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Abstract

Despite its success in almost all farm and laboratory animals, somatic cell nuclear transfer (SCNT) is still a low-
efficiency technique. In this investigation, we determined the impact of each enucleation step on oocyte viability
(assessed by parthenogenetic activation): Hoechst (HO) staining, cytochalasin B, ultraviolet (UV) exposure, and
demecolcine. Our data showed that of all the factors analyzed, UV exposure impaired oocyte development
(cleavage, 59% for untreated oocytes vs. 8% UV exposed; blastocyst stage, 32% untreated vs. 0% UV exposed). A
minor toxicity was detected following demecolcine treatment (cleavage, 62%; blastocyst stage, 13%). Next, we
compared HO/UYV (canonical) and demecolcine-assisted enucleation (DAE), with a straight removal of meta-
phase chromosomes without any chemical or physical aid (straight enucleation). DAE improved the preim-
plantation development of sheep cloned embryos compared to HO/UV enucleation (cleavage, 38% vs. 19%;
blastocysts, 17% vs. 4%), yet straight enucleation resulted in the highest cleavage and blastocysts rates (61% and
30%, respectively). We concluded that: (1) UV exposure harms sheep oocyte and embryo development; (2) DAE
may represent an alternative approach, especially for unskilled operators; and (3) straight enucleation remains,

in our estimation, the most reliable and least harmful protocol for SCNT.

Introduction

OMATIC CELL NUCLEAR TRANSFER (SCNT) remains the

most effective method for nuclear reprogramming of dif-
ferentiated nuclei (Gurdon and Wilmut, 2011). Despite the
broad spectrum of its potential applications, SCNT efficiency
remains low (Thuan et al., 2010). The primary factor that
hinders SCNT efficiency is biological in nature—the epige-
netic resistance of the differentiated donor nucleus to nuclear
reprogramming (Pasque et al., 2011).

However, technical factors also play a role (Wakayama
et al., 2010). SCNT is a multistep technique, and the effi-
ciency of each step accounts for the final outcome. First, the
oocyte is enucleated. In large animal oocytes, this is typically
facilitated by Hoechst 33342—cytochalasin B treatment and
ultraviolet (UV) exposure. Then a nucleus from a differenti-
ated cell is injected into that enucleated oocyte or electro-
fused to it. The removal of metaphase II (MII) chromosomes
from the oocyte is a crucial moment in SCNT. In laboratory
animals such as mouse and rat, the MII chromosomes are
identifiable and hence easy to remove. However, in large
animals, the MII plate is hardly detectable due to the high

lipid content in the cytoplasm. For this reason, oocyte enu-
cleation in large animals is normally assisted by Hoechst dye
(HO) staining and subsequent short UV exposure to locate
the DNA (Wilmut et al., 1997). Although UV exposure is
known to have harmful effects (Takaneda et al., 2007), it has
been routinely used in the majority of cloning laboratories,
although it is not an ideal method for oocyte enucleation.
Recently, the use of UV in SCNT procedures is being re-
considered in the light of reports suggesting a higher toxic
effect than previously thought (Gil et al., 2012; Maalouf et al.,
2008; Maside et al., 2011). Given that our recent SCNT data
are in line with these observations, we decided to simplify
the established enucleation procedures.

To this extent, we critically dissected each step required in
oocyte enucleation in both canonical HO/UV and deme-
colcine-assisted enucleation (DAE)—HO staining, cytocha-
lasin B, UV, demecolcine—and determined the impact of
each on oocyte development, as assessed by parthenogenetic
development. Untreated/unmanipulated oocytes and oo-
cytes enucleated without any chemical or UV exposure
served as controls in the experiment. We demonstrate that of
all factors tested, UV exposure had the most detrimental
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effect on oocyte development, whereas demecolcine exerted
a milder toxic effect. We also show that enucleation can be
successfully accomplished without any chemical or physical
agents, and that this “straight” enucleation results in the
highest developmental potential of oocytes reconstructed
with somatic nuclei.

Materials and Methods

All chemicals, unless otherwise indicated, were obtained
from Sigma Chemicals Co. (St. Louis, MO, USA).

In vitro maturation of sheep oocytes

Methods of in vitro embryo production were adapted from
those previously described (Ptak et al., 2002). The ovaries
were transferred at 37°C to the laboratory within 1-2h.
Oocytes were aspirated in the presence of tissue culture
medium-199 (TCM-199) medium (Gibco, Life Technologies,
Milan, Italy) containing HEPES and heparin. Then oocytes
with at least two to three layers of compact cumulus cells
and uniform cytoplasm were selected for in vitro maturation
(IVM). All selected oocytes were washed and then matured
in vitro in bicarbonate-buffered TCM-199 containing 2 mM
glutamine, 0.3mM sodium pyruvate, 100 uM cysteamine,
10% fetal bovine serum (FBS; Gibco Life Technologies, Milan,
Italy), 5 ug/mL follicle-stimulating hormone (FSH; Ovagen,
ICP, Auckland, New Zealand), 5 ug/mL lutenizing hormone
(LH), and 1 ug/mL estradiol. Maturation was conducted in a
humidified atmosphere of 5% CO, in air at 39°C for 24 h.

Exp. 1—Oocyte treatment and in vitro activation

To evaluate the effect of each single step required for
oocyte enucleation, MII oocytes were divided into six
groups: (1) Untreated oocytes (control); (2) oocytes treated
with Hoechst 33342 (5 ug/mL) for 10 min; (3) oocytes treated
with Hoechst 33342 for 10 min and then exposed under UV
light for 1-3sec (mercury short arc HBO 103 W/2 lamp,
OSRAM); (4) oocytes treated with HO for 10 min and par-
tially exposed under UV, shielding the MII chromosomes
(see Fig. 1); (5) oocytes incubated with cytochalasin

HO/UV light
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B (7.5ug/mL) for 1h; and (6) oocytes incubated with de-
mecolcine (0.04 ug/mL) for 2h. At the end of each treatment,
all groups were in vitro activated (IVA) as previously de-
scribed (Loi et al., 1998; Ptak et al., 2002). In vitro develop-
ment was recorded every 24 h.

Exp. 2— Comparing “canonical” (HO/UV), DAE,
and “straight” oocyte enucleation in nuclear transfer

Canonical enucleation (HO/UV). At 22h of maturation,
oocytes were denuded of granulosa cells in the presence of
hyaluronidase (300 U/mL). Oocytes with extruded first polar
bodies (1PB) were incubated in Hoechst 33342 (5 ug/mL) in
TCM-199 medium for 10 min. They were then enucleated by
aspiration of the metaphase II plate in 5-uL drops of TCM-
199 medium with 4mg/mL bovine serum albumin (BSA),
gentamicin (5 mg/mL), and 7.5 ug/mL cytochalasin B, under
UV light with a piezo-driven unit (PiezoXpert Eppendorf,
Milan, Italy), assembled on a Narishige Micromanipulator
and fitted to an inverted Nikon microscope.

Demecolcine-assisted enucleation. At 22h of matura-
tion, oocytes were transferred in IVM medium enriched
with demecolcine (0.04 ug/mL) and incubated for 2 h. Then,
oocytes were denuded of granulosa cells in the presence of
hyaluronidase and gentle pipetting. Oocytes with extruded
1PB and demecolcine-induced cytoplasmatic protrusions (see
Fig. 2) were incubated in Hoechst 33342 (5 ug/mL) in TCM-
199 medium for 10 min. Enucleation was performed using a
piezo-driven pipette partially filled with mercury. Single
oocytes were enucleated in 5-uL drops of TCM-199 enriched
with cytochalasin B (7.5 ug/mL) under mineral oil. Only the
aspirated cytoplasts were observed under UV light to ensure
the MII chromosomes’ removal without oocyte UV exposure.

Straight enucleation

At 22h post-IVM, matured oocytes with extruded 1PB
were incubated in Hoechst 33342 (5pug/mL) in TCM-199
medium for 10 min. Single oocytes were enucleated in 5-uL
drops of TCM-199 without cytochalasin B under mineral oil.
The small portion of cytoplasm under 1PB was aspirated by

HO/UV light

HO/UV light

FIG. 1. Oocytes partially exposed under UV shielding the MII plate. The MII plate is aspirated into a holding pipette and

the cytoplasm is shielded from UV light.
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Protrusion
MII

FIG. 2. Karyoplast protrusion induced by demecolcine. (A) MII oocytes without treatment. (B) MII chromosomes accu-
mulation in cytoplasm protrusion after treatment. 1PB, first polar body.

enucleation pipette. The enucleation was confirmed by ex-
posure under UV light to the aspirated cytoplasts (no oocyte
UV exposure).

Somatic cell nuclear transfer

Enucleated oocytes were transferred to TCM-199 medium
for 15min and injected with adult sheep fibroblasts by Pie-
zoXpert in TCM-199 under mineral oil. Donor cells were kept
in 11% polyvinylpyrrolidone (PVP) solution. Reconstructed
oocytes were activated in vitro with ionomycin (5 uM, 5min)
and 6-dimethylaminopurine (10 mM) with 7.5 ug/mL cyto-
chalasin B for 3-5h. The in vitro development was recorded
every 24h.

In vitro culture of preimplantation embryos

In vitro culture of preimplantation embryos was done as
previously described (Ptak et al., 2002). Presumptive zygotes
were transferred into 20-uL drops consisting of synthetic ovi-
ductal fluid (SOF) enriched with 1% (vol/vol) basal medium
Eagle (BME) essential amino acids (Gibco, Life Technologies,
Milan, Italy), 1% (vol/vol) minimum essential medium (MEM)
nonessential amino acids (Gibco, Life Technologies, Milan,
Italy), and 8 mg/mL BSA. Cultures were carried out in a hu-
midified atmosphere of 5% CO,, 7% O,, and 88% N, at 39-C.
On days 3 and 5 of culture (where day 0=day of in vitro acti-
vation), the medium was changed. On day 5, 10% of FBS
charcoal stripped was added to the medium.

Statistical analyses

The Fisher exact test was used to compare data on in vitro
development. Probability values less than 0.05 were consid-
ered to be statistically significant. Statistical analyses were
performed using GraphPad Prism 5.0 software.

Results

UV exposure of oocytes compromise parthenogenetic
embryo development

No effects were observed on in vitro development of oo-
cytes treated with Hoechst 33342 (group 2), which reached the

blastocyst stage at rates comparable to the controls (Table 1).
Reduced cleavage and blastocyst development rates were
instead observed in oocytes treated with cytochalasin B
(group 5) and demecolcine (group 6), whereas total and par-
tial UV exposure (groups 3 and 4, respectively) compromised
blastocyst development (see Table 1).

DAE and straight enucleation improve cloned
blastocyst development

DAE significantly improved the production of cloned
embryos compared to canonical enucleation (HO staining
and UV light exposure). Table 2 shows that cleavage and
blastocyst rates of demecolcine-assisted enucleated clones
were higher than UV-enucleated ones (cleavage, 38% in DAE
clones vs. 19% in UV-enucleated clones; blastocyst, 17% vs.
4%, respectively). However, the “straight” enucleation far
exceeded DAE in both cleavage (61% vs. 38%) and blastocyst
rates (30% vs. 17%, respectively).

Discussion

The best-known biological effect of UV exposure is DNA
damage (Yang W, 2011); for this reason, UV exposure has

TABLE 1. DEVELOPMENTAL POTENTIAL OF OOCYTES

Cleavage/oocytes  Blastocyst/cleavage

Groups (%) (%)

1. CTR, untreated

2. Hoechst

3. UV (both cytoplasm
and MII plate)

4. UV (only cytoplasm)

5. Cytochalasin B

6. Demecolcine

68/116 (59%)
28/45 (62%)
9/119 (8%)°

22/68 (32%)
10/28 (36%)
0/9 (0%)°

20/95 (21%)°
48/90 (53%)
37/60 (62%)

0/20 (0%)°
6/48 (13%)°
5/37 (13%)<

Treated with:

UV (cytoplasm+MII) vs. CTR: cleavage p<0.0001.

PUV (only cytoplasm) vs. CTR: cleavage p<00001; blastocysts
p=0.0394; blastocysts p=0.0023.

“Cytochalasin B vs. CTR: blastocysts p=0.0158.

9Demecolcine vs. CTR: blastocysts p=0.0382. Fisher exact test.

CTR, control; UV, ultraviolet; MII, metaphase II.
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TABLE 2. INFLUENCE OF DIFFERENT ENUCLEATION
ProTOCOLS ON DEVELOPMENTAL POTENTIAL
oF SoMATIC CELL NUCLEAR TRANSFER EMBRYOS

Cleavage/oocytes
(%)

Blastocyst/cleavage

Oocyte enucleation (%)

Canonical (HO/UV)
Demecolcine assisted
Straight

52/270 (19%)
96/250 (38%)°
79/130 (61%)P<

2/52 (4%)
16/96 (17%)
24/79 (30%)b-

“Demecolcine assisted vs. canonical: cleavage p<0.0001, blasto-
cysts p=0.0326.

PStraight vs. canonical: cleavage p<0.0001; blastocyst p=0.0001.

“Straight vs. demecolcine assisted: cleavage p <0.0001; blastocysts
p=0.0458.

HO, Hoechst; UV, ultraviolet.

been adopted in SCNT, given that the oocyte chromosomes
are completely removed and substituted with somatic cell
nuclei. Here we decided to totally reset the established pro-
cedures for oocyte enucleation, demonstrating that the MII
chromosomes can be successfully removed without the need
for UV-induced DNA dyes or disabling the oocyte’s cyto-
skeleton, as already suggested by Maalouf et al. (2008).

As expected, the simple exposure of Hoechst 33342 to the
oocytes was harmless (blastocysts, 36% HO vs. 32% control
(CTR)). A milder reduction of the oocyte competence was ob-
served following cytochalasin B and demecolcine treatment
(13% and 13% blastocysts, respectively, comparing with 32%
CTR). It is likely that the long interference of cytoplasmic
trafficking resulting from actin-tubulin depolymerization
negatively affects development (Miyamoto and Gurdon, 2011).

The stronger factor we found to compromise oocyte via-
bility was UV exposure, with a major impairment of the first
cleavage (8%) and no development to the blastocyst stage
following parthenogenetic activation. These results are in
line with recent studies (Terashita et al., 2011).

To dissect the effects of UV on DNA and cytoplasm, we
shielded the metaphase plate of a group of oocytes (group 4),
causing only the cytoplasm to be to irradiated, as actually
occurs in SCNT protocols. The resulting damage was less
intense than total exposure (total UV 8% vs. UV cytoplasm
21%), yet no blastocysts were observed following 7 days
in vitro culture (Table 1). Hence, we can infer that UV ex-
posure effectively impairs most of oocyte’s functions (i.e.,
mitochondrial activity), as previously shown (Leal et al,
1999; Smith, 1993).

The alternatives to canonical (OH/UV) enucleation pro-
posed so far are: (1) Polarized light microscopy, that locates
the metaphase spindle (Liu et al., 2000); (2) the use of softer
filter systems with traditional halogen lamps, associated
with fluorescent antibody directed against the phosphory-
lated serine 10 of histone H3 (H3S10ph) binding to M-phase
chromosomes (Yamagata et al., 2012); and (3) DAE (Yin
et al., 2002).

Polarized light microscopy works very well in oocytes
with a clear cytoplasm, such as mouse, rat, or human. Par-
ticularly for human oocytes, this microscopy is now widely
used in assisted reproduction techniques (ART) (Keefe et al.,
2003). The use of polarized light in large animal oocytes is
less advisable due to the high lipid droplet content. The
softer halogen lamp associated with fluorescent antibody
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anti-histone to locate the chromosomes reduces the photo-
toxic effects but adds the further step of antibody injection
prior to enucleation (Yamagata et al., 2012), hence it is
unpractical.

As for the large animals, we are interested in the use of
demecolcine, which was first suggested for the enucleation of
pig oocytes (Yin et al., 2002) and next extended to other large
animal such as bovines (Tani et al., 2006). Although we re-
corded here a mild toxic effect of demecolcine, we believe
that DAE is a worthy alternative to canonical HO/UV enu-
cleation because less damaging than UV exposure.

Many technical improvements have been validated since
the first SCNT report (Maside et al., 2011); one of the most
relevant is the use of piezo-driven enucleation pipettes,
originally devised for intracytoplasmic sperm injection (ICSI)
in mice (Kimura et al., 1995).

Piezo-driven pipettes are used to carry out the enucleation
without cytochalasin B, DNA dyes, or UV exposure in a
procedure we have termed straight enucleation. We then
compared the cloned blastocyst outcome derived from
straight approach with those produced by the canonical
HO/UV-based and DAE methods.

The enucleation rate of DAE, assessed a posteriori by HO
staining of the aspirated fragment, was 100%, which is
similar to the rate of the HO/UV group. Straight enucleation
was slightly less efficient, with 85% of oocytes effectively
enucleated (data not shown). As expected, HO/UV gave the
worst results in terms of embryo development (4%), com-
pared to demecolcine-assisted and straight enucleation (17%
vs. 30% blastocysts, respectively). These results confirm
previous studies in the sheep model, where it has been ob-
served that canonical enucleation of in vivo-matured oocytes
led to 11% blastocysts (Wilmut et al., 1997), whereas the re-
moval of UV exposure increases blastocyst rate up to 35%
(Lee and Campbell, 2006), even if oocytes were in vitro ma-
tured, as in our work.

To conclude, we have confirmed that UV radiation exerts
harmful effects on embryonic development through direct
cytoplasmic damage. Although moderate cytotoxicity was
also found for demecolcine, DAE is user friendly compared
to others methods; however, straight enucleation resulted in
the highest frequencies of development. Straight enucleation
requires trained operators, but completely eliminates other
minor factors that partially erode oocyte competence, pro-
viding a defined platform on which to untangle the major
issue in SCNT, the epigenetic resistance of somatic cells to
nuclear reprogramming.
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