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Abstract
Background:	Spermatogenesis	is	one	of	the	most	complicated	cellular	differentiation	
processes	in	a	body.	Researchers	struggled	to	find	and	develop	a	micro-environmen-
tal	 condition	 that	can	support	 the	process	 in	vitro.	Such	endeavors	can	be	 traced	
back	to	a	century	ago	and	are	yet	continuing.
Methods:	Reports	on	in	vitro	spermatogenesis	and	related	works	were	selected	and	
classified	into	four	categories	based	on	the	method	used;	organ	culture,	tubule	cul-
ture,	cell	culture,	and	3-dimensional	cell	culture	methods.	Each	report	was	critically	
reviewed	from	the	present	point	of	view	by	authors	who	have	been	working	on	in	
vitro	spermatogenesis	with	organ	culture	method	over	a	decade.
Results:	The	organ	culture	method	has	the	longest	history	and	is	the	most	successful	
method,	 which	 produced	 fertile	 mouse	 sperm	 from	 spermatogonial	 stem	 cells.	
Formulation	of	the	medium	was	a	key	factor,	most	importantly	serum-derived	sub-
stances.	However,	factors	in	the	serum	that	induce	and	support	spermatogenesis	in	
the	cultured	tissue	remain	to	be	identified.	In	addition,	the	success	of	mouse	sper-
matogenesis	is	yet	to	be	applied	to	other	animals.	On	looking	into	the	history	of	cell	
culture	method,	 it	became	clear	that	Sertoli	cells	as	feeder	cells	play	an	 important	
role.	Even	with	Sertoli	cells,	however,	spermatogenic	development	has	been	limited	
to	small	parts	of	spermatogenesis,	a	segmented	period	of	meiotic	prophase	for	 in-
stance.	Recent	developments	of	organoid	or	3-dimensional	culture	 techniques	are	
promising	but	they	still	need	further	refinements.
Conclusion:	The	study	of	in	vitro	spermatogenesis	progressed	significantly	over	the	
last	century.	We	need	more	work,	however,	to	establish	a	culture	system	that	can	
induce	 and	 maintain	 complete	 spermatogenesis	 of	 many	 if	 not	 all	 mammalian	
species.
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1  | INTRODUC TION

Spermatogenesis	 is	 a	 complex	 cellular	 process	 of	 germ	 cell	 differ-
entiation,	from	spermatogonial	stem	cells	to	spermatozoa,	taking	a	
long	period	of	time	that	is	species	specific.	For	instance,	it	takes	74	
and	35	days	 in	human	and	mice,	respectively.1,2	The	process	could	
be	 subdivided	 into	 three	 phases;	 proliferation	 of	 spermatogonia,	
meiotic	 division	 of	 spermatocytes,	 and	 dynamic	 changes	 in	 shape	
and	nuclear	contents	of	haploid	spermatids	(spermiogenesis).	These	
processes	are	not	germ	cell	autonomous,	but	require	intimate	inter-
action	between	germ	and	somatic	cells,	particularly	Sertoli	cells	and	
also	peritubular	myoid	cells.	These	two	cells	compose	the	seminif-
erous	tubule	in	which	the	spermatogenesis	takes	place.	Size	of	each	
seminiferous	tubule	of	mouse	ranges	from	about	50	μm	in	diameter	
at	 immature	 stage	 to	 about	 200	 at	matured,	when	 containing	 full	
repertoire	 of	 spermatogenic	 cells	 inside.	 This	 diameter	 does	 not	
differ	much	among	species,	while	 the	 total	 length	of	 seminiferous	
tubules	 differs	 among	 animal	 species	 from	 centimeters	 to	meters	
long.3,4	Both	ends	of	 the	 tubules	open	 to	 the	 rete	 testis,	which	 is	
connected	to	efferent	ducts	that	carry	sperm	to	the	head	of	the	ep-
ididymis.	The	tubules	are	folded	and	packed	in	the	testis,	composing	
most	of	the	testis	tissue.	Several	kinds	of	somatic	cells	are	located	
between	the	tubules,	including	Leydig	cells,	peritubular	myoid	cells,	
endothelial	 cells	 and	 immune	 cells,	 which	 play	 important	 roles	 in	
supporting	spermatogenesis.5

It	is	always	challenging	to	reproduce	in	vivo	biological	processes,	
such	 as	 spermatogenesis	 outside	 of	 the	 body,	 ex	 vivo	 or	 in	 vitro.	
Researchers	 in	 the	 field	 worked	 hard	 and	 yet	 kept	 experiencing	
hardships	and	disappointments.	In	this	review,	we	would	like	to	look	
back	such	history	from	our	present	view	point	and	give	some	inter-
pretations	to	each	study.

The	methods	and	strategies	for	in	vitro	spermatogenesis	could	be	
divided	into	several	categories.	In	this	review,	we	classified	them	into	
four	groups;	organ	culture,	tubule	culture,	cell	culture,	and	3-dimen-
sional	cell	culture	methods,	and	discuss	each	of	them	independently.	
We	also	discuss	studies	using	experimental	animals,	mostly	rodents,	
and	humans	separately	in	each	section.	Each	study	is	described	in	a	
chronological	order.

2  | ORGAN CULTURE METHOD, CL A SSIC 
PERIOD

2.1 | Organ culture of experimental animal samples

The	first	description	on	the	in	vitro	spermatogenesis	was	reported	
by	Champy	CH,	who	used	rabbit	testis	for	the	organ	culture	experi-
ment.6	 Pieces	 of	 rabbit	 testis	 were	 cultured	 on	 rabbit	 plasma	 for	
hours	or	for	about	a	week.	The	description	and	drawings	appear	ac-
curate,	precise,	and	beautiful,	even	from	our	present	point	of	view.	
Somatic	and	undifferentiated	germ	cells	survived	for	the	period	of	
1	week,	but	degeneration	of	most	germ	cells	occurred	 rapidly	and	
drastically	 in	 a	 few	 days.	 Nonetheless,	 spermatogonial	 mitosis	 in	

the	first	week	and	newly	formed	leptotene	primary	spermatocytes	
after	9	days	were	described	with	drawings.	So,	it	was	the	first	report	
showing	male	germ	cells	passing	through	the	transition	from	sper-
matogonial	phase	to	the	meiotic	prophase	in	vitro.

Later	in	1937,	Martinovitch	reported	that	pachytene	spermato-
cytes	 were	 developed	 from	 presumably	 immature	 spermatogonia	
in	the	newborn	mouse	testis	tissue	cultured	on	a	clot	composed	of	
equal	parts	of	 fowl	plasma	and	 fowl	embryo	extract.7	We	assume	
that	this	was	the	first	report	reliable	to	judge	that	spermatogenesis	
appear	to	have	proceeded	up	to	the	mid-pachytene	stage	with	the	
organ	culture	method.

About	20	years	later,	Trowel	developed	an	organ	culture	system	
which	he	named	gas-liquid	 interphase	method.8	He	 constructed	 a	
culture	system	in	which	tissue	fragments	were	placed	on	a	thin	layer	
of	agarose	covering	perforated	metal	grid.	The	culture	medium	was	
poured	in	just	as	the	agarose	becomes	wet,	thus	soaking	the	cultured	
tissue	adequately	enough	to	obtain	nutrients,	yet	at	the	same	time	
securing	enough	oxygen	from	the	gas	surrounding	the	tissue.	This	
gas-liquid	 interphase	method	 became	 the	 golden	 standard	 of	 the	
organ	culture	thereafter.	Trowel	cultured	various	tissues	and	organs	
of	adult	rats.	Testis	was	one	of	them	and	was	reported	that	most	tu-
bules	were	degenerated	and	disintegrated	rapidly,	only	a	few	tubules	
survived	for	3	days.8	 It	may	appear	that	Trowel’s	method	might	be	
inferior	to	that	of	Martinovitch.	We	suppose,	however,	that	Trowel	
had	 at	 least	 three	 handicaps	 in	 the	 experimental	 setting	 against	
Martinovitch.	 First,	 Trowel	 used	 testis	 of	 adult	 animal	 instead	 of	
newborn.	In	general,	an	adult	tissue	is	much	more	difficult	to	culture	
than	an	immature	tissue.	Second,	he	used	rat	testis	instead	of	mouse.	
As	we	discuss	 later,	 rat	 spermatogenesis	 is	harder	 to	 reproduce	 in	
vitro	than	that	of	mouse	(Figure	1).	Third,	he	used	synthetic	medium.	
Although	we	 can	use	 various	 types	 of	 synthetic	medium,	most	 of	
which	are	commercially	available	 today,	we	still	need	to	add	some	
animal-derived	supplements	 like	serum	or	albumin	 in	most	culture	
experiments.	 The	 totally	 synthetic	 medium	 that	 Trowel	 used	 was	
likely	lacking	various	essential	factors	and	components.	We	discuss	
this	aspect	of	culture	more	specifically	in	later	sections.

The	1960s	was	the	decade	when	research	on	in	vitro	spermato-
genesis	 advanced	 significantly.	 As	 introduced	 above,	 the	 golden-
standard	organ	culture	method,	gas-liquid	 interphase	method,	was	
established.	 In	 addition,	 understanding	 of	 culture	 medium	 pro-
gressed	rapidly	and	their	composition	improved	significantly.	Eagle’s	
medium	was	pioneered	and	many	others	followed	to	establish	the	
basics	of	culture	medium.9	That	was	when	a	team	of	husband	and	
wife	 researchers,	 Emil	 and	Anna	 Steinberger	 came	 into	 the	 stage.	
They	adopted	Trowel’s	method	and	used	the	Eagle’s	synthetic	me-
dium	 to	 tackle	 in	 vitro	 spermatogenesis.	 In	 their	 first	 publication,	
which	 is	 an	 abstract	 of	 their	 presentation	 at	 a	 meeting,	 they	 re-
ported	that	fragments	of	testis	tissue	of	14-day-old	rat	survived	for	
4	months.	It	was	written	that	10%	calf	serum	was	effective	for	main-
taining	the	viability	of	the	seminiferous	epithelium.10	 In	continuing	
studies,	 they	 observed	 the	 progression	 of	 spermatogenesis	 from	
zygotene	 to	pachytene	spermatocytes.11	Then,	 they	examined	 the	
effects	of	hormones	and	vitamins	 in	 their	 culture	 condition,	using	
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F I G U R E  1  A	schematic	showing	results	of	in	vitro	spermatogenesis	achieved	by	each	study	using	rodents
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4-day-old	 rat	 testes.	 They	 found	 that	 follicle	 stimulating	hormone	
(FSH)	and	human	chorionic	gonadotropin	(hCG)	appeared	to	induce	
maturation	of	Sertoli	cells,	but	did	not	promote	spermatogonial	dif-
ferentiation.	On	the	other	hand,	a	combination	of	vitamins,	A,	C,	and	
E,	promoted	the	differentiation	up	to	primary	spermatocytes,	at	lep-
totene	and	zygotene,	and	rarely	pachytene	stages.12	They	also	ex-
amined	various	culture	parameters,	 including	pH,	temperature,	gas	
phase,	along	with	composition	of	the	nutrients	in	the	medium.13 In 
this	study,	they	described	that	a	chemically	defined	medium	based	
on	 Eagle’s	 minimum	 essential	 medium,	 supplemented	 with	 pyru-
vate	and	six	non-essential	amino	acids,	was	comparably	effective	as	
calf	 serum-supplemented	medium	 in	 inducing	 spermatogenesis	up	
to	spermatocyte.	However,	when	culture	period	lasted	longer	than	
4	weeks,	 the	chemically	defined	medium	was	not	able	 to	maintain	
germ	 cells,	 showing	 their	 weak	 point	 over	 serum-added	 medium.	
They	 also	 examined	 effect	 of	 temperatures,	 ranging	 from	 31	 to	
37°C,	 on	organ	 culture	of	 rat	 testis	 to	 conclude	 that	 temperature	
above	33°C	is	 less	optimal	for	survival	and	differentiation	of	germ	
cells.	This	certainly	corresponds	with	the	scrotal	temperature	of	the	
animals.	They	also	examined	the	effect	of	increased	oxygen	tension.	
They	reported	that	the	benefit	of	greater	penetration	of	oxygen	into	
the	 tissue	was	counteracted	by	 signs	of	oxygen	poisoning.	Higher	
concentration	of	oxygen,	5%	CO2	+	95%	pure	oxygen	instead	of	5%	
CO2	+	95%	air,	consistently	accompanied	diminished	number	of	germ	
cells	and	 their	 shorter	survival.13	 In	 the	next	 report,	 they	adopted	
autoradiography	 technique	 to	 unambiguously	 demonstrate	 the	 in	
vitro	differentiation	of	germ	cells.14

In	 order	 to	 define	 ingredients	 necessary	 and	 effective	 to	 pro-
mote	 in	 vitro	 spermatogenesis,	 they	 abandoned	 serum	 and	 began	
actively	 using	 chemically	 defined	media.	 First,	 they	 tested	 the	 ef-
fect	of	vitamins	of	A,	E,	and	C	which	they	formerly	found	effective.	
Through	more	than	200	independent	culture	experiments,	they	con-
firmed	the	effect	of	vitamins	to	promote	spermatogenesis	in	yielding	
increased	 number	 of	 spermatocytes.	 They	 even	 found	 that	 gluta-
mine	at	4	mmol	L−1	or	higher	contributed	significantly	to	induce	sper-
matocyte	production	than	vitamins	did.15	Through	this	experiment,	
they	formulated	a	chemically	defined	medium	that	can	promote	in	
vitro	spermatogenesis	from	spermatogonia	in	4-day-old	rat	testis	to	
pachytene	spermatocyte	in	3-week	culture.	They	confessed	yet	that	
those	spermatocytes	degenerated	and	disappeared	at	5	weeks.

In	 the	original	 article	of	1967,	 they	 summarized	 the	 results	 re-
garding	 factors	 in	 the	 medium	 affecting	 on	 the	 spermatogenesis.	
They	presented	a	 summary	data	obtained	using	not	only	 rats,	but	
also	 mice,	 guinea-pigs,	 rabbits,	 monkeys,	 and	 humans.	 They	 con-
cluded	 that	 glutamine	 at	 4	mmol	L−1	 or	 higher	was	more	 effective	
than	vitamins	to	produce	spermatocytes.	On	the	other	hand,	pitu-
itary	hormones	were	not	necessary	 for	 the	 initiation	of	spermato-
genesis.	 Supplements	 such	 as	 sera	 and	 tissue	 extracts	 neither	
resulted	 in	 improved	maintenance	 or	 differentiation	 of	 the	 germi-
nal	cells.	These	studies	certainly	broaden	our	understanding	on	the	
organ	culture	and	spermatogenesis	as	a	whole.	Nonetheless,	the	in	
vitro	spermatogenesis	per se	showed	limited	progress,	up	to	pachy-
tene	spermatocyte	at	best.	Yet,	they	demonstrated	impressive	tissue	

viability	 after	 months	 in	 culture.	 This	 was	 performed	 by	 grafting	
testis	tissues	cultured	for	7	weeks	into	the	host	testis,	which	led	to	
regeneration	of	complete	spermatogenesis	in	the	grafted	tissues.16 
This	result	certainly	proved	that	the	tissue	maintained	the	ability	but	
the	culture	condition	still	lacked	some	environmental	milieu	neces-
sary	for	the	progression	of	spermatogenesis.

The	 Steinbergers	 made	 huge	 contribution	 to	 advance	 in	 vitro	
spermatogenesis,	which	started	from	the	basis	of	Trowel’s	method.	
However,	on	comparison	to	 the	results	by	Martinovitch,	 the	prog-
ress	 made	 by	 Steinberger	 regarding	 in	 vitro	 progression	 of	 sper-
matogenesis	might	appear	marginal	(Figure	1).	We	consider	that	rat	
spermatogenesis,	compared	to	that	of	mouse,	 is	highly	demanding	
to	 reproduce	 in	vitro.	As	we	will	 see	below	that	mouse	spermato-
genesis	 was	 accomplished	 with	 organ	 culture	 method,	 while	 the	
same	method	has	not	worked	on	 rats	 in	 similar	manner.	Although	
the	 Steinbergers	 used	 many	 different	 species	 of	 animals	 in	 their	
studies	of	 in	vitro	 spermatogenesis,	 they	mostly	used	 rats	 instead	
of	mice.	We	 personally	wonder	 if	 their	 experimental	 animal	were	
mice	instead	of	rats,	their	results	might	have	been	different.	In	any	
case,	their	works	contributed	tremendously	to	the	field	and	became	
a	basis	for	the	later	studies	on	in	vitro	spermatogenesis.17

After	the	Steinbergers’	extensive	studies	on	 in	vitro	spermato-
genesis,	we	speculate	that	it	became	a	consensus	among	researchers	
in	those	days	that	 in	vitro	spermatogenesis	using	an	organ	culture	
method	 has	 its	 dead	 end;	 it	 will	 hardly	 overcome	 a	 stone	wall	 of	
pachytene	 arrest.	 Therefore,	 researchers	 turned	 their	 attention	
to	 other	 methods.	 There	 were,	 however,	 groups	 adhered	 to	 the	
organ	 culture	 method.	 Nishimune’s	 group	 cultured	 the	 matured	
mouse	testis	tissues	which	were	pre-conditioned	to	be	cryptorchid	
in	 order	 to	 eliminate	 differentiated	 germ	 cells.	 So,	 in	 the	 testis	 of	
those	mice,	germ	cells	were	solely	undifferentiated	spermatogonia,	
as	type	A	spermatogonia.	After	15	days	of	incubation	of	the	tissue	
in	a	serum-supplemented	medium,	they	observed	spermatocytes	at	
the	leptotene	and	pachytene	stages	of	meiosis.	This	was	actually	re-
confirmation	of	the	results	by	the	Steinbergers,	using	the	testis	of	
adult	mice.	18	As	the	Nishimune	group	found	serum	to	be	effective	
while	the	Steinbergers	did	not,16	it	was	stated	in	the	original	article	
that	the	discrepancy	might	arise	from	the	difference	between	type	A	
spermatogonia	in	the	cryptorchid	testis	and	gonocytes	in	immature	
testis.	Nishimune	et	al	further	speculated	that	the	Steinbergers	were	
observing	the	differentiation	from	type	B	spermatogonia,	because	
serum-independent	differentiation	ability	of	type	B	spermatogonia	
was	observed	by	themselves.18

In	their	subsequent	studies,	Nishimune’s	group	investigated	the	
specific	factors	in	the	serum	necessary	for	differentiation	of	type	A	
spermatogonia.	They	found	that	FSH,	but	not	other	hormones	 like	
testosterone	or	factors	like	insulin	and	transferrin,	had	shown	stimu-
lating	effects	on	spermatogonial	differentiation.19	Later,	they	further	
reported	that	vitamin	A	and	FSH	synergistically	induced	differenti-
ation	of	type	A	spermatogonia;	FSH	stimulated	the	proliferation	of	
type	A	spermatogonia,	whereas	retinoids	induced	spermatogenesis	
from	type	A	spermatogonia	into	intermediate	or	type	B	spermatogo-
nia.20	They	also	paid	attention	 to	 fetuin,	a	major	 serum	protein	of	
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α-globulin,	 or	 certain	other	molecules	 co-purified	 from	calf	 serum	
with	fetuin	for	their	effects	to	promote	spermatogonial	differentia-
tion.21	Later,	they	reported	that	insulin-like	growth	factor-1	(IGF-1)	
and	 transforming	 growth	 factor-α	 (TGF-α)	 had	 stimulating	 effects	
on	 the	 differentiation	 of	 type	 A	 spermatogonia.	 However,	 these	
factors	could	not	promote	the	differentiation	of	germ	cells	through	
the	 meiotic	 stage.22	 In	 a	 sense,	 we	 think	 that	 Nishimune’s	 group	
succeeded	the	works	of	Steinberger	and	tried	to	find	factors	in	the	
serum	that	promote	spermatogonial	differentiation	up	to	pachytene	
spermatocytes.	They	actually	found	retinol	as	differentiation-induc-
ing	factor	for	the	spermatogonia,	which	is	now	an	established	notion	
supported	by	many	studies.23	They	also	found	FSH	as	stimulant	for	
spermatogonial	proliferation,	but	this	is	not	universally	supported	by	
other	studies.	In	addition,	the	issue	whether	undifferentiated	sper-
matogonia	need	serum	or	factors	in	the	serum	to	initiate	differentia-
tion	remains	to	be	elucidated	and	needs	further	research.

Boitani	and	colleagues	also	 repeated	the	Steinbergers’	method	
using	9-day-old	rat	testis	and	observed	the	appearance	of	pachytene	
spermatocytes.	The	culture	medium	they	used	was	Eagle’s	minimum	
essential	medium	with	 Earle’s	 salts	 supplemented	with	 glutamine,	
Hepes,	and	nonessential	amino	acids.	Ovine	FSH,	ovine	 luteinizing	
hormone	 (LH),	 testosterone,	and	vitamins	A,	C,	and	E	were	added	
in	some	cases.	They	emphasized	that	FSH	was	essential	for	the	pro-
gression	of	type	A	spermatogonia	up	to	the	stage	of	pachytene	sper-
matocytes	after	3	weeks	of	culture,	while	vitamins	A,	C,	and	E,	LH,	
and	testosterone	were	not	effective.24

Suzuki	&	Sato	used	their	strong	technique	of	micro-insemination	
for	the	evaluation	of	in	vitro-produced	presumed	haploid	cells.	Five-
day-old	mouse	testis	 tissues	were	cultured	for	2	weeks	and	round	

spermatids	obtained	were	 injected	 into	 the	oocytes.	The	embryos	
developed	up	to	8-cell	stage	but	no	offspring	was	produced.25 To our 
knowledge,	this	was	the	first	report	that	might	have	overcome	the	
long-standing	 pachytene	 barrier	 in	 the	 organ	 culture	 experiment.	
Culture	medium	they	used	was	Dulbecco’s	MEM	supplemented	with	
0.1	mmol	L−1	 each	 of	 alanine,	 aspartic	 acid,	 glutamic	 acid,	 glycine,	
proline	and	serine,	together	with	1.0	mmol	L−1	sodium	pyruvate,	10%	
fetal	bovine	serum	(FBS),	and	glutamine.	The	medium	composition	
they	used	was	quite	similar	to	that	of	the	Steinbergers.	Thus,	we	sim-
ply	speculate	that	the	quality	of	culture	media	and	supplements	had	
improved	through	the	decades	since	the	Steinberger’s	experiments.	
We	also	suppose	it	is	because	spermatogenesis	of	mouse	is	easier	to	
reproduce	in	vitro	than	that	of	rat.

2.2 | Organ culture of human testis samples

The	research	of	human	 in	vitro	spermatogenesis	by	the	organ	cul-
ture	method	was	first	performed	by	Steinberger16	 (Figure	2).	They	
reported	 that	differentiation	of	primary	 spermatocytes	 took	place	
in	3	weeks	from	the	preleptotene	to	the	pachytene	stage	which	was	
verified	by	tritiated	thymidine	incorporation.	In	a	report	in	1971	by	
another	group,	the	testis	tissue	obtained	by	the	orchidectomy	due	
to	prostate	cancer	was	cultured	after	the	labeling	with	thymidine	in	
the	dish	for	15	hours.26	During	the	culture	period	of	35	days,	labeled	
spermatogenic	 cells	 including	meiotic	 and	 post-meiotic	 cells	 were	
observed	in	supernatant	obtained	from	the	medium	used	for	cultur-
ing	of	tissue	samples	at	each	observation	time	points,	on	3,	5,	14,	20,	
22,	25,	27,	28,	32,	and	35	days.	It	was	reported	that	early	sperma-
tids	labeled	with	3H-thymidine	appeared	from	27	days	until	35	days.	

F I G U R E  2  A	schematic	showing	results	of	human	in	vitro	spermatogenesis
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However,	 the	 authors	mentioned	 in	 the	 discussion	 that	many	 late	
spermatids	observed	after	35	days	of	culture	might	be	just	surviving	
cells.	Three	years	later,	another	original	article	reported	a	result	of	in	
vitro	human	spermatogenesis.	The	testes	from	adult	patients	were	
labeled	with	thymidine	in	a	culture	dish	and	kept	cultured	for	14	days.	
The	labeled	cells	showed	the	chromosomes	of	prometaphase	I,	met-
aphase	I,	prophase	2,	and	telophase	2	by	autoradiographs.27	Seven	
years	later,	Curtis	reported	a	precise	culture	experiment	also	using	
human	testis	tissue	fragment.28	She	 labeled	the	tissue	with	thymi-
dine	for	1	or	2	hours	just	after	harvesting	and	continued	the	culture	
for	21	days.	It	was	found	that	many	diakinesis	figures,	an	explicit	sign	
of	the	end	of	meiotic	prophase	I,	appeared	between	10	and	14	days.	
It	was	 also	 described	 that	 differentiation	 beyond	 diakinesis,	 how-
ever,	was	not	obtained	and	labeled	secondary	spermatocytes	were	
not	observed.	 It	 could	be	summarized	as	 she	wrote	 in	 the	original	
article	that,	under	the	present	culture	conditions,	spermatogonia	are	
unable	to	differentiate	into	meiotically	committed	cells.	Cells	already	
committed	to	meiosis	at	culture	initiation	can	proceed	through	sper-
matogenesis	and	were	recorded	in	diakinesis.

2.3 | Hanging drop culture method

Hanging	drop	culture	system	is	the	widely	used	incubation	approach	
for	both	embryonic	and	adult	tissues.	The	system	was	also	applied	
for	the	incubation	of	the	testes	by	Szczepny	and	colleagues	in	2009.	
They	cultured	testis	tissue	of	fetal	and	adult	mouse	for	48	hours	to	
test	the	effect	of	Hedgehog	signaling	on	the	testis	development.29 
The	same	group	applied	the	method	for	culturing	testis	tissue	speci-
mens	 obtained	 by	 the	 orchidectomy	 of	 testicular	 cancer	 patients.	
The	normal	 testicular	 tissues	 cultured	 in	 the	 culture	medium	con-
taining	Dulbecco’s	modified	Eagle’s	medium/F12	(DMEM/F12)	with	
either	10%	FBS	or	0.1%	bovine	serum	albumin	(BSA)	sustained	the	
proliferation	of	germ	cells	for	14	days.	However,	the	progression	of	
spermatogenesis	was	not	recognized.30

3  | ORGAN CULTURE METHOD, MODERN 
DE VELOPMENT

3.1 | Serum replacement changed the scene

Over	40	years	since	the	initial	report	by	the	Steinbergers,	the	au-
thors	of	this	review	started	to	reevaluate	their	results	on	in	vitro	
spermatogenesis.	First	of	all,	we	introduced	two	lines	of	transgenic	
mice,	 harboring	 Haspin	 (Gsg2)	 green	 fluorescent	 protein	 (GFP)	
and Acr-GFP,	 respectively,	 in	 order	 to	 simplify	 the	 evaluation.	
Because	 these	 transgenic	mice	 express	GFP	 at	 the	mid	 and	 end	
stages	 of	meiosis	 onward,	 progress	 in	 spermatogenesis	 reaching	
these	stages	could	be	easily	detected	in	each	cultured	tissue	with-
out	 histological	 examination.	 The	 basic	 culture	method	we	 used	
was	same	as	that	of	the	Steinbergers	or	Trowel,	namely	gas-liquid	
interphase	method,	 but	we	made	 it	 simpler	 by	 using	 an	 agarose	
gel	 block,	 instead	 of	metal	 grid,	 as	 a	 stage	 for	 tissue	 placement	
(Figure	3A).	The	agarose	gel	block	was	half-soaked	 in	 the	culture	

media	consisting	simply	of	α-minimum	essential	medium	(α-MEM),	
one	 of	 the	 modified	 versions	 of	 Eagle’s	 medium,	 and	 10%	 FBS.	
Then,	we	tried	to	repeat	what	the	Steinbergers	did	using	mice	aged	
4-14	days	after	birth.	Fortunately,	we	frequently	observed	the	ex-
pression	of	Haspin-GFP	in	the	cultured	tissue.	And,	although	in	rare	
occasions,	we	found	round	spermatids	in	4	weeks	of	culture.31 The 
timing	of	in	vitro	differentiation	into	haploid	cells	was	almost	the	
same	as	what	happens	in	vivo.	Soon	thereafter,	we	found	that	re-
placing	FBS	with	knockout	serum	replacement	(KSR)	or	AlbuMAX	
(bovine	 serum	 albumin	 purified	 through	 chromatography),	 both	
of	 which	 are	 commercially	 available,	 exhibited	 stronger	 effects	
to	 induce	and	maintain	spermatogenesis	under	our	organ	culture	
condition.	Specifically,	mouse	 testis	 tissue	cultured	with	medium	
of	α-MEM	supplemented	with	10%	knockout	serum	replacement	
(KSR)	or	40	mg/mL	AlbuMAX	produced	haploid	cells	and	sperms.	
Flow	cytometric	analyses	showed	the	presence	of	1C	cells	 in	the	
cultured	 tissues.	 Following	 micro-insemination,	 the	 live	 birth	 of	
offspring	was	achieved,	demonstrating	the	 in	vitro	production	of	
the	 functional	 sperm	 for	 the	 first	 time.32	Because	KSR	was	 sup-
posed	to	contain	AlbuMAX,	the	reason	of	the	success	was	attrib-
utable	to	AlbuMAX.	We	have	further	showed	that	AlbuMAX,	but	
not	other	popular	bovine	serum	albumin	(BSA),	has	such	a	strong	
effect	to	induce	and	maintain	spermatogenesis.33	In	addition,	an-
other	BSA	product,	purified	by	chromatographic	method	 like	 the	
preparation	of	AlbuMAX,	also	has	a	similar	effect.	Thus,	we	specu-
late	 that	 chromatography	 purified	BSAs	 contain	 some	 important	
factors	effective	for	in	vitro	spermatogenesis.	This	issue	certainly	
needs	further	studies	in	the	future.

The	 combination	 of	 the	 organ	 culture	 method	 with	 germ	 cell	
transplant	provided	the	derivative	technique	for	research	on	sper-
matogonial	stem	cells	(SSCs)	and	spermatogenesis.	As	mouse	SSCs	
became	possible	to	culture	for	their	proliferation,	we	were	able	to	
make	 the	 cell	 lines	 of	 mouse	 SSC.34‒36	When	 cultured	 or	 freshly	
isolated	SSCs	 are	 injected	 in	 the	 testis	 of	 a	 recipient	mouse,	 they	
proliferate	and	differentiate	into	sperm	in	vivo.	This	was	an	in	vivo-
unique	phenomenon	by	 that	 time.	Then,	we	 reproduced	 the	same	
phenomenon	in	vitro	by	injecting	SSCs	to	the	testis	that	was	excised	
out	of	 the	mouse.	The	SSC-injected	testis	was	cut	 into	pieces	and	
cultured	on	the	agarose	gel,	which	resulted	in	proliferation	of	SSCs	
and	differentiation	up	to	the	sperm	formation.37

Subsequently,	 the	agarose	gel-based	organ	culture	system	also	
succeeded	 in	 treating	 mutant	 infertile	 mice.	 Testis	 tissues	 of	 the	
neonatal	mice	carrying	mutation	in	the	kit-ligand	gene,	also	named	
as	 stem-cell	 factor	 (SCF),	were	 cultured.	The	 addition	of	 recombi-
nant	kit-ligand	to	the	culture	medium	increased	the	number	of	sper-
matogonia	and	induced	differentiation	up	to	round	spermatids.	The	
combination	 of	 kit-ligand	 and	 colony-stimulating	 factor-1	 (CSF1)-
induced	 spermatogenesis	 are	more	prominent,	 leading	 to	 the	pro-
duction	 of	 elongated	 spermatids,	 flagellated	 sperm	 and	 offspring	
produced	 by	micro-insemination.	 This	 study	 showed	 the	 potential	
to	 treat	 spermatogenic	 impairments	 by	 culturing	 the	 testis	 tissue	
with	the	supplementation	of	factors	insufficient	in	the	original	testis	
without	any	genetic	manipulations.38
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In	2014,	the	agarose	gel	organ	culture	system	also	achieved	com-
plete	spermatogenesis	in	the	cryopreserved	testis	of	neonatal	mice.	
After	7	months	of	cryopreservation,	the	testis	tissues	were	cultured	
for	 producing	 sperm	 that	were	 used	 to	 fertilize	 eggs	 by	micro-in-
semination	and	produce	healthy	offspring	that	matured	to	produce	
progeny	of	their	own	through	natural	mating.	The	DNA	methylation	
levels	at	11	differentially	methylated	regions	of	the	offspring	showed	
normal	state	of	methylation.	Thus,	the	results	showed	the	potential	
usage	of	cryopreserving	the	biopsied	testis	tissue	fragments	to	pre-
serve	the	fertility	of	male	pediatric	cancer	patients	in	the	future.39

As	 mentioned	 above,	 adult	 tissue	 is	 more	 difficult	 to	 culture	
than	immature	tissue	in	general,	and	also	in	the	case	of	testis.	Our	
group	challenged	this	issue	again	with	the	agarose	gel	organ	culture	
method	using	transgenic	mice	that	express	GFP	in	meiotic	cells.40 In 
order	to	make	the	results	clear	and	unambiguous,	mice	were	treated	
with	vitamin	A-deficient	(VAD)	diet	to	remove	all	differentiated	germ	

cells	from	the	testes	 leaving	undifferentiated	spermatogonia	alone	
behind.	VAD-treated	testis	was	cultured	successfully	for	spermato-
genesis	up	to	sperm	formation	using	our	culture	technique	described	
above.	Thus,	it	was	proven	that	in	vitro	spermatogenesis	with	mature	
testis	tissue	is	possible.	However,	the	efficiency	is	far	lower	than	that	
of	using	neonatal	mice.40	This	adult	tissue	problem	is	one	of	the	im-
portant	issues	that	needs	to	be	addressed	in	future	studies.

Another	 important	 issue	 on	 testis	 organ	 culture	 experiment	 is	
species	 differences.	 It	 became	 apparent	 that	 testis	 tissues	 other	
than	 the	 mouse	 origin	 are	 resistant	 to	 in	 vitro	 spermatogenesis.	
Even	 rat	 testis	 tissues	are	 reluctant	 to	advance	 its	 spermatogene-
sis	 under	 culture	 condition	 (Figure	1).	Although,	 rats	 and	mice	 are	
both	rodents	and	share	many	anatomical	and	physiological	proper-
ties,	there	are	several	different	characteristics	between	them.	Our	
study	 on	 in	 vitro	 spermatogenesis	 using	 rat	 testis	 tissues	 did	 not	
achieve	 complete	 spermatogenesis	 like	 the	 results	 obtained	 with	

F I G U R E  3  A	schematic	showing	
organ	culture	methods	(A)	The	classical	
gas-liquid	interphase	method	is	able	to	
support	mouse	spermatogenesis.	(B)	In	the	
microfluidic	device,	mouse	testis	tissues	
show	efficient	spermatogenesis.
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mice.	 In	 contrast	 to	our	 results,	 Liu	 and	 colleagues	 cultured	 testis	
tissue	of	7-day-old	rats	and	found	that	spermatogenesis	progressed,	
demonstrating	the	expression	of	Sycp3 and Crisp1	genes	by	RT-PCR	
in	 4	weeks	 of	 culture.	Histological	 findings	 are	 not	 conclusive	 but	
possibly	spermatids	appeared.41	In	vitro	spermatogenesis	of	the	rat	
origin	remains	to	be	a	challenge	to	be	overcome	in	future	studies.

3.2 | Microfluidic system

The	agarose	gel	organ	culture	method	became	a	 reliable	 standard	
method,	repeated	by	many	independent	research	groups,	to	induce	
mouse	spermatogenesis.42‒45	However,	the	efficiency	and	duration	
of	the	spermatogenesis	were	far	from	comparable	to	those	observed	
in vivo.46	To	improve	the	culture	condition,	replicating	the	microcir-
culatory	system	of	 the	body	 in	 the	organ	culture	system	could	be	
effective.	Based	on	this	concept,	we	adopted	the	microfluidic	tech-
nology	into	our	organ	culture	system.	The	culture	device	consisted	
of	a	chamber	for	a	tissue	and	a	channel	for	medium	flow	(Figure	3B).	
The	cultured	testis	tissue	was	separated	from	the	flowing	medium	by	
a	thin	porous	membrane.	Thus,	substances	like	nutrients	and	waste	
products	were	exchanged	by	molecular	diffusion	mechanism	as	same	
as	in	vivo.	In	the	microfluidic	device,	spermatogenesis	of	mouse	was	
efficiently	 induced	and	stably	maintained	up	to	6	months.	Healthy	
offspring	were	 produced	 through	micro-insemination	 using	 sperm	
and	spermatids	derived	from	the	testis	cultured	for	6	months.47 In 
addition,	the	testosterone	production,	another	major	function	of	the	
testis,	was	also	exhibited	 in	 the	microfluidic	 system.	Furthermore,	
the	hormone	production	was	stimulated	to	a	higher	 level	on	addi-
tion	of	the	luteinizing	hormone	in	the	flowing	culture	medium,	that	
mimicked	the	in	vivo	phenomenon.	In	order	to	make	the	system	sim-
pler	and	user-friendly,	we	 then	developed	a	device	 that	dispensed	
with	the	power	pump	which	was	used	to	generate	flow	of	the	culture	
medium	 in	 our	 original	microfluidics	 device.	Using	 the	 hydrostatic	
pressure	of	the	medium	in	a	reserve	tank,	along	with	the	resistance	
circuit	to	control	the	flow-speed,	the	pumpless	device	was	able	to	
create	the	same	culture	condition	for	testis	tissue	in	the	tissue	cham-
ber	(Figure	3C).	In	fact,	the	device	maintained	the	mouse	spermato-
genesis	as	efficiently	as	the	pump-connected	microfluidic	device	for	
3	months.48	Taken	together,	these	microfluidic	devices	succeeded	in	
creating	a	novel	organ	culture	system,	which	radically	differs	from	
the	classical	gas-liquid	interphase	method,	and	will	potentially	revo-
lutionize	the	organ	culture	method	as	a	whole.

4  | TUBULE CULTURE , CULTURE OF A 
SEGMENT OF SEMINIFEROUS TUBULE

As	we	 saw	 the	 limitations	 of	 organ	 culture	method	 in	 1960s,	 an-
other	 approach	 using	 the	 fragments	 of	 the	 seminiferous	 tubules,	
instead	of	testis	tissue	mass	as	in	organ	culture	method,	was	sought	
in	the	following	decades.	Initially,	Eddy	and	Kahri	 isolated	and	cul-
tured	fragments	of	seminiferous	tubules	from	7	to	35-day-old	rats	
in	 the	 culture	 dish	 as	 submerged	 style.	 They	 carefully	 observed	

the	migration	of	cells	out	of	the	tubules.	Even	after	4	weeks	of	 in-
cubation,	the	presence	of	spermatocytes,	presumed	by	their	round	
shape,	was	detectable	 in	both	 light	 and	electron	microscopy,	 sug-
gesting	the	possibility	that	a	tubular	culture	method	can	support	ex	
vivo	spermatogenesis	to	some	extent.49

Parvinen	and	colleagues	elaborated	the	tubule	culture	method.	
They	found	that	spermatogenic	cycle	was	found	to	be	discerned	by	
looking	at	tubules	with	transillumination.50,51	They	demonstrated	
that	when	segments	of	rat	seminiferous	tubules	at	stages	XII	and	
XIII,	 that	 is	 immediately	 prior	 to	 the	meiotic	 reduction	 divisions	
in	 stage	 XIV,	 were	 cultured	 in	 a	 chemically	 defined	 medium	 of	
Ham’s	 F12/Dulbecco’s	 MEM,	 the	 late	 pachytene	 spermatocytes	
and	 diakinetic	 spermatocytes	 completed	 the	 meiotic	 divisions.	
The	spermatids	arising	from	this	culture	differentiated	up	to	step	
5	 of	 spermiogenesis	 in	 vitro.52,53	 Toppari	 et	al,	 then	 focusing	 on	
spermiogenesis,	 cut	 out	 stages	 II-III	 segment	of	 rat	 seminiferous	
tubules	and	cultured	them	 in	 the	same	way.	 In	7	days,	 the	round	
spermatids	at	step	2-3	developed	into	step	7,	mimicking	in	vivo	dif-
ferentiation.	It	is	reported	also	that	spermatogonia	and	spermato-
cytes	in	that	segment	developed	accordingly	as	in	vivo54	(Figure	1).

The	tubule	culture	method	certainly	has	its	own	advantages.	It	
can	 theoretically	 separate	 the	 seminiferous	 tubule	 from	 the	 inter-
stitial	cells	and	tissues,	thereby	eliminating	the	effect	from	them.	It	
gives	 clearer	 and	 finer	 view	of	 the	 sample	 than	 the	organ	 culture	
method.	As	Parvinen	and	colleagues	showed,	a	restricted	segment	
contains	particular	stages	of	germ	cells	which	can	be	followed	under	
culture	 condition.	 Thus,	 the	 effect	 of	 culture	 condition,	 medium	
compositions	or	physical	environmental	factors,	can	be	more	clearly	
evaluated	than	the	organ	culture	method.	However,	the	progress	of	
spermatogenesis	with	the	tubule	culture	method	was	not	compara-
ble	 to	 that	with	 the	organ	culture	method.	Tubule	culture	method	
needs	further	elaboration	to	support	longer	and	sustainable	fashion	
of	spermatogenesis.

5  | CELL CULTURE METHOD, T WO 
DIMENSIONAL (2D)

As	 was	 shown	 in	 1960s-70s	 that	 organ	 culture	 method	 did	 not	
promise	 its	 success	 in	promoting	 in	vitro	 spermatogenesis	beyond	
the	pachytene	stage,	researchers	turned	their	attention	to	cell	cul-
ture	method.	However,	cell	culture	methods	had	two	innate	disad-
vantages	 compared	 with	 organ	 culture	 methods.	 First,	 losing	 3D	
structure	of	the	seminiferous	tubule	can	be	detrimental	for	proper	
spermatogenesis	to	take	place,	which	seems	to	be	the	case	as	dis-
cussed	 below.	 Secondly,	 it	 becomes	 quite	 difficult	 to	 distinguish	
spermatogenic	 cells	 at	 different	 stages	 without	 original	 topologi-
cal	 relationships	 in	 the	 seminiferous	 epithelium.	 In	 other	 words,	
researchers	 cannot	 use	 or	 rely	 on	 the	 histological	 evaluation	 of	
spermatogenesis.	This	second	point	is	not	a	minor	issue	even	today.	
Instead	of	histological	features,	however,	researchers	are	able	to	use	
emerging	 new	methods,	 like	 flow	 cytometry,	 detection	 of	marker	
genes	expression,	or	immunostaining	of	marker	proteins.
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5.1 | Primary culture

It	should	be	noted	that	the	Steinbergers	tested	the	cell	culture	of	rat	
testicular	cells.55	Contrary	to	their	organ	culture	results,	they	found	
no	evidence	for	the	differentiation	of	germ	cells	 in	the	cell	culture	
experiment.	Thus,	they	denied	several	former	studies	claiming	com-
plete	spermatogenesis	in	cell	culture	for	a	number	of	months.	Their	
observation	was	quite	reasonable	and	became	the	start	line	for	suc-
ceeding	researchers.

It	was	reported	in	1982	that	completely	dissociated,	by	collage-
nase	and	trypsin,	testis	cells	of	mice,	6-15	weeks	old,	pretreated	with	
hydroxyurea	 to	 remove	differentiated	germ	cells	were	 cultured	 to	
survive	12	days	and	cells	at	initial	prophase	reached	pachytene	and	
diplotene	phases.	It	was	also	shown	that	preexisting	diplotene	cells	
went	through	the	two	divisions	to	become	spermatocytes.56 Their 
method	contained	unique	conditions	that	make	it	difficult	to	repeat	
exactly	what	was	performed.	Interestingly,	all	cultures	were	said	to	
be	performed	at	20°C.	In	the	same	year,	Tres	and	Kieszenbaum	re-
ported	that	dissociated	rat	germ	cells	labeled	with	[3H]	thymidine	dif-
ferentiated	into	pachytene	spermatocytes	in	a	massive	way.57 They 
claimed	that	coculture	with	Sertoli	cell	was	essential	for	survival	and	
differentiation	of	germ	cell	based	on	their	meticulous	observation.	
The	above	two	reports	were	the	firsts	showing	that	dissociated	male	
germ	cells	underwent	meiotic	divisions	under	a	culture	condition.

Another	 study	 reported	 the	 production	 of	 haploid	 cells	 from	
meiotic	 cells	 of	 the	 rat.	 The	 testicular	 cells	 from	 14-day	 postpar-
tum	(dpp)	rats,	enzymatically	dispersed,	were	cultured	on	the	type	
1	collagen	gels.	The	culture	media	was	composed	of	a	1:1	mixture	of	
Ham’s	F12	medium	and	Leibovitz’s	L15	medium	containing	10%	FBS	
supplemented	with	epinephrine	or	norepinephrine.	After	2	weeks	of	
incubation,	Giemsa	 staining	and	DNA	 flow	cytometry	 showed	 the	
appearance	of	1C	cells,	indicating	the	differentiation	into	the	haploid	
cells.58

Jégou’s	 team	 addressed	 the	 question	 if	 dissociated	 pachytene	
spermatocytes	can	complete	meiosis	 in	vitro	under	coculture	with	
Sertoli	cells.	Pachytene	primary	spermatocytes	collected	by	an	elu-
triation	method	from	testes	of	adult	rats	were	seeded	on	a	layer	of	
Sertoli	cells	from	20-day-old	rats.	During	the	7-day	experiment,	the	
cells	were	cultured	at	32°C	in	F12-Dulbecco	modified	essential	me-
dium	(DMEM)	supplemented	with	insulin,	transferrin,	retinoic	acid,	
transforming	 growth	 factor	 α,	 FSH,	 and	 testosterone.	 Under	 this	
condition,	pachytene	spermatocytes	were	able	to	complete	meiosis.	
A	population	of	haploid	cells	was	identified	by	flow	cytometry	within	
4	days	of	culture.	They	also	detected	the	expression	of	protamine-1	
gene,	specific	to	postmeiotic	germ	cells,	by	Northern	blot	analysis.	
They	 concluded	 that	 hormones	 and	 other	 elements	 added	 to	 the	
culture	medium	did	 not	 seem	 to	 improve	 the	 rate	of	 cells	 passing	
through	meiosis,	but	appeared	to	have	a	positive	effect	on	maintain-
ing	cell	integrity	and	viability	in	long-term	cultures.59

In	1993,	another	new	approach	for	in	vitro	spermatogenesis	was	
demonstrated.	Cuzin’s	group	first	established	Sertoli	cell	line,	named	
15P-1,	from	a	transgenic	mouse	which	harbored	large	T	antigen	of	
polyoma	virus.	The	15P-1	maintained	the	character	of	Sertoli	cells,	

such	 as	 the	 expression	 of	 specific	 genes	 and	 phagocytotic	 activ-
ity.	This	group	also	developed	a	new	assay	method	to	detect	hap-
loid	 cells	 using	 LacZ	 gene.	 The	 testicular	 cells	 explanted	 from	 the	
Prm-lacZ	transgenic	mice	expressed	the	Escherichia	coli	LacZ	gene	
specifically	 at	 the	 post-meiotic	 stage.	 Germ	 cells	 obtained	 from	
the	 testes	 of	 this	mouse,	 10-18	dpp,	were	 cultured	on	 the	 feeder	
of	 15P-1	 for	 2-12	days.	 The	 culture	 medium	 consisted	 of	 DMEM	
and	FBS	(10%).	The	progression	of	spermatogenesis	was	evaluated	
by	 5-bromo-4-chloro-3-indolyl	 beta-D-galactoside	 (X-gal)	 staining	
to	 detect	 beta-galactosidase	 activity	 and	 also	 by	 the	 flow	 cytom-
etry	 method.	 Generation	 of	 round	 spermatids	 during	 the	 period	
of	2-5	days	was	described.	It	was	also	claimed	that	testicular	germ	
cells	from	9-day-old	mice	underwent	trans-meiotic	differentiation.60 
The	innovative	methods	and	resulting	in	vitro	spermatogenesis	de-
scribed	by	this	group	fascinated	researchers	 in	the	field.	However,	
their	claims	have	not	yet	been	independently	replicated.

Millán’s	group	 immortalized	various	 testicular	 cells	with	 simian	
virus	 40	 (SV40)	 large	 tumor	 antigen	 (LTAg).61	Actually	 they	 effec-
tively	 established	 a	 number	 of	 cell	 lines;	 peritubular,	 Leydig,	 and	
Sertoli	cell	lines.	When	these	cell	lines	were	cultured	together,	they	
formed	a	cord-like	structure.	In	fact,	freshly	isolated	pachytene	sper-
matocytes	cocultured	with	those	immortalized	cells	integrated	in	the	
cord.	However,	differentiation	of	these	cells	was	not	observed.	On	
the	other	hand,	Millan’s	 team	took	unique	strategy	 to	 immortalize	
germ	cells	by	introducing	SV40	LTAg	gene	along	with	a	temperature-
sensitive	 (ts)	mutant	 of	 the	mouse	p53	gene.	A	 resultant	 cell	 line,	
GC-2spd	(ts),	was	immortalized	by	active	proliferation	under	LTAg’s	
effect	at	39°C,	while	also	being	capable	of	differentiating	at	32-37°C	
by	activated	p53	function	which	neutralized	the	activity	of	LTAg.	At	
17-30th	passages	cultured	at	37°C,	flow	cytometric	analysis	revealed	
a	peak	of	haploid	cells.	The	cell	 line	also	showed	the	 formation	of	
acrosomic	granule.62	Nine	years	 later,	 the	same	strategy	using	dif-
ferent	 immortalizing	factor,	telomerase,	was	adopted	to	produce	a	
spermatogonial	cell	line.63	In	this	case,	the	immortalized	cells	report-
edly	showed	differentiation	ability	up	to	haploid	cells.	Studies	using	
immortalized	germ	cells	for	 in	vitro	spermatogenesis	are	attractive	
and	potentially	useful	 for	elucidating	 the	mechanism	of	spermato-
genesis.	However,	manipulating	the	genome	of	germ	cells	cannot	be	
used	for	reproduction	of	animals,	let	alone	for	human.	In	this	sense,	
this	strategy	has	its	own	limitation.

5.2 | Importance of germ cell‐Sertoli cell interaction

In	1998,	Durand’s	group	reported	an	incubation	of	the	testicular	cells	
from	23-25	dpp	 rats	 labelled	with	BrdU	 in	vivo,	 by	 intraperitoneal	
injection,	9	days	before	culture	experiment	started.	In	this	way,	they	
faithfully	 evaluated	 the	 fate	 of	 the	 pachytene	 spermatocytes,	 the	
most	advanced	labeled	cells	at	the	start	of	culturing,	in	culture.	They	
became	secondary	spermatocyte	in	5	days,	and	round	spermatids	in	
7	days.	The	duration	of	the	process	appears	very	close	to	that	in	vivo.	
The	production	of	1C	cells	was	maintained	for	3	weeks	in	the	analysis	
of	ploidy.	 In	 this	study,	DMEM	F12-based	medium	with	0.2%	FCS,	
testosterone,	and	FSH	was	used.64	Testis	tissues	were	digested	with	
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collagenase	 and	 seminiferous	 tubules	 were	 harvested	 for	 further	
dissociation	of	the	cells.	Nonetheless,	at	the	same	time,	researchers	
tried	to	maintain	the	interaction	between	Sertoli	cells	and	spermato-
genic	cells	as	much	as	possible.	This	sounds	a	bit	tricky	but	was	writ-
ten	to	be	an	important	point	to	make	spermatogenesis	occur	in	vitro.

The	same	group	used	the	BrdU-labeling	method	to	extend	the	
results.65	This	time,	the	BrdU	was	injected	to	rats	aged	20-28	dpp	
one	day	before	the	culture	experiment	started.	Thus,	the	labeled	
cells	 at	 the	most	 advanced	 stage	were	 leptotene	 spermatocytes	
and	the	progress	of	their	differentiation	was	followed	in	culture.	In	
1	week,	 BrdU-labeled	 small	 pachytene	 spermatocytes	 appeared,	
while	 in	 2	weeks,	middle-to-late	 pachytene	 spermatocytes	were	
observed	as	labeled	cells.	After	3	weeks,	diakinesis	and	secondary	
spermatocytes	were	observed.	In	the	end,	quadruplets	of	BrdU-la-
beled	round	spermatids	in	the	culture	were	observed	from	Day	21	
onward.	It	was	described	that	these	spermatids	tended	to	separate	
from	each	other	thereafter.	This	report	beautifully	described	the	
process	of	meiotic	phase	progression	in	vitro.65	It	was	suggested	
that	 in	 vitro	 spermatogenesis	 requires	 sufficient	 period	 of	 time	
to	pass	through	the	meiotic	process	 like	 in	vivo	spermatogenesis	
does.	Then,	Durand’s	group	used	the	culture	technique	to	find	the	
effect	of	FSH	and	testosterone	on	meiosis.	They	collected	pachy-
tene	spermatocytes	from	adult	rats	by	centrifugal	elutriation	and	
cocultured	with	Sertoli	cells	of	20	dpp	rats	for	2	weeks.	The	addi-
tion	of	FSH	and	 testosterone	 to	DMEM/F12	supplemented	with	
0.2%	 FCS	 increased	 the	 number	 of	 round	 spermatids	 produced,	
confirming	the	effect	of	the	two	hormones.66

Using	immature	mice,	13-18	dpp,	Marh	et	al	succeeded	in	in	vitro	
spermatogenesis	 from	 pachytene	 spermatocyte	 to	 round	 sperma-
tid.	In	this	study,	they	used	serum-free	medium,	named	TKM,	which	
contains	various	factors	like	insulin,	insulin-growth	factor	1,	growth	
hormone,	epidermal	growth	factor,	retinol,	testosterone,	and	dihy-
drotestosterone.	It	was	also	recognized	that	a	Sertoli	cell-feeder	layer	
played	 an	 important	 role	 for	 driving	 the	meiotic	 division	 forward.	
After	7-10	days	of	incubation,	round	spermatids	appeared	and	were	
used	 for	 micro-insemination,	 which	 resulted	 in	 offspring	 produc-
tion.67	This	was	the	first	report	that	in	vitro-produced	haploid	cells	
successfully	used	for	offspring	generation	with	micro-insemination.

The	 importance	 of	 Sertoli	 cell	 and	 hormones	 of	 FSH,	 testos-
terone,	and	epinephrine,	were	also	demonstrated	in	the	process	of	
round	 to	elongating	 spermatids	 transformation	 in	vitro.	Hasegawa	
et	al	elegantly	cocultured	mouse	round	spermatids	with	Sertoli	cells,	
which	were	collected	manually	with	a	micromanipulator,	 in	DMEM	
supplemented	with	10%	FBS,	 testosterone,	FSH,	and	epinephrine,	
for	2	days.	Resultant	elongating	spermatids	were	capable	of	induc-
ing	 embryo	 development	 after	 micro-insmeination	 into	 oocyte	 to	
the	 same	 extent	 as	 that	 of	 in	 vivo-derived	 elongating	 spermatids,	
while	round	spermatids	were	not	able	to.68

5.3 | Human biopsy specimen

As	seen	above,	human	spermatogenesis	using	organ	culture	method	
was	limited	in	success	compared	to	that	using	mice	and	rats.	In	late	

1990s,	biopsy	specimens	of	patients	partially	digested	or	mechani-
cally	disintegrated	were	used	for	culture	experiments.	Tesarik	et	al	
performed	human	testis	cell	culture	experiment	using	biopsy	speci-
mens	of	patients	with	obstructive	azoospermia.	They	incubated	the	
sample	for	24	or	48	hours	to	observe	any	progression	of	spermato-
genesis.	 It	was	 reported	 that	 post-meiotic	 cell	 differentiation	was	
observed;	morphological	changes	of	 spermatid	nuclei	and	 flagellar	
growth	were	 noted.	 In	 addition,	meiotic	 progression	was	 also	 de-
tectable.	They	argued	that	some	of	such	progression	was	enhanced	
by	the	presence	of	FSH	69	(Figure	2).	This	study,	however,	was	too	
short	in	observation	periods	to	generate	a	conclusive	statement	on	
the	possibility	of	in	vitro	human	spermatogenesis.	The	incubation	of	
the	cryopreserved	testicular	biopsy	specimen	from	non-obstructive	
azoospermia	was	also	performed	by	the	same	group	with	the	same	
results.	 They	 concluded	 that	 the	 progression	 of	 spermatogenesis	
continued	only	for	24	hours	and	no	additional	benefit	was	observed	
by	 prolonging	 the	 culture	 beyond	 that	 time	 point,	 which	 appears	
rather	pessimistic.70

Cremades	et	al	collected	round	spermatids	under	the	microscope	
with	micro-manipulator	 from	biopsied	 sample	 of	 four	 infertile	 pa-
tients.	They	cultured	the	round	spermatids	on	the	Vero	cell	feeder	in	
a	commercially	available	medium	for	embryo	culture	supplemented	
with	10%	synthetic	serum	substitute	for	5	days.	They	observed	that	
the	round	spermatids	progressed	further	up	to	elongated	sperma-
tids.71	Vero	cell	is	a	cell	line	derived	from	kidney	epithelial	cells	of	an	
African	green	monkey	and	was	reported	to	support	human	embryo	
development	in	a	culture.72	As	the	culture	was	done	in	microdrops,	
it	may	be	easier	to	follow	the	change	of	cells	of	 interest.	 It	seems,	
however,	that	5	days	are	not	long	enough	to	observe	the	process	of	
human	spermiogenesis.	The	same	group	used	Vero	cell-conditioned	
medium,	instead	of	coculturing	with	Vero	cell	feeders,	 in	a	drop	of	
medium,	for	testis	cells	of	non-obstructive	azoospermic	patients.	In	
this	 experiment,	 Sertoli	 cells,	 spermatogonia,	 spermatocytes,	 and	
round	spermatids	were	individually	collected	under	microscope	for	
culturing	in	a	drop.	During	the	culture	period	of	2-3	weeks,	the	Vero	
cell-conditioned	medium	along	with	FSH	and	testosterone	induced	
the	differentiation	of	round	spermatids	into	elongated	spermatids.73

Studies	 described	 above	 all	 suggested	 that	 Vero	 cell	 secretes	
factors	effective	for	advancing	spermatogenesis,	particularly	around	
end-meiotic	 stage	and	 spermiogenesis.	Tanaka	also	used	Vero	 cell	
as	feeder	and	cultured	primary	spermatocyte	isolated	from	the	bi-
opsy	 specimens	 of	 azoospermic	 patients.	 He	 reported	 that	 single	
primary	 spermatocyte	 at	 pachytene	 stage	 underwent	 differentia-
tion	 to	 form	four	spermatids	 in	5	days.	The	culture	medium	based	
on	minimum	essential	medium	(MEM)	with	50%	boar	rete	testicular	
fluid	or	human	synthetic	oviduct	fluid	and	10%	human	serum	gave	
the	highest	production	rate	of	spermatids,	reaching	at	around	10%,	
meaning	 that	 one	 out	 of	 ten	 primary	 spermatocyte	 became	 sper-
matids.	The	number	of	chromosomes	and	chromatids	 in	the	newly	
developed	spermatids	were	confirmed	 to	be	23	by	a	 fluorescence	
in	situ	hybridization	(FISH)	analysis.	This	study	clearly	showed	that	
end-meiotic	 phase,	 successive	 cell	 divisions	 of	 late	 primary	 sper-
matocytes,	can	take	place	in	vitro.74	However,	the	period	of	5	days	
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may	be	too	short	to	complete	that	process.	In	another	study	using	
purified	SSCs	from	azoospermic	patients,	cells	were	cocultured	with	
Sertoli	cells	isolated	from	patients.	CD49f	(Integrin	α6)	was	used	as	
a	marker	of	SSCs	for	their	isolation	with	FACS.	After	a	5-day	incuba-
tion,	the	immunostaining	of	SCP3	and	CREST	showed	the	existence	
of	the	meiotic	germ	cells.	FISH	analysis	confirmed	the	appearance	of	
the	haploid	cells.75	In	this	study	again,	5	days	are	too	short	a	period	
to	complete	such	a	complicated	process	of	differentiation.

5.4 | Experiments using bovine testis

Based	on	the	accumulated	knowledge	on	the	2D	cell	culture	system	
in	rodents,	research	of	in	vitro	spermatogenesis	in	other	species	were	
performed.	In	many	cases,	DMEM	or	DMEM	plus	F12	medium	sup-
plemented	with	10%	FBS	with	or	without	testosterone	and	FSH	was	
used.	Izadyar	et	al	partially	purified	type	A	spermatogonia,	presuma-
bly	undifferentiated	spermatogonia,	from	enzymatically	dissociated	
cells	of	bovine	testicle	and	cultured	them	under	various	conditions.	
The	 cells	 differentiated	 into	 the	 c-kit	 positive	 cells,	 corresponding	
to	differentiating	spermatogonia,	in	4	weeks	of	incubation.	Although	
not	conclusive,	after	the	 long-term	incubation	over	3	months,	cells	
appeared	like	elongated	cells	with	a	tail-like	structure	containing	a	
condensed	nucleus	resembling	spermatozoa.76	In	another	report,	a	
mixture	of	testicular	cells	derived	from	3-	to	5-month-old	buffaloes,	
containing	spermatogonia	alone	as	germ	cell,	was	cultured	with	the	
medium	 supplemented	with	 FBS,	 testosterone,	 and	 retinol.	 It	was	
described	that	spermatogonia	differentiated	into	spermatid-like	cells	
with	a	flagellum	after	4	weeks	of	culture.	The	expression	of	the	sper-
matid-specific	marker	gene	(PRM2)	was	also	identified	by	RT-PCR.77

6  | CELL CULTURE METHOD, THREE 
DIMENSIONAL (3D)

Experiencing	unsatisfactory	results	with	2D	cell	culture	methods	on	
in	vitro	spermatogenesis,	researchers	naturally	turned	their	strategy	
toward	3D	methods,	 by	 artificially	 constructing	 three-dimensional	
structure	in	vitro.	Such	trials	have	appeared	since	2000’s.	First,	Lee	
et	al	 tested	 the	effect	of	 reconstructing	 tubular	 structure	with	 rat	
testicular	cells,	using	a	collagen	gel	and	Matrigel.	They	reported	that	
a	 tubular	structure	was	produced	 in	 those	gel-assisted	spaces	and	
differentiation	of	 germ	 cells	 toward	meiosis	 and	beyond	was	pos-
sible.	The	picture	of	the	tubule	structure,	however,	in	our	view,	does	
not	 seem	 to	 contain	 germ	 cells.78	 Thus,	 their	 results	may	 suggest	
that	simple	mixture	of	germ	cells	with	testicular	somatic	cells	in	a	3D	
environment	may	 favor	 differentiation	 of	 germ	 cells,	 through	 par-
acrine	or	cell-cell	attaching	effect	between	germ	and	somatic	cells.	
This	method	was	also	tested	with	human	samples.	Authors	claimed	
that	spermatocytes	could	be	induced	to	differentiate	into	presump-
tive	spermatids,	judged	by	flow	cytometry	and	immunocytochemical	
analysis,	in	their	collagen	gel	matrix	culture	method.79

Stukenborg	 et	al	 reported	 a	 method	 of	 3D	 culture	 system,	
which	 they	 introduced	 from	 the	 earlier	 studies	 of	 bone	 marrow	

hematopoietic	 cells.	 The	 soft	 agar	 culture	 system	 (SACS)	 method	
had	been	used	as	colony-forming	assay	to	detect	different	kinds	of	
hematopoietic	cells	and	to	support	their	differentiation.	In	adopting	
this	concept,	Stukenborg	et	al	made	their	own	modification	of	 the	
system	 and	 suggested	 that	 a	 two-layer	 agar	mimicked	 the	 in	 vivo	
niche	 environment	 of	 seminiferous	 tubules	 supporting	 for	 SSCs.	
The	testicular	cells	obtained	from	10-day-old	mice	were	mixed	with	
the	 gel-agar	 medium	 (0.35%)	 and	 incubated	 on	 a	 solid-agar	 base	
(0.5%).	 These	 agars	 were	 mixed	 with	 high	 glucose	 DMEM	 solu-
tions.	 The	 expression	 of	 the	markers	 for	 meiotic	 cells,	 Boule	 and	
Crem,	 were	 maintained	 for	 3	weeks.80	 This	 group	 then	 modified	
the	method	by	using	the	methylcellulose	as	the	matrix	and	adding	
the	hCG	and	FSH	to	the	culture	medium.81	Using	the	SACS	method	
in	 2011,	 the	 testicular	 cells	 obtained	 from	 the	 7-day	mouse	were	
cultured	 in	the	culture	medium	containing	RPMI	plus	20%	FBS	for	
4	weeks.	 Cultured	 cells	 expressed	 the	 meiotic	 (Crem-1	 and	 LDH)	
and	 post-meiotic	 stages	 (Protamine)	makers	which	were	 detected	
by	RT-PCR.	 Immunohistochemistry	showed	 the	appearance	of	 the	
protamine	positive	cells.	Authors	claimed	that	spermatids	including	
spermatozoa	were	also	observed.82	The	same	method	was	applied	
to	the	monkey.	Huleihel	et	al	incubated	the	testicular	cells	from	ju-
venile	(13-33	months	old)	rhesus	monkeys	in	the	SACS	system.	The	
VASA-,	SALL4-,	and	GFR-α1-positive	cells	were	constantly	observed,	
suggesting	the	maintenance	of	the	pre-meiotic	germ	cells.	After	1-
month	incubation,	the	CREM-1-	and	acrosin-positive	cells	appeared,	
suggesting	 the	 progression	 of	 spermatogenesis	 into	 the	 meiotic	
and	post-meiotic	stages.83	Throughout	the	experiments	with	SACS	
method,	however,	reconstruction	of	tubular	structure	or	any	remi-
niscents	of	seminiferous	epithelium	was	not	shown.	Thus,	those	re-
sults	appear	to	suggest,	as	mentioned	above,	that	the	distribution	of	
testicular	cells	in	a	3D	condition	per se	might	have	an	effect	on	pro-
moting	germ	cell	differentiation.	This	raises	a	long-lasting	fundamen-
tal	question	about	spermatogenesis	that	is,	whether	the	mammalian	
germ	cells	in	order	to	become	sperms	definitely	need	intra-seminif-
erous	tubular	condition	or	not.	We	do	not	know	the	answer	yet.

Legendre	 et	al	 developed	 another	 type	 of	 3D	 culture	 method	
that	uses	the	bicameral	chamber	in	which	a	condition	similar	to	the	
apical	 and	 basal	 compartments	 of	 the	 seminiferous	 tubule	 would	
be	 replicated.	They	collected	 testicular	 cells	 from	18-day-old	 rats.	
Peritubular	cells	were	first	cultured	on	the	underside	of	the	 insert	
which	was	set	upside	down	for	cells	to	adhere.	After	setting	the	in-
sert	in	the	original	position,	a	mixture	of	Sertoli	and	germ	cells	were	
poured	in	the	insert	which	was	coated	with	an	artificial	extracellular	
matrix,	mixture	of	Matrigel	matrix	and	 type	1	collagen.	The	 insert	
was	 soaked	 in	 the	 culture	 medium	 containing	 DMEM/F-12	 with	
FSH,	testosterone	and	5%	FBS	for	22	days.	Under	this	culture	con-
dition,	they	concluded	that	haploid	cells	were	produced	from	early	
pachytene	or	zygotene	spermatocytes,	based	on	following	findings:	
Giemsa	 staining	 showed	 the	 cytoplasm	 and	 DNA	 condensation	
characteristics	for	the	haploid	cells.	RT-PCR	detected	the	 increase	
of	transition	protein	2	mRNA,	a	post-meiotic	marker.84

Reconstruction	of	a	tubular	structure	from	dissociated	testicu-
lar	 cells,	 if	 feasible,	 could	 be	 a	 basis	 for	 in	 vitro	 spermatogenesis.	
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Our	group	reported	that	such	a	reconstruction	of	the	seminiferous	
tubule	 structure	 is	 possible	 in	 vivo	 in	 the	 subcutaneous	 space	 of	
mice.85	Then,	we	extended	that	study	by	demonstrating	the	recon-
struction	 of	 tubular	 structure	with	 dissociated	 neonatal	 testicular	
cells	totally	in	vitro.86	Specifically,	enzymatically	dispersed	testicular	
cells	from	neonatal	mice	(0.5-5.5	dpp)	were	introduced	into	the	well	
of	V-	bottom	plate	to	let	them	aggregate.	After	2	days	of	incubation,	
the	formed	spheroid	was	placed	on	the	top	of	agarose	gel	block	and	
incubated	as	regular	organ	culture	experiments.	The	cells	in	an	ag-
gregate	spontaneously	formed	tubule-like	structures	in	which	germ	
cells	were	incorporated	inside.	Some	germ	cells	differentiated	up	to	
round	spermatid	stage.	When	SSCs	from	other	sources	were	inter-
mingled	in	the	aggregate,	some	of	them	were	also	incorporated	and	
they	underwent	differentiation	up	 to	meiotic	 phase.	 This	 the	 first	
report	 showing	 that	 reconstructed	 tubular	 structure	 was	 able	 to	
support	 spermatogenesis	 from	 SSCs	 up	 to	 haploid	 cell	 formation.	
However,	the	efficiency	was	yet	lower	than	the	regular	testis	tissue	
organ	culture	experiments.	There	is	much	room	to	improve	culture	
conditions	for	more	efficient	spermatogenesis.

7  | CONCLUSION

In	 this	 review,	we	 recognized	 a	 steady	 progress	 of	 the	 study	 of	
in	 vitro	 spermatogenesis	 over	 the	 last	 century.	 It	was	 rapid	 and	
drastic	occasionally	but,	 in	most	other	 times,	 it	was	 rather	 slug-
gish.	In	vitro	spermatogenesis	has	been	always	a	tough	project	for	
researchers.	It	is	sure	that	spermatogenesis	is	a	complex	biological	
process.	As	a	 result,	 the	microenvironment	 in	 the	 testis	 is	 tuned	
in	 each	 species	 for	maximum	 productivity	which	 is	 thus	 vulner-
able	for	any	minor	disturbances	in	that	condition.	Building	up	such	
delicate	micro-environment	out	of	the	body	is	a	challenging	task	
and	now	becoming	a	prime	theme	for	modern	biology.	We	hope	
that	researchers	will	conquer	this	 task	through	applying	cutting-
edge	technologies	and	broad	knowledge	in	the	related	areas.	The	
artificially	produced	in	vitro	environment,	which	is	really	compa-
rable	to	that	of	 in	vivo,	can	be	used	to	decipher	the	relationship	
between	the	environment	and	the	quality	of	the	products,	as	well	
as	the	genomic	and	epigenomic	integrity	of	sperm.	Such	research	
will	benefit	our	understanding	on	the	reproduction	and	our	future	
reproductive	medicine.
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