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Summary

This study examined the effects of meiosis inhibition during bovine oocyte transportation on
developmental competence and quality of produced embryos. The transportation medium was
supplemented with: 100 μM butyrolactone I (BL), 500 μM IBMX + 100 μM forskolin (mSPOM), 100 μM
milrinone (MR) or follicular fluid (bFF), and was carried out in a portable incubator for 6 h. Next, oocytes
were in vitro matured (IVM) for 18 h, without the meiotic inhibitors, with the exception of mSPOM group,
in which was added 20 μM cilostamide. The three control groups were IVM with 10% fetal calf serum
(FCS) (Control Lab FCS) or 0.6% bovine serum albumin (BSA) (Control Lab BSA) in a CO2 in air incubator
or in the portable incubator with 0.6% BSA (Control Transp BSA). Higher cleavage rates (P < 0.05) were
obtained in the Control Lab FCS group (84.5 ± 5.3%) compared with the other groups (59.6 ± 3.4% to
70.9 ± 2.3%). Embryonic development was higher (P < 0.05) in the Control Lab FCS group (39.8 ± 4.7%)
than in the Control Transp BSA (22.7 ± 3.4%) and MR (21.6 ± 2.3%) groups. However, they were similar
(P > 0.05) to the other groups (23.6 ± 3.3% to 28.8 ± 2.7%). The total number of blastomeres was higher
(P < 0.05) in the Control Lab FCS group (85.2 ± 5.6) than in Control Lab BSA (53.6 ± 2.9), Control Transp
BSA (55.5 ± 4.4), BL (58.2 ± 3.0), mSPOM (57.9 ± 4.9) and MR (59.2 ± 3.9), but all these treatments did not
differ (P > 0.05) from bFF (67.7 ± 4.2). No differences (P > 0.05) were found in apoptosis by the activity
of caspases (139.0 ± 3.2 to 152.4 ± 6.5, expressed in fluorescence intensity) as well as the percentage
of TUNEL-positive cells (12.3 ± 2.0% to 15.7 ± 1.7%). In conclusion, the transportation of oocytes over
6 h with BL, mSPOM or bFF enabled the acquisition of developmental competence at similar rates to the
Control Lab FCS group.
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Introduction

In vitro embryo production (IVP) on a commercial scale
has increased significantly in recent years. As a con-
sequence of the improvement of this biotechnology, the
global production of bovine embryos by ovum pick-up
(OPU) and in vitro fertilization (IVF) exceeded the half-
million mark in 2013 (Perry, 2015). The commercial IVP
of bovine requires the collection of cumulus–oocyte
complexes (COCs) by OPU performed on-farm and
their transportation to an IVP laboratory. COCs are
usually transported in a bicarbonate-based maturation
medium and placed in a 5% CO2 in air gas-equilibrated
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incubator or in pre-equilibrated, gassed and sealed
vials to maintain the physiological pH (Barceló-
Fimbres et al., 2015). However, in herds maintained
distant from the laboratory, transportation of COCs
may take several hours and decrease COC viability and
competence, representing a challenge for commercial
settings. Nevertheless, limited information exists on
oocyte collection, transportation, and maturation with
the objective to improve embryo production using
assisted reproduction technologies.

In growing and dominant follicles, oocytes remain
arrested at the diplotene stage of the meiotic prophase.
In vivo, resumption of meiosis is initiated by a
preovulatory luteinizing hormone (LH) surge and only
occurs in fully grown meiotically competent oocytes,
i.e., in those oocytes that have acquired the ability to
resume and complete meiosis. The LH surge leads to
a disruption in gap junctions that connect the oocyte
with its surrounding cumulus cells, resulting in the
disappearance of the highly coordinated bidirectional
communication between these cells. During the period
between the LH surge and ovulation, the oocyte
undergoes a series of marked changes not only in its
nucleus but also in its cytoplasm, the process being
known as oocyte maturation (van den Hurk & Zhao,
2005).

Thus, oocyte maturation in vivo is precisely con-
trolled by maternal signals from cumulus cells that
coordinate major oocyte meiotic and cytoplasmic
events, and components that are required for complete
developmental competence of the oocyte (Gilchrist &
Thompson, 2007; Albuz et al., 2010; Gilchrist, 2011).
However, in vitro maturation (IVM) is likely to occur
in the absence of these critical maternal signals,
as precocious oocyte meiotic resumption irrevocably
occurs when meiotically competent oocytes were as-
pirated from the inhibitory environment of the ovarian
antral follicles by OPU and cultured in a suitable
culture medium (Gilchrist & Thompson, 2007), in a
process called spontaneous oocyte maturation. During
spontaneous resumption of meiosis, the chromatin
condenses thus preventing RNA synthesis and prob-
ably curtailing the accumulation of several molecules
essential for early embryo development (Bilodeau-
Goeseels, 2012). Then, it was suggested that inhibition
or delay of spontaneous nuclear maturation in vitro
would allow more time for some of the oocytes to
accumulate more of the molecules that are important
for early development, which could therefore improve
the efficiency of embryo IVP (reviewed by Bilodeau-
Goeseels, 2012; Hashimoto et al., 2002).

Meiotic block has been induced by several strategies
including the use of biological or pharmacological
inhibitors. Bovine follicular fluid (bFF) has been
used as a natural substance for blocking the meiosis
(Sirard et al., 1998) due to an inhibitory effect on

germinal vesicle breakdown, thus leading to a delay
on the nuclear maturation (Ducolomb et al., 2013).
Among pharmacological inhibitors, several agents
that experimentally elevate oocyte cyclic adenosine
monophosphate (cAMP) transiently inhibit the spon-
taneous maturation of bovine oocytes isolated from
their follicles in vitro. These include non-specific (3-
isobutyl-1-methylxanthine – IBMX) or oocyte-specific
(cilostamide and milrinone; Thomas et al., 2002; Sassev-
ille et al., 2009; Albuz et al., 2010; Naruse et al., 2012)
phosphodiesterase (PDE) type 3 inhibitors, or even
stimulators of adenylate cyclase that potently increase
whole COC and intra-oocyte cAMP levels (forskolin;
Thomas et al., 2002). The combined use of cAMP
modulators has also been proposed as an attempt
to simulate physiological oocyte maturation (SPOM
approach) that consists of a prematuration phase for
2 h in the presence of IBMX and forskolin (aiming
to rapid increase cAMP levels in COCs), followed by
an extended IVM culture (30 h) in the presence of
cilostamide (Albuz et al., 2010). Another drug that
efficiently induces meiotic block is butyrolactone I,
which is a potent and specific inhibitor of cyclin-
dependent kinases (cdks) but has few inhibitory effects
on other protein kinases such as mitogen-activated
protein (MAP) kinase (Kubelka et al., 2000). Although
the blockade of meiosis in in vitro cultured oocytes
has been extensively tested with the afore-mentioned
drugs, little attention has been given to strategies
such as inhibiting or delaying spontaneous nuclear
maturation in vitro during oocyte transportation with
the purpose of improving embryo production in a
commercial OPU–IVP programme.

Thus, the aim of this study was to examine whether
delaying precocious oocyte meiotic resumption with
pharmacological (butyrolactone I, milrinone, or IBMX
combined with forskolin) or biological (bFF) inhibitors
during simulated transport of bovine oocytes for
6 h affects the oocyte acquisition of competence for
embryonic development, as well as the quality of
the embryos produced. Specifically, we assessed the
following parameters: oocyte maturation rates; em-
bryonic development to the blastocyst stage; total cell
number in blastocysts; the frequencies of blastomeres
undergoing apoptosis; and activity of caspases in the
blastocysts.

Materials and Methods

Chemicals and media

Unless stated otherwise, chemicals were purchased
from Sigma Chemical Co. (St. Louis, MO, USA). Plastic
dishes and tubes were obtained from Corning Inc.
(Acton, MA, USA).
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Both the medium for simulated transport of oocytes
(which was called the IVM-like medium in the present
study, as proposed by Ponderato et al., 2002) and
the medium for IVM consisted of TCM199 (Gibco
BRL, Grand Island, NY, USA) supplemented with
0.2 mM sodium pyruvate, 25 mM sodium bicarbonate,
50 μg/ml amikacin, 0.5 μg/ml follicular stimulat-
ing hormone (FSH; Follitropin-V, Bioniche Animal
Health, Ontario, Canada), 100 IU/ml human chorionic
gonadotropin (hCG; Vetecor, Hertape Calier, Juatuba,
MG, Brazil). In addition, the medium for simulated
transport was supplemented with 0.3% BSA because
low concentrations of BSA during prematuration have
been recommended in several studies in the literature
(Adona & Leal, 2004; Albuz et al., 2010), and then
added with one type of meiosis inhibitor: 100 μM
butyrolactone I (Enzo Life Sciences, Inc., Farmingdale,
NY, USA; Adona & Leal, 2004); or 100 μM forskolin
+ 500 μM IBMX (Gibco BRL, Grand Island, NY, USA;
Albuz et al., 2010); or 100 μM milrinone (Naruse
et al., 2012). Millimolar stock concentrations of the
meiosis inhibitors (butyrolactone I, forskolin, IBMX,
cilostamide and milrinone) were stored at −20°C
dissolved in anhydrous dimethyl sulphoxide (DMSO)
solutions and diluted fresh for each experiment. The
medium for IVM was supplemented with 10% (v:v)
FCS; Gibco BRL, Grand Island, NY, USA) or 0.6%
BSA, depending on the experimental group. The
IVF medium consisted of Tyrode’s albumin lactate
pyruvate (TALP) containing 0.2 mM sodium pyruvate,
6 mg/ml fatty acid-free BSA, 25 mM sodium bicarbon-
ate, 13 mM sodium lactate, 50 μg/ml amikacin, 4 µl/ml
penicillamine–hypotaurine–epinephrine (PHE) solu-
tion (final concentrations of 20 μM penicillamine,
10 μM hypotaurine, and 2 μM epinephrine), and
10 µg/ml heparin. The embryo in vitro culture (IVC)
medium was synthetic oviductal fluid (SOF) supple-
mented with 0.2 mM l-glutamine, 0.34 mM sodium
citrate, 2.8 mM myo-inositol, 2% MEM essential amino
acid solution, 1% MEM non-essential amino acid
solution, 0.2 mM sodium pyruvate, 50 μg/ml of
amikacin, 5 mg/ml fraction V fatty acid-free BSA, and
2.5% FCS.

Oocyte collection

Abattoir-derived ovaries were transported to the
laboratory in saline solution at 30–35°C. Follicles
measuring 3–8 mm in diameter were aspirated and
the recovered COCs (n = 1385, distributed among
10 replicates) were classified according to their mor-
phological appearance. Bovine FF obtained from the
pooled ovarian follicles was obtained at each routine
and was centrifuged at 12,100 g for 5 min to remove
cellular debris. During the selection period, the COCs
were maintained in the centrifuged FF supplemented

with 75 μg/ml penicillin/streptomycin to prevent
the immediate resumption of meiosis. Oocytes with
at least four layers of cumulus cells and a uniform
cytoplasm were selected for the experiments. The
interval between follicular aspiration and placing
oocytes in culture was about 1 h.

Prematuration phase during simulated transport of
oocytes

Oocytes where the meiotic block was applied were
cultured in vitro in transport medium with one of the
following meiotic inhibitors: (1) BL group: 100 μM
butyrolactone I; (2) MR group: 100 μM milrinone; or
(3) mSPOM group: 100 μM forskolin + 500 μM IBMX
(unlike the 2 h of prematuration proposed by Albuz
et al. (2010) for the SPOM approach, the duration of
the prematuration culture in the present study was 6 h,
so that we named this group as modified (m) SPOM).
In the fourth experimental group (bFF group), oocytes
were cultured in pure centrifuged bFF supplemented
with 75 μg/ml penicillin/streptomycin. Oocytes were
cultured in cryogenic vials (20–25 oocytes per vial) con-
taining 100 μl of transport medium or bFF recovered
with mineral oil and gassed with a gaseous mixture
of 5% O2, 5% CO2 and 90% N2. The cryogenic vials
were packed in a portable incubator (Thawing Unit MT
35/42, Minitub) at 38.5°C during 6 h. This period of
time was defined based on the efficacy of IBMX, which
was reported to be effective in maintaining meiosis
blocked for up to 8 h (Barretto et al., 2007).

In vitro maturation

After simulation of transport, blocked oocytes from
BL, MR and bFF groups were washed from the
transport medium aimed at complete removal of the
meiotic inhibitors and cultured in 100-µl droplets of
IVM medium supplemented with 0.6% BSA (20–25
oocytes per droplet) under mineral oil for additional
18 h in a bench top CO2 incubator (Thermo Fisher
Scientific, Marietta, Ohio, USA) at 38.5°C, maximum
humidity and atmosphere of 5% CO2 in air (standard
IVM). Oocytes from mSPOM group were washed from
transport medium and cultured in 100-µl droplets of
IVM medium supplemented with 0.6% BSA and 20 µM
cilostamide (Enzo Life Sciences, Inc., Farmingdale, NY,
USA), as proposed by Albuz et al. (2010) in the SPOM
approach, under the same conditions used for the other
groups.

There were three control groups in this study: (1)
Control Lab FCS: oocytes were matured in 100-µl
droplets of IVM medium supplemented with 10% FCS
for 24 h in a standard IVM culture (in a CO2 incubator
at 38.5°C under an atmosphere of 5% CO2 in air with
maximum humidity); (2) Control Lab BSA: oocytes
were matured in 100-µl droplets of IVM medium
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Figure 1 Schematic representation of the experimental design. *IVM was carried out in a CO2 incubator at 38.5°C under an
atmosphere of 5% CO2 in air with maximum humidity, in IVM medium (TCM199 with 0.2 mM sodium pyruvate, 25 mM
sodium bicarbonate, 50 μg/ml amikacin, 0.5 μg/ml FSH, and 100 IU/ml hCG) supplemented with 0.6% BSA in all treatments,
with the exception of Contr FCS group which was supplemented with 10% FCS. ♦ IVM-like medium: the same composition of
IVM medium, supplemented with 0.3% bovine serum albumin (BSA).

supplemented with 0.6% BSA for 24 h in standard IVM;
and (3) Control Transp BSA: oocytes were matured
in cryogenic vials containing 100 μl of IVM medium
supplemented with 0.6% BSA in the portable incubator
(Minitub®) for 6 h (simulated transport), and then
transferred to the CO2 incubator (standard IVM in 100-
µl droplets of the same IVM medium) for additional
18 h (total duration of culture = 24 h).

The schematic representation of the experimental
groups is shown in Fig. 1.

Assessment of nuclear maturation

At the end of the cultures, the frequencies of nuclear
maturation were assessed as previously described
in Rocha-Frigoni et al. (2016). Briefly, a sample of
COCs was collected after follicle removal (0 h), after
transportation (6 h), and after IVM (24 h for the
control groups or +18 h for the transported groups).
After stripping from the cumulus cells and fixation
in 4% (w/v) paraformaldehyde solution for 10 min at
room temperature, oocytes were stained with Hoechst
33342 (1 µg/ml) in the dark for 15 min at room
temperature. Stained oocytes were evaluated under an
epifluorescence inverted microscope (IX51; Olympus,
Tokyo, Japan; 404 nm excitation and 526 nm emission

wavelength) to determine meiosis stage, and those
classified as germinal vesicle (GV) were considered to
be immature, while those classified as metaphase II
(MII) were considered to be mature.

In vitro fertilization and embryo culture

Motile spermatozoa were obtained by centrifuging
frozen–thawed semen on a Percoll (GE Healthcare,
Bio-Science, Uppsala, Sweden) discontinuous density
gradient (250 μl of 45% Percoll over 250 μl of 90%
Percoll in a 1.5-ml microtube) for 7 min at 2500 g
at room temperature. Sperm cells were added to the
fertilization droplet at 2 × 106 cells/ml. The COCs (20–
25 per 100-μl droplet covered with mineral oil) and
the spermatozoa were coincubated for 18 h at 38.5°C,
maximum humidity and atmosphere of 5% CO2 in air.
The day of fertilization was defined as day 0.

Following fertilization, the presumptive zygotes
were partially stripped of excess cumulus cells and
transferred to 100-µl droplets of IVC medium covered
with mineral oil, at 38.5°C under an atmosphere of
5% CO2 in air, with maximum humidity. The cleavage
rates were assessed under a stereomicroscope at
72 h post-insemination (h.p.i.; day 3), and the blastocyst
development rates were recorded at 168 h.p.i. (day 7).
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TUNEL (terminal deoxinucleotil transferase uracil
nick end labelling) labelling

The TUNEL assay was performed in blastocysts and
early blastocysts (n = 158, distributed in 10 replicates)
harvested at day 7, using the In Situ Cell Death De-
tection Kit (Fluorescein; Roche Diagnostics Corp., Indi-
anapolis, IN, USA) according to manufacturer inform-
ation and as previously described in Rocha-Frigoni
et al. (2014). Labelling of TUNEL and Hoechst 33342
nuclei was observed using an inverted microscope
(IX51; Olympus, Tokyo, Japan). Nuclei with green–
yellow fluorescence at an excitation wavelength of 440–
520 nm and an emission wavelength of 484–585 nm
were considered TUNEL positive (fragmented DNA),
whereas blue florescence at an excitation wavelength
of 330–385 nm and an emission wavelength of 420 nm
(Hoechst 33342) indicated the total number of cells.

Detection of caspase-3 and caspase-7 activity

Activity of caspases-3 and -7 was measured in
expanded blastocysts (n = 175, distributed in 10
replicates) harvested at day 7 using a fluorescent
inhibitor of caspases (FLICA) by Image-iT LIVE Red
Caspase-3 and -7 Detection Kit (Molecular Probes,
Invitrogen, OR, USA), according to the manufacturer
instructions. Briefly, the embryos were incubated in
10-µl of FLICA working solution for 60 min at 37°C in
a humid chamber and protected from light. After, the
blastocysts were washed in a 1X buffer solution and
fixed in 100-µl drops of 4% (w/v) paraformaldehyde
solution for 40 min at room temperature. Subsequently,
embryos were washed twice in PBS-PVP and mounted
on 10% (w/v) poly-l-lysine coated slides using
10-µl drops of antifade, and coverslips were placed.
The stained embryos were immediately visualized
under an inverted microscope, with excitation and
emission wavelengths of 515–575 nm and 560–680 nm,
respectively. The recorded images were further ana-
lyzed running Q-Capture Pro imaging software (ver-
sion 5.0.1.26, Media Cybernetics, Inc.) to quantify the
fluorescence signal intensities (pixels). The means of
the fluorescence intensity were plotted graphically
with error bars representing the standard error of the
mean (SEM).

Statistical analysis

Number of COCs and embryos per treatment and
replicate numbers are provided in the tables and
figures legends for each experiment. Treatment effects
were assessed by analysis of variance (ANOVA) and
the mean values were compared using Tukey’s test,
using JMP statistical software version 5.0.1a (SAS Inst.
Inc., Cary, NC, USA). Data stated as percentages were

arcsine-transformed prior to conducting an ANOVA.
The level of statistical significance was set at P < 0.05.

Results

After 6 h of simulated transport, the GV rates (Fig. 2A)
of the oocytes from Contr Lab FCS (20.5 ± 3.0%) and
Contr Transp BSA (28.1 ± 4.8%) groups were lower
(P < 0.05) than that of the Contr Lab BSA (51.6 ± 4.3%),
BL (55.0 ± 5.3%) and mSPOM groups (51.8 ± 3.7%), but
none of these rates differ (P > 0.05) from that of the
oocytes transported in a medium supplemented with
MR (47.2 ± 7.5%) and bFF (47.3 ± 4.7%). After 6 h
of simulated transport followed by in vitro maturation
for 18 h (Fig. 2B), most of the oocytes reached the MII
stage and there were no differences between treatments
(P > 0.05).

The effects of supplementation with meiotic blockers
during simulated transport of oocytes on the rates
of cleavage and development to the blastocyst stage
are given in Table 1. Higher cleavage rates (P < 0.05)
were obtained in Control Lab FCS group (84.5 ± 5.3%)
compared with the other groups (59.6 ± 3.4% to
70.9 ± 2.3%). Embryonic development to the blastocyst
stage was higher (P < 0.05) in the Control Lab FCS
group (39.8 ± 4.7%) than in the Control Transp BSA
(22.7 ± 3.4%) and MR (21.6 ± 2.3%) groups. However,
all these groups were similar (P > 0.05) to Control
Lab BSA (28.8 ± 2.7%), BL (23.6 ± 3.3%), mSPOM
(24.1 ± 3.2%) and bFF (25.1 ± 4.0%).

The total number of blastomeres in day-7 early
blastocysts and blastocysts (Table 2) was higher
(P < 0.05) in the Control Lab FCS group (85.2 ± 5.6)
than in Control Lab BSA (53.6 ± 2.9), Control Transp
BSA (55.5 ± 4.4), BL (58.2 ± 3.0), mSPOM (57.9 ± 4.9)
and MR (59.2 ± 3.9), but all these treatments did not
differ (P > 0.05) from bFF group (67.7 ± 4.2). However,
there was no difference (P > 0.05) in the percentage
of apoptotic cells (proportion of TUNEL-positive
blastomeres) among the treatments (range, 12.3 ± 2.0%
to 15.7 ± 1.7%).

As shown in Fig. 3, there were no effects (P > 0.05)
of supplementation with meiotic blockers during sim-
ulated transport of oocytes in the activity of caspases-3
and -7 evaluated in day-7 expanded blastocysts (range,
139.0 ± 3.2 to 152.4 ± 6.5, expressed in fluorescence
intensity of pixels).

Discussion

The results obtained in the present study indicated
that the resumption of nuclear maturation was af-
fected by the macromolecular supplementation, as
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Figure 2 Meiotic progression of bovine oocytes cultured with different meiotic blockers during simulated transport. (A)
germinal vesicle rates after simulated transport for 6 h; and (B) metaphase II rates after simulated transport for 6 h and
subsequently in vitro matured for additional 18 h. In total, 20–30 oocytes were evaluated per group, distributed in at least
three replicates. The data represent the means ± standard error of the mean (SEM). Mean values followed by different letters
differ significantly (P < 0.05) according to Tukey’s test.

the replacement of FCS by BSA in the IVM medium
promoted a delay in the resumption of meiosis in
those oocytes cultured throughout the period within
the incubator. A relationship between fatty acid β-
oxidation and nuclear maturation was previously
demonstrated (Paczkowski et al., 2013; Del Collado
et al., 2015; Downs et al., 2009). According to Dunning
et al. (2010), it is hypothesized that maturation in the
presence of FCS results in higher oxidation rate when
compared with IVM supplemented with BSA only, as
a result of a possible lack of l-carnitine from medium
composed solely of BSA. Thus, as l-carnitine plays a
crucial role in the β-oxidation pathway by catalyzing
the transport of fatty acids to the mitochondrial
matrix for the generation of ATP (Downs et al., 2009;
Dunning et al., 2010), a possible decrease in oxidation
could explain the delay in the resumption of meiosis
observed in oocytes matured in the presence of BSA
in the present study. However, despite the initial delay
in resumption of meiotic maturation after replacement

of the FCS by BSA, there was no difference among
treatments in the rate of oocytes reaching MII stage
(conclusion of meiosis) at the end of IVM cultures. Data
from the literature are controversial, because although
previous reports did not found impairment in the
nuclear maturation and blastocyst development rates
(Russell et al., 2006; Mingoti et al., 2011), other studies
demonstrated that BSA slows nuclear maturation and
reduces embryo production when compared with FCS
(Del Collado et al., 2015; Ali et al., 2004). It is likely
that different types of procedures and constituents of
culture medium between different laboratories may
mitigate or potentiate the effects of macromolecule
substitution on the maturation and acquisition of
competence in in vitro matured oocytes and, in the
present study, the culture conditions appear to have
been appropriate, regardless of the macromolecule
used.

Besides the effects of macromolecular supplement-
ation, the present results also demonstrated an effect
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Table 1 Cleavage rates and embryonic development to the blastocyst stage after fertilization of bovine oocytes treated with
different meiotic blockers during 6 h of simulated transport

Treatments∗ Oocytes (n) Cleavage (%)† Blastocysts (%)‡

Control Lab FCS 144 84.5 ± 5.3 a 39.8 ± 4.7 a

Control Lab BSA 239 69.5 ± 2.9 b 28.8 ± 2.7 a,b

Control Transp BSA 233 70.9 ± 2.3 b 22.7 ± 3.4 b

BL 230 68.9 ± 2.7 b 23.6 ± 3.3 a,b

mSPOM 231 65.8 ± 2.7 b 24.1 ± 3.2 a,b

MR 233 64.5 ± 2.6 b 21.6 ± 2.3 b

bFF 243 59.6 ± 3.4 b 25.1 ± 4.0 a,b

†Data are expressed as the mean ± standard error of the mean (SEM) of 10 independent replicates. ‡Mean values followed
by different letters in the same column differ significantly (P < 0.05) according to Tukey’s test. Cleavage (72 hpi) and
embryonic development to the blastocyst stage (168 hpi) of bovine embryos obtained after in vitro fertilization of oocytes
matured according to the treatments∗: Control Lab FCS: standard IVM in medium with 10% FCS for 24 h; Control Lab BSA:
standard IVM in medium with 0.6% BSA for 24 h; Control Transp BSA: simulated transport in medium with 0.6% BSA for 6
h followed by standard IVM in medium with 0.6% BSA for additional 18 h; BL: simulated transport in medium containing
100 μM butyrolactone I for 6 h followed by standard IVM in medium with 0.6% BSA for additional 18 h; mSPOM: simulated
transport in medium containing 100 μM forskolin + 500 μM IBMX for 6 h followed by standard IVM in medium with 0.6%
BSA and 20 µM cilostamide for additional 18 h; MR: simulated transport in medium containing 100 μM milrinone for 6 h
followed by standard IVM in medium with 0.6% BSA for additional 18 h; bFF: simulated transport in pure centrifuged
bovine follicular fluid for 6 h followed by standard IVM in medium with 0.6% BSA for additional 18 h.

Table 2 Total number of cells and apoptosis rate of day-7 early blastocysts and blastocysts obtained after fertilization of
bovine oocytes treated with different meiotic blockers during 6 h of simulated transport

Treatments∗ Embryos (n) Total number of cells Apoptosis rate (%)

Control Lab FCS 17 85.2 ± 5.6a 12.6 ± 1.6
Control Lab BSA 23 53.6 ± 2.9b 12.4 ± 2.3
Control Transp BSA 23 55.5 ± 4.4b 12.8 ± 1.7
BL 21 58.2 ± 3.0b 15.7 ± 1.7
mSPOM 19 57.9 ± 4.9b 12.3 ± 2.0
MR 26 59.2 ± 3.9b 14.2 ± 1.6
bFF 29 67.7 ± 4.2a,b 14.1 ± 2.3

Data are expressed as the mean ± standard error of the mean (SEM) of 10 independent replicates. Mean values followed by
different letters in the same column differ significantly (P < 0.05) according to Tukey’s test. ∗Bovine early blastocysts and
blastocysts obtained after in vitro fertilization of oocytes matured according to the treatments: Control Lab FCS: standard
IVM in medium with 10% FCS for 24 h; Control Lab BSA: standard IVM in medium with 0.6% BSA for 24 h; Control Transp
BSA: simulated transport in medium with 0.6% BSA for 6 h followed by standard IVM in medium with 0.6% BSA for
additional 18 h; BL: simulated transport in medium containing 100 μM Butyrolactone I for 6 h followed by standard IVM in
medium with 0.6% BSA for additional 18 h; mSPOM: simulated transport in medium containing 100 μM forskolin +
500 μM IBMX for 6 h followed by standard IVM in medium with 0.6% BSA and 20 µM cilostamide for additional 18 h; MR:
simulated transport in medium containing 100 μM milrinone for 6 h followed by standard IVM in medium with 0.6% BSA
for additional 18 h; bFF: simulated transport in pure centrifuged bovine follicular fluid for 6 h followed by standard IVM in
medium with 0.6% BSA for additional 18 h.

of culture conditions on the meiosis progression.
Interestingly, it was observed that although supple-
mentation of IVM medium with BSA had retarded the
meiosis resumption of oocytes cultured throughout the
period within the incubator (Contr Lab BSA group),
it was accelerated when oocytes were cultured in the
presence of BSA during 6 h of simulated transport
(Contr Transp BSA group). According to Ambrogi
et al. (2017), transportation of oocytes in incubators
with an uncontrolled gaseous atmospheric tension
can lead to alterations in the pH of the medium

and increase the activity of oxidases, culminating in
increased ROS production (Guérin et al., 2001; Guemra
et al., 2014). Previous reports have demonstrated that
H2O2 acts as a signalling molecule that modulates
various aspects of oocyte physiology, including the
blockage and resumption of meiosis (Combelles et al.,
2009; Pandey et al., 2010). Thus, a possible increase
in the intracellular H2O2 concentration would signal
the resumption of meiosis, which could explain the
acceleration of meiosis resumption observed in the
transported oocytes. Conversely, no such acceleration
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Figure 3 Caspase-3 and caspase-7 activity in bovine day-7 expanded blastocysts derived from oocytes cultured with different
meiotic blockers during simulated transport for 6 h and subsequently in vitro matured for 18 h. In total, 20–30 blastocysts were
evaluated per group, distributed in 10 replicates. The data represent the means ± standard error of the mean (SEM). There was
no difference among treatments (P > 0.05; Tukey’s test).

was observed in the resumption of meiosis when
oocytes were submitted to simulated transport for
6 h in IVM-like medium supplemented with BSA and
butyrolactone I or forskolin + IBMX (BL and mSPOM
groups, respectively), demonstrating the efficiency of
these meiosis blockers to delay the resumption of
meiosis, even in the presence of gonadotropins.

The meiosis block using butyrolactone I during the
transport of oocytes was first suggested by Guemra
et al. (2014) who demonstrated that this procedure is
a promising alternative for the transport of oocytes
during several hours (up to 19 h), keeping their
quality without interfering in embryo production
and pregnancy rates. However, these authors have
transported oocytes in a poor medium (TCM199
medium with 50 mg/ml gentamicin, 0.2 mM pyruvate
and 100 mM cysteamine), and in the present approach
we used an enriched prematuration medium identical
to the IVM medium used routinely in our laboratory
(Rocha-Frigoni et al., 2016) with the only difference of
the addition of the inhibitors and the substitution of
FCS for BSA in low concentration (0.3%). The rationale
behind this approach, that was previously proposed
by Ponderato et al. (2002), is to use for prematuration
a medium that is known to be well suited for
oocyte culture with the objective to stimulate the
process of capacitation during the inhibition period.
In the present study, the output of embryos derived
from oocytes that were transported in the absence
of meiotic blockers (Control Transp BSA group) was
lower than those matured throughout the period in the
CO2 incubator in the presence of FCS; however, the
inclusion of butyrolactone I in the transport medium
partially improved the transport conditions, because
blastocysts rates of BL group was similar to those of the

Control Lab FCS and Control Transp BSAgroups. Thus,
with this approach (transport of oocytes in IVM-like
medium in the presence of butyrolactone I), we were
able to partially improve the prematuration conditions
because, although the improvement had not been very
expressive, it allowed embryonic development to the
blastocyst stage to be similar to the standard group of
our laboratory (Contr Lab FCS).

Similarly, a partial improvement in the transport
conditions was also observed when oocytes were trans-
ported in IVM-like medium supplemented with IBMX
and forskolin and then matured in vitro in the presence
of cilostamine (mSPOM group), because although
blastocysts rates in this group did not differ from the
Control Transp BSA group, they were also similar to
the Control Lab FCS group. The addition of forskolin
to the prematuration step of the SPOM approach is
necessary to generate a rapid and large increase in
cAMP that resembles the in vivo increase in COC cAMP
levels and this treatment promotes long-acting and
significant effects on subsequent COC functions and
developmental programming of the oocyte, mainly
due to a prolonging interaction between the oocyte
and its surrounding cumulus cells in vitro (Albuz et al.,
2010). Thus, although no substantial improving in the
oocyte developmental outcomes were observed in the
present study, results demonstrated that transporting
oocytes in the prematuration condition of mSPOM
approach during 6 h seems to be an interesting strategy
for improving, at least partially, the developmental
competence of the resulting mature oocyte.

As for cilostamide, milrinone is an oocyte-specific
PDE type 3 inhibitor (PDE3) (Thomas et al., 2002;
Sasseville et al., 2009; Naruse et al., 2012), however
studies have demonstrated that cilostamide is more
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effective than milrinone in maintaining meiotic arrest
in bovine oocytes (Tsafiri et al., 1996). In contrast with
other inhibitors used in the present study, milrinone
has not proven to be a good supplement for the
transporting medium: although the output of embryos
derived from this treatment was similar to Control
Transp BSA and Control Lab BSA groups, it was lower
than those matured throughout the entire period in the
CO2 incubator in the presence of FCS. So, although it
has not been detrimental, the lack of beneficial effects
on the oocytes does not justify the use of this inhibitor
during transport.

The effect of pure bFF on the developmental capacity
of transported oocytes was also investigated in the
present study. It is well known that FF contains
factors that inhibit meiotic resumption, including
the Müllerian inhibiting substance (Takahashi et al.,
1986), linoleic acid (18:2) (Homa & Brown, 1992) and
hypoxanthine, a purine that maintains high levels of
cAMP within the oocyte (Downs et al., 1989). More
recently, evidence suggests that C-type natriuretic
peptide (CNP) is likely to be the oocyte-meiosis-
inhibiting peptide present in the FF of a range of
species, including bovine (Franciosi et al., 2014). Thus,
the maintenance of oocytes in bFF during transport
could be beneficial to prevent spontaneous resumption
of meiosis, allowing more time to oocytes acquire
competence for embryonic development during the
period of inhibition. Similarly to results discussed
above for BL and mSPOM groups, the transportation
of oocytes during 6 h in pure bFF seems to be
an interesting strategy for a partial increase in the
developmental competence of the oocytes, as the
embryonic development in this group was similar
to those from Control Lab FCS group. However,
despite the good results obtained with the bFF on
the embryonic development, the results were very
variable between each replicate in the present study
(data not shown), which can be explained by its
biological source. Probably the differences found in
the composition of different samples of FF made
maintenance of the results difficult, as occurs in
different batches of FCS (Krisher et al., 1999).

Besides the evaluation of the competence of the oo-
cytes for embryonic development until the blastocyst
stage, in the present study we also evaluated the
quality of the embryos. Apoptosis score was suggested
as a good way to predict the viability of cultured
embryos (Byrne et al., 1999; Pomar et al., 2005) because
this phenomenon is important to remove damaged
cells to allow the subsequent embryo development;
however, high rates of apoptosis result in blockage
of embryonic development (Paula-Lopes & Hansen,
2002). As apoptosis in bovine IVP embryos is largely
affected by culture conditions (Byrne et al., 1999), the
frequencies of blastomeres undergoing apoptosis in

embryos produced from oocytes transported for 6 h in
the presence of meiotic blockers were evaluated in the
present study and no differences regarding caspase-
3 and caspase-7 activity or nuclear fragmentation
(TUNEL labelling) were found between treatments,
suggesting that the conditions proposed for transport
were satisfactory. The low frequencies of apoptosis in
embryos in the present study may be explained by
the presence of the proteins used as supplements of
IVC medium (usually serum albumin from FCS or
BSA), which participates in the antioxidant defence
of embryos by trapping ROS and/or end-products
of peroxidation due to its peroxyl-absorbing capacity
(Guérin et al., 2001).

An interesting finding of the present study was
the highest number of cells in embryos derived from
oocytes matured in the presence of biological fluids,
including the FCS during the entire period of IVM
(24 h) and even the exposition to bFF during the
short period of transport (only 6 h of exposure). The
beneficial effect of bFF during IVM on cleavage rates
and rates of blastocyst formation has been previously
demonstrated (Romero-Arredondo & Seidel, 1996; Ali
et al., 2004) and the present study has demonstrated
that also the quality of the embryos, as assessed by
the number of cells, is improved by the undefined but
apparently beneficial substances that are contained in
the bFF. Thus, the present result suggests that protein
supplementation during IVM can have profound
effects on the quality of embryos, indicating that events
that occurred during oocyte maturation were carried
over to fertilization and early embryo development,
as previously reported (Romero-Arredondo & Seidel,
1996). However, while several molecules present in
bFF, such as purines, growth factors, amino acids,
steroids, and gonadotropins may be implicated as
mediators of these benefits (Downs et al., 1989; Homa
& Brown, 1992; Romero-Arredondo & Seidel, 1996;
Lonergan et al., 1996; Bender et al., 2010; Franciosi et al.,
2014), the active factors in bFF and their correspondent
mechanisms of action remain to be determined.

In conclusion, this study tested the acquisition of em-
bryonic developmental competence in bovine oocytes
transported in a prematuration system with different
types of inhibitors of meiosis resumption in IVM-like
medium. The reason for this strategy is to promote the
inhibition or delay of spontaneous nuclear maturation
in vitro during oocyte transportation with the purpose
of improving embryo production in a commercial
OPU–IVP program. Supplementation of transport
medium with BL or forskolin + IBMX (mSPOM
approach) was efficient in delaying the resumption of
meiosis during transport for 6 h, as the percentage of
GV oocytes from these treatments was higher than in
those oocytes transported without meiosis blockers or
cultured throughout the period within the incubator.
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The blockade of meiosis was reversible and most
oocytes in all treatments reached the MII stage after 6 h
of simulated transport followed by in vitro maturation
for 18 h. However, no improvement was observed in
the acquisition of developmental competence of the
oocytes, as well as the quality of the embryos produced
was not affected. Although the approaches tested in
this study did not promote significant differences in the
quantity or quality of the resulting embryos, the results
stimulate the development of new prematuration
culture strategies during long-term oocyte transport
(i.e. herds distant from the laboratory) with the aim
of taking advantage of this time to improve their
competence.
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