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ABSTRACT This study was conducted to
establish embryonic stem (ES) cell lines from porcine
blastocysts. Blastocysts were collected from China
miniature pigs at day 7–9 of pregnancy. Embryos were
either directly (intact embryos) cultured on mitomysin
C-inactivated murine embryonic fibroblasts (MEF) as
feeder layers, or were used to isolate the inner cell
masses (ICM) by enzyme digestive method and then
cultured. It was found that enzyme digestive method
could isolate ICMs without any damages of cells in all
blastocysts (28). All ICMs attached to the feeder layers.
Primary cell colonies were formed in 68% of ICM cul-
ture and 28% of intact blastocyst culture. Two ES cell
lines derived from ICM passed six subcultures (pas-
sages). These cells morphologically resembled mouse
ES cells and consistently expressed alkaline phospha-
tase activity. When the ES cells were cultured in a
medium without feeder layer and leukemin inhibitory
factor, they differentiated into several types of cells
including neuron-like, smooth muscle-like, and epithe-
lium-like cells. Some cells formed embryoid bodies in a
suspension culture. These results indicate that porcine
ES cell line can be established under the present experi-
mental conditions and these ES cells are pluripotent.
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INTRODUCTION

Embryonic stem (ES) cells derived from inner cell
mass (ICM) of blastocysts and embryonic germ (EG)
cells from fetal primordial germ cells canmaintain their
pluripotency in repeated subcultures. Under the appro-
priate culture conditions, they can differentiate into a
wide range of cell types (Pedersen, 1994). Since ES cells
were first successfully obtained in the mice (Evans and
Kaufman, 1981), attempts to establish embryo-derived
cell lines have also been reported in other mammals,
including sheep (Handyside et al., 1987; Tsuchiya et al.,
1994), Syrian golden hamster (Doetschman et al., 1988;
Piedrahita et al., 1990b), mink (Sukoyan et al., 1992),
rabbit (Giles et al., 1993; Neimann and Strelchenko,
1994), cattle (Cherny et al., 1994; Strelchenko and Stice,
1994), pig (Gerfen andWheeler, 1995; Chen et al., 1999),
primate (Thomson et al., 1995), and human (Thomson
et al., 1998). But only mouse ES cells have been proven

totipotency to differentiate into both somatic and germ
cell lineages (Pease and Williams, 1990; Kondoh et al.,
1999).

The isolation and culture of pluripotential ES or EG
cells from domestic animals would provide potential
methods for the multiplication of animals with elite
genetics, produce transgenic animals and provide valu-
able models for studying cell development and differ-
entiation (Evans, 1989; Piedrahita et al., 1998). But it
is difficult to obtain and maintain undifferentiated
ES or EG cells from domestic animals; this limits the
associated research and practical use.

Pigs offer some distinct advantages over other species
and serve a better research model because they are
immunologically and physiologically more similar to
the humans (Phillips and Tumbleson, 1986). Therefore,
it is believed that isolation and culture of porcine ES
cells play important roles in biomedical research, such
as biological reactors and xenografting. However, there
is limited information on the isolation of ICM and estab-
lishment of ES cell line in the pigs. The present study
was designed to develop a new method to isolate ICM
from porcine blastosysts and then examine its effects on
the establishment of ES cell lines.

MATERIALS AND METHODS

Preparation of Feeder Layers

The feeder cell layers (embryonic fibroblasts) were
prepared from fetalmice.Briefly, femalemice (Kunming
white mouse, provided by Institute of Zoology, Chinese
Academy of Sciences) at day 12–14 of pregnancy were
sacrificed by cervical dislocation. Fetuses were separat-
ed from uteri and then washed twice in fresh phosphate
buffered saline (PBS) to remove any blood. After head
and liver were removed, the carcasses were treated in
0.25% trypsin–0.02% ethylenediamine tetraacetic acid
(EDTA) solution for 30 min at room temperature until
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the carcasses were broken into single cells, murine em-
bryonic fibroblasts (MEF). The cells were resuspended
and cultured in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% (v:v) new calf serum
(NCS; Gibco, Grand Island, NY), 5% (v:v) fetal bovine
serum (FBS; Gibco), 100 IU/ml penicillin (Sigma, St.
Louis, MO), and 0.05 mg/ml streptomycin (Gibco).
Feeder layers were prepared from the MEF after 1 to 6
passages.Forpreparationof feeder layer, theMEFswere
inactivated in a medium containing 10 mg/ml mitomycin
C (Sigma) for 2.5 hr. TheMEFs were then washed three
times inPBSand treated in 0.25% trypsin–0.02%EDTA
solution. The trypsinized cells were harvested by
centrifugation at 1,000 rpm for 3 min and the pellets
were resuspended in MEFmedium. The cell suspension
was seeded at a density of 5�104 cells per well in a 96-
well plate (Sigma) coated with 0.1% gelatin (Fluka AG;
48722; Switzerland). Usually, theMEFswere plated one
day before porcine embryos or ICMs were seeded.

Blastocyst Collection and Culture

Embryo donors were China miniature pigs. Blasto-
cystswere collected at 7–9 days of estrus. Embryoswere
flushed from uteri with PBS containing 5% FBS and
then washed three times in fresh DMEM medium sup-
plementedwith 10%NBS, 5%FBS, 100 IU/ml penicillin,
and0.05mg/ml streptomycin.Theembryosweredivided
into two groups. Embryos in the first group were used
for intact embryo culture. For this, zona pellucida (if
present) was removed in 0.2% pronase solution. Zona-
free blastocysts were washed and transferred individu-
ally into a 96-well plate containing feeder layer with
200 ml of ES medium. The ES medium is consisted of
DMEM with 0.1 mM b-mercaptoethanol (Amresco;
3151B55), 100 IU/ml penicillin, 0.05 mg/ml streptomy-
cin, 0.1 mM MEM nonessential amino acids (Gibco;
08540), 20 ng/ml recombinant human-fibroblast growth
factor-basic (rh-bFGF, Sigma; F0291), 40 ng/ml re-
combinant human-leukemin inhibitory factor (rh-LIF;
Sigma;L-5283),nucleosides (0.03mMadenosine, 0.03mM
guanosine, 0.03 mM cytidine, 0.03 mM uridine, and
0.01 mM thymidine; Sigma), and 16% FBS. The growth
and development of colonies from each attached embryo
were examined daily. Culture medium was changed
every day. The embryos in the second group were used
to isolate ICM.

Isolation of Inner Cell Masses (ICMs)

The zona pellucida (if present) of blastocysts was
removed by 0.2% pronase. Zona-free blastocysts were
treated in a microdrop of 0.25% trypsin–0.04% EDTA
solution forseveralminutes.Duringtreatment, embryos
were observed under the stereomicroscope. When the
trophoblasts began to disperse in the microdrop, the
blastocysts were transferred to another drop with cul-
ture medium and ICMs were isolated from the blas-
tocysts with the aid of two fine needles and a pulled
mouth micropipette. The isolated ICMs were then
individually seeded ontoMEF feeder layers. The culture
was conducted in 200 ml of ESmedium in a 96-well plate

and was examined daily and ES medium was changed
every day.

Isolation and Passage of Putative ES Colonies

Approximately 2–5 days after blastocysts or ICMs
were seeded, ES-like colonies were individually packed
off feeder cells and dissected in a microdrop of 0.25%
trypsin–0.02%EDTA for 3–5min at room temperature.
Under the stereomicroscope, the treated ES-like colo-
nieswere partially disaggregatedwith theaid of twofine
needles and a micropipette. The disaggregated colony
cells were individually re-seeded onto new MEF feeder
layers in a 96-well plate. Culture medium was changed
every day. All colonies were treated and cultured for
next passage until no colony was formed.

Alkaline Phosphatase (AP) Staining

Expression of AP activity in putative ES colonies was
detected by AP staining. For this, mediumwas removed
from the cultures, and the cells were fixed with 1% (w/v)
paraformaldehyde–7.5% (w/v) sucrose. After fixation,
cells were washed three times in Tris-HCl buffer
(100 mMTris-HCl, pH 9.5, 50 mMNaCl, 50 mMMgCl2,
0.1% Tween-20), each for 10 min. A staining solution
was added after the last washing. The staining solution
is made as follows: Solution A: 75 mg/ml nitroblue
tetrazolium salt (Bicm) in 70% dimethylformamide
(Amresco); Solution B: 50 mg/ml 5-bromo-4chloro-3-
indolyphate toluicinium salt (BCIP, Sigma) in 100%
DMF. Just before staining, add 45 ml of solution A and
35 ml of solution B to 10 ml Tris-HCl buffer. The ES cells
were purplish blue and differentiated cells were color-
less after staining.

Evaluation of In Vitro Differentiation

Evaluation of the differentiation of putative ES cells
was conducted by prolonged culture and suspension
culture. In prolonged culture, some ES-like colonies
were cultured on MEF feeder layer for 2 weeks without
passage. In suspension culture, putative ES colonies
were picked up from the feeder layers, disaggregated in
trypsin/EDTA solution and the dissociated single cells
or small clumpswere transferred into a 96-well or 4-well
plate containing ES medium without LIF and feeder
layer. Some small clumps were cultured in a drop of ES
mediumwithoutLIF(suspensionculture).Thesuspension
cultures were monitored daily for embryoid body (EB)
formation, withmediumbeing changed every other day.

Statistical Analysis

Experiments were replicated five times and the data
were pooled for statistical analysis by w-square test.
A value of P< 0.05 was considered to be statistically
significant.

RESULTS

Formation of ES Cell Colonies From
Intact Blastocysts and ICM

When 20 intact embryos (five early blastocysts,
Fig. 1A; and 15 hatched blastocysts, Fig. 1B) were
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seededon the feeder layer, the trophoblastic cells started
to adhere to it and then spreaded out from the attached
plot. After that, all cells from the embryos adhered to the
feeder layer by the pulling force from trophoblastic cells.
Cell proliferation could be found and many cell colonies
were formed after 2–3 days of culture. The colonieswere
densely packed and had obvious border (Fig. 1C). As
shown in Table 1, 18 (90%) blastocysts attached to the
feeder layers after culture. Five (28%) ES-like colonies
were emerged from primary culture of blastocysts
(Fig. 1D) after 2–4 days.
All ICMs (28/28) adhered to the feeder layers a few

hour after being seeded (Fig. 2A). Putative ES colonies
were formed after 2–3 days of culture. The primary co-
lonies grew as tightly-packed mounds and had abun-
dant lipid-like vacuoles (Fig. 2B,C). As shown inTable 1,
primary ES colonies were formed in 68% of ICMs, which

was significantly (P<0.01) higher than that from intact
blastocysts (28%). Most colonies showed positive AP
activity (Fig. 2D).When the colonieswere separated and
reseeded in the culture, new colonies were produced
within 2–3 days of subculture. Morphology of most new
colonies was similar to the primary colonies, but some,
as shown in Figure 2E, spreaded out and grew as ‘‘col’’
shape, but also expressed positive AP activity (Fig. 2F).
As shown in Table 1, all colonies originated from intact
blastocysts andmost colonies originated from ICMs just
had 3–5 passages and then differentiated or degener-
ated, only two colonies originated from ICM continued
6–9 passages. After the 10th passage, no more colonies
were formed.

Analysis of Pluripotency

When the cells from colonies were prolonged in the
culture on the MEF feeder layer for 10 days, the cells

TABLE 1. Isolation and Culture of Embryo-Derived
Cells From Porcine Blastocysts

No. of embryos No. of
primary
colonies

No. of more
than passage 6

Total Attached

Intact
blastocysts

20 18 (90%) 5 (28%)a 0

ICMs 28 28 (100%) 19 (68%)b 2

a,bValues within the same column with the different super-
scripts are different significantly (P< 0.01).

Fig. 1. Morphology of intact porcine blastocyst after collection and
during the primary culture.A: An early blastocyst collected at 7 days of
pregnancy (�400); (B) a hatched blastocyst collected at 9 days of
pregnancy (�100); (C) a blastocyst adhered to the feeder layer after
2 days of culture (arrow indicates trophoblastic cell colony;�100); (D) a
primary ES colony, which was obtained after 3 days of culture (arrow
indicates primary ES colony �100).

Fig. 2. Morphology of ICM after isolation and during the primary
culture. A: A ICM, just after seeding to the feeder layer (�400); (B) ES
colony after 2 days of culture (arrow indicates lipid-like vacuole;�400);
(C) ES colony after 2 days of culture (arrow indicates lipid-like vacuole,
�200). D: Positive AP staining of a ES cell colony (�200). E: ES-like
cells grew as a ‘‘col’’; and (F) the same cells in (E) show positive AP
staining (�400).
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differentiated into several types of cells. From the cell
morphologies, these cells look like trophoblast and
epithelial cells (Fig. 3A,B). Single putative ES cells
cultured in a 96-well plate without feeder layers began
to differentiate to neuron-like cells within 5–6 days
(Fig. 3C–E) or smooth muscle-like cells (Fig. 3F). Fluid-
filled, cystic embryoid bodies were formed when small
clumps of cells were cultured for 8–10 days in a sus-
pension culture (Fig. 3G,H).

DISCUSSION

The present study indicates that culture of ICM from
blastocysts isolated by enzyme digestivemethod ismore
effective than intact blastocyst culture for establishe-
ment of ES cell lines in the pigs. Also the results indicate
that isolation of ICM by enzyme-digestive method is a
good technology for isolation of ICM fromporcine blasto-
cysts. These ICMs can be used to establish ES cell lines
under the present experimental conditions. Further-
more, our results indicate that the ES cells obtained in
the present study are pluripotental and can differenti-
ate into other cells and form embryoid bodies.

Isolation of ICM is a very important step in the culture
of ES cells. AlthoughES colonies could be produced from
intactblastocyst culture, theefficiencywas low(Table1).
When in vitro produced blastocysts were used, we found
that intact blastocyst culture was better than isolated
ICM culture as small or unclear ICMs were present in
in vitro produced blastocysts (unpublished data). There-
fore, in the present study, we also examined if intact
blastocyst culture collected fromoviducts canbeused for
ES cell culture. The results indicate that isolated ICM
is superior to intact blastocyst culture when in vivo
produced blastocysts were used. In previously studies,
ICMs were isolated from blastocysts by immunosurgery
(Solter and Knowles, 1975; Wianny et al., 1997; Chen
et al., 1999), but it is not always effective when anti-
serum is used during immunosurgery. In addition,
making antiserum is laborious. In this study, an easy
method to isolate ICMs from blastocysts was estab-
lished. We found that it is very easy to isolate ICMs
from blastocysts in trypsin/EDTA solution. The most
important key in this method is the treatment time.
The manipulator must observe the embryos under the
stereomicroscope during treatment. When the tropho-
blasts begin todisperse, the treatment shouldbe stopped
and the ICMcould be separated easily from trophoblasts
with the aid of a pulled mouth pipette and two fine
needles under a stereomicroscope. We also compared
this method with immunosurgery and found that this
method can obtain more healthy ICMs and better sub-
sequent ES cell culture (unpublished data).

Culture conditions currently in use for porcine ES cell
culture have been mainly developed frommouse ES cell
culture and it would appear that they are not very
effective for maintaining porcine ES cells. Various com-
ponents are usually supplemented to ES culture media.
One of the components is the cytokine, such as LIF,
bFGF, and SCF. Some researchers used only feeder
layers and did not add any foreign cytokines in the ES

medium (Chen et al., 1991) while others added LIF,
bFGF, and SCF to the ES medium and also used feeder
layers (Piedrahita et al., 1990a). Since LIF can inhibit
differentiation of ES cells, bFGF can stimulate ES cell
proliferation (Schmitt et al., 1991), and feeder layer is
one of the key factors influencing ES cell culture
(Piedrahita et al., 1990a), we added both LIF and bFGF
to our ES culture medium and used feeder layers. We
found that good results could be obtained when MEFs
were used after 2–4 passages. The freshMEFmay have
higher secretive activity. It has been reported thatMEF
secrets some kinds of cytokines (Smith et al., 1988),
which may stimulate ES cell growth and inhibit their
differentiation. When MEFs were passed four times,
their morphology became heterogeneous, thus their
secretive activity may decrease. In addition, mitomycin
C treat time also affected the MEF activity. If the time
was more than 3 hr, the MEFs could not be used as a
feeder layer as the cell’s ability to adhere to the dishes
was decreased significantly.

We found that more primary colonies were formed
from ICMs than intact blastocysts. It is probably that
trophoblasts affect ICM growth in the intact blastocyst
culture and induce ICM cell differentiation in culture at
the early stage. Same as previous reports (Evans and
Kaufman, 1981; Gerfen andWheeler, 1995; Chen et al.,
1999), we found that most of putative ES cell colonies
weremound-shape.However, in very few case, we found
that cells from some colonies pushed out feeder layer
cells and grewdispersively as a ‘‘col.’’ The exact reason is
unknown. The cells also showed positive AP staining.
These results suggest that pluripotent stem cells may
grow in different ways, not always form colony.

AP is one of the markers to evaluate pluripotent cells
and has been used to identify stem cells in culture for
many years (Wobus et al., 1984; Talbot et al., 1993). In
this study, AP activity was consistently expressed in
the cells from the colonies in the primary cultures and
subcultures. This indicates that the cells derived from
the present experiment are ES or ES-like cells. During
in vitro differentiation, AP activity disappeared quickly.
At the same time, the amount of lipid-like vacuoles,
which may be secretive steroids (Gerfen and Wheeler,
1995), decreased as differentiation progressed. Some
ES cells differentiated into several types of cells in the
culture including neuron-like, fibroblast-like, smooth
muscle-like, andepithelium-like cells.Somecells formed
embryoid bodies in a suspension culture. These results
indicate that porcine ES cells obtained in the present
study are pluripotent.

In summary, porcine putative ES cells were success-
fully isolated and cultured in the present study. These
cells exhibit many important features of pluripotent
stem cells, including ES-like morphology, positive AP
activity, and the ability to differentiate in vitro. These
results indicate that these cells are pluripotent. This
study also provides an easy method to isolate high
quality of ICMs fromtheblastocysts.Further research is
required to maintain and enhance the efficiency of ES
cell culture in the pigs.
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Fig. 3. In vitro differentiation ofES-like cells obtained from ICMcolonies.A andB show epithelium-like
cells (�100); C–E show neuron-like cells (�100); F show smooth muscle-like cells (�200); G and H show
embryoid bodies (arrow) (�100).
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