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ABSTRACT To investigate the efficiency of establishment and maintenance of bovine embryonic stem
(ES) cell lines, the inner cell mass (ICM) of embryos derived from in vitro production was isolated for
ES cell preparation by removal of trophoblasts with protease. Feeder cells from bovine, mouse and
mixed fibroblasts were produced from mouse and bovine embryonic fibroblasts. The feeder cells were
selected and purified through 30 passages. Stabilized feeder cells with their good contact and forming
monolayer were used for long-term culture of bovine ES cell lines. The efficiency of bovine ES cell
attachment on mouse or mixed feeder cell monolayer increased when compared to those using bovine
feeder cells. Bovine ES cell lines were cultured and maintained in undifferentiated state longer on mixed
fibroblasts (258±19 days) than bovine (225±6 days) or mouse (196±49 days) fibroblasts. The ES cell
lines were identified as pluripotent by alkaline phosphatase (AP) staining and forming the embryoid
body. Vitrification procedure for cryopreservation of ES cells showed a higher survival rate than the
conventional freezing method. These data suggest that mixed fibroblast feeder cells were more efficient
for long-term culture of bovine ES cell lines than using only mouse or bovine fibroblasts.
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INTRODUCTION

Embryonic stem (ES) cells are totipotent cells
deriving from inner cell mass (ICM) of preimplan-
tation embryos,1-2 embryonic germ (EG) cells and
fetal germ cells.3-4 They are capable of unlimited
and undifferentiated proliferation in vitro. ES cells
have been established in the mouse1-2 and were
shown to be capable of contribution to any kind of
tissue when being combined with normal
preimplantation embryos as chimeras.5 Totipotent
ES cells provide a powerful tool for the studies of
early embryonic development,6-8 gene targeting,9-11

cloning12-13 and regenerative medicine.14-15 Because
of their potential use for targeted gene manipulation,
isolation of ES cells in livestock species could
have numerous agricultural, biomedical and
pharmaceutical applications. The use of ES cell
technology in livestock may overcome current
limitation on efficient gene transfer by providing
an abundance of totipotent stem cells to be
genetically manipulated by using conventional
recombinant DNA techniques. However, efficiency
toward establishment of ES cell lines from species
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other than the mouse was low.16-18 Therefore, a
thorough understanding of the factors or conditions
for ES cell isolation and long-term maintenance
is crucial.

Recent research studies attempted to use different
kinds of feeder cells to support ES cell growth 19 and
prevent cell differentiation.20 Mouse ES cells were
isolated on mouse embryonic fibroblasts21 in medium
supplemented with or without leukemia inhibiting
factor (LIF).22-23 This factor is a cytokine produced
by a number of sources including mouse fibroblast
cell lines (STO), buffalo rat liver (BRL) cells, Vero
cells and human embryonic fibroblasts. It is
considered an important factor to prevent ES cell
differentiation.22,24 LIF producing STO cells have
been commonly used for isolation of mouse ES cell
lines. BRL-conditioned medium combined with STO
feeder cells was described for isolation of mouse ES
cell lines.25 Since bovine fibroblasts and oviductal
cells have also been demonstrated to synthesize LIF,26

the aim of this experiment was to use mixed feeder
cells of mouse and bovine embryonic fibroblasts to
increase the efficiency of bovine ES cell isolation and
long-term maintenance.
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MATERIALS AND METHODS

Mouse fibroblast feeder cells
Fifteen-day-old mouse fetuses were dissected

from the uteri and separated from placental tissue.
The carcass was washed in phosphate buffer saline
(PBS) and transferred into a tissue culture dish
containing 3 ml of 0.25% trypsin/ethylene glycol
tetraacetic acid (trypsin/EGTA). It was then finely
minced and incubated for 5 min at 37oC. The trypsin
disaggregate was neutralized with 5 ml of Dulbecco’s
Modified Eagle’s Medium (Gibco,Grand Island, NY)
containing 10% (v/v) new born calf serum (NCS;
DMEM10). The suspension was then transferred to a
conical centrifuge tube and large pieces of cellular
debris were allowed to settle for 2-3 min. The
supernatant containing the fibroblasts was
transferred to 25 ml tissue culture flasks or 60 mm
dishes and cultured at 37oC in 5% CO2 humidified
incubator. The fibroblasts were subcultured as
previously described.27

Bovine fibroblast feeder cells
Bovine fetuses at about 45 days old were retrieved

from a local slaughterhouse. The heads, bones and
abdominal organs of the fetuses were removed. The
remaining tissues were minced and digested using 5
ml 0.25% trypsin/EGTA for 15 min before
neutralizing with DMEM10. The minced tissues were
put into a conical centrifuge tube and centrifuged
for 1 min at 500 rpm. The supernatant was transferred
to 25 ml tissue culture flasks or 60 mm dishes. The
cells were observed every 12 hours under x20
inverted microscope. When over 50% of the cells
had attached to the bottom of the containers, the
media were changed within 24 hours and subculture
was performed during cell confluence.

Isolation of feeder cell lines
When fibroblast layer was confluent, they were

disaggregated with 0.25% trypsin/EGTA. The
concentrations of feeder cells were determined and
transferred into other tissue culture flasks or dishes
with the concentration of 2x104 cells/ml. After 3 days
of mouse fibroblast culture and 5 days of bovine or
mixed fibroblast culture, the colonies were separated
with a blunt needle. The fibroblast colonies were
disaggregated by transferring into four-well dishes
containing 0.25% trypsin/EGTA for 3 min at 37oC.
The glass pipettes were used to aspirate and expel
the medium several times for cell separation and then
neutralized with DMEM10. These cells were cultured
in 5% CO2 incubator at 37oC. When the cells were

confluent, they were collected and disaggregated
again with the same method and were subcultured
for 10 passages.

Production of mixed fibroblast feeder cells
After 10 passages of mouse and bovine fibroblast

subculture, one half of bovine fibroblasts and one
half of mouse fibroblasts were pooled. The final
concentration of the mixed cells was 5x104 cells/ml.
When the cells were confluent, they were
disaggregated with 0.25% trypsin/EGTA and
neutralized with DMEM10. The same passaging
procedure was repeated for at least 30 passages.
When the cell monolayer surface became very flat
and smooth without morphological and pH changes
for at least two weeks, it was well stabilized. These
stabilized mixed feeder cells were used for long-term
isolation and culture of bovine ES cells.

Isolation and culture of embryonic stem cells
The culture medium for bovine ES cells

containing 20% NCS was called DMEM20. The
embryos were produced from the procedures of in
vitro maturation, fertilization and development.28

The ICM of hatched embryos was disaggregated with
3% protease for 10 min at 37oC. Then, they were
transferred to DMEM20 supplemented with 0.2 mM
mercaptoethanol and 1000 iu/ml LIF (Gibco) in 75
ml flasks covered previously with 0.5% gelatin
(Sigma,St. Louise, MO) in distilled water. The ICM
was also separated into either single cells or pieces
containing 5-15 cells. The cell suspensions were
transferred into 75 ml flasks or four-well culture
dishes coated with a single layer of mouse, bovine
or mixed feeder cells. After culturing for 3 weeks,
colonies with a morphology resembling ES cells were
selected for further passage and alkaline phosphatase
(AP) staining.

Alkaline phosphatase staining
AP activity was determined as previously

described.29 Briefly, culture medium was removed
from the plates and ES cells were fixed with 4%
paraformaldehyde for 20 min. Fixed cells were
washed twice with PBS and stained in 200 µg/ml
naphtol AS-MX phosphate (Sigma) and 1 mg/ml Fast
Red TR salt (Sigma) in 100 mM Tris buffer, pH 8.2
for 30 min at room temperature. Staining was
terminated by washing cultures in PBS. Positive AP
staining is characterized by red color.

Long-term culture of bovine ES cells
The colonies of ES cells were passaged using 2%
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protease to separate the cells and replated on fresh
mouse, bovine or mixed feeder cells. The media were
replaced every other day, and the cells were passaged
every 7 days for mouse feeder cells and 12 days for
bovine or mixed feeder cells. The ES cells were
observed every day to evaluate their differentiation
according to morphology and AP staining.

Vitrification of ES cells
Three kinds of cryopreservation solutions were

prepared with DMEM. The two vitrification solutions
were DMEM with 20% (v/v) ethylene glycol (EG)
plus 25% (v/v) dimethyl sulphoxide (DMSO), and
20% (v/v) propanediol plus 25% (v/v) DMSO. The
conventional freezing solution contained only 10%
DMSO. Two-ml cryo-tubes were used for loading the
ES cells at a final concentration of 3x106 cells/ml.
After equilibration at -4oC for 2 min, the cryo-tubes
with ES cells were directly plunged into liquid
nitrogen (LN2). After storage for at least one week,
the cryo-tubes were warmed rapidly in 25oC water.
The ES cells in the vitrification or conventional
freezing solutions were expelled into tissue culture
dishes. Then, 0.5 M sucrose in DMEM was added
and incubated for 5 min to remove cryoprotectants
from ES cells. The ES cell suspension was transferred
into a 10 ml centrifuge tube, and 4 ml DMEM10 was
added before centrifugation at 3000 rpm for 5 min.
The supernatant was discarded. The pellet was
resuspended with 2 ml DMEM20 and the cell
concentration was determined by hemacytometer.
The final concentration of ES cells was 2x104 cells/
ml for the co-culture with feeder cells.

Statistical analyses
The effects of feeder cells on the time of

attachment, differentiating inhibition time of bovine
ES cells were analyzed by Students t-test. A chi-
square analysis was performed to determine the effect
of feeder cells on the rate of attachment and the effect
of the vitrification solution on survival rate of bovine
ES cells.

RESULTS

Isolation and long-term establishment of bovine
ES cell lines

As shown in Table 1, mouse and bovine feeder
cells had different advantages in supporting bovine
ES cells. Mouse fibroblasts have been proved superior
over bovine fibroblasts for bovine ES cell attachment
(p<0.05). The percentage of bovine ES cell
attachment on mouse, bovine and mixed fibroblasts
were 80, 55 and 78%, respectively. It took an average
of 36 hours for ES cells to attach on mouse or mixed
feeder cells and 72 hours on bovine feeder cells.
Bovine ES cell lines could be maintained in culture
on a feeder layer of mouse, bovine or mixed
embryonic fibroblasts by passaging every 7 days for
mouse fibroblasts and 12 days for bovine or mixed
fibroblasts. Table 1 also demonstrates differences in
the ability to inhibit ES cell differentiation by various
types of feeder cells. Mixed fibroblasts appear to
inhibit bovine ES cell differentiation better (p< 0.05)
than mouse fibroblasts. The efficiency of bovine
fibroblasts to maintain undifferentiated bovine ES
cells was longer than mouse fibroblasts, however,
no significantly different was observed. When the
bovine ES cells were co-cultured with mixed feeder
cells, the efficiency of bovine ES cell isolation was
significantly increased.

ES cell colonies were classified as stem or
differentiated colonies according to their
morphology and AP staining. The ES cell colonies
exhibited morphology characterized by prominent
colonies and tightly packed with very small cells (Fig
1). The colonies of ES cells were disaggregated into
single cells showing the morphological
characteristics of a small cell and round shape with
a small proportion of cytoplasm to nuclei. The shapes
of ES cells co-cultured with mouse, bovine or mixed
fibroblasts were not different. The AP activity was
present in a number of ES cell lines (Fig 2) that
culturing on all types of feeder cells. The occurrence
of AP-positive cells was lost when the ES cells had

Table 1. Effect of different types of feeder cells on attachment and long-term culture of bovine ES cells.

   
Feeder cells

Time of attachment No. of attachment Differentiating
(hours) (%) inhibition time (days)

Mouse fibroblasts 36±18a 40/50 (80%) a 196 ±49 a

Bovine fibroblasts 72±24 b  28/51 (55%)b 225±6 ab

Mixed fibroblasts 36±18 a 35/45(78%) a 258±19b

a,b Values with different superscripts are significantly different (p<0.05).
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differentiated. The differentiated ES cells were
identified by the criteria of cell aggregation and
forming embryoid body (Fig 3).

Vitrification of bovine ES cells
After warming of the cryopreserved ES cells and

culture for 24 hours, the difference of living and dead
cells could be distinguished from their colors and
shapes under the phase-contrast microscope. The
dead cells shrunk after being warmed but the living
cells could recover to their original morphology. The
rates of ES cell survival after cryopreservation and
warming decreased gradually with subsequent
subcultures. At the first few passages the survival
rates were 30 to 50% and decreased to only 10 to
20% after 20 passages (Table 2). The vitrification
solution with 20% EG plus 25% DMSO, or 20%
propanediol plus 25% DMSO provided a significantly
(p<0.05) higher survival rate of ES cells than those
thawed and cultured in the conventional freezing
method using 10% DMSO.

DISCUSSION

The present study has demonstrated the
successful long-term culture of bovine ES cell lines
using mixed feeder cells. Although the attachment
of bovine ES cells to mouse fibroblast cell monolayer
was more efficient than to that of bovine. ES cells
remained undifferentiate longer on a bovine or mixed
fibroblast cell layer. This means that the attachment

Fig 1. Bovine ES cell colonies are growing on stabilized mixed
feeder cells. The colonies were tightly packed with very
small undifferentiated ES cells.

Fig 3. The differentiated ES cells were identified by the criteria
of cell aggregation and forming embryoid body (arrows).

Fig 2. Alkaline phosphatase staining of bovine ES cells. Most of
ES cells exhibit an AP-positive staining.

Table 2. Survival rates after 24-hour culture of vitrified-
warmed bovine ES cells in various vitrification
solutions.

Passage
Survival rate (%)

Solution 1a Solution 2a Solution 3b

2 50 50 30

4 50 50 30

6 50 50 30

8 50 50 30

10 50 40 30

12 50 40 20

14 40 40 20

16 40 40 20

18 30 20 10

20 30 20 10
a,bValues with different superscripts are significantly different

(p< 0.05).

Solution 1 20% EG plus 25% DMSO

Solution 2 20% Propanediol plus 25% DMSO

Solution 3 10% DMSO
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of ES cells on different feeder cells differs
physiologically. Attachment of ES cells onto feeder
cells occurs by the affinity of the molecules on both
surfaces of ES cells and fibroblasts. The reason for
the low affinity between bovine ES cells and
fibroblasts of the same species remains unknown but
there are few possibilities to explain higher
differentiating inhibition by bovine fibroblasts. First,
prevention of ES cell differentiation depends on the
interaction between LIF and differentiation-
inhibiting receptors on the surface of ES cells,30

which supposedly transmit signals to ES cell nuclei
to prevent gene activation for cell differentiation.
Although mouse fibroblasts produce LIF, which
maintains the undifferentiated state of mouse ES
cells, it may be species specific. It may not effectively
interact with bovine LIF receptor or require other
cofactors to be able to respond with LIF receptors
on the bovine ES cells.31-33 LIF receptor may only be
able to recognize homologous LIF produced by
bovine embryonic fibroblasts. Nevertheless, human
LIF was reported to maintain undifferentiated state
of lower species as porcine ICM29 and ES cells of
rhesus monkey.34 Second, the concentration of the
differentiation-inhibiting factor released from bovine
embryonic fibroblasts may be higher and the life span
of the factor may be longer than factors secreted by
mouse fibroblasts. Third, mouse fibroblasts may
produce suboptimal quantities of LIF. Pease et al22

have demonstrated that the amount of LIF present
in culture medium conditioned by mouse feeder cells
was as low as 500 units/ml, which is below the
optimal concentration (1000 units/ml) necessary to
culture ES cells. Our finding of bovine fibroblasts in
inhibition of ES cells differentiation suggests that
bovine fibroblasts have function similar to LIF in
preventing bovine ES cell differentiation.

Mitomycin C has been used to block feeder cell
division, but it has a side effect on ES cell prolife-
ration even when it is washed out. In the present study,
the stabilized condition of feeder cells was employed
instead of using mitomycin C. The area of good
contact of flat and smooth feeder cell monolayer
forming on the bottom of culture dishes has a good
inhibiting property for ES cell culture. Therefore, the
establishment of stabilized mixed feeder cell lines in
our study played an essential role in a long term
culture of bovine ES cells. The AP-positive cells were
found in tightly packed ES cell colonies and AP was
lost when the differentiated cell formed embryoid
body. AP was abundant in the most undifferentiated
mouse ES cells, mouse embryonal carcinoma (EC)
and most human EC cells.35-36 AP activity was rapidly

lost in bovine epiblast cells as they differentiated.37

There are very limited reports concerning
vitrification of ES cells, in spite of many researches
conducted on vitrified embryos of different
animals.38-39 DMSO was a common and an effective
cryoprotectant used in either conventional or
vitrified procedures. The common concentration of
DMSO in freezing solution for cryopreservation of
different kinds of cells is 10%. Recently, its
concentration was raised up to 40% in order to vitrify
embryos. EG has a higher permeability property and
has been used for bovine embryo cryopreservation
in our previous work.40 We obtained a high
pregnancy rate after the transfer of bovine embryos
cryopreserved with EG solution. In the present study,
these two cryoprotectants were combined in order
to increase their permeability, shorten the exposure
time, minimize their toxicity to ES cells and improve
the efficiency of vitrification. Propanediol was also
used to cryopreserve embryos and other somatic cells
and showed lesser toxicity in bovine embryo
cryopreservation41 However, the present study
revealed lower survival rate of ES cells vitrified with
propanediol. The reason may be due to its lower
permeability than other cryoprotectants.
Nevertheless, the present study demonstrated that
bovine ES cells could be cryopreserved without using
a programmed machine. If a freezing machine was
utilized to complete the procedure, it would require
more time and be complicated. The vitrification
method reported here could simplify the procedure
and improve the viability of ES cells.
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