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Modification of the medium volume and gel substrate under in vitro 
culture conditions improves growth of porcine oocytes derived from 
early antral follicles
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Abstract. 	This	study	compared	the	effects	of	different	volumes	of	culture	medium	for	the	in vitro	growth	of	oocytes	derived	
from	porcine	early	antral	 follicles	 (EAFs).	Oocyte	granulosa	cell	 complexes	 (OGCs)	were	collected	 from	EAFs	 (0.5–0.7	
mm	 in	 diameter)	 and	 individually	 cultured	 for	 14	 days.	When	OGCs	were	 cultured	 in	 1	ml	 of	medium	with	 or	without	
polyacrylamide	gel	(PAG),	the	presence	of	PAG	supported	granulosa	cell	(GC)	proliferation	and	oocyte	growth.	When	OGCs	
were	cultured	in	0.2	or	1	ml	of	medium	on	PAG,	the	number	of	GC	in	the	OGC	culture	and	the	developmental	ability	of	
the	oocytes	cultured	in vitro	were	significantly	higher	for	the	1	ml	of	culture	medium	group	than	for	the	0.2	ml	group.	In	
conclusion,	a	combination	of	a	large	volume	of	culture	medium	with	PAG	improved	the	growth	and	developmental	ability	of	
the	oocytes	cultured	in vitro,	which	were	comparable	to	the	oocytes	collected	from	large	antral	follicles.
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Ovaries	contain	a	greater	number	of	growing	small	follicles	than	
large	antral	follicles.	Although	the	culture	conditions	for	oocyte	

growth	have	been	improved	in	recent	decades,	the	developmental	
competence	of	oocytes	cultured	in vitro	remains	low,	which	restricts	
the	source	of	oocytes	for	embryo	production	to	those	enclosed	in	
large	antral	follicles.	Oocytes	are	surrounded	by	granulosa	cells	
(GCs),	and	factors	such	as	the	interaction	between	oocytes	and	
GCs	and	number	of	GCs	are	important	for	oocyte	growth	and	fol-
licle	development	[1,	2].	Therefore,	research	on	in vitro	culture	
conditions	for	oocyte	granulosa	cell	complexes	(OGCs)	derived	
from	early	antral	follicles	(EAFs)	has	focused	on	how	to	retain	the	
three-dimensional	(3D)	structures	of	OGCs	concomitant	with	the	
active	proliferation	of	GCs	during	the	culture	period;	for	example,	
culturing	OGCs	in	a	v-shape	plate	[3–5],	OGCs	in	alginate	hydrogels	
[6–9],	or	culturing	OGCs	in	polyvinylpyrrolidone	(PVP)-containing	
medium	[10].	In	addition,	we	have	reported	that	culturing	porcine	
OGCs	on	a	polyacrylamide	gel	(PAG)	as	a	substrate	(gel	culture	
system)	enhanced	GC	proliferation,	maintained	the	3D	structure	of	
the	OGCs,	and	improved	the	developmental	competence	of	oocytes	
cultured	in vitro	[11].	In	this	culture	system,	GC	numbers	increased	
from	7,000	immediately	following	collection	from	EAFs	to	160,000	
at	the	end	of	the	culture	period	[11,	12].	Intriguingly,	we	found	that	
the	number	of	GCs	surrounding	oocytes	is	closely	related	to	the	

diameter,	lipid	content,	and	ATP	content	of	oocytes	cultured	in vitro 
[13].	This	relationship	between	GC	number	and	oocyte	quality	was	
also	observed	for	bovine	oocytes	cultured	in vitro	[14].	Furthermore,	
Munakata	et al.	found	that	the	number	of	GCs	in	follicles	(3–5	mm	in	
diameter)	was	closely	related	to	the	ability	of	the	enclosed	oocytes	to	
develop	to	the	blastocyst	stage	[15].	Considering	our	previous	report	
showing	that	the	average	number	of	GCs	in	porcine	antral	follicles	
(AFs:	3–5	mm	in	diameter)	was	639,794	±	15,348	[15]	and	could	be	
increased	to	160,000	using	the	current	in vitro	culture	system	[13],	
we	hypothesized	that	further	proliferation	of	the	GCs	might	improve	
oocytes	developmental	capacity.	A	fundamental	factor	determining	
the	cell	number	in	closed	culture	environments	is	the	volume	of	the	
culture	medium.	Therefore,	the	present	study	investigated	the	volume	
of	culture	medium	appropriate	for	in vitro	oocyte	growth.	We	also	
examined	whether	a	large	volume	of	medium	combined	with	the	
gel	culture	system	could	increase	GC	number,	and	thus	improve	the	
developmental	ability	of	in vitro	cultured	oocytes	to	levels	similar	
to	those	of	oocytes	collected	from	large	antral	follicles.
When	OGCs	were	cultured	in	1	ml	medium	with	or	without	PAG	

(Fig.	1),	the	rate	of	antrum	formation	did	not	differ	between	the	two	
culture	conditions	(P	>	0.05,	Fig.	2-A).	The	OGCs	developed	in	1	
ml	of	medium	on	the	gel	substrate	contained	about	400,000	cells	
and	the	oocytes	had	larger	diameters	compared	with	those	cultured	
without	the	gel	substrate	(Fig.	2-B,	C).	When	OGCs	were	cultured	
in	0.2	or	1	ml	of	medium	on	a	PAG	(Fig.	1),	the	OGCs	cultured	in	1	
ml-conditions	were	larger	than	those	cultured	in	the	0.2	ml	system	
(Fig.	3-A	and	B).	Antrum	formation	was	similar	between	the	two	
culture	conditions;	however,	the	number	of	GCs	in	OGC	cultures	
differed	markedly	(Fig.	4-A	and	B).	No	difference	in	the	final	sizes	
of	the	oocytes	between	the	two	culture	conditions	was	observed	(Fig.	
4-C).	When	oocytes	cultured	in vitro	were	subjected	to	activation	
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followed	by	in vitro	maturation	culture,	the	developmental	rate	to	
the	blastocyst	stage	was	significantly	higher	for	oocytes	cultured	in	1	
ml	of	medium	compared	with	those	developed	in	0.2	ml	of	medium	
(Table	1).	We	further	compared	the	difference	between	the	oocytes	
cultured	in	the	two	culture	conditions.	The	lipid	content,	as	measured	
by	Nile	red	or	the	cytoplasmic	color,	was	reported	to	be	associated	
with	high	developmental	competence	[16,	17]	In	addition,	the	lipid	
content	reflects	the	developmental	ability	of	oocytes	cultured	in vitro 
[13].	The	amount	of	lipid	in	oocytes	tended	to	be	greater	in	those	
cultured	in	1	ml	of	medium;	however,	the	difference	was	not	significant	
compared	with	those	cultured	in	0.2	ml	of	medium	(Fig.	4-D).
The	developmental	rate	to	the	blastocyst	stage	was	17.5	±	5.8%,	

which	was	comparable	to	that	of	oocytes	derived	from	antral	follicles	
(average	of	the	data	from	11	trials	13.3	±	2.3%;	average	cell	number	
of	the	blastocysts	=	40.2	±	4.6).	GCs	play	a	role	in	oocyte	growth	
via	the	close	interaction	between	the	two	cells.	Granulosa	cells	of	
OGCs	actively	metabolize	medium	components,	for	example,	the	
glucose	concentration	in	the	medium	of	OGCs	was	reduced	by	
half	during	a	4-day	culture	period	[18].	The	medium	volume	and	
cellular	proliferation	are	a	classical	topic	in	cell	research;	however,	
the	optimal	medium	and	cell	volume	has	been	rarely	discussed	in	

Fig. 1.	 Schematic	design	of	the	in vitro	culture	of	oocyte	granulosa	cell	
complexes	 (OGCs).	 OGCs	 were	 individually	 cultured	 with	 or	
without	a	gel	in	0.2	ml	or	1	ml	of	in vitro	growth	(IVG)	medium.

Fig. 2.	 Antrum	formation	(A),	granulosa	cell	number	of	oocyte	granulosa	cell	complexes	(OGCs)	(B)	and	diameter	of	oocytes	(C)	developed	in	1	ml	of	
medium	with	or	without	a	gel	culture	system.	Data	are	presented	as	means	±	standard	error	of	the	mean	(SEM)	of	four	replicates.	*	P	<	0.05.
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recent	literature.	It	is	generally	accepted	that	high	cell	concentra-
tions	result	in	cell	dysfunction	because	of	a	lack	of	metabolites	
and	oxygen,	while	a	large	volume	of	medium	supports	cellular	
homeostasis	and	alters	gene	expression	[19].	Therefore,	to	maintain	

cellular	metabolic	functions,	the	provision	of	oxygen	and	nutrients	
are	crucial	factors	[20,	21].	In	this	context,	a	study	of	the	culture	of	
hepatocyte	multilayers	on	polydimethylsiloxane	membranes	showed	
that	oxygen	provision	to	the	cells	is	a	key	factor	for	long-term	cell	
culture	[22].	In	the	present	study,	using	a	large	volume	of	medium	
combined	with	PAG	as	a	culture	substrate	greatly	enhanced	GC	
proliferation.	We	have	demonstrated	that	when	OGCs	were	cultured	
in	0.2	ml	medium	with	the	gel	substrate,	the	gel	culture	substrate	
itself	enhanced	GC	proliferation	and	oocyte	growth,	leading	to	high	
developmental	ability	to	the	blastocyst	stage	[12].	Consistent	with	
this	report,	1	ml	of	medium	without	gel	provided	less	support	for	
GC	proliferation	and	oocyte	growth	compared	with	culture	with	the	
gel.	The	results	of	this	study	suggested	that	gel	culture	substrates	
combined	with	a	large	medium	volume	are	beneficial	to	support	GC	
proliferation,	which	might	reflect	the	provision	of	sufficient	energy	
and	oxygen	to	the	OGCs.
GC	number	is	reported	to	be	associated	with	developmental	

competence	of	enclosed	oocytes	[14],	and	a	high	number	of	GCs	
is	associated	with	the	lipid	and	ATP	contents	in	oocytes	cultured	in 
vitro	[13].	Furthermore,	a	high	lipid	content	in	oocytes	is	a	marker	of	

Fig. 3.	 Representative	 oocyte	 granulosa	 cell	 complexes	 (OGCs)	 that	
were	 individually	 cultured	 in	 0.2	ml	 (A)	 or	 1	ml	 (B)	medium.	
Arrows	indicates	the	antrum.	Bars	represent	200	μm.

Fig. 4.	 Antrum	formation	(A),	granulosa	cell	number	of	oocyte	granulosa	cell	complexes	(OGCs)	(B),	diameter	of	oocytes	(C),	and	relative	lipid	content	
in	oocytes.	OGCs	were	individually	cultured	0.2	ml	or	1	ml	of	medium	on	a	gel	culture	substrate	for	14	days.	Data	are	presented	as	means	±	
standard	error	of	the	mean	(SEM)	of	four	replicates.	*	P	<	0.05.
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high	competency	[17].	We	therefore	addressed	the	effect	of	medium	
volume	on	the	lipid	content	in	oocytes.	The	oocytes	developed	in	a	
large	volume	of	culture	medium	had	a	high	lipid	content;	however,	
the	difference	compared	with	oocytes	cultured	in	a	lower	volume	
was	not	significant.	Therefore,	more	research	is	needed	to	elucidate	
the	molecular	mechanism	underlying	the	beneficial	effect	of	the	
culture	conditions	on	oocyte	competence.	However,	the	present	
study	showed	that	the	rate	of	development	to	the	blastocyst	stage	
of	cultured	oocytes	was	similar	to	that	of	cells	collected	from	antral	
follicles.	This	indicated	that	using	the	current	culture	condition	
or	further	modifications	of	the	culture	volume;	highly	competent	
oocytes	could	be	obtained	from	early	antral	follicles	in	large	animals.
In	conclusion,	given	the	optimal	culture	conditions,	including	gel	

culture	substrate	and	a	higher	amount	of	culture	medium,	pig	oocyte	
cultured	in vitro	could	achieve	a	similar	developmental	ability	to	
the	blastocyst	stage	to	those	collected	from	large	antral	follicles.

Methods

Chemicals and media
All	reagents	were	purchased	from	Nacalai	Tesque	(Kyoto,	Japan),	

unless	otherwise	stated.	To	culture	OGCs,	we	used	α-minimal	essential	
medium	(MEM)	(Sigma-Aldrich,	St.	Louis,	MO,	USA)	supplemented	
with	10	mM	taurine,	0.1	mAU/ml	follicle-stimulating	hormone	
(Kawasaki	Mitaka,	Tokyo,	Japan),	2%	polyvinylpyrrolidone-360	
(Sigma-Aldrich),	2	mM	hypoxanthine	(Sigma-Aldrich),	1%	insulin	
transferrin	selenium	(Gibco,	Paisley,	UK),	1	µg/ml	17β-estradiol,	3	
mg/ml	bovine	serum	albumin	(BSA),	and	antibiotics.	The	in vitro 
maturation	(IVM)	medium	was	Medium	199	(Gibco),	supplemented	
with	10%	porcine	follicular	fluid	(pFF),	0.5	mM	L-cysteine,	0.9	mM	
sodium	pyruvate,	1	mM	L-glutamine,	10	ng/ml	epidermal	growth	
factor,	5%	fetal	calf	serum,	10	IU/ml	equine	chorionic	gonadotropin	
(ASKA	Pharma,	Tokyo,	Japan),	and	10	IU/ml	human	chorionic	
gonadotropin	(Fuji	Pharma,	Tokyo,	Japan).	In vitro	culture	of	embryos	
and	oocyte	activation	was	conducted	in	porcine	zygote	medium	3	
(PZM3)	[23].	In vitro	culture	of	OGCs	and	oocyte	maturation	was	
performed	at	38.5°C	under	atmospheric	conditions	of	5%	CO2	and	
95%	air,	whereas	in vitro	embryo	culture	was	performed	at	38.5°C	
in	an	atmospheric	conditions	of	5%	O2,	5%	CO2,	and	90%	N2.	The	
pFF	used	for	the	IVM	medium	was	aspirated	from	AFs	(3–5	mm	
in	diameter)	of	one	hundred	gilts	and	centrifuged	(10,000	×	g)	for	
20	min.	The	resulting	supernatants	were	collected,	sterilized,	and	
stored	at	–20°C	until	use.

Ovaries collection and collection of oocytes from EAFs
Ovaries	were	collected	from	prepubescent	gilts	at	a	local	slaugh-

terhouse	and	transported	to	the	laboratory	(at	approximately	35°C,	
in	phosphate-buffered	saline	(PBS)	containing	antibiotics)	within	1	
h.	The	ovarian	cortical	tissues	were	excised	from	the	ovarian	surface	
under	a	stereomicroscope,	and	OGCs	were	collected	from	EAFs	
(0.5–0.7	mm	in	diameter).

In vitro growth (IVG) of oocytes derived from EAFs
OGCs	collected	from	EAFs	were	individually	transferred	to	a	well	

containing	0.2	ml	medium	(in	96-well	plates,	Becton	Dickinson)	
or	1	ml	medium	(in	24-well	plates,	Thermo	Fishers	Scientific)	and	
cultured	for	14	days	(Fig.	1).	The	bottom	of	the	culture	wells	were	
set	with	or	without	a	PAG	sheet,	and	the	OGCs	were	cultured	on	the	
gel	if	present.	Half	of	the	medium	was	replaced	with	fresh	medium,	
and	antrum	formation	was	examined	every	of	4	days.

Preparation of 0.3% PAG sheet
PAG	 constituted	 of	N-methylenebisacrylamide,	water,	

acrylamide,	 ammonium	 peroxodisulfate,	 and	N,N,N’,N’-
tetramethylethylenediamine,	and	was	prepared	according	to	the	
general	method	for	western	blot	analysis.	Details	on	PAG	prepara-
tion	for	culture	of	OGCs	derived	from	EAFs	have	been	previously	
reported	[11].

Collection of cumulus cells and oocyte complexes (COCs)
COCs	were	aspirated	from	antral	follicles	(3–5	mm	in	diameter)	

using	21G	needles	connected	to	a	syringe	and	oocytes	surrounding	
the	thick	cumulus	cells	were	picked	up	under	a	stereo	microscope	
(Olympus,	Tokyo,	Japan).	The	COCs	were	subjected	to	in vitro 
maturation.

In vitro maturation, activation, and in vitro culture (IVC)
After	IVG	(14	days),	OGCs	with	an	antrum	cavity	were	subjected	

to	IVM	for	48	h.	In	addition,	COCs	collected	from	antral	follicles	
(3–5	mm	diameter)	were	subjected	to	IVM.	After	IVM,	oocytes	
were	denuded	from	the	surrounding	GCs,	and	parthenogenetically	
activated	in	IVC	medium	containing	10	μg/ml	ionomycine	for	5	min,	
and	incubated	for	5	h	in	PZM3	containing	10	μg/mL	cytochalasin	
B	and	10	μg/mL	cycloheximide	at	38.5	°C.	After	activation,	the	
embryos	were	cultured	for	8	days	in	culture	medium	and	the	rate	
of	blastulation	and	the	total	cell	number	of	blastocysts	was	deter-
mined.	Blastocysts	were	fixed	in	4%	paraformaldehyde,	mounted	
onto	microscope	slides	using	ProLong	Gold	antifade	reagent	with	
2-(4-amidonophenyl)-1H-indole-6-carboxamidine	(DAPI;	Invitrogen,	
OR,	USA),	and	observed	to	count	the	total	blastocyst	cell	number	
using	a	fluorescence	digital	microscope	(Keyence).

Table 1.	 Effect	of	medium	volume	on	the	developmental	competence	of	oocyte	cultured	in vitro

Medium	volume	
(ml)

No.	of	
replicates

No.	of	
OGCs

No.	of	
oocytes

No.	of	
blastocysts

Rate	of	blastulation	
(%) Total	cell	number

0.2 5 75 67 4 5.9	±	2.8 30.0	±	2.0
1 5 75 65 10 17.5	±	5.8	* 44.2	±	3.5	*

Data	are	presented	as	means	±	 standard	error	of	 the	mean	 (SEM)	of	five	 replicates.	*	P	<	0.05.	OGCs,	oocyte	
granulosa	cell	complexes.



MEDIUM	VOLUME	AND	 IN VITRO	OOCYTE	GROWTH 379

Measurement of number and survival rate of GCs surrounding 
oocytes cultured in vitro
After	IVG,	GCs	were	enzymatically	dispersed	(Accumax;	

Innovative	Cell	Technologies,	San	Diego,	CA,	USA),	and	the	total	
GC	number	was	calculated	based	on	the	volume	and	concentration	
of	the	cellular	suspension	using	a	hematocytometer.	In	addition,	the	
cell	survival	rate	was	determined	using	trypan	blue	staining.

Measurement of oocyte diameter
The	diameter	of	the	ooplasm	was	measured	(X	and	Y-axis	with	

a	90°	angle)	under	a	digital	microscope	(Keyence).	Averages	of	the	
X	and	Y-axis	values	were	calculated	as	the	diameter	of	the	oocytes.

Measurement of lipid in oocytes
Oocytes	denuded	from	OGCs	were	fixed	in	4%	paraformaldehyde	

followed	by	staining	with	10	μg	/ml	Nile	Red	(Wako,	Osaka,	Japan)	
for	10	min.	After	washing,	the	oocytes	were	mounted	on	a	microscope	
slide	with	pro-long	gold	antifade	reagent	with	DAPI	(Invitrogen).	
Fluorescence	images	of	lipids	were	captured	using	a	fluorescence	
digital	microscope	(Keyence),	and	the	fluorescence	intensity	was	
measured	using	the	Image-J	software	(NIH,	Bethesda,	MD,	USA).

Experimental design
In	this	study,	each	set	of	20	OGCs	derived	from	EAFs	was	allocated	

to	1	ml	of	medium,	with	or	without	PAG,	for	14	days,	and	antrum	
formation,	granulosa	cell	number,	and	oocyte	diameters	were	then	
examined.	Every	four	days	during	IVG,	four	OGCs	were	randomly	
picked	up	and	used	for	experimentation.	In	the	next	experiment,	
OGCs	were	cultured	in	0.2	or	1	ml	of	medium	on	a	PAG	for	14	
days,	and	oocytes	and	GCs	were	subjected	to	experimentation.	These	
experiments	were	repeated	four	times.	In	the	next	experiment,	15	
OGCs	were	cultured	in	0.2	or	1	ml	of	medium	on	a	PAG	for	14	days,	
and	oocytes	cultured	in vitro	were	subjected	to	IVM,	parthenogenetic	
activation	(PA),	and	IVC	to	examine	their	developmental	competence	
to	the	blastocyst	stage.	This	experiment	was	repeated	five	times.
In	the	last	experiment,	COCs	were	collected	from	antral	follicles	

(3–5	mm	in	diameter).	These	oocytes	were	subjected	to	IVM-	and	PA,	
followed	by	IVC	to	determine	the	ability	of	the	oocytes	to	develop	
to	the	blastocyst	stage.

Data analysis
All	data	were	analyzed	using	analysis	of	variance	(ANOVA)	fol-

lowed	by	post	hoc	Tukey’s	test.	Percentages	were	arcsine	transformed	
before	analysis.	Values	less	than	0.05	were	considered	significantly	
different.

Acknowledgments

This	study	was	supported	by	a	Grant-in-Aid	for	Scientific	Re-
search	C	(KAKENHI,	grant	number:	16K07996).

References

 1. Hirao Y.	Oocyte	 growth	 in	 vitro:	 potential	model	 for	 studies	 of	 oocyte-granulosa	 cell	
interactions.	Reprod Med Biol	2011;	11:	1–9.	[Medline]  [CrossRef]

 2. Mester B, Ritter LJ, Pitman JL, Bibby AH, Gilchrist RB, McNatty KP, Juengel JL, 

McIntosh CJ.	Oocyte	expression,	secretion	and	somatic	cell	interaction	of	mouse	bone	
morphogenetic	protein	15	during	the	peri-ovulatory	period.	Reprod Fertil Dev	2015;	27:	
801–811.	[Medline]  [CrossRef]

 3. Gutierrez CG, Ralph JH, Telfer EE, Wilmut I, Webb R.	Growth	and	antrum	forma-
tion	 of	 bovine	 preantral	 follicles	 in	 long-term	 culture	 in	 vitro.	Biol Reprod	 2000;	 62:	
1322–1328.	[Medline]  [CrossRef]

 4. Walters KA, Binnie JP, Campbell BK, Armstrong DG, Telfer EE.	The	effects	of	IGF-I	
on	bovine	follicle	development	and	IGFBP-2	expression	are	dose	and	stage	dependent.	
Reproduction	2006;	131:	515–523.	[Medline]  [CrossRef]

 5. Thomas FH, Campbell BK, Armstrong DG, Telfer EE.	Effects	of	IGF-I	bioavailability	
on	bovine	preantral	follicular	development	in	vitro.	Reproduction	2007;	133:	1121–1128.	
[Medline]  [CrossRef]

 6. Xu M, Barrett SL, West-Farrell E, Kondapalli LA, Kiesewetter SE, Shea LD, Wood-
ruff TK.	 In	 vitro	 grown	 human	 ovarian	 follicles	 from	 cancer	 patients	 support	 oocyte	
growth.	Hum Reprod	2009;	24:	2531–2540.	[Medline]  [CrossRef]

 7. Xu M, West-Farrell ER, Stouffer RL, Shea LD, Woodruff TK, Zelinski MB.	Encap-
sulated	three-dimensional	culture	supports	development	of	nonhuman	primate	secondary	
follicles.	Biol Reprod	2009;	81:	587–594.	[Medline]  [CrossRef]

 8. Xu J, Bernuci MP, Lawson MS, Yeoman RR, Fisher TE, Zelinski MB, Stouffer RL. 
Survival,	 growth,	 and	 maturation	 of	 secondary	 follicles	 from	 prepubertal,	 young,	 and	
older	 adult	 rhesus	 monkeys	 during	 encapsulated	 three-dimensional	 culture:	 effects	 of	
gonadotropins	and	insulin.	Reproduction	2010;	140:	685–697.	[Medline]  [CrossRef]

 9. Xu J, Lawson MS, Yeoman RR, Pau KY, Barrett SL, Zelinski MB, Stouffer RL. 
Secondary	follicle	growth	and	oocyte	maturation	during	encapsulated	three-dimensional	
culture	 in	 rhesus	monkeys:	 effects	 of	 gonadotrophins,	 oxygen	 and	 fetuin.	Hum Reprod 
2011;	26:	1061–1072.	[Medline]  [CrossRef]

 10. Hirao Y, Itoh T, Shimizu M, Iga K, Aoyagi K, Kobayashi M, Kacchi M, Hoshi H, 
Takenouchi N.	 In	vitro	growth	and	development	of	bovine	oocyte-granulosa	cell	com-
plexes	on	the	flat	substratum:	effects	of	high	polyvinylpyrrolidone	concentration	in	culture	
medium.	Biol Reprod	2004;	70:	83–91.	[Medline]  [CrossRef]

 11. Munakata Y, Kawahara-Miki R, Shirasuna K, Kuwayama T, Iwata H.	 Polyacryl-
amide	gel	as	a	culture	substrate	improves	in	vitro	oocyte	growth	from	porcine	early	antral	
follicles.	Mol Reprod Dev	2017;	84:	44–54.	[Medline]  [CrossRef]

 12. Oi A, Tasaki H, Munakata Y, Shirasuna K, Kuwayama T, Iwata H.	Effects	of	reag-
gregated	granulosa	cells	and	oocytes	derived	from	early	antral	follicles	on	the	properties	
of	oocytes	grown	in	vitro.	J Reprod Dev	2015;	61:	191–197.	[Medline]  [CrossRef]

 13. Munakata Y, Ichinose T, Ogawa K, Itami N, Tasaki H, Shirasuna K, Kuwayama T, 
Iwata H.	Relationship	between	the	number	of	cells	surrounding	oocytes	and	energy	states	
of	oocytes.	Theriogenology	2016;	86:	1789–1798.e1.	[Medline]  [CrossRef]

 14. Sugiyama M, Sumiya M, Shirasuna K, Kuwayama T, Iwata H.	Addition	of	granulosa	
cell	mass	to	the	culture	medium	of	oocytes	derived	from	early	antral	follicles	increases	
oocyte	growth,	ATP	content,	and	acetylation	of	H4K12.	Zygote	2016;	24:	848–856.	[Med-
line]  [CrossRef]

 15. Munakata Y, Ueda M, Kawahara-Miki R, Kansaku K, Itami N, Shirasuna K, 
Kuwayama T, Iwata H.	 Follicular	 factors	 determining	granulosa	 cell	 number	 and	de-
velopmental	competence	of	porcine	oocytes.	J Assist Reprod Genet	2018;	35:	1809–1819.	
[Medline]  [CrossRef]

 16. Leroy JL, Genicot G, Donnay I, Van Soom A.	Evaluation	of	the	lipid	content	in	bovine	
oocytes	and	embryos	with	nile	red:	a	practical	approach.	Reprod Domest Anim	2005;	40:	
76–78.	[Medline]  [CrossRef]

 17. Jeong WJ, Cho SJ, Lee HS, Deb GK, Lee YS, Kwon TH, Kong IK.	 Effect	 of	 cy-
toplasmic	 lipid	 content	 on	 in	 vitro	 developmental	 efficiency	 of	 bovine	 IVP	 embryos.	
Theriogenology	2009;	72:	584–589.	[Medline]  [CrossRef]

 18. Tasaki H, Munakata Y, Arai S, Murakami S, Kuwayama T, Iwata H.	The	effect	of	
high	glucose	concentration	on	the	quality	of	oocytes	derived	from	different	growth	stages	
of	follicles.	J Mamm Ova Res	2015;	32:	41–48.		[CrossRef]

 19. Matsuzawa A, Matsusaki M, Akashi M.	Construction	of	three-dimensional	liver	tissue	
models	 by	 cell	 accumulation	 technique	 and	 maintaining	 their	 metabolic	 functions	 for	
long-term	culture	without	medium	change.	J Biomed Mater Res A	2015;	103:	1554–1564.	
[Medline]  [CrossRef]

 20. Rotem A, Toner M, Bhatia S, Foy BD, Tompkins RG, Yarmush ML.	Oxygen	 is	 a	
factor	determining	in	vitro	tissue	assembly:	Effects	on	attachment	and	spreading	of	hepa-
tocytes.	Biotechnol Bioeng	1994;	43:	654–660.	[Medline]  [CrossRef]

 21. Nishikawa M, Kojima N, Komori K, Yamamoto T, Fujii T, Sakai Y.	Enhanced	mainte-
nance	and	functions	of	rat	hepatocytes	induced	by	combination	of	on-site	oxygenation	and	
coculture	with	fibroblasts.	J Biotechnol	2008;	133:	253–260.	[Medline]  [CrossRef]

 22. Evenou F, Hamon M, Fujii T, Takeuchi S, Sakai Y.	Gas-permeable	membranes	 and	
co-culture	with	fibroblasts	 enable	 high-density	 hepatocyte	 culture	 as	multilayered	 liver	
tissues.	Biotechnol Prog	2011;	27:	1146–1153.	[Medline]  [CrossRef]

 23. Yoshioka K.	Development	and	application	of	a	chemically	defined	medium	for	the	in	vitro	
production	of	porcine	embryos.	J Reprod Dev	2011;	57:	9–16.	[Medline]  [CrossRef]

http://www.ncbi.nlm.nih.gov/pubmed/29699101?dopt=Abstract
http://dx.doi.org/10.1007/s12522-011-0096-3
http://www.ncbi.nlm.nih.gov/pubmed/24548471?dopt=Abstract
http://dx.doi.org/10.1071/RD13336
http://www.ncbi.nlm.nih.gov/pubmed/10775183?dopt=Abstract
http://dx.doi.org/10.1095/biolreprod62.5.1322
http://www.ncbi.nlm.nih.gov/pubmed/16514194?dopt=Abstract
http://dx.doi.org/10.1530/rep.1.00682
http://www.ncbi.nlm.nih.gov/pubmed/17636166?dopt=Abstract
http://dx.doi.org/10.1530/REP-06-0382
http://www.ncbi.nlm.nih.gov/pubmed/19597190?dopt=Abstract
http://dx.doi.org/10.1093/humrep/dep228
http://www.ncbi.nlm.nih.gov/pubmed/19474063?dopt=Abstract
http://dx.doi.org/10.1095/biolreprod.108.074732
http://www.ncbi.nlm.nih.gov/pubmed/20729335?dopt=Abstract
http://dx.doi.org/10.1530/REP-10-0284
http://www.ncbi.nlm.nih.gov/pubmed/21362681?dopt=Abstract
http://dx.doi.org/10.1093/humrep/der049
http://www.ncbi.nlm.nih.gov/pubmed/12954724?dopt=Abstract
http://dx.doi.org/10.1095/biolreprod.103.021238
http://www.ncbi.nlm.nih.gov/pubmed/27864905?dopt=Abstract
http://dx.doi.org/10.1002/mrd.22758
http://www.ncbi.nlm.nih.gov/pubmed/25740588?dopt=Abstract
http://dx.doi.org/10.1262/jrd.2014-123
http://www.ncbi.nlm.nih.gov/pubmed/27402087?dopt=Abstract
http://dx.doi.org/10.1016/j.theriogenology.2016.05.036
http://www.ncbi.nlm.nih.gov/pubmed/27692022?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/27692022?dopt=Abstract
http://dx.doi.org/10.1017/S0967199416000198
http://www.ncbi.nlm.nih.gov/pubmed/29998387?dopt=Abstract
http://dx.doi.org/10.1007/s10815-018-1247-9
http://www.ncbi.nlm.nih.gov/pubmed/15655006?dopt=Abstract
http://dx.doi.org/10.1111/j.1439-0531.2004.00556.x
http://www.ncbi.nlm.nih.gov/pubmed/19501898?dopt=Abstract
http://dx.doi.org/10.1016/j.theriogenology.2009.04.015
http://dx.doi.org/10.1274/jmor.32.41
http://www.ncbi.nlm.nih.gov/pubmed/25088964?dopt=Abstract
http://dx.doi.org/10.1002/jbm.a.35292
http://www.ncbi.nlm.nih.gov/pubmed/18615765?dopt=Abstract
http://dx.doi.org/10.1002/bit.260430715
http://www.ncbi.nlm.nih.gov/pubmed/17936393?dopt=Abstract
http://dx.doi.org/10.1016/j.jbiotec.2007.08.041
http://www.ncbi.nlm.nih.gov/pubmed/21630487?dopt=Abstract
http://dx.doi.org/10.1002/btpr.626
http://www.ncbi.nlm.nih.gov/pubmed/21422733?dopt=Abstract
http://dx.doi.org/10.1262/jrd.10-196E

