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Abstract
The objective of the current investigation was to extensively compare the in vitro developmen-
tal capabilities between cloned pig embryos reconstructed with the cell nuclei of either cumulus 
oophorus cells or adult dermal fibroblast cells that were both evaluated as non-apoptotic on the 
basis of YO-PRO-1- and Annexin V-eGFP-mediated vital analysis for programmed cell suicide. In 
Group I, the competences of nuclear-transferred (NT) embryos that were derived from non-apop-
totic/non-necrotic (i.e., YO-PRO-1- and Annexin V-eGFP-negative) cumulus cells to complete their 
development to the morula and blastocyst stages were maintained at the proportions of 155/364 
(42.6%) and 54/364 (14.8%), respectively. In Group II, NT embryos that were reconstituted with 
non-apoptotic and/or non-necrotic adult cutaneous fibroblast cells developed to the morula and 
blastocyst stages at the rates of 207/358 (57.8%) and 110/358 (30.7%), respectively. Although the 
in vitro developmental potential of porcine NT embryos derived from non-apoptotic/non-necrotic 
cumulus cells was significantly lower (P<0.001) than that of NT embryos reconstructed with adult 
dermal fibroblast cells, the obtained morula/blastocyst formation rates turned out to be consider-
ably higher as compared to the rates reported by other investigators. Altogether, to our knowledge, 
the comprehensive research aimed at the determination of preimplantation developmental out-
comes of cloned pig embryos produced using nuclear donor somatic cells of different provenance 
(cumulus oophorus cells or adult cutaneous fibroblast cells) that were vitally diagnosed for the lack 
of proapoptotic transformations in their plasma membranes has not yet been accomplished.
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The efficiency of somatic cell cloning in pigs and other mammalian species  
is determined by many factors. One of the most important factors is morphologi-
cal, ultrastructural, biochemical and biophysical quality of nuclear donor cells (Lee  
et al., 2003 a, b; Samiec and Skrzyszowska, 2012 a). Nevertheless, ultrastructural, 
biochemical and biophysical alterations that are one of the earliest symptoms of sui-
cidal cell death (apoptosis) may be not reflected in the morphological transforma-
tions of somatic cells (Kues et al., 2002; Anger et al., 2003; Skrzyszowska et al., 
2006).

Qualitative and quantitative evaluation of somatic cells based on the morpho-
logical criteria, which include above all: 1. cellular size/diameter ranging from 10 to  
20 μm; 2. spherical shape of the cell; 3. smooth (non-corrugated) and intact (bleb-
bing-deprived) surface of plasma membrane; 4. lack of symptoms of cytolysis, 
and also 5. lack of degenerative changes in the cytoplasm involving either nec- 
rotic vacuolization and osmotic swelling or apoptotic diminution of the cytosolic  
volume as a result of both dehydration and gradual shrinkage of plasmalemma, may 
be insufficient for practical application in the cloning (Yin et al., 2002; Koo et al., 
2004; Lee et al., 2003 a, 2005; Skrzyszowska et al., 2006). Biochemical, biophysical 
and ultrastructural changes that are one of the earliest prognostic indicators of pro-
grammed cell death (PCD) include the loss of phospholipid composition asymmetry 
and thereby the loss of anisotropy in the distribution of lipid molecules within the 
plasma membrane, which are both triggered by the externalization of phosphatidyl-
serine (PS) residues onto the surface of plasmalemma (Fadok et al., 1992 a; Martin 
et al., 1995; Engeland et al., 2001). In turn, biochemical and ultrastructural changes 
that seem to be consistent with middle- to late-phase apoptotic symptoms include 
the appearance of the microchannels in the plasma membrane and megachannels 
in the semipermeable membranes of such intracellular compartments/organelles 
as mitochondria and endoplasmic reticulum (Estaquier et al., 1995; Idziorek et al., 
1995; Skrzyszowska et al., 2006). These changes may not be accompanied by the 
morphological transformations of somatic cells involving superficial corrugation 
(retraction) and blebbing of plasmalemma associated with the shrinkage of the cy-
toplasm (Samiec and Skrzyszowska, 2012 a; Skrzyszowska et al., 2006). All the 
above-mentioned cytophysiological proapoptotic alterations can be detected by dif-
ferent fluorescent methods including either vital or non-vital diagnostics of the cells. 
One of the intra vitam diagnostic methods relies on the use of highly labile, yel-
lowy-green DNA fluorochrome YO-PRO-1 that displays the ability to easily diffuse 
through the microchannels arising in the plasma membrane and the megachannels in 
the semipermeable membranes of intracellular compartments (Daly et al., 1997; Es-
taquier et al., 1996; Lincz, 1998; Samiec and Skrzyszowska, 2012 a; Skrzyszowska 
et al., 2005). The second method is focused on the confirmation of the exposure of 
the phosphatidylserine (PS) residues on the surface of plasmalemma, to which the 
moieties of the anti-coagulative, amphitropic, calcium-dependent and low molecular 
weight (35.8 kDa) glycoprotein called Annexin V that is conjugated with the bio-
luminescent Aequorea victoria hydrozoan-derived fluorochrome protein, known as 
enhanced green fluorescent protein (eGFP), has high affinity (Fadok et al., 1992 b, 
1993; Frasch et al., 2004). The YO-PRO-1- or Annexin V-eGFP-mediated vital ap-
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proach to qualitative and quantitative detection of proapoptotic alterations enables to 
estimate the percentage of poor-quality apoptotic and/or necrotic cells in relation to 
the total number of analysed cells originating from representative samples, without 
quantification of their early-apoptotic, late-apoptotic and/or necrotic cells (Samiec 
and Skrzyszowska, 2012 a; Skrzyszowska et al., 2006). 

The objective of our current investigation was to comparatively examine the in 
vitro developmental outcomes of nuclear-transferred (NT) pig embryos that were de-
rived from non-apoptotic/non-necrotic (i.e., YO-PRO-1-/Annexin V-eGFP-negative) 
cumulus oophorus cells and adult cutaneous fibroblast cells. Before their selection 
for somatic cell cloning, the morphological, biochemical, biophysical and ultrastruc-
tural quality of both types of porcine nuclear donor cells (cumulus cells and adult 
dermal fibroblast cells), which was based on the comprehensive detection of apop-
totic cell death symptoms, had been evaluated.

Material and methods

Collection and in vitro meiotic maturation of porcine oocytes
Unless otherwise mentioned, all chemicals used in this study were purchased 

from Sigma-Aldrich Chemical Co. (St. Louis, MO, USA).
Slaughterhouse ovaries were collected from both prepubertal female pigs (gilts) 

and postpubertal female pigs (gilts and sows). Cumulus-oocyte complexes (COCs) 
were recovered by aspiration of follicular fluid from 2- to 6-mm antral ovarian 
follicles using an 18-gauge needle attached to a 10-mL disposable syringe. The 
COCs were collected into Tissue Culture Medium 199 (TCM 199-HEPES; Gibco  
BRL, Life Technologies Inc., Grand Island, NY, USA) that was buffered with  
25 mM 4-(2-hydroxyethyl)piperazine-1-ethanesulfonic acid (N-(2-hydroxyethyl)
piperazine-N′-(2-ethanesulfonic acid); HEPES, C8H18N2O4S) and supplemented with 
5 IU mL–1 heparin. The COCs, with evenly granulated ooplasm and several uniform 
layers of compact cumulus cells, were washed three times in TC 199-HEPES me-
dium with the addition of 4 mg mL–1 bovine serum albumin (fraction V; BSA-V) 
and selected for in vitro maturation under atmospheric conditions. Immature COCs 
were transferred into the single wells of Nunclon polystyrene four-well multidishes 
(Nunclon ∆ Surface; Nunc A/S, Nalge Nunc International, Thermo Fisher Scientific, 
Roskilde, Denmark) filled with 500 μL of TC 199 maturation medium that had been 
previously overlaid with light mineral oil and equilibrated at 39ºC in atmosphere 
of 5% CO2 in air for 1 to 3 h. The maturation medium was comprised of 25 mM 
HEPES- and 26.2 mM sodium bicarbonate-buffered Tissue Culture Medium 199 
(Gibco BRL) and supplemented with 10% porcine follicular fluid (pFF), 0.6 mM 
L-cysteine, 10 ng mL–1 recombinant human epidermal growth factor (rhEGF), 1 mM 
dibutyryl cyclic adenosine monophosphate (db-cAMP; bucladesine) and 0.1 IU mL–1 
human menopausal gonadotropin (hMG). Approximately 50 to 60 COCs were cul-
tured in the db-cAMP- and hMG-supplemented medium for 20 h at 39ºC in a 100% 
water-saturated atmosphere of 5% CO2 and 95% air. The oocytes were then cultured 
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for 22 to 24 h in fresh maturation medium that did not contain db-cAMP and hMG 
(Samiec and Skrzyszowska, 2010 a; Skrzyszowska et al., 2008). 

After maturation, expanded cumulus oophorus cells and corona radiata cells were 
completely removed by vigorous pipetting of COCs in the presence of 0.5 mg mL–1  

(50 IU mL–1) bovine testis-derived hyaluronidase in 500 μL of HEPES-buffered TCM 
199 for 1 to 2 min. In vitro-matured, metaphase II (MII)-stage oocytes, selected on 
the basis of accepted morphological criteria, and first of all with evenly granulated, 
dark cytoplasm and an intact plasma membrane, and with distinctly extruded first po-
lar bodies (polocytes) provided a source of recipient cells for exogenous cell nuclei 
for the somatic cloning procedure (Samiec and Skrzyszowska, 2012 a, b).

Isolation of porcine cumulus oophorus cells
The freshly collected cumulus cells were dissociated from expanded cumu-

lus masses of in vitro-matured COCs by vortexing them for 1 to 2 min in TCM  
199-HEPES supplemented with 0.5 mg mL–1 hyaluronidase and washing three times 
in the medium with addition of 4 mg mL–1 BSA-V (Samiec et al., 2003; Samiec and 
Skrzyszowska, 2010 b; Skrzyszowska et al., 2005).

Isolation, in vitro culture and mitotic cycle synchronization of porcine fi-
broblast cells

Adult fibroblast cells were collected from an ear-skin biopsy obtained from  
a 8-month-old (postpubertal) female pig (sow). The subcutaneous and cutaneous tis-
sue samples were cut into small pieces using a tissue chopper (0.5 mm). The resultant 
tissue explants were placed in a 12.5-cm2 polystyrene BD Falcon cell culture flask 
(Becton Dickinson Co., Franklin Lakes, NJ, USA) filled with a small volume of Dul-
becco’s Modified Eagle’s Medium (DMEM, Gibco Invitrogen Co., Paisley, Scotland, 
UK) to wet the bottom of the flask, but not enough volume to cause the tissue pieces 
to float. During the first 2 to 3 days of incubation, a few more drops of the medium 
were added every 2 to 3 h, and more medium was added gradually when the pieces 
had firmly attached to the bottom of the culture flask. The cultures were replenished 2 
to 3 times per week. Primary cultures of ear skin-derived fibroblast cells were grown 
in modified Dulbecco’s Minimum Essential Medium that was formulated to contain 
high concentration of D-glucose (4 mg mL–1). This medium was supplemented with 
10% heat-inactivated foetal bovine serum (FBS), 5 ng mL–1 recombinant human ba-
sic fibroblast growth factor (rh-bFGF), 2 mM L-glutamine (L-Gln), 0.36 mM sodium 
pyruvate, 1% antibiotic-antimycotic solution (AAS) and 2 mM iso-nitrogenous non-
essential amino acid (NEAA) solution based on Eagle’s Minimum Essential Medium 
(MEM). After removal of the explants (Days 5 to 6), monolayers of fibroblast cells 
were detached from the bottom of the culture flask and disaggregated/digested into 
a single cell suspension using DMEM that was deprived of such cell chemoattractants 
as 10% FBS and supplemented with the cell detachment/digestion buffer consisting 
of 0.25% trypsin and 0.01% ethylenediaminetetraacetic acid (EDTA). The cells were 
subsequently cultured to total confluence and then passaged at least twice. The cells 
harvested from the flasks by trypsinization were washed in 10-mL manipulation me-
dium (HEPES-buffered Tissue Culture Medium 199) enriched with 10% FBS and 
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centrifuged at 200 × g for 10 min. The cell pellet was then suspended in FBS contain-
ing 9% dimethyl sulfoxide (DMSO) before freezing in a Minicool freezer (Minicool 
40 PC; Air Liquide, Bussy-Saint-Georges, France). The cryopreserved donor cells 
were thawed at 37°C, and 200 μL of FBS was added. The suspension was incubated 
at room temperature for 10 min, and then 800 μL of cell culture medium was added 
(Samiec and Skrzyszowska, 2010 b, 2012 a; Skrzyszowska et al., 2008). 

Before their use for somatic cell nuclear transfer (SCNT), the frozen/thawed 
clonal cell lines (cell strains) of adult dermal fibroblasts were cultured in vitro to 
total confluence (in the medium supplemented with 10% FBS) to synchronize their 
mitotic cycle at the G1/G0 stages by initiating 24- to 48-h contact inhibition of their 
migration and proliferative growth (Samiec and Skrzyszowska, 2010 a; Samiec et 
al., 2012). After the cell cycle synchronization had been completed, the cultured 
clonal fibroblast cell lines (between passages 2 and 4) were trypsinized, followed 
by centrifugation at 300 × g for 5 min. The supernatant was subsequently removed, 
and 50 μL of the manipulation medium enriched with 4 mg mL–1 BSA-V was added 
(Samiec and Skrzyszowska, 2010 b). 

Preparation and subsequent analysis of nuclear donor cells for apoptosis
Live-DNA or plasma membrane labelling of somatic cells
To detect the early-phase and middle-to-late-phase apoptotic changes in the non-

cultured/freshly recovered cumulus cells (harvested by hyaluronidase-mediated di-
gestion) and cultured sow ear skin-derived fibroblast cells (harvested by trypsin-
mediated digestion), a single nuclear donor cell suspension (adjusted to a density 
of 1 × 105 to 1 × 106 cells per 1 mL of medium) was subjected to two intra vitam 
tagging methods with the use of different diagnostic markers. In the first method, the 
cells, which had been previously suspended in 1000 µL of TC 199-HEPES medium 
supplemented with 4 mg mL–1 BSA-V, were dyed with 1 µg mL–1 yellowy-green 
live-DNA fluorochrome YO-PRO-1 (Vybrant Apoptosis Assay Kit 4; Molecular 
Probes, Eugene, OR, USA) at a concentration of 100 μM in DMSO solution (Idzio- 
rek et al., 1995; Samiec and Skrzyszowska, 2012 a). In the second method, the cells 
were labelled with the conjugate of Annexin V and eGFP protein (ApoAlert Annexin  
V-EGFP Apoptosis Kit; Clontech; Becton, Dickinson and Co., BD Biosciences, Palo 
Alto, CA, USA), which has a high affinity for PS residues exposed on the surface 
of the plasmalemma (Fadok et al., 1992 a; Martin et al., 1995; Skrzyszowska et 
al., 2006). The reactive mixture was comprised of 5 μL of diagnostic conjugate at  
a concentration of 40 μg mL–1 in phosphate-buffered saline (PBS) solution and  
200 μL of 10% FBS-enriched binding buffer, which chelates a surplus of Annexin 
V-eGFP reagent molecules preferentially linked to the negatively charged PS moie-
ties. The reactive buffer solution (pH = 7.4) consisted of 10 mM HEPES sodium 
salt (HEPES/NaOH; C8H17N2NaO4S), 140 mM NaCl, 2 mM CaCl2, 5 mM KCl and  
1 mM MgCl2. After a 15- to 20-min incubation of the somatic cells in one of the two 
diagnostic solutions, any proapoptotic alterations in the plasma membranes were as-
sessed in the dark on an epi-fluorescent microscope (Olympus IMT-2, Tokyo, Japan). 
The nuclear donor cells were evaluated for apoptosis after a short (approximately 10- 
to 20-sec) excitation of the somatic cell-descended DNA and YO-PRO-1 complexes 
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or PS and Annexin V-eGFP complexes with blue light (at an excitation/absorption 
maximum wavelength of λmax = 488 nm). Approximately 50 YO-PRO-1- or Annexin 
V-eGFP-tagged representative (random) cell samples ranging from 0.5 × 103 to 1 × 103 

cells per sample were collected from the populations of freshly-isolated cumulus 
cells and cultured/trypsinized adult dermal fibroblast cells whose mitotic cell cy-
cle had been synchronized at the G1/G0 phases by the contact inhibition of their 
migration and proliferative growth. The cells that did not emit the yellowy-green  
YO-PRO-1-derived or green eGFP-derived fluorescence under the emission maxi-
mum wavelength λmax = 530 nm were classified as non-apoptotic/non-necrotic and 
used for the SCNT procedure (Samiec and Skrzyszowska, 2012 a; Skrzyszowska and 
Samiec, 2005, 2008; Skrzyszowska et al., 2006, 2007).

Production of porcine nuclear-transferred embryos
Cumulus-denuded in vitro-matured oocytes were incubated in the maturation me-

dium supplemented with 0.4 µg mL–1 demecolcine (DMCC; colcemid, N-deacetyl-
N-methylcolchicine) and 0.05 M sucrose for 1 h at 39ºC. Afterwards, the treated 
oocytes were transferred into a glass micromanipulation chamber filled with TCM 
199 with addition of 4 mg mL–1 BSA-V, 5 μg mL–1 cytochalasin B (CB) and 0.4 µg 
mL–1 DMCC. Maternal chromosomes (metaphase plates), which had been allocated 
into chemically induced protrusion of plasma membrane, were removed microsur-
gically (Yin et al., 2002). Enucleation was accomplished by gently aspirating the 
ooplasmic cone, which contained condensed chromosome cluster, with the aid of  
a bevelled micropipette of 20- to 25-µm external diameter. Following enucleation, 
the resulting cytoplasts (ooplasts) were washed extensively in HEPES-buffered 
TCM 199/BSA-V and held in this CB- and DMCC-free medium until either in-
tracytoplasmic microinjection of live-membrane cellular structures containing cell 
nuclei (i.e., karyoplasts) that had been isolated from whole nuclear donor cells or 
subzonal microinjection of intact nuclear donor cells were performed. Reconstruc-
tion of enucleated oocytes (ooplasts) was achieved by intracytoplasmic microinjec-
tion of cumulus cell-derived karyoplasts (donor nuclei surrounded with perikaryon, 
i.e., very thin perinuclear cytoplasmic layer/ring; Group I) or by electrofusion of 
whole adult dermal fibroblast cells with ooplasts (Group II). Nuclear donor cells 
were selected under Nomarski prism-based differential interference contrast (DIC) 
optics according to their size and shape. For cumulus oophorus cells, only the 
spherical-shaped cells with a smooth, intact plasmalemma surface were chosen for 
preparation (microsurgical isolation) of karyoplasts intended to be injected directly 
into the cytoplasm of enucleated oocytes. By using an microinjection pipette, the 
sharp, bevelled tip of which had an external diameter about half smaller than the 
diameter of the selected cells, the cumulus cell plasma membranes were broken by 
gentle, repeated aspiration of the entire cells into and out of the pipette. As a re-
sult, cytolysis was mechanically induced and the karyoplasts were released from 
the lysed cells. Subsequently, the microinjection pipette was introduced manually 
through the zona pellucida (using the same slit as was made during enucleation) and 
up to halfway into the ooplasm of each cytoplast and the tiny karyoplast was quickly 
deposited with the cytoplasm (Samiec et al., 2003; Samiec and Skrzyszowska, 2005 
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a, b, 2010 b; Skrzyszowska et al., 2005). The reconstructed oocytes (i.e., clonal cy-
brids) were incubated in North Carolina State University-23 (NCSU-23) medium 
supplemented with 4 mg mL–1 BSA-V at 39ºC in a 100% humidified atmosphere of 
5% CO2 in air for 1 h before activation. Reconstructed oocytes were equilibrated in  
500 µL of electroporation medium for 1 to 2 min at 39ºC and then transferred to  
a BTX electroactivation chamber (BTX Model 450; Harvard Apparatus, Holliston, 
MA, USA), which was positioned between two parallel wire electrodes 0.5 mm 
apart. The chamber was overlaid with 0.5 to 1 mL of the same medium. Activation 
of clonal cybrids was induced with two successive DC pulses of 1.2 kV cm–1 for  
60 µs each, delivered by a BTX Electro Cell Manipulator 200 (BTX ECM Model 
200; Biotechnologies & Experimental Research, Inc., San Diego, CA, USA). Imme-
diately after electroactivation, nuclear-transferred oocytes were left once more in the 
electroporation medium for 5 min at 39ºC, before being transferred to the NCSU-23/
BSA-V medium supplemented with 5 µg mL–1 CB for 2 h (Samiec and Skrzyszowska,  
2010 b). The electroporation medium was isotonic dielectric solution consisting of 
0.3 M D-mannitol, 0.05 mM CaCl2, 0.1 mM MgSO4, and 0.2 mg mL–1 fatty acid-free 
BSA (FAF-BSA). 

For fibroblast cells, single nuclear donor cells were inserted subzonally into the 
perivitelline space of previously enucleated oocytes. The resulting whole somatic cell-
ooplast couplets were transferred to a fusion/activation chamber filled with the electro-
poration medium, which was comprised of 0.3 M D-mannitol enriched with 1.0 mM 
CaCl2, 0.1 mM MgSO4 and 0.2 mg mL–1 FAF-BSA. Fibroblast cell-ooplast complexes 
were simultaneously fused and activated with two consecutive DC pulses of 1.2 kV 
cm–1 for 60 μs each (Samiec and Skrzyszowska, 2012 b; Samiec et al., 2012). 

In vitro culture of reconstructed embryos
Cloned embryos were cultured in 50-µL droplets of NCSU-23 medium supple-

mented with 4 mg mL–1 BSA-V, 1% MEM-based non-essential amino acid solution 
(MEM-NEAA) and 2% MEM-based essential amino acid solution (MEM-EAA). 
The number of embryos per droplet of culture medium that had been overlaid with 
light mineral oil ranged from 20 to 30. After 72 to 96 h of in vitro culture, the cleaved 
embryos were placed into a 50-µL drop of NCSU-23/BSA-V/MEM-NEAA/MEM-
EAA medium enriched with 10% FBS for an additional 72 h. The nuclear-transferred 
embryos were incubated at 39ºC, in a 100% water-saturated atmosphere of 5% CO2 
and 95% air. At the end of the in vitro culture period (Days 6 to 7), the embryos were 
evaluated morphologically for morula and blastocyst formation rates (Samiec and 
Skrzyszowska, 2010 b, 2012 a; Skrzyszowska et al., 2008).

Experimental design
In the first series of experiments, the rates of apoptotic and/or necrotic cells (i.e., 

apoptotic/necrotic index) in the subpopulations of cumulus oophorus cells and adult ear 
skin-derived fibroblast cells were estimated by their vital analysis relying on the fluo-
rescent labelling with either YO-PRO-1 DNA stain or Annexin V-eGFP conjugate. 

In the second series of experiments, the in vitro developmental competences were 
investigated among porcine nuclear-transferred (NT) embryos reconstructed with 
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cumulus oophorus cells or adult cutaneous fibroblast cells that had been analysed for 
apoptosis incidence through the vital fluorescent tagging.

In the third series of experiments, abilities of cloned embryos not only to divide, 
but also to form the morulae and blastocysts were evaluated following reconstruction 
of enucleated pig oocytes with the cell nuclei of YO-PRO-1-/Annexin V-eGFP-nega-
tive and randomly selected cumulus oophorus cells or adult dermal fibroblast cells.

Statistical analysis
The chi-square test was applied to compare the proportions of apoptotic/necrotic 

cells between the subpopulations of freshly retrieved cumulus cells and contact-
inhibited adult cutaneous fibroblast cells. This test was also used for prediction of 
the statistical variations in the frequencies of successfully reconstructed oocytes, the 
frequencies of dividing embryos and the frequencies of embryos at the morula and 
blastocyst stages between different experimental groups encompassing either the nu-
clear donor cell type or the presence/lack of YO-PRO-1-/Annexin V-eGFP-based 
pre-selection of non-apoptotic and non-necrotic somatic cells before their use for the 
cloning procedure.

Results

The use of DNA and plasmalemma fluorescent indicators for intra vitam de-
tection of apoptosis in porcine cumulus and adult dermal fibroblast cells before 
somatic cell nuclear transfer

YO-PRO-1-mediated fluorescent analysis of freshly isolated cumulus cells 
or cultured (contact-inhibited) sow cutaneous fibroblast cells revealed that a rela-
tively high proportion of nuclear donor cells displayed ultrastructural proapoptotic 
changes. Additionally, the morphological features of these cells suggested that they 
were undergoing middle-to-late-phase apoptosis and/or necrosis. The percentages of 
apoptotic and/or necrotic (YO-PRO-1-positive) cells with advanced morphological 
transformations ranged from approximately 10 to 15% and from approximately 20 to 
25% per each of 50 analysed random samples of cumulus cells and contact-inhibited 
adult skin-derived fibroblast cells, respectively (Table 1). On the contrary, cells that 
were evaluated as morphologically normal did not emit yellowy-green YO-PRO-
1-derived fluorescence. These data suggest that the YO-PRO-1-negative cells are 
non-apoptotic/non-necrotic, or, alternatively, that the YO-PRO-1 dye may be not 
able to detect the early phases of apoptosis, which are typically not accompanied by 
morphological changes of the somatic cells. 

In turn, fluorescent analysis of Annexin V-eGFP-tagged cumulus cells and con-
tact-inhibited adult dermal fibroblast cells revealed that the proportions of the cells 
with middle- to late-phase apoptotic and/or necrotic changes decrease considerably 
compared to those of the YO-PRO-1-labelled cumulus cells, but they increase con-
siderably compared to those of the YO-PRO-1-stained fibroblast cells. The percent-
ages of middle- to late-phase apoptotic and necrotic cells with advanced biochemi-
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cal, biophysical, ultrastructural and morphological transformations did not exceed 
approximately 5% and 30% per each of 50 diagnosed random samples of cumulus 
cells and contact-inhibited adult cutaneous fibroblast cells, respectively (Table 2). 
Moreover, the Annexin V-eGFP-based analysis confirmed the extremely low rate 
(ranging from 0 to 3%) of the cells with normal plasmalemma ultrastructure and 
morphology that emitted the green eGFP-derived bioluminescence. These findings 
indicate that such Annexin V-eGFP-positive cells are early- to middle-phase apop-
totic, i.e., that apoptosis process in these cells did not pass through the irreversibility 
check-point at the middle phase. 

Table 1. Effect of the cell cycle synchronization strategy on the frequency of apoptosis/necrosis  
occurrence among two subpopulations of porcine somatic cells vitally analysed using DNA  

fluorochrome YO-PRO-1 

Type of nuclear donor cells undergoing YO-PRO-1-
mediated analysis

Percentage of middle- to late-phase 
apoptotic/necrotic (YO-PRO-1-positive) 

cells

Freshly recovered (non-cultured) cumulus cells
Cultured (contact-inhibited) adult dermal fibroblast cells

10–15% A
20–25% B

A, B – values with different letters within the same column differ significantly (P<0.01, chi-square test). 
Number of replicates = 50. 

Table 2. Effect of the cell cycle synchronization strategy on the frequency of apoptosis/necrosis  
occurrence among two subpopulations of porcine somatic cells vitally analysed using plasmalemma 

fluorescent marker Annexin V-eGFP

Type of nuclear donor cells undergoing 
Annexin V-eGFP-mediated analysis

Percentage of  
middle- to late-phase apoptotic/necrotic 

(Annexin V-eGFP-positive) cells

Freshly recovered (non-cultured) cumulus cells
Cultured (contact-inhibited) adult dermal fibroblast cells

5% A
30% B

A, B – values with different letters within the same column vary significantly (P<0.001, chi-square test). 
Number of replicates = 50. 

Generation of cloned pig embryos descended from non-apoptotic and/or 
non-necrotic cumulus cell nuclei or adult dermal fibroblast cell nuclei

In Group I (Table 3), a total of 364/412 (88.3%) enucleated oocytes were suc-
cessfully injected with karyoplasts isolated from cumulus cells, which had been pre-
viously analysed intra vitam for apoptosis/necrosis (i.e., classified as non-apoptotic 
and/or non-necrotic). Following activation, 364/412 (88.3%) reconstituted oocytes 
were selected for in vitro culture. Out of 364 cultured NT embryos, 202 (55.5%) 
did not fail to divide. The rates of nuclear-transferred embryos that developed to the 
morula and blastocyst stages were 155/364 (42.6%) and 54/364 (14.8%), respec-
tively.

In Group II (Table 3), a total of 387 enucleated oocytes underwent electrofusion 
with non-apoptotic/non-necrotic adult dermal fibroblast cells that had been previ-
ously contact-inhibited under 100% confluency conditions. Out of 387 simultane-
ously fused and electrically activated oocytes, 358 (92.5%) were classified for in 
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vitro culture. From among 358 cultured NT embryos, 261 (72.9%) were cleaved. 
The developmental capabilities of cloned embryos that reached the morula and blas-
tocyst stages remained at the levels of 207/358 (57.8%) and 110/358 (30.7%), re-
spectively.

Table 3. Comparison of the in vitro developmental outcomes between nuclear-transferred pig embryos 
reconstituted with freshly collected cumulus cells and contact-inhibited adult dermal fibroblast cells, 

both not displaying proapoptotic and/or pronecrotic symptoms

Type of non-apoptotic/ non-
necrotic nuclear donor cells

Number of oocytes/embryos Development to

reconstructed
(microinjected*  

or electrofused**)

cultured 
(%)

cleaved 
(%)

morulae 
(%)

blastocysts 
(%)

Freshly recovered 
(non-cultured) cumulus cells
[Group I]

412* 364/412
(88.3) a

202/364
(55.5) A

155/364
(42.6) A

54/364
(14.8) A

Cultured (contact-inhibited) 
adult dermal fibroblast cells
[Group II]

387** 358/387
(92.5) a

261/358
(72.9) B

207/358
(57.8) B

110/358
(30.7) B

a, a – values with identical letters within the same column do not differ significantly (P≥0.05, chi-square 
test). Number of replicates ≥10.

A, B – values with different letters within the same column vary significantly (P<0.001, chi-square test). 
Number of replicates ≥10. 

Table 4. Effect of YO-PRO-1- and Annexin V-eGFP-based pre-selection of cumulus oophorus cells on 
the in vitro developmental potential of nuclear-transferred pig embryos

YO-PRO-1- and 
Annexin  
V-eGFP-
-mediated  

pre-selection
of non-apoptotic 
and non-necrotic 

nuclear donor 
cells

Number of oocytes/embryos Development to

enucleated microinjected
(%)

cleaved 
(%)

  morulae 
(%)

blastocysts 
(%)

+ 412 364/412 
(88.3) a

202/364 
(55.5) A

155/364 
(42.6) C

54/364 
(14.8) A

− 377 339/377 
(89.9 ) a

150/339
 (44.2) B

98/339 
(28.9) D

12/339 
(3.5) B

a, a – values with identical letters within the same column do not differ significantly (P≥0.05, chi-square 
test). Number of replicates ≥10.

A, B – values with different letters within the same column vary significantly (P<0.01, chi-square test). 
Number of replicates ≥10.

C, D – values with different letters within the same column differ significantly (P<0.001, chi-square test). 
Number of replicates ≥10. 

As a next step, the rates of successful reconstruction of enucleated oocytes (by 
intraooplasmic donor cell nucleus microinjection or somatic cell-ooplast couplet 
electrofusion) and the in vitro developmental outcomes were assessed among nucle-
ar-transferred pig embryos descended from YO-PRO-1-/Annexin V-eGFP-negative 
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and randomly selected cumulus oophorus cells or adult cutaneous fibroblast cells 
(Tables 4 and 5). The proportions of enucleated oocytes that were effectively mi-
croinjected with karyoplasts isolated from cumulus cells or electrofused with adult 
dermal fibroblast cells did not vary significantly whether YO-PRO-1-/Annexin V-
eGFP-based pre-selection was carried out or not. Nevertheless, the cleavage division 
rates, morula and blastocyst yields trended significantly upwards for cloned embryos 
reconstituted with either YO-PRO-1- and Annexin V-eGFP-negative cumulus cell 
nuclei or adult cutaneous fibroblast cell nuclei as compared to those generated using 
both types of these nuclear donor cells that were not subjected to the YO-PRO-1- and 
Annexin V-eGFP-mediated pre-selection.

Table 5. Effect of YO-PRO-1- and Annexin V-eGFP-based pre-selection of adult cutaneous fibroblast 
cells on the in vitro developmental potential of nuclear-transferred pig embryos 

YO-PRO-1- and 
Annexin  

V-eGFP-mediated 
pre-selection

of non-apoptotic 
and non-necrotic 

nuclear donor 
cells

Number of oocytes/embryos Development to

enucleated electrofused 
(%)

cleaved 
(%)

morulae 
(%)

blastocysts
 (%)

+ 387 358/387 
(92.5) a

261/358 
(72.9) a

207/358 
(57.8) a

110/358 
(30.7) A

− 343 321/343
 (93.6) a

201/321 
(62.6) b

153/321 
(47.7) b

61/321 
(19.0) B

a, a – values with identical letters within the same column do not vary significantly (P≥0.05, chi-square test). 
Number of replicates ≥9.

a, b – values with different letters within the same column differ significantly (P<0.05, chi-square test). 
Number of replicates ≥ 9.

A, B – values with different letters within the same column vary significantly (P<0.01, chi-square test). 
Number of replicates ≥9.

Discussion

The type, origin, cell cycle stage and structure-functional (i.e., morphological, 
biochemical and biophysical) quality of nuclear donor somatic cells are one of the 
most important factors affecting the effectiveness of cloning technique in pigs (Yin 
et al., 2002; Lee et al., 2003 a, b, 2005; Samiec and Skrzyszowska, 2010 b). Gener-
ally, in our investigation, the vital diagnostics of porcine cumulus oophorus cells and 
adult dermal fibroblast cells with the use of fluorescent markers such as YO-PRO-1 
and Annexin V-eGFP did not reveal the presence of the early-apoptotic symptoms 
among the subpopulations of morphologically normal cells that provided the desir-
able source of nuclear donor cells for somatic cell cloning. These cells usually did 
not emit the bright green bioluminescence after the blue light-mediated excitation 
of the YO-PRO-1-nuclear DNA or Annexin V-eGFP-PS residue complexes (Samiec 
and Skrzyszowska, 2012 a; Skrzyszowska et al., 2005, 2006, 2007; Skrzyszowska 
and Samiec, 2005, 2008). Nonetheless, there was noticed a negligible percentage 
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(not exceeding 3%) of the early- to middle-phase apoptotic cells that exhibited the 
ability to be labelled with the Annexin V conjugated with eGFP fluorochromopro-
tein. Simultaneously, the ultrastructural and morphological transformations did not 
occur in their plasma membranes. Such fractions of morphologically normal cells 
that were classified as Annexin V-eGFP-positive were not considered to be suitable 
source of nuclear donors for our cloning experiments.   

The present study has shown that morphological criteria, most frequently applied 
to estimation of the cellular viability, turn out to be insufficient selection factors for 
the qualitative and quantitative evaluation of nuclear donor cells before their use 
for the somatic cell cloning. The basic premise underlying this thesis is based on 
the findings that indicate the improved developmental capability of porcine NT em-
bryos to reach the morula and blastocyst stages following reconstruction of enucle-
ated oocytes with the cell nuclei of YO-PRO-1-/Annexin V-eGFP-negative cumulus 
oophorus cells (morula, 43%; blastocyst, 15%; Table 4) or adult cutaneous fibroblast 
cells (morula, 58%; blastocyst, 31%; Table 5) as compared to their reconstruction 
with the cell nuclei of randomly selected somatic cells (morula, 29% or 48%; blasto-
cyst, 4% or 19%, respectively).  

 So far, not many studies have compared the cloning competence of different 
types of nuclear donor cells for directing the mammalian embryo development to 
blastocyst stage. It has been demonstrated that bovine cloned embryos reconstructed 
with cell nuclei of serum-starved or non-starved cumulus cells or ear skin-derived 
fibroblast cells formed blastocysts at a higher rate than those derived from enucleated 
oocytes receiving the cell nuclei from uterine or oviductal epithelial cells (Cho et al., 
2002). In turn, Wakayama and co-workers (1998) have demonstrated the decrease in 
developmental potential for murine NT embryos reconstituted with mature Sertoli 
cell- or neuronal cell-descended karyoplasts compared to that for cloned embryos 
generated using cumulus cell-descended karyoplasts. In contrast to foetal fibroblasts 
(Boquest et al., 2002; De Sousa et al., 2002; Hyun et al., 2003; Ramsoondar et al., 
2003) or adult ear skin-derived fibroblasts (Bondioli et al., 2001; Park et al., 2002; 
Lee et al., 2003 a) that were most frequently used for the somatic cell cloning in pigs, 
the non-cultured (freshly recovered) cumulus cells were only sporadically the source 
of nuclear donors, although their mitotic cell cycle is physiologically synchronized 
at the G0/G1 phases as has been shown by Schuetz et al. (1996) and Wakayama et 
al. (1998) in mice. Relatively low rate of blastocyst formation and no offspring have 
been obtained from porcine NT embryos reconstructed with cumulus cells. This fail-
ure in the ability of cumulus cell nuclei for both complete epigenetic reprogramming 
and supporting the development of cloned embryos up to term can result from the 
fact that the mitotic cycle of cumulus cells, which have been freshly isolated from 
in vitro- or in vivo-matured (postovulatory) follicular cell-oocyte complexes, may be 
irreversibly blocked at the G0/G1 stages of interphasic period (Samiec, 2005 a, b; 
Samiec and Skrzyszowska, 2011 a, b). This permanent inhibition of division cell cy-
cle can be induced by advanced processes of mucification (i.e., accumulation of hy-
aluronic acid and other glycosaminoglycans) within the intercellular spaces between 
the cells of cumulus oophorus and corona radiata (Schuetz et al., 1996; Wakayama et 
al., 1998; Samiec, 2004; Samiec and Skrzyszowska, 2005 a, b). In consequence, the 
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porcine cumulus cells that had been subjected to only morphological evaluation prior 
to their use for the SCNT procedure can undergo middle-apoptotic biochemical and 
biophysical changes, which are linked with the passing through the irreversibility 
check-point of suicidal cell death. For this reason, these presumptive proapoptotic 
symptoms could prevent the cumulus cell nuclei from supporting the development of 
the majority of cloned embryos to blastocyst stage. The developmental competences 
to blastocyst stage of nuclear-transferred embryos reconstituted with cumulus cells, 
which were not analysed vitally for apoptosis with the use of either YO-PRO-1 fluor-
ochrome or Annexin V-eGFP conjugate, were maintained at the very low level and 
ranged from approximately 0.5% to 7.0% (Uhm et al., 2000; De Sousa et al., 2002, 
Yin et al., 2002; Samiec et al., 2003; Lee et al., 2003 b). In our present study, the rate 
of cloned blastocysts generated from abattoir-derived oocytes receiving the nuclear 
genome of non-apoptotic/non-necrotic (i.e., YO-PRO-1- and Annexin V-eGFP-neg-
ative) cumulus cells was considerably higher (approximately 15%) as compared to 
the rates reported by the above-mentioned investigators.

Similar to our previous study (Samiec and Skrzyszowska, 2010 b), in the cur-
rent investigation, the capability of cloned pig embryos reconstructed with the cell 
nuclei of non-apoptotic/non-necrotic contact-inhibited adult cutaneous fibroblasts to 
complete their development to the blastocyst stage was significantly higher than the 
capability of embryos derived from the cell nuclei of freshly retrieved cumulus cells 
(almost 33.5% vs. 19.5% and 31% vs. 15%, respectively). Alternatively to the results 
of our experiments, in the study by Lee et al. (2003 b), although the cultured adult 
dermal fibroblast cells had a slightly higher cloning competence (approximately 8% 
blastocysts) compared to the competence of cultured cumulus cells (approximately 
6% blastocysts), the differences between these two nuclear donor cell groups were 
not statistically significant. Nevertheless, we obtained a considerably higher percent-
age of blastocysts originating from nuclear-transferred embryos reconstituted with 
either adult ear skin-derived fibroblast cells or cumulus cells (nearly 31% and 15%, 
respectively). But, the primary difference between our present study and the study 
by Lee et al. (2003 b) is that we have accomplished the intra vitam YO-PRO-1- and 
Annexin V-eGFP-mediated tagging of cumulus and adult dermal fibroblast cells to 
reveal the presence of middle- to late-phase apoptotic alterations in their plasma 
membranes before the cells were used as donor nuclei for the somatic cell clon-
ing. Moreover, the possible explanation of lower cavitation rates in the study by 
Lee et al. (2003 b) may be that in contrast to our study, in which non-cultured cu-
mulus cells or cultured (100%-confluent) adult dermal fibroblast cells undergoing 
1–2-Day contact inhibition of their migration and proliferative growth provided  
a source of nuclear donor cells, Lee and co-workers (2003 b) applied 3–5-Day se-
rum starvation to synchronize the mitotic cycle of in vitro cultured somatic cells at 
the G0/G1 phases. Such long-term trophic deprivation of the clonal cell lines could 
give rise to enhancement of apoptosis incidence, promotion of advanced epigenetic 
alterations (e.g., DNA methylation, histone deacetylation), onset and/or progression 
of mutagen-induced chromosomal abnormalities, decline of telomerase activity and 
acceleration of telomere attrition, subsequent potentiation of replicative senescence, 
strengthening of cytophysiological ageing and thereby decrease of cellular survival 
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rates and proliferative activities (Kues et al., 2002; Samiec, 2004, 2005 a, b; Jang et 
al., 2004; Jiang et al., 2004; Samiec and Skrzyszowska, 2005b, 2011 a, b).

Cumulatively, the in vitro developmental capacity of cloned pig embryos recon-
structed with non-apoptotic and/or non-necrotic freshly isolated cumulus oophorus 
cells to reach the morula and blastocyst stages turned out to be considerably lower 
than the developmental capacity of embryos reconstructed with non-apoptotic/non-
necrotic cultured adult dermal fibroblast cells. To our knowledge, the comparative 
study of preimplantation development between porcine nuclear-transferred embryos 
derived from YO-PRO-1- and Annexin V-eGFP-negative cumulus cells and those 
derived from their adult cutaneous fibroblast cell counterparts was carried out for 
the first time. 
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Ocena zdolności rozwojowych in vitro klonalnych zarodków świni rekonstytuowanych z jąder 
komórek wzgórka jajonośnego poddawanych przyżyciowej diagnostyce w kierunku wykrywania 

apoptozy

STRESZCZENIE

Celem niniejszej pracy była dokładna analiza porównawcza pozaustrojowych zdolności roz-
wojowych klonalnych zarodków świni zrekonstruowanych z jąder komórek wzgórka jajonośnego lub 
jąder fibroblastów tkanki skórnej dorosłych osobników, które oceniono jako nieapoptotyczne na pod-
stawie przyżyciowej analizy programowanej śmierci komórek z wykorzystaniem fluorescencyjnych 
markerów YO-PRO-1 lub aneksyny V-eGFP. W grupie I 155/364 (42,6%) i 54/364 (14,8%) zarod-
ków klonalnych, które zrekonstytuowane były z jąder nieapoptotycznych i/lub nienekrotycznych (tj.  
YO-PRO-1- i aneksyno V-eGFP-negatywnych) komórek wzgórka jajonośnego, wykazywało kompetencje 
rozwojowe do stadium moruli i blastocysty. Z kolei, w grupie II do stadium moruli i blastocysty rozwinęło 
się, odpowiednio, 207/358 (57,8%) i 110/358 (30,7%) zarodków klonalnych, które uzyskane były  
z nieapoptotycznych i/lub nienekrotycznych fibroblastów tkanki skórnej dorosłych osobników. Mimo 
że potencjał rozwojowy in vitro klonalnych zarodków świni zrekonstruowanych z jąder nieapoptotycz- 
nych/nienekrotycznych komórek wzgórka jajonośnego utrzymywał się na istotnie niższym poziomie niż  
w przypadku zarodków pochodzących z enukleowanych oocytów, do rekonstrukcji których użyto 
nieapoptotycznych/nienekrotycznych fibroblastów tkanki skórnej dorosłych osobników (P<0.001), 
to jednak okazało się, że odsetek uzyskanych morul i blastocyst znacznie przewyższa wyniki badań 
opublikowane przez innych autorów. Podsumowując, zgodnie z naszą wiedzą, tak obszerne badania 
nad przedimplantacyjnymi kompetencjami rozwojowymi klonalnych zarodków świni rekonstytuo- 
wanych z jąder komórek somatycznych o różnym rodowodzie (komórek wzgórka jajonośnego lub fibro-
blastów tkanki skórnej dorosłych osobników), które były przyżyciowo diagnozowane w kierunku braku 
proapoptotycznych transformacji w ich błonach plazmatycznych, nie były dotąd przeprowadzone.




