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Summary

Buffalo has many excellent economic traits and it is one of the greatest potential livestock.
Compared with cattle, buffalo has poorer reproductivity, it is of great significance to improve
the development potential of oocytes. Buffalo oocyte in vitromaturation (IVM) has been widely
used in production, but the poor development ability of bovine oocytes IVM limits the develop-
ment of buffalo reproductivity. Milrinone as a phosphodiesterase inhibitor could affect the
maturation of oocytes in goat and mice, but there have been few reported studies in water buf-
falo. To optimize buffalo oocyte in vitro maturation systems, the effects of phosphodiesterase
inhibitor (milrinone) on pre-maturation culture of buffalo oocytes were investigated in this
study. Buffalo cumulus–oocyte complexes (COCs) were cultured inmediumwith different con-
centrations (0, 12, 25, 50 and 100 mol/l) of milrinone for different times (0, 4, 8, 12, 16, 22 and
24 h). The results showed that the buffalo COCs nuclear maturation process could be inhibited
bymilrinone (25–100mol/l) in a dose-dependentmanner. The inhibitory effect of milrinone on
in vitromaturation of buffalo oocytes did not decrease with the extension of time. This indicated
that milrinone can be used as a nuclear maturation inhibitor during the maturation process in
buffalo oocytes. In addition, milrinone can inhibit the effect of follicle stimulating hormone
(FSH)-induced IVM of buffalo oocytes, but with time FSH partially eliminated the inhibition.
Therefore, inhibition of milrinone on the nuclear maturation of buffalo oocytes was reversible,
and buffalo oocytes can mature normally after the inhibition is lessened.

Introduction

Several intrinsic factors for the species, including delayed puberty, higher age at calving, long
postpartum anestrus period, long calving interval, lack of overt sign of heat, and low conception
rate eventually results in overall low reproductive efficiency in buffalo species (Kumar and
Anand, 2012). Furthermore, female buffaloes have few primordial follicles and a high rate of
follicular atresia (Rubessa et al., 2019). These problems lead to the low competency of buffalo
superovulation (SO) and embryo transfer (ET). Therefore, in vitro embryo production (IVEP)
technology has attracted more and more attention to the rapid reproduction of buffalo superior
germplasm (Gasparrini, 2002). Meiosis inhibitors such as cAMP and cGMP exist in the follicu-
lar micro-environment and retain the nuclei of oocytes in the germinal vesicle (GV) during the
oestrus cycle. Resumption of meiosis in mammalian oocytes is stimulated by increase in gona-
dotrophins such as luteinizing hormone (LH). During meiosis, the nucleus of the oocyte under-
goes processes such as germinal vesicle breakdown (GVBD) or chromosome condensation, then
it develops to themiddle stage of the first meiosis (MI). Meiosis I is completed after the release of
the first polar body (PBI) and, at the middle of meiosis II, oocytes further developed and become
stagnates. Only secondmeiosis (MII) oocytes can complete fertilization and embryonic develop-
ment (Jia et al., 2013).

Numerous studies have indicated that cAMP blocks the resumption of meiosis in mam-
malian oocytes (Kalinowski et al., 2004; Wang et al., 2016). By reducing the cAMP level in
cytoplasm, this can trigger the resumption of meiosis and promote the occurrence of GVBD
(Thomas et al., 2004; Wang, et al., 2016). Natriuretic peptide and cGMP in follicles prevent
the resumption of meiosis by inhibiting the hydrolysis of intracellular cAMP, and gonado-
tropin increases sharply before ovulation, and can reverse this process. Phosphodiesterase
(PDE) is a key enzyme that regulates intracellular cAMP and cGMP levels and plays an
important role in the regulation of oocyte maturation and cleavage (Gilchrist et al.,
2016). PDE has 11 isoenzymes with the ability to hydrolyze cAMP or cGMP or both nucleo-
tides (Gilchrist et al., 2016; Shafiee-Nick et al., 2017). Maurice and Haslam’s study showed
that PDE3A is a cAMP hydrolase inhibited by cGMP, one of the most important phospho-
diesterase (PDE) in oocytes (Maurice and Haslam, 1990). The decreasing level of cGMP in
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oocyte increased the oocyte specific phosphodiesterase
(PDE3A) activity, which should be an important condition
for the resumption of oocyte meiosis process. PDE3A activity
in the cytoplasm of developing oocytes was significantly lower
than that of fully developed oocytes (Gershon et al., 2019). The
blocking effect of PDE3 inhibitors on oocyte meiosis mainte-
nance has been demonstrated in many mammalian species,
including rhesus monkey (Jensen et al., 2002), bovine (Alam
et al., 2018), mouse (Romero and Smitz, 2010), sheep
(Gharibi et al., 2013), human (Nogueira et al., 2003).
Milrinone is a selective PDE3 inhibitor that reduces PDE3 activ-
ity, and then ceases development at the GV stage, finally result-
ing in the delay of oocyte nuclear maturation (Alam et al., 2018).
Lamb oocytes were cultured with milrinone at different concen-
trations (0, 50, 75, and 100 μM) and at different times intervals
(3, 6, and 9 h), and compared with other treatments, oocytes cul-
tured for 6 h with 75 μM milrinone had the highest blastocyst
rate (Wang et al., 2016).

To our knowledge, few studies have reported on using the mil-
rinone to regulate the maturation process of in vitro buffalo
oocytes. This study was designed to find the effect of the PDE sub-
type-specific inhibitor milrinone on the meiotic maturation of
buffalo oocytes, and further effects on the fertilization process of
IVM buffalo oocytes.

Materials and methods

Materials

Animal welfare was approved by the Animal Ethics Committee of
Guangxi University.

Reagents and media

Tissue culture medium 199 (TCM-199) was produced by Gibco
(Grand Island, NY, USA), all other inorganic salts and bio-
chemical reagents were produced by Sigma (Sigma-Aldrich®,
St. Louis, MO, USA). Buffalo ovarian preservation solution:
physiological saline containing Kþ, Ca2þ and Mg2þ. Oocyte
washing liquid (CCM): TCM-199þ 5.0 mmol/l NaHCO3þ 5
mmol/l HEPESþ 2% oestrous bovine serum (OCS). Basic buf-
falo oocyte maturation medium (M) included TCM-199, 26.2
mmol/l NaHCO3 and 5 mmol/l HEPES. Fixed solution of glacial
acetic acid (analytical pure) contained anhydrous ethanol (ana-
lytical pure 1:3). Resorcin blue was prepared in 40% acetic acid
solution, the final concentration was 1%. Dyeing liquor was
stored at 4°C, and filtering by centrifugation was necessary
before use. Milrinone was dissolved in dimethyl sulphoxide
(DMSO) with a storage concentration of 20 mM, and milrinone
storage solution was stored at −20°C. Freezing base solution:
TCM-199–HEPES buffer containing 15% FCS. Freezing equilib-
rium solution: 7.5% EG,þ 7.5% DMSOþ 0.5 mol/l sucrose þ
freezing base solution. Freeze solution (EDS33): 16.5%
EGþ 16.5% DMSOþ 0.5 mol/l sucrose þ freeze base solution.
Defrost solution 1 (WM1): freezing base solutionþ 0.5 mol/l
sucrose; defrost solution 2 (WM2): freezing base solutionþ 0.45
mol/l sucrose; defrost solution 3 (WM3): freezing base solution
þ 0.25 mol/l sucrose. In the experiment, 60 mg/l penicillin and
100 mg/l streptomycin were added in all the media. All reagents
were filtered through a 0.22-μm microporous membrane.

Methods

Oocyte collection and maturation culture
China swamp buffalo ovaries were collected from a Nanning
slaughterhouse, then transported to the laboratory in a thermos
flask containing saline solution at 37°C within 4 h. Oocytes from
2–6 mm follicles were aspirated using a 10-ml syringe with a
12-gauge needle. The cumulus–oocyte complexes (COCs) with
homogeneous cytoplasm and intact granulosa cells were selected
under a stereomicroscope and washed twice with CCM. Oocytes
were cultured in basic maturation solution (M), and the culture
density of oocytes was ~100 cells per 1.5 ml. Then oocytes were
in vitro matured in 38.5°C and the maximum saturated humidity
in the incubator for 24 h.

In vitro fertilization (IVF) of oocytes
The frozen semen were thawed in a 37°C water bath, suspended in
improved Tyrode’s solution for 30 s, and checked for sperm motil-
ity by a microscope and qualified (Nikon, Japan). Then the super-
natant was removed by centrifugation for 5 min (1500 r/min). The
collected sperms (1 × 106/ml, in a 10 ml glass centrifuge tube) were
used for IVF with thematuration buffalo oocytes in a 100-μl micro-
pipette with 10–15 oocytes per drop in the oil-covered fertilization
solution droplet. Finally, it was placed in a CO2 incubator for IVF.

In vitro embryo culture
After IVF, the buffalo oocytes or zygotes were cultured for 24 h or
48 h in a monolayer of granulosa cells. The culture solution was
refreshed for each 24 h, and blastocyst development was evaluated
on the 6th to 9th days.

Evaluation of meiotic resumption and cytoplasm maturation of
oocytes
The cumulus cells were removed after thematuration culture of the
cumulus–oocyte complex (COCs). The obtained oocytes were
fixed in fixative solution for 24 h, and then stained with 1% resorcin
blue solution for microscope (Nikon, Japan) examination. GVBD
was used as the marker of meiotic resumption. The quality of cyto-
plasmic maturation was evaluated by the developmental ability of
fertilized embryos and the freeze-resistant ability of oocytes.

Experimental design

Effects of milrinone on meiotic resumption efficiency of buffalo
oocytes
To investigate the effect of milrinone on buffalo oocytes’ nucleus
maturation, the following three experimental treatments were per-
formed on buffalo oocyte COC. First, buffalo oocytes (n= 324)
were randomly divided into five groups and cultured for 24 h in
TCM-199 mature medium containing milrinone at different con-
centrations (0, 12, 25, 50, 100 mol/l). Then the oocytes were fixed
and stained, and GVBD was observed under microscope examina-
tion. Second, buffalo oocytes (n= 865) were cultured in a matura-
tion medium containing 50 mol/l milrinone at different time
intervals (0, 4, 8, 12, 16, 22, 24 h), and the oocytes were fixed
and stained, and GVBD was observed under microscope examina-
tion. Third, buffalo oocytes (n= 1186) were randomly divided into
three groups and cultured in basic maturation solution, basic
maturation solution with 0.1 g/ml FSH and basic maturation sol-
ution with 0.1 g/ml FSH and 50 mol/l milrinone. Then the oocytes
were fixed and stained, and GVBD were observed under micro-
scopic examination.

572 Guihua Bian et al.

https://doi.org/10.1017/S0967199421000563 Published online by Cambridge University Press

https://doi.org/10.1017/S0967199421000563


Effects of milrinone on buffalo oocytes cytoplasmic maturation
Buffalo oocytes (n= 649) were cultured in maturation solution
with 50 mol/l milrinone for 16 h, and then further cultured in
mature solution for 8 h, 12 h, 16 h and 20 h. Oocytes of normal
morphology were used for fertilization. The cleavage rate of
oocytes and blastocyst development rates were compared between
different groups.

Data analysis

All the experimental data were analyzed using SAS 9.0 statistical
software (SAS, Cary, NC, EUA) to determine the significance of
the differences, and a P-value< 0.05 was considered as a significant
difference.

Results

Effects of milrinone concentrations on meiotic resumption
efficiency of buffalo oocytes

As shown in Figure 1, buffalo oocytes were cultured for 24 h in
TCM-199 medium containing milrinone at different concentra-
tions (0, 12, 25, 50, 100 mol/l). Milrinone (25–100 mol/l) inhibited
the spontaneous maturation of buffalo COCs in a dose-dependent
manner, also shown in the figure. In the 25, 50 and 100 mol/l mil-
rinone groups, the GVBD rates (37.83 ± 6.46%, 25.93 ± 0.93% and
12.22 ± 5.43%) were significantly decreased compared with that of
the control group (87.96 ± 4.05%) (P< 0.01). In vitro maturation
of buffalo oocytes results are shown in Figure S1-1 to S1-6.

Effects of milrinone culture time interval to buffalo COCs
meiotic resumption

In total, 865 COCs were tested in this investigation. The GV rates
of a 50mol/l milrinone culture for 4 h, 8 h, 12 h, 16 h, 22 h and 24 h
were 95.83 ± 4.16%, 89.6 ± 5.79%, 86.11 ± 10.01%, 95.00 ± 5.00%,
82.8 ± 4.45% and 92.13 ± 3.96%, respectively, significantly higher
than the control group of 79.03 ± 1.32%, 29.25 ± 2.41%, 19.60 ±
2.80%, 7.80 ± 1.13%, 5.75 ± 6.31% and 5.37 ± 5.95%, respectively
(P< 0.05). Therefore, the inhibitory effect of milrinone on the
maturation of buffalo COCs did not decrease with time.

Effects of milrinone on FSH-induced buffalo oocyte meiotic
resumption

In total, 1186 COCs were used in this investigation. The GVBD
rates of oocytes cultured in thematuremedium supplemented with
FSH and milrinone for different times (0, 4, 8, 12, 16, 22 and 24 h)
were 10.07 ± 0.25%, 14.39 ± 7.46%, 12.29 ± 2.27%, 19.91 ± 9.36%,
54.17 ± 7.12%, 51.80 ± 7.17% and 57.67 ± 5.62%, respectively. At
different mature culture times (8, 12, 16, 22 and 24 h) the GVBD
rate of the control groupwith FSHwas significantly increased com-
pared with that of the FSH-added milrinone group (50.45% vs
12.29%, 81.35% vs19.91%, 86.90 % vs 54.17%, 87.27% vs 51.8%
and 93.8% vs 57.67%, P< 0.01).

Effect of milrinone treatment on fertilization ability of
buffalo oocytes

In total, buffalo oocytes (n= 649) were cultured in maturation sol-
ution with 50mol/l milrinone for 16 h, and then further cultured in
basic mature solution for another 8 h, 12 h, 16 h or 20 h. The
matured oocytes were fertilized, the cleavage rate of 12 h, 16 h
and 20 h groups were 59.1%, 48.5% and 50.6%, respectively, which

was significantly higher than that of the oocytes cultured for 8 h
group at 29.5% (P< 0.01). Further blastocyst development for
the 12 h, 16 h and 20 h groups was 36.9%, 33.6% and 23.9%, respec-
tively, which was higher than for the 8 h group at 15.5%, but not
different from that of milrinone free control group (33.4%) (please
refer to Table 1). In vitro fertilization of buffalo oocytes results are
shown in Figure S2-1 to S2-3.

Discussion

Effect of PDE inhibitor on buffalo oocytes meiotic resumption

In the present study, the in vitro maturation and in vitro fertiliza-
tion (IVM–IVF) of oocytes made great progress, but the quality of
the in vitro maturation oocytes was less than that of the in vivo
mature oocytes (Sirard and Blondin, 1996). Most oocytes used
in studies on IVF, nuclear transplantation and transgenic cloning
are derived from in vitro-matured oocytes (Keefer, 2015; Lee and
Maalouf, 2015; Silva et al., 2018). At this time, the occurrence of
GVBD and the extrusion of the first polar body are generally
regarded as the criteria for oocytes maturation. The anisotropy
between the maturation of the oocyte nucleus and cytoplasm is
the main factor that affects the maturation of oocytes and sub-
sequently embryonic development. Therefore, many researchers
(Rime et al., 1989; Yi and Park, 2005) have used a variety of phos-
phorylation inhibitors (such as cycloheximide, 6-DMAP) or
cyclin-dependent protein kinase inhibitors (such as butyrolactone
I, roscovitine) (Lonergan et al., 2000; Le Beux et al., 2003) to delay
spontaneous maturation of the oocyte nucleus in in vitro matura-
tion and extend cytoplasmic maturation time, therefore improving
cytoplasmic maturation. Oocytes in the GV phase in the antral fol-
licle can also resume meiosis when transferred from the follicular
fluid into a hormone-free medium, this phenomenon is known as
spontaneous maturation. Oocyte spontaneous maturation showed
that the follicular fluid contains substances that can inhibit oocyte
maturation such as hypoxanthine (HX), dcAMP and specific phos-
phodiesterase (PDE) inhibitors (Downs and Eppig, 1984; Downs
et al., 1985; Guimarães et al., 2016). Milrinone, an inhibitor of
phosphodiesterase that has been widely studied in recent years,
can prevent the degradation of cAMP by inhibiting the activity
of PDE, thereby increasing the level of cAMP in oocytes and main-
taining oocyte maturation cleavage in the resting state (Eppig et al.,
1985; Downs et al., 1989; Byskov et al., 1997). Phosphodiesterase
inhibitors inhibit the spontaneous recovery of oocyte meiosis by
inhibiting the degradation of cAMP in the cytoplasm of oocytes.

Concentrations of Milrinone (mol/L)
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Figure 1. Effects of different concentrations of milrinone (0, 12, 25, 50, 100 mol/l) on
the spontaneous maturation of buffalo COCs.
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In this study, milrinone was used to inhibit the nuclear maturation
of buffalo oocytes to improve the quality of oocyte maturation
in vitro, to achieve the goal of nuclear and cytoplasmic synchroni-
zation. The results showed that milrinone (25–100M) had a strong
inhibitory effect on the spontaneous maturation of the buffalo
oocyte complex in vitro, and the GVBD rate decreased with the
increase in the milrinone dose, and showing drug dependency
(Figure 1). Theoretically, this can be used as an inhibitor of nuclear
maturation of buffalo oocytes maturation to improve the matura-
tion quality of oocyte cytoplasm.

It has been reported that the addition of specific PDE inhibitors
to bovine oocyte maturation solution can increase the level of
cAMP in cumulus cells and oocytes and delay the process of meio-
sis, therefore increasing the ability of oocytes to support early
embryonic development (Thomas et al., 2002). Compared with
rodents and primates, PDE inhibitors of ungulate animals have
a short inhibitory time in GVBD (Thomas et al., 2004). This is
in contrast with the results of this experiment. The present study
showed that the specific PDE inhibitor milrinone had a strong
inhibitory effect on buffalo oocytes, and the inhibitory effect was
not weakened within 24 h, also the process of meiosis was blocked
(Figure 2). The influence of cAMP on substances required for
GVBD, including protein synthesis or modification processes,
may be different in different species. Conversely, hormones and
growth factors in the medium are also affected by cAMP. This
may be the reason why different researchers have reported differ-
ent or even contradictory effects of cAMP or its analogues on
oocyte maturation inhibition, especially in domestic animals. In
addition to cAMP, there may be other oocyte maturation inhibi-
tors, such as calcium, HX and IBMX. Oocyte maturation is also
regulated by stimulating factors such as meiosis-activating alcohol
(MAS) (Guo et al., 2020). Whether the maturation of buffalo
oocytes is influenced by these factors or by other factors has
remained unrevealed and needs further study.

It is necessary to add FSH or forskolin, a type of adenylate
cyclase activator, when maturation mediumwith milrinone is used
to regulate spontaneous maturation of oocytes (Thomas et al.,
2004). FSH can activate adenylate cyclase in the oocyte to increase
the level of cAMP in the oocyte, and then enter the oocyte through
the interstitial connection between the oocytes, resulting in
increased oocyte cAMP levels (Thomas et al., 2002). It has also
been reported that the addition of any particular type of PDE
inhibitor, such as FSH, milrinone or rolipram, will slightly delay
the initiation of the GVBD in the COCs. The process of meiosis
was delayed, compared with oocytes that only had FSH added

to the maturation solution (Thomas et al., 2004). These results
are consistent with our study. The addition of both milrinone
and forskolin in the maturation solution maintained more
COCs in the GV phase and delayed development to the MII phase
compared with adding either drug (Thomas et al., 2004). FSH pro-
motes the generation of intracellular cAMP and delayed oocyte
meiosis in cattle (Dominko et al., 1998). Therefore, the nuclear
maturation of oocytes was inhibited, the maturation time of
oocytes was prolonged, finally the maturation quality of oocytes
was improved. However, the mechanism by which PDE inhibitor
can improve the quality of cytoplasmic maturation during in vitro
maturation is still unclear.

In this study, the synergistic or antagonistic effects of FSH and
milrinone on the inhibition of spontaneous maturation of buffalo
oocytes cultured in vitro were studied (Figure 3). At the beginning
of the maturation stage, both milrinone and FSH delayed meiosis
recovery of the COCs, and they showed a synergistic effect. After 4
h, the inhibitory effect of milrinone could be overcome by adding
FSH, which showed an antagonistic effect. Oocyte culture withmil-
rinone but without FSH in the maturation medium was stopped at
the GV phase after 24 h (Figure 2). However, the GVBD of oocytes
cultured with FSH was delayed for 4 h. The main reason for this
difference may be that milrinone has a strong inhibitory effect
on the nuclear maturation of buffalo oocytes. The recovery of
meiosis in vivo is consistent with increased gonadotropin levels.
However, the mechanism by which gonadotropin promotes mei-
otic recovery is still unclear. Some studies have shown that the pro-
duction of stimulating factors by granule cells/cumulus cells
promotes meiotic recovery (Byskov et al., 1997) confirmed that
when hypoxanthine was added to the maturation medium, mouse
COCs secreted substances that promoted meiosis after the FSH
effect. This substance overcame the effects of meiosis inhibitors.
Therefore, we need to investigate further whether there is a similar
mechanism in buffalo oocytes to induce meiotic recovery.

Effect of PDE inhibitor on buffalo oocytes cytoplasm
maturation

The quality of oocytes is an important factor affecting the success
rate of nuclear transplantation and IVF. However, mammalian
oocyte nuclear and cytoplasmic maturation are not synchronous.
How to control the nuclear maturation of oocytes, prolong the
maturation culture time, and enable the oocyte cytoplasm to fully
mature have become the research focus of oocyte in vitro matura-
tion research. The fertilization rate, embryo development ability
and fetal birth rate are significantly improved when mouse and
bovine oocytes are treated with phosphodiesterase inhibitors
(Nogueira et al., 2003; Thomas et al., 2004). Milrinone is a

Table 1. Effect culture time on development of embryos derived from fertilized
oocytes after matured in the maturation medium supplement with or without
milrinone

Culture time
in mature sol-
ution with mil-
rinone (h)

Culture
time in
mature
solution

(h)
Fertilization
number (N)

Cleavage
rate (%)

Blastocyst
rate (%)

0 24 132 89(66.2)a 31(33.4)a

16 8 103 27(29.5)b 4(15.5)b

16 12 122 71(59.1)a 26(36.9)a

16 16 165 80(48.5)a 21(33.6)a

16 20 127 65(50.6)a 15(23.9)a,b

a,b,cDifferent superscripts indicate significant difference among treatments (P< 0.05).

Figure 2. Effects of milrinone culture time intervals (0, 4, 8, 12, 16, 22 and 24 h) on
buffalo COC meiotic resumption.
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phosphodiesterase inhibitor, which can prevent the degradation of
cAMP by inhibiting the activity of PDE, thereby increasing the
level of cAMP in oocytes andmaintaining the state of oocyte matu-
ration and cleavage (Eppig et al., 1985; Downs et al., 1989; Byskov
et al., 1997). Thomas et al. (2004) added PDE3 inhibitor (milri-
none, 100 mol/l) and PDE4 inhibitor (rolipram) into mature
medium containing FSH, which significantly improved the blasto-
cyst development rate of IVF after 28 h maturation culture and
maturation cleavage. The effect of PDE inhibitor on in vitromatu-
ration of buffalo oocytes has not been reported. Based on the work
of Thomas et al. (2004), the present study also showed that milri-
none had a strong inhibitory effect on the nuclear maturation of
buffalo oocytes (Figure 2). At the same time, there was no signifi-
cant difference between the inhibitory effect of milrinone when
concentrations were at 50 mol/l and 100 mol/l (Figure 3), so the
concentration of milrinone was reduced to 50 mol/l in the experi-
ment. Oocytes cultured in mature medium with strong nuclear
maturation inhibition need to be cultured in normal maturation
medium for a time period to complete the final maturation stage.
Nogueira et al. (2003) treated mouse oocytes with phosphodiester-
ase 3 inhibitor ORG 9935 (10 mol/l) for 24 h, and then cultured
them for 18 h after normal maturation, which significantly
improved the cleavage rate and morula development rate after
IVF. Therefore, this study conducted a comparative experiment
on the incubation time (8, 12, 16 and 20 h) of buffalo oocytes after
culture for 16 h in normal maturation solution withmilrinone. The
results showed that the cleavage rate and blastocyst development
rate of oocytes cultured for 12, 16 and 20 h were significantly
higher than those cultured for 8 h. The reason may be the pro-
longedmaturation culture time, as oocyte ageing reduces the devel-
opmental ability of oocytes. Conversely, whether the inhibition of
nuclear maturation by inhibitors will affect the physiological func-
tion of organelles in the cytoplasm of buffalo needs to be explored
further. Our results did not prove thatmilrinone could improve the
in vitro maturation quality of buffalo oocytes, but it fully proved
that milrinone had a reversible inhibition effect on nuclear matu-
ration of buffalo oocytes, and that buffalo oocytes could mature
normally after the inhibition was removed. Therefore, the revers-
ible inhibitory effect of milrinone on oocyte maturation can be
used to study the regulatory mechanism of oocyte maturation
and its embryonic development potential.

In summary, milrinone inhibited the spontaneous maturation
of buffalo COCs in a dose-dependent manner with the effective
dose concentration of 25–100M. The inhibitory effect of milrinone
on spontaneous maturation of buffalo oocytes in vitro did not

decrease with extension of the culture time, suggesting that milri-
none can be used as a nuclear maturation inhibitor in the matura-
tion process of buffalo oocytes. Milrinone significantly inhibited
FSH-induced buffalo COC maturation in vitro, but this inhibition
was partially overcome by FSH with time. The inhibition effect of
milrinone on the nuclear maturation of buffalo oocytes was revers-
ible. After the inhibition effect was removed, the buffalo oocytes
could mature normally.

Supplementary material. For supplementary material accompanying this
paper visit https://doi.org/10.1017/S0967199421000563

Supporting information. Supplementary figures are available for this paper
online https://doi.org/10.1017/S0967199421000563

Author’s contribution. DSS and WHX conceived and designed the experi-
ments. GHB, WS and YGZ performed the experiments. LWD and WS drafted
the manuscript. QYL and LS analyzed the data and revised the manuscript.

Financial support. The present study was granted and supported by the
National Natural Science Foundation of China (grant nos. 31772597 and
31860638) and we are also grateful to the Guangxi Natural Science
Foundation (grant nos. AA17204051 and AB16380042).

Conflict of interest. The authors declare that no conflict of interest exists.

Ethical approval. Not applicable

References

Alam,M.H., Lee, J. andMiyano, T. (2018). Inhibition of PDE3A sustains mei-
otic arrest and gap junction of bovine growing oocytes in in vitro growth cul-
ture. Theriogenology, 118, 110–118. doi: 10.1016/j.theriogenology.2018.05.
028

Byskov, A. G., Yding Andersen, C. Y., Hossaini, A. and Guoliang, X. (1997).
Cumulus cells of oocyte-cumulus complexes secrete a meiosis-activating
substance when stimulated with FSH. Molecular Reproduction and
Development, 46(3), 296–305. doi: 10.1002/(SICI)1098-2795(199703)

Dominko, T., Mitalipova, M., Haley, B., Beyhan, Z., Memili, E. and First, N.
(1998). Bovine oocyte as a universal recipient cytoplasm in mammalian
nuclear transfer. Theriogenology, 49(1), 385. doi: 10.1016/S0093-691X(98)
90738-5

Downs, S. M. and Eppig, J. J. (1984). Cyclic adenosine monophosphate and
ovarian follicular fluid act synergistically to inhibit mouse oocytematuration.
Endocrinology, 114(2), 418–427. doi: 10.1210/endo-114-2-418

Downs, S. M., Coleman, D. L., Ward-Bailey, P. F. and Eppig, J. J. (1985).
Hypoxanthine is the principal inhibitor of murine oocyte maturation in a
low molecular weight fraction of porcine follicular fluid. Proceedings of
the National Academy of Sciences of the United States of America, 82(2),
454–458. doi: 10.1073/pnas.82.2.454

Downs, S. M., Daniel, S. A., Bornslaeger, E. A., Hoppe, P. C. and Eppig, J. J.
(1989). Maintenance of meiotic arrest in mouse oocytes by purines:
Modulation of cAMP levels and cAMP phosphodiesterase activity.
Gamete Research, 23(3), 323–334. doi: 10.1002/mrd.1120230309

Eppig, J. J., Ward-Bailey, P. F. and Coleman, D. L. (1985). Hypoxanthine and
adenosine in murine ovarian follicular fluid: Concentrations and activity in
maintaining oocyte meiotic arrest. Biology of Reproduction, 33(5), 1041–
1049. doi: 10.1095/biolreprod33.5.1041

Gasparrini, B. (2002). In vitro embryo production in buffalo species: State of
the art. Theriogenology, 57(1), 237–256. doi: 10.1016/s0093-691x(01)
00669-0

Gershon, E., Maimon, I., Galiani, D., Elbaz, M., Karasenti, S. and Dekel, N.
(2019). High cGMP and low PDE3A activity are associated with oocyte mei-
otic incompetence. Cell Cycle, 18(20), 2629–2640. doi: 10.1080/15384101.
2019.1652472

Gharibi, S., Hajian, M., Ostadhosseini, S., Hosseini, S. M., Forouzanfar, M.
and Nasr-Esfahani, M. H. (2013). Effect of phosphodiesterase type 3

0

20

40

60

80

100

120

0h 4h 8h 12h 16h 22h 24h
Culture time

Control

FSH
FSH + Milrinone

G
V

B
D

 r
at

e 
(%

)

Figure 3. Effects of milrinone on FSH-induced buffalo oocyte meiotic resumption.

Effect of milrinone on buffalo oocytes 575

https://doi.org/10.1017/S0967199421000563 Published online by Cambridge University Press

https://doi.org/10.1017/S0967199421000563
https://doi.org/10.1017/S0967199421000563
https://doi.org/10.1016/j.theriogenology.2018.05.028
https://doi.org/10.1016/j.theriogenology.2018.05.028
https://doi.org/10.1002/(SICI)1098-2795(199703
https://doi.org/10.1016/S0093-691X(98)90738-5
https://doi.org/10.1016/S0093-691X(98)90738-5
https://doi.org/10.1210/endo-114-2-418
https://doi.org/10.1073/pnas.82.2.454
https://doi.org/10.1002/mrd.1120230309
https://doi.org/10.1095/biolreprod33.5.1041
https://doi.org/10.1016/s0093-691x(01)00669-0
https://doi.org/10.1016/s0093-691x(01)00669-0
https://doi.org/10.1080/15384101.2019.1652472
https://doi.org/10.1080/15384101.2019.1652472
https://doi.org/10.1017/S0967199421000563


inhibitor on nuclear maturation and in vitro development of ovine oocytes.
Theriogenology, 80(4), 302–312. doi: 10.1016/j.theriogenology.2013.04.012

Gilchrist, R. B., Luciano, A. M., Richani, D., Zeng, H. T., Wang, X., De Vos,
M. D., Sugimura, S., Smitz, J., Richard, F. J. and Thompson, J. G. (2016).
Oocyte maturation and quality: Role of cyclic nucleotides. Reproduction,
152(5), R143–R157. doi: 10.1530/REP-15-0606

Guimarães, A. L., Pereira, S. A., Kussano, N. R. andDode,M. A. (2016). The
effect of pre-maturation culture using phosphodiesterase type 3 inhibitor
and insulin, transferrin and selenium on nuclear and cytoplasmic matura-
tion of bovine oocytes. Zygote, 24(2), 219–229. doi: 10.1017/S096719941
5000064

Guo, R., Wang, X., Li, Q., Sun, X., Zhang, J. and Hao, R. (2020). Follicular
fluid meiosis-activating sterol (FF-MAS) promotes meiotic resumption via
the MAPK pathway in porcine oocytes. Theriogenology, 148, 186–193.
doi: 10.1016/j.theriogenology.2019.11.012

Jensen, J. T., Schwinof, K. M., Zelinski-Wooten, M. B., Conti, M., DePaolo,
L. V. and Stouffer, R. L. (2002). Phosphodiesterase 3 inhibitors selectively
block the spontaneous resumption of meiosis by macaque oocytes in vitro.
Human Reproduction, 17(8), 2079–2084. doi: 10.1093/humrep/17.8.2079

Jia, Z., Tian, J., An, L. et al. (2013). Advances in bovine oocyte maturation in
vitro. Chinese Journal of Agricultural Sciences, 46(8), 1716–1724.

Kalinowski, R. R., Berlot, C. H., Jones, T. L., Ross, L. F., Jaffe, L. A. and
Mehlmann, L. M. (2004). Maintenance of meiotic prophase arrest in verte-
brate oocytes by a Gs protein-mediated pathway. Developmental Biology,
267(1), 1–13. doi: 10.1016/j.ydbio.2003.11.011

Keefer, C. L. (2015). Artificial cloning of domestic animals. Proceedings of the
National Academy of Sciences of the United States of America, 112(29), 8874–
8878. doi: 10.1073/pnas.1501718112

Kumar, D. and Anand, T. (2012). In vitro embryo production in buffalo: Basic
concepts. Journal of Buffalo Science, 1(1), 50–54. doi: 10.6000/1927-520X.
2012.01.01.09

Le Beux, G., Richard, F. J. and Sirard,M. A. (2003). Effect of cycloheximide, 6-
DMAP, roscovitine and butyrolactone I on resumption of meiosis in porcine
oocytes. Theriogenology, 60(6), 1049–1058. doi: 10.1016/s0093-691x(03)
00124-9

Lee, J. H. and Maalouf, W. E. (2015). Nuclear transfer in ruminants. In.
Methods in Molecular Biology, 1222, 25–36. doi: 10.1007/978-1-4939-
1594-1_3

Lonergan, P., Dinnyes, A., Fair, T., Yang, X. and Boland, M. (2000). Bovine
oocyte and embryo development following meiotic inhibition with butyro-
lactone I. Molecular Reproduction and Development, 57(2), 204–209.
doi:10.1002/1098-2795(200010)57:2<204::AID-MRD12>3.0.CO;2-N

Maurice, D. H. and Haslam, R. J. (1990). Molecular basis of the synergistic
inhibition of platelet function by nitrovasodilators and activators of adeny-
late cyclase: Inhibition of cyclic AMP breakdown by cyclic GMP.Molecular
Pharmacology, 37(5), 671–681.

Nogueira, D., Cortvrindt, R., De Matos, D. G., Vanhoutte, L. and Smitz, J.
(2003). Effect of phosphodiesterase type 3 inhibitor on developmental com-
petence of immature mouse oocytes in vitro. Biology of Reproduction, 69(6),
2045–2052. doi: 10.1095/biolreprod.103.021105

Rime,H., Neant, I., Guerrier, P. andOzon, R. (1989). 6-dimethylaminopurine
(6-DMAP), a reversible inhibitor of the transition to metaphase during the
firstmeiotic cell division of themouse oocyte.Developmental Biology, 133(1),
169–179. doi: 10.1016/0012-1606(89)90308-4

Romero, S. and Smitz, J. (2010). Improvement of in vitro culture of mouse
cumulus–oocyte complexes using PDE3-inhibitor followed by meiosis
induction with epiregulin. Fertility and Sterility, 93(3), 936–944. doi: 10.
1016/j.fertnstert.2008.10.016

Rubessa, M., Boccia, L. and Di Francesco, S. (2019). In vitro embryo produc-
tion in buffalo species (Bubalus bubalis). In. Methods in Molecular Biology,
2006, 179–190. doi: 10.1007/978-1-4939-9566-0_13

Shafiee-Nick, R., Afshari, A. R., Mousavi, S. H., Rafighdoust, A., Askari, V.
R., Mollazadeh, H., Fanoudi, S., Mohtashami, E., Rahimi, V. B., Mohebbi,
M. and Vahedi, M. M. (2017). A comprehensive review on the potential
therapeutic benefits of phosphodiesterase inhibitors on cardiovascular dis-
eases. Biomedicine and Pharmacotherapy, 94, 541–556. doi: 10.1016/j.
biopha.2017.07.084

Silva, B. R., Maside, C., Vieira, L. A., Cadenas, J., Alves, B. G., Ferreira, A. C.
A., Aguiar, F. L. N., Silva, A. L. C., Figueiredo, J. R. and Silva, J. R. V.
(2018). Dose-dependent effects of frutalin on in vitromaturation and fertili-
zation of pig oocytes. Animal Reproduction Science, 192, 216–222. doi: 10.
1016/j.anireprosci.2018.03.015

Sirard, M. A. and Blondin, P. (1996). Oocyte maturation and IVF in cattle.
Animal Reproduction Science, 42(1–4), 417–426. doi: 10.1016/0378-
4320(96)01518-7

Thomas, R. E., Armstrong, D. T. and Gilchrist, R. B. (2002). Differential
effects of specific phosphodiesterase isoenzyme inhibitors on bovine oocyte
meiotic maturation. Developmental Biology, 244(2), 215–225. doi: 10.1006/
dbio.2002.0609

Thomas, R. E., Armstrong, D. T. and Gilchrist, R. B. (2004). Bovine cumulus
cell-oocyte gap junctional communication during in vitro maturation in
response to manipulation of cell-specific cyclic adenosine 3 0,5 0-monophoso-
phate levels. Biology of Reproduction, 70(3), 548–556. doi: 10.1095/
biolreprod.103.021204

Wang, L., Jiang, X., Wu, Y., Lin, J., Zhang, L., Yang, N. and Huang, J. (2016).
Effect of milrinone on the developmental competence of growing
lamb oocytes identified with brilliant cresyl blue. Theriogenology, 86(8),
2020–2027. doi: 10.1016/j.theriogenology.2016.06.024

Yi, Y. J. and Park, C. S. (2005). Parthenogenetic development of porcine
oocytes treated by ethanol, cycloheximide, cytochalasin B and 6-dimethyla-
minopurine. Animal Reproduction Science, 86(3–4), 297–304. doi: 10.1016/j.
anireprosci.2004.07.007

576 Guihua Bian et al.

https://doi.org/10.1017/S0967199421000563 Published online by Cambridge University Press

https://doi.org/10.1016/j.theriogenology.2013.04.012
https://doi.org/10.1530/REP-15-0606
https://doi.org/10.1017/S0967199415000064
https://doi.org/10.1017/S0967199415000064
https://doi.org/10.1016/j.theriogenology.2019.11.012
https://doi.org/10.1093/humrep/17.8.2079
https://doi.org/10.1016/j.ydbio.2003.11.011
https://doi.org/10.1073/pnas.1501718112
https://doi.org/10.6000/1927-520X.2012.01.01.09
https://doi.org/10.6000/1927-520X.2012.01.01.09
https://doi.org/10.1016/s0093-691x(03)00124-9
https://doi.org/10.1016/s0093-691x(03)00124-9
https://doi.org/10.1007/978-1-4939-1594-1_3
https://doi.org/10.1007/978-1-4939-1594-1_3
https://doi.org/10.1095/biolreprod.103.021105
https://doi.org/10.1016/0012-1606(89)90308-4
https://doi.org/10.1016/j.fertnstert.2008.10.016
https://doi.org/10.1016/j.fertnstert.2008.10.016
https://doi.org/10.1007/978-1-4939-9566-0_13
https://doi.org/10.1016/j.biopha.2017.07.084
https://doi.org/10.1016/j.biopha.2017.07.084
https://doi.org/10.1016/j.anireprosci.2018.03.015
https://doi.org/10.1016/j.anireprosci.2018.03.015
https://doi.org/10.1016/0378-4320(96)01518-7
https://doi.org/10.1016/0378-4320(96)01518-7
https://doi.org/10.1006/dbio.2002.0609
https://doi.org/10.1006/dbio.2002.0609
https://doi.org/10.1095/biolreprod.103.021204
https://doi.org/10.1095/biolreprod.103.021204
https://doi.org/10.1016/j.theriogenology.2016.06.024
https://doi.org/10.1016/j.anireprosci.2004.07.007
https://doi.org/10.1016/j.anireprosci.2004.07.007
https://doi.org/10.1017/S0967199421000563

	Effect of milrinone on the meiosis resumption and cytoplasm maturation of buffalo oocytes
	Introduction
	Materials and methods
	Materials
	Reagents and media
	Methods
	Oocyte collection and maturation culture
	In vitro fertilization (IVF) of oocytes
	In vitro embryo culture
	Evaluation of meiotic resumption and cytoplasm maturation of oocytes

	Experimental design
	Effects of milrinone on meiotic resumption efficiency of buffalo oocytes
	Effects of milrinone on buffalo oocytes cytoplasmic maturation

	Data analysis

	Results
	Effects of milrinone concentrations on meiotic resumption efficiency of buffalo oocytes
	Effects of milrinone culture time interval to buffalo COCs meiotic resumption
	Effects of milrinone on FSH-induced buffalo oocyte meiotic resumption
	Effect of milrinone treatment on fertilization ability of buffalo oocytes

	Discussion
	Effect of PDE inhibitor on buffalo oocytes meiotic resumption
	Effect of PDE inhibitor on buffalo oocytes cytoplasm maturation

	References


