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Abstract Spermatogonial stem cells (SSCs) are the

only type of cells that transmit genes to the subsequent

generations. The proliferation, cultivation and identifi-

cation of SSCs in vitro are critical to understanding of

male infertility, genetic resources and conservation of

endangered species. To investigate the effects of glial

cell-derived neurotrophic factor (GDNF) and leukemia

inhibitory factor (LIF) on the proliferation of mouse

SSCs in vitro, supplement of GDNF and/or LIF were

designed to culture SSCs. The testes of 6–8 d mouse were

harvested and digested by two-step enzyme digestion

method. The SSCs and Sertoli cells were separated by

differential plating. Then the SSCs were identified by

alkaline phosphatase staining, RT-PCR and indirect

immunofluorescence cell analysis. The cellular prolifer-

ation capacity was measured by methyl thiazolyl tetrazo-

lium assay. The results showed that addition of 20 and

40 ng/ml of GDNF could strongly promote growth of

mouse SSCs (p \ 0.05). There was no significant differ-

ence between LIF treatment groups and the control group

in promoting proliferation of the mouse SSCs (p[0.05).

However, the combination of 20 ng/ml GDNF and

1,000 U/ml LIF could significantly enhance the invitro

proliferation of mouse SSCs (p \ 0.05), and the OD490

value was 0.696 at day 5 of culture when the density of

SSCs was 5–10 9 104 cells/ml.
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Introduction

Spermatogenesis is a process that generates numerous

spermatozoa for a lifetime. The spermatogonial stem

cells (SSCs) support the continual spermatogenesis for

their capacity of self-renewal and differentiation

(Aponte et al. 2005). Long-term culture of SSCs

provides a theoretical basis for researches about SSCs.

The established SSCs strains provided not only a novel

tool to analyze spermatogenesis or stem cell self-

renewal but also opened up new areas for practical

application (Kanatsu-Shinohara et al. 2003). This

concerned widely the supplement of growth factors for

regulation of in vitro and in vivo cell growth and

proliferation. Recently, some growth factors were

identified which have great importance for the prolif-

eration and differentiation of SSCs, such as glial

cell-derived neurotrophic factor (GDNF), leukemia
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inhibitory factor (LIF), and so on (Kanatsu-Shinohara

et al. 2007; Oatley et al. 2007).

Glial cell-derived neurotrophic factor (GDNF) is

produced by Sertoli cells and regulates cell fate

decisions of undifferentiated spermatogonial cells.

Over-expression of GDNF resulted in accumulation of

SSCs (Meng et al. 2000). GDNF has a positive effect

on stem cells maintenance, and was also involved in

spermatogonial proliferation and differentiation (Hof-

mann et al. 2005). LIF has an important role in the

regulation of spermatogonial cells compartment (Dor-

val-Coiffec et al. 2005). It was reported that LIF

enhanced the formation of germ cell colonies in

neonatal mouse testis culture (Kanatsu-Shinohara

et al. 2007). Under these conditions, SSCs from

mammalian testicular tissue can differentiate into ES-

like cells in vitro (Kanatsu-Shinohara et al. 2004;

Guan et al. 2006; Conrad et al. 2008). These

researches suggest that LIF is involved in the main-

tenance of the pluripotency of cells.

Despite these valuable insights, the effects of

GDNF and/or LIF on the mouse SSCs proliferation

were rarely reported. In this study, mouse SSCs were

obtained from the testes of 6–8 d mice, and the effects

of GDNF and/or LIF on the mouse SSCs proliferation

were investigated.

Materials and methods

Animals

Donor testis cells were obtained from ICR (Institute for

Cancer Research) mice (purchased from the Experi-

mental Animal Center of the Medical college of the

Xi’an Jiaotong University). Male ICR mice at 6–8 d of

age were killed by cervical vertebra dislocation and the

testes were collected. All animal procedures were

approved by the Institutional Animal Care and Use

Committee of the Northwest A&F University.

Isolation and purification of mouse SSCs

The mice testes (6-day-old) were excised and the

albuginea was carefully removed to fully expose

seminiferous tubules. Single cell suspension of donor

testes was collected by a two-step enzymatic digestion

with 1 mg/ml collagenase (Sigma Chemical Co., St.

Louis, MO, USA) and 0.25 % trypsin (Sigma

Chemical Co.). The dispersed cells were filtrated with

a 400-eyes mesh and washed twice with DMEM

(Gibco, Beijing, China) by 5009g centrifugation. The

pellet was suspended in DMEM, which was placed

into 25-cm2 cells culture flask and maintained at 37 �C

in a humidified atmosphere with 5 % CO2. The cells

were cultured by a two-step differential plating

process to separate SSCs and Sertoli cells. Briefly,

106 cells per millilitre were cultured in 60-mm dishes

for 12 h at 37 �C and 5 % CO2. Then the non-adhering

cells (majority of them were SSCs) were transferred

into a new plate to culture in the same condition,

respectively, and were observed every 4 h. The

medium was changed every 2–3 d.

Culture medium for mouse SSCs

The primary component of culture medium was

DMEM/F12 supplemented with 10 % FBS (Hyclone,

Logan, UT, USA), 100 IU/ml penicillin (Gibco/Invit-

rogen), 100 lg/ml streptomycin (Gibco/Invitrogen),

and 0.1 mM Non-Essential Amino Acids (NEAA)

(Gibco/Invitrogen). The culture schemes of GDNF

and LIF (both: Sigma) are shown in Table 1.

Alkaline phosphatase (AKP) assay

AKP is a pluripotency cell marker (Neri et al. 2007;

Park et al. 2008). AKP positive cells have the

properties of stem cells that they can be stained into

blue violet or brown. Mouse SSCs were fixed with 4 %

paraformaldehyde and then stained with NBT/BCIP

AKP substrate (Solarbio, Beijing, China) for

10–15 min. Then the cells were observed and photo-

graphed under an inverted phase contrast microscope

(Nikon Imaging Sales Co Ltd., Tokyo, Japan).

Indirect immunofluorescence cell analysis

CD9 was considered as a marker to identify for

undifferentiated type A spermatogonia (Abu Elhija

et al. 2012) by indirect immunofluorescence staining.

Briefly, the cells were fixed in 4 % paraformaldehyde

for 15 min and then rinsed triply in PBS with 0.1 %

Tween-20. Subsequently, the cells were resuspended

in phosphate-buffered saline with bovine serum albu-

min (PBS-BSA) over an hour at 37 �C. Anti-CD9

antibody (Abcam, Cambridge, UK) (final concentra-

tion 1:1,000) was added to the solution for 12 h at
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37 �C and then triply washed in PBS. The Cy3

AffiniPure Goat Anti-Rabbit IgG 140 (H ? L) (Invit-

rogen, Carlsbad, CA, USA) (final concentration

1:1,000) was added and incubated for an hour at

37 �C. Finally, the solution was incubated with

Hoechst 33258 (Invitrogen) (1:800) for 8 min and

then washed thrice with PBS, and the cells were

resuspended in 0.5 ml PBS-BSA. The fluorescence

was monitored using a 8- and a 644-nm double band-

pass filter by fluorescence microscope (Nikon Imaging

Sales Co Ltd., Tokyo, Japan).

Reverse transcriptase polymerase chain reaction

(RT-PCR) analysis

Total cellular RNA was isolated from mouse SSCs and

Sertoli cells by RNA simple Total RNA Kit (TianGen

Co. Ltd., Beijing, China) and was reversed transcribed

by superscript first-strand synthesis system. The cDNA

were then analyzed by polymerase chain reaction

(PCR). The primer sequences, GenBank accession

numbers, and sequence sizes were as follows: the

Ngn3 (GeneBank No. NM_009719.6) Forward: 50-TTG

GCA CTC AGC AAA CAG C-30; Reverse: 50-TCC

CTT TCC ACT AGC ACC C-30 467 bp; Oct4 (GeneBank

No. NM_013633.2) Forward: 50-CCC CAA TGC CGT

GAA GTT-30; Reverse: 50-GAA A GG TGT CCC TGT

AGC C-30 556 bp; b-actin (GeneBank No.NM_00

7393.3) Forward: 50-GCC TTC CTT CTT GGG TAT-

30; Reverse: 50- CCT TCA CCG TTC CAG TTT-30

549 bp; Integrin alpha 6 (GeneBank No.NM_008

397.3) Forward: 50-ATG ATG AAA GTC TCG TGC-

30; Reverse: 50-CAT AGC CAA ACG AGG AAG-30,
222 bp; Integrin beta 1 (GeneBank No. NM_010578.2)

Forward: 50 TTG ATG AAT GAA ATG AGG AG 30,
Reverse: 50-TCC AGA TAT GCG TTG CTG-30,
225 bp; Sycp3 (GeneBank No. NM_011517.2) For-

ward: 50-TCA GAG CCA GAG AAT GAA AG-30;
Reverse: 50-CTG CTG AGT TTC CAT CAT AAC-30,
163 bp; TH2B (GeneBank No.NM_175663.1) Forward:

50- CGG TAA AGG GTG CTA CTA T-30; Reverse: 50-
CACTTGTTTCAGCACCTTA-30, 137 bp. The reac-

tion products were separated and visualized by 1.0 %

agarose gel electrophoresis.

Proliferation assay

The SSCs were treated with 5 mg/ml 3-(4,5-Dimethyl-

thiazol-2-yl)-2,5-diphenyl-tetrazolium bromide (MTT)

for 4 h at 37 �C. Then the supernatant was discarded

and DMSO (dimethyl sulfoxide) was added to dissolve

the blue-violet substances (formazan) in cells. Subse-

quently, the SSCs were placed in shaker for 20 min and

the absorbance of cells (OD490) was measured at

490 nm.

Statistical analysis

For culture assays of mouse SSCs with growth factors

of GDNF and LIF in vitro, each data point represents

the means of three separate experiments ± standard

deviation. Statistical significance among the prolifer-

ation of cells was determined by using ANOVA and

subsequent pair-wise analysis by Duncan test (least

significant difference) of the SPSS statistical software

(SPSS16 for Windows; SPSS, Chicago, IL, USA).

p \ 0.05 indicated statistical significance.

Results

Isolation and purification of mouse SSCs

To obtain high purity SSCs, SSCs were separated by

two-step differential plating method. Cell colonies

appeared at 6 d, whose morphology were round and

Table 1 The culture schemes on single factor and double-

factor groups/combinations of GDNF and LIF

Groups/combinations GDNF

(ng/ml)

LIF

(U/ml)

Single factor group of GDNF 10 0

20 0

40 0

Single factor group of LIF 0 500

0 1,000

0 1,500

Double factor combinations

of GDNF and LIF

10 500

10 1,000

10 1,500

20 500

20 1,000

20 1,500

40 500

40 1,000

40 1,500
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small, similar with mouse SSCs (Fig. 1). That was

different for the Sertoli cells which were irregular

form (Fig. 1).

Alkaline phosphatase (AKP) assay

AKP is a pluripotency cell marker (Neri et al. 2007;

Park et al. 2008). AKP positive cells have the

properties of stem cells that can be stained into blue

violet or brown. Twenty-four hours after transfer into a

new flask, most of the round shaped SSCs began to

divide and proliferate. AKP staining of SSCs was

positive and SSCs clusters were stained brown or

bluish violet (Fig. 2).

Reverse transcriptase polymerase chain reaction

(RT-PCR) analysis

The NGN3 gene is expressed specifically in undiffer-

entiated spermatogonia (Yoshida et al. 2004). It was

shown that Oct4 keeps ES cells from differentiating

and governs pluripotency, self-renewal, genome sur-

veillance and cell fate determination (Loh et al. 2006).

It was reported that beta 1- and alpha 6- integrin are

surface markers of mouse SSCs (Shinohara et al.

1999). The expression of TH2B and Scyp3 are

considered as markers of differentiated spermatogo-

nial stem cells (Lim et al. 2010). In Fig. 3, SSC

colonies expressed Oct4, integrin alpha 6, integrin

beta 1, b-actin and Ngn3, while the Sertoli cells only

expressed the b-actin (not shown).

CD9 expression on the cell surface of the mouse

SSCs

It is commonly considered that the As (a single) and Apr

(a paired) spermatogonia have stem-cell properties.

CD9 is the surface maker of the As (a single) and Apr

(apaired) spermatogonia. It is shown in Fig. 4 that the

cell colonies expressed CD9 on the cell surface after

culture of 3–5 days. The cells showed a large spherical

nucleus with a thin rim of cytoplasm (Fig. 4a, c), whose

morphology was similar to that of mouse SSCs.

Effects of GDNF on mouse SSCs proliferation

in vitro

In order to analyze the effect of GDNF on the prolif-

eration of mouse SSCs in vitro, SSCs were cultured in

Fig. 1 Mouse SSCs colonies after culture of 6 d (9250). The

dotted arrows point to mouse SSCs; the solid arrows point to

Sertole cells

Fig. 2 Mouse SSCs after AKP staining (9100). The bluish

violet round cells indicated by the solid arrows are considered as

mouse SSCs; the non-bluish violet cells of irregular form

indicated by the dotted arrows are considered as Sertoli cells.

(Color figure online)

Fig. 3 Identification of genes expressed by mouse SSCs by

RTPCR: lane M stands for the base pair marker; the lanes 1 to

lane 7 represent the following markers: the Oct4, Integrin alpha

6, TH2B, Integrin beta1, Scyp 3, b-actin, Ngn3
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the presence of a range of doses of GDNF. The cell pro-

liferation capacity was detected by MTT assay and the

value of OD490 was measured at 3 d, 5 d and 7 d respec-

tively, in the presence of GDNF. The results are shown

in Table 2. At day 3, the proliferation capacity of mouse

SSCs in the 20 ng/ml GDNF group and the 40 ng/ml

GDNF group was significantly greater than that of the

control group and the 10 ng/ml GDNF group (p \0.05),

but there was no significant difference between the 20

ng/ml GDNF and the 40 ng/ml GDNF group. At days 5

and 7, the proliferation capacity of the mouse SSCs in

the 20 ng/ml GDNF group was the highest compared

with the other groups (p \ 0.05). No difference was

observed for the proliferation capacity between the

control and 10 ng/ml GDNF group (p [ 0.05).

Effect of LIF on mouse SSCs proliferation in vitro

To detect the effect of LIF on the proliferation of

mouse SSCs in vitro, an experiment similar to that for

studying the effect of GDNF on mouse SSCs prolif-

eration was performed. The results are shown in Table

3. However, Table 3 shows that there were no

significant differences between the LIF treatment

groups and the control groups in proliferation of the

mouse SSCs (p[0.05). LIF played no significant role

in promoting proliferation of the mouse SSCs in vitro.

Effect of the combination of GDNF and LIF

on mouse SSCs proliferation in vitro

The effect of the combination of GDNF and LIF on the

proliferation of mouse SSCs was measured on days 3

and 5 (Fig. 5). Regardless of the concentration of

GDNF, the proliferation capacity of the mouse SSCs

cultured in 1,000 U/ml LIF was significantly higher

than those cultured in 500 and 1,500 U/ml (p \ 0.05).

Meanwhile, regardless of the concentration of LIF, the

optimal concentration of GDNF was 20 ng/ml and the

OD490 value was 0.696 on day 5. The mouse SSCs

cultured in the presence of 20 ng/ml GDNF and

1,000 U/ml LIF showed the highest proliferation

capacity in vitro.

Discussion

Establishing immortalization of germ stem cell lines is

a new tool to preserve genetic information of animals.

For the SSCs, the immature testis is a good source as it

lacks differentiated germ cells and is rich in SSCs. In

particular, germ cells are separated from the basement

membrane and located in the lumen of immature

seminiferous tubules in the neonatal testis. The types

of the germ cells present in the neonatal testis are early

differentiating spermatogonia and SSCs (de Rooij

2006). Hence, SSCs can be efficiently recovered by

two-step differential plating methods.

The AKP assay, RT-PCR and indirect immunoflu-

orescence cell analysis were performed to detect

SSCs. AKP is commonly expressed in pluripotent

cells and is considered as a pluripotency marker (Neri

et al. 2007; Park et al. 2008). In the AKP assay, AKP

positive cells are stained brown, showing that the cells

had the properties of stem cells. The results confirmed

those of previous studies (Guan et al. 2006; Goel et al.

2007). In male mice, the expression of Oct4 gene is

maintained until the beginning of spermatogenesis

which is confined to type A spermatogonia (Feng et al.

2002). A previous study showed that Ngn3 was

predominantly expressed in the As, Apr and Aal

stages of c-Kit negative spermatogonia in adults and in

the c-Kit negative fraction of the prepubertal presper-

matogonia (Yoshida et al. 2004). The obtained mouse

SSCs were Ngn3 positive and belonged thus to the

undifferentiated A spermatogonia. The integrin alpha

6 and integrin beta 1 genes are considered surface

markers of SSCs. TH2B and Scyp 3 are considered as

Fig. 4 Mouse SSCs were identified by CD9 expression. a Mouse SSCs were stained with Hoechst 33258 (9200); b Mouse SSCs were

stained for CD9 expression by indirect immunofluorescence staining (9200); c Merger of images in a and b
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the markers of differentiated spermatogonial stem

cells (Lim et al. 2010). The cell colonies expressed

Oct4, integrin alpha 6, integrin beta 1, b-actin, and

Ngn3, while Sertoli cells only expressed b-actin. CD9

was selected as the surface maker of SSCs. In the

Fig. 4 it was showed that the enriched cells had a large

spherical nucleus with a thin rim of cytoplasm by

performing indirect immunofluorescence cell analysis

(Fig. 4c). The morphology of the cells was the same as

the mouse SSCs. Based on these results, the obtained

mouse SSCs were indeed SSCs.

In order to reliably assess the effect of exogenous

growth factors on the proliferation of mouse SSCs,

serum-free culture conditions were employed. It was

reported that the addition of one to two growth factors

could maintain cell survival in vitro (Rossi et al. 1993).

In our study, GDNF or LIF alone or in combinaion

were supplemented to the medium and the effects on

the mouse SSCs proliferation were evaluated. GDNF

or LIF alone was capable of initiating proliferation of

the mouse SSCs and cell colonies appeared after

culturing with GDNF or LIF alone for 7 d. The

supplement of 20 ng/ml GDNF could significantly

improve the SSCs proliferation in vitro. GDNF is a

member of the transforming growth factor-b super-

family and is the essential growth factor for SSCs self-

renewal. The addition of GDNF resulted in a signif-

icant improvement in stem cell maintenance (Nagano

et al. 2003). Regulation of spermatogonial prolifera-

tion by GDNF depends on Ras and PI3 kinase

Table 2 The effects of

GDNF on the proliferation

of mouse SSCs in vitro

Values in the same row

marked with different

letters means significant

difference (p \ 0.05)

Concentration of

GDNF (ng/ml)

3 d 5 d 7 d

0 0.306 ± 0.011b 0.331 ± 0.008c 0.335 ± 0.007c

10 0.317 ± 0.011b 0.338 ± 0.007c 0.343 ± 0.009c

20 0.379 ± 0.006a 0.449 ± 0.007a 0.517 ± 0.005a

40 0.373 ± 0.007a 0.437 ± 0.056b 0.482 ± 0.006b

Table 3 The effects of LIF

on the proliferation of

mouse SSCs in vitro

Concentration of

LIF (U/ml)

3 d 5 d 7 d

0 0.311 ± 0.009 0.327 ± 0.003 0.331 ± 0.003

500 0.312 ± 0.007 0.328 ± 0.006 0.332 ± 0.004

1,000 0.320 ± 0.009 0.329 ± 0.003 0.333 ± 0.003

1,500 0.316 ± 0.009 0.329 ± 0.005 0.334 ± 0.004

Fig. 5 The combined

effects of GDNF and LIF on

the proliferation of mouse

SSCs at 5 d. Note The

different letters (a–c)

indicate that there was a

significant difference

between the different LIF

treatment groups for the

same treatment group of

GDNF. The different letters

(x–z) demonstrate that there

was a significant difference

between the different GDNF

treatment groups for the

same treatment group of LIF
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pathways since their activation has been shown in

neurons and kidney cells. GDNF induces CREB/ATF-

1 family member of phorphorylation and c-fos tran-

scription via the Ras/ERK1/2 pathway to promote the

proliferation of SSCs (He et al. 2008). It was

hypothesized that the higher concentration of GDNF

would inhibit cell proliferation and the lower concen-

tration of GDNF would insufficiently stimulate cell

proliferation.

For LIF, the MTT assay indicated that the effect on

the proliferation of the mouse SSCs was not signifi-

cant, which was different from GDNF. The addition of

LIF to serum-containing medium did not affect the

proliferation of the mouse SSCs in short-term cultures.

LIF has different biological activity in various tissues

and cells, such as, ES cells, primordial germ cells

(PGCs), liver cells and endothelial cells. Although LIF

is important for ES cells and PGCs, it has no

significant effect on SSCs in vitro. Nevertheless, LIF

is involved in the maturation of gonocytes into

spermatogonia (Kanatsu-Shinohara et al. 2007). Our

results showed that supplied LIF had no significant

effect on mouse SSCs proliferation in vitro and thus

confirmed previous studies.

To analyze the effect of GDNF, LIF and the

combination on SSCs proliferation, long- and short-

term cultured SSCs had been performed and GDNF had

a beneficial effect on maintenance during 7-day culture

period in our study (Table 2). In the study, the

combination of 20 ng/ml GDNF and 1,000 U/ml LIF

has significantly enhanced the proliferation of mouse

SSCs in vitro. It was reported that the inclusion of LIF

in GDNF-dependent serum-free cultures did not sig-

nificantly enhance the expansion of SSCs (Kubota et al.

2004), which means that SSCs derived from different

strains have different requirements for growth factors.

However, the addition of 500 U/ml or 1,500 U/ml LIF

along with GDNF improved the maintenance of SSCs

clumps and showed modest expansion of SSCs in

culture. A similar but higher response was found while

1,000 U/ml LIF was added with GDNF. The degree of

SSC proliferation in the culture with 20 ng/ml GDNF

and 1,000 U/ml LIF was greater than that in the

combination of 10 ng/ml GDNF or 40 ng/ml GDNF

with different doses of LIF. These results may suggest

that the effects of GDNF on the mouse SSCs were

modulated by LIF. It was shown that LIF promoted the

survival and proliferation of PGCs (Dorval-Coiffec

et al. 2005; Jenab and Morris 1998). LIF enhances the

formation of GS cell clumps in culture but does not

affect their self-renewal rate during long-term culture

(Kanatsu-Shinohara et al. 2007). LIF binds to a

heterodimeric receptor (LIF receptor) that includes

the LIF-specific binding subunit and the transmem-

brane signal-transducing subunit IL-6ST (Schindler and

Darnell 1995). Binding of LIF to this receptor complex

results in the phosphorylation of several tyrosine

residues in IL-6ST by the activated Janus kinase

(JAK) tyrosine kinases, which then activates signal

transducer and activator of transcription (STAT) factor

(Schindler and Darnell 1995; Taga and Kishimoto

1997). The LIF system may cooperate with the GDNF

signaling pathway to support self-renewal of SSCs.

The success of SSCs culture in vitro has opened

new possibilities in SSCs research. Although human

and mouse SSCs are similar, the fact that human SSCs

can not be maintained in the culture systems identical

to the mouse system indicates that differences between

human and mouse SSCs exist (Schmidt et al. 2011).

The present study indicated that 20 ng/ml GDNF

combined with 1,000 U/ml LIF was the optimal factor

combination which could significantly enhance the-

proliferation of mouse SSCs in vitro. The culture

system will be of great benefit to the research of the

pluripotency of SSCs, production of genetically mod-

ified animals, gene therapy, etc.
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