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ABSTRACT

The present study was designed to examine the effect of trichostatin A (TSA), an inhibitor of
histone deacetylase, on development of porcine cloned embryos. Our results showed that
treatment of cloned embryos derived from sow oocytes with 50 nM TSA for up to 24 h after
the onset of activation could significantly improve blastocyst yield compared to the control
(46.4 � 4.6% vs 17.7 � 4.9% for treated and untreated embryos, respectively; p � 0.05), whereas
similar cleavage rate and total cell number per blastocyst were observed. In order to assess if
the improvement is cell line specific, three cell lines were tested, and for all cell lines an en-
hancement in blastocyst development compared to their corresponding control was observed.
Our data demonstrate that TSA treatment after somatic cell nuclear transfer in the pig can
significantly improve the in vitro blastocyst production.
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INTRODUCTION

PORCINE CLONING by somatic cell nuclear trans-
fer (SCNT) provides a unique tool for basic

research and biomedicine. The main reason for
the latter is the special interests in using pigs as
sources for human xenotransplantation or mod-
els for certain diseases as SCNT is so far the only
practical way to produce targeted genetic modi-
fication in pigs (Lai et al., 2002; Vajta et al., 2007).
Although dozens of nontransgenic and trans-
genic pigs have been cloned by SCNT, the effi-
ciency is still unsatisfactory due to the poor in

vitro embryo development and limited number
of offspring obtained (Pratt et al., 2006). These
problems may be attributed to incomplete re-
programming during cloning procedures result-
ing in errors at epigenetic level (Jaenisch et al.,
2002; Wilmut 2002). Theoretically, an interven-
tion to assist reprogramming of the transferred
nucleus might be helpful to improve develop-
ment of cloned embryos (Wilmut et al., 2002). In-
deed, some previous studies in bovine cloning
indicate that treatment of donor cells with cer-
tain epigenetic modifier such as the histone
deacetylase inhibitors: sodium butyrate (Shi et
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al., 2003), and trichostatin A (TSA) (Enright et al.,
2003), or the noncytotoxic transmethylation in-
hibitor: S-adenosyl homocysteine (Jeon et al.,
2005) may enhance the in vitro blastocyst pro-
duction; however, no in vivo results were re-
ported so far. It should also be noted that not all
studies found beneficial effects of treatment of
somatic donor cells with DNA methylation in-
hibitor: 5-aza-2-deoxycytidine (Enright et al.,
2003; Shi et al., 2003) or the histone deacetylase
inhibitor TSA (Shi et al., 2003) to in vitro devel-
opment of bovine embryos. Recently, consider-
able improvement in mouse cloning has been
achieved by TSA treatment of cloned embryos af-
ter SCNT (Kishigami et al., 2006; Rybouchkin et
al., 2006). In these reports, not only the blasto-
cyst but also the full-term development rates
were remarkably improved. Until now, however,
it is unknown if TSA treatment of embryos could
also benefit cloning techniques in species other
than mouse, such as in pigs, and so far, no other
reprogramming promoting agent was described
as efficient in pigs. Consequently, the present
study was designed to examine the effect of TSA
treatment on in vitro developmental competence
of porcine cloned embryos.

MATERIALS AND METHODS

Chemicals

Unless otherwise stated, all chemicals were pur-
chased from Sigma-Aldrich Corp. (St. Louis, MO).

Preparation of somatic cells for SCNT

Two porcine fetal fibroblast cell lines (L1 and
L2) were established from two approximately 40-
day-old fetuses, while an ear skin fibroblast cell
line (L3) was established from a newborn piglet.
The procedure of primary cell culture, subculture,
and cryopreservation of established cell lines
were performed as described previously (Kragh
et al., 2005). After thawing, cells at passage 3–8
were grown for 1 week to 100% confluence in
wells of four-well dishes (Nunc, Roskilde, Den-
mark) in Dulbecco Modified Eagle Medium
(DMEM, Gibco, Life Technologies, New York)
supplemented with 10% fetal bovine serum
(Gibco), at 39°C, under 5% CO2 and 100% hu-
midity. Just before SCNT, attached cells were
washed twice with Ca2� and Mg2� free phos-
phate-buffered saline (PBS) and incubated at

39°C for 5 min with 100 �L 0.25% Trypsin-EDTA
(T4049). Then the dissociated cells were trans-
ferred to a centrifuge tube containing 500 �L
HEPES-buffered Tissue Culture Medium 199
(TCM-199) supplemented with 2% cattle serum
(CS; Danish Veterinary Institute, Frederiksberg,
Denmark) and the fibroblast suspension was
stored for approximately 0.5 h at room tempera-
ture (24–29°C) until use.

Oocyte collection and in vitro maturation (IVM)

Sow ovaries were collected from abattoirs and
transported in physiological saline solution with
antibiotics at 25–35°C to the laboratory within 4
h after slaughter. Cumulus-oocyte complexes
(COCs) were aspirated from 3–6-mm follicles
with an 18-gauge needle using vacuum suction.
COCs with at least three layers of compact cu-
mulus investment and even cytoplasm were se-
lected and washed twice in HEPES-buffered
TCM-199 plus 0.3% heparin (5000 IE/mL, LEO
Pharma A/S, Denmark), 5% amphotericin, and
10% CS. Afterward, the selected COCs were ma-
tured in groups of 50–70 in 400-�L IVM medium
in four-well dish at 38.5°C in 5% CO2 in humid-
ified air for 40–46 h. The IVM medium was bi-
carbonate-buffered TCM-199 supplemented with
15% (v/v) CS, 10% (v/v) porcine follicular fluid,
10 IU/mL eCG, 5 IU/mL hCG (both from Suig-
onan Vet; Skovlunde, Denmark), 0.8 mM L-glut-
amine, and 0.05 mg/mL gentamicin.

COCs were then transferred to 1 mg/mL
hyaluronidase in TCM-199 and pipetted repeat-
edly for 2 min to denude cumulus cells. Oocytes
with intact cell membrane and clear perivitelline
space were selected for future manipulations.

Nuclear transfer

The solution used for micromanipulation was
HEPES-buffered TCM-199 supplemented with
7.5 �g/mL cytochalasin B (CB) and 2% CS. Mi-
cromanipulation was performed with an inverted
microscope equipped with manipulation systems
and warm stage. The procedure of micromanip-
ulation was the same as reported earlier (Zhang
et al., 2006). A single 50-�L micromanipulation
solution drop was made in the central area on a
lid of 60-mm culture dish (Nunc, Denmark) and
covered with mineral oil. Groups of 20–30 oocytes
and nuclear donor cells were placed in this drop
and incubated for 15–30 min in manipulation
medium. Subsequently, one oocyte was fixed
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with a holding pipette (inner diameter: 25–35 �m
and outer diameter: 80–100 �m), and the first
polar body together with 20% of the adjacent
cytoplasm presumptive containing metaphase
plate were aspirated out with a beveled injection
pipette (inner diameter: 20 �m). A somatic cell
with diameter at 15–20 �m was injected subse-
quently into the perivitelline space through the
same slot. Reconstructed couplets were then
transferred into drops of HEPES-buffered TCM-
199 and 2% CS, and covered with mineral oil for
0.5–1.5 h until fusion and activation.

Fusion and activation

A simultaneous fusion and activation (FAS)
protocol was employed by using 0.3 M mannitol
supplemented with 0.05 mM CaCl2, 0.1 mM
MgSO4, and 0.01% polyvinyl alcohol. Recon-
structed couplets were equilibrated in the fusion
solution for 4 min, and then groups of five cou-
plets were placed in the fusion chamber (BTX mi-
croslide 1 mm fusion chamber; BTX, San Diego,
CA) filled with fusion solution. Couplets were
aligned manually using a fine needle to make the
contact plane parallel to electrodes, then two, 100
�s, direct current pulse of 1.65 kV/cm with a 
1-sec interval was applied using a CFS-150/B
fusion machine (BLS, Budapest, Hungary). Sub-
sequently, couplets were washed three times and
cultured in PZM-3 plus 10 �g/mL CB, 10 �g/mL
cycloheximide, and with or without TSA ac-
cording to experimental design. Four hours later,
fusion results were examined under a stereomi-
croscope. Fused couplets, that is, reconstructed
embryos were transferred to Porcine Zygote
Medium 3 (PZM-3; Yoshioka et al., 2002) with or
without TSA (T-8522; see description of individ-
ual experiments).

Embryo culture and embryo quality evaluation

Embryo culture was conducted at 39°C under
5% CO2, 5% O2, 90% N2, and 100% humidity.
Cleavage and blastocyst rates were determined
under a stereomicroscope after 48 h and 144–168
h in vitro culture, respectively. Some blastocysts
were stained by 20 �g/mL Hoechst 33342 for 10
min, and then visualized under ultraviolet light
by an inverted microscope and photographed. 
To assess inner cell mass (ICM) and trophecto-
derm (TE) cells, a simplified differential staining
method (Thouas et al., 2001) was slightly modi-
fied. Briefly, the blastocysts were put into solu-

tion I (PZM3 plus 1% Triton X-100 and 100
�g/mL propidium iodide) for 15–25 sec or until
TE visibly changed color to red and shrank
slightly, and afterward these embryos were trans-
ferred to solution II (100% absolute ethanol plus
25 �g/mL Hoechst 33342) and put into refriger-
ator at 4°C overnight. Stained blastocysts then
were mounted into a small drop of glycerol on a
microscope slide under a cover slip and exam-
ined under an inverted microscope (Leica, Ger-
many) equipped with epifluorescence. Cell num-
bers were counted using Java-based software
designed by Villemoes (unpublished).

Experiments

In Experiment 1, the effect of TSA treatment
on preimplantation development of sow oocytes-
derived embryos was evaluated. Reconstructed
embryos were randomly cultured in five groups:
50 nM for 10 h; 50 nM for 24 h; 50 nM for 36 h;
50nM for 48 h; and untreated control embryos
(TSA treatment was started immediately after
FAS). After being cultured in PZM-3 containing
TSA for certain period, embryos were transferred
to TSA-free PZM-3 for further culture. Rates 
of cleavage and blastocyst formation, as well as
the total cell number per blastocyst were com-
pared.

As in Experiment 1 treatment with 50 nM TSA
for 24 h was found the most effective, in Experi-
ment 2 we used this treatment for embryos de-
rived from sow oocytes by using three different
fibroblast cell lines (L1, L2, and L3) to test if the
beneficial effect is cell line specific. The rates of
cleavage and blastocyst formation, as well as the
ICM and TE cell numbers of blastocysts derived
from cell line L1 after TSA treatment and non-
treatment were compared.

Statistical analysis

All experiments were replicated at least six
times. In Experiment 1, the data were subjected
to one-way ANOVA with SPSS (version 11.0 for
Windows). Then least significant difference (LSD)
was applied for post hoc multiple comparison
among groups. In Experiment 2, a Student’s t-test
was employed to analyze the data between TSA-
treated group and the according control group;
while ANOVA was used to analyze the data
among the TSA-treated groups, and nontreated
groups. A value of p � 0.05 was considered to be
significant.
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RESULTS

As shown in Table 1, none of the four TSA
treatments of sow oocyte-derived embryos sig-
nificantly influenced cleavage rates. However,
treatment with 50 nM TSA for 24 h (Fig. 1b), 36
h, or 48 h increased the blastocyst rate in com-
parison with the control (Fig. 1a; p � 0.05 for all).
On the other hand, there was no difference re-
garding total cell numbers per blastocyst among
groups.

As shown in Figure 2, for each cell line, the de-
velopmental rates of TSA-treated groups were

always higher than those of the corresponding
control groups in terms of blastocyst formation.
However, there was no significant difference
among 24 h, 50 nM TSA-treated blastocysts pro-
duced from three different cell lines, or among
three corresponding controls. Regarding to the
cloned embryos from L1 after the treatment with
50 nM TSA for 24 h, their ICM and TE cell num-
bers in blastocysts were 11.00 � 3.16 and 47.00 �
9.88 (mean � SEM; n � 6, number of blastocyst
examined), which was not significantly different
from the control (7.56 � 1.27 and 33.78 � 5.78 for
ICM and TE cells, n � 6).

ZHANG ET AL.360

TABLE 1. EFFECT OF TRICHOSTATIN A (TSA) EXPOSURE DURATION ON IN VITRO DEVELOPMENTAL

COMPETENCE OF PIG CLONED EMBRYOS DERIVED FROM SOW OOCYTES

No. of
embryos No. of cleaved embryos No. of blastocysts Total cell numbers of

Group cultured (%, mean � SEM)a (%, mean � SEM)b blastocysts (mean � SEM)

Control 100 77 (77.0 � 3.1) 18 (17.7 � 4.9)c 47 � 4
50 nM, 10 h 106 81 (77.5 � 5.5) 30 (28.6 � 4.9)cd 51 � 5
50 nM, 24 h 102 81 (79.2 � 2.9) 38 (46.4 � 4.6)d 54 � 3
50 nM, 36 h 98 75 (75.4 � 6.4) 39 (40.3 � 6.9)d 49 � 3
50 nM, 48 h 103 79 (76.0 � 4.5) 38 (38.5 � 5.7)d 46 � 7

Values with different superscripts in the same column are significantly different (p � 0.05). Control means no TSA
supplementation in culture media.

aCleavage rate: No. of embryos cleaved/No. embryos cultured.
bBlastocyst rate: No. of blastocysts/No. embryos cultured.
SEM: Standard error of the mean.

FIG. 1. Day 6 cloned blastocysts produced by somatic cell nuclear transfer combined without tichostatin A (TSA)
treatment (a) or 50 nM for 20 h TSA treatment (b). Scale bar represents 150 microns.
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DISCUSSION

The present study demonstrates that TSA
treatment of porcine SCNT embryos for certain
duration and at appropriate concentration can
considerably improve blastocyst yield without
compromising the total cell number, as well as
ICM and TE cell numbers per blastocyst.

SCNTs capable to produce 10%–30% blastocyst
rates either from in vivo (Polejaeva et al., 2000) or
in vitro matured sow (Betthauser et al., 2000) or
prepubertal gilt (Park et al., 2004) oocytes, are
generally regarded as appropriate to result in
cloned offspring. However, to avoid the suppos-
edly harmful effect of extended in vitro culture,
embryos are usually transferred at the one- to
two-cell stage. In our current study without TSA
treatment, 20% of sow oocytes-derived recon-
structed embryos have developed to the blasto-
cyst stage, which was similar to other reports
(Hyun et al., 2003; Im et al., 2004). However, when
embryos were treated with TSA for a total of 24
h after FAS, the blastocyst rate has been increased
to 46.4 � 4.6%, considerably higher than that in
any previously published report for porcine
SCNT (37% and 31%; Lee et al., 2003; Onishi et
al., 2000; respectively). In mouse cloning, Kishi-
gami et al. (2006) obtained two- to five-fold in-
crease in blastocyst rate based on cleaved em-
bryos. Also in the mouse, Rybouchkin et al. (2006)
obtained 81% blastocyst rate in the TSA treatment

group, while only 40% could develop to blasto-
cyst without TSA treatment. So according to our
results, the supportive effect of TSA treatment has
been also proved in porcine cloning. The increase
in blastocyst rate may be the consequences of
support of reprogramming by TSA when ap-
plied in appropriate concentration and duration
during and after activation. TSA is a histone-
deacetylase inhibitor which could enhance the
pool of acetylated histones and DNA demethyl-
ation (Kishigami et al., 2006). Observations in
mice cloning by TSA treatment showed that it is
rather histone hyperacetylation than deacetyl-
ation, which actually improves reprogramming
(Rybouchkin et al., 2006). Kang et al. (2001), and
found that reprogramming of DNA methylation
in porcine cloned embryos is controlled by re-
cipient oocytes. However, demethylation and
remethylation in satellite region or PRE-1 se-
quences occurs a bit later than in in vivo controls.
Accordingly, it is supposed that TSA treatment
applied in a period without DNA replication has
probably no direct impact on DNA demethyla-
tion (Rybouchkin et al., 2006). Therefore, further
research is required to investigate if dynamics of
molecular reprogramming events are improved
in a similar way as in vivo. Anyway, similar ben-
eficial effect of TSA-treatment on in vitro blas-
tocyst development after SCNT implies that a
more or less conservative reprogramming regu-
lation mechanism may exist between murine and
porcine cloned embryos.

In the present study we used 50 nM TSA as a
major concentration according to suggestions of
Kishigami et al. (2006). Initially, when the pre-
liminary study was conducted by us, we applied
50 nM TSA for 10 h, a similar protocol to what is
effective in mice cloning, to treat porcine cloned
embryos. Although there was a slight increase in
blastocyst development, no statistical significance
was obtained (Table 1). Therefore, we increased
the duration of treatment from 10 h that was ef-
ficient in mouse (Kishigami et al., 2006) to 24–48
h for the treatment of sow oocyte-derived cloned
embryos considering that a longer time may re-
quired for porcine oocytes to accumulate enough
acetylation level, which might be critical for sub-
sequent fine-tuned reprogramming regulation.
After the most effective treatment was defined 
in porcine cloning, we also have investigated if
this beneficial effect is cell line-specific, since
Kishigami et al. (2006) reported that no beneficial
effect was obtained when mouse cloned embryos
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FIG. 2. Effect of trichostatin A (TSA)-supplementation
on the rate of blastocyst formation in porcine cloned em-
bryos derived from sow oocytes and different somatic cell
lines. Different letters above the bars denote significant
difference (p � 0.05). L1 and L2 fibroblast cell lines were
from fetus, and L3 fibroblast cell line was from newborn
pig ear skin. Different letters above the columns denote
significant difference.
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derived from ES cells were treated, whereas a
two- to five-fold increase in blastocyst develop-
ment was obtained when cumulus cells, tail-tip
cells, spleen cells, and neural stem cells were
used. In the present study, 50 nM TSA was used
for 24-h treatment for reconstructed embryos de-
rived from three different cell lines: L1 and L2
from two independent fetuses, and L3 from new-
born piglet ear skin. Embryos originated from all
cell lines had a considerable increase in blastocyst
formation compared to the corresponding un-
treated controls, and no differences were ob-
served among the three TSA-treated groups.

It is argued that measuring the potential of a
cloned blastocyst to generate a viable clone or ES
cells provides more defined readouts for cloning
efficiency than just development through cleav-
age stages (Hochedlinger and Jaenisch 2006). In
porcine cloning, it is proposed that 10 high-qual-
ity blastocysts are enough to produce one cloned
piglet (Nagashima et al., 2003), leaving only
slightly more embryos to develop to term than
the minimum four required to induce and main-
tain pregnancy (Polge et al., 1966). Very recently,
nonsurgical embryo transfer using both in vivo
and in vitro porcine embryos has been success-
fully performed (Cuello et al., 2005; Martinez et
al., 2004; Suzuki et al., 2004), although a more re-
liable and efficient method should be developed
(Pratt et al., 2006). Meanwhile, cloned piglets also
have been produced successfully using SCNT
combined with cryopreservation of blastocysts
(Li et al., 2006). Accordingly, it seems to be rea-
sonable to suppose that a reliable and effective in
vitro blastocyst production system using SCNT
and TSA treatment is of great value as the de-
mands increase, especially in national or interna-
tional embryo movement and pig breeding or hu-
man medicine and basic researches.

In conclusion, our data suggest that TSA treat-
ment after SCNT in pigs can considerably im-
prove the blastocyst production in vitro. How-
ever, further research is needed to evaluate the
long-term effects of TSA treatment on in vivo de-
velopmental competence, and afterward, the
growth and behavior of cloned piglets in the fu-
ture.
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