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Role of Phosphodiesterase 3A in
Regulation of Diplotene Arrest of
Mammalian Oocytes
Abstract
Cyclic nucleotide phosphodiesterases (PDEs) are a group of enzymes that regulate
cyclic nucleotides such as cyclic adenosine 3’, 5’ monophosphate (cAMP) and cyclic
guanosine 3’, 5’ monophosphate (cGMP) level in mammalian oocytes. Among all
subtypes of PDEs family, PDE 3A is specifically located in the cytoplasm of oocyte.
The cAMP is generated in the granulosa cells as well as in oocyte whereas cGMP
is produced only in the granulosa cells of preovulatory follicles. PDE 3A hydrolyzes
cAMP with great affinity than cGMP in the oocyte. Decrease of oocyte cAMP
level initiates downstream pathway to destabilize maturation promoting factor
(MPF) that finally results in meiotic resumption from diplotene arrest. On the
other hand, specific PDE inhibitors such as cilostamide, milrinone, ORG 9935 and
cilostazol reversibly inhibit enzyme activity and prevent cAMP hydrolysis. High
level of intraoocyte cAMP inhibits spontaneous meiotic resumption and maintains
diplotene arrest in follicular oocyte. Indeed, PDE inhibitors are choice to prevent
spontaneous meiotic resumption both in vivo as well as under in vitro culture
conditions to study the meiotic cell cycle regulation in mammalian oocytes.
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Introduction
In mammals, oocyte is surrounded by several layers of granulosa
cells in follicular microenvironment. These encircling granulosa
cells provide nourishment, growth factors, signal molecules and
meiosis regulatory factors to the oocyte within the follicle [1].
Inside the follicle, oocyte is not allowed to resume meiosis and
remain arrested at diplotene stage for few months to several
years depending on mammalian species [2,3]. Maintenance of
diplotene arrest is achieved in the follicular microenvironment
due to high level of cyclic nucleotides in oocytes [4]. Synthesis
and transfer of adenosine 3’, 5’ monophosphate (cAMP) as well
as cyclic guanosine 3’, 5’ monophosphate (cGMP) from encircling
granulosa cells to the oocyte result in the maintenance of diplotene
arrest [5] (Figure 1). On the other hand, gonadotropin surge
increases phosphodiesterase (PDE) activity in the granulosa cells
[6,7] and disrupts gap junctions signaling pathway in granulosa
cells and between granulosa cells to oocyte [8,9]. Disruption of
gap junctions interrupts the transfer of both cyclic nucleotides
to the oocyte leading to a transient decrease of their levels in
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the oocyte [10]. The decrease of cyclic nucleotides level initiate
downstream pathway to destabilize maturation promoting factor
(MPF). The destabilized MPF triggers meiotic resumption from
diplotene arrest [5,7].

Literature Review
Oocyte has an ability to synthesize cAMP sufficient to maintain
diplotene arrest [1,11,12]. However, removal of encircling
granulosa cells causes a transient decrease of oocyte cAMP level
and results in spontaneous meiotic resumption from diplotene
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[26]. Elevated cAMP level leads to phosphorylation of cyclindependent kinase 1 (CDK1) that triggers MPF stabilization and
maintains meiotic arrest at diplotene stage [9,27] (Figure 1). A
decrease in cGMP level by its specific PDEs relieves the PDE 3A
inhibition in the oocyte [8,15] and reduces cAMP level. Decreased
level of cAMP inactivates PKA, destabilizes MPF and triggers
meiotic resumption in rat oocytes [9,28].

Figure 1 A schematic diagram showing role of PDE 3A in the
regulation of cAMP and thereby meiotic arrest at
diplotene stage in mammalian oocyte. Transfer of
cAMP as well as cGMP from encircling granulosa cells
maintains their high level in the oocyte. Increased
level of cGMP inhibits PDE 3A activity. Several PDE
3A inhibitors (cilostamide, milrinone, org 9935 and
cilostazole) inhibit enzyme activity thus elevating
intraoocyte cAMP level. High level of cyclic nucleotides
prevents MPF destabilization and maintains high
level of stabilized MPF and thereby meiotic arrest
at diplotene stage. On the other hand, disruption
of gap junction and interruption in the transfer of
cyclic nucleotides from encircling granulosa cells to
the oocyte cause a transient decrease in intraoocyte
cAMP level. The decrease of oocyte cAMP level
initiates downstream pathways to destabilize MPF.
MPF destabilization finally triggers meiotic resumption
from diplotene arrest.

arrest [4,11]. Several drugs that can elevate intraoocyte
cAMP level have been used to prevent spontaneous meiotic
resumption in mammalian oocytes. Adenylate cyclase activators
such as forskolin [13] and broad range PDE inhibitors such as
theophylline and IBMX [14] have been used to inhibit spontaneous
resumption of meiosis in oocytes. Several drugs that specifically
inhibit granulosa cell PDEs mimic the action of gonadotropin and
maintain meiotic arrest in mammalian oocytes [6,15]. Among all
eleven subtypes of PDE, PDE 3A is located in oocyte and plays a
major role in the regulation of cAMP in oocyte.
PDE 3A activity has been demonstrated in several mammalian
species including rat [16], mouse [17], bovine [14], cow [18],
pig [19], monkey [20] and human oocytes [17,21]. The 80% of
the total PDE activity has been reported in bovine oocyte [22]
and its activity increases by its phosphorylation through protein
kinase A (PKA) [23]. PDE 3A can hydrolyze both cAMP as well as
cGMP but affinity towards cAMP is greater than cGMP [24]. In
PDE 3A deficient mouse oocyte, the high level of cAMP blocks
MPF activation and inhibits meiotic resumption [24,25]. PDE 3A
activation decreases oocyte cAMP during meiotic resumption in
mouse oocytes [17].
Both, cAMP and cGMP regulate meiotic cell cycle by modulating
MPF activity. cGMP elevates intraoocyte cAMP level by inhibiting
PDE 3A activity, which is responsible for the cAMP hydrolysis
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Successful fertilization and embryo development depend on the
nuclear as well as cytoplasmic maturation of the oocyte. PDE 3A
inhibitors could be useful as a strategy to promote the oocyte
cytoplasmic maturation by maintaining the meiotic arrest for
short period of time in vitro in mouse [29], monkey [20] and
bovine [30]. Specific PDE 3A inhibitors, such as cilostamide [13],
milrinone [31], ORG 9935 [32] and cilostazol [33] improve oocyte
maturation and developmental competency in pig, lamb, monkey
and mouse oocytes. The PDE 3A is sufficient to hydrolyze oocyte
cAMP and trigger meiotic resumption from diplotene arrest
in several mammalian species [7]. Hence to study a complex
process of meiosis in follicular oocytes, we describe the use of
several drugs that reversibly inhibit oocyte meiosis under in vitro
as well as in vivo conditions.

Cilostamide
Cilostamide, N-cyclohexyl-N-methyl-4-[(2-oxo-1H-quinolin-6-yl)
oxy] butanamide, is one of the most studied inhibitors of PDE 3A
in mammals. Cilostamide treatment maintains meiotic arrest at
diplotene stage in mouse [34], pig [35], ovine [36], bovine [19]
and buffalo [37] oocytes cultured in vitro. Cilostamide along with
forskolin delay spontaneous meiotic resumption from diplotene
arrest in pig [13], ovine [38] and human oocytes cultured in vitro
[39]. Temporary nuclear arrest at diplotene stage by cilostamide
is beneficial for spindle/chromosome configurations, improves
cytoplasmic maturation and allows better synchronization
between cytoplasmic and nuclear maturation in pig [13] and
human oocytes [40]. Long-term culture with cilostamide is
harmless to oocyte growth, differentiation and maturation in
mouse oocyte [21].

Milrinone
Milrinone, 6-methyl-2-oxo-5-pyridin-4-yl-1H-pyridine-3-carbonitrile, is another oocyte specific PDE 3A inhibitor [18,41]. Milrinone treatment maintains diplotene arrest and improves developmental competency of bovine [41] and lamb oocytes in vitro
[31]. Unlike other PDE 3A inhibitors, milrinone is not found suitable under in vivo conditions with several side effects such as fatal arrhythmias; a condition of irregular heart beat [42].

ORG 9935
ORG 9935, 3-(5, 6-dimethoxy-1-benzothiophen-2-yl)-4-methyl-4,
5-dihydro-1H-pyridazin-6-one, is a carboximidamide derivative
and specific PDE 3A inhibitor. It blocks spontaneous meiotic
resumption from diplotene arrest in mouse [29], monkey [20]
and human oocytes in vitro [43]. ORG 9935 inhibits gonadotropininduced meiotic resumption from diplotene arrest in monkey [44]
without affecting ovulation in vivo [32]. In some experiments,
poor tolerance of ORG 9935 has been observed in monkey in vivo [45].
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Cilostazol

Conclusion

Cilostazol (CLZ), 6-[4-(1-cyclohexyl-1H-tetrazol-5-yl) butoxy]3,4-dihydro-2-(1H)-quinolinone, is another specific inhibitor of
PDE 3A. CLZ prevents pregnancy in naturally cycling mouse [46]
and swine [47] and induces ovulation of immature (diplotene
or M-I) oocytes depending on the time, dose and frequency of
administration [48]. It inhibits meiotic resumption in mouse
oocytes both in vivo as well as in vitro [33]. However, CLZ does
not inhibit meiotic resumption in rhesus monkey in vivo [49]. CLZ
is safer than ORG 9935 [50] and milrinone [44]. Contraceptive and
safety effects of CLZ are proved in experimental mouse treated
with this drug [50]. CLZ could be used as a safe contraceptive drug
if its correct dose is identified and to improve pregnancy outcome in
infertile women undergoing in vitro fertilization (IVF) [33].

The PDE 3A play a major role in the hydrolysis of oocyte cAMP
level. The decreased intraoocyte cAMP level results in MPF
destabilization and then meiotic resumption from diplotene arrest
in mammalian oocytes. On the other hand, PDE 3A inhibitors
reversibly inhibit PDE 3A activity and elevate intraoocyte cAMP
level. The increased intraoocyte cAMP level prevents MPF
destabilization. The high level of MPF heterodimer maintains
meiotic arrest in follicular oocytes. These properties of PDE 3A
inhibitors make them as first choice to be used during in vitro
analysis of meiotic cell cycle regulation in mammalian oocytes.

References
1

Kidder GM, Vanderhyden BC (2010) Bidirectional communication
between oocytes and follicle cells: Ensuring oocyte developmental
competence. Can J Physiol Pharmacol 88: 399-413.

2

Barrett SL, Albertini DF (2010) Cumulus cell contact during oocyte
maturation in mice regulates meiotic spindle positioning and
enhances developmental competence. J Assist Reprod Genet 27:
29‑39.

a regulator for oocyte meiotic resumption in mammal? Health and
Population- Perspectives and Issues 25: 74-85.
13 Lee H, Elahi F, Lee J, Lee ST, Hyun SH, et al. (2017) Supplement of
cilostamide in growth medium improves oocyte maturation and
developmental competence of embryos derived from small antral
follicles in pigs. Theriogenology 91: 1-8.
14 Sasseville M, Albuz FK, Cote N, Guillemette C, Gilchrist RB, et al.
(2009) Characterization of novel phosphodiesterases in the bovine
ovarian follicle. Biol Reprod 81: 415-425.

3

Pandey AN, Tripathi A, PremKumar KV, Shrivastav TG, Chaube
SK (2010) Reactive oxygen and nitrogen species during meiotic
resumption from diplotene arrest in mammalian oocytes. J Cell
Biochem 111: 521-528.

4

Tiwari M, Gupta A, Sharma A, Prasad S, Pandey AN, et al. (2018)
Role of mitogen activated protein kinase and maturation promoting
factor during the achievement of meiotic competency in mammalian
oocytes. J Cell Biochem 119: 123-129.

16 Tsafriri A, Chun SY, Zhang R, Hsueh AJ, Conti M (1996) Oocyte
maturation involves compartmentalization and opposing changes
of cAMP levels in follicular somatic and germ cells: Studies using
selective phosphodiesterase inhibitors. Dev Biol 178: 393-402.

5

Tiwari M, Chaube SK (2017) Carbenoxolone reduces cyclic nucleotides
level, destabilizes maturation promoting factor and induces meiotic
exit from diplotene arrest in rat cumulus oocytes complexes cultured
in vitro. Biomed Pharmacother 94: 219-230.

17 Conti M (2011) Phosphodiesterases and regulation of female
reproductive function. Curr Opin Pharmacol 11: 665-669.

6

Egbert JR, Uliasz TF, Shuhaibar LC, Geerts A, Wunder F, et al. (2016)
Luteinizing hormone causes phosphorylation and activation of
the cyclic GMP phosphodiesterase PDE5 in rat ovarian follicles,
contributing, together with PDE1 activity, to the resumption of
meiosis. Biol Reprod 94: 110.

7

Gupta A, Tiwari M, Prasad S, Chaube SK (2017) Role of cyclic
nucleotide phosphodiesterases during meiotic resumption from
diplotene arrest in mammalian oocytes. J Cell Biochem 180: 446-452.

8

Norris RP, Ratzan WJ, Freudzon M, Mehlmann LM, Krall J, et al. (2009)
Cyclic GMP from the surrounding somatic cells regulates cyclic AMP
and meiosis in the mouse oocyte. Development 136: 1869-1878.

9

Tripathi A, PremKumar KV, Chaube SK (2010) Meiotic cell cycle arrest
in mammalian oocytes. J Cell Physiol 223: 592-600.

10 Gilchrist RB, Luciano AM, Richani D, Zeng HT, Wang X, et al.
(2016) Oocyte maturation and quality: Role of cyclic nucleotides.
Reproduction 152: R143-R157.
11 Chaube SK (2001) Role of meiotic maturation regulatory factors in
developmental competence of mammalian oocytes. Health and
Population- Perspectives and Issues 24: 218-231.
12 Chaube SK (2002) Does cyclic adenosine 3’-5’ monophosphate act as
© Under License of Creative Commons Attribution 3.0 License

15 Vaccari S, Weeks JL, Hsieh M, Menniti FS, Conti M (2009) Cyclic GMP
signaling is involved in the luteinizing hormone-dependent meiotic
maturation of mouse oocytes. Biol Reprod 81: 595-604.

18 Thomas RE, Armstrong DT, Gilchrist RB (2002) Differential effects of
specific phosphodiesterase isoenzyme inhibitors on bovine oocyte
meiotic maturation. Dev Biol 244: 215-225.
19 Sasseville M, Cote N, Guillemette C, Richard FJ (2006) New insight
into the role of phosphodiesterase 3A in porcine oocyte maturation.
BMC Dev Biol 6: 47.
20 Jensen JT, Schwinof KM, Zelinski-Wooten MB, Conti M, DePaolo LV,
et al. (2002) Phosphodiesterase 3 inhibitors selectively block the
spontaneous resumption of meiosis by macaque oocytes in vitro.
Hum Reprod 17: 2079-2084.
21 Nogueira D, Cortvrindt R, Everaerdt B, Smitz J (2005) Effects of longterm in vitro exposure to phosphodiesterase type-3 inhibitors on
follicle and oocyte development. Reproduction 130: 177-186.
22 Bilodeau-Goeseels S (2011) Cows are not mice: The role of cyclic
AMP, phosphodiesterases, and adenosine monophosphate-activated
protein kinase in the maintenance of meiotic arrest in bovine
oocytes. Mol Reprod Dev 78: 734-743.
23 Omori K, Kotera J (2007) Overview of PDEs and their regulation. Circ
Res 100: 309-327.
24 Azevedo MF, Faucz FR, Bimpaki E, Horvath A, Levy I, et al. (2014)
Clinical and molecular genetics of the phosphodiesterases (PDEs).
Endocrine Reviews 35: 195-233.

3

ARCHIVOS DE MEDICINA
ISSN 1698-9465

Journal of Molecular and Cellular Biochemistry

25 Masciarelli S, Horner K, Liu C, Park SH, Hinckley M, et al. (2004)
Cyclic nucleotide phosphodiesterase 3A-deficient mice as a model of
female infertility. J Clin Invest 114: 196-205.
26 Shuhaibar LC, Egbert JR, Edmund AB, Uliasz TF, Dickey DM, et al. (2016)
Dephosphorylation of juxta membrane serines and threonines of
the NPR2 guanylyl cyclase is required for rapid resumption of oocyte
meiosis in response to luteinizing hormone. Dev Biol 409: 194-201.
27 Yang L, Wei Q, Li W, Xi Q, Zhao X, et al. (2016) NPR2 is involved in
FSH-mediated mouse oocyte meiotic resumption. J Ovarian Res 9: 6.
28 Prasad S, Tiwari M, Tripathi A, Pandey AN, Chaube SK (2015) Changes
in signal molecules and maturation promoting factor levels associate
with spontaneous resumption of meiosis in rat oocytes. Cell Biol Int
39: 759-769.
29 Nogueira D, Cortvrindt R, De Matos DG, Vanhoutte L, Smitz J (2003)
Effect of phosphodiesterase type 3 inhibitor on developmental
competence of immature mouse oocytes in vitro. Biol Reprod 69:
2045-2052.
30 Thomas RE, Thompson JG, Armstrong DT, Gilchrist RB (2004) Effect
of specific phosphodiesterase isoenzyme inhibitors during in vitro
maturation of bovine oocytes on meiotic and developmental
capacity. Biol Reprod 71: 1142-1149.
31 Wang L, Jiang X, Wu Y, Lin J, Zhang L, et al. (2016) Effect of milrinone
on the developmental competence of growing lamb oocytes
identified with brilliant cresyl blue. Theriogenology 86: 2020-2027.
32 Jensen JT, Zelinski MB, Stanley JE, Fanton JW, Stouffer RL (2008) The
phosphodiesterase 3 inhibitor ORG 9935 inhibits oocyte maturation
in the naturally selected dominant follicle in rhesus macaques.
Contraception 77: 303-307.
33 Taiyeb AM, Muhsen-Alanssari SA, Dees WL, Hiney J, Kjelland ME, et
al. (2017) Improvements in oocyte competence in superovulated
mice following treatment with cilostazol: Ovulation of immature
oocytes with high developmental rates. Biochem Pharmacol 137: 81-92.
34 Vanhoutte L, Nogueira D, Gerris J, Dhont M, DeSutter P (2008) Effect
of temporary nuclear arrest by phosphodiesterase 3-inhibitor on
morphological and functional aspects of in vitro matured mouse
oocytes. Mol Reprod Dev 75: 1021-1030.
35 Dieci C, Lodde V, Franciosi F, Lagutina I, Tessaro I, et al. (2013) The
effect of cilostamide on gap junction communication dynamics,
chromatin remodeling, and competence acquisition in pig oocytes
following parthenogenetic activation and nuclear transfer. Biol
Reprod 89: 68(1-11).

2018
Vol.2 No.1:1

38 Azari-Dolatabad N, Rahmani HR, Hajian M, Ostadhosseini S, Hosseini
SM, et al. (2016) Effects of cilostamide and/or forskolin on the
meiotic resumption and development competence of growing ovine
oocytes selected by brilliant cresyl blue staining. Theriogenology 85:
1483-1490.
39 Shu YM, Zeng HT, Ren Z, Zhuang GI, Liang XY, et al. (2008) Effects of
cilostamide and forskolin on the meiotic resumption and embryonic
development of immature human oocytes. Hum Reprod 23: 504-513.
40 Vanhoutte L, De Sutter P, Nogueira D, Gerris J, Dhont M, et al. (2007)
Nuclear and cytoplasmic maturation of in vitro matured human
oocytes after temporary nuclear arrest by phosphodiesterase
3-inhibitor. Hum Reprod 22: 1239-1246.
41 Naruse K, Iga K, Shimizu M, Takenouchi N, Akagi S, et al. (2012).
Milrinone treatment of bovine oocytes during in vitro maturation
benefits production of nuclear transfer embryos by improving
enucleation rate and developmental competence. J Reprod Dev 58:
476-483.
42 Schror K (2002) The pharmacology of cilostazol. Diabetes, Obesity &
Metabolism 4: S14-S19.
43 Nogueira D, Albano C, Adriaenssens T, Cortvrindt R, Bourgain C ,
et al. (2003) Human oocytes reversibly arrested in prophase I by
phosphodiesterase type 3 inhibitor in vitro. Biol Reprod 69: 10421052.
44 Jensen JT, Zelinski-Wooten MB, Schwinof KM, Vance JE, Stouffer RL
(2005) The phosphodiesterase 3 inhibitor ORG 9935 inhibits oocyte
maturation during gonadotropin-stimulated ovarian cycles in rhesus
macaques. Contraception 71: 68-73.
45 Jensen JT, Stouffer RL, Stanley JE, Zelinski MB (2010) Evaluation of
the phosphodiesterase 3 inhibitor ORG 9935 as a contraceptive in
female macaques: Initial trials. Contraception 81: 165-171.
46 Taiyeb AM, Sayes CM, Ridha MT, Fajt V, Dees WL, et al. (2013)
Cilostazol blocks pregnancy in naturally cycling mice. Contraception
87: 443-448.
47 Taiyeb AM, Muhsen-Alanssari SA, Kraemer DC, Ash O, Fajt V, et al.
(2015) Cilostazol blocks pregnancy in naturally cycling swine: An
animal model. Life Sci 142: 92-96.
48 Taiyeb AM, Ridha MT, Sayes CM, Dees WL, Kraemer DC (2014)
Cilostazol administered to female mice induces ovulation of
immature oocytes: A contraceptive animal model. Life Sci 96: 46-52.

36 Gharibi S, Hajian M, Ostadhosseini S, Hosseini SM, Forouzanfar
M, et al.. (2013) Effect of phosphodiesterase type 3 inhibitor on
nuclear maturation and in vitro development of ovine oocytes.
Theriogenology 80: 302-312.

49 Hannaa CB, Yaoa S, Ramseya CM, Hennebolda JD, Zelinskia MB, et
al. (2015) Phosphodiesterase 3 (PDE3) inhibition with cilostazol does
not block in vivo oocyte maturation in rhesus macaques (Macaca
mulatta). Contraception 91: 418–422.

37 Li Q-Y, Lou J, Yang X-G, Lu Y-Q, Lu S-S, et al. (2016) Effect of the meiotic
inhibitor cilostamide on resumption of meiosis and cytoskeletal
distribution in buffalo oocytes. Anim Reprod Sci 174: 37-44.

50 Li M, Yu Y, Yan J, Yan LY, Zhao Y, et al. (2012) The role of cilostazol, a
phosphodiesterase 3 inhibitor, on oocyte maturation and subsequent
pregnancy in mice. PLoS One 7: e30649.

4

This article is available in: http://www.imedpub.com/journal-molecular-cellular-biochemistry/

