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Abstract. Transgenesis is an essential tool in many biotechnological applications. Intracytoplasmic sperm injection
(ICSI)-mediated gene transfer is a powerful technique to obtain transgenic pups; however, most domestic animal embryos
do not develop properly after ICSI. An additional step in the protocol, namely assistance by haploid chemical activation,
permits the use of ICSI-mediated gene transfer to generate transgenic preimplantation embryos in a wide range of
domestic species, including ovine, porcine, feline, equine and bovine. In the present study, spermatozoa from five species
were coincubated with pCX-EGFP plasmid and injected into metaphase II oocytes. The chemical activation protocol
consisted of ionomycin plus 6-dimethylaminopurine. We detected high proportions of fluorescent EGFP embryos for all
five species (23–60%), but with a high frequency of mosaic expression (range 60–85%). To our knowledge, this is the first
study to produce exogenous DNA expression in feline and equine embryos. Chemical activation reduces the lag phase of
egfp expression in ovine embryos. Our results show that this unique method could be used to obtain ovine, porcine, feline,
bovine and equine transgenic preimplantation embryos.
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Introduction

Transgenesis is an essential tool for the identification of gene
functions and, currently, has a predominant role in many biotech-
nological applications. Transgenesis has been used in ovine
(Schnieke et al. 1997), caprine (Baguisi et al. 1999) and bovine
(Salamone et al. 2006) species to generate bioreactors that
express recombinant proteins in milk, as well as in pigs to adapt
organs for human xenotransplantation (Niemann and Kues 2003;
Smolenski et al. 2007). One area currently in development is
genetic modification to increase the agricultural production of
animals that are resistant to mastitis (Wall et al. 2005) or bovine
spongiform encephalopathy (Richt et al. 2007), or to produce
animals that exhibit more efficient nutrient assimilation
(Golovan et al. 2001). Microinjection of foreign DNA into the
male pronuclei of zygotes (Gordon et al. 1980) and nuclear trans-
fer using genetically modified somatic donor cells (Cibelli et al.
1998) are two methods that are commonly used in the generation
of transgenic animals. However, these techniques have proved
to be quite inefficient (Hammer et al. 1985; Eyestone 1999;
Rideout et al. 2001).

Three decades ago, Brackett et al. (1971) first reported
evidence of heterologous DNA introduced into a mammalian
spermatozoon and subsequent delivery into an oocyte during
fertilisation. Several reports have shown binding of exogenous

DNA constructs on sperm cell membranes in a variety of
mammalian species (Castro et al. 1990; Francolini et al. 1993;
Zani et al. 1995; Ball et al. 2006; Hoelker et al. 2007). How-
ever, contradictory results have been reported with regard to
the successful production of transgenic offspring using the
sperm-mediated gene transfer method (Brinster et al. 1989;
Lavitrano et al. 1989, 2002; Gandolfi et al. 1996; Shemesh et al.
2000). In 1999, Perry et al. (1999) complemented the transfor-
mation of spermatozoa with intracytoplasmic sperm injection
(ICSI), developing a new technique called ‘ICSI-mediated gene
transfer’, giving rise to 20% transgenic pups. However, ICSI-
mediated gene transfer has had limited success in domestic
animals (Robl et al. 2007); mosaic gene expression has been
observed in mice among embryonic blastomeres (Perry et al.
1999) and offspring (Moreira et al. 2007).

The ICSI technique was developed for use in humans and
mice (Palermo et al. 1992; Kimura and Yanagimachi 1995). In
these species, injection of spermatozoa induces oocyte activa-
tion (Nakano et al. 1997). However, after ICSI, most domestic
animals do not develop properly (McEvoy et al. 2003; Malcuit
et al. 2006), and porcine and bovine embryos are reported to
require electrical or chemical activation (Rho et al. 1998; Kolbe
and Holtz 1999; Li et al. 1999; Chung et al. 2000; Nakai et al.
2003). The most common chemical activation protocols in ICSI
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use ionomycin, a calcium ionophore, followed by 3 h incubation
prior to treatment with 6-dimethylaminopurine (DMAP; Rho
et al. 1998; Li et al. 1999; Chung et al. 2000).

The main aim of the present study was to use ICSI-mediated
gene transfer to generate transgenic preimplantation embryos in
ovine, porcine, feline, bovine and equine species. The present
study reports on a unique method used for all five species.
The transgenesis marker was the egfp gene, expressed under
control of a chimeric cytomegalovirus immediate-early-chicken
β-actin enhancer–promoter (Ikawa et al. 1995). For each species,
the percentage of transgenic embryos, the incidence of mosaic
expression and the timing of exogenous gene expression were
determined by observation of enhanced green fluorescent pro-
tein (EGFP) fluorescence.

Materials and methods
Reagents
Unless indicated otherwise, all chemicals were obtained from
Sigma Chemical (St Louis, MO, USA).

Experimental design
In the first experiment, we compared embryo development and
egfp expression after ICSI-mediated gene transfer with or with-
out chemical activation in prepubertal sheep (four replicates).
In the second experiment, we tested the most favourable ICSI-
mediated gene transfer protocol (with chemical activation) in
porcine, feline, bovine and equine species (three replicates for
each).

Oocyte collection and in vitro maturation
Ovaries were collected from prepubertal ewes, gilts, cows and
mares at abattoirs. Gonads from female domestic cats were
recovered from local veterinary clinics. All samples were trans-
ported to the laboratory in 0.9% NaCl solution at 25–30◦C.
Cumulus–oocyte complexes were aspirated from follicles with
a diameter of 2–5 mm (ovine), 2–6 mm (porcine and bovine) or
2–8 mm (equine) in Dulbecco’s phosphate-buffered saline
(DPBS; 14287–072; Gibco BRL, Grand Island, NY, USA)
containing 10% fetal bovine serum (FBS; 10499–044; Gibco
BRL) and 2% antibiotic–antimycotic (antibiotic–antimycotic
(ATB); 15240–096; Gibco BRL). In domestic cats, oocytes were
released by repeatedly puncturing the ovaries with 21-gauge nee-
dles in the same medium. Oocytes covered with at least three lay-
ers of granulosa cells were selected for in vitro maturation (IVM)
in all species. The maturation medium was bicarbonate-buffered
TCM-199 (31100–035; Gibco BRL), containing 2 mm glutamine
(G-8540), 10% FBS, 10 µg mL−1 follicle-stimulating hor-
mone (NIH-FSH-P1; Folltropin; Bioniche, Belleville, Ontario,
Canada), 0.3 mm sodium pyruvate (P2256), 100 µm cysteamine
(M9768) and 2% ATB. Oocytes were incubated in 500 µL
medium in four-well dishes (Nunclon; Nunc, Naperville, IL,
USA) covered with mineral oil (M8410). The IVM condi-
tions were 6.5% CO2 in humidified air at 39◦C for 24 h for
ovine, feline and bovine oocytes, for 36 h for equine oocytes
and for 48 h for porcine oocytes. After maturation, cumulus
cells were removed from all oocytes by vortexing for 2 min
in hyaluronidase (H-4272; 1 mg mL−1 DPBS) and the oocytes

were washed three times in HEPES-buffered (H4034)TCM-199.
Mature oocytes were evaluated by visualising the first polar body
and were used immediately for ICSI.

Semen collection, freezing and thawing
Semen was collected using an artificial vagina in ovine and
bovine species. In pigs, ejaculates were obtained using the
gloved-hand method, whereas in feline and equine speices,
sperm was obtained from the epididymides. Samples were frozen
using standard procedures: in ovine and bovine with Tris-based
extender and in porcine, feline and equine withAndroMed exten-
der (Minitub, Landshut, Germany). In all cases, frozen semen
was thawed in a 37◦C water bath for 30 s.

DNA construction and sperm–DNA incubation
The plasmid used was pCX-EGFP (kindly provided by
Dr Masaru Okabe, Osaka University, Japan), which contains an
egfp gene under the control of the chimeric cytomegalovirus
immediate-early-chicken β-actin enhancer–promoter (Ikawa
et al. 1995).

Sperm for DNA uptake
Coincubation sperm–DNA construction was performed accord-
ing to the method of Perry et al. (1999) with slight modification.
Briefly, spermatozoa were washed twice in 2.8% Na citrate
(F71497) with 100 µm EDTA by centrifugation at 495g for
5 min. The sperm pellet was resuspended in 2.8% Na citrate with
100 µm EDTA, the concentration was adjusted to 20 × 106 sper-
matozoa mL−1 and a 10-µL aliquot was incubated with 0.5 µg
closed circular covalent plasmid per million spermatozoa (final
concentration) for 5 min at 0◦C. Then, spermatozoa were used
immediately for ICSI.

Intracytoplasmic sperm injection
Intracytoplasmic sperm injection was performed in 20-µL
microdroplets of Tyrode’s albumin lactate pyruvate buffered
with HEPES (TALP-H) under mineral oil (S66138; Fisher
Scientific, Pittsburgh, PA, USA) in 100 × 20-mm tissue cul-
ture dishes (430167; Corning, NY, USA) using Narishige
hydraulic micromanipulators (Medical Systems, Great Neck,
NY, USA) mounted on a Nikon Eclipse E-300 microscope
(Nikon, Melville, NY, USA). The injection pipettes had an inner
diameter of 8 µm for ovine, porcine and bovine species, and
7 µm for feline and equine species. Each injected spermato-
zoon was selected for its normal morphology in a 4-µL droplet
of 10% polyvinylpyrrolidone (PVP; 99219; Fisher Scientific).
The spermatozoon selected was immobilised by breaking its tail
and then aspirated tail-first into the injection pipette. Immedi-
ately, the injection pipette was washed by passing it through a
microdroplet of TALP-H to remove any spermatozoa attached
and then transferred to the oocyte-containing drop. Metaphase
(M) II oocytes were held under negative pressure in the holding
pipette, with the polar body at the 6 or 12 o’clock position. The
microinjection pipette was pushed through the zona pellucida
and into the cytoplasm of the oocyte at the 3 o’clock position.
Aspiration was used to break the oolemma. The spermatozoon
and the aspirated ooplasm were then expelled into the oocyte
with a minimal volume of PVP. In Experiment 1, we included
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Sham and ICSI control groups. The Sham group was preformed
as a control for mechanical activation. As for the ICSI groups,
the oolema was ruptured and the ooplasm was aspirated into
the injection pipette and re-injected into the oocyte with a min-
imum volume of spermatozoa-free medium. In the ICSI control
group, frozen–thawed spermatozoa without either plasmid coin-
cubation or chemical activation were used. The parthenogenic
DNA control consisted of the injection of an equivalent volume
(as used in ICSI) of 10% PVP microdroplet with 10 ng mL−1

pCX-EGFP into the oocyte, without a spermatozoon, followed
by chemical activation.

Chemical activation
Injected oocytes were activated immediately in TALP-H with
5 µm ionomycin (I24222; Invitrogen, Carlsbad, CA, USA) for
4 min and placed in TCM-199 for 3 h to permit second polar
body extrusion. Oocytes were subsequently transferred to a drop
of TCM-199 with 1.9 mm DMAP (D2629) for 3 h. The inhibitor
was then removed by washing oocytes three times in TALP-H
and cultures were continued as described below.

In vitro culture
Presumptive zygotes were returned to the original maturation
medium after replacing 50% of the medium with fresh medium
and were cocultured with cumulus cells. Cleavage was evalu-
ated at Day 2 and the number of morulae and blastocysts was
determined on Days 5–8 after ICSI.

Determination of EGFP fluorescence in embryos
During the period of in vitro culture, embryos were briefly
exposed to blue light using an excitation filter at 488 nm and
an emission filter at 530 nm to determine expression of the egfp
gene at different stages of development. Embryos were analysed
on Days 1, 2, 3, 4, 5 and 8 after ICSI.

Determination of embryo cell number
Embryos were stained in TCM-199 containing 1 mg mL−1

Hoechst 33342 (B2261) for 2 min and mounted immediately
between coverslips to count total nuclei under an epifluorescence
microscope.

Explants from embryos
Bovine fluorescent blastocysts were cut into four by mechani-
cal microsurgery and each part was cultured in a feeder layer of
granulose cells in 20-µL droplets of minimal essential medium
(α-MEM; MTC010D; MTCELL, Buenos Aires, Argentina),
containing 0.2% insulin–transferrin–selenium (41400; Gibco
BRL), 5% FBS, 1000 U leukaemia inhibitory factor (LIF;
L5283) and 2% ATB, under mineral oil in 5% CO2 at 39◦C.
Growth and egfp expression in explants were evaluated daily.

Fluorescence in situ hybridisation
Porcine two-cell embryos were incubated for 20 h with
0.1 µg mL−1 Demecolcine (D1925). Then, embryos were pre-
pared on a poly l-lysine-coated slide by treating them with a
hypotonic solution (1% Na citrate in distilled water for 10 min)

and fixing them in situ with 3 : 1 methanol : acetic acid. Signals
of fluorescein isothiocyanate (FITC) anti-mouse (F6257) and
anti-digoxigenin (D8156), which bind the digoxigenin-labelled
pCX-EGFP (5.5 kb) probe, were labelled using the Nick Trans-
lation System (18160–010; Invitrogen). Total DNA was coun-
terstained with 4′,6′-diamidino-2-phenylindole (DAPI). Images
of each cell and its signals were captured using an Optronics
(Goleta, CA, USA) camera.

Statistical analysis
In vitro embryo development, fluorescent expression and differ-
ences between replicates were compared by Fisher’s exact test. In
ovine, differences in mosaicism between treatments were anal-
ysed using the Chi-squared test. For all statistical analyses, the
SAS program was used (SAS Institute 1989). Differences were
considered significant at P < 0.05.

Results
Experiment 1: embryo development and EGFP expression
after ICSI-mediated gene transfer with or without
chemical activation in prepubertal ovine
The effects of chemical activation on ICSI-mediated gene
transfer were determined in the ovine. Table 1 shows embryo
development and fluorescence of injected prepubertal oocytes.
Blastocysts were only obtained by ICSI plus chemical activation.
Exogenous DNA–sperm incubation did not appear to affect the
rate of embryo developmental. Sham control embryos did not
achieve the morulae stage and their cleavage was significantly
lower (14.6%) than the ICSI control. Fluorescent embryos were
detected only when spermatozoa were coincubated with the plas-
mid. The ICSI control did not achieve the blastocyst stage and
the proportion of morulae did not differ significantly from that
seen for ICSI with plasmid coincubation.

The percentage of mosaic expression at Day 4 did not differ
significantly between groups with and without chemical acti-
vation (69.8% and 64.6%, respectively; P < 0.05, Chi-squared
test). Detection of egfp expression in ovine embryos assisted
by chemical activation began at either the two-cell stage (7/39),
four-cell stage (9/39) or eight-cell stage (23/39); conversely, egfp
expression in ovine without chemical activation began only at the
eight-cell stage (24/24) and never earlier.

Fluorescent and non-fluorescent 8–16-cell embryos (n = 20)
produced by ICSI-mediated gene transfer assisted by chemical
activation were selected and stained with Hoechst 33342 to count
the number of nuclei. No fragmented embryos were observed.

Experiment 2: ICSI-mediated gene transfer assisted
by chemical activation in porcine, feline, equine
and bovine species
In the remaining four domestic species, ICSI-mediated gene
transfer assisted by chemical activation was investigated. In total,
176 porcine, feline, bovine and equine oocytes were injected with
spermatozoa incubated with pCX-EGFP plasmid. Table 2 shows
embryo development and egfp expression for each species.

In total, 35 porcine and 86 bovine oocytes were injected
with pCX-EGFP plasmid, followed by chemical activation
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Table 1. In vitro development and egfp expression in prepubertal ovine embryos produced by intracytoplasmic sperm injection-mediated gene
transfer with or without chemical activation

Values with different superscripts in a column are signficantly different (P < 0.05, Fisher’s test). Within each group, no signficant differences were observed
between replicates (P > 0.05, Fisher’s test). Io, Ionomycin; §, transgenic; ICSI, intracytoplasmic sperm injection; DMAP, 6-dimethylaminopurine

Treatment pCX-EGFP No. oocytes Cleavage Morulae Blastocysts Embryos§ Morulae§ Blastocysts§

(%) (%) (%) (4–16 cell) (%) (%) (%)

ICSI + 88 47 (53.4)a 26 (29.5)a 0 (0)a 24 (27.3)a 24 (27.3)a 0 (0)a

ICSI + Io + DMAP + 86 73 (84.9)b 24 (27.9)a 3 (3.5)a 39 (45.3)b 17 (19.8)a 2 (2.3)a

ICSI control − 63 33 (52.4)a 24 (38.0)a 0 (0)a 0 (0)c 0 (0)b 0 (0)a

Sham − 41 6 (14.6)c 0 (0)b 0 (0)a 0 (0)c 0 (0)b 0 (0)a

Table 2. In vitro development and egfp expression in embryos produced by intracytoplasmic sperm injection-mediated gene transfer assisted by
chemical activation

Values with different superscripts in a column are signficantly different (P < 0.05, Fisher’s test). Within each group, no signficant differences were observed
between replicates (P > 0.05, Fisher’s test). §, transgenic

Species No. oocytes Cleavage (%) Morulae (%) Blastocysts (%) Embryos§ (2–16 cell) (%) Morulae§ (%) Blastocysts§ (%)

Porcine 55 46 (83.6)a 7 (12.7)a 0 (0)a 33 (60.0)a 3 (5.5)a 0 (0)a

Bovine 44 25 (56.8)b 7 (15.9)a 5 (11.4)b 10 (22.7)b 5 (11.4)a,b 4 (9.1)a

Feline 35 16 (45.7)b 11 (31.4)b 1 (2.8)a,b 9 (25.7)b 7 (20.0)b 1 (2.8)a

Equine 42 28 (66.6)a,b 4 (9.5)a 0 (0)a 11 (22.1)b 3 (7.1)a,b 0 (0)a

(parthenogenic DNA control). Cleavage rates were 80.0% in
the porcine and 61.2% in the bovine. Porcine embryos did not
achieve the morulae stage; of bovine embryos, 8.1% (7/86)
reached the morulae stage and 2.3% (2/86) reached the blastocyst
stage. However, no green fluorescents embryos were observed
in either species.

The percentage of embryos with mosaic expression at Day 4
was 85.2%, 60.4%, 78.7% and 72.7% for porcine, bovine, feline
and equine species, respectively. The dynamics of egfp expres-
sion in embryos were evaluated by daily microscopic observation
of fluorescence. The expression of egfp in porcine and feline
embryos started at the two-cell stage (36.4% and 22.4%, respec-
tively), whereas in bovine and equine embryos it started at the
four-cell stage (9.6% and 54.5%, respectively).

Day 8 green expanded bovine blastocysts (n = 3) were stained
with Hoechst 33342 and mounted immediately between cover-
slips to count total nuclei.The number of nuclei in each specimen
was 96, 83 and 57 (mean (± s.d.) 78.7 ± 19.8 nuclei).

Different fluorescent blastocysts in ovine, feline and bovine
species are shown in Fig. 1. In Fig. 2, homogenic porcine expres-
sion and ovine and equine embryos with different proportions
of mosaicism are shown.

Green bovine blastocysts (n = 2) were cut into four and cocul-
tured with granulose cells. After 2 days of culture, two explants
from one of the two treated blastocysts showed intense adhe-
sion and proliferation (an approximate fourfold increase) and
expressed fluorescent EGFP (Fig. 3). Once the explants stopped
proliferating, egfp expression disappeared and the adhesion
of cells was lost. Conversely, preliminary fluorescence in situ
hybridisation (FISH) analysis put forward to two integration loci
in one porcine two-cell stage embryo (Fig. 4).

(a)

(b)

(c)

(a�)

(b�)

(c�)

Fig. 1. Fluorescent embryos were produced by injecting spermatozoa that
had been coincubated with pCX-EGFP plasmid. (a) Feline, (b) ovine and
(c) bovine fluorescent blastocysts are shown under a combination of bright
and blue (488 nm) light. (a′–c′) The same blastocysts shown under blue light
only. (Original magnification ×200.)

Discussion

Herein, we describe a unique method by which transgenic preim-
plantation embryos in five different species can be obtained.
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(a) (b) (c)

(a�) (b�) (c�)

Fig. 2. Fluorescent embryos were produced by injecting spermatozoa that had been coincubated with pCX-EGFP plasmid. (a) Homogeneous egfp expression
in porcine embryos and mosaic egfp expression in (b) equine and (c) ovine embryos. (a–c) Embryos are shown under bright light; (a′–c′) the same embryos
are shown under blue light. (Original magnification ×200.)

Fig. 3. Preliminary fluorescence in situ hybridization analysis in porcine
interphase two-cell embryo with pCX-EGFP plasmid as the probe. The red
arrows indicate four signals, coupled by pairs, compatible with at least two
integration loci in which each signal could be associated with each sister
chromatid.

Even in species in which chemical activation is not neces-
sary for embryo development after ICSI, such as the ovine,
chemical activation does not negatively affect embryo devel-
opment. In contrast, a slight improvement seems to be achieved

Fig. 4. Fluorescent 16-day explant generated from a 7-day intracytoplas-
mic sperm injection-mediated gene transfer bovine blastocyst under a com-
bination of bright and blue (488 nm) light. (Original magnification ×100.)
The explant proliferated and maintained fluorescence up to Day 20.

in prepubertal ovine embryo development at the blastocyst stage
(Table 1).

Our results for ICSI-mediated gene transfer demonstrated
that the pCX-EGFP plasmid bound to spermatozoa from any
source (ejaculated or from the epididymides) in a simple saline
medium (citrate Na 2.8%) and without any selection of sperm
cell donor. In contrast, the preparation of transgenic sperm cells
for use in the sperm-mediated gene transfer technique requires
specific media, carefully conditioned for the manipulation and
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selection of sperm cell donors (Gandolfi 1998; Shemesh et al.
2000; Lavitrano et al. 2003; Li et al. 2006a). Results of the
present study prove that the egfp gene from the pCX-EGFP
plasmid is expressed in ovine, porcine, feline, bovine and equine
preimplantation embryos, which disagrees with previous reports
for the last two species (Alderson et al. 2006; Ball et al.
2006).

We detected a high proportion of fluorescent egfp gene
expression in all five species (23–60%). To our knowledge,
this is the first study to produce exogenous DNA expression
in feline and equine embryos. In addition, this is the first
report of successful egfp-expressing bovine embryo produc-
tion by ICSI-mediated gene transfer, achieving 10% transgenic
blastocysts. Furthermore, despite using prepubertal oocytes, we
obtained a significantly higher proportion of egfp-expressing
ovine embryos than the only other study published (Gou et al.
2002). Moreover, the highest proportion of egfp-expressing
embryos was found in porcine, with the degree similar to that
reported previously (Lai et al. 2001; Naruse et al. 2005). Embryo
developmental results could be improved by using specific con-
ditions for IVM/in vitro culture or DNA concentration for each
species. Nevertheless, in conventional ICSI, without transgene-
sis, species-specific studies have shown that the blastocyst rate
remains low (Gómez et al. 1998; Pope et al. 2006; Galli et al.
2007), especially when prepubertal oocytes are used (Jiménez-
Macedo et al. 2005). The proportion of blastocysts after ICSI
was only improved significantly by use of piezoelectric actua-
tor in the bovine (Oikawa et al. 2005) or electric activation in
porcine species (Tian et al. 2006).

In the present study, we observed a high frequency of mosaic
expression of egfp in the five species (range 60–85%).A possible
explanation for this is that the transgene (tg) is integrated into
the embryo’s genome after the first cell division (Perry et al.
1999; Szczygiel et al. 2003; Kaneko et al. 2005; Smith and
Spadafora 2005). Another possibility is that the tg could remain
extrachromosomal and be lost during successive mitotic divi-
sions, as has been shown in two previous reports (Celebi et al.
2002; Li et al. 2006b). However, the presence of EGFP fluo-
rescence at the blastocyst stage has been suggested as evidence
of stable tg integration (Perry et al. 1999), especially when the
plasmid is not able to replicate autonomously. Only the addition
of a human scaffold/matrix attachment region (S/MAR) linked
to the plasmid (Manzini et al. 2006), or the presence of large
SV40 virus T antigen in embryos (DeLucia et al. 1986), would
allow episomal replication of pCX-EGFP.

A simple polymerase chain reaction amplification technique
or reverse transcription–polymerase chain reaction could detect
the presence of the tg in embryos (Rieth et al. 2000; Alderson
et al. 2006; Hoelker et al. 2007), but these methods do not
distinguish between integration or episomal presence of the
tg. It is not possible to perform Southern blot analysis in the
embryos because there is not enough DNA (Szczygiel et al.
2003). An alternative technique, namely FISH, could be used in
embryos to differentiate tg status, but the length of the pCX-
EGFP plasmid (5.5 kb) makes the hybridisation signal detection
difficult. In preliminary FISH analysis in porcine embryos, using
pCX-EGFP plasmid as a probe, we found four possible sig-
nals at the two-cell stage that are compatible with at least two

integration loci. This technique requires improvements in order
for conclusive data to be obtained. However, we have gener-
ated explants from EGFP-expressing blastocysts and obtained a
monolayer of cells and, furthermore, these cells expressed the
green fluorescent protein. The explants proliferated and main-
tained the fluorescence up to Day 20, suggesting that the
plasmid was effectively integrated in the embryos from which
the explants were produced.

Our chemical activation procedure can produce haploid
parthenogenic embryos in all the species studied. Therefore,
non-green fluorescent morulae and blastocysts obtained in
the present study could actually be parthenogenetic embryos.
Bovine and porcine parthenogenic DNA controls indicate
that green embryos are derived from fertilisation. None of
the parthenogenic DNA control embryos exhibited transgene
expression, in accordance with work in other laboratories (Perry
et al. 1999; Yamauchi et al. 2007). These authors showed that
injection of exogenous DNA into mice ooplasm, followed by
either chemical activation or sperm injection, is not able to gener-
ate transgenic embryos. egfp-expressing embryos were produced
only when sperm and exogenous DNA were coincubated before
injection (Perry 2000). These conclusive data show that the
risk of obtaining fluorescent parthenogenic embryos with our
technique is very low.

Daily observation of embryo development under a fluores-
cent microscope permitted early detection of egfp expression.
In the present study, egfp expression in the ovine was detected
earlier when chemical activation was used (two- v. eight-cell
stage). We propose that chemical activation reduces the lag
phase of embryo egfp expression. Chemical activation enhances
the speed of both pronuclear formation and cell cycle progres-
sion in sheep and bovine embryos (Susko-Parrish et al. 1994;
Loi et al. 1998). Earlier pronuclear formation and enhanced
cell cycle progression are two possible factors involved in the
reduced lag phase of egfp expression in ovine preimplantation
embryos.This effect was also suggested by the earlier expression
of egfp in chemically activated porcine, bovine, feline and equine
embryos in the present study. In addition, earlier expression of
endogenous and exogenous genes was observed for partheno-
genetic and cloned embryos assisted by chemical activation
(Wrenzycki et al. 2006; Kasamatsu et al. 2007). The timing
of egfp expression in non-activated embryos was not possible
to determine because preliminary experiments indicated devel-
opmental arrest before the morula stage after ICSI without
chemical activation in porcine, bovine and feline embryos (data
not shown). In the future, the expression of a large battery of
endogenous genes should be studied to determinate whether
chemical activation reduces the lag phase for embryo gene
expression in these species.

In summary, our results show that ICSI-mediated gene
transfer assisted by chemical activation can be used to obtain
exogenous gene expression in ovine, porcine, feline, bovine
and equine preimplantation embryos, which has potential sci-
entific and commercial interest. In addition, we found that
chemical activation accelerated transgene expression in ovine
prepubertal embryos. However, the incidence of mosaic trans-
genic expression should be minimised to optimise the production
of transgenic animals.
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