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ABSTRACT.	 The	efficiency	of	spermatogonial	stem	cell	(SSC)	isolation	and	culture	from	pubertal	donors	is	currently	poor	primarily, because 
of	contamination	with	other	testicular	cells.	This	study	aimed	to	purify	SSC-like	cells	using	different	extracellular	matrixes	and	a	discon-
tinuous	gradient	density.	In	experiment	1,	testes	(n=6)	were	analyzed	for	histology	and	SSC-related	protein	expressions	(laminin,	SSEA-4,	
DDX-4	and	GFRα-1).	After	enzymatic	digestion,	the	cell	suspension	was	plated	onto	either	a	laminin-	or	gelatin-coated	dish.	The	number	
of	SSC-like	cells	was	determined	at	15,	30	and	60	min	of	culture	(experiment	2).	Experiment	3	was	performed	to	test	whether	or	not	the	
additional	step	of	Percoll	gradient	density	centrifugation	could	really	improve	purification	of	SSC-like	cells.	Testicular	histology	revealed	
complete	spermatogenesis	with	laminin	expression	essentially	at	the	basal	lamina	of	the	seminiferous	tubules.	SSEA-4	and	GFRα-1	co-
localized	with	DDX-4	in	the	spermatogonia.	The	relative	percentage	of	SSC-like	cells,	as	determined	by	cells	expressing	SSEA-4	(59.42	
±	2.18%)	and	GFRα-1	(42.70	±	1.28%),	revealed	that	the	highest	SSC-like	cell	purity	was	obtained	with	the	15-min	laminin-coated	dish	
compared	with	other	incubation	times	and	gelatin	treatment	(P<0.05).	Percoll	treatment	prior	to	laminin	selection	(15	min)	significantly	
improved	SSC-like	cell	recovery	(91.33	±	0.14%,	P<0.001)	and	purity	(83.82	±	2.05%	for	SSEA-4	and	64.39	±	1.51%	for	GFRα-1,	P<0.05). 
These	attached	cells	demonstrated	a	typical	SSC-like	cell	morphology	and	also	expressed	POU5F1, RET and ZBTB16	mRNA.	In	conclu-
sion,	double	enrichment	with	Percoll	gradient	density	centrifugation	and	laminin	plating	highly	enriched	the	SSC-like	cells	population.
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Spermatogenesis	is	a	complex	process	of	male	germ	cell	
production,	in	which	diploid	spermatogonia	or	spermatogo-
nial	stem	cells	(SSCs)	transform	and	differentiate	into	hap-
loid	spermatozoa	within	seminiferous	tubules.	This	process	
is	 regulated	 by	 intra-	 and	 extra-testicular	 factors	 and	 con-
tinues	 throughout	 the	pubertal	period	 in	men	and	animals.	
Although	the	SSCs	hold	a	great	promise	for	the	treatment	of	
infertility	problems	in	men	due,	for	example,	 to	premature	
loss	of	male	germ	cells	following	cytotoxic	chemotherapy,	
these SSCs can also be used for propagation and preserva-
tion	of	 the	genetic	profiles	of	valuable	male	animals, such 
as endangered species [20]. In addition, SSCs have recently 
been	 reported	 to	 be	 capable	 of	 differentiation	 into	 3	 germ	
layers	of	embryos	including	cardiomyocytes,	smooth	muscle	
cells, neural cells, endothelial cells, hepatocytes and renal 
tubular	cells	[4,	6,	7,	10,	21].	The	SSCs	have	therefore	be-
come	an	emerging	model	 for	 regenerative	medicine.	SSCs	
are	a	subpopulation	of	spermatogonia	type	A	that	settle	on	
the	basal	lamina	of	the	seminiferous	tubule.	The	number	of	
SSCs,	however,	has	been	estimated	to	be	only	0.03%	of	the	
total	testicular	cells	in	the	adult	rat	testis[37].	Thus,	purifica-

tion	of	SSCs	 from	 the	digested	pubertal	 testis	has	become	
an	important	step	for	isolation	of	SSCs,	since	this	technique	
eliminates	the	somatic	testicular	cells	that	interfere	with	the	
proliferation of SSCs in vitro	 [23,	 37].	 Several	 studies	 in	
the	mouse,	 rat	 and	 bull	 have	 reported	 efficient	 techniques	
for	SSC	enrichment	including	plating	with	different	coating	
substances, discontinuous PercollTM gradient density cen-
trifugation	 and	 fluorescence-activated/magnetic-activated	
cell	 sorting	 (FACs/MACs)	 [8,	 12,	 15,	 26,	 34].	 The	 SSCs	
surrounded	by	Sertoli	cells	are	adhered	to	the	basal	lamina	
of	 seminiferous	 tubules	 by	 various	 extracellular	 matrixes	
(ECMs)	 [35].	 These	 ECMs	 are	 important	 for	 attachment	
of	 the	 testicular	 cells	 to	 the	 basal	 lamina	 of	 seminiferous	
tubules	 and	 also	 for	 the	 formation	 of	 the	 SSC	 niche	 [34].	
Various types of ECMs have been used to purify the SSC 
population,	such	as	laminin,	fibronectin,	collagen	type	I	and	
IV and gelatin [18, 19, 28]. Of substrates used to coat the 
culture dish, gelatin has generally been used, because it is 
cost-effective	for	optimization	of	cell	attachment	in	various	
cell	 types,	 such	 as	 fibroblasts.	 The	 gelatin	 plays	 a	 role	 in	
denaturing collagen, as connective tissue, and also interacts 
with	 laminin	 and	 fibronectin.	 Although	 the	 efficiency	 of	
laminin	in	selecting	SSCs	in	the	domestic	cat	has	yet	to	be	
examined,	 the	 laminin-coated	plate	has	been	demonstrated	
to	improve	the	purifying	efficacy	of	SSC	isolation	by	3.3-,	
5-	to	7-	and	8.5-folds	in	bull,	mouse	and	rat	SSCs,	respec-
tively	[13,	31,	35].	This	high	efficiency	of	laminin	for	SSC	
selection has been postulated to be associated with its recep-
tors	on	the	SSCs	[34].	Although	the	attachment	of	SSCs	to	
laminin	involves	integrin	proteins,	a	laminin	receptor	[15],	
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α6-integrin,	was	 the	 only	 specific	 surface	marker	 of	 SSCs	
in	 the	mouse	 [34].	 In	addition	 to	plating	selection,	Percol-
lTM	 purification,	which	 involves	 nontoxic	 gradient	 density	
centrifugation,	 has	 been	 performed	 to	 recover	 the	 specific	
populations of testicular cells via different gradient density 
and	centrifugation.	This	technique	recovered	approximately	
80%,	 72%	 and	 96%	of	 rat,	 buffalo	 and	 pig	 SSCs,	 respec-
tively	[9,	32,	37].	Moreover,	the	viability	of	SSCs	recovered	
from	PercollTM	was	also	improved	[37].
The	objective	of	this	study	was	to	examine	the	effects	of	

types of ECM substrates and PercollTM gradient density on 
the	enrichment	of	SSC-like	cells	in	pubertal	domestic	cats.

MATERIALS AND METHODS

Experimental designs

Experiment 1: The localization and immunolabeling of SSCs in 
pubertal cat testes
Cat	 testes	 (n=6)	were	 collected	 from	 pubertal	 domestic	

cats.	The	testes	were	fixed	and	sectioned	for	routine	histol-
ogy,	 immunohistochemistry	 (laminin)	 and	 immunofluores-
cence	for	SSC	markers.	Immunofluorescence	was	performed	
to	 demonstrate	 the	 co-expressions	 of	 SSEA-4/DDX-4	 and	
GFRα-1/DDX-4	 as	 SSC	makers.	 The	 localization	 and	 ex-
pression	pattern	for	each	marker	was	descriptively	analyzed.

Experiment 2: The enrichment efficiency of SSCs using differ-
ent types of ECMs

The	 testes	 (n=6)	were	 dissociated	 into	 single	 cells	 by	 a	
modified	2-step	enzymatic	digestion	[36].	The	digested	tes-
ticular cells (0.5 × 106	cell/cm2) were plated dishes coated 
with	 laminin	 (20	 µg/ml) and gelatin (0.1% (w/v)) coated 
dishes	 for	15,	30	and	60	min.	The	attached	 testicular	cells	
were	fixed	and	examined	for	SSEA-4	and	GFRα-1	expres-
sion	 using	 fluorescent	 microscopy.	 The	 percentages	 of	
SSEA-4+	and	GFRα-1+	from	different	types	of	ECMs	among	
the	different	time	points	were	analyzed.

Experiment 3: Double enrichment of the SSC population with 
PercollTM and laminin plating

Suspension	 of	 dissociated	 testicular	 cells	 (n=6,	 2	 ×	
106	cell/ml)	was	first	layered	onto	a	discontinuous	PercollTM 
gradient	as	previously	described	 [26]	with	 some	modifica-
tions. The PercollTM layers containing SSC-like cells were 
subsequently	plated	onto	laminin-coated	dishes	for	15	min.	
The SSEA-4+	and	GFRα-1+	cells	were	determined.	In	addi-
tion, the attached cells were collected for a study of SSC-
related	gene	expression	(POU5F1, RET and ZBTB16) and a 
differentiation	marker	(KIT).

Animals and sample preparation:	Tomcats	(aged	between	
1–2	 years	 old)	 were	 used	 in	 this	 study.	 Cat	 testes	 were	
consentingly collected following routine castration at the 
Veterinary Public Health Division of the Bangkok Metro-
politan	Administration,	Bangkok,	Thailand.	The	testes	were	
transported	to	the	laboratory	in	saline	solution	supplemented	

with	antibiotics	(100	IU/ml penicillin and 100 µg/ml strep-
tomycin)	 at	 room	 temperature.	 They	 were	 dissected	 from	
extraneous	 testicular	 tissues	 prior	 to	 use.	 The	 testes	 were	
divided	 for	 fixation	 with	 4%	 (w/v)	 paraformaldehyde	 in	
phosphate-buffered	saline	(PBS)	(Exp.	1)	and	for	dissocia-
tion	with	enzymatic	digestion	(Exp.	2	and	3).

Histology, immunohistochemistry and immunofluores-
cence:	 For	 histology	 and	 immunohistochemistry,	 testicular	
tissue	 was	 fixed	 with	 4%	 (w/v)	 paraformaldehyde	 (BDH	
Prolabo, VWR, Poole, U.K.) in PBS at 4ºC (overnight). The 
fixed	testes	were	embedded	in	paraffin	and	cut	at	a	thickness	
of 4 µm.	Hematoxylin	and	eosin	staining	was	used	to	study	
the structures of the testis.
To	 detect	 the	 expression	 of	 laminin,	 a	 3-step	 indirect	

immunoperoxidase	 immunohistochemistry	 (IHC)	 was	 per-
formed	 with	 a	 Leica	 Microsystems	 BOND-MAX	 System	
(Leica	Microsystems,	Bannockburn,	IL,	U.S.A.).	Briefly,	the	
epitopes of the antigen were retrieved with Bond Epitope 
Retrieval	 Solution	 2	 (Leica	 Microsystems)	 for	 20	 min	 at	
100ºC.	The	slides	were	incubated	with	an	anti-mouse	mono-
clonal	laminin	antibody	diluted	1:100	(NovocastraTM, Leica 
Microsystems)	 at	 25ºC	 for	 45	min.	 Post	 Primary	 Polymer	
(Leica	Microsystems)	was	applied	 for	9	min	and	 followed	
with	 Polymer	 Poly-HRP	 IgG	 (Leica	 Microsystems)	 for	 7	
min.	 Mouse	 IgG	 (PP54,	 Millipore,	 Darmstadt,	 Germany)	
was	used	 instead	of	 the	primary	 antibody	 for	 the	negative	
control.
For	immunofluorescence	(IF)	on	paraffin-embedded	sec-

tions,	the	epitope	was	unmasked	by	microwave	treatment	at	
900	watts	 for	 15	min	 in	 citric	 acid	 buffer	 (BDH	Prolabo;	
pH=6.0)	supplemented	with	0.03%	(v/v)	Triton	X-100.	Non-
specific	staining	was	blocked	using	3%	(w/v)	bovine	serum	
albumin	(BSA)	in	PBS.	The	sections	were	firstly	incubated	
at	 4ºC	 overnight	 with	 either	 mouse	 monoclonal	 SSEA-4	
(1:200,	Abcam,	Cambridge	MA,	U.S.A.)	 or	mouse	mono-
clonal	GFRα-1	(1:200,	sc-10716,	Santa	Cruz	Biotechnology,	
Dallas, TX, U.S.A.). They were further incubated with the 
corresponding	 secondary	 antibody	 (goat	 anti-mouse	 IgG	
TRITC,	1:200).	Subsequently,	the	sections	were	co-stained	
with	the	primary	antibody	(rabbit	polyclonal	DDX-4,	1:100,	
Abcam)	and	followed	by	goat	anti-rabbit	IgG	FITC	(1:100,	
Abcam).	 For	 the	 negative	 control,	 the	 staining	 procedures	
were	 identically	performed	as	described	above	except	 that	
the	primary	antibodies	were	replaced	with	mouse	IgG	(PP54,	
Millipore,	Darmstadt,	Germany)	or	rabbit	IgG	(PP64,	Mil-
lipore).	The	co-expression	of	SSEA-4/DDX-4	and	GFRα-1/
DDX-4	markers	was	visualized	with	a	fluorescence	micro-
scope	(BX5,	Olympus,	Tokyo,	Japan).
The	photomicrographs	obtained	from	histology,	IHC	and	

IF	were	recorded	using	the	cellSens	software	(Olympus)	and	
Adobe	Photoshop	CS6	Version	13.0.1	(Adobe	Systems,	San	
Jose, CA, U.S.A.).

For digested testicular cells, the cell suspension or at-
tached	 cells	 were	 fixed	 with	 4%	 (w/v)	 paraformaldehyde	
in	PBS	for	24	hr	at	4ºC	and	then	labeled	with	primary	and	
secondary	antibodies	as	mentioned	above	(SSEA-4/TRITC,	
GFRα-1/TRITC).	The	fixed	cells	were	also	blocked	with	3%	
(w/v)	BSA	in	PBS	to	reduce	nonspecific	background	stain-
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ing.
Viability test and enrichment of SSC-like cells: Testes 

were	 enzymatically	 dissociated	 to	 obtain	 single	 testicular	
cells	as	previously	described	[36].	The	testicular	cells	were	
examined	 for	 viability	 in	 terms	 of	 esterase	 enzyme	 activ-
ity	 (calcein	AM	 staining)	 and	 plasma	membrane	 integrity	
(ethidium	homodimer-1,	Molecular	Probes,	Life	Technolo-
gies, Carlsbad, CA, U.S.A.).

For differential plating selection, the culture dishes were 
first	 coated	 with	 either	 20	 µg/ml	 laminin	 or	 0.1%	 (w/v)	
gelatin	at	37ºC	for	4	hr	before	cell	plating.	The	dissociated	
testicular cells (0.5 × 106	cells/cm2)	were	plated	onto	lam-
inin- or gelatin-coated dishes. The cells were further incu-
bated	for	15,	30	and	60	min,	and	then,	the	samples	were	fixed	
and	collected	for	immunostaining.	Culture	was	performed	at	
37ºC	in	a	moisture	incubator	with	5%	CO2 in air.

PercollTM	gradient	density	centrifugation	was	performed	
by layering the cell suspension (2 × 106	 cells/ml) onto 
30%,	 45%,	 60%	 and	 90%	 (v/v)	 isotonic	 PercollTM solu-
tion, respectively. The cells were then centrifuged at 800 × 
g	for	30	min	at	25ºC.	The	thin	layers	of	cell	suspension	at	
interfaces between the two concentrations of PercollTM were 
gently collected.

RT-PCR for SSC-related gene expression: The attached 

testicular	cells	were	collected	and	extracted	 to	obtain	 total	
RNA using an Absolutely RNA Nanoprep Kit (StratageneTM, 
Agilent Technologies, Santa Clara, CA, U.S.A.). The total 
RNA (2 ng/µl) was reversely transcribed using the Super-
ScriptTM	III	First-Strand	Synthesis	System	for	RT-PCR	(In-
vitrogen, Carlsbad CA, U.S.A.) for cDNA synthesis (RT+). 
Removal	of	SuperScriptTM III reverse transcriptase was per-
formed	for	the	negative	control	(RT-).	PCR	was	performed	
with RT+ and RT- cDNA using GoTag®	Green	Master	Mix	
(Promega,	Fitchburg,	WI,	U.S.A.).	In	brief,	the	PCR	condi-
tions	 consisted	of	 denaturation	 (2	min	 at	 95ºC);	 30	 cycles	
of	30	sec	at	95ºC,	30	sec	at	 the	annealing	 temperature	 for	
each	primer	and	30	sec	at	72ºC;	and	final	extension	(2	min	at	
72ºC).	The	PCR	products	were	electrophoresed	in	1%	(w/v)	
agarose	gel	(Bio-Rad,	Hercules,	CA,	U.S.A.)	supplemented	
with 5% (v/v) RedSafeTM Nucleic Acid Stain Solution (iN-
tRON Biotechnology, Gyeonggi-do, South Korea) in TBE 
buffer.	The	products	were	detected	by	a	Gel	Documentation	
system	(Syngene,	Cambridge,	U.K.).

The primers and annealing temperatures used in this study 
were as follows: POU5F1 (5′-TGAGAGGCAACCTGGAGA-
AC-3′	and	5′-AACCACACTCGGACCACATC-3′,	55ºC,	112	
bp,	accession	number:	EU366914),	RET (5′-TGTGCATGAC-
TACAGGCTGG-3′	 and	 5′-CCTGCTCACAGTGAAGGT-

Fig.	1.	 Histology	of	testicular	sections.	(a)	The	pubertal	cat	testes	contain	spermatogonia,	primary	and	secondary	
spermatocytes,	round	and	elongated	spermatids	and	spermatozoa	in	the	seminiferous	tubule,	indicating	complete	
spermatogenic	differentiation	of	spermatogonia.	(b)	The	cat	testes	express	laminin	at	the	basal	lamina	of	the	
seminiferous	tubules,	blood	vessels	and	interstitial	parts.	Laminin	expression	is	also	present	at	the	extracellular	
matrixes	surrounding	the	SSCs.	(c	and	d)	SSEA-4	(closed	up,	c)	and	GFRα-1	(closed	up,	d)	are	co-expressed	
with	DDX-4	in	the	spermatogonia	present	on	the	basal	lamina	of	the	seminiferous	tubules.	DDX-4	(green),	as	
a	universal	germ	cell	lineage	marker,	is	also	present	with	high	intensity	in	secondary	spermatocytes	and	round	
spermatids.	Negative	controls	did	not	show	an	immunoreaction	(data	were	not	shown).	Scale	bar=20	µm.
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GT-3′,	63ºC,	193	bp,	accession	number:	XM_003994195.1),	
ZBTB16(5′-GCAAGAAGTTCAGCCTCAAGC-3′	 and	
5′-	 GCTTGATCATGGCCGAGTAGTC-3′,	 63ºC,	 119	 bp)		
[36]	 and	 KIT(5′-TCCTGCT	 CCGCGTCCAGACA-3′	 and	
5′-CTTGCCCTTCCGGTCCGCAG-3′,	60ºC,	533	bp)	[36].	
GAPDH	was	used	as	a	housekeeping	gene	[36].

Statistical analysis: The percentages of SSEA-4+ and 
GFRα-1+	testicular	cells	and	viability	were	expressed	as	the	
mean	±	SEM.	The	data	were	analyzed	with	SPSS	Statistics	
Version	 20.0.0	 (IBM	 Corporation,	 Armonk,	 NY,	 U.S.A.).	
The statistical differences between the groups were tested by 
analysis of variance (ANOVA) followed by the Bonferroni 
post hoc test. Differences between values with P<0.05 were 
considered	statistically	significant.

RESULTS

The localization and immunolabeling of SSCs in pubertal 
cat testes:	 Histological	 examination	 of	 pubertal	 cat	 testes	
demonstrated	 fully	 differentiation	 of	 male	 germ	 cells	 in	
the	 seminiferous	 tubules.	 Spermatogonia	 including	 SSCs	
resided	on	the	basal	lamina	of	the	seminiferous	tubule	and	
were	 surrounded	 by	 Sertoli	 cells.	 The	 spermatogonia	 dif-
ferentiated	into	spermatocytes,	spermatids	and	spermatozoa	
(Fig. 1a).	For	IHC	of	laminin,	expression	of	this	protein	was	
observed	 in	 the	 spermatogonia	present	 at	 the	basal	 lamina	
of	 the	 seminiferous	 tubules.	 Laminin	 was	 also	 essentially	

expressed	at	the	extracellular	matrixes	of	the	testis,	such	as	
the	basal	lamina	of	seminiferous	tubules	and	blood	vessels	
(Fig.	 1b).	 The	 spermatogonia	 (SSCs)	 expressed	 SSEA-4	
at	 the	 plasma	 membrane	 and	 cytoplasm.	 These	 cells	 co-
expressed	with	DDX-4	(Fig.	1c).	However,	DDX-4	was	also	
detected	in	other	testicular	germ	cells,	such	as	spermatocytes	
and	round	spermatids.	Similar	to	SSEA-4+,	co-expression	of	
GFRα-1	and	DDX-4	was	clearly	observed	in	the	spermato-
gonia	located	on	the	basal	lamina	(Fig.	1d).

The enrichment efficiency of SSCs using different types 
of ECMs:	 After	 enzymatic	 isolation,	 the	 viability	 of	 iso-
lated	testicular	cells	was	66.56	±	1.43%.	The	percentages	of	
SSEA-4+	and	GFRα-1+ testicular cells attached to different 
ECMs are shown in Table 1.	On	the	laminin-coated	surface,	
adhered	SSC-like	cells	had	a	typical	SSC-like	cell	morphol-
ogy as shown in a previous study. They were round to oval 
cells	 (ranged	8–13	µm	of	 size)	with	an	 increased	nucleus/
cytoplasm	 ratio	 (Fig.	 2b). However, all attached testicular 
cells	 were	 contaminated	 with	 mixed	 populations	 of	 other	
testicular	cells,	such	as	Sertoli	cells,	fibroblasts,	spermatids	
and	other	testicular	cells.	The	laminin-coated	plate	technique	
significantly	enriched	the	SSEA-4+ population of testicular 
cells	 when	 examined	 at	 15	 (59.42	 ±	 2.18%)	 and	 30	 min	
(53.37	 ±	 1.08%)	 of	 incubation.	 These	 percentages	 were	
significantly	 higher	 than	 the	 percentage	 for	 non-treatment	
(27.24	±	1.29%,	P<0.001).	GFRα-1	 testicular	 cells	 tended	
to	 increase	 in	 cell	 number	 at	 15	 (42.70	 ±	 1.28%)	 and	 30	

Fig.	2.	 Morphology	 of	 testicular	 cells	 after	 testicular	 cell	 digestion	 and	 enrichment.	 Following	 a	modified	 2-step	
enzymatic	digestion,	testicular	cells	contain	several	stages	of	spermatogenesis	(a).	Laminin	was	successfully	used	to	
enrich	morphologically	undifferentiated	spermatogonia	(or	SSC-like	cells	(arrow))	(b).	The	SSC-like	cells	are	round	
to	oval	in	shape	and	have	a	high	nucleus/cytoplasm	ratio	(closed	up,	b).	PercollTM	gradient	density	treatment	(c	and	
d,	at	30%	layer,	c	and	30%/45%	interface,	respectively),	improved	cell	viability	and	cell	purity.	Scale	bar=50	µm.
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(41.71	±	2.17%)	min	of	incubation	(P>0.05).	However,	the	
numbers	of	SSEA-4+	and	GFRα-1+	testicular	cells	examined	
at	 60	 min	 of	 incubation	 decreased	 significantly	 to	 16.77	
±	 2.59%	 and	 20.90	 ±	 1.06%,	 respectively	 (P<0.001). The 
numbers	of	SSEA-4+	and	GFRα-1+ cells attached to gelatin 
were	 significantly	 lower	 compared	 with	 those	 attached	 to	
laminin	at	all	 incubation	times	(Table	1,	P<0.001). The at-
tached SSEA-4+	and	GFRα-1+ cells on gelatin-coated dishes 
also	 decreased	 significantly	 from	 9.05	 ±	 1.07%	 to	 5.34	 ±	
0.22%	and	10.97	±	0.84%	to	2.00	±	0.17%	when	examined	
at	15	and	30	min,	respectively	(P<0.001). The gelatin-bound 
cells	at	60	min	of	incubation	were	the	highly	contaminated	
with	attached	fibroblasts.

Double enrichment of SSCs with PercollTM and laminin 
plating: After discontinuous PercollTM gradient density 
centrifugation,	 the	 majority	 of	 testicular	 cells	 were	 found	
at 2 PercollTM	densities	(at	30%	and	the	 interface	between	
30%	 and	 45%	 solutions	 (30%/45%)).	 Spermatozoa,	 red	
blood cells and other cell debris were observed at other 
PercollTM	 interfaces.	A	thin	layer	of	testicular	cells	at	30%	
PercollTM	 yielded	 higher	 cell	 numbers	 than	 that	 obtained	
from	 the	 30%/45%	 interface	 (Fig.	 2c	 and	 2d).	 However,	
the	 viability	 rate	 of	 testicular	 cells	 at	 the	 30%/45%	 inter-
face	 (91.33	±	0.14%)	was	 significantly	higher	 than	 that	of	
the	 30%	 layer	 (78.40	 ±	 0.23%)	 and	 non-treatment	 (66.56	
±	 1.43%)	 (P<0.001).	 Double	 enrichment	 with	 PercollTM 
and	 Laminin	 (PercollTM+Laminin)	 significantly	 improved	
SSEA-4+	 and	 GFRα-1+	 cells	 when	 compared	 with	 only	
laminin	 treatment	 (P<0.001).	This	 double	 enrichment	 also	
improved	cell	uniformity.	However,	some	sperm	heads	were	
also	found	in	laminin-coated	dishes	(Fig.	2b).	We	confirmed	
that	 the	 attached	 cells	 derived	 from	 double	 enrichment	
with PercollTM+Laminin	 expressed	 the	 SSC-related	 genes	
(POU5F1, RET and ZBTB16	mRNA)	but	that	the	differenti-
ated gene (KIT	mRNA)	was	absent	(Fig.	3).

DISCUSSION

This	study	revealed	that	only	small	numbers	of	testicular	
cells	demonstrated	morphologic	and	phenotypic	SSC	char-
acteristics	 within	 pubertal	 testes	 of	 domestic	 cats.	 The	
limited	 numbers	 of	 SSC-like	 cells	 have	 been	 proposed	 to	
attenuate the success of SSC-like cell isolation and culture. 
The	 enrichment	 step	 has	 therefore	 become	 a	 critical	 part	
for	establishment	of	SSCs	in vitro, especially for species in 
which	well-characterized	SSCs	have	yet	 to	be	 reported.	 In	

the	 domestic	 cat,	 the	 criteria	 for	 characterization	 of	 SSCs	
have	been	limited,	and	functional	tests	of	SSCs	by	means	of	
colonization	with	proliferative	activity	following	transplan-
tation	have	remained	unsuccessful	[20,	35].	An	indirect	assay	
for	cat	SSC	characterization,	including	determination	of	the	
expression	of	SSC	markers	at	the	mRNA	and	protein	levels,	
was	used	in	this	study.	Until	recently,	the	definitive	markers	
for	SSC	characterization	have	not	been	entirely	addressed.	
However,	many	proteins	have	been	universally	used	as	puta-
tive	SSC	markers	for	studying	and	enrichment	of	SSCs,	such	
as glial cell line-derived neurotrophic growth factor (GDNF) 
family	receptor	α-1	(GFRα-1),	α6β1-integrins, epithelial cell 
adhesion	molecule	(EpCAM),	promyelocytic	leukemia	zinc	
finger	(PLZF	or	ZBTB16),	thymus	cell	antigen-1	(Thy-1	or	
CD90)	 and	 stage-specific	 embryonic	 antigen-4	 (SSEA-4)	
[5,	11,	17,	22,	24,	27,	30,	34].	Although	there	 is	no	single	
marker	 that	 can	 ultimately	 be	 used	 to	 determine	 the	 SSC	
population,	our	study	(experiment	1)	confirmed	that	SSEA-4	
and	GFRα-1	were	co-localized	specifically	at	the	spermato-
gonia	 located	on	 the	basal	 lamina	of	seminiferous	 tubules.	
Moreover,	 both	 SSEA-4	 and	 GFRα-1	 markers	 were	 co-
expressed	with	DDX-4,	defining	a	specific	marker	for	germ	
cell	lineage	[33].	GDNF	binds	and	signals	via	glycosylphos-

Table	1.	 Efficiency	of	differential	plating	with	laminin	and	gelatin	at	15,	30	and	60	min	of	incubation

Marker 
(%) Non-treatment

Differential plating
15	min 30	min 60	min

Laminin Gelatin Laminin Gelatin Laminin Gelatin
SSEA-4+ 27.24	±	1.29† 59.42 ± 2.18§,a,A 9.05	±	1.07§,b,A,B 53.37	±	1.08§,a,B) 14.68	±	0.94§,b,A) 16.77	±	2.59§,a,C) 5.34	±	0.22§,b,B)

GFRα-1+ 37.11	±	1.61†,§ 42.70	±	1.28†,a,A 10.97	±	0.84§,b,A 41.71	±	2.17₫,a,A) 5.30	±	1.18§,b,A,B) 20.90	±	1.06§,a,B) 2.00	±	0.17§,b,B)

Different	 superscripts	within	 the	 same	 row	 indicate	 values	 that	 are	 significantly	 different	 (P<0.05).	 †,§,₫	All	 groups	 of	 differential	 plating	
compared	with	before	differential	plating.	a,b)	Laminin	compared	with	gelatin	within	the	same	time.	A,B)	Times	of	incubation	compared	within	
the	same	substrate.

Fig.	3.	 The	mRNA	expression	of	POU5F1, RET, ZBTB16 and KIT. 
The	RT-PCR	 products	 of	 laminin-attached	 testicular	 cells	 from	
the	30%/40%	 interface	 (attached),	positive	control	 (PC)	and	no	
template	control	(NTC).
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phatidyl	 inositol	 GFRα-1	 surface	 receptors	 and	 its	 RET	
tyrosine	 kinase	 co-receptors	 in	 the	 cell	 plasma	membrane	
[2,	13].	This	GDNF	has	been	demonstrated	to	play	a	central	
role for in vivo and in vitro	activities	of	SSCs	[25,	26].	Our	
study	also	demonstrated	that	laminin,	an	extracellular	matrix,	
surrounded	the	spermatogonia	and	was	present	at	the	basal	
lamina	of	the	seminiferous	tubules.	Although	attachment	of	
SSCs	to	laminin	involves	integrin	proteins,	a	laminin	recep-
tor	[14],	α6-	and	β1-integrins	were	the	only	specific	marker	
of	SSCs	in	mouse	[34].	In	this	study,	we	found	that	purified	
SSC-like	 cells	 rapidly	 adhered	 to	 laminin-coated	 surfaces	
within	15	min	of	incubation	(Table	1).	This	short	incubation	
maximized	 the	SSC-like	cells	with	minimal	contaminating	
cells,	 and	 therefore,	 it	 is	 recommended	 for	 SSC	 isolation,	
as	similarly	reported	in	a	previous	report	in	the	mouse	[35].	
Prolonged	incubation	of	cell	suspensions	from	15	to	60	min	
increased	the	numbers	of	several	types	including	fibroblasts,	
spermatids	and	sperm	[35].	Compared	with	the	properties	of	
laminin,	the	proportion	of	SSEA4+	and	GFRα-1+ testicular 
cells bound to gelatin decreased with increased incubation 
time	 (Table	 1).	 This	 gelatin	 substrate	 would	 therefore	 be	
suitable for negative selection rather than purifying SSCs 
[8].	However,	it	is	worth	noting	that	the	efficiency	of	a	spe-
cific	substrate	for	SSC	enrichment	in	terms	of	time	and	the	
adhesive	force	between	the	cells	and	extracellular	matrixes	
may	solely	 rely	on	 the	number	of	 its	 receptors	on	 the	sur-
faces	of	SSCs	and	the	concentration	of	substrate	used	[3,	29].	
This	also	appeared	to	be	cell	type	and	species	specific.	For	
example,	buffalo	SSCs	were	poorly	selected	using	this	tech-
nique	[1].	Although	differential	plating	with	 laminin	could	
eliminate	 other	 contaminating	 testicular	 cells,	 the	 number	
of	contaminating	cells	remained	high	(Tables	1	and	2).	We	
therefore	further	tested	whether	or	not	enrichment	with	Per-
collTM	gradient	density	centrifugation	prior	to	laminin	treat-
ment	would	really	enhance	SSC	purity.	We	found	in	the	cur-
rent study that the PercollTM gradient could select cells based 
on	their	cell	size	and	shape,	as	previously	reported	in	the	bull	
and	boar	[12,	16,	29].	The	double	enrichment	technique	used	
significantly	 improved	 the	 purity	 of	 the	 SSC-like	 cells	 to	
91.33	±	0.14%,	which	is	similar	to	the	results	in	other	reports	
[12, 15]. Although we did not further culture selected cells 
for	a	longer	period,	the	obtained	cells	were	morphologically	
and	phenotypically	similar	to	SSCs,	as	previously	reported	
[36].	 Furthermore,	 the	 attached	 SSC-like	 cells	 obtained	
from	the	double	enrichment	(PercollTM+Laminin)	expressed	
POU5F1, RET and ZBTB16	mRNA	(SSC	markers),	but	the	
differentiation	marker,	KIT,	was	absent	(Figs.	2b	and	3).
In	conclusion,	we	demonstrated	that	the	SSC-like	cells	of	

domestic	 cats	 expressed	 SSEA-4	 and	GFRα-1,	 which	 can	

be	used	as	SSC	markers.	The	SSC-like	cells	preferentially	
attached	to	laminin,	but	the	purity	of	the	cells	was	time	de-
pendent.	 This	 technique	 combined	 with	 the	 discontinuous	
PercollTM	 gradient	 density	 centrifugation	 significantly	
improved	the	viability	and	viability	of	SSC-like	cells	from	
the	domestic	cats.	Double	enrichment,	in	particular,	can	be	
applied	as	a	prerequisite	tool	for	in vitro culture of cat SSC-
like cells to enrich the SSC-like cell population.
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