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Abstract	
In	 vitro	 maturation	 (IVM)	 has	 been	 applied	 in	 numerous	 different	 contexts	 and	
strategies	in	humans	and	animals,	but	in	both	cases	it	represents	a	challenge	still	far	
from	being	overcome.	Despite	the	large	dataset	produced	over	the	last	two	decades	
on	 the	 mechanisms	 that	 govern	 antral	 follicular	 development	 and	 oocyte	
metabolism	 and	 differentiation,	 IVM	outcomes	 are	 still	 unsatisfactory.	 This	 review	
specifically	 focuses	 on	 data	 concerning	 the	 potential	 consequences	 of	 using	
supraphysiological	 levels	of	FSH	during	 IVM,	as	well	as	on	the	regulation	of	oocyte	
chromatin	 dynamics	 and	 its	 utility	 as	 a	 potential	marker	 of	 oocyte	 developmental	
competence.	 Taken	 together,	 the	 data	 revisited	 herein	 indicate	 that	 a	 significant	
improvement	in	IVM	efficacy	may	be	provided	by	the	integration	of	pre-OPU	patient-
specific	protocols	preparing	 the	oocyte	population	 for	 IVM	and	more	physiological	
culture	systems	mimicking	more	precisely	the	follicular	environment	that	would	be	
experienced	by	the	recovered	oocytes	until	completion	of	metaphase	II.	
	
	
	 	



Introduction	
The	 developing	 ovarian	 follicle	 provides	 the	 optimal	 environment	 for	 oocyte	
maturation	 and	 developmental	 competence	 acquisition	 under	 physiological	
regulation	 (Sirard	 2016).	 In	 most	 cases,	 the	 application	 of	 assisted	 reproductive	
technologies	 (ART)	 inherently	 disrupts	 this	 environment.	 The	 need	 to	 increase	
productivity	and	sustainability	of	dairy	and	beef	industries	has	prompted	an	increase	
of	 the	 application	 of	 in	 vitro	 embryo	 production	 (IVP)	 in	 cattle	 in	 the	 last	 two	
decades	 (Baruselli	et	al.	2016;	Webb	and	Buratini	2016;	Viana	2020).	Typically,	 IVP	
schemes	 applied	 in	 cattle	 rely	 on	 the	 use	 of	 oocytes	 aspirated	 from	 follicles	 at	
different	developmental	stages	preceding	ovulation.	These	oocytes	are	then	exposed	
to	 in	 vitro	 maturation	 (IVM),	 which	 is	 followed	 by	 in	 vitro	 fertilisation	 (IVF)	 and	
embryo	culture	(IVC)	up	to	the	blastocyst	stage	to	generate	high	numbers	of	IVP	for	
embryo	 transfer	 (ET)	 to	 recipients.	 This	 sequence	 of	manipulations	 can	 be	 further	
amplified	by	cryopreservation	and	thawing	of	the	embryo,	in	order	to	allow	storage	
and	 shipment,	 as	 well	 as	 embryo	 sexing.	 In	 vitro	 maturation	 (IVM)	 has	 been	
recognised	 as	 the	major	 bottleneck	 in	 cattle	 IVP	 since	 it	 was	 demonstrated	 to	 be	
highly	inefficient	in	comparison	with	in	vivo	maturation	(Rizos	et	al.	2002;	Sutton	et	
al.	 2003;	 Sirard	et	 al.	 2006;	 Katz-Jaffe	 et	 al.	 2009;	Blanco	et	 al.	 2011).	Despite	 the	
considerable	 progress	 of	 our	 knowledge	 on	 the	 mechanisms	 regulating	
folliculogenesis	and	oocyte	maturation	over	the	last	20	years,	IVP	outcomes	have	not	
been	 substantially	 improved	 during	 this	 time	 window	 (Luciano	 and	 Sirard	 2018).	
Strong	evidence	indicates	that	the	still	low	IVP	efficiency	in	cattle	derives,	at	least	in	
part,	from	the	use	of	a	single.	
non-physiological	 IVM	 system	 for	 oocytes	 collected	 at	 various	 stages	 of	
differentiation	 (Soares	 et	 al.	 2020a,	 2020b).	 In	 addition,	 in	 order	 to	 support	 the	
maturation	 signalling	 cascade	 in	 vitro,	 most	 IVM	 culture	 media	 contain	 FSH	 at	
concentrations	far	higher	than	those	present	in	the	follicular	fluid	during	final	follicle	
growth	 and	 at	 the	 time	 of	 ovulation	 (Fortune	 and	 Hansel	 1985),	 which	 can	
potentially	 impinge	 on	 chromatin	 dynamics,	 cumulus–oocyte	 communication	 and	
oocyte	 transcriptional/translational	 activity,	 thus	 reducing	 oocyte	 developmental	
competence	(Combelles	et	al.	2004;	Luciano	et	al.	2011;	Chen	et	al.	2013).	
Alternatively,	in	human	reproductive	medicine,	IVF	has	been	utilised	to	treat	couple	
infertility	 using	 different	 strategies	 than	 those	 applied	 in	 cattle.	 In	 human	 IVF	
practice,	oocyte	maturation	 is	usually	 triggered	with	hCG	or	a	GnRH	agonist	at	 the	
end	of	controlled	ovarian	stimulation	(COS)	so	that	MII	(metaphase	II)	oocytes	ready	
to	be	 fertilised	are	yielded	by	ovum	pick-up	 (OPU).	 In	 such	 context,	 IVM	has	been	
predominantly	 applied	 simply	 to	 allow	 still	 immature	oocytes	 to	 reach	 fertilisation	
ability	after	in	vivo	triggering	of	the	maturation	cascade	(Fadini	et	al.	2015),	in	media	
deprived	of	direct	regulators	of	the	maturation	process	such	as	FSH	or	EGF/EGF-like	
factors,	commonly	used	in	cattle	IVM.	In	the	face	of	inferior	pregnancy	and	live	birth	
rates	achieved	with	IVM	in	relation	to	IVF	with	oocytes	reaching	metaphase	II	in	vivo,	
in	women,	 IVM	has	been	practically	 restricted	 to	 specific	patient	groups	 for	which	
conventional	COS	is	contraindicated,	particularly	those	affected	by	polycystic	ovarian	
syndrome	 (PCOS)	 or	 at	 risk	 of	 developing	 the	 ovarian	 hyperstimulation	 syndrome	
(OHSS)	 (Fadini	 et	 al.	 2013,	 2015;	 De	 Vos	 et	 al.	 2016,	 2021).	 In	 the	 absence	 of	 a	
culture	system	capable	to	efficiently	mimic	the	intrafollicular	environment,	IVM	has	
been	more	often	and	successfully	applied	after	mild/short	ovarian	stimulation	with	



FSH,	followed	by	in	vivo	activation	of	final	maturation	with	hCG	in	women	(Fadini	et	
al.	2009;	Dal	Canto	et	al.	2012).	Nonetheless,	IVM	has	been	also	applied	to	increase	
IVF	outcomes	by	giving	a	chance	to	immature	GV	(germinal	vesicle)	and	MI	oocytes	
retrieved	after	regular	COS/OPU	to	reach	metaphase	II	in	vitro,	a	strategy	known	as	
‘rescue	IVM’	(De	Vos	et	al.	2021;	Jie	et	al.	2021).	A	third	IVM	modality	–	considered	
by	experts	 in	 the	 field	as	 true	human	 IVM,	since	 in	such	case	oocyte	maturation	 is	
indeed	triggered	in	vitro	–	has	been	only	recently	proposed	to	treat	human	infertility	
(Coticchio	et	al.	2016;	De	Vos	et	al.	2016,	2021).	Based	on	original	 studies	 in	mice	
revealing	the	role	of	the	natriuretic	peptide	C	(NPPC)	and	estradiol	in	the	control	of	
the	meiotic	 arrest	 (Zhang	 et	 al.	 2010,	 2011),	 as	 well	 as	 on	 subsequent	 reports	 in	
cattle	 indicating	 the	 applicability	 of	 the	 NPPC/estradiol	 combination	 to	 improve	
oocyte	developmental	competence	in	IVP	practice	(Franciosi	et	al.	2014;	Soares	et	al.	
2017),	a	two-step	 IVM	system	has	been	proposed	for	women	(Sánchez	et	al.	2017,	
2019).	 Although	 this	 system	 has	 been	 proved	 useful	 to	 treat	 sub-	 fertile	 PCOS	
patients	 (Vuong	 et	 al.	 2020),	 its	 efficiency	 must	 be	 still	 improved	 so	 that	 IVM	
application	 can	 be	 expanded	 to	 other	 patient	 groups	 and	 significantly	 impact	
treatment	 cost	 and	patient	 comfort/safety	 in	human	 IVF	practice,	 via	 reduction	of	
gonadotrophin	administration.	
Aiming	 to	 shed	 light	 on	 the	 limitations	 of	 IVM	 in	 both	 animal	 and	 human	
reproduction	 and	 to	 generate	 insights	 for	 its	 improvement,	 herein	 we	 revise	 and	
articulate	 the	 literature	 indicating	 that	 the	 stage(s)	 of	 oocyte	 differentiation	 and	
exposure	to	adequate	FSH	signalling	are	fundamental	aspects	to	be	considered	and	
optimised	in	order	to	enhance	oocyte	developmental	competence	in	preparation	for	
IVF.	 In	 particular,	 we	 revisit	 studies	 investigating	 (1)	 the	 conse-	 quences	 of	
supraphysiological	 FSH	 signalling	 during	 follicle	 growth	 or	 IVM	 on	 oocyte	
homeostasis,	as	well	as	(2)	the	utilisation	of	chromatin	configuration	as	a	parameter	
to	 synchronise	 oocyte	 differentiation	 stage	 before	 IVM/IVF	 in	 order	 to	 improve	
embryo	production.	
	
The	physiological	follicular	environment	as	reference:	the	importance	of	cumulus–	
oocyte	communication	and	the	impact	of	supraphysiological	FSH	
Physiologically,	 oocyte	 differentiation	 progressively	 occurs	 in	 the	 intrafollicular	
environment	 (Sirard	 2016;	 Luciano	 and	 Sirard	 2018).	 It	 has	 been	 clearly	
demonstrated	 that	 disruption	 of	 this	 environment	 can	 prematurely	 induce	
chromatin	 compaction	 and	 transcription	 silencing,	 disturbances	 that	 have	 been	
identified	 as	 major	 causes	 of	 developmental	 competence	 loss	 during	 IVM	 (Hyttel	
1987;	Lodde	et	al.	2007).	Data	accumulated	over	the	last	decade	indicate	that	both	
of	 these	 phenomena	 are	 consequences	 of	 diminished	 cumulus–oocyte	
communication,	leading	to	reduced	accumu-	lation	of	small	KD	signalling	molecules	
and	mRNA	 essential	 to	 sustain	 adequate	 oocyte	metabolism,	 meiosis	 completion,	
DNA	integrity,	and	finally,	after	fertilisation,	early	embryo	development	(J.	Buratini,	
T.	 T.	 Dellaqua,	 M.	 Dal	 Canto,	 A.	 La	 Marca,	 M.	 Mignini	 Renzini,	 R.	 Webb,	 unpubl.	
data).	
The	interaction	between	the	oocyte	and	cumulus	cells	has	been	extensively	revised	
(Gilchrist	 2011;	Russell	 et	 al.	 2016;	Buratini	 et	 al.	 2017;	Richani	 et	 al.	 2021).	Apart	
from	 paracrine	 bidirectional	 regulation,	 a	 fundamental	 part	 of	 cumulus–oocyte	
communication	is	mediated	by	transzonal	projections	(TZP),	which	are	extensions	of	



cumulus	cells	that	penetrate	the	zona	pellucida	and	reach	the	oocyte	to	deliver	small	
molecules	 essential	 for	 oocyte	 homeostasis	 transported	 through	GAP-junctions,	 as	
well	 as	 poly	 A-mRNA	 via	 micro-vesicles,	 secreted	 and	 incorporated	 through	 a	
synapse-	like	mechanism	(Albertini	et	al.	2001;	Macaulay	et	al.	2014,	2016).	Through	
gap-junction	 mediated-transport,	 TZPs	 deliver	 pyruvate,	 nicotinamide	 adenine	
dinucleotide	 phosphate	 (NADPH)	 and	 phosporibosyl	 pyrophosphate	 (PRPP),	 which	
are	 essential	 molecules	 for	 oocyte	 ATP	 production,	 redox	 activity	 and	 nucleotide	
synthesis,	 respectively	 (Sutton-	 McDowall	 et	 al.	 2010).	 In	 addition,	 through	 gap-
junctions,	TZPs	also	transfer	cyclic	guanosine	monophosphate	 (cGMP)	produced	by	
cumulus	cells	under	NPPC	stimulation,	which	maintains	the	meiotic	arrest	phase	by	
inhibiting	 cyclic	 adenosine	 monophosphate	 (cAMP)	 degradation	 by	 phospho-	
diesterase	3	(PDE3)	(Zhang	et	al.	2010;	Conti	et	al.	2012).	In	parallel,	through	the	so	
called	gametic	synapses,	TZPs	transfer	to	the	oocyte	cumulus-derived	poly-A	mRNA	
that	 are	 readily	 incorporated	 in	 the	 translational	 machinery	 for	 the	 synthesis	 of	
important	regulators	of	cytoskeleton	and	spindle	actin	dynamics	[i.e.	Wiscott	Aldrich	
syndrome	protein	and	scar	homolog	complex	family	member	2	(WASF2),	family	with	
sequence	similarity	member	21	(FAM21)	and	paxillin	(PXN)]	and	gene	expression	(i.e.	
zinc	finger	proteins	ZFN773,	ZNF689,	ZNF75A,	ZNF664	and	ZNF395)	(Macaulay	et	al.	
2016).	 Therefore,	 while	 maintaining	 the	 meiotic	 arrest,	 TZP-	 mediated	 cumulus–
oocyte	communication	provide	resources	that	are	fundamental	for	the	regulation	of	
oocyte	 metabolism,	 gene	 expression,	 oxidative	 stress,	 DNA	 damage/repair	 and	
actin/spindle	 dynamics,	 all	 processes	 of	 great	 relevance	 for	 oocyte	 developmental	
competence	 acquisition	 (J.	 Buratini,	 T.	 T.	 Dellaqua,	M.	Dal	 Canto,	 A.	 La	Marca,	M.	
Mignini	Renzini,	R.	Webb,	unpubl.	data).	
Interestingly,	 in	 addition	 to	 gap-junction	 closure	 due	 to	 connexin	 phosphorylation	
(Park	et	al.	2004),	TZP	detachment	and	retraction	have	been	recently	suggested	to	
constitute	an	 important	mechanism	downstream	of	the	LH	surge	 leading	to	oocyte	
meiotic	 resumption	 through	 reduced	 cGMP	 influx	 (Abbassi	 et	 al.	 2021).	 It	 is	
therefore	fair	to	speculate	that,	 in	contrast	to	the	ovulatory	stage,	until	the	oocyte	
resources	 have	 been	 sufficiently	 accumulated	 to	 allow	 precise	meiotic	 completion	
and	hence	early	embryo	development,	there	might	be	mechanisms	 in	place	aiming	
to	protect	TZPs	and	gap-junctions	from	eventual	precocious	threats,	being	increased	
FSH	activity	of	special	relevance	in	the	context	of	the	present	review.	Indeed,	while	
increased	FSH	signalling	was	shown	to	decrease	TZP	density	in	mice	(Combelles	et	al.	
2004)	 and	 to	 compromise	 gap-junction-mediated	 cumulus–	oocyte	 communication	
in	 cattle	 (Luciano	 et	 al.	 2011),	 preliminary	 data	 from	 our	 laboratory	 indicate	 that	
oocyte	 secreted	 factors	 (OSF)	 may	 decrease	 FSH	 responsiveness	 in	 cumulus	 cells	
(Buratini	et	al.	2020).	Therefore,	 together	with	our	previous	observation	 that	OSFs	
increase	 the	 expression	 of	 NPPC	 in	 bovine	 cumulus	 cells	 (Lima	 et	 al.	 2016),	 these	
data	 point	 to	 an	 active	 participation	 of	 the	 oocyte	 in	 the	 control	 of	 its	
communication	with	surrounding	cumulus	cells	and	of	its	own	differentiation	speed,	
as	also	 suggested	by	a	previous	 study	 in	mice	 (Cakmak	et	al.	2016).	The	evidence-	
based	 molecular	 paths	 linking	 FSH	 signalling	 and	 TZP	 actin	 dynamics	 have	 been	
recently	 revised	 (J.	 Buratini,	 T.	 T.	Dellaqua,	M.	Dal	Canto,	A.	 La	Marca,	M.	Mignini	
Renzini,	R.	Webb,	unpubl.	data).	
The	 hypothesis	 that	 increased	 FSH	 signalling	 can	 com-	 promise	 cumulus–oocyte	
communication	and	developmental	competence	is	 in	agreement	with	several	other	



in	vivo	and	in	vitro	observations.	In	mice,	supplementation	of	the	IVM	medium	with	
FSH	altered	cumulus	cell	gene	expression	patterns	and	reduced	embryo	production	
in	a	dose-	dependent	manner	(Eppig	et	al.	1998).	In	cattle,	ovarian	stimulation	with	
FSH,	 supposedly	 leading	 to	 increased	 intrafollicular	 FSH	 signalling,	 advanced	
germinal	vesical	breakdown	and	gap-junction	disconnection	between	the	tips	of	the	
TZPs	and	the	oocyte	 (Hyttel	et	al.	1986,	1991),	and	reduced	oocyte	developmental	
competence	as	measured	by	post-IVF	blastocyst	rates	(Blondin	et	al.	1996).	 In	vitro	
stimulation	 of	 COCs	with	 an	 elevated	 concentration	 of	 FSH	 induces	 an	 immediate	
increase	 in	 cAMP,	 accompanied	 by	 rapid	 closure	 of	 the	 gap-junction	 mediated	
communications.	 On	 the	 other	 hand,	 while	 there	 is	 an	 immediate	 drop	 in	
intercellular	 communications	 in	 the	 absence	 of	 stimulation,	 treatments	 that	
sustained	 the	 intracellular	 cAMP	 levels	 pre-	 vented	 the	 loss	 of	 cumulus–oocyte	
communications	 (Modina	 et	 al.	 2001).	 Subsequent	 studies	 have	 shown	 that	 a	
moderate	stimulation	through	cAMP	modulators	(Luciano	et	al.	2004;	Thomas	et	al.	
2004)	 or	 the	 administration	 of	 approximately	 physiological	 concentrations	 of	 FSH	
(Atef	 et	 al.	 2005;	 Luciano	 et	 al.	 2011)	 can	 prolong	 gap-junction	 mediated	
communication	 between	 the	 oocyte	 and	 surrounding	 cumulus	 cells,	 resulting	 in	 a	
significant	increase	in	oocyte	develop-	mental	competence.	
More	 recently,	 supraphysiological	 FSH	 levels	 during	 pre-	 IVM	 of	 growing	 oocytes	
were	 shown	 to	 precipitate	 chromatin	 compaction	 in	 bovine	 oocytes,	 which	 was	
associated	 with	 earlier	 transcriptional	 silencing	 and	 reduced	 devel-	 opmental	
competence	 (Luciano	 et	 al.	 2011).	Moreover,	 in	 humans,	mild	 ovarian	 stimulation	
preceding	hCG/GnRH	triggering	and	IVF	appears	to	provide	better	oocyte	quality	in	
comparison	with	conventional	ovarian	stimulation	with	higher	FSH	doses	(Alper	and	
Fauser	 2017).	 Interestingly,	 mild	 stimulation	 has	 been	 also	 associated	 with	 lower	
aneuploidy	rates	 in	human	IVF	(Baart	et	al.	2007).	Considering	that	aneuploidy	 is	a	
consequence	 of	meiotic	 errors	 and	 that	 TZPs	 deliver	 cumulus-derived	 factors	 that	
are	 crucial	 for	 spindle	 actin	 dynamics	 control	 and,	 therefore,	 for	 accurate	
chromosome	segregation	(J.	Buratini,	T.	T.	Dellaqua,	M.	Dal	Canto,	A.	La	Marca,	M.	
Mignini	Renzini,	R.	Webb,	unpubl.	data),	 it	 is	 logical	to	speculate	that	the	causative	
link	between	excessive	 FSH	 intrafollicular	 signalling	and	aneuploidy	 is	 the	negative	
impact	 of	 FSH	 on	 TZP-mediated	 cumulus–oocyte	 communication	 (Combelles	 et	 al.	
2004).	 The	 potential	 detrimental	 effects	 of	 excessive	 FSH	 signalling	 on	 oocyte	
developmental	 competence	 reviewed	 above	 are	 illustrated	 in	 Fig.1.	 Despite	 the	
evidence	above	of	a	negative	 impact	of	excessive	FSH	signalling	on	oocyte	quality,	
IVM	 has	 been	 predominantly	 performed	 in	 a	 single	 culture	 step	 with	
supraphysiological	FSH	concentrations	(Fortune	and	Hansel	1985;	Luciano	and	Sirard	
2018).	Recently,	nevertheless,	new	IVM	systems	comprising	two	culture	steps	have	
been	 demonstrated	 to	 improve	 oocyte	 developmental	 competence	 in	 cattle	 and	
humans	(Albuz	et	al.	2010;	Franciosi	et	al.	2014;	Sánchez	et	al.	2017;	Santiquet	et	al.	
2017).	 In	 two-stage	 IVM,	 the	 first	 culture	 step,	 usually	 designated	 as	 pre-IVM,	
contains	either	NPPC	or	a	direct	PDE3	 inhibitor	aiming	 to	 slow	nuclear	maturation	
and	prolong	cumulus–oocyte	communication,	while	the	second	culture	step	contains	
inducers	of	 the	maturation	 cascade	 (De	Vos	et	 al.	 2021).	 These	 studies,	 therefore,	
support	the	concept	that	sudden	transfer	of	the	immature	oocyte	from	the	follicle	to	
an	 environment	 with	 supraphysiological	 FSH	 is	 detrimental	 to	 its	 developmental	
competence.	It	is	thus	logical	to	speculate	that	this	sudden	environment	change	as		



such	 would	 tend	 to	 be	
particularly	 detrimental	 to	
oocytes	 in	 earlier	 differentiation	
stages,	 which	 have	 not	 yet	
accumu-	 lated	 transcripts,	
proteins	 and	 cumulus–derived	
molecules	 important	 to	 support	
meiosis	 completion,	 fertilisation	
and	 early	 embryo	 development.	
This	 assumption	 is	 in	 agreement	
with	 the	 observation	 that	
oocytes	 at	 earlier	 differentiation	
stages	 as	 indicated	 by	 the	
morphology	 of	 the	 cumulus–	
oocyte	 complex	 benefit	 more	
from	pre-IVM	(Dieci	et	al.	2016).	
Conversely,	 it	 is	 also	 logical	 to	
expect	 that	 oocytes	 at	 more	
advanced	 developmental	 stages	
would	 perform	 better	 in	 the	
regular	 one	 step	 IVM	 protocol.	
This	 is	 supported	 by	 the	
observation	 that	 oocytes	
achieving	in	vivo	a	higher	degree	
of	 chromatin	 compaction,	
reflecting	a	more	advanced	stage	
of	 nuclear	 maturation,	 provide	
indeed	 better	 embryo	
production	 following	
conventional	 one-step	 IVM	
(Lodde	 et	 al.	 2007).	 Below,	 we	
revisit	 the	 main	 studies	 utilising	
the	cattle	model	to	demonstrate	
that	 the	 degree	 of	 oocyte	
chromatin	 compaction	
constitutes	a	useful	parameter	to	

assess	oocyte	developmental	competence	and	that	synchronising	and	homogenising	
the	oocyte	population	before	OPU	increases	the	efficiency	of	IVM.	
	
Chromatin	status	and	oocyte	developmental	competence	
During	 the	 last	 stages	 of	 folliculogenesis,	 the	 oocyte	 acquires	 developmental	
competence,	which	defines	the	ability	of	the	female	gamete	to	mature	 into	an	egg	
and	sustain	embryo	development	to	the	blastocyst	stage	after	fertilisation	(Albertini	
et	 al.	 2003).	 Nevertheless,	 identifying	 oocytes’	 developmental	 competence	 is	
extremely	complex.	The	study	of	large-scale	changes	in	the	chromatin	configuration	
has	led	to	identifying	a	useful	marker	of	development	during	the	different	stages	of	

	
Fig.1.	 Putative	 effects	 of	 supraphysiological	 FSH	
concentrations	 during	 IVM	 on	 oocyte	
metabolism	 and	 differentiation	 through	 TZP-	
mediated	 cumulus	 cell–oocyte	 communication.	
Excessive	 FSH	 signalling	 decreases	 cumulus–
oocyte	 communication	 through	 TZP	 retraction	
and	 gap-junction	 closure	 (1).	 Decreased	 TZP	
functionality	 is	 accompanied	 by	 (2)	 decreased	
delivery	 of	 pyruvate,	 PRPP	 and	 NADPH,	
compromising	energetic	metabolism,	nucleotide	
synthesis	 and	 redox	 activity,	 as	 well	 as	 (3)	 of	
poly-A	 mRNA	 regulating	 cytoskeleton	 dynamics	
and	 gene	 expression.	 Decreased	 TZP	
functionality	 also	 leads	 to	 reduced	 delivery	 of	
cumulus	cell-derived	cGMP	(4),	which	decreases	
intra-oocyte	cAMP	levels	due	to	 increased	PDE3	
activity	 (5).	 Reduced	 intra-oocyte	 cAMP	 levels	
prompt	premature	 chromatin	 compaction	 (6)	 in	
association	 with	 transcription	 silencing	 (7)	 and	
activation	 of	 the	 maturation	 promoting	 factor	
(MPF)	 cascade	 leading	 to	 meiosis	 resumption	
(8).	



oocyte	differentiation	 (De	La	Fuente	2006;	 Luciano	and	Lodde	2013;	 Luciano	et	al.	
2014).	
In	 cows,	 four	 chromatin	 configurations	 describe	 different	 stages	 of	 developmental	
competence	 (Lodde	 et	 al.	 2007).	 In	 the	 GV0	 configuration,	 chromatin	 is	 mostly	
uncondensed	and	dispersed	 throughout	 the	nucleoplasm,	while	 the	appearance	of	
condensation	 foci	 signals	 the	 transition	 to	 the	 GV1	 configuration.	 Further	
compaction	into	distinct	aggregates	characterises	the	GV2	configuration,	followed	by	
the	GV3	as	the	highest	level	of	compaction,	where	the	chromatin	is	a	single	clump	in	
a	 limited	 area	 of	 the	 nucleus	 (Lodde	 et	 al.	 2007).	 These	 GV	 stages	 accompany	
different	 stages	 of	 follicle	 development.	 Almost	 90%	 of	 the	 oocytes	 isolated	 from	
early	 antral	 follicles	 (≤2	 mm	 in	 diameter)	 show	 a	 GV0	 configuration.	 In	 contrast,	
small	and	medium	antral	follicles	(3–6	mm	in	diameter),	which	are	the	follicles	most	
used	 for	 IVP,	 do	 not	 contain	 GV0	 oocytes,	 but	 only	 GV1,	 GV2,	 and	 GV3	 stages	 in	
similar	proportions	(Lodde	et	al.	2007).	
Chromatin	configuration	is	a	functional	marker	of	gamete	differentiation	(Luciano	et	
al.	 2014).	 In	 bovine	 oocytes,	 the	 transition	 from	 GV0	 to	 GV3	 corresponds	 to	
progressive	 silencing	 of	 transcription	 (Lodde	 et	 al.	 2008),	 changes	 in	 epigenetic	
signatures	 such	 as	 global	methylation	 and	 histone	modifications	 (Labrecque	 et	 al.	
2015;	Lodde	et	al.	2017),	and	changes	 in	nuclear	architecture	and	redistribution	of	
cytoplasmic	 organelles	 (Lodde	 et	 al.	 2008).	More	 importantly,	 the	 transition	 from	
dispersed	 to	 compacted	 chromatin	 is	 associated	 with	 the	 gradual	 acquisition	 of	
oocyte	 meiotic	 and	 hence	 developmental	 competence	 (Lodde	 et	 al.	 2007,	 2008;	
Luciano	 et	 al.	 2011).	 Analogous	 correlations	 have	 been	 described	 in	 mice	 and	
humans	(Zuccotti	et	al.	1995;	Bouniol-	Baly	et	al.	1999;	Combelles	et	al.	2003;	Miyara	
et	al.	2003;	Sánchez	et	al.	2015).	Noteworthily,	changes	 in	chromatin	configuration	
are	accompanied	by	significant	modifications	in	the	transcriptome	signatures	of	the	
oocyte	 (Labrecque	et	al.	2015)	and	corresponding	cumulus	cells	 (Dieci	et	al.	2016),	
suggesting	that	chromatin	configuration	also	reflects	follicular	developmental	stage	
(Luciano	and	Sirard	2018).	Moreover,	changes	in	large-scale	chromatin	configuration	
are	 in	 close	 relation	 with	 the	 functional	 status	 of	 gap-	 junctions	 through	 cAMP-
dependent	mechanisms	(Luciano	et	al.	2011;	Lodde	et	al.	2013;	Franciosi	et	al.	2014;	
Soares	et	al.	2017).	 In	COCs	 isolated	from	early	antral	 follicles,	 the	maintenance	of	
functional	 gap-junction	 communications	 promotes	 oocyte	 growth	 and	 gradual	
transcriptional	silencing	and	chromatin	remodelling,	thus	supporting	developmental	
competence	acquisition	via	a	cAMP-mediated	mechanism	(Luciano	et	al.	2011).	
The	 success	 in	 using	 cAMP	 modulators	 in	 vitro	 pre-IVM	 can	 be	 affected	 by	 the	
degree	of	oocyte	differentiation.	Recent	studies	in	cows	showed	that	pre-IVM	might	
be	beneficial	for	the	developmental	competence	of	GV1	oocytes	but	detrimental	for	
that	of	GV3	oocytes	(Dieci	et	al.	2016).	Oocytes	within	COCs	with	a	compact	cumulus	
investment	and	homogeneous	ooplasm	were	found	to	be	less	competent	than	those	
in	which	the	ooplasm	appears	granulated	and	shows	slight	signs	of	expansion	in	the	
outer	layers	of	the	cumulus	(Blondin	and	Sirard	1995).	A	study	conducted	in	our	lab	
demonstrated	 that	 oocytes	 within	 COCs	 with	 a	 compact	 cumulus	 investment	 and	
homogeneous	 ooplasm	 tend	 to	 display	 the	 GV1	 chromatin	 configuration.	
Alternatively,	 in	 COCs	 exhibiting	 light	 expan-	 sion	 and	 granulated	 cytoplasm,	 the	
oocyte	chromatin	predominantly	presented	either	the	GV2	or	the	GV3	configuration	
(Dieci	et	al.	2016).	Pre-IVM	treatment	with	a	physiological	concentration	of	FSH	was	



beneficial	 to	 a	 GV1-	 enriched	 oocyte	 population.	 In	 contrast,	 when	 standard	 IVM	
without	pretreatment	was	applied	to	this	GV1	enriched	oocyte	population,	poor	pre-
implantation	 embryonic	 survival	 was	 observed.	 Conversely	 and	 strikingly,	 pre-IVM	
significantly	 decreased	 the	 blastocyst	 rate	 obtained	 from	 a	 GV2–GV3	 enriched	
oocyte	population,	which,	on	the	other	hand,	provided	better	embryo	development	
when	directly	submitted	to	the	one-step	IVM	protocol	(Dieci	et	al.	2016).	
Pre-IVM	protocols	substantially	improved	the	devel-	opmental	competence	in	other	
animal	 models	 characterised	 by	 a	 more	 homogeneous	 population	 of	 oocytes.	 A	
significant	 increase	 in	developmental	competence	was	obtained	 in	oocytes	with	an	
inherent	 low	 embryonic	 developmental	 competence,	 such	 as	 prepubertal	 calves	
(Donnay	 et	 al.	 2004)	 and	 juvenile	mice,	 using	NPPC	 and	 lower	 FSH	 concentrations	
closer	to	physiological	levels	(Romero	et	al.	2016).	Oocytes	isolated	from	early	antral	
follicles	 (mostly	 in	 the	 GV0	 stage),	 grown	 in	 the	 presence	 of	 cilostamide	 and	
physiological	 concentrations	 of	 FSH,	 achieved	 both	 meiotic	 and	 embryonic	
developmental	competence	(Luciano	et	al.	2011).	 In	 the	same	 line,	human	oocytes	
aspirated	 from	 follicles	 <10	 mm	 of	 PCOS	 patients	 with	 intrinsically	 lower	
developmental	 potential	 (Sánchez	 et	 al.	 2017),	 or	 considered	 to	 be	 meiotically	
incompetent	 in	 the	 face	 of	 uncondensed	 chromatin	 and	 degree	 of	 cumulus	
investment	 expansion	 (Nogueira	 et	 al.	 2006;	 Sánchez	 et	 al.	 2017),	 did	 exhibit	
chromatin	compaction	when	subjected	to	pre-IVM	(Vanhoutte	et	al.	2007).	
	
Chromatin	 configuration	 as	 a	 practical	 reference	 for	 oocyte	 developmental	
competence	in	IVM/IVF	
he	comparison	between	GV	patterns	observed	in	oocyte	populations	yielded	by	OPU	
from	cattle	breeds	known	 to	perform	differently	 in	 IVP	 illustrates	 the	 relevance	of	
chromatin	 compaction	 degree	 for	 oocyte	 developmental	 competence.	 Oocytes	
retrieved	 on	 a	 random	day	 of	 the	 oestrous	 cycle	 from	Nelore	 cows,	 a	 Bos	 indicus	
breed	known	to	perform	better	 in	 IVP	as	compared	to	Holstein	cows	(Pontes	et	al.	
2010;	Gimenes	 et	 al.	 2015),	were	 found	 to	 predominantly	 display	 intermediate	 or	
advanced	 chromatin	 compaction	 (90%	 at	 GV2	 or	 GV3	 stages).	 Alternatively,	 in	
Holstein	cows,	only	65%	of	the	oocytes	yielded	on	a	random	day	presented	GV2	or	
GV3	chromatin	configuration	(Soares	et	al.	2020b).	The	higher	incidence	of	GV2	and	
GV3	 oocyte	 in	 Nelore	 as	 compared	 to	 Holstein	 explains,	 at	 least	 in	 part,	 the	
difference	 in	 IVP	 performances	 between	 these	 breeds,	 since	 these	 chromatin	
patterns	 showed	 higher	 developmental	 competence	 in	 previous	 studies	 with	
slaughterhouse	ovaries	(Lodde	et	al.	2007).	It	is,	nevertheless,	essential	to	point	out	
that	Holstein	oocytes	appear	more	sensitive	to	the	induction	of	oocyte	maturation	in	
comparison	 with	 Nelore.	 This	 observation	 is	 suggested	 by	 faster	 achievement	 of	
germinal	 vesicle	 breakdown	 following	 removal	 of	 the	 COC	 from	 the	 follicular	
environment	 in	 Holstein	 (Soares	 et	 al.	 2017).	 We,	 therefore,	 speculate	 that	 GV3	
chromatin	dynamics	and	 the	associated	changes	 in	oocytes	and	cumulus	 cells	may	
also	 vary	 between	 these	 breeds.	 A	 potentially	 significant	 difference	 between	
Holstein	 and	 Nelore	 GV3	 COCs	 is	 the	 speed	 at	 which	 apoptosis	 is	 activated	 in	
cumulus	 cells,	 a	 process	 previously	 demonstrated	 to	 occur	 during	 the	 GV2–GV3	
transition	(Dieci	et	al.	2016).	
Importantly,	 our	 previous	 observations	 suggest	 that,	 although	 GV	 stages	 may	
constitute	a	valuable	reference	for	oocyte	developmental	competence,	there	might	



still	be	vari-	ability	within	GV	categories,	not	only	between	breeds,	but	also	across	
different	 follicular	 developmental	 stages.	 Indeed,	 the	 same	 GV	 pattern	 (GV2	 and	
GV3)	 can	 be	 observed	 in	 oocytes	 derived	 from	 follicles	 ranging	 from	 2	 mm	 to	
ovulatory	diameters	(Lodde	et	al.	2007;	Dieci	et	al.	2016).	It	is	thus	logical	to	expect	
that	 the	 developmental	 competence	 of	 oocytes	 bearing	 equivalent	 chromatin	
configuration	would	 vary	with	 follicle	 size	 (Caixeta	 et	 al.	 2009).	We	 speculate	 that	
devel-	 opmental	 competence	 also	 depends	 on	 the	 moment	 at	 which	 the	 oocyte	
transits	 to	 the	GV2	and,	eventually,	 to	 the	GV3	 stage	of	 chromatin	differentiation.	
Oocytes	 from	 follicles	 that	 grow	 in	 a	 physiological	 rhythm,	 reaching	
late/preovulatory	 follicular	 stages,	 and	 transiting	 gradually	 through	GV1,	GV2	 and,	
eventually,	GV3	stages,	would	 likely	accumulate	more	transcripts	and	cumulus	cell-
derived	factors	to	support	meiotic	completion	and	hence	early	embryo	development	
until	 the	 maternal-embryonic	 transition	 stage,	 thus	 achieving	 superior	
developmental	 competence.	 Further	 studies	 are	 required	 to	 better	 address	 how	
developmental	 competence	 varies	 in	 oocytes	 morphologically	 similar	 and	 bearing	
equivalent	 chromatin	 configuration.	 Nevertheless,	 the	 speculation	 above	 is	
compatible	 with	 previous	 reports	 of	 a	 higher	 level	 of	 oocyte	 developmental	
competence	induced	with	pre-OPU	coasting	protocols	capable	of	promoting	follicle	
growth	up	to	advanced	antral	stages	(Blondin	et	al.	2002;	Nivet	et	al.	2012).	
Ovarian	 synchronisation	 protocols	 capable	 to	 increase	 the	 proportion	 of	 follicles	
containing	 oocytes	 with	 a	 chromatin	 configuration	 associated	 with	 higher	
developmental	 compe-	 tence	 would	 be	 an	 interesting	 alternative	 to	 improve	 IVP	
efficacy.	 With	 this	 aim,	 we	 have	 developed	 synchronisation	 strategies	 capable	 of	
providing	GV2	and	GV3	enriched	oocyte	populations	in	Holstein	cows	(Soares	et	al.	
2020a,	 2020b).	 An	 oocyte	 population	 with	 more	 than	 80%	 of	 GV2	 oocytes	 was	
obtained	by	combining	aspiration	of	all	 follicles	 larger	than	3	mm	in	diameter	on	a	
random	day	(designated	as	Day	0),	with	a	mild	FSH	treatment	from	Day	2	to	Day	3	
(40,	40,	20	and	20	mg	FSH	IM	injections	on	the	mornings	and	evenings	of	Days	2	and	
3,	respectively)	and	OPU	on	the	morning	of	Day	5	(Soares	et	al.	2020a).	Alternatively,	
an	 oocyte	 population	 containing	 around	 90%	 of	 GV3	 oocytes	 was	 obtained	
associating	 a	 slightly	 different	 mild	 stimulation	 protocol	 with	 two	 56	 mg	 FSH	 IM	
injections	12	h	apart	on	Day	2,	 followed	by	OPU	on	Day	5	and	COC	 incubation	 for	
nine	hours	in	a	pre-IVM	medium	containing	NPPC	and	physiological	levels	of	FSH	and	
steroids	 (estradiol,	 progesterone	 and	 testosterone).	 This	 culture	 step	 had	 been	
previously	 demonstrated	 to	 delay	 GVBD	 and	 to	 prolong	 cumulus–oocyte	
communication	 time	 (Soares	 et	 al.	 2017).	 In	 comparison	 with	 a	 control	 group	
without	any	pre-OPU	intervention,	the	protocol	providing	a	GV2	enriched	population	
of	oocytes	nearly	doubled	the	blastocyst	rate	(21%	vs	37.9%)	and	the	production	of	
transferable/freezable	 blastocysts	 (14.3%	 vs	 27.7%;	 2.8	 vs	 4.5	 embryos	 per	 cow,	
respectively)	 following	 IVM/IVF/IVC	 (Soares	 et	 al.	 2020a).	 In	 contrast,	 our	
preliminary	 results	 indicate	 that	 the	 protocol	 providing	 the	 GV3	 enriched	 oocyte	
population	do	not	significantly	alter	post	 IVM/IVF/IVC	embryo	production	outcome	
(Soares	et	al.	2018).	
While	indicating	that	pre-OPU	strategies	capable	of	increasing	the	proportion	of	GV2	
type	oocytes	 can	drastically	 benefit	 IVP	 efficacy,	 the	data	 revisited	herein	 indicate	
that	 GV2	 oocytes	 indeed	 hold	 higher	 developmental	 competence	 and	 would,	
therefore,	be	expected	to	be	found	in	growing	dominant	follicles	until	ovulation.	On	



the	other	hand,	the	GV2–GV3	transition	would	coincide	with	the	onset	of	atresia,	as	
previously	proposed	 (Luciano	and	Sirard	2018).	Moreover,	by	 suggesting	a	marked	
reduction	in	devel-	opmental	competence	from	GV2	to	GV3	(Soares	et	al.	2018,	IRRS	
abstract;	Soares	et	al.	2020a),	our	data,	together	with	the	observation	that	protocols	
promoting	follicular	coasting	provide	highly	competent	oocytes	(Blondin	et	al.	2002;	
Nivet	 et	 al.	 2012),	 suggest	 that	 the	 GV3	 chromatin	 pattern	 is	 achieved	 once	 the	
process	of	follicular	atresia	is	already	in	course.	Therefore,	it	is	likely	to	suggest	that,	
among	 the	 population	 of	 GV3	 oocytes,	 only	 those	 having	 recently	 assumed	 this	
configuration	would	hold	the	desired	competence	 level	 to	be	successfully	 fertilised	
and	 to	 produce	 a	 viable	 (i.e.	 transferable)	 embryo.	 This	 interesting	 observation	 is	
supported	 by	 our	 personal	 observation	 of	 increased	 levels	 of	 apoptosis	 in	 GV3	
oocytes	(Dieci	et	al.	2016).	
As	 mentioned	 above,	 although	 chromatin	 configuration	 patterns	 are	 slightly	
different	 in	human	as	compared	to	bovine	oocytes,	progressive	compaction	occurs	
analogously	 during	 follicular	 development	 in	 both	 species	 (Miyara	 et	 al.	 2003).	
Therefore,	despite	the	intrinsic	difficulties	in	obtaining	usable	oocyte	samples	for	the	
establishment	 of	 human	 specific	 chromatin	 parameters,	 GV	 configuration	 could	
serve	 also	 as	 a	 valuable	 reference	 for	 the	 optimisation	 of	 pre-IVM	 stimu-	 latory	
treatments	for	women.	These	parameters	would	be	particularly	 important	to	guide	
the	 development	 of	 ‘tailor	made’	 pre-OPU	protocols	 aiming	 to	 generate	 a	 distinct	
oocyte	 population	 precisely	 adequate	 to	 the	 culture	 system.	 This	 approach	would	
render	the	IVP	strategy	closer	to	the	physiological	status,	possibly	improving	IVM/IVF	
clinical	 outcomes.	 Regarding	 potential	 short/medium-term	 positive	 impacts	 on	
human	 IVF,	 it	 could	 be	 particularly	 interesting	 to	 develop	 and	 test	 patient	 type-
specific	 pre-OPU	 hormonal	 approaches,	 aiming	 to	 generate	 distinct	 oocyte	
populations	 predominantly	 exhibiting	 low	 or	 intermediate	 degrees	 of	 chromatin	
compaction,	 to	be	 then	matured	 in	vitro	with	 the	 two	step-IVM	protocol	 currently	
under	refinement	(Vuong	et	al.	2020;	De	Vos	et	al.	2021).	
	
Conclusions	
In	 vitro	 maturation	 has	 been	 applied	 differently	 and	 sub-	 optimally	 in	 ART	 (i.e.	
embryo	 production)	 applied	 to	 cattle	 and	 humans.	 Nevertheless,	 our	 increasing	
knowledge	 on	 the	 physiological	 regulation	 of	 oocyte	 nuclear	 maturation	 has	
provided	 valuable	 parameters	 for	 IVM	 improvement.	 Data	 derived	 from	 animal	
models	 revised	herein	converge	to	 indicate	that	 the	abrupt	stimulation	of	 the	COC	
with	 supraphys-	 iological	 FSH	 concentrations	 during	 IVM	may	 compromise	 oocyte	
developmental	 competence.	 In	 addition,	 the	 magnitude	 of	 this	 negative	 impact	
seems	 to	vary	with	 follicular	developmental	 stage,	being	oocytes	derived	 from	still	
small-	 sized/early	 antral	 follicles	 particularly	 vulnerable	 due	 to	 premature	
transcriptional	 silencing	 and	 hence	 interruption	 of	 TZP-mediated	 cumulus–oocyte	
communication.	 In	 parallel,	 the	 data	 integrated	 herein	 are	 also	 clear	 in	 indicating	
that	chromatin	configuration	serves	as	a	valuable	marker	of	oocyte	developmental	
competence	 to	 guarantee	 accumu-	 lation	 of	 transcripts	 and	 cumulus	 cell-derived	
factors	to	support	accurate	meiotic	completion	and	early	embryo	development.	We	
foresee	 that	 strengthening	 our	 knowledge	 about	 the	 regulation	 of	 oocyte	
competence	 acquisition	 will	 support	 the	 development	 of	 more	 physiological	 and	
efficient	 IVM/IVF	 strategies,	 in	which	 patient	 (human	 or	 bovine)-	 specific	 pre-OPU	



approaches	 providing	 a	 homogeneous	 GV	 timed	 oocyte	 population	 are	 matched	
with	specifically	 in	vitro	adapted	culture	systems	mimicking	the	follicular	trajectory	
until	the	ovulatory	stage	of	development.	
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