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This study was evaluated the effect of different synchronization protocols such as serum starvation for 1–3 days, confluency and
chemical inhibitors on synchronization accuracy at G0/G1, apoptosis, and DNA synthesis in sheep granulosa cells. The cells were
obtained from ovarian antral follicles of slaughtered sheep and used at first and fifth passages. Flow cytometry analysis showed
that confluent cells, serum starvation for 24, 48, and 72 hours, and mimosine treatment significantly increased G0/G1 phase cells
when compared to normally growing cells (𝑃 < 0.05). Nocodazole treatment increased the cell population in the G0/G1 stage when
comparedwith the control group but did not change theG2/M stage population. Treatment of cells withmimosine, nocodazole, and
serum starvation in three groups resulted in proliferation arrest (𝑃 < 0.05). Serum starvation for 72 hours significantly promoted
apoptosis in granulosa cells (𝑃 < 0.05).The results of the primary culture and 5th passage were the same.The use of 48-hour serum
starvation and mimosine treatments has been recommended because cell death in these groups was very similar to the control
group.

1. Introduction

Recently, animal cloning by nuclear transfer (NT) has under-
gone rapid development. Somatic cell cloning has been
successful in sheep [1], cattle [2], mice [3], goats [4], pigs [5],
cats [6], rabbits [7], and horses [1]. Production of offspring by
NTusing somatic cells is possible, not only for the production
of domestic animals [8, 9] but also for producing transgenic
[10] or gene-targeted [11] offspring. However, somatic cell NT
has a very low success rate, generally not more than 3%, with
a high frequency of fetal loss and an increase in prenatal
mortality [12, 13]. Many factors affect the efficiency of NT.
One important factor is the cell cycle phase of the donor
cells at NT [14]. Synchronization of the cell cycle stage of
the recipient cytoplasm and the donor nucleus is essential for
maintaining correct ploidy and for preventing DNA damage
in NT reconstructed embryos. Previous studies have indi-
cated that S phase nuclei transferred to MII oocytes undergo

premature chromosome condensation (PCC) resulting in
major chromatin aberrations and a reduction in development
of NT embryos [15, 16]. The cell cycle stage of the donor
nucleusmust be compatiblewith the high levels ofmaturation
promoting factor (MPF) activity present in the metaphase
II oocyte [17]. For this reason, only nuclei in the G1 [2, 18–
20] or G0 phases [3, 21, 22] of the cell cycle can be used for
nuclear transplantation to enucleatedMII oocytes.The use of
nuclei at the G0/G1 phase improves nuclear reprogramming
and the development of reconstituted embryos. Cells of
higher passages are receptive to nuclear reprogramming.
Additional support for this hypothesis came from a study
by Enright et al. (2003) who have shown that cells of later
passages contain less epigenetic modifications; that is, their
histones aremore acetylated than earlier passages [23]. Serum
starvation [24, 25] and prolonged culture to confluency [18,
26] are commonly used methods to synchronize cells in
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theG0 orG0/G1 phase of the cell cycle, respectively. However,
experiments differ in the duration of serum deprivation and
concentration of serum. The efficiency of serum withdrawal
in controlling the cell cycle and the effect of long-term
starvation on the cell requires further investigation. Apart
from these, several chemical compounds are effective in
blocking the cells at various phases of the cell cycle [14]. For
example, Prather et al. (1999) have reported that mimosine,
a compound that synchronizes cell cycles in the G1 phase,
could effectively increase the percentages of G1 cells [25].
The favorable effect of roscovitine on synchronization in
the G0/G1 phase and subsequently on successful cattle NT
has been reported [27]. However, adequate information on
regulation of cell cycle stages in sheep donor cells is currently
unavailable. Therefore, we investigated the effectiveness of
three different cell cycle synchronization protocols in sheep
granulosa cells and analyzed the effect of cell synchronization
on cell apoptosis, DNA synthesis, and the cell cycle stage in
both the primary culture and 5th passage.

2. Methods

2.1. Cell Collection and Culture. Sheep ovaries were collected
from slaughtered gilts and transported to the laboratory
within 2 hours in a thermocontainer filled with phosphate-
buffered saline (PBS; Gibco, Germany). Sheep ovaries were
washed in PBS containing antibiotics (penicillin G 250 U/mL
and streptomycin 250 𝜇g/mL (Gibco, Germany) after being
transferred to the laboratory. Granulosa cells were obtained
by aspirating the ovarian follicles under a stereomicroscope
intoM199 medium (Sigma, USA) containing 25mMHEPES,
15% fetal bovine serum (FBS; Gibco, Grand Island, NY),
and 500 𝜇g/mL heparin (Sigma). Then, cells were cultured
in Dulbecco’s modified Eagle’s medium (DMEM; Gibco)
supplemented with 10% FBS in an atmosphere of 5% CO

2

and 95% air, at 37∘C. After two days of culture, the cells were
checked for attachment (Figure 1(a)) and the medium was
completely replaced.

When cells became confluent (Figure 1(b)), they were
harvested by treatment with 0.25% Trypsin-EDTA (Gibco) at
37∘C for two minutes. When the majority of cells detached
and became round, the reaction was terminated by DMEM
and the suspension was cultured. Cell culture was continued
until the 5th passage.

2.2. Cell Cycle Synchronization and Experimental Designs.
Cells were cultured to near confluency in primary culture
and the 5th passage and divided into six experimental groups
and one control group. Cells were cultured either in (i)
DMEM + 10% FBS until confluency (confluent inhibition
group); (ii) DMEM + 10% FBS + 0.5mM mimosine for
24 hours (mimosine group); (iii–v) DMEM + 0.5% FBS
(serum starvation (SS) groups) for 24, 48, and 72 hours, and
(vi) in DMEM + 10% FBS + 0.5 𝜇g/mL nocodazole for 20
hours (nocodazole group). The control group consisted of
normal growing cells that were allowed to grow to 70–80%
confluency.

2.3. Flow Cytometry Analysis. Cells in each group were
digested with 0.05% trypsin/EDTA and pipetted into sus-
pension. Cell cycles were analyzed by FACS (BD FACS
Calibur; BD Biosciences, San Jose, CA, USA) according to
Boquest et al. In brief, the cell suspension (about 106 cells/mL)
was centrifuged for 10 minutes (116 g) and resuspended in
1mL cold PBS; then, 3mL of ice cold 70% ethanol was
added slowly while vortexing. After ethanol fixation (20
minutes at 4∘C), cells were pelleted and then washed once
with PBS that contained 5mM EDTA. Pelleted cells were
stained by adding 1mL PBS containing 30 𝜇g/mL propidium
iodide (PI) (Sigma) and 0.3mg/mL RNaseA (Sigma) at room
temperature for 1 hour [4]. Fluorescence data were obtained
from 10,000 cells per sample. Stained cells were analyzed by
flow cytometry and cell cycle analysis software (WinMDI
version 2.9; Free Download Software Copyright, 1993–2000,
Josef Trotter).

2.4. Detection of DNA Synthesis. DNA synthesis was assayed
by 5-bromo2-deoxy-uridin (BrdU) incorporation (using an
in situ detection kit (Roche Applied Science, Mannheim
Germany). Cells were washed with PBS and cultured in
DMEM containing 10 𝜇M BrdU for 24 hours at 37∘C. At the
end of the culture, cells were washed with PBS and fixed by
70% ethanol glycine buffer (50mM, pH 2.0) at −20∘C for 30
minutes.The cells were then penetrated by 0.1% Triton X-100
for 10minutes and blocked by 10%goat serum for 1 hour.After
washing, 50𝜇L anti-BrdU antibody (dilution 1 : 10) was added
and cells were incubated overnight at 37∘C. The sample was
washed in PBS and incubatedwith anti-mouse-Ig-fluorescein
(dilution 1 : 10) for 1 hour at 37∘C after which the sample was
carefully washed in PBS and stained with 5 𝜇L/mL PI for 5
minutes. Slides were mounted with glycerol and examined by
the use of a fluorescence microscope. From each sample, at
least 1000 nuclei were counted and data were represented as
mean values for three independent experiments.

2.5. In SituDetection of Cell Apoptosis. Theeffect of treatment
on cell apoptosis was determined using a cell apoptosis
detection kit (Roche Applied Science,Mannheim, Germany).
Cells were fixed in 4% para-formaldehyde in PBS for 1
hour at room temperature, rinsed three times with PBS,
and incubated with 0.3% H

2
O
2
in methanol for 1 hour

to quench endogenous peroxidase activity. Then, cells were
treated with 0.1% Triton X-100 (Sigma) at 4∘C for 5 minutes
and incubated with TUNEL reaction mixture (50 𝜇L) in a
humidified chamber at 37∘C for 1 hour. After washing in
PBS, cells were incubated with 50 𝜇L converter-POD in a
humidified chamber at 37∘C for 1 hour. Samples were washed
in PBS and exposed to the DAB (3,3-diaminobenzidine
tetrahydrochloride) substrate solution for color development
in a dark chamber at room temperature for 10 minutes. At
last, samples were dehydrated in ethanol, cleared in xylene,
and mounted with entelan. For each sample, at last 1000
nuclei were counted and data represented the mean values
from three independent experiments. For negative controls,
instead of theTUNEL reactionmixture, slideswere incubated
with 50𝜇L of label solution (without terminal transferase).
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Figure 1: (a) Normally growing and (b) confluent sheep granulosa cells.The scale bars are 200 𝜇m. (c) DNA synthesis of sheep granulosa cells
as assayed by BrdU incorporation. Cells were normally growing. The scale bar is 100 𝜇m. (d) TUNEL assay of sheep granulosa cells grown
with 72-hour serum starvation. Arrows indicate TUNEL positive cells (apoptotic cells) that stained very dark. The scale bar is 100 𝜇m.
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Figure 2: Typical histogram of DNA. Single-parameter histogram of DNA allows for the discrimination of cell populations existing in G0/G1;
S; G2/M phases of the cell cycle.
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Table 1: Percentages (±SD) of granulosa cells in various phases of
the cell cycle after a variety of culture treatments in primary culture
(a) and 5th passage (b).

(a)

Treatment G0/G1 S G2/M
Normally growing 56.4 ± 2.7a 19.0 ± 0.5a 23.3 ± 2.5f

Confluency 73.11 ± 3.0bc 8.81 ± 1.41bc 18.08 ± 0.58a

24 h SS 76.9 ± 1.6bc 7.8 ± 0.3bc 15.3 ± 0.9a

48 h SS 83.5 ± 1.3bd 2.4 ± 0.1bd 14.1 ± 0.6bc

72 h SS 89.46 ± 2.0bd 1.9 ± 0.3bd 8.64 ± 1.14bd

Mimosine 85.2 ± 1.1bd 3.5 ± 0.3bd 11.3 ± 0.6be

Nocodazole 74.09 ± 1.07bd 2.7 ± 0.5bd 23.2 ± 1.7abf

(b)

Treatment G0/G1 S G2/M
Normally growing 56.1 ± 1.0a 18.0 ± 0.2a 24. 8 ± 1.5a

Confluency 72.6 ± 1.0bc 6.5 ± 0.4bd 20.9 ± 1.4a

24 h SS 75.4 ± 2.2bc 4.9 ± 0.4bd 19.7 ± 0.5a

48 h SS 85.7 ± 2.3bd 2.1 ± 0.2bc 12.2 ± 0.6b

72 h SS 90.7 ± 1.72bd 1.8 ± 0.45bc 7.32 ± 0.42b

Mimosine 85.5 ± 1.3bd 4.5 ± 0.15bd 10.0 ± 0.5b

Nocodazole 74.6 ± 2.3b 1.9 ± 0.56bc 23.5 ± 1.8a

SS: Serum starvation. Data are means ± SD. Values within the columns
with different superscripts (a with b; c with d; e with f) differ significantly
(𝑃 < 0.05).

2.6. Statistical Analysis. At first, the Kolmogrov-Smirnov test
was performed for data normalization.Thepercentage of cells
in each stage of the cell cycle for the experimental groups is
given as the mean value of replicates ± standard deviation
(SD). Data were analyzed using ANOVA. DNA synthesis
and apoptosis data and differences between treatments were
determined using the 𝜒2 test. The analyses were performed
with SPSS 9.0 software (SPSS Inc., Chicago, IL, USA) and
𝑃 < 0.05 was considered significant.

3. Results

To evaluate the effect of confluency, serum starvation, and
chemical cell cycle inhibitor on the cell cycle, DNA content
was measured by FACS analysis, and the relative percentages
of the proportions of cells in the G0/G1 (2C DNA content), S
(2C–4C) andG2/M (4CDNA content) stages were calculated
(Table 1).

The percentage of normally growing cells in the G0/G1
phase was 56.4% for primary culture and 56.1% for the 5th
passage, respectively. Confluent cells significantly increased
the proportion of cells in the G0/G1 stage (𝑃 < 0.05)
comparedwith normally growing cells (73/11±3.0 in primary
culture and 72.6 ± 1.0 in the 5th passage, resp.). After 24,
48 and 72 hours of serum starvation, the relative percentage
of cells that entered into G0/G1 significantly increased when
compared with normally growing cells (76.9 ± 1.6, 83.5 ± 1.3,
89.46 ± 2.0 in the primary culture and 75.4 ± 2.2, 85.7 ± 2.3,
90.7 ± 1.72 in the 5th passage, resp.; 𝑃 < 0.05). These results
showed that the percentage of G0/G1 cells increased further

by prolonging serum starvation to 72 hours when compared
with normally growing cells. The percentage of cells in the
S and G2/M stages reduced with confluency and serum
starvation cells (𝑃 < 0.05). Moreover, mimosine effectively
arrested the cell cycle at the G0/G1 phase to 85.2 ± 1.1 (𝑃 <
0.05). Nocodazole treatment increased the number of cells in
the G0/G1 to 74.09±1.07 in primary culture and 74.6±2.3 in
the 5th passage (Figure 2). The number of cells in the G2/M
stagewas the same as the number of cells in the control group.

DNA synthesis showed that in primary culture and the
5th passage, 19.8 and 18% of normally growing cells were
in the S phase, respectively. The percentage of cells in the
S phase changed significantly with confluency and 24-hour
serum deprivation cells (10.2% in primary culture and 9.6%
in the 5th passage, resp.; 𝑃 < 0.05). When cells were starved
for 48 and 72 hours, the percentage of BrdU labeled cells
significantly decreased to 3.1 and 2.2% in primary culture and
3.2 and 2.3% in the 5th passage, respectively (𝑃 < 0.05).
Cells treated with mimosine and nocodazole also resulted
in a decrease in DNA synthesis in cell cultures (Table 2,
Figure 1(c)).

Detection byTUNEL (Figure 1(d)) revealed a few apopto-
sis (2.62%) in normally growing cells. Apoptosis in confluent
cells did not increase significantly when compared with the
control group. Serum starvation promoted cell apoptosis
and the degree of apoptosis was correlated with the length
of starvation. When cells were starved for 24 hours, the
percentage of apoptotic cells did not increase significantly.
However when they were starved for 48 or 72 hours, the
percentages of apoptotic cells (5.6 and 6.1 in primary; 5.4
and 6.5% in the 5th passage, resp.) increased (𝑃 < 0.05).
Treatment of cells with nocodazole and mimosine did not
increase the percentage of apoptotic cells (Table 3).

4. Discussion

There are different factors that affect in vitro as well as in
vivo development of reconstructed embryos following NT.
Cell cycle synchronization between nuclear donor and the
recipient is considered to be one of the crucial factors for
successful cloning.

Data from this study clearly indicate that sheep granulosa
cells could be synchronized effectively at the G0/G1 stages
using all six different treatments. The majority of the cells
(>70%) in all groups were arrested at the G0/G1 stage,
while in normally growing granulosa 56% of the cells were
allocated to this stage. Urakawa et al. (2004) showed that
a high rate of offspring production was possible by NT
using donor cells that were in the early G1 phase [28].
Hayes et al. [29] determined that hyperconfluency alone
was sufficient to induce bovine fibroblasts and granulosa
cells to enter G0 and there was no difference in the rate of
blastocyst development with culture in vitro, when compared
to serum starved cells. Recently, Dalman et al. (2010) have
shown that full confluency is an effective method for cell
cycle synchronization [30]. Khammanit et al. and de Barros
et al. have reported that serum starvation and growth to
confluency successfully synchronized fibroblast cells at the
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Table 2: Percentages of granulosa cells in S phase of the cell cycle after a variety of culture treatments in primary culture (a) and 5th passage
(b).

(a)

Normally growing Confluency Serum starvation Cell cycle inhibitors
24 h 48 h 72 h Mimosine Nocodazole

S stage 19.8%a 10.2%b 8.5%b 3.1%b 2.2%b 4.5%b 3.2%b

(b)

Normally growing Confluency Serum starvation Cell cycle inhibitors
24 h 48 h 72 h Mimosine Nocodazole

S stage 18%a 9.6%b 5.5%b 3.2%b 2.3%b 3.1%b 3.3%b

Within a row; percentages with different superscript alphabets are significant (𝑃 < 0.05).

Table 3: Apoptosis of sheep granulosa cells after various treatments by TUNEL assay in primary culture (a) and 5th passage (b).

(a)

Normally growing Confluency Serum starvation Cell cycle inhibitors
24 h 48 h 72 h Mimosine Nocodazole

Viable cells 97.3%a 95.2% 94.8%a 94.3% 93.7%b 95.1% 95%
Apoptotic cells 2.62%a 4.7% 5.1% 5.6%b 6.1%b 4.8% 4.9%

(b)

Normally growing Confluency Serum starvation Cell cycle inhibitors
24 h 48 h 72 h Mimosine Nocodazole

Viable cells 97% 95.1% 94.7% 94.5%b 93.3%b 94.8% 95%
Apoptotic cells 2.9%a 4.8% 5.2% 5.4%b 6.5%b 5.1% 4.9%
Within a row; percentages with different superscript alphabets are significant (𝑃 < 0.05). The percentages without superscript alphabets are not significant.

G0/G1 stage [31, 32]. Kasinathan et al. compared twomethods
of high confluency and the shake-off method for bovine
fibroblast cells [19]. They found that high confluency was
more effective than serum starvation in arresting the cell
cycle. They demonstrated that G1 cells support a higher
development rate of NT embryos to term than cells obtained
from a full confluent culture. Interestingly, the effect was not
observed until late gestation.Therefore, cell cycle progression
in nuclear donor cells appears to be an advantage for the
successful development of NT embryos through the final
stages of gestation. It is possible that the inhibitory effect of
high confluence on cell cycle progression may have negative
effects on development of cloned embryo, especially through
the final stages of gestation [19].

The importance of serum starvation of the donor cells was
emphasized with the birth of Dolly [22]. In this study, serum
starvation for 24 hours did not significantly decrease DNA
synthesis. Analysis of cell cycle distribution by flowcytometry
showed that serum starvation for 48 and 72 hours signifi-
cantly increased G0/G1 phase cells in both primary culture
and 5th passage.However, extension of the serumdeprivation
period to greater than 48 hours reduced cell survival and
increased DNA fragmentation with some characteristics of
apoptosis [2, 24].

In the present study, confluent cells and serum starvation
for 24 and 48 hours did not increase apoptotic cells, but serum
starvation for 72 hours significantly promoted apoptosis in

sheep granulosa cells. Jayadev et al. showed that serum
starvation increased the number of apoptotic cells (12%),
while inhibiting the cell cycle progress in leukemia cells
[33]. Growing goat fibroblasts cultured in vitro had low
rate of apoptosis (1.15%), but when the cells were serum
starved for five days, the percentage of apoptotic cells reached
11.7% and after 10 days of starvation, and most cells showed
signs of apoptosis [34]. Dalman et al. also showed that 72-
hour serum starvation induced 39.83% early apoptosis and
1.95% late apoptosis in goat fibroblast cells [30]. High rates
of fetal loss in cattle clones related to serum starvation of
donor cells have been documented by Gibbons et al. (2002).
These authors assumed that long-term fetal losses of clones
derived from serum starved donor cells may be consistent
with inappropriate DNA replication or DNA damage [27].
Exposing donor cells to chemical inhibitors is an alterna-
tive method for synchronizing cells at the G0/G1 phase.
In this study, we investigated the effect of mimosine and
nocodazole.The synchronization effect ofmimosine has been
proven by Krude (1999), who confirmed that treatment of
asynchronously proliferating human somatic HeLa or EJ30
cells with 0.5mM mimosine for sufficient time to undergo
at least one full cell division cycle resulted in a homogenous
population of cells synchronized in the late G1 phase [35].

It has been reported that mimosine added to cultures of a
variety of cell lines at 0.2mM reversibly arrests cells late in the
G1 phase [36] by reducing the activity of the protein synthesis
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initiation factor eIF-5A [37]. In contrast, Boquest et al. have
shown thatmimosine treatment had little effect on increasing
G1 percentages of fetal fibroblasts, even when added at a
high concentration of 1.2mM [38]. Once again, this result
highlights the importance of verifying the responsiveness of
each cell line to a particular cell cycle-arresting treatment.
It has been shown by flow cytometry of cultured human
lymphoid cells that mimosine inhibits cell cycle traverse in
the late G1 phase near the G1-to-S transition [36]. Prather
et al. observed that mimosine treatment of mammary cells
resulted in synchronization in the G1 phase in comparison
with cycling culture [25]; while serum deprivation for five
days resulted in 22%of the cells inG0 and 63.8% of the cells in
G1. Our results were similar to those of Vacková et al. (2003)
who demonstrated that 24 hours of treatment with 0.5mM
mimosine caused effective arrest of the cell cycle in the G1
phase [14].The potential of cells to divide was preserved even
after 24 hours of mimosine inhibition. Also, we showed that
mimosine treatment did not increase the number of apoptotic
cells.

This study showed that nocodazole treatment increased
the number of cells in the G0/G1 stage but did not change
the cell numbers in the G2/M stage. It has been hypothesized
that M phase somatic donor cells introduced to MII oocytes
would be tetraploid if treated with a protein or phosphory-
lation inhibitor, such as 6-DMAP, due to detrimental effects
on spindle function [39]. A previous study by Cheong et
al. has shown an increased number of tetraploid embryos
(23%) derived from G2 donor cells compared to G1 donor
cells (0%) [15]. Transfer of M phase nuclei to both activated
and nonactivated MII cytoplasts was not as successful at
supporting development to the blastocyst stage as G0 and
G1 nuclei [39]. Nocodazole arrests cells at metaphase by
inhibiting tubulin polymerization [40]. A previous study has
reported that although nocodazole inhibits cells to produce a
cell population with a G2-phase amount of DNA, these cells
are not synchronized. Not only is the cell-size distribution
of inhibited cells not narrowed as expected for a truly
synchronized culture, but also, upon release of cells from
nocodazole, the cells do not progress normally through the
cell cycle. Thus, nocodazole has a deleterious or damaging
effect on cells [41]. Cooper et al. indicated that nocodazole
can be used to synchronize nuclear donor cells at the G1
or S phases after exiting from M-phase, and fusions can be
affected between 2 and 4 hours (G1) and 6–8 hours (S phase)
after removal of the agent [42].

5. Conclusions

In conclusion, the results of the primary culture and 5th
passage showed confluency, serum starvation. and mimosine
treatments effectively synchronized sheep granulosa cells in
the G0/G1 phase. As a result, using nocodazol treatment
for cell cycle synchronization is not suitable in the NT
process. We recommend the use of confluency, 48-hour
serum starvation and mimosine, because cell death in these
groups was very similar to the control group (normally grow-
ing). However serum starvation for 72 hours significantly

promoted apoptosis in granulosa cells. Our results should be
of value in preparing sheep donor cells for NT experiments.
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