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I. INTRODUCTION

Embryonic stem cells have been isolated from
the late stage inner cell mass of mouse blastoc-
ysts (Evans and Kaufman, 1981) or morulae
(Eistetter, 1989) and cultured on differentiation
inhibiting mouse fibroblast feeder layers to large
cell numbers. These ES cells exhibit pluripot-
ency. When chimerized with normal embryonic
cells, they result in ES cell chimeric offspring

and pure ES cell germ line descendants (Evans
and Kaufman, 1981; Stewart, 1991). In mice ES
cells have been used to study embryo develop-
ment, cell fate and lineage (Joyner, 1991). More
important to livestock production ES cells could
provide, as they do in mice, a mechanism for
gene transfer by transfection, infection or injec-
tion of genes into the cells (Evans and Kauf-
man, 1981 ; Gossler et al., 1986; Lovell-Badge
et al., 1987; Joyner, 1991: Stewart, 1991; Ander-
son, 1992). Using a selective marker, the trans-
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genic cells could be separated and used by chim-
erization into a cleavage stage embryo or blasto-
cyst, as in mice to produce transgenic offspring
(Hooper et al., 1987: Joyner, 1991: Stewart,
1991). Additionally, homologous recombination
techniques can be used with cultured ES cells to
add or delete genes specific sites in the genome
(Koller et al., 1989; Capecchi, 1989; Stanton et
al.,, 1990; Yagi et al., 1990). The ES cells also
provide a large population of totipotent cells po-
tentially useful for production of clonal offspring
by nuclear transfer (First and Prather, 1991).
‘This also provides a possible way for production
of offspring from transgenic ES cells. Until re-
cently as published in this paper and those of
Wheeler (1994) and Sims and First(1993, 1994)
evidence of ES cell totipotency and use of ES
cells for the above purposes have been achieved
only with mouse ES cells (Hooper et al., 1987;
Koller et al., 1989: Capecchi, 1989; Stanton et
al., 1990; Yagi et al., 1990; Stewart, 1991:
Anderson, 1992). Cultured ES cells have great
value for use in domestic animals to: 1) make
large numbers of clonal offspring by nuclear
transfer, 2) provide efficient gene transfer, with
use of selectable markers for transgenes, and 3)
as a mechanism for site specific gene transfer or
deletion via site specific homologous sequence
recombination. Development of a totipotent ES
cell system depends on: 1) identification and
isolation of ES cells, 2) the ability to inhibit dif-
ferentiation and commitment to differentiate, 3)
the ability to culture and passage, 4) demon-
stration of pluripotency on removal of differen-
tiation inhibition, and 5) demonstration of tot-
ipotency as evidenced by ES cell offspring or of-
fspring form ES cell chimeras.

This paper will focus on some of the variables
affecting the isolation, derivation, culture, plur-
ipotency and totipotency of bovine putative ES

cells. These variables include : stage of the em-

bryo supplying putative ES cells, methods of ES
cell isolation, culture methods and differen-

tiation prevention,

I. ESTABLISHMENT OF ES
CELL CULTURES

Most attempts to isolate and culture inner cell
mass cells have been based on or adapted from
the original methods of Evans and co-workers
for mice(Evans and Kaufman, 1981). These met-
hods have involved placing either the entire day
4 hatched mouse blastocyst or its ICM after im-
munosurgical removal of the trophoblast cells
onto a murine mitomycin C and LIF treated fi-
broblast feeder layer, The ICM is allowed to out
grow for 3~4 days and is then picked off and
briefly incubated in trypsin to disaggregate the
cells.

In bovine there is no discrete epiblast so some
workers have allowed outgrowth for as long as 7
days. Conceptually, there may be problems as-
sociated with this method. First cells undergo-
ing prolonged association with each other may
transcribe information and some become com-
mitted to differentiation before isolation or in-
fluence of LIF. Second the trypsin treatment
may be damaging to the cells and their lineage.

It is known that mouse ES lines passaged with

Table 1. Use of loose suspension cultured inner
cell mass cells as donors of nuclei in
nuclear transfer to produce blastoc-

ysts
~ Cell lines 5
Culture duration
mean 37 days
maximum 101 days
Nuclear transfers 659
Blastocysts 109(15%)

adapted from Sims and First (P.N.A.S., 1994)
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Table 2. Use of loose suspension cultured inner cell mass cells as donors of nuclei in nuclear trans-

fer to produce blastocysts and calves

Cell lines

Cultrue duration ( X days)
Nuclear transfers
Blastocysts

5

34

239
42 (14%)

Blastocysts (n==34) transferred into cows (n=27)

Pregnant at 42 days 13
Fetuses at 56 days

Calves born

(49%)
10 (37%)
4 (12%)

adapted from Sims and First (P.N.A.S., 1994)

Fig. 1. Cell population in loose suspension mic-
rodrop culture on proliferation of cul-
tured bovine ICM cells.

the use of trypsin can exhibit abnormal karyot-
ypes with frequencies as high as 30 to 50%
(Stewart, 1991). These methods also presume
that the technician knows exactly how to dis-
tinguish an ES cell from other cells,

Because these mothods had not produced tot-
ipotent ES cell lines in domestic animals { Ander-
son, 1992), we chose in the first experiment to
physically disassociate the ICM cells by 4 days
after immunosurgery and to culture in a loose
suspension culture of cells in media (Sims and
First, 1993, 1994: Tables 1 and 2). The idea be-
ing that cell-to-cell contact is required for dif-

ferentiation and preventing contact should pre-

Fig. 2. Bovine embryoid bodies from microdrop
culture of ICM cell in loose suspension
microdrop culture.

vent differentiation. There was no apparent dif-
ferentiation unitl the ICM cell population grow-
th forced ICM cell contacts in a microdrop at
about 1,500 cells /microdrop (Fig. 1). The result
being formation of embryoid bodies (Fig. 2).
With precompaction morulae, there is no need
for immunosurgery of trypsin because the cells
are easily and immediately separated by pipett-
ing through a small bore pipette and by micro
neelde separation. In our experience, ICM or
morulae derived cell lines have not usually be-
come established without initially disaggregat-

ing the cells.
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II. CULTURE METHODS AND
MEDIA

Most attempts to culture bovine ES cells
have been patterned after the ES cell isolation
and culture methods employed for culture of
mouse ES cells and these are essentially the
original methods of Evans and Kaufman (1981).
The ES cells are cultured on mouse fibroblast
cells, usually STO cells which are mitomycin C
treated to prevent outgrowth of the feeder lay-
er. To this is added murine LIF or STO cells
transfected with the gene for murine LIF which
promotes mitosis of ES like cells while prevent-
ing their differentiation (Stewart, 1991). Most
attempts to culture bovine ES cells in this man-
ner have resulted in demonstration of pluripot-
ency, but not totipotency (Evans et al., 1990;
Strelchenko et al., 1991: Saito et al., 1992;
Anderson, 1992; Stice et al.,, 1994; Strelchenko
and Stice, 1994) except for presence of bovine
ES cells in a chimeric fetus (Stice et al., 1994).
However, use of the mouse culture system has
resulted in extensive proliferation and extensive
passage of the cultured cells. It has been sugges-
ted that muring LIF and the mouse culture sys-
tem are not effective in preventing the in-
itiation of differentiation in cultured ES cells of
domestic species (Anderson, 1992). It is known
that the base sequences of DNA of human and
murine LIF have 75% homology (Stahl et al.,
1990). It is also known that the base sequences
of ovine and probably bovine LIF are more like
human LIF than mouse LIF (Williarms, per-
sonal communication),

It may be that bovine specific culture systems
need to be developed. Our first attempt was the
use of a loose suspension culture, Mouse ES cel-
Is had already been cultured without feeder lay-

ers by use of fibroblast conditioned media or

cell-free media with LIF added (Pease et al.,
1990; Stewart, 1991). Totipotent embryonal car-
cinoma lines have also been isolated and cul-
tured in cell-free media without added LIF (Min-
tz and Cronmiller, 1981: Stewart and Mintz,
1981).

To develop a loose suspension culture, several
differentiation inhibiting and mitotic factors in-
cluding LIF and BRL cell conditioned media
were tested in various media combinations for
their ability to promote prolonged mitotic ac-
tivity of ICM cells cultured in loose suspension.
Only media consisting of CRlaa (Rosenkrans and
First, 1994) plus SIT and either glucose, rif-
ampicin, laminin, or 10% FCS supported mitosis
through two weeks of culture. Of these, only
CRlaa plus SIT plus 10% FCS allowed mitosis
and continued proliferation of ICM cells through
week four. ICM cells from day 8 and 9 bovine
blastocysts multiplied in culture when cultured
in CRlaa plus SIT and 10% FCS with some lines
reaching 2,000 cells after two weeks of culture.
These cells have the appearance of mouse ES
cells; small cells with large nuclei, little cyto-
plasm and prominent nucleoli. When removed

from nondifferentiating conditions and allowed

6000

Control
+10% FCS

5000+

40004

30001

Cell No.

Day in culture

Fig. 3. The population growth of loose suspen-
sion cultured ICM cells following the ad-
dition of FCS on Day 4 embryo culture
before establishment of ICM cell culture.
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to aggregate, the cultured cells formed
embryoid bodies. These embryoid bodies do not
appear to differ morphologically from mouse
embryoid bodies.

Interestingly the inclusion of fetal calf serum
to the last four days of the culture of the em-
bryos making up a cell line considerably improv-
ed the proliferation of the resultant cultured
ICM cells (Fig. 3).

Initial loose suspension culture studies with
pooled embryos produced cell lines which prol-
iferated slowly, but usually lost life by five
weeks of culture. Live dead staining at three
weeks with calcein AM (live) or ethidium hom-
odimer (dead) showed approximately 80% live
cells (green) and 20% dead (red) or dying (or-
ange to yellow) cells whereas at five weeks,

nearly 80% were dead or dying. When single

embryo lines were attempted with this culture
system, only a few (Table 3) of none (Table 4)
survived for more than one week. Although nu-
clear transfer blastocysts and offspring were
produced from pooled embryo short-term, loose
suspension cultures, this method was clearly in-
adequate for extensive cell proliferation or
long-term culture.

We have recently replaced this method with
the use of bovine fetal fibroblast cells derived
from a 30-day bovine fetus as feeder layer in a
microdrop of the same CRlaa SIT, 10% fetal
calf serum media previously decribed. Both
ICM and precompaction morulae cells prolifer-
ate rapidly and tend to overgrow the feeder lay-
er to form embryoid bodies unless new feeder
cells are added at least once per week. Data for

establishment of cell lines and early cell prolifer-

Table 3. Effect of number of ICM cells starting a loose suspension culture on ICM cell survival

No. inner cell masses

No. cell lines

starting cell line

Started

Surviving at 1 month

1
3

37(23.9)
172(74.5)

*P<o.01

Table 4. Effect of number of 16~20 cell precompaction morulae starting a culture on ES cell sur-

vival and proliferation

No. embryos Initial

Cultured 10 days

in cell line #t Lines # Cells #t Lines # Cells # Cells /embryo
1 65 18 - - -
3 46 52 14 5,539 1,846
5 32 86 17 25,670 5134

Table 5. The effect of single vs. multiple 16~20 cell bovine embryos in feeder layer microdrops on

establishment of embryonic stem cell lines

No. embryos per line N Cells /drop Cells /embryo Lines
1 65 18 0/65 (0)
3 46 17.3 14 /46(30.4)
5 32 17.2 17 /32(53.1)
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ation data from media are shown in Tables 4 and
5. Totipotency of ICM or 16~20 cell-stage cells
cultured on this feeder layer is as yet untested,
These culture systems represent a primitive at-
tempt to understanding how to culture bovine
ES cells and to understanding the requirements
of bovine ES cells mitosis, differentiation or pre-
vention of differentiation. Much research is yet
needed to identify optimum culture conditions
for bovine ES cells,

V. STAGE OF EMBRYOS USED
TO MAKE ES CELL LINES

In mice successful ES cell lines, as evidenced
by chimeric offspring, have usually been derived
from outgrowth of epiblast cells of the inner cell
mass of day 4 blastocysts as described originally
by Evans and Kaufman (1981). There is evi-
dence that late stage ICMs with higher cell
counts, more consistently from cultures and tot-
ipotent cell lines. Mouse ES cell lines have also
been formed from morulae (Eistetter, 1989). Es-
tablishment of ES cell lines have also been at-
tempted from murine primordial germ cells.
Interestingly when used in nuclear transfer 2-ce-
1, 8-cell, ICM derived cells and male, but not
female, primordial germ cells resulted in some
blastocyst but only 2- and 8-cell nuclei were tot-
ipotent and resulted in offspring (Kato and Tsun-
oda, 1993).

When totipotency was tested by chimera, off-
spring resulted from mouse ICM cells and cul-
tured mouse ES cells but not 12.5~17.5 day fet-
al mouse germ cells. There was a linear effect of
the number of ICM cells used to make chimeras
on the frequency of offspring derived in part or
whole from ICM cells (Kato and Tsunoda,
1993). We reported recently the birth of 4 cal-
ves from the use of 16~27 day loose suspension

cultured bovine ICM cells in nuclear transfer

(Sims and First, 1993,, 1994). These data are
shown in Tables 1 and 2. This and the previous
evidence that offspring results from use of ICM
cells in nuclear transfer in cattle (Keefer et al.,
1993), sheep (Smith and Wilmut, 1989) and rab-
bits (Collas and Robl, 1991) suggest that cul-
tured ICM cells should be totipotent.

Compact morulae are totipotent when used in
nuclear transfer (Bondioli et al., 1990). How-
ever, the totipotent cells are principally inside
nonpolarized cells (Navara et al., 1991). ES cell
lines formed from compact morulae have dem-
onstrated prolonged culture and pluripotency.
However, except for one chimeric fetus thus
far, their use in nuclear transfer or chimera
have not resulted in offspring of ES cell parent-
age (Strelchenko and Stice, 1994). Precompac-
tion bovine morulae of the 16~20 cell stage
have been used to form cell lines grown on fibro-
blast feeder layers (Strelchenko and Stice,
1994). In one report, these lines were derived
from single embryos (Strelchenko and Stice,
1994). However, in our lab, three or more 16-cell
embryos have been needed to reliably form a
cell line as shown in Tables 4 and 5. These cells
should be totipotent because they are derived
prior to commitment for the first differentiation
events, cell polarization and compaction (Nav-
ara et al., 1991). Their totipotency is as yet
untested. However, in our laboratory, they pro-
liferate rapidly (Tables 4 and 5) and show evi-
dence of pluripotency when feeder layers are

overgrown of removed.

V. EFFECT OF NUMBER OF CEL-
LS ON ES CELL CULTURES

In mice use of more advanced ICM stages
with higher cell numbers results in a higher fre-
quency of established cell lines. Qur laboratory

has compared the efficiency of establishing bov-
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ine ICM lines in loose suspension-microdrop cul-
tures from 1 or 3 ICMs of hatched blastocysts

(Table 3). Seventy five percent of the lines star-

ted from 3 embryos were established and surviv-
ed to one month whereas twenty four percent of
those started from one ICM survived to one
month, Others have started cell ilnes from sin-
gle ICMs with culture on a STO mouse fibro-
blast feeder layer (Strelchenko et al., 1991; Sat-
io et al, 1992; Anderson, 1992: Stice et al,
1994). The use of a feeder layer in a dish may
more efficiently provide for cell growth than
loose suspension or feeder layer microdrops.
Using a bovine fetal fibroblast feeder layer
with microdrop culture, we tested the effect of
1, 3 or 5 embryos from the 16~20 cell stage on
the establishment and maintenance of bovine
presumptive ES cell lines (Tables 4 and 5). As
shown in Table 5, 53% of the attempts gave cell
lines when started with 5 embryos, 30% from 3
embryos and none from a single 16~20 cell em-
bryo. Across all three experiments it appears
that a critical cell mass of approximately 50 to
100 cells is needed in microdrop culture to estab-
lish ES cell lines reliably. The increase in cell
number at 10 days by lines from 3 or 5 embryos
is exponential. The increased proliferation may
be due to synergisms of embryos of a critical
mass of like cells, synergism of embryos of dif-
ferent genotypes, inhibition of cell cycle when
only a few cells are present or the take over of
the culture by cells of a dominant embryo. Pool-
ing embryos to start a cell line provide a reliable
way of establishing cell lines for research needs
such as definding and optimizing culture condi-
tions. However, in commercial use single em-
bryo lines will be required. This should be poss-
ible when the variables affecting ES cell estab-

lishment and proliferation are understood.

VI. SUMMARY

The goal of cell stem cell technology is to pro-
duce a viable and genetically normal animal. To
achieve this goal various laboratories have fol-
lowed 2 different pathways beginning with eit-
her the culture of 1) single or pooled ICMs grow-
n with or without a feeder layer or 2) single or
pooled 16~20 cell stage embryos grown with a
feeder layer. Also, thus far embryonic cell cul-
tures or lines have been established by several
methods including loose suspension culture for
short-term cultures and more commonly murine
or bovine fibroblast feeder layers for long-term
culture, Pluripotent lines have been derived
from 16-cell through blastocyst inner cell mass
stages. The efficiency of establishing cell lines
and cell proliferation apper to be affected by the
number of cells or embryos starting the line,
Most attempts to produce offspring from long
term STO cell feeder layer cultured ICM or mor-
ulae derived ES cells have resulted in pregnancy
failure in the first trimester when ES cells were
used in cuclear transfer or have failed to retain
ES cells in the progeny produced by chimeriza-
tion, The exception is 1 chimeric fetus from use
of morula ES cells in the chimerization with ear-
ly embryonic cells. There is much to be learned
yet about ES cell culture requirements for main-
tenance of totipotency. If bovine ES cell lines
loose imprinting pattern and totipotency with
long-term culture and passage as suggested for
mouse ES cells, we may be limited to the use of
short-term cultures for multiplication of em-
bryos and efficient production of transgenic
animals. No bovine ES cell system has yet met
all of the criteria indicated for a totipotent ES

cell line.

—305-—



1.

10.

VI. REFERENCES

Anderson, G. B. 1992. Isolation and use of
embryonic stem cells from livestock species.
Animal Biotechnology. 3:165-175.

. Bondioli, K. R., M. E. Westhusin and C. R.

Looney. 1990. Production of identical bovine
offspring by nuclear transfer. Theriogenol-
ogy. 33:165-174.

. Capecchi, M. R, 1989. Altering the genome

by homologous recombination. Science N, Y,
244:1288-1292.

. Collas, P. and J. Robi. 1991. Factors affect-

ing the efficiency of nuclear transplantation
in the rabbit embryo. Biology of Repro-
duction. 43 : 877-884.

. Eistetter, H. R. 1989. Pluripotent embryonal

stem cell lines can be established from mous-
e morulae development. Growth and Differ-
entiation, 31:275-282.

. Evans, M. J. and M. H. Kaufman. 1981. Es-

tablishment in culture of pluripotent cells

from mouse embryos. Nature. 292:154-156.

. Evans, M. J., E. Notarianni, S. Laurie and

R. M. Moor, 1990. Derivation and prelimi-
nary characterization of pluripotent cell lines
from procine and bovine blastocysts. Theriog-
enology. 33:125-128.

. First, N, L, and R. C. Prather. 1991. Gen-

omic potential in mammals. Differentiation.
48:1-8

. Gossler, A., T. Doetschman, R, Korn, E. Ser-

fling and R. Kemler, 1986. Transgenesis by
means of blastocyst-derived embryonic stem
cell lines. Proceedings of the National Acad-
emy of Science. 83:292-295.

Hooper, M. L., K. Hardy, A. Handryside, S.
Hunter and M. Monk. 1987. HPRT-de-
ficient (Lesch-Nyhan) mouse embryos de-

rived from germline colonization by cultured

11.

12.

13.

14.

15.

16.

17.

18.

—306—

cells, Nature, 326:292-295.

Joyner, A. L. 1991. Gene targeting and gene
trap screens using embryonic stem cells :
new approaches to mammalian development.
Bioassays. 14:276-278.

Kato, Y. and Y. Tsunoda. 1993. Totipotency
and pluripotency of embryonic nuclei in the
mouse, Molecular Reproduction and Devel-
opment, 36:276-278.

Keefer, C. L., R. Koppang, A. M. Paprocki,
P. Galueke, S. Stice, M. Maki-Laurila and
L. Mathews. 1993. Bovine inner cell mass
(ICM) cells as donor nuclei in the pro-
duction of nuclear transfer embryos. Theriog-
enology. 39:242(abstract).

Koller, B. H., L. J. Hagemann, T. Doet-
schman, J. R. Hagerman, S. Huang, P. J.
Williams, N. L. First, N. Meada and O, Smit-
hies. 1989. Germ line transmission of a plas-
mid alteration made in a hypoxanthine phos-
phoribosyl transferase gene by homologous
recombination in embryonic stem cells. Proc-
eedings of the National Academy of Science,
86:8927-8931.

Lovell-Badge, R. H., A. Bygrave, A. Brad-
ley, E. J. Robertson, R. Tilly and K.S.E.
Cheath. 1987. Tissue specific expression of
the human type I collagen gene in mice.
Proceedings of the National Academy of Sci-
ence. 84:2803-2807.

Mintz, G. and C. Cronmiller, 1981. METI-1 :
A. Karyotypically normal in vitro line of dev-
elopmentally totipotent mouse teratocarcin-
oma cells. Somatic Cell Genetics. 7:489.
Navara, C. S., M. M. Sims and N. L. First,
1991.
embryogenesis and development potential of

Timing of polarization in bovine

polarized blastomeres. Biology of Repro-
duction, 46:17(abstract).

Prese, S., P. Braghetta, D. Gearing, D. Grail
and R. L. Williams. 1990. Isolation of embry-



19.

20.

21.

22.

23.

24.

25

onic stem (ES) cells in media supplemented
with recombinant leukemia inhibitory factor
(LIF). Eevelopmental Biology. 141:344.
Rosenkrans, C. F. and N. L. First. 1993. Ef-
fect of free amino acids and vitamins on
cleavage and developmental rate of bovine
zygoes in vitro. Jounal of Animal Science. 72
1434-437.

Saito, S., N, Strelchenko and H. Niemann.
1992. Bovine embryonic stem cell-like cell lin-
es cultured over several passages. Roux’s
Archives of Developmental Biology. 201:
134-141.

Sims, M. M, and N. L. First. 1994. Pro-
duction of calves by transfer of nuclei from
cultured inner cell mass cells. Proceedings of
the National Academy of Science. 91:6143-
6147.

Sims, M. M. and N, L, First. 1993. Pro-
duction of fetuses from totipotent cultured
bovine inner cell mass cells. Theriogenology.
39:313(abstract).

Smith, L. C. and T. Wilmut. 1989. Influence
of nuclear and cytoplasmic activity on the
development #» vivo of sheep embryos after
nuclear transplantation. Viology of Repro-
duction. 40:1027-1035.

Stahl, J., D. P. Gearomg, T. A. Wilson, M.
A. Brown, J. A. King and N. M. Grough.
1990. Structural organization of the genes for
murine and human leukemia inhibitory fac-
tor. Jounal of Biological Chemistry. 65:8833-
8841.

. Stanton, B. R., S. W. Reid and L. F. Par-

26.

27.

28.

30.

31

—307—

ada. 1990. Germ-like transmission of an inac-
tive N-myc allele generated by homolougous
recombination in mouse embryonic stem cel-
Is. Moecular and Cellular Biology. 10:6755-
6758,

Stewart, C, L. 1991. Prospects for the estab-
lishment of embryonic stem cells a genetic
manipulation of domestic animals. Animal
Applications of Research in Mammilian De-
velopment, Cold Spring Harbor Laboratory
Press, New York, pp. 267-283.

Stewart, T. A. and B. Mintz, 1981. Success-
ive generations of mice produced from an es-
tablished culture line of euploid teratocarcin-
oma cells, Proceedings of the National Acad-
my of Science. 78:6314.

Stice, S., N. Strelchenko, J. Betthauser. B.
Scott, G. Jurgella, J. Jackson, V. David, C.
Keefer and L. Matthews, 1994. Bovine plur-
ipotent embryonic cells contribute to nuclear
transfer and chimeric fetuses. Theriogenol-
ogy. 41:301(adstract),

Strelchenko, N., S. Saito and H. Niemann,
1991. Towards the establishment of bovine
embryonic stem cells. Theriogenology. 35:
274 (abstract).

Yagi, T., Y. lTkawa, K. Yoshida, T. Shig-
entani, N, Takedo, I. Mabucho, T. Yamamot-
o and S. Aizawa. 1990. Homologous recombi-
nation of c-fyn locus of mouse embryonic
stem cells with use of diphtheria toxin A
fragment gene in nagative selection. Proc-
eedings of the National Academy of Science.
87:9918-9922.



