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Abstract
Purpose The present study by using different growth factors
was aimed to develop the best practical culture condition for
purification of goat undifferentiated SSCs and their coloniza-
tion under in vitro and in vivo conditions.
Methods The enzymatically isolated SSCs obtained from one
month old goat testes were cultured in DMEM plus FCS

supplemented with different sets of growth factors (GDNF,
LIF, bFGF, and EGF) for 2 weeks. At the end of each week,
the morphological characteristics of cells and colonies along-
side with purification rate of undifferentiated type A sper-
matogonia were evaluated by immunocytochemical staining
and flow cytometry.
Results The number and size of colonies in treatment groups
were significantly (P<0.01) higher than corresponding values
in control group. In immunocytochemical evaluation, the
proportion of KIT and PGP9.5 positive cells were significant-
ly (P<0.001) higher in control and treatment groups,
respectively.
Conclusions The culture medium comprising all four growth
factors, especially the one supplemented with the higher con-
centration of GDNF, was superior to the other groups with
respect to the population of undifferentiated type A spermato-
gonia and its propagation in culture system. Additionally, goat
SSCs could colonize within the mouse testis following
xenotransplantation.
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Introduction

Despite the economical importance of the goat industry and its
importance in production of transgenic animals, there are still
many more issues that should be investigated. The duration of
goat spermatogenesis is about 47.7 days comprising of 4.5
seminiferous epithelium cycle of 10.6 days. During this pro-
cess the germinal cells produce many proliferating cells in a
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transit amplifying compartment [1]. The committed prolifer-
ating cells differentiate and eventually produce large numbers
of terminally differentiated cells with fully specialized capa-
bilities [1, 2]. Spermatogonial stem cells are unipotent adult
stem cells responsible for the maintenance of the fertility
throughout the entire life of the male [2]. These cells can
proliferate rapidly when the testis is damaged by chemicals
or radiation, whereas under physiological conditions, these
cells divide slowly to produce both stem cells and progenitor
cells [3, 4]. SSCs transplantation into the seminiferous tubules
of an infertile male can establish donor-derived spermatogen-
esis and produce spermatozoa that transmit the donor haplo-
type to progeny [5]. Additionally, as long as, they are cultured
in appropriate conditions, they can acquire pluripotency and
differentiate into derivatives of the three embryonic germ
layers including sperm [6–8].

Studying SSCs population and associated niche in vitro
and also genetically manipulation and transplantation of these
SSC further provide a model to better understand adult stem
cell biology, decipher the mechanisms that control SSC func-
tions and modify the germ line for transgenesis [8–13]. Since,
SSCs are present in extremely low numbers, the ability to
study their self-renewal and biological characteristics requires
large enough populations of pure SSCs and an in vitro system
that supports this process in enriched biologically active pop-
ulations of cells [2, 14]. Interestingly, using a chemically
defined medium, combination of growth factors and by way
of continuous subculturing could study accurately and directly
the growth factor-regulated molecular mechanisms of stem
cell in vitro culture system [15, 20].

Among different SSCs growth factors, the most important
factor involved in the regulation of SSC renewal and prolifera-
tion is glial cell line derived neurotrophic factor (GDNF). This
small molecule is normally secreted under the influence of FSH,
growth factors and cytokines [16, 19] by Sertoli cells [4, 21].
GDNF is introduced as a crucial self-renewal factor for normal
spermatogenesis in vivo [16, 21, 22] and in vitro maintenance
[15, 16, 18, 22–24]. Additionally, exposure to the other growth
factors such as basic fibroblast growth factor (bFGF), leukemia
inhibitory factor (LIF) and epidermal growth factor (EGF) allow
for long-term spermatogonia maintenance and their expansion
in vitro and consider as cell-extrinsic effectors of SSCs activity.

To obtain a pure or highly enriched stem cell population,
we used percoll density gradient because the previous study
demonstrated that the isolated SSCs in this method had more
typical morphological characteristics and more intensity of
immunocytochemical reactivity than different methods of
goat type A spermatogonia purification [26]. And also to
determine the percentage of purified type A, two specific
markers was used. One such a marker is c-kit, the receptor
for stem cell factor (SCF), which is expressed by some Aal,
A1-A4, In, and B spermatogonia [27, 28]. Another molecular
marker for identification of type A spermatogonia is protein

gene product 9.5 (PGP9.5) that is originally isolated as a
neuron-specific protein. Antibody against this protein has
been used for immunohistochemical detection of mouse
[29], bovine [30], ram [31], human [32], goat [28] and porcine
[33] spermatogonia.

Respecting to the inadequate information regarding to the
effect of different growth factors on goat SSCs proliferation
and pluripotency characteristics, and considering the potential
application of transfected SSCs as an efficient tool in produc-
tion of transgenic animals, the present study was aimed to
introduce the most appropriate culture condition by using
different sets of growth factors. Moreover, the possible colo-
nization of xenotransplanted goat SSCs into the mouse sem-
iniferous tubules will be assessed.

Materials and methods

Except where otherwise indicated, all chemicals were obtain-
ed from the Sigma (St. Louis, MO, USA).

Collection and evaluation of testes

Following castration of one month old goat, the testes were
transported to the lab in transition media (PBS supplemented
with 100 IU/ml penicillin and 100 μg/m1 streptomycin) at
37 °C. After macroscopic evaluation of the testes for any
pathologic signs, the testes were washed (3 times) with tran-
sition media and prepared for tissue digestion.

Cell isolation and preparation

Single cell suspensions were prepared using a protocol previ-
ously described [28]. Briefly, after removing the tunica
albuginea and visible connective tissues, the testes samples
were transferred into the DulbecoModified Essential Medium
(DMEM) supplemented with NaHCO3 (14 mol/L), Hepes
(15 mol/L), NEAA (10 μl/ml), penicillin (50 IU/ml) and
streptomycin (50 mg/ml) for 5–8 min. The SSCs were isolated
through two step digestion method by collagenase type 1
(1 mg/ml) and trypsin/EDTA (0.25 %/1 mM) respectively.
The supernatant was processed by sequential filtration
through 60 μm nylon mesh (Small part, F062N-08-C). The
filtrate was centrifuged at 500g for 5 min, and the pellet was
then resuspended in DMEM supplemented with 10%FBS
(Gibco). In the final cell suspension, total cell number and
viability rate were determined by Trypan Blue staining. The
different testicular cell types including Sertoli cells and sper-
matogonia were identified by light and fluorescence micro-
scopes for detection of PGP9.5 and KIT positive cells using
immunostaining technique.
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Enrichment of goat undifferentiated SSCs by discontinuous
percoll density gradient

The spermatogonial stem cells were enriched from cell
suspensions using a protocol as previously described [26].
Briefly, percoll was diluted to gradient concentrations of
20 %, 28 %, 30 % and 32 % with PBS. The gradient was
made in a sequence that the highest density percoll solu-
tion came in bottom and that of the lowest in the top of
the tube. The cell suspension was slowly layered on the
top of the above gradient and centrifuged at 800g for
30 min at 18 °C. After washing the collected cells from
each gradient, the cell number and viability were deter-
mined by Trypan Blue staining. Two immunocytochemi-
cal reactions were successively performed using PGP9.5
and KIT primary antibodies for identification and purity
detection of SSCs. U373 MG human glioma cells were
used as a positive control.

Immunocytochemical staining

Type A spermatogonia was identified through immunocyto-
chemical staining according to the protocol previously de-
scribed [26]. Briefly after washing the collected cells with
PBS-Tween 20 (0.2 % in PBS), approximately 5×104 cells
were cytospun at 400 rpm for 5 min and fixed in acetone
(2 min in −20 °C). Antigen retrieval was performed in citrate
buffer (0.01 M, pH 6.0) for 8 min. All sections were exposed
to 0.3 % H2O2 for 15 min in dark to inhibit endogenous
peroxidase and washed in PBS-Tween. The unspecific sites
blocking was done with avidin/biotin and 5% sheep serum for
10 min. Subsequently, the slides were incubated with uncon-
jugated primary antibodies including rabbit anti-PGP9.5
(Dako, Carpinteria, CA, USA) and rabbit anti KIT (Santa
Cruz, CA, USA), each used at 1:400 in PBS with 2.5 % goat
serum (PBS-GS), for 1 h at room temperature. After three
times washing in PBS-Tween, the sections were exposed to
secondary antibody (biotinylated sheep anti-rabbit IgG,
Avicenna Research Institute, Iran) for 45 min at room
temperature. The sections were exposed to HRP-
conjugated streptavidin (Biosource, USA) with 1:250
dilution for 30 min, and then washed with PBS-Tween.
At the final step, color was developed by the addition of
3, 3′-Diaminobenzidine (DAB; Roche, Germany) for
10 min . The s l ides were counte rs ta ined wi th
Hematoxylin for 30 s and mounted by glycerol/PBS
(50/50). The percentages of PGP9.5 and KIT positive
and negative cells were evaluated by two blinded evalu-
ators. Each evaluator inspected at least 5 high-powered
fields on each slide for diagnosis of intensity immuno-
histochemical reactivity with ImageJ 1.37v software
(National Institutes of Mental Health, Bethesda, MD,
USA).

Culture condition and colony assessment

Freshly collected cells from the gradients with the highest
purity of undifferentiated type A spermatogonia (PGP9.5
positive cells) were seeded at a concentration of 2×104 cells/
cm2 in 12-well cell chamber slide (Falcon, USA). The basic
culture system consisted of high glucose DMEM (GibcoBRL)
supplemented with either 10 % FBS, 1 % penicillin-
streptomycin (GibcoBRL). According to the group’s name,
the cells were propagated in culture medium without growth
factors (control group) or with any combination of LIF
(10 ng/ml), GDNF (20 and 40 ng/ml), EGF (20 ng/ml), or
bFGF (10 ng/ml) in ten groups (Table 1). The cells were
cultured at 38 °C, at humidified atmosphere with 5 % CO2

for two weeks and refreshed once a week. Seven and 14 days
after culture initiation, the appearance, number, size, and
shape of SSCs colonies were examined in each group. After
7 days, the cells were evaluated by flow cytometry using
polyclonal antibodies against KIT. At the end of second week,
the effect of 10 combinations of growth factors on the purifi-
cation of SSCs was determined by immunocytochemical
staining using polyclonal antibodies against PGP9.5 and
KIT molecular markers. All experimental groups were evalu-
ated four times.

Flow cytometry

The process of cell staining for flow cytometry was performed
at the end of first week in each group. For this purpose, cells
were washed with PBS-Tween 20 for 5 min, exposed with
avidin/biotin for 10 min and blocked with the blocking buffer
(20 % sheep serum) for 30 min at 37 °C. The cells were then
incubated with the primary antibody including rabbit anti KIT
antibody (Santa Cruz, Santa Cruz, CA, USA) for 1 h at room
temperature, washed with PBS-Tween as above and incubated
with the secondary antibody (biotinylated sheep anti-rabbit
IgG, Avicenna Research Institute, Iran) for 45 min at room
temperature. The cells were then exposed to strepavidin FITC
for 30 min and analyzed with Flow cytometer Partec PAS
(Münster, Germany).

Germ cell transplantation

Adult C57BL/6 mice (14–15 weeks of age) received a single
i.p. injection of busulfan (30 mg/kg, Sigma, St. Louis, MO) to
deplete endogenous germ cells. The mice were maintained at
20±1 °C with 35–65 % humidity under a light:dark cycle of
12 h:12 h. Six weeks after busulfam treatment, approximately
30 μl of donor testicular suspension (45×104 cells/each injec-
tion) was transplanted into rete testis using microinjection
needle in one of the testes of each of the recipient mice; the
other testis served as an internal control. Positive controls
were mouse seminiferous tubules injected with donor goat
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testes cells one week before analysis, at which time donor
cells should be abundant. Negative controls were seminifer-
ous tubules not receiving injection of donor testicular cells.

Histological and immunohistochemical evaluations
of recipient testes

The testes of busulfan-injected mice were collected 80 days
after transplantation and examined for histological and immu-
nohistochemical staining by using an antibody against
PGP9.5. For histological evaluation a small sample of testes
fixed overnight in Bouin’s solution, washed in 70 % ethanol,
and sectioned at 5 μmusing standard procedures. The sections
were stained with Hematoxylin & Eosin and examined under
a light microscope for identification of cell types and their
developmental stages. In immunohistochemical staining, the
prepared slides were fixed in cold neutral buffered formalin
(NBF) for 5 min and immunostained as described above for
immunocytochemistry except that the washing was done by
Tris-buffered saline containing 1 % bovine serum albumin
(TBS/BSA) (three times, 4 min each). The slides were
mounted in Entellan (Merck, Germany).

Statistical analysis

The results were expressed as mean±SE. The statistical sig-
nificance between the mean values was determined by one-
way ANOVA analysis of variance (Tukey Test). A P<0.05
was defined as statistical significance.

Result

Validation of type A spermatogonia by immunocytochemical
evaluation

There was a difference in intensity of PGP9.5 and KIT immu-
nostaining between spermatogonia. Basal (As, Ap) spermato-
gonia expressed significantly more intensity of PGP9.5 mark-
er (83.82±37.06; strong expression) than aggregated (Aal)
spermatogonia (118.48±25.52; moderate expression), while
the other cells such as Sertoli cells and committed (A1-A4)
spermatogonia were negative (166.79±24.82, 160.93±26.78

Table 1 Colony sizes of goat SSCs after short term culture in the presence of different growth factors

Treatment Size (μm)

≤20 >20–40< >40 P

mean±SE mean±SE mean±SE

Wk1 Wk2 Wk1 Wk2 Wk1 Wk2

Control 91.0±4.5 A 82.9±8.5 a, A 8.9±4.5 B 15.4±3.3 a, B 0.00±0 B 1.21±0.5 a, c, B 0.0

LIF 50.6±22.7 53.8±8.1 a, b 36.3±11.2 42.0±8.1 a, b 13.2±4.8 4.22±6.6 a, c 0.1

FGF 51.3±19.9 46.9±9.6 a, b 41.1±10.5 47.6±5.5 a, b 7.62±3.0 5.4±1.9 a, c 0.13

EGF 57.4±12.4 A 35.6±5.5 b, A 39.1±10.3 A 58.8±8.1 b, A 4.73±1.3 B 5.61±2.8 a, c, B 0.02

FGF+EGF 39.8±19.3 29.3±3.9 b 46.1±9.0 67.9±3.8 b, A 14.0±6.3 B 2.68±4.8 a, c, B 0.01

EGF+LIF 45.7±16.3 24.3±5.7 b 47.3±10.5 67.9±4.4 b, A 6.75±5.8 B 7.74±1.9 a, d, B 0.02

FGF+LIF 58.9±13.8 A 38.8±5.4 b 35.7±10.9 58.4±7.2 b, A 5.66±3.4 B 2.77±3.0 a, c, B 0.01

FGF+EGF+LIF 34.4±15.8 28.1±6.2 b 49.5±10.2 59.9±3.0 b 16.1±6.1 11.97±1.2 a, b, c, d 0.09

FGF+EGF+LIF+GDNF (20 ng/ml) 22.2±2.1 A 17.9±1.8 b, A 66.1±3.8 B 57.8±3.0 b, B 11.7±5.8 A 24.2±2.0 b, A 0.0

FGF+EGF+LIF+GDNF (40 ng/ml) 25.2±1.6 A 20.2±2.3 b, A 57.0±2.5 B 58.5±4.2 b, B 17.75±4.3 A 24.2±2.0 b, A 0.0

P 0.3 0.0 0.2 0.002 0.4 0.0

A, B Numbers with different upper case superscript letters in the same row differ significantly
a-c Numbers with different lower case superscript letters in the same column differ significantly

�Fig. 1 Cytological (a and b) and immunocytochemical (c to f)
evaluations of 1 month old goat testes before (a, c and e) and after (b, d
and f) percoll purification, using antibody against PGP9.5 (c and d) and
KIT (e and f). The presence of three groups of spermatogonia with
different sizes was determined. Both basal (arrow, c; encircle, d), which
positioned in direct contact with each other, and some aggregated
(arrowheads, c, d) type A spermatogonia were PGP9.5 positive. Note
the strong and weak PGP9.5 immunoreactivity was observed among
basal (arrow, c; encircle, d) and some aggregated spermatogonia
(arrowheads, c and d), respectively. Committed spermatogonia
(triangles, c and d) and surrounding Sertoli cells (encircle, a and b;
block arrow, c) were negative for PGP9.5. The difference in the
intensity of KIT staining among spermatogonia was noticeable. Strong
and weak KIT immunoreactivity was observed among some aggregated
(arrowheads, e and f) and committed (triangles, e and f) spermatogonia
respectively. Basal spermatogonia (arrows, e and f) and surrounding
Sertoli cells (block arrows, e and f) were negative for KIT. Note the
cytoplasmic bridges were identified between spermatogonia (dot arrows,
b and d). Negative IgG controls for KIT (g) and PGP9.5 (h) were
determined. Scale bars represent (a, c, e to h) 50 μm, (b and d) 45 μm
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respectively; no expression; Fig.1c and d). The expression
pattern and color intensity of KIT marker were different, so
that the majority of aggregated spermatogonia had a stronger
KIT immunoreactivity (62.34±22.65; strong expression) than
committed spermatogonia (78.18±19.26; moderate expres-
sion). In contrast, no immunoreactivity was observed in
Sertoli cells and basal spermatogonia (103.23±26.85 and
113.02±29.29, respectively) (Fig. 1e and f). The immunohis-
tochemical evaluation of seminiferous tubules of one month
old and adult goats’ testes was also confirmed the KIT immu-
noreactivity in testicular cells (Fig. 2).

Enrichment of type A spermatogonia by discontinuous percoll
gradient

The data was indicated the significant differences in the per-
centage of type A spermatogonia in cell population across the
individual gradients (P<0.001). Concurrent with the incre-
ment of percoll gradient, the number of differentiated type A
spermatogonia was decreased (P<0.001, Fig. 3). The propor-
tion of undifferentiated type A in 32 % gradient (94.6±0.4 %)
was significantly higher than 20 and 28 % gradients (41.5±
3.1 %, 85.7±1.2 % respectively; P<0.001; Fig. 3). The
highest and lowest number of collected cells, including so-
matic and stem cells, was achieved at 28 % and 30 % density,
respectively (1,147,880 cells/ml vs. 121,660 cells/ml).
Though, the maximum number of undifferentiated type A
SSCs was obtained at 32 % percoll density (1,286,833 cells/
ml). The cell viability in all fractions was found to be almost
identical (>90 %).

Cell adhesion and morphology of goat SSCs

Cell recovery after tissue digestion was about 5×106 cells per
gram of testis. After enrichment, approximately 14×105 cells/
ml were collected from the gradients of 30 and 32 % percoll
and then cultured. All cultures started with a mixed population
of enriched cells including spermatogonia and a low number
of Sertoli cells (Figs. 1b and 4). During the process of culti-
vation, the somatic cells began to stick to the culture plate after
3 to 6 h (Fig. 4a) and were completely stuck to it within 12 h
(Fig. 4b). After two days, the somatic cells were constituted a
monolayer with 80 % confluency as a feeder layer and the
most spermatogonia were attached on its surface (Fig. 4c).
Three days after culture initiation, a confluent feeder layer was
formed and spermatogonial cells were seen to different forms
(Fig. 4d).

The colony-forming cells, SSCs, in the initial suspension
approached each other and became tightly packed locally in
some areas of the culture plate. About 90 % SSCs attached to
the feeder layer 2–3 days after inoculation. At this time,
different forms of typeA spermatogonia (mostly single, some-
times paired, multi-cell chains and or small cluster) were
observed (Fig. 4c and d). After 4–5 days many small colonies,
mostly single, circle to oval, biconvex, and interconnected
through cytoplasmic bridges, were formed on the surface of
somatic cells monolayer (Fig. 5a). Indeed, when the second
spherical colony formed, it commonly remained connected to
the first by cytoplasmic elongation of SSCs. After culturing
for 6–7 days, some align colonies, with higher than 6-single
connected colony, were detected so that the chain length and
the number of cells were progressively increased. At this time,

Fig. 2 The Immunohistochemical identification of typeA spermatogonia
in one month old (a) and adult (b) goats’ testes using an antibody against
KIT. Immunoreactivity was strongly identified in the cytoplasm of gon-
ocytes. Three groups of spermatogonia with different sizes were deter-
mined. Basal spermatogonia (arrows, a and b), Primary spermatocytes

(square arrows, b), Secondary spermatocyte (dash arrows, b), Spermatid
(diamond arrows, b), Sertoli (block arrows, a and b) and leydig cells
(Asterisk, a and b) were negative for KIT. Aggregated (arrowhead, a and
b) and Committed (triangles, a and b) spermatogonia were KIT positive,
Scale bars represent 50 μm
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the colonies grew bigger and sometimes reached to 50–60 μm
(Fig. 5b). One week after cultivation, we observed cell aggre-
gation and grape-like cluster (Fig. 5c and d). A few number of
small mulberry-shaped (rosette form) colonies with a distinct

boundary from feeder layer was detected after 12 days in
control group (Fig. 5d).With increasing the duration of culture
to 2 weeks, the cells (somatic and germ cells) and colonies
number were increased.

Fig. 3 Goat SSCs purification
using different percoll gradients,
confirmed by SSCs molecular
markers a to d For eachmolecular
marker, columns with different
lowercase letters differ
significantly (P<0.001)

Fig. 4 Typical morphology of somatic and spermatogonial cells during
the process of cultivation 4 h (a), 12 h (b), 2d (c) and 4d (d). All cultures
started with a mixed population of cells. Somatic cells including Sertoli
and leydig cells began to stick to the culture plate after 4 h (arrow, a) and
completely stuck to it within 12 h (arrow, b). After two days (c), the
somatic cells formed the feeder layer with grown spermatogonia at its

surface in three forms; single (arrow, c), paired (arrowhead, c), 3-cell
chains (triangle, c). Three days after culture initiation (d), feeder layer
was confluent and the spermatogonia were seen to different forms: single
(arrow, d), paired (arrowhead, d), multi-cell chains (triangle, d) and
small clumps (encircle, d). Scale bars represent (a, b) 50 μm, (c)
45 μm and (d) 40 μm
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Effect of growth factors on colonies characteristic

The transferred cells to the culture plate were attached at the
bottom of plate but the proliferation of spermatogonia was not
observed in control group. The greatest number of somatic
cells was observed in EGF group.

In the presence of growth factors, especially higher con-
centration of GDNF, more colonies appeared as very large
ovoid structures with morphologically normal spermatogonia
with a big round nucleus and, usually, 2–3 large nucleolus.
Gradually during the first and second weeks of culture, the
number of spermatogonia and, therefore, the number and size
of colonies were increased (Fig. 6, Table 1). The least and
greatest numbers of colonies at the end of each week was
observed in control and 40 ng/ml GDNF supplemented
groups, respectively (Fig. 6). Concerning to the colony num-
ber, the addition of all growth factors to culture medium could
increase the size of colonies to 20–40 μm that was associated
with increased SSCs proliferation. Addition of GDNF to
culture medium, through increasing the SSCs proliferation
and inhibition of type A spermatogonia differentiation, was
significantly decreased the number of small (≤20) and large

(≥40) colonies at the end of each weeks (Table 1). And also,
higher concentration of GDNF decreased the length of the
chains to 4–5 colonies. The highest number of small (≤20)
and rosette form colonies was detected in control group. The
most colonies in this group were remained in small size and
then gradually degenerated (Tables 1 and 2).

Effect of adding growth factors on enrichment of type A
spermatogonia

Evaluation of KIT expression by flow cytometric technique at
the end of first week showed that the percentage of differen-
tiated type A spermatogonia in control group was significantly
higher than EGF+LIF, triple and all growth factors supple-
mented groups (Table 3). The addition of growth factors to
culture medium was significantly increased the expression of
PGP9.5 antigen on the cell surface of spermatogonia after two
weeks culture (Table 4). The medium supplemented with all
four growth factors, especially higher concentration of GDNF,
was superior to the other groups in term of proportion of
undifferentiated spermatogonia in culture (P<0.001).

Fig. 5 Typical development of colonies appearing under the effect of the
growth factors after 4d (a), 6d (b), 1w (c) and 2w (d) cultures. After
4 days many small colonies were formed mostly single, circle to oval and
biconvex on top of the monolayer (arrows, a). After culturing for 6 days,
single (arrow, b), paired (triangle, b) and some align chains with higher
than 6-connected colonies (arrowhead, b) were detected. After one week,

colonies were observed in different sizes and forms including single
(arrow, a, b), paired (arrowhead, c), aligned (triangle, c), grape-like
cluster (encircle, c). Clusters with long chains (encircle, d) and rosette
form colonies (arrow, d) were observed after 2 weeks culture. Scale bars
represent (a, c) 50 μm and (b, d) 40 μm
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Evaluation of SSCs colonization in recipient testes

The immunohistochemical examination of adult mouse testis
showed that the undifferentiated type A spermatogonia were
found round with a spherical nucleus at the base of the
seminiferous epithelium (Fig. 7a). Histological and immuno-
histochemical examinations of the testes in busulfan-treated
group revealed that the optimal effect of busulfan on the
depletion of spermatogenic cells were seen 6 week after
treatment so that the seminiferous epithelium of all tubules
was composed of only a single, basal row of Sertoli cells
(Fig. 7b and e). Donor goat spermatogonia were able to
survive and colonize in depleted recipient’s testis 80 days after
transplantation (Fig. 6d). Negative control mouse testes
showed no significant cellular staining (Fig. 7e), however an
abundance of positively stained cells identified in the positive
control group after immunohistochemical procedure (Fig. 7f).

Discussion

Improving our knowledge of spermatogenesis and introduc-
tion of a practical procedure to enrich the goat undifferentiated
SSCs is considered of great importance especially in produc-
tion of transgenic animals. Therefore, having established an
appropriate method for goat SSCs purification and introduc-
tion of a proper medium for subsequent enrichment are of
important concerns.

Type A spermatogonia are small self-renewing subpopula-
tion of SSCs that have been located in the basal compartment
of seminiferous tubules [8]. In present study, after tissue
digestion, nearly all large type A spermatogonia were KIT
positive in immunocytochemical staining. In contrast, this
proportion was much lower in the population of small sper-
matogonia (As, Ap). This finding confirmed the SSCs classi-
fication performed by Wrobel et al. (1995) indicating the

Fig. 6 Goat SSCs colony
numbers after short term culture
in the presence of different
growth factors a to c Columns
with different lower case letters in
each week differ significantly
(P<0.001). *Represent significant
difference between corresponding
columns in weeks 1 and 2

Table 2 Colony shapes of goat SSCs after short term culture in the presence of different growth factors

Treatment Shape

Single Multiple Rosette P

mean±SE mean±SE mean±SE

Wk1 Wk2 Wk1 Wk2 Wk1 Wk2

Control 69.41±0.950a 64.23±2.25a 3.63±0.76a 5.94±2.06a 30.94±1.24b 35.82±3.04b 0.000

LIF 92.00±2.89a 93.79±3.41a 7.00±2.31b 1.65±0.342b 1.00±0.577b 4.56±3.18b 0.000

FGF 89.60±3.21a 87.00±4.04a 9.66±2.96b 11.65±2.73b 0.73±0.730b 1.00±1.00b 0.000

EGF 89.33±1.76a 88.71±2.75a 9.00±0.577b 10.01±2.04b 1.67±1.201b 1.27±1.27b 0.000

FGF+EGF 92.68±3.53a 85.67±3.93a 6.65±2.92b 13.33±4.37b 0.667±0.667b 1.00±0.578b 0.000

EGF+LIF 93.46±2.92a 90.56±3.95a 6.20±2.61b 7.47±3.52b 0.333±0.333b 1.00±0.577b 0.000

FGF+LIF 93.79±2.29a 90.42±3.19a 5.88±2.39b 9.24±3.33b 0.333±0.333b 0.333±0.333b 0.000

FGF+EGF+LIF 90.70±0.306a 91.28±3.22a 8.96±0.026b 7.04±2.92b 0.330±0.330b 1.67±0.337b 0.000

FGF+EGF+LIF+GDNF (20 ng/ml) 86.41±7.78a 89.98±2.63b 12.92±7.12c 10.02±2.63c 0.667±0.667c 0.00±.00c 0.000

FGF+EGF+LIF+GDNF (40 ng/ml) 85.90±0.675a 90.83±1.62b 14.09±0.675c 8.83±1.66c 0±0c 0±0c 0.000

P 0.579 0.867 0.344 0.262 0.775 0.253

a-c Numbers with different lower case superscript letters in the same raw differ significantly
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smaller spermatogonia are less differentiated than larger sper-
matogonia [34]. The difference in size of the spermatogonia
might be related to either the phase of cell cycle [35] or the
differentiation status of the cells [28, 36].

In our study, the viability rate of isolated goat testicular
cells,>90 %, was notably more than what was reported in
other species such as prepubertal boar SSCs; 45 % [37],
prepubertal mouse germ cells; 30 % [38], pubescent mice
spermatogonia; 68 % [39], goat SSCs; 65–70 % [40] and
bovine spermatogonia;>80 % [36]. The higher percentage of
viability rate in present study might be related to the type or
concentration of used digestive enzymes, applied protocol, as
well as the age and species of animals. The maximum type A
spermatogonia purification (94.6±0.4 %) was achieved by
using 32 % percoll density gradient that was slightly higher
than those reported in other species including: rat with 80±

6.1 % SSCs purification using 30–32 % gradient [41], pig
with 83.62±4.24% SSCs purification using 30–45% gradient
[42], and humane with 86.7 % SSCs using 27–35 % gradient
[43]. The cell viability after percoll enrichment in previous
studies ranged between 70 and 95 % [26, 36, 41, 42] which
was consistent with our results (>90%). The cultured SSCs of
gradients 32 and 30 % tended to congregate and to form the
small cell clusters with cytoplasmic bridges between cells.
These results were comparable to those reported for the isola-
tion of type A spermatogonia from the testes of 5–7 months
calves [36], prepubertal mice [44], rats [45], and pigs [37].

Ideally, to establish the culture condition that could direct a
specific type of self-renewal divisions, we use chemically
defined media for preservation of stem cell potential in
enriched cells populations. As shown, addition of any growth
factors to culture condition improved SSCs proliferation and
induced the formation of many organized colonies. These
clusters gradually continued to grow during their develop-
ment, evolved to a higher level of organization, and formed
many colonies with unique shapes. Our finding was consistent
with the previous results indicating that the number of viable
bovine, mouse and goat undifferentiated type A spermatogo-
nia were gradually decreased to more than half after 7 days
[28, 39, 46, 47] and the most SSCs were differentiated to type
B spermatogonia and spermatocytes in the lack of growth
factors [14–16, 24, 43, 47–51] . After one week culturing,
we demonstrated the distinct cell aggregations and different
forms of SSCs colonies (mostly single with multiple shapes)
which was consistent with observations in bovine and mouse
SSCs colonies [46, 48].

Although the molecular mechanisms controlling SSCs self-
renewal is still largely unknown, in vivo and in vitro studies
have clearly demonstrated a critical extrinsic mitogenic effect
of GDNF on SSCs self-renewal [16, 22, 24, 52]. In present
study, we showed that the addition of GDNF, especially at
higher concentration, induced logarithmically self-renewing
divisions of type A spermatogonia without losing their capac-
ity and stimulated the stem cells to form more, denser and
bigger clusters. This was in accordance to other studies in
mouse, rabbit and bovine [2, 4, 16, 22]. Aponte et al. (2008)
demonstrated that addition of GDNF alone or in combination
with other growth factors to bovine SSCs culture medium
induced the highest numbers of type A spermatogonia (DBA
positive cells) in vitro [2]. In this context, Kanatsu-Shinohara
et al. (2003, 2005) reported that GDNF significantly increased
the viability rate of mouse SSCs for more than 6 months and
that the stem cells could not grow in the absence of this
hormone, even when the medium was supplemented with
both EGF and bFGF [17, 18]. Oately et al. (2006) demon-
strated that the expression of bcl6b and Sox2 in mouse
SSCs were significantly reduced (6.8-fold and 5.95-fold,
respectively) by withdrawing and replacing GDNF in cul-
ture medium so that this expression reduction resulted in

Table 3 Flowcytometery of goat SSCs with KIT after one week culture

Treatment KIT (%)
mean±SE

Control 56.5±2.3 a

LIF 55.5±5.9 a

FGF 39.9±3.8 a, b

EGF 49.3±6 a, c

FGF+EGF 39.3±4.5 a, b

EGF+LIF 31.4±10.6 b, c

FGF+LIF 48.6±10.6 a

FGF+EGF+LIF 34.2±5.5 b, c

FGF+EGF+LIF+GDNF (40 ng/ml) 22.8±2.8 b

a-c Numbers with different lower case superscript letters in the same
column differ significantly (P<0.001)

Table 4 Goat SSCs immunocytochemical staining for PGP9.5 and KIT
molecular marker after two weeks culture

Treatment Molecular marker

PGP9.5 (%) KIT (%)
mean±SE mean±SE

Control 2.40±0.4a 95.4±1.1a

LIF 60.5±1.4b 40.2±1.3b

FGF 64.5±2.2 b, e 29.8±2.1c

EGF 48.1±2.6c 72.4±2.3d

FGF+EGF 47.7±2.2c 60.1±1.6e

EGF+LIF 77.5±1.7 d, f 41.3±2.3b

FGF+EGF+LIF 78.2±1.4f 35.1±1.3b

FGF+EGF+LIF+GDNF (20 ng/ml) 72.8±1.9 f, e 26.0±1.6c

FGF+EGF+LIF+GDNF (40 ng/ml) 90.4±0.9g 7.00±1.8f

a-g Numbers with different lower case superscript letters in the same
column differ significantly (P<0.001)
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decrease in total mouse SSCs numbers and clump size after
one week culture [14].

Here, we showed that the addition of higher concentration
of GDNF was significantly increased colony number and size
and improved the morphology of cells and colonies. This was
consistent with the results of other researchers that demon-
strated the mouse and bovine SSCs self-renewal potential was

reduced due to decreased concentration of GDNF in medium
[2, 18]. The ablation of GDNF by gene targeting in heterozy-
gous Gdnf knockout mice progressively induced the differen-
tiation process and resulted in seminiferous tubules without
any stem cells [4, 21].

In the present study, GDNF amplified the effect of other
growth factors in colony characteristics and total number of

Fig. 7 Immunohistochemical
identification of spermatogonia in
mouse seminiferous tubules using
an antibody against PGP9.5. In
adult mouse testis,
immunoreactivity was strongly
localized in the nuclear and
faintly in the cytoplasm of
spermatogonia (arrow, a).
Histological characterization of
busulfan-treatment mouse testis
6 weeks after busulfan injection
(b). Note all seminiferous tubules
were devoid of spermatogenic
cells and no indication of
spermatogenesis was seen in
recipient mouse. Injection of goat
testicular suspension into mouse
rete testis was shown (arrow, c).
Busulfan-injected testis 80 days
after transplantation (d). Note the
maintenance and colonization of
goat undifferentiated
spermatogonia (arrow, d) in
proximity of Sertoli cells
(triangle, d) at the base
membrane of mouse seminiferous
epithelium. Negative (e) and
positive (f) controls, receiving no
cell injection and goat testicular
injection one week before
analysis respectively, were
demonstrated. The seminiferous
epithelium was composed of only
a single, basal row of Sertoli cells
(triangle, e). Note no significant
cellular staining for negative
control and the abundance of
positively stained cells in positive
control (encircle, f). Scale bars
represent (a and f) 20 μm, (b)
55 μm, (e and d) 15 μm
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undifferentiated spermatogonia after one and two week’s cul-
ture. Our finding was consistent with the previous results
indicating the supportive effect of GDNF on other growth
factors in vitro expansion of SSCs [2, 15, 16, 23, 25].

It has been shown that bFGF besides its positive effects on
development and stem cells integrity [14, 48], has a crucial
role in maintenance of spermatogenesis [4, 15, 21, 22, 50].
The requirement to this growth factor apparently increases
when SSCs form germ cell clusters [15, 51]. In present study,
the stimulatory effect of bFGF on goat colonies and total
number of undifferentiated type A spermatogonia was in
accordance to the reports on bovine [2], rat [48, 50], mouse
[15–17, 23, 49], and hamster [24, 35]. We showed the direct
impact of EGF on overgrowth of goat Sertoli and sper-
matogonia that was in accordance to the reports on bovine
[2, 53], porcine [54], mouse [16] and rat SSCs [50]. The
other Sertoli cell-derived growth factor, LIF, besides to its
action on the proliferation of gonocytes [55] and primor-
dial germ cells [56], can also prevent of SSCs differentia-
tion and support spermatogonia propagation in mouse [7],
rat [49, 56] and bovine [2].

To confirm the biological activity (re-establishment and
colonization) of goat SSCs, we developed a xenotransplanta-
tion assay and confirmed that goat SSCs could settle at the
niches within the mouse testis 80 day after transplantation.
Our finding showed that the mouse testis was capable of
supporting the initial steps of goat spermatogonial coloniza-
tion for periods up to 80 day. However, goat gonocytes most
likely did not receive the proper signaling for this conversion
within recipient mouse seminiferous tubules because no sig-
nificant goat spermatogonial development was observed in
recipient testes. These results were consistent with those ob-
tained by other researchers as such xenotransplantation of
germ cells from rabbits, dogs, pigs, cattle, boar, horses, non-
human primates, and humans resulted in colonization of their
SSCs in mouse testis but spermatogenesis became arrested at
the stage of spermatogonial expansion [57–60].

Conclusions

The best culture condition to maintain the goat SSCs in
undifferentiation status, was achieved when growth factors
supplementation was complemented by the addition of
GDNF, reflected as a higher population of PGP9.5 positive
cells. Additionally, the goat male germ cells after
xenotransplantion into the mouse testes could maintain their
morphologic characteristics after 80 days.
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