 1 and 2 were pooled as transferable
embryos and assigned to treatment (Lindner and Wright, 1983;
Elsden et al., 1978; Shea et al., 1976).

Co-culture of suoerovulated murine and bovine embrvos
Embryos were assigned randomly to one of three treat
ment groups. All cultures were carried out in 24-well tissue
culture plates (Gibco) with 2 ml of culture medium. For the
co-culture of murine embryos, 5 to 10 embryos of the same
developmental stage were allocated to each well, using
sterile technique under a laminar flow hood. To co-culture
bovine embryos, 2 to 5 embryos were allotted to each well of
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treatment. The culture plate was sealed by adhesive tape to
reduce air passage and incubated at 37°C in 5% C02 in air
and 100% humidified atmosphere (Kim et al., 1989b,c). There
were five replicates for the co-culture of murine embryos,
and four replicates for the co-culture of superovulated
bovine embryos.
One half of the DMEM in each well was replaced with
fresh medium at 48-hour intervals to maintain the monolayer
cells and embryos during co-culture. Observations for stage
of development were made at 12-hour intervals using a Leitz
inverted phase-contrast microscope (125X) until structural
degeneration was apparent or up to 72 hours. The cultured
embryos were considered viable if there was a noticeable
progression of embryonic development.

Procedures of in vitro fertilization of bovine oocvtes
Obtaining Ovaries
Bovine ovaries were obtained from two local slaughter
houses. One slaughterhouse, which was located 30 km away
from the laboratory, usually slaughtered beef heifers of
less than 1-year-old while another abattoir slaughtered
cows. The status of slaughtered females were checked before
the collection of ovaries. During the period of ovary col
lection and transportation, ovaries were kept in a thermo
bottle filled with PBS plus 1% Ab. The temperature of the
saline was kept at 24 to 35°C. The time from ovary collec-
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tion until reaching the laboratory was between 2.5 to 5
hours.

Follicle Aspiration
Ovaries were washed three times by PBS and dried with
sterilized paper towel just before follicle aspiration. Oo
cytes were aspirated from 3 to 8 mm follicles of ovaries
using a 20-gauge (25 mm length) needle attached to a 10 ml
sterile, plastic syringe (Air-Tite). The ovaries were main
tained at room temperature (20 to 23°C) in a beaker with
physiological saline solution. Aspirated oocytes were kept
in a 10 ml centrifuge tube with washing medium of PBS plus
.1% polyvinyl alcohol (PVA). PVA was used to substitute .4%
bovine serum albumin (BSA) or 1% FBS. The oocytes in the
collection tube were kept at room temperature (20 to 25°C)
until transferred to the maturation medium. After aspirated
oocytes were settled down at the bottom of the centrifuge
tube, all the medium except 1 ml at the bottom was aspirated
by the Pasteur pipette. The oocytes were transferred to a
100 mm plastic petri dish with medium, and the centrifuge
tube was washed three times with washing medium to pool the
medium in a 100 mm petri dish. Oocytes in the petri dish
were located under the stereoscope, washed twice in fresh
washing medium and classified as good (compact layers of
cumulus cells), fair (>3 layers) and poor (<2 layers or no
compact layers) according to the integrity of the cumulus

63
cells surrounding the oocytes (Shioya et al., 1988; Yang and
LU, 1990).

Oocvte Maturation
Cumulus-intact oocytes were washed three times in
maturation medium of TCM-199 with 5% FBS and 1

ng/ml

of

bovine insulin and transferred to a 4-well culture plate
(Nunclon) in .5 ml of maturation medium. Each well was
covered by .5 ml filtered mineral oil. The maturation medium
and mineral oil were previously filtered through a .2 /zm
Acrodisc (Gelman Sciences). The maturation medium had a pH
of 7.5 with an osmolarity of 290 mOsm. Good and fair grade
oocytes were incubated in separate wells at 39°C for 24
hours in 5% C02 and air for maturation. After a 24 hour
maturation period, expanded cumulus cells were used as an
indicator of oocyte maturation (Leibfried-Rutledge et al.,
1989). Oocytes surrounded by expanded cumulus cells were
classified according to the degree of cumulus cell expan
sion. Only oocytes with expanded cumulus cells were trans
ferred to 35 mm tissue culture dishes for insemination.

Sperm Capacitation
Stock-A solution (10 X) of Brackett-01iphant (B-0)
medium (Brackett and Oliphant, 1975) for sperm capacitation
was prepared by adding 6.5453 g of NaCl,

.2992 g of KC1,

.1145 g of NaH2P04.H20, .1057 g of MgCl2.6H20, .3308 g of
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CaCl2.2H20, and 2.5181 g of glucose to 100 ml of deionized
water. To this B-0 medium, 5 ml of penicillin (100 IU/ml),
2.5 ml of streptomycin (50 mg/ml) and 4 ml of .2% phenol red
were added. Stock-B solution of B-0 medium was made of 10 ml
stock A solution, 90 ml deionized water,

.3108 g of NaHC03,

and .0138 g of sodium pyruvate. Stock-B B-0 medium had a pH
of 7.8 and an osmolarity of 298 mOsm.
Sperm B-0 medium for washing and centrifugation of
spermatozoa was prepared by adding 106.1 mg of caffeine (10
Mm) to 50 ml of Stock-B solution of B-0 medium. Sperm B-0
medium was filtered through the acrodisc and 12 to 13 ml of
filtrate was allocated in plastic tubes and sealed with
parafilm.
Insemination B-0 medium was prepared just before in
semination by adding 20 mg/ml of BSA to Stock-B solution,
which was previously allocated in 3 ml per small plastic
tube. BSA was dissolved without shaking in a warm water
bath. Insemination B-0 medium with BSA was filtered through
the acrodisc in a 35 mm tissue culture dish. Four to 5 sepa
rate drops of 50

ill

insemination B-0 medium were placed on

the bottom of the 35 mm culture dishes and covered with 3 ml
of filtered mineral oil.
One mg of Ca++ ionophore A23187 (Sigma Chemical) was
dissolved in 1.9 ml of dimethyl sulfoxide (DMSO) , and 50
of dissolved Ca++ ionophore was allocated to 3 ml plastic
tubes. Those tubes with Ca++ ionophore were wrapped with

/xl
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aluminum foil and kept frozen to protect against light and
evaporation until needed. Just before insemination, 2.5 ml
of deionized water was added to 50
fj.1

im I

of Ca++ ionophore. Ten

of this Ca++ ionophore solution was used to capacitate 2

ml of final spermatozoa suspension, resulting in a final
concentration of .1 /xM of Ca++ ionophore in sperm suspension
(Hanada, 1985; Nakao and Nakatsuji, 1990).
Two units (.5 ml) of frozen bovine semen from two
different bulls were thawed in warm water (25 to 28°C) for 1
minute. Pooled semen was emptied to a 15 ml centrifuge tube
and 5 ml of sperm B-0 medium was added to mix with the sperm
cells. Semen with sperm B-0 medium was centrifuged at 800
rpm (200 x g) for 6 minutes. After centrifugation, 5 ml of
upper supernatant was removed by pasteur pipette and 5 ml of
new sperm B-0 medium was added and mixed for the final
centrifugation at 800 rpm (200 x g) for 6 minutes. All the
supernatant except .5 ml of bottom sperm sediments was
removed and 1.5 ml of sperm B-0 medium was added to make 2
ml of final sperm suspension. Ten /zl of final Ca++ ionophore
solution was added to 2 ml of the final sperm suspension to
capacitate the spermatozoa for 1 minute. The activity of
Ca++ ionophore was stopped by BSA in insemination B-0 medium
drops when the capacitated sperm suspension was injected
into insemination drops with matured oocytes.
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In Vitro Fertilization
Cumulus-intact, matured oocytes were washed three times
in insemination B-0 medium with BSA and transferred into the
50

jil

drop of insemination B-0 medium under the cover of

mineral oil. Oocytes were handled under the positive air
flow Laminar hood at room temperature (20 to 25°C). Then
50 Ml of spermatozoa capacitated by Ca++ ionophore for 1
minute was injected into the insemination B-0 medium drop.
The concentration of final sperm suspension was about 1.5 x
106/ m l .

Each insemination drop contained up to 25 matured

oocytes.
Matured oocytes inseminated by capacitated spermatozoa
in insemination B-0 medium drop were incubated for in vitro
fertilization at 39°C in 5% C02 in air and a 100% humidified
atmosphere. After 5 to 6 hours of incubation, inseminated
oocytes were removed from the insemination drop, washed
three times in development medium of TCM-199 plus 5% FBS,
and transferred onto the cumulus cell monolayer on the
bottom of one well of the 4-well culture plates. Previously
the oocytes with surrounding cumulus cells were cultured in
the same well of the 4-well culture plates for oocyte matu
ration, and cumulus cells from oocytes began to grow as a
monolayer at the bottom of the well. The culture medium in
the well was changed with .5 ml development medium under the
cover of mineral oil for the cumulus-intact, inseminated
oocytes to develop. Inseminated oocytes were incubated at
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39°C in 5% C0 2 in air and 100% humidified atmosphere for the
next 43 hours to develop into cleaved embryos.

Removal of Cumulus Cells from the Cleaved Embrvos
After 43 hours of incubation, cleaved embryos were
separated from the surrounding cumulus cells by using the 23
gauge needle attached to a 1 ml syringe. The tip of the
needle was used to make a circular cut around the cleaved
embryos, and embryos were lifted gently by the tip of the
needle. Cleaved embryos were classified under the stereomicroscope according to their developmental stage, ranging from
no cleavage (unfertilized) to 16 cells.

Co-Culture of In Vitro Fertilized Bovine Embrvos
Cleaved embryos (2- to 16-cells) were washed three
times in development medium and transferred to the tissue
culture well of the assigned co-culture treatments for in
vitro development of cleaved embryos. To each well of all
the different treatments, 2 to 5 embryos of the same devel
opmental stage were allocated. The development medium was
replaced with fresh medium, and the embryos were examined
under a microscope for development every 48 hours for 14
days. The number of replicates was 7 for the co-culture of
heifer IVF embryos, and 4 for the co-culture of cow IVF
embryos.
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Statistical Analysis
To compare the treatment effect on the development of
superovulated murine or bovine embryos in vitro, a viability
score of "0 " was assigned to degenerating or degenerated
embryos and a score of "l" was assigned to viable embryos at
each observation. The difference in the number of viable,
developing embryos after 72 hours of culture for all pairs
of treatments was tested by the Fisher's exact test using a
2 x 2

contingency table (Steel and Torrie, 1980). SAS® soft

ware system for data analysis was used for the Fisher's
exact test. Likewise, the number of hatched embryos was com
pared using the Fisher's exact test analysis for all pairs
of treatments.
The difference in the number of oocytes per ovary
between heifers and cows as a source of oocytes for IVF
procedures was tested by t-test using SAS®. The mean number
of oocytes and good oocytes per ovary between the heifer
group and the cow group was compared. The difference in the
percentage of good oocytes and in the cleavage rate of IVF
oocytes between the heifer group and the cow group was
tested by the Fisher's exact test using SAS®.
The developmental percentage of co-cultured bovine IVF
embryos on different monolayer treatments was compared
within the heifer or cow group. The difference in the devel
opmental percentage of IVF embryos between the heifer and
cow group was also compared within the same treatment. A

viability score of " 0 " was assigned to degenerating or
degenerated embryos and a score of "1 " was assigned to
viable embryos at each observation. The difference in the
number of morula, blastocyst and hatched embryos for all
pairs of treatments was tested by the Fisher’s exact test
using a 2 x 2 contingency table (SAS®). Similarly, the
number of morula, blastocyst and hatched embryos was com
pared between the heifer and cow group within the same
treatment by the Fisher1s exact test.

RESULTS
The growth characteristics of chick embryo fibroblasts
from the first passage and sixth passage are presented in
Figures 2 and 3. When the number of cells was counted for
six consecutive days from the first passage, the number of
cells decreased for the first day and then showed an expo
nential growth rate for the following three days followed by
a decreasing growth rate from the fifth day. Cells were
trypsinized when the confluent monolayers were formed on the
fourth day and were maintained continuously by subpassages.
The growth curve from the sixth passage showed that the
number of cells continuously increased, except for the first
day. On the fifth day of the sixth passage, cells forming
confluent monolayers were trypsinized for the next passage.
The cells were used to co-culture the embryos up to the
seventh passage.
The growth characteristics of bovine fetal spleen cells
from the 13th passage and 41st passage are presented in
Figure 4 and 5. Compared with the growth curve of CEF cells,
BFS cells showed a different profile for the growth curve.
BFS cells showed a slower growth rate than that of CEF
cells. Also the total cell number of BFS cells in the tissue
culture flask was much less than that of CEF cells through
out the culture period used to obtain the growth curve.
Confluent monolayers from the BFS cells were more easily
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Figure 2. G row th cu rv e of chick em bryo fibroblast cells
from th e first p a s s a g e , d ay 0 = trypsinization
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F igure 3. G row th c u rv e of chick em b ry o fibroblast cells
from th e 6th p a s s a g e , d ay 0 = trypsinization
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F igure 4. G row th cu rv e of bovine fetal s p le e n cells
from th e 13th p a s s a g e , day 0 = trypsinization
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Figure 5. G row th cu rv e of bovine fetal s p le e n cells
from th e 4 1 st p a s s a g e , d ay 0 = trypsinization
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obtained in a small well of a 24-well tissue culture plate
than those grown in a 25 cm2 tissue culture flask because of
the high cell density in each well (8.0 x 10A viable
cells/well) of the 24-well tissue culture plate. However,
BFS cells cultured in tissue culture flasks did not form the
confluent monolayers at the end of the growth curve culture
period. Partial monolayers were formed because of the slow
growth rate and low cell density in the culture flasks.
When transferable morula-stage murine embryos were
cultured (n = 75/treatment) for 72 hours, the percentage of
viable, developing embryos was 72% (54/75) for Treatment A,
85.3% (64/75) for Treatment B, and 66.7% (50/75) for Treat
ment C (Table 5 and Figure 6 ). Treatment B had more viable
and developing embryos than Treatment A (P <.10) and Treat
ment C (P <.05). There was no significant difference in the
percentage of viable, developing embryos between Treatments
A and C. The percentage of hatched embryos was 62.7% (47/75)
for Treatment A, 76% (57/75) for Treatment B and 57.3%
(43/75) for Treatment C. Treatment A tended toward having
fewer embryos that hatched (P <.10) than Treatment B; howev
er, Treatment B had more embryos that hatched (P <.05) than
Treatment C.
In this study, culturing murine embryos on the CEF co
culture system did not offer any advantage in culture via
bility of murine embryos when compared with the control
treatment. Moreover, the CEF and BFS co-culture system did
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TABLE 5. DEVELOPMENT OF MURINE EMBRYOS CO-CULTURED ON
MONOLAYERS OF DIFFERENT CELL LINES
Embryos
No. of embryos

A

Treatment
B

C

75

75

75

Viable, developing
after 72 hours

54ab
(72%)

64a
(85.3%)

50b
(66.7%)

Hatched embryos

47ab
(62.7%)

57a
(76%)

43b
(57.3%)

No. of replicates (n = 5)
Treatment A : control with DMEM plus fetal bovine serum
alone
Treatment B : bovine fetal spleen cell monolayers
Treatment C : chick embryo fibroblast cell monolayers
a,bValues in the same row with different superscripts
are significantly different at P <.05 level using
Fisher's exact test.

Control: DM EM plus fetal bovine serum
BFS : Bovine fetal spleen cell monolayers

Percent of Development

100

CEF : Chick embryo fibroblast cell monolayers

80 -

□

% Viable at 72 hours

^

% Hatched embryos

60 -

40 -

20

-

0

T

Control

BFS

CEF

Figure 6. D evelopm ent of m urine em bryos co-cultured on different m o n o lay ers
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not induce any detectable harmful effects on these develop
ing murine embryos.
When transferable morula-stage bovine embryos were
cultured (n = 20/treatment)

for 72 hours, the percentage of

viable and developing embryos was 70% (14/20) for Treatment
A, 90% (18/20) for Treatment B and 83.4% (15/18) for Treat
ment C (Table 6 and Figure 7). After 72 hours of culture,
the percentage of embryos that hatched .in vitro was 45%
(9/20) in Treatment A, which tended to be less (P <.10) than
the 75% (15/20) of those that hatched in Treatment B, and
83.4% (15/18) of those that hatched (P <.05) in Treatment C.
Monolayer systems developed from cells other than from
adult or fetal reproductive tissues are capable of support
ing later stage bovine embryos for up to 72 hours during in
vitro culture. Bovine fetal spleen cell and chick embryo
fibroblast cell monolayer systems were useful in co-culturing precompaction-stage bovine embryos into hatched-stage
embryos.
For the in vitro fertilization experiment, 554 oocytes
were recovered from 62 ovaries of heifers (8.94 oocytes/ova
ry) and 274 oocytes from 16 ovaries of cows (17.13 oocy
tes/ovary)

(Table 7 and Figure 8 ). Ovaries from cows yielded

more oocytes (P c.Ol) than from heifers. The total number of
oocytes with a good quality grade was 386 (69.7%) from
heifers (6.23 oocytes/ovary) and 190 (69.3%) from cows
(11.88 oocytes/ovary). From each ovary, more oocytes of good
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TABLE 6 . DEVELOPMENT OF BOVINE EMBRYOS CO-CULTURED ON
MONOLAYERS OF DIFFERENT CELL LINES
Embryos
No. of embryos

A
20

Treatment
B

C
18**

20

Viable, developing
after 72 hours

14a
(70%)

18a
(90%)

15a
(83.4%)

Hatched embryos

9b
(45%)

15ab
(75%)

15a
(83.4%)

No. of replicates (n = 4)
Treatment A : control with DMEM plus fetal bovine serum
alone
Treatment B : bovine fetal spleen cell monolayers
Treatment C : chick embryo fibroblast cell monolayers
a,bValues in the same row with different superscripts
are significantly different at P <.05 level using
Fisher's exact test.
**
•
•
Two embryos were lost during the experiment.

Percent of Development

100 -i

80 -

Control: DMEM plus fetal bovine serum
BFS : Bovine fetal spleen cell monolayers
C E F : Chick embryo fibroblast cell monolayers
□ % Viable at 72 hours
E2 % Hatched embryos

6040 -

20

-

Control
BFS
CEF
Figure 7. D evelopm ent of bovine em b ry o s co-cultured on different m onolayers
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TABLE 7. THE NUMBER OF OOCYTES RECOVERED FROM OVARIES FOR IN
VITRO FERTILIZATION OF BOVINE OOCYTES
Heifers

Item
No. of replicates
Total No. of ovaries
No. of oocytes recovered
Good
Fair
Poor
Total

Cows

7

4

62

16

386
70
98

190
60
24

554

274

No. of oocytes/ovary

8 .94a

17.13b

No. of good oocytes/ovary
%

6.23a
69. 7%a

1 1 .88 b
69.3%a

a,bValues in the same row with different superscripts are
significantly different at P <.01 level.
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F igure 8. T h e n u m b e r of o o c y te s re c o v e re d from o v a rie s for iVF
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quality grade were recovered from the ovaries of cows (P
<.01) than heifers. However, the percentage of good oocytes
over total oocytes were similar between heifer and cow
group.
A total of 235 cleaved embryos was obtained from 435
oocytes assigned to the IVF experiment of heifers, and 102
cleaved embryos were obtained from 214 oocytes assigned to
the IVF experiment of cows (Table 8 ). A similar cleavage
rate (number of cleaved embryos over number of oocytes
assigned to IVF) was obtained from the IVF of heifers
(54.02%) and cows (47.66 % ) (Figure 9).
When cleaved embryos obtained from in vitro fertiliza
tion of oocytes from heifers were cultured (n = 50/treat
ment) , the percentage of development to morula stage was 58%
(29/50) for Treatment A, 46% (23/50) for Treatment B, 44%
(22/50) for Treatment C and 56% (28/50) for Treatment D
(Table 9 and Figure 10). Four culture treatments did not
differ in their effect on the development of heifer IVF
embryos to the morula stage.
The percentage of development to blastocyst-stage
embryos from heifer oocytes was 32% (16/50) for Treatment A,
18% (9/50) for Treatment B, 18% (9/50) for Treatment C and
26% (13/50) for Treatment D. There was no difference in the
percentage of development to blastocyst-stage embryos among
treatment groups.
The percentage of hatched blastocysts developed from
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TABLE 8 . THE NUMBER AND CLEAVAGE RATE FROM IN VITRO
FERTILIZATION OF BOVINE OOCYTES
Item

Heifers

COW S

7

4

No. of ocytes assigned

435

214

No. of cleaved embryos

235

102

No. of replicates

Cleavage rate

54. 02%a

47. 66 %a

aValues in the same row with the same superscripts are not
significantly different at P <.05 level.

Percent of Cleaved

Embryos

60 -i

50 -

40 -

30 -

20

-

10

-

Heifers

Cows

Figure 9. C le a v a g e rate from in vitro fertilization
of bovine o o cy tes
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TABLE 9. THE NUMBER AND PERCENTAGE OF BOVINE IN VITRO
FERTILIZED EMBRYOS FROM HEIFER OVARIES THAT DEVELOPED
IN DIFFERENT CO-CULTURE TREATMENTS
Treatment

*

n

Morula (%)

Blastocyst (%) Hatched[ (%)

A

50

29a

(58)

16a

(32)

9a

(18)

B

50

23a

(46)

9a

(18)

4ab

(8 )

C

50

22a

(44)

9a

(18)

33b

(6 )

D

50

28a

(56)

13a

(26)

0b

(0 )

200

No. of replicates (n = 7)
Treatment A : cumulus cell monolayers
Treatment B : bovine fetal spleen cell monolayers
Treatment C : chick embryo fibroblast cell monolayers
Treatment D : control with TCM-199 plus fetal bovine
serum alone
‘Number of cleaved embryos assigned to treatments
a,bValues in the same column with different superscripts
are significantly different at P <.05 level using
Fisher's exact test.

A : Cumulus cells monolayers
B : Bovine fetal spleen cells

%

C : Chick embryo fibroblast cells
D : TCM-199 (control)

□
B
B

a

Figure 10. P e rc e n ta g e of bovine IVF em b ry o s from heifers
d ev elo p ed on different m onolayers

Morula-stage
Blastocyst-stage
Hatched embryos

the cleaved IVF embryos of heifer origin was 18% (9/50) for
Treatment A, 8 % (4/50) for Treatment B, 6 % (3/50) for Treat
ment C and 0% (0/50) for Treatment D. A significant differ
ence (P <.05) was detected between Treatments A and D. More
cleaved embryos developed to hatched blastocysts from the
cumulus cell monolayer treatment than from the control in
TCM-199 alone. These results indicated that the CEF treat
ment was not as effective as the cumulus cell monolayer
treatment. Fewer cleaved embryos developed to hatched
blastocyst stage from the control than from monolayer co
culture treatment groups.
When cleaved embryos obtained from in vitro fertiliza
tion of cow oocytes were cultured (n = 25/treatment), the
percentage development to the morula stage was 72% (18/25)
for Treatment A, 60% (15/25) for Treatment B, 56% (14/25)
for Treatment C and 40% (10/25) for Treatment D (Table 10
and Figure 11). A significant difference in the percent that
developed to morula-stage embryos from cleaved IVF embryos
of cows was detected only between Treatment A and Treatment
D. These results show that less embryos developed to morulastage embryos in the culture medium alone without co-culture
treatment than in the cumulus cell monolayer treatment.
The percentage development to blastocyst-stage embryos
from cleaved IVF embryos of cows was 32% (8/25) for
Treatment A, 20% (5/25) for Treatment B, 36% (9/25) for
Treatment C and 16% (4/25) for Treatment D. There was no
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TABLE 10. THE NUMBER AND PERCENTAGE OF BOVINE IN VITRO
FERTILIZED EMBRYOS FROM COW OVARIES THAT DEVELOPED IN
DIFFERENT CO-CULTURE TREATMENTS
Treatment

n

*

Morula (%)

25

18a

(32)

5ab

(2 0 )

B

25

15ab (60)

5a

(20 )

2ab

(8 )

C

25

14ab (56)

9a

(36)

7a

(28)

D

25

4a

(16)

0b

(0 )

_Q

8a

o
H

A

Blastocyst (%) Hatched (%)

(72)

(40)

100

No. of replicates (n = 4)
Treatment A : cumulus cell monolayers
Treatment B : bovine fetal spleen cell monolayers
Treatment C : chick embryo fibroblast cell monolayers
Treatment D : control with TCM-199 plus fetal bovine
serum alone
*Number of cleaved embryos assigned to treatments
a,bValues in the same column with different superscripts
are significantly different at P <.05 level using
Fisher's exact test.

A : Cumulus cells monolayers
80 -I

B : Bovine fetal spleen cells
C : Chick embryo fibroblast cells
D : TCM-199 (control)

Percent of Development

60 -

Morula-stage
Blastocyst-stage
Hatched embryos

40 -

A

B

C

D

Figure 11. P e rc e n ta g e of bovine IVF em b ry o s from co w s
d ev elo p ed on different m onolayers
VO

o
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significant difference in the number of embryos that devel
oped to blastocyst stage among treatments.
The percentage of hatched blastocysts developing from
the cleaved IVF embryos from cows was 20% (5/25) for Treat
ment A, 8% (2/25) for Treatment B, 28% (7/25) for Treatment
C and 0% (0/25) for Treatment D. There was a significant
difference (P <.05) between Treatment C and Treatment D.
There was a trend toward differences (P <.10) between Treat
ment A and Treatment D. More cleaved embryos developed to
hatched blastocysts from the CEF treatment and cumulus cell
monolayer treatment than from the control group in TCM-199
alone. BFS treatment was not as effective as CEF treatment
for obtaining hatched blastocysts from cleaved IVF embryos
of cows.
When the developmental rate of bovine IVF embryos
between the heifer group and the cow group was compared
within the same treatment, there was no difference in the
development of embryos to the morula stage on different
monolayers (Figure 12). Within the chick embryo fibroblast
cells treatment, more embryos developed to the the blasto
cyst stage from the cow group (P <.10) than from the heifer
group (Figure 13). Also, more embryos from cows developed to
the hatched stage (P <.05) than did those from heifers on
monolayers of chick embryo fibroblast cells (Figure 14).
These results showed that CEF treatment was as effec
tive as cumulus cell monolayer treatment in the development

A: Cumulus cells monolayers
B: Bovine fetal spleen cells

Percent of Development

C: Chick embryo fibroblast cells
D: TCM-199 (control)

Figure 12. D evelopm ental rate of bovine IVF em bryos (2- to 16-cells)
from eith er heifers or co w s to m orula s ta g e on different m on o lay ers
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C: Chick embryo fibroblast cells
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Figure 13. D evelopm ental rate of bovine IVF em b ry o s (2- to 16-cells)
from eith er heifers or cow s to blastocyst s ta g e o n different m o n o lay ers
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Figure 14. D evelopm ental rate of bovine IVF em b ry o s (2- to 16-cells)
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rate of IVF embryos of cows to the hatched blastocyst stage.
However, for IVF embryos of heifers, the cumulus cell mono
layer treatment tended to produce more hatched blastocyststage embryos than did the CEF treatment. No cleaved embryos
in the control group with TCM-199 alone developed to hatched
blastocysts from IVF embryos of either heifers or cows.

DISCUSSION
The results of culturing murine embryos from three
treatments showed similar results on the number of viable
embryos and hatched embryos after an incubation period of 72
hours. The bovine fetal spleen cell monolayer treatment gave
significantly better results than did the control or chick
embryo fibroblast monolayer treatments. These results sug
gest that there was no toxic effect of BFS and CEF monol
ayers on murine embryos.
In agreement with the result of 57% to 76% hatched
murine embryos in our experiment,

Brinster (1963) reported

that between 60% and 100% of several thousand 2-cell murine
embryos had developed to normal blastocyst-stage embryos.
Those 2-cell embryos were cultured in a medium of balanced
salt solution plus sodium lactate and bovine serum albumin
without using co-culture cells. That embryo culture system
would be similar to the ccntrol treatment with culture
medium alone in our experiment. Similarly, Cole and Paul
(1965) showed that 50 to 70% of 4-cell murine embryos devel
oped to hatched blastocysts when they were cultured in
Waymouth1s medium with a feeder layer of irradiated HeLa
cells. However, without the presence of a feeder layer, only
10% of murine embryos developed to blastocysts.
Overskei and Cincotta (1987) also reported that 83% of
2-cell to morula-stage murine embryos developed to hatching
blastocyst stage on monolayers of hamster hepatocyte cells.
96
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However, embryos cultured on monolayers of either hamster
liver fibroblast cells or mouse transformed fibroblast cells
(L-cells) did not develop to the hatching stage. Likewise,
no embryos developed to the hatching stage from the control
in modified Waymouth's medium. In disagreement with our
results from the co-culture of either bovine fetal spleen or
chick embryo fibroblast cells, fibroblast cells from hamster
liver or mouse L-cells did not promote the development of
murine embryos in vitro.
Usually, murine embryos are used to test the quality of
a culture medium for human in vitro fertilization. Murine
embryos would also be used to test a bovine embryo culture
system. The in vitro culture of preimplantation murine
embryos is an established method in human and veterinary
reproductive clinics to check the integrity of an embryo
culture system (Spielmann, 1987). The results from this
experiment suggest that one could use either the bovine
fetal spleen cell monolayer or the chick embryo fibroblast
monolayer for the co-culturing of bovine embryos. The great
er convenience of obtaining cell sources for monolayers from
chick embryos would give the advantage to CEF over other
co-culture systems.
Spielmann (1987) further described the use of mouse
embryos for studying the action of toxic drugs during the
preimplantation period. The rationale for using mouse embry
os is that preimplantation development in this species seems

to be more comparable with that of the human than is the
rabbit, with its much larger blastocysts. Correspondingly,
most toxicological studies on early embryos have been per
formed in the mouse. In toxicological studies on preimplan
tation murine embryos, a dose-related inhibition of develop
ment is very easily obtained after treatment with physical
or chemical agents. Spielmann (1987) concluded that cleavage
and development to the blastocyst stage are the critical
endpoints in such embryo culture experiments.
The results of co-culturing superovulated bovine embry
os demonstrated the capability of bovine embryos to develop
in the bovine fetal spleen cell monolayer and in the chick
embryo fibroblast monolayer. In contrast, fewer embryos in
DMEM alone could maintain viability for up to 72 hours in
culture (without increasing zona hatching) when compared
with those of the BFS and the CEF monolayer co-culture
systems. The percentage of hatched embryos from this experi
ment was comparable with that reported for bovine embryos by
Kuzan and Wright (1982). Those researchers co-cultured
morula-stage bovine embryos in minimum essential medium
(MEM) with a monolayer of bovine fibroblast cells of either
uterine or testicular origin. Using that co-culture system,
40% of morulae in uterine fibroblast monolayers and 41% of
morulae in testicular fibroblast monolayers developed to
hatched blastocysts as compared with only 3% of morulae
cultured in MEM alone without the co-culture system. In that
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study, the percentage of hatched blastocysts from the con
trol group was lower (3%) than that of the control group in
this experiment (45%). Interestingly, Renard et al.

(1975)

reported that 85% of day-7 bovine embryos cultured in Menezo's B2 medium alone hatched in vitro without using co-cul
ture systems.
Voelkel et al.

(1985) reported 62% viable embryos after

72 hours of culturing bovine demi-embryos in bovine uterine
fibroblast monolayer, with 18% viable embryos from control
in Ham's F-10 alone. When Wiemer et al.

(1987) co-cultured

bovine embryos in bovine fetal uterine fibroblast mono
layers, 83.3% of morulae developed into hatching or hatched
embryos compared with 18.2% from control (Ham's F-10).
Certainly, the percentage of hatched embryos resulting from
fetal uterine fibroblast monolayer was higher than that of
bovine fetal spleen cell monolayers in this experiment
(75%). However, co-culturing superovulated bovine embryos
with the CEF treatment showed similar results (83.4%) to
that of the bovine fetal uterine fibroblast treatment.
Schellander et al.

(1989) cultured non-surgically col

lected day-7 bovine morulae on mitomycin-C treated calf
fibroblast feeder layers with DMEM plus 10% FBS and 10%
newborn calf serum. Calf fibroblasts were recovered from the
testes of 12-week-old animals. After 3 to 6 days, 77% of the
embryos developed to hatched blastocysts. This result is
very comparable with our results in this experiment.

Rodriguez et al.

(1990) obtained similar results to our

study after co-culturing superovulated bovine morulae in a
bilayer culture system. Fetal bovine uterine fibroblast
cells were grown on the bottom surface of a 24-well tissue
culture plate, and fetal bovine uterine epithelial cells
were maintained with bovine embryos on the upper chamber of
a Costar transwell in the same culture well. The bottom of
the upper chamber is made of collagen-treated microporous
membrane to support the differentiated function of epitheli
al cells. However, the beneficial effect of the bilayer
culture system was not clear in this study. The percent of
embryos developed to the expanded or hatched blastocyst
stages in the bilayer culture system (65%) was not higher
than that (75%) from the co-culture on fetal uterine epithe
lial cells alone.
The number of oocytes/ovary (8.9) and good oocytes/ov
ary (6.2) recovered from heifers in our study was comparable
with that of Gordon and Lu (1990). These researchers report
ed that an average of 7 oocytes per ovary were recovered
from the slaughterhouse heifers. From the same study, it was
noted that up to 10 usable oocytes could be obtained from
each ovary. However, their work was done in a commercial
setting for large scale production of IVF embryos where the
speed of oocyte collection is more important than maximizing
the number of oocytes in an IVF embryo production line
system.
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Even though more oocytes (17.1) and good oocytes (11.9)
were recovered from the ovaries of cows than from heifers in
our experiment, Gordon and Lu (1990) commented that a fewer
number of usable oocytes were obtained from cow ovaries than
from ovaries of 2- to 3-year-old beef heifers. It should be
noted that most heifers in our IVF experiment were less than
1-year-old and had small body frames. It is possible that
matured heifers and immature heifers might differ as far as
the number of aspirable follicles with a diameter of 3 to 8
mm are concerned.
The cleavage rate of IVF embryos from heifers (54%) and
cows (47.7%) in our study is similar to that of Zhang et al.
(1990a). These authors found that the cleavage rate from cow
IVF embryos (60.6%) was not different from that of heifer
IVF embryos (54.7%). In the other study of Zhang et al.
(1990b), the cleavage rate from 400 cow IVF oocytes was
54.8%.
The improved developmental rate of bovine IVF embryos
from the cumulus cell monolayer treatment in our experiment
was in agreement with the findings of other researchers who
have similarly cultured bovine IVF embryos on cumulus cells
(Chen-Lu and Lu, 1990; Jiang et al., 1990; Kajihara et al.,
1990; Ling and Lu, 1990; Lu et al., 1990).
The results obtained from the co-culture of cleaved
bovine embryos from in vitro fertilization of oocytes from
heifers and cows indicated that factors in the co-culture
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systems are capable of supporting the hatchability of bovine
embryos developed from cleaved embryos (2- to 16-cell
stage). The chick embryo fibroblast cell monolayer treatment
was as effective as the cumulus cell monolayer treatment for
the development of cleaved cow embryos to hatched blasto
cysts. In our experiment, no cleaved embryos developed to
hatched blastocysts without the help of co-culture treat
ments. From personal communication with Zhang and Godke
(1990, unpublished data), it was also found that when more
than 500 cleaved IVF embryos were cultured in control cul
ture medium alone, without the support of co-culture cells,
no hatched embryos were obtained.
In our experiments, the developmental rate of IVF
bovine embryos between the heifer group and the cow group
was not directly compared. It was puzzling that less IVF
embryos from the heifer group than those from the cow group
developed to the blastocyst or hatched stage on monolayers
of chick embryo fibroblast cells. However, Zhang et al.
(1990a) recently noted that more IVF embryos from the cow
group developed to expanded and hatched blastocyst stages
than did those from the heifer group when embryos were
cultured on monolayers of cumulus cells.
The overall results showed that the bovine fetal spleen
cell monolayer could be a good culture system for superovu
lated or in vitro fertilized bovine embryos. The chick
embryo fibroblast monolayer can be useful for culturing
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superovulated or in vitro fertilized bovine embryos.
Many new genetic technologies, both research-oriented
and commercial, require an inexpensive and plentiful supply
of bovine embryos. All these demands could be met by an in
vitro embryo culture system that would enhance the viability
of IVM-IVF oocytes until those oocytes reach the specified
developmental stages for the application of embryo manipula
tion procedures. Before 1989, the efficiency of producing
bovine embryos by in vitro fertilization of in vitro matured
oocytes was very low (Brackett et al. 1982; Leibfried-Rutle
dge et al., 1989). Except for Lu et al.

(1987), production

of morula-stage embryos did not approach the 45% level
previously reported from the IVF of in vivo matured, bovine
oocytes (Leibfried-Rutledge et al., 1987). The efficiency of
bovine IVF after in vitro maturation was less than that of
culturing surgically recovered bovine zygotes in vitro
(53%)(Eyestone et al., 1987a,b).
Eyestone et al.

(1987a,b) showed that co-culture im

proves the in vitro development of early bovine embryos.
Co-culturing early bovine embryos (5- to 8-cells) on oviductal epithelial cell monolayers, they found that embryos
cultured in medium alone failed to develop past a 16-cell in
vitro "block", but co-cultured embryos developed to the late
morula or blastocyst stage. A subsequent study by Eyestone
and First (1988) corroborated these findings by showing that
25% of those IVM-IVF bovine oocytes that had been co-cul
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tured on a monolayer of oviductal cells developed through
the 16-cell block stage. Eyestone and First (1988) suggested
that oviductal cells may have conditioned the culture medium
by either removing embryotoxic substances or by releasing an
embryotrophic factor. Goto et al.

(1988) confirmed these

findings; not only did 15% of IVM-IVF bovine oocytes co-cultured on a monolayer of ovarian follicular cumulus cells
develop to blastocysts, but 5 of these 19 blastocysts (26%)
resulted in pregnancies after being transferred non-surgically to recipient cows. These observations proved that
early bovine embryos can sustain a continued development in
vitro with the support of the co-culture cells prepared from
oviduct or ovarian follicles.
studies have not yet clarified definite factors that
early bovine embryos need in order to develop in vitro.
Attempting to overcome the in vitro block of embryonic
development, researchers have investigated different factors
such as the culture medium, the gas atmosphere during incu
bation, and the initial stage of embryos used for embryo
manipulation.
Co-culturing the embryos with different cell types that
would provide a developmental stimulus for the embryos is
another means to elucidate the developmental requirements of
the embryos. Employing the concept that both the monolayer
cells in co-culture and the original cell type in vivo
should reflect the same cell function, Rexroad (1989) pro-
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posed the desirability of co-culturing early bovine embryos
on a monolayer of oviductal cells and co-culturing later
stage embryos (morulae or blastocysts) on a monolayer of
uterine cells.
In earlier co-culture studies, researchers presumed
that the type of co-culture cells should mimic the environ
ment of embryos developing in vivo. Accordingly, the type of
cells was chosen by the initial developmental stage of the
embryos. Oviductal and ovarian cumulus cells have been used
to co-culture early embryos (Koto et al., 1988; Eyestone et
al., 1987b) and uterine fibroblast cells have been used for
morulae and blastocysts (Kuzan and Wright, 1982; Voelkel et
al., 1985).
However, the specificity of cell types for embryo co
culture has been challenged by the successful development of
embryos in co-culture on unrelated cell types. Kuzan and
Wright (1982) had success in obtaining 11 hatched blasto
cysts from 27 bovine morulae (41%) on a monolayer of bovine
testicular fibroblasts. Similarly, 12 of 30 bovine morulae
(40%) co-cultured on bovine uterine fibroblasts developed to
hatched blastocysts in the same experiment. These findings
may imply that co-culture cells for bovine morulae do not
have to be either functionally differentiated cells or cell
types that would match the uterine environment of the devel
oping embryos in vivo. Therefore, Rexroad (1989) suggested
that embryos developed beyond the in vitro developmental
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"block" do not need the specific growth stimulus from the
co-culture cells originated from the female reproductive
organs.
To clarify the role of co-culture cells, Kuzan and
Wright (1982) suggested several possibilities that include
the release of growth promoting factors, and the removal or
neutralization of toxic substances from the culture medium
or from the plastic embryo culture containers. Allen and
Wright (1984) also proposed that direct membrane contact
between embryo and co-cultured cells is essential for the
enhanced embryonic development in vitro.
Gandolfi and Moor (1988) showed that the profile of
protein secreted by cultured ovine oviductal cells resembled
the protein profile of oviductal secretion in vivo. Certain
specialized proteins of high molecular weight were secreted
by the oviductal cells and these oviductal proteins bound
selectively to the zona pellucida of embryos. Even though
these authors demonstrated that oviductal proteins interact
ed directly with the embryos, the physiological role of the
bound proteins to zona pellucida of embryos had not yet been
identified. They postulated that embryos might utilize the
mitogenic or other physiologically active molecules that
would be selectively concentrated by oviductal cells in co
culture.
Heyman et al.

(1987) reported that trophoblastic vesi

cles cultured in vitro secreted embryotrophic compounds into
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the culture medium. From the serum-free Menezo's B2 medium
incubated with trophoblastic vesicles, embryotrophic com
pounds were isolated as a low molecular weight fraction (180
to 2,500 MW) containing at least three active peptides. When
superovulated bovine embryos (1- to 2-cell stages) were
cultured in the culture medium with this embryotrophic
fraction, 5 of 21 embryos (24%) developed to the morula
(>16-cell) stage.
Pool (1989) used one of these three embryotrophic
trophoblastic peptides in the low molecular weight fraction
to culture superovulated 12- to 32-cell bovine embryos. This
trophoblastic peptide was prepared and supplied by Menezo.
In Ham's F-10 medium supplemented with 100 jug/ml of the
trophoblastic peptide, 28% of the embryos developed to the
blastocyst stage. However, this result was not better than
that from the control group. In the control medium alone,
33% of the embryos developed to the same stage. Moreover, no
embryos developed to the hatched stage in the culture medium
containing the trophoblastic peptide. However, in the con
trol medium alone, 11% of the embryos developed to the
hatched stage. These results showed that the trophoblastic
peptide used in the study of Pool (1989) was not a primary
embryotrophic factor secreted by the trophoblastic vesicles.
It was suggested that the peptide used in his study might
work synergistically with the two other trophoblastic pepti
des in the study of Heyman et al.

(1987).
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Eyestone and First (1988) proposed that using condi
tioned medium from oviductal cells would be more convenient
than using co-culture cells to culture embryos if condi
tioned medium would as effectively support the development
of early bovine embryos. Bovine IVM-IVF embryos developed to
the expanded blastocyst stage (38%) in conditioned medium
that was prepared from the supernatant of oviductal cell
culture (Eyestone and First, 1988). This result demonstrated
that conditioned medium from oviductal cells had the same
capability of enhancing the embryo development as did the
oviductal cell co-culture.
Wang et al.

(1990) also reported similar results. In

the conditioned medium of bovine oviductal cells, 32% of the
2- to 4-cell bovine IVF embryos developed to morula and
blastocyst stages. Heyman et al.

(1987) noted that condi

tioned medium obtained from trophoblastic vesicles supported
the development of superovulated 1- to 2-cell bovine embryos
up to the morula (>16 cells) stage (38.8%).
Thus far, no one has reported that hatched embryos were
obtained from the culture of IVF bovine embryos either in
the conditioned medium (Eyestone and First, 1988; Pollard et
al., 1990; Wang et a l ., 1990) or in the co-culture with
trophoblastic vesicles (Aoyagi et al., 1990; Nakao and
Nakatsuji, 1990; Scodras et al., 1990). Pool (1989) found
12- to 32-cell superovulated bovine embryos cultured with
bovine trophoblastic vesicles developed to the hatched stage
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(7%). Also, in the control medium, 1 of 41 (2%) embryos in
one experiment and 2 of 18 (11%) embryos in the other exper
iment hatched. It seems logical that these bovine embryos
from superovulated donors would have a better potential of
reaching the hatched stage of development than would the
IVF-derived embryos under a similar culture condition.
When we recall that IVF embryos in our experiment could
develop only up to the blastocyst stage in the control
culture medium alone, we note that this culture condition
would be comparable to those of the co-culture with tropho
blastic vesicles or to conditioned medium in which no cellembryo contact is present. These observations would empha
size the essentiality of the cell-embryo contact for the
improved viability of cultured bovine embryos. This would
suggest that cell-embryo contact in the co-culture is neces
sary for the IVF embryos to develop to the hatched stage.
Without the support of co-culture cells through the
membrane contact between the embryos and cells, bovine IVF
embryos could not reach the hatched stage, even in the pres
ence of either trophoblastic vesicles or the well-known
oviductal cell conditioned medium. Apparently, there seems
to be a difference of hatchability between the blastocyst
embryos developed from superovulated morulae and the blasto
cyst embryos developed from IVF oocytes. For the IVF embryos
cultured in the absence of cell-embryo contact with co
culture cells, there may be a developmental block from the
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blastocyst stage to the hatched stage in vitro. The reason
for the inability of blastocyst-stage bovine IVF embryos to
develop to the hatched stage in either conditioned medium or
in a co-culture of trophoblastic vesicles without cellembryo contact needs further investigation in the future.
So far, the development of superovulated or IVF bovine
embryos from the hatched stage to the elongated stage in
vitro has not been reported. In our experiments, hatched
embryos maintained the integrity of their shape while con
tinuously increasing in size for several days. Thereafter,
embryos began to lose their integral shape and eventually
collapsed. The disintegrated embryonic cells attached to the
surface of the culture substratum and began to spread as a
monolayer over either the plastic culture substratum or the
co-culture cell monolayer.
Kuzan and Wright (1982) used this attachment process of
embryonic cells to the culture substrata as an indication of
further development in vitro. However, bovine embryo implan
tation starts in utero around day 28 (Melton et al., 1951;
King, 1980). So, this attachment process that happens much
earlier than day 28 could not be assumed to be a natural
course of embryonic development after the hatched stage.
For the hatched embryos to develop further in vitro,
the dimensions of the culture system might be considered.
Pederson (1988) postulated that the absence of three dimen
sionality in in vitro co-culture may not allow normal cell
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to cell interactions that are vital to the morphogenesis in
the placenta. Freshney (1987) noted that the behavior of
cultured cells in vitro was different from their counter
parts in vivo. While cells in vivo interact with each other
based on a three dimensional geometry, cells cultured in
vitro usually propagate on a surface of two dimensional
substrate. Thus, cells in vitro lose specific cell interac
tions that characterize the histology of the tissue.
So far, embryos have been cultured conventionally on
two dimensional culture systems such as on the surface of
tissue culture substrata with or without co-culture cells.
If a three dimensional culture system could be devised to
provide three dimensional cell-embryo contact, mimicking the
uterine environment in vivo, more information could be
gained toward the objective of allowing hatched embryos to
reach the elongation stage in vitro. Further research is
needed in this area to develop a model of in vitro develop
ment of bovine embryos.
While co-culturing bovine embryos with trophoblastic
vesicles improved embryo development, the specific benefits
of this culture system remain relatively unestablished when
compared with those of cellular monolayers. Using 1-cell
ovine embryos, Rexroad and Powell (1988) tested the relative
efficiency of trophoblastic vesicles as opposed to oviductal
cell monolayers. Their study concluded that after 3 days,
those embryos co-cultured on oviductal cells showed greater
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development than did embryos in the other group. Still,
further studies are needed to satisfactorily determine which
of these two culture systems provides greater bene
fits.
Recently, Nakao and Nakatsuji (1990) reported that 2to 8-cell bovine IVF embryos developed to the morula stage
equally as well in the co-culture of trophoblastic vesicles
(36%) as in the co-culture of cumulus cells (38%). This
study showed that trophoblastic vesicles could be used to
improve the development of bovine IVF-derived embryos in
vitro. Interestingly, these authors observed that 7% of the
2- to 8-cell embryos developed to the morula stage when
embryos were cultured in TCM-199 with 10% FBS alone. This
result indicated that some IVF embryos passed the 8- to 16cell block stage in vitro without the help of co-culture
cells.
Even more interestingly, Zhang and Godke (1990, person
al communication) observed that more than 20% of 1-cell
stage bovine IVF embryos developed to the morula stage in
control medium of TCM-199 plus 5% FBS alone, without the
support of co-culture cells. This observation suggests that
there might be no real 8- to 16-cell block for the in vitro
development of bovine IVF embryos if culture conditions and
techniques could be further developed to the most favorable
level possible.
Without using co-culture cells, MaLaughlin et al.(1990)
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cultured one-cell bovine embryos in synthetic oviduct fluid
medium supplemented with human serum. These embryos were
collected surgically from superovulated heifers. After 6
days of culture, 76% of the 1-cell embryos developed to
blastocysts. This result indicated that 1-cell bovine embry
os were able to develop to blastocysts in an optimal culture
medium without the support of co-culture cells.
In the study of Nakao and Nakatsuji (1990), bovine
fibroblast cells from lung tissues of a bovine fetus were
also used to co-culture IVF embryos. In this study 6% of the
embryos developed to the morula stage on these fibroblast
cells. Compared with the co-cultures of trophoblastic vesi
cles or cumulus cells, the effect of the fetal lung fibro
blast co-culture on the development of IVF embryos was
marginal and no better than that of culturing embryos in
culture medium alone. The developmental rate of IVF embryos
cultured either on fetal lung fibroblasts or in control
medium alone was very low, in contrast to the results from
our experiments on IVF embryos of heifers and cows,
Oviductal epithelial cells have been obtained by scrap
ing the mucosal tissue on the oviductal luminal surface
(Eyestone and First, 1988) or by trypsinizing the luminal
surface of oviducts (Prichard et al., 1990). Oviductal
epithelial cells from the primary culture gradually lost
their original differentiated cell function as the subse
quent subpassage of cells was made by trypsinization of
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monolayer cells. After several subpassages, fibroblast cells
with no differentiated cell function dominated the cell
population of the co-culture. According to Freshney (1987),
fibroblast cells have the ability to withstand the trauma of
trypsinization and to proliferate rapidly, predominating the
cell population.
Parry et a l . (1987) reported that morphological differ
entiation in cultured epithelial cells could be maintained
if cells were grown on the proper culture substratum. Cul
turing epithelial cells on permeable filters in Millicell
(Millipore) chambers allowed the cells to maintain cellular
differentiation and polarity of secretory function. Milli
cell chamber cultures enabled easy access of the basolateral
surface of cells to the culture medium. In vivo, nutrients
pass into the epithelial cells through the basolateral
surface of cells (Parry et al., 1987).
Based on the findings of Parry et al.
et al.

(1987), Pollard

(1989) postulated that the co-culture effect of

oviductal cells on the development of IVF embryos would be
different depending on the cell culture substratum. Milli
cell inserts (Millipore) treated with Matrigel (Collabo
rative Research) were used to co-culture 2- to 4-cell bovine
IVM-IVF embryos on bovine oviductal epithelial cells. The
results showed that after 5 days of culture more IVF embryos
developed past the 8- to 12-cell stage from oviductal cells
maintained on Matrigel-Millicell substratum (75%) than from
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oviductal cells on tissue culture plastic plate (40%). It
was observed that oviductal cells cultured on the plastic
culture plate lost their characteristics of morphological
differentiation of epithelial cells within a week. In con
trast, oviductal cells cultured on Matrigel-Millicell sub
stratum maintained the functional cilia of epithelial cells
continuously.
Aoyagi et al.

(1989) compared the effects of co-cultur-

ing bovine embryos with oviductal epithelial cells, cumulus
cells, trophoblastic vesicles, or amniotic sac cells on the
development of 8-cell bovine embryos derived from in vitro
fertilization. Day 60-120 amniotic sacs that were dissected
into small fragments ( l x l mm) were used, and 7 to 10
fragments were placed in the culture well. When embryos were
cultured for 6 to 9 days, the percentage of those developing
to blastocysts was 1.9% from the control with TCM-199 plus
10% FBS, 39% from the co-culture with bovine oviduct epithe
lial cells, 19.5% with bovine cumulus cells, 50.7% with
bovine trophoblastic vesicles and 48.6% with amniotic sac
cells.
Aoyagi et al.

(1989) also transferred embryos to rabbit

oviducts for in vivo culture and obtained 29.3% development
to blastocysts. The recovery rate of embryos from rabbit
oviducts was not available from this paper. The results
demonstrated that co-culture of oviductal epithelial cells,
trophoblastic vesicles, or amniotic sac cells can be used to
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increase the development of in vitro fertilized bovine ova
into blastocysts. Pregnancy was obtained from 6 of 16 recip
ients (37.5%) with frozen embryos derived from the co-cult
ure with oviductal cells (1/2), trophoblastic vesicles (2/7)
or amniotic sac cells (3/7).
Recently, Wiemer et al.

(1989) and Menezo et al.

(1990)

reported that co-culture cells derived from animals would
support the further development of human IVF embryos in
vitro. These findings indicate that our bovine fetal spleen
cell or chick embryo fibroblast cell co-culture systems
could be tested to improve the development of human IVF
embryos in vitro.
Wiemer et al.

(1989) cultured human IVF zygotes on a

monolayer of fetal bovine uterine fibroblasts in a modified
Earle's balanced salt solution for less than 10 hours before
embryos were transferred in utero. Co-cultured embryos had a
high rate of embryo implantation (43%), compared with that
of cultured embryos in control medium alone (0%). Without
the help of co-culture cells, the embryo implantation rate
decreased rapidly over the short time period. In contrast,
the rate of implantation was higher if the embryos were co
cultured longer before transferred to the uterus.
Menezo et a l . (1990) cultured 2- to 6-cell stage human
IVF embryos on a monolayer of Vero cells for 5 days. The
Vero cells were an established cell line of Green monkey
kidney epithelial cells used to make human vaccines. Five
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hatched embryos were obtained from 41 co-cultured embryos,
which were initially judged as poor quality embryos and
unsuitable for the embryo freezing process for future use.
This result suggests that co-culturing embryos could improve
the viability of poor quality embryos that have begun to
show the signs of the degeneration process with some frag
mented blastomeres.
Fetal bovine serum is routinely used in culture systems
as a source of protein and other factors. There are
steroids, peptide hormones and growth factors in bovine
serum, the role of which in oocyte maturation remains to be
determined. Rexroad and Powell (1988) assayed FBS used in
their experiments to find if the presence of steroid in FBS
might influence the function of co-culture cells. These
researchers reported that the concentration of estradiol in
FBS was approximately 120 pg/ml, whereas the level of pro
gesterone was not detectable.
Stubbings et al.

(1989) measured the concentration of

estradiol and progesterone in 16 separate batches of FBS
from three commercial sources. The mean estradiol concentra
tion was 19.5 pg/ml and ranged from 3.5 to 28 pg/ml, and the
mean progesterone concentration was 68.7 pg/ml (range 13.8
to 192.6 pg/ml). These results showed that the concentra
tions of estradiol and progesterone in FBS are low and well
below the amounts that are normally incorporated into in
vitro maturation systems.

In our experiments, 2- to 16-cell IVF embryos in the
control treatment developed up to the blastocyst stage. It
would be easier for embryos in the 8- to 16-cell stage to
develop to the morula or blastocyst stage in the control
medium than for those in less than the 8-cell stage. To
study the notorious 8- to 16-cell developmental block of
bovine embryos in vitro. we would need to use IVF embryos at
the 1-cell stage. If we were to culture 1-cell stage embryos
on fibroblast cells of either BFS or CEF, cumulus cells, and
control medium alone, we could get more valuable information
about the embryonic developmental block at the 8- to 16-cell
stage. If an acceptable number of 1-cell bovine embryos cul
tured in the control medium alone would develop beyond the
block stage, this might suggest the possibility of the
absence of the 8- to 16-cell block in vitro.
Currently, the co-culture effect of the fibroblast
cells on the IVF-derived 1-cell stage bovine embryos has not
yet been thoroughly investigated. By comparing the devel
opmental capabilities of 1-cell bovine embryos on either the
cumulus cells or the fibroblast cells of BFS and CEF, we
could define the possible role of fibroblast cells as the
provider of cell-embryo contact in the embryo co-culture
system. Furthermore, the difference or similarity of the co
culture effect between the fibroblast cells and the func
tional epithelial cells of either oviducts or uterus origin
needs to be tested on the 1-cell stage bovine IVF-derived
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embryos.
Now that it is not difficult to obtain a substantial
number of hatched-stage bovine embryos from the IVF proce
dures, these hatched embryos could be cultured in vitro to
develop a proper model of a three dimensional embryo culture
system. The three dimensional culture system used for organ
culture (Freshney, 1987) might be employed to culture
hatched-stage embryos if it could be customized to accommo
date the much smaller size of bovine embryos as compared to
organs.
Our BFS and CEF co-culture systems might provide an
option to the embryo engineering technologies in the food
animal industry. The CEF co-culture system was easily pre
pared and maintained. Therefore, the CEF co-culture system
could be readily integrated into the modern technologies of
embryo engineering. After traumatic micromanipulation of
embryos with the techniques of embryo cloning, sexing,
freezing, gene injection and sperm injection, the viability
of the micromanipulated embryos could be enhanced by cul
turing in the BFS or CEF co-culture system until their
transfer to suitable recipient females.
The BFS and CEF culture systems also could be utilized
to improve the developmental capability of human IVF embry
os. If human IVF embryos could develop to the advanced stage
in our co-culture systems, these embryos could then be more
easily transferred to the uterus of the recipient woman than
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could the oviductal stage embryos. Moreover, a higher preg
nancy rate could be achieved by transferring the advanced
stage human IVF embryos (Wiemer et al., 1989). Further
studies of the developmental capabilities of the embryos on
the CEF and BFS co-culture systems are warranted.

SUMMARY AND CONCLUSION
Two unique fibroblast monolayer co-culture systems,
bovine fetal spleen cell monolayers (BFS) and chick embryo
fibroblast monolayers (CEF), both of which originated from
non-reproductive organs, were used to co-culture the bovine
embryos. The developmental capabilities of in vitro fertil
ized, precompaction-stage bovine embryos and superovulated
bovine morula-stage embryos were evaluated using these co
culture systems. To test the possible harmful effects of
these co-culture systems, superovulated murine morula-stage
embryos were cultured with these monolayers in Experiment I.
In Experiment II, superovulated bovine morula-stage
embryos were cultured in these co-culture systems up to the
hatched blastocyst stage. Finally, in Experiment III, the
developmental capabilities of in vitro fertilized precompac
tion-stage bovine embryos were compared among these two
monolayer culture systems, treatment without a co-culture
system and treatment with a cumulus cell monolayer co-cul
ture system. The reason for including the cumulus cell
monolayer treatment is that cumulus cell monolayer is the
most commonly chosen co-culture system for IVF embryos at
this time.
When transferable morula-stage murine embryos were
cultured for 72 hours in Experiment I, the percentage of
viable, developing embryos was 72% for the control

(Treat

ment A), 85.3% for BFS (Treatment B) and 66.7% for CEF
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(Treatment C ) . Treatment B had more viable and developing
embryos (P <.05) than Treatment A and Treatment C. The
percentage of hatched embryos was 62.7% for Treatment A, 76%
for Treatment B and 57.3% for Treatment C. Culturing murine
embryos on the CEF co-culture system did not offer any
advantage in culture viability of murine embryos when com
pared with the control treatment. Correspondingly, CEF and
BFS co-culture system did not induce any detectable toxic
effect on these developing murine embryos.
When transferable morula-stage bovine embryos were
cultured for 72 hours in Experiment II, the percentage of
viable and developing embryos was 70% for the control
(Treatment

A), 90% for BFS (Treatment B) and 83.4% for CEF

(Treatment

C ) .The percentage of embryos that hatched in

vitro

45% in Treatment A, which tended to be less (P

was

<.10) than

the 75% of those that hatched in Treatment B and

the 83.4% of those that hatched (P <.05) in Treatment C.
In Experiment III, when cleaved embryos obtained from
in vitro fertilization of oocytes from heifers were cul
tured, the percentage of development to morula stage was 58%
for the cumulus cell monolayer (Treatment A ) , 46% for BFS
(Treatment B ) , 44% for CEF (Treatment C) and 56% for the
control in TCM-199 alone (Treatment D ) . The percentage of
development to blastocyst-stage embryos from heifer oocytes
was 32% for Treatment A, 18% for Treatment B, 18% for Trea
tment C and 26% for Treatment D.
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The percentage of hatched blastocyst development from
the cleaved IVF embryos of heifer origin was 18% for Treat
ment A, 8% for Treatment B, 6% for Treatment C and 0% for
Treatment D. More cleaved embryos developed to hatched
blastocysts from the cumulus cell monolayer treatment and
BFS treatment than from the control in TCM-199 alone. CEF
treatment was not as effective as the cumulus cell monolayer
treatment, and less cleaved embryos developed to the hatched
blastocyst stage from the control in TCM-199 alone compared
with the co-culture treatments.
When cleaved embryos obtained from in vitro fertiliza
tion of oocytes from cows were cultured, the percentage of
development to the morula stage was 72% for cumulus cell
monolayer (Treatment A ) , 60% for BFS (Treatment B ) , 56% for
CEF (Treatment C) and 40% for the control in TCM-199 alone
(Treatment D ) . Less embryos developed to morula-stage embry
os in the culture medium only, without co-culture treatment,
than in the cumulus cell monolayer treatment.
The percentage of development to blastocyst-stage
embryos from cleaved IVF embryos of cows was 32% for Treat
ment A, 20% for Treatment B, 36% for Treatment C and 16% for
Treatment D. The percentage of hatched blastocysts develop
ing from the cleaved IVF embryos of cows was 20% for Treat
ment A, 8% for Treatment B, 28% for Treatment C and 0% for
Treatment D. More cleaved embryos developed to hatched
blastocysts from the cumulus cell monolayer treatment and
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CEF treatment than from the control group in TCM-199 alone.
The BFS treatment was not as effective as the CEF treatment
for obtaining hatched blastocysts.
These results showed that the CEF treatment was as
effective as the cumulus cell monolayer treatment in the
development rate of IVF embryos from cows to the hatched
blastocyst stage. In contrast, for IVF embryos from heifers,
the cumulus cell monolayer treatment tended to produce more
hatched blastocyst-stage embryos than did the CEF treatment.
The reason that, in CEF treatment, more IVF embryos of the
cow group developed to the blastocyst and hatched stages
than did those of the heifer group is unknown at this time.
No cleaved embryos in the control group with TCM-199 alone
developed to hatched blastocysts from IVF embryos of either
heifers or cows.
These results indicate that the bovine fetal spleen
cell monolayer and the chick embryo fibroblast monolayer are
useful for the co-culturing of bovine embryos. The con
venience of obtaining cell sources for monolayers from 10to 11-day-old chick embryos from a local hatchery would make
the CEF advantageous over other co-culture systems.
The results of co-culturing superovulated bovine embry
os demonstrate the capability of bovine embryos to develop
in the bovine fetal spleen cell monolayer and chick embryo
fibroblast monolayer. In comparison to the BFS and CEF
culture systems, fewer embryos in DMEM alone could maintain
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viability for up to 72 hours without increasing zona hatch
ing.
The results obtained from the co-culture of cleaved
bovine embryos from in vitro fertilization of oocytes from
heifers and cows indicated that factors in the co-culture
systems are capable of supporting the hatchability of bovine
embryos developed from the cleaved embryos (2- to 16-cell
stage). In particular, the chick embryo fibroblast cell
monolayer treatment for the development of cleaved IVF
embryos of cows to hatched blastocysts was as effective as
the cumulus cell monolayer treatment. In this experiment, no
cleaved embryos developed to hatched blastocysts without the
help of co-culture treatments.
The overall results showed that the bovine fetal spleen
cell monolayer is a good culture system for superovulated or
in vitro fertilized bovine embryos. The chick embryo fibro
blast monolayer could be used for culturing superovulated or
in vitro fertilized bovine embryos when other cell culture
systems are unavailable.
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