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Abstract
Purpose Testicular ischemia is the main consequence of tes-
ticular torsion, in both clinical and experimental aspects.
Preservation and auto-transplantation of spermatogonial stem
cells (SSCs) could be a new treatment for infertility in testic-
ular ischemia following testicular torsion.
Methods To apply the idea in this study, animals were ran-
domly divided into four groups of control, sham, with torsion,
and with torsion followed by transplantation (TT). Isolated
SSCs from neonatal mice were cultured and identified by flow
cytometry (C-KIT−, INTEGRIN β1

+) and RT-PCR (Reverse
transcription polymerase chain reaction) for specific sper-
matogonial cell markers (Oct4, Gfrα-1, Plzf, Vasa, Itgα6,
and Itgβ1). SSCs were transplanted upon a 2-h testicular

torsion in the TT group. Cultured cells were transplanted into
ischemia reperfusion testicle 2 weeks post-testicular torsion.
Eight weeks after SSCs transplantation, the SSCs-transplanted
testes and epididymis were removed for sperm analysis,
weight and histopathological evaluation, and pre- and post-
meiotic gene expression assessment by qRT-PCR.
Results Our findings indicated that all evaluated parameters
(epididymal sperm profile, Johnsen score, Plzf,Gfrα-1, Scp-1,
Tekt-1 expressions, and histopathological profile) were sig-
nificantly decreased following testicular torsion (group 3)
when compared to the control group (p≤ 0.05). However,
all abovementioned parameters showed a significant
increase/improvement in torsion-transplantation group
compared to torsion group. However, these parameters in

Capsule SSCs transplantation increase relative expression of pre-/post-
meiotic genes and improve sperm parameters and testis structure in
testicular torsion-detorsion mice.

Summary sentence SSCs transplantation increase relative expression of
pre-/post-meiotic genes and improve sperm parameters and testis
structure in the ischemic condition.
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the TT group were significantly lower in the sham and
control groups (p≤ 0.05).
Conclusion SSCs transplantation could up-regulate the ex-
pression of pre- and post-meiotic genes in testicular ischemia,
which resulted in improvement of both testicular function and
structure after testicular torsion.

Keywords SSCs transplantation . Pre- and post-meiotic
genes . Testicular torsion

Introduction

Infertility is a common problem that affects approximately
15 % of couples trying to conceive a baby [1]. In more than
50 % of couples having difficulty getting pregnant, the prob-
lem is at least partly related to male reproductive issues [1, 2].
Different factors contribute to male infertility or sub fertility;
including testicular torsion [3], which is one of the most com-
mon urological issues targeting young men. Annual incidence
of testicular torsion among those less than 25 years old was
reported to be 1 in 4000 [4]. The highest peak was observed
around puberty (accounted for 65 % of all torsions) with an-
other much smaller peak in the first year of life [4–6]. It is
estimated that around 400 boys lose their testis because of
testicular torsion in the UK annually [7]. Therefore, this high
rate of testicular torsionmakes it an important factor leading to
infertility in men. It seems to be the second most common
reason for emergency surgical in young men in Britain [8].

During testicular torsion, unilateral or bilateral testicles get
twisted in the scrotum leading to an interruption of testicular
blood flow and therefore ischemia dysfunction [9]. The inju-
ries caused by testicular torsion are severe enough to lead to
ipsilateral damage, which are the consequences of significant
increase in blood flow after detorsion [10]. The success rate of
treatment depends on the duration of torsion and early diag-
nosis which could be a routine management for preservation
of spermatogenesis and fertility [11]. Although reperfusion is
necessary for the survival of ischemic tissue, it can also trigger
destructive pathophysiological cascades including generation
of oxygen-derived free radicals [12]. Reactive oxygen species
distort organ function owing to DNA damage, endothelial cell
injury, and germinal cell necrosis [13, 14]. Research focusing
on stem cells have generated great optimism in the treatment
of many human diseases in the near future. Particularly, bone
marrow stem cells (BMS) are well defined and have long been
used therapeutically [15]. The merits of stem cell therapy for
ischemia have been proved in several tissues, such as the
muscle, heart, and even brain [16].

Germ cell transplantation has been widely used to investigate
spermatogenesis recovery in various animalmodels of azoosper-
mia [17–22]. For instance, it was found that transplanted sper-
matogonial stem cells (SSCs) lead to complete spermatogenesis

in the treated testes of heat shock mice [22] and mice with
genetic defects in spermatogenesis, such as, mutant mice [23].
Furthermore, efficient proliferation and colonization of SSCs
were observed in irradiated, busulfan, and heat shock-treated
mouse recipient testes [17, 19, 22]. The fate of SSCs is deter-
mined by factors associated with stem cell niche, which reside
near the basement membrane of seminiferous tubules in the
vicinity of Sertoli cells [24]. However, an assessment of the stem
cell niche alterations remains elusive, so the only way in which
stem cell activity andmicroenvironment can be determined is by
using a transplantation assay [24, 25]. Although many efforts
have been made to transplant SSCs into testis models, no report
has yet been found regarding therapeutic effects of SSCs trans-
plantation in ischemic testis. In the previous study, we intro-
duced testicular torsion as an azoospermic mouse model for
spermatogonial stem cell transplantation [26]. In this study, the
effects of SSCs transplantation in ischemic testis were evaluated,
and the alterations in stem cell niche following testicular torsion
were assessed. In addition, a precise evaluation of pre- and post-
meiotic-specific markers in transplanted testicular tissue with
SSCs was carried out.

Material and methods

Animals

All animal experiments were approved by the Animal Ethics
Committee at IranUniversity ofMedical Sciences. Twenty-four
adult male NMRI mice at 6–8 weeks of age were purchased
from Razi Vaccine and Serum Research Institute (Karaj, Iran).
The mice were fed with standard commercial laboratory chow
((pellet form), Javeneh Khorasan Co., Mashhad, Iran) and wa-
ter and housed under standard laboratory conditions (12 h light
to 12 h dark and 22±2 °C) during the experimental period. All
the animals used in this experiment were age matched.

Experimental design

Animals were randomly divided into four groups each con-
taining six mice including (1) control (as the positive control),
which was composed of mice that did not undergo any surgi-
cal procedure, and was just for determination of the basal
values for all parameters; (2) sham, with all surgical proce-
dures involving a midline scrotal incision and physical manip-
ulation of the testis before placing it back into the scrotum; (3)
torsion (as negative control), with a 2-h testicular torsion
followed by vehicle (10 μl Dulbecco’s Modified Eagle
Medium (DMEM) and trypan blue) injection to seminiferous
tubules 2 weeks after reperfusion; and (4) torsion-
transplantation (TT; as an experimental group); a treatment
group consisting of animals treated by SSCs transplantation
2 weeks after a 2-h-long testicular torsion.
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The mice were sacrificed by cervical dislocation 8 weeks
after SSCs transplantation. Thereafter, the left testes and epi-
didymis were harvested andweighed; histopathological chang-
es and pre-/post-meiotic gene expressions were evaluated.

Spermatic cord torsion

All operations were performed under sterile condition.
Surgery was done with the subject under 100 mg/kg of keta-
mine hydrochloride (Rotexmedica, Trittau, Germany) and
10 mg/kg xylazine (Alfasan, Woerden, Netherlands) anesthe-
sia (single dose intraperitoneally).

The skin of the scrotal area was shaved and disinfected with
10% povidone iodine solution. Unilateral testicular torsion was
created by scrotal approach through a midline incision, the left
testis twisted 720° in a counter clockwise direction and by
fixing the testis to the scrotum with a 6–0 nylon suture passing
through the tunica albuginea and dartos [27]. Animals
underwent 2 h of unilateral testicular ischemia. After 2 h, the
suture was removed and the ischemic testis was untwisted and
replaced in the scrotum and the incision was closed.

Spermatogonial cells isolation, purification, and culture

Testes from ten 3–6-day-old neonate NMRI mice were collected
for the preparation of cell suspension following enzymatic diges-
tions and purification steps. After removal of tunica, the testes
were minced into small pieces and suspended in DMEM (Life
Technologies, Carlsbad, CA, USA) supplemented with 1.37 g/L
NaHCO3 (Sigma-Aldrich, St Louis, MO, USA), single-strength
non-essential amino acids, 100 IU/ml penicillin, 100μg/ml strep-
tomycin, and 40 μg/ml gentamycin (all from Life Technologies).

Single cell suspensions were obtained by two-step enzy-
matic dissociation procedure and used for culture utilizing the
method previously described [28, 29] with some modifica-
tions. In brief, minced testis pieces were suspended in
DMEM containing 1 mg/ml collagenase, 1 mg/ml trypsin,
and 1 mg/ml hyaluronidase type II (Sigma-Aldrich, St
Louis, MO, USA) and kept in shaking incubator at 37 °C for
15 min. After three washes in DMEM medium, interstitial
cells were removed and seminiferous cord fragments were
incubated in fresh enzymes for 30–45min as described above.
Cells were separated from the remaining tubule fragments by
centrifugation at 1200 RPM for 5 min. After filtration through
sterile mesh (40-μm opening, 5–6 cm2), the cells were
pelleted and purified to eliminate the somatic cells (myoid
and Sertoli cells). For this purpose, cells were incubated in
75 cm2 flasks at a density of 2×105 cells/cm2 (15×106 cells/
flask) in DMEM with 2.5 % fetal bovine serum (FBS; Life
Technologies) at 37 °C and 5 % CO2. After 16 h, the medium
with unattached (suspended) cells was collected, washed as de-
scribed, and cultured at 37 °C and 5 % CO2 in a humidified

atmosphere in the presence of 5 % FBS and 40 ng/ml glial cell
line-derived neurotropic factor (GDNF) for 2 weeks [30].

Identity confirmation of the spermatogonial cells

RT-PCR

Total RNAwas extracted from the cultured cells by using the
TRI reagent (Sigma, Pool, UK) according to the manufac-
turer’s recommendations. Complementary deoxyribonucleic
acid (cDNA) synthesis was carried out with an RT kit
(Fermentas, St. Leon-Rot, Germany). One microgram of total
RNAwas used as a template in order to generate cDNA. The
PCR reaction was performed with Platinum Blue PCR Super
Mix (Invitrogen, Pairsley, UK). Gene-specific primers de-
signed using Gene Bank and Gene runner software (version
3.02; Hastings Software Inc., New York, NY, USA) and used
for the RT reaction to assess Itgα6, Itgβ1, Plzf, Vasa, Oct-4,
Gfr-α1, and Gapdh expression. Primer sequences and prod-
ucts size are listed in Table 1.

The amplification was persistent for 40 cycles under the
following setting after an initial denaturation step of 95 °C
for 5 min: 95 °C for 30 s, specific annealing temperature for
each primer pairs (Itgα6, 52 °C; Itgβ1, 55 °C; Plzf, 55 °C;
Vasa, 62 °C; oct4, 60 °C;Gfr-α1 52 °C, andGapdh 60 °C) for
30 s, and 72 °C for 30 s followed by a final step of 10 min at
72 °C. Electrophoresis was applied on 1.2 % agarose gel with
Tris-Borate-EDTA (TBE) 1× loading buffer (Sigma- Aldrich)
at a voltage of 95 for 45 min. The gels were stained with
0.1 μg/mL Gel Red™ (Biotium Inc, Hayward, CA, USA),
the bands were visualized using Gel Logic (Carestream
Health Inc., Rochester, NY, USA), and images were obtained.

Flow cytometry analysis

Flowcytometrical analysis was done on the obtained cell sus-
pension before and after 2 weeks of culturing. Cultured SSCs
trypsinated and resuspended in PBS containing 2 % FBS and
incubated with conjugated antibodies for 20 min at 4 °C. C-
Kit and INTEGRIN-α6 antibodies were conjugated to FITC
and PE (Abcam, Cambridge, MA, USA), respectively.
Stained cells were analyzed by flow cytometry (Partec AG,
CH-4144 Arlesheim, and Switzerland) and cells without anti-
body staining served as negative controls.

Transplantation procedure and recipient testes assessment

The spermatogonial cell-derived colonies were labeled
with DiI (Invitrogen, Cergy Pontoise, France) based on
manufacturer’s protocol and injected into the seminiferous
tubules of the recipient mice 2 weeks after ischemia re-
perfusion. The recipient mice (n= 10) were anesthetized
as described, and then approximately 105 of cultured
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spermatogonial cells in 10 μl DMEM were injected into
the seminiferous tubules in each affected testis. Germ cell
transplantation was performed by retrograde microinjec-
tion through the efferent ducts into the seminiferous tu-
bules [31]. Seminiferous tubules were tracked and visual-
ized by adding trypan blue in the germ cell injection me-
dia. Approximately 80–90 % of the tubules were filled in
each recipient testis.

The existence and proliferation of injected cells were
evaluated 8 weeks post-transplantation by fluorescent
microscope (Olympus, type CH2, ×40 magnifications).
Both tissue and cultured cells were stained utilizing
DAPI (Invitrogen, Cergy Pontoise, France) in order to
confirm the results.

Assessment of morphological changes

For histological study, the testes of mice in all four
groups of our study (control, sham, with torsion, with
torsion followed by transplantation/TT) were removed,
weighed, and fixed in a Bouin’s solution for 48 h, em-
bedded in paraffin, sectioned at 5-μm thickness, and fi-
nally stained with hematoxylin-eosin (H&E). One hun-
dred round or nearly round seminiferous tubules were
assessed for each testis randomly. The mean diameter
and epithelium thickness of the seminiferous tubules
were measured in each testes using Image J (Version
1.240; National Institutes of Health, USA). The seminif-
erous tubules in each section were also graded and
scored according to the Johnsen score system to fulfill
a systematic evaluation [32].

Epididymal sperm parameters

Cauda epididymis and vas deferens were isolated in all four
groups of our study (control, sham, with torsion, with torsion
followed by transplantation/TT) and placed in 1 ml of PBS
(pH=7.4). The tissue of cauda epididymis at the beginning of
vas deferens was minced using sharp scissors. The spermatozoa
were allowed to swim out for 15 min in an atmosphere of 5 %
CO2 at 37 °C, prior to determination of sperm quality [33].
Sperm suspension was analyzed under light microscope
(Olympus, type CH2, ×400 magnifications). The suspension
was used to determine the percentage of motile spermatozoa
(light microscope, room temperature). The sperm suspensions
were counted using Neubauer counting chamber (Thoma, as-
sistant Sondheim/Rhon, Germany) for determination of sperm
concentration (×106/ml). Eosin B (0.5 % in saline) (Sigma-
Aldrich, USA) was applied to determine the percentage of via-
ble sperm (sperm with pink head was counted as dead sperm).

Gene expression evaluation by qRT-PCR

Pre-meiotic (Plzf, Gfr-α1) and post-meiotic (Tekt-1, Scp-1)
specific markers were evaluated by real-time PCR. Total
RNA was prepared from experimental testis tissue using the
TRI reagent (Sigma, Pool, UK) according to the manufac-
turer’s protocol and treated three times with DNase I
(Fermentas, St. Leon-Rot, Germany) to remove genomic
DNA contaminations from the samples. RNA was then
reverse-transcribed to cDNA using the oligo dT primers and
later purified by RT kit (Fermentas, St. Leon-Rot, Germany),
subjected to real-time PCR. Q-PCR reactions assessment were

Table 1 Primers used for qRT-
PCR analysis of pre-and post-
meiotic gene markers and RT-
PCR analysis of the SSC-specific
genes

Gene Primer sequence (5′–3′) Annealing
temperature (°C)

DNA size
(bp)

Mvh(Vasa) F: GATAATCATTTAGCACAGCCTC

R: GTCAACAGATGCAAACACAG

60 149

Itgα-6 F: CTCAGAATATCAAGCTCCCT

R: AAACACTAATAGAGCCAGCA

60 148

Gfrα-1 F: CTGTGGACTAGCTCGCTCTC

R: GACCCGCTTTTAGGGGTTCA

60 130

Itgβ-1 F: GACATTACTCAGATCCAACCA

R: AGGTAGTAGAGATCAATAGGGT

60 115

Oct-4 F:TGGATCCTCGAACCTGGCTA R:
CTCAGGCTGCAAAGTCTCCA

60 129

Plzf F: CCCGTTGGGGGTCAGCTAGAA

R: CTGCAAGGTGGGGCGGTGTAG

60 137

Gapdh F: CTGCTGGACAAGTGAGTCCC

R: CCAAGTACCCTGGCCTCATC

60 125

Scp-1 F: CGCAAGCTGACCTTGAAGTAG

R: AGCCCTTCACACTGTTCGTC

59 97

Tekt-1 F: GAAGGCCCTGTACCGCAGGC

R: CCATGGTCGTCGCCGTCTCG

61 132
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carried out using the ABI PRISM 7300 sequence detection
system (Applied Biosystems, USA) with SYBR Green re-
agent (Applied Biosystems, USA) according to the manufac-
turer’s instructions. The PCR conditions were 95 °C for
10 min, followed by 50 cycles of 95 °C for 15 s, and 60 °C
for 1 min. Each PCR was repeated at least three times using
specific primers (Table 1). Expression assay of stage-specific
markers for pre- and post-meiotic genes were analyzed using
the comparative ΔΔCT method [34].

Statistical analysis

One-way analysis of variance (ANOVA) and Tukey’s test
using the SPSS software was used (SPSS Inc, Chicago, IL,
USA) to analyze the data, and p≤0.05 is considered as sta-
tistically significant.

Results

Culture and identification of spermatogonial stem cells

Cell viability was assessed after isolation of testicular cells by
the dye exclusion test (0.04 % trypan blue solution). The via-
bility of the cells after isolation was more than 90 %, and the
clusters appeared in 2–3 days after primary culture. Upon
enzymatically disperse and re-plate of these clusters, their
SSC contents start new clusters by 2 weeks of culture.

The expression of spermatogonial cell markers (Itg-α6,
Itg-β1, Plzf, Vasa, Gfr-α1, and Oct-4) were detected by RT-
PCR, which provided additional evidence for cultured cell iden-
tification (Fig. 1a). Flow cytometric analysis of spermatogonial
cells (Fig. 1b–d) indicates 16.06±1.8 % cells were positive for
INTEGRINβ1 and negative for C-KITafter two-step enzymat-
ic digestion (Fig. 1c) whereas the 2-week cultivation significant-
ly enhanced the purity of these cells to 34.9±2.3 % (Fig. 1d).

Epididymal sperm parameters following testicular torsion

Analysis of sperm parameters showed no significant discrep-
ancy between the sham and control groups. However, epidid-
ymal sperm count had vanished following testicular torsion
compared to the control (0.10±0.00 vs. 5.72±0.48; p≤0.05).
A significant increase in sperm count was also observed in the
TT group compared to the torsion group (0.10±0.00 vs. 2.92
± 0.77; p≤ 0.05). Furthermore, the sperm count in the TT
group was not the same as that in the control group.
However, there was a significant difference in this group com-
pared to the sham and control groups (2.92±0.77 vs. 5.64
±0.41/5.72±0.48, respectively) (p≤0.05) (Table 2).

Moreover, a remarkable decline was noticed in the percent-
ages of spermmotility following testicular torsion in comparison
with that of control and sham groups (1.00±2.24 vs. 52.80

±2.77/53.20±4.82, respectively) (p≤0.05). This parameter
was augmented in the TT group compared to the torsion group
(33.40±12.22 vs. 1.00±2.24) (p≤0.05). In addition, sperm
motility in the TT group was remarkably found lower than that
in the control and sham groups (33.40±12.22 vs. 52.80±2.77/
53.20±4.82, respectively) (p≤0.05) (Table 2).

Furthermore, a reduction in sperm viability was significant-
ly perceived after testicular torsion compared to the control
and sham (1.40±3.13 vs. 60.00±1.58/60.80±8.23, respec-
tively) (p≤0.05). However no significant difference was seen
in sperm viability between the TT and control groups (57.20
±8.93 vs. 60.80±8.23/60.00±1.58) (Table 2).

A statistically significant decline in the sperm with normal
morphology was also observed following a testicular torsion.
The mean percentage of morphologically normal sperm in the
testicular torsion group showed a decrease when compared with
control and sham groups (0. 60±1. 34 vs. 74. 60±1. 14/69. 20
±5. 17), respectively (p≤0.05). However, no significant differ-
ence was seen in spermmorphology between the TTand control
groups (78. 40±2. 88 vs. 60.80±8.23/74. 60±1. 14) (Table 2).

Assessment of morphological changes

The histopathological findings in the sections were illustrated
in Fig. 2 (control, sham, and experimental groups).
Histological examinations of the control and sham testes re-
vealed normal seminiferous tubules (Fig. 2a, b). The epitheli-
um of all seminiferous tubules in ischemic testis was severely
disrupted. Most of tubules depleted while just the basement
membrane was observed in some of them (Fig. 2c). Despite
the improvement in seminiferous tubule structure following
SSCs transplantation, some sclerotic and depleted seminifer-
ous tubules were still observed in transplanted testes 10 weeks
post-testicular torsion (Fig. 2d).

Spermatogonial cells were labeled with DiI before trans-
plantation. Fluorescence indicated that before transplantation,
approximately all of the cells had been labeled with DiI
(Fig. 3a–c). Then, labeled cell were transplanted in order to
confirm the presence of SSCs in cell suspension as well as to
assess SSCs colonization in the testis. Eight weeks after trans-
plantation, fluorescent-labeled cells were considered
transplanted cells. The labeled cells were localized in the sem-
iniferous tubules of the recipient testes. In addition, coloniza-
tion and proliferation of transplanted cells were observed
8 weeks after cells transplantation (Fig. 4).

As shown in Table 2, there were no significant morpholog-
ical changes between the sham and control groups. However, in
ischemic testis compared to the sham and control, a reduction in
tubule diameter (135.64±11.41 μm, vs. 198.32±1.98 μm and
199.98±2.48 μm, respectively; p≤0.05) and epithelial thick-
ness (12.46 ± 2.23 μm, vs. 55.86 ± 3.94 μm and 55.52
±2.02 μm, respectively, p≤0.05) was discovered. Although in
the TT group, the diameter of seminiferous and epithelial
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tubules increased compared to the torsion group, they also
showed a difference between the sham and control groups.
The alterations in testicular weighs and seminiferous lumen
diameters were not statistically significant in all the groups of
our study (Table 2).

Johnsen score assessment

Following torsion, the Johnsen score was declined in compar-
ison with the sham and control groups (2.90±0.37 vs. 9.16
±0.52 and 9.2±0.51, respectively; p≤0.05). Seminiferous tu-
bule score for SSCs-transplanted testis was considerably low-
er than that in the control group, while it was higher when
compared to the ischemic testis group (8.03±0.43 vs. 9.2
±0.51, 2.90±0.37, respectively; p≤0.05) (Table 1).

Gene expression evaluation by qRT-PCR

To determinate the increase in SSC number and differentia-
tion, we transplanted the cultured cells into seminiferous tu-
bules of the torsion testes. In these experiments, at least three
recipients received donor cell transplantation. In order to eval-
uate proliferation and differentiation of transplanted cells, we
assessed and analyzed the expression levels of the SSC-
specific pre-mitotic (Plzf, Gfrα-1) and post-mitotic (Scp-1,
Tekt-1) genes by quantitative RT-PCR (qRT-PCR). Figure 5
shows the results of qRT-PCR analysis in testicular tissue of
experimental groups.

All amplified products had the expected size for that par-
ticular gene. Amplified products in control samples were not
observed, which suggests lack of genomic DNA
contamination.

Fig. 1 RT-PCR and flow cytometric analysis. RT-PCR was used to de-
termine the expression of specific spermatogonia and germ cell markers.
a Expression of the specific spermatogonia and germ cell-specific
markers was detected by RT-PCR of Itgα6 (148 bp), Itgβ1 (3115 bp),
Plzf (137 bp), VASA (149 bp),Oct4 (129 bp), and Gfrα-1 (130 bp); genes
were expressed in testis tissue (positive control) and spermatogonial cells
after culture. Flow cytometric analysis of spermatogonial cells. b The

cells without antibody staining considered as negative control, c sper-
matogonial cells after two-step enzymatic digestion, and d after 2 week
in culture. The population of cultured cells were double stained with
antibodies againstβ1-integrin and c-kit. In three experiments, the average
percent of the spermatogonial cells (C-KIT−, INTEGRIN β1

+) after two-
step enzymatic digestion was 16.06 ± 1.8 %, whereas cultivation en-
hanced the purity of these cells to 34.9 ± 2.3 %
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The expression levels of specific pre- (Plzf, Gfrα-1) and
post- (Tekt-1, Scp-1) meiotic markers between the sham and
control groups were not significantly different. The
abovementioned markers decreased in transplanted group fol-
lowing testicular torsion compared to the sham and control
groups (p≤0.05). SSC transplantation in mice significantly
increased the expression of pre- and post-meiotic markers
compared to ischemia reperfusion testicles (torsion group).
However, the expression levels of these markers in SSCs-
transplanted testis were considerably and significantly lower
than the sham and control groups (Fig. 5).

Discussion

In this study, we propagated neonatal SSCs in vitro and then
transplanted them into testicular ischemia reperfusion model.
We demonstrated that SSCs transplantation could increase
relative expression of pre-/post-meiotic genes and improve
sperm parameters and testis structure in the ischemic
(torsion) condition. The main and immediate outcome of tes-
ticular torsion is ischemia [35, 36]; therefore, a delay in pre-
sentation or failure of diagnosis and/or mismanagement of the
condition leads to the loss of the testicle on the affected side.

Fig. 2 Assessment of
morphological changes: normal
seminiferous was observed in a
control and b sham animal testis.
c Depleted tubule was perceived
by 2-h testicular torsion; d resto-
ration of seminiferous tubule fol-
lowing SSCs transplantation is il-
lustrated (bar= 100 μm)

Table 2 Spermatogenesis evaluation. Spermatogenesis evaluation
between different groups of the present study by assessment of
histopathological factors (testicular weight, seminiferous tubule

diameter, and seminiferous epithelium thickness Johnsen score) and
sperm parameters (mean epididymis sperm count, percentage of sperm
motility, and percentage of viable sperm)

Groups Control ± SD Sham±SD Torsion ± SD Transplantation ± SD

Testicular weight 0. 09 ± 0.05 0. 08± 0.05 0. 07± 0. 01 0. 08 ± 0. 01

Seminiferous diameter 199. 98± 2. 48 198. 32± 1. 98 135. 64± 11. 41a 165. 44 ± 2. 36ab

Epithelium thickness 55. 52± 2. 02 55. 86± 3. 94 12. 46± 2. 23a 47. 22 ± 0. 90ab

Johnson grade 9. 2 ± 0. 51 9. 16± 0. 52 2. 90± 0. 37a 8. 03 ± 0. 43ab

Sperm count (×106) 5. 72 ± 0. 48 5. 64± 0. 41 0. 10± 0. 00a 2. 92 ± 0. 77ab

Sperm morphology 74. 60± 1. 14 69. 20± 5. 17 0. 60± 1. 34 a 78. 40 ± 2. 88b

Sperm motility 52. 80 ± 2. 77 53. 20± 4. 82 1. 00± 2. 24 a 33. 40 ± 12. 22 ab

Sperm viability 60. 00 ± 1. 58 60. 80± 8. 23 1. 40± 3. 13 a 57. 20 ± 8. 93b

a Significant difference vs. control and sham groups(p ≤ 0.05)
b Significant difference vs. torsion group (p ≤ 0.05)
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In our study, severe seminiferous epithelium disruption oc-
curred during the ischemia or upon reperfusion.

SSCs transplantation was developed inmice approximately
a decade ago and opened new approaches for biological in-
vestigations [18, 37]. There are various applications of sper-
matogonial stem cell transplantation beyond basic research
[38]. For instance, cancer treatment can cause infertility; thus,
obtaining and storing of spermatogonial stem cells from pa-
tients could be a promising way to restore and preserve fertil-
ity [38–40]. Also in testicular torsion, testicular biopsy is like-
ly to provide the spermatogonial stem cells for cryopreserva-
tion, storage, and transplantation.

SSC transplantation has been examined in different
azoospermic animal models [17, 20, 41, 42]. SSCs may be
proliferated via in vitro culture [43], which in turn may

increase the likelihood of successful transplantation [44, 45].
In addition, it provides a large number of stem cells for genetic
manipulation, as well as biochemical and molecular analysis
[46]. Perhaps, a recommended way to reach these goals is cul-
ture of stem cells in the presence of growth factors. Among the
growth factors, GDNF (Glial-Cell-Line-Derived Neurotrophic
Factor) is the most crucial factor to promote SSC self-renewal
leading to a balance set between SSCs self-renewal and differ-
entiation [47–49]. Without GDNF, spermatogonial aggregation
cannot occur or SSCs may be perished [50]. In the cell culture,
we experienced increased number of SSCs via self-renewal in
presence of GDNF and somatic cells. Based on our flow cyto-
metric results, SSCs were proliferated by twofolds after 2-weeks
of culture. After isolation, the cell suspension contained 16 %
SSCs while differential plating and in vitro culture enhanced the

Fig. 3 SSC labeling before
transplantation. a DiI-labeled
SSCs was observed under fluo-
rescence; b same cells were
stained with DAPI; c panels a and
b were merged

Fig. 4 Colonization of
spermatogonial stem cells into
recipient mouse testis. a Control
and b sham groups without any
positive signals in the tubules.
Auto-fluorescent signals in inter-
stitial tissue were considered as an
artifact (arrow). c The tubules
were still without germ cells
(depleted) 10 weeks after testicu-
lar torsion. d Proliferation and
differentiation of transplanted
SSCs were detected by tracing
labeled cell in the recipient testes
8 weeks after transplantation;
seminiferous tubule were stained
with DAPI and observed under
UV microscope (bar = 50 μm)
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purity of these cells to 35 %. Our finding was consistent with
previous in vitro studies reporting that culture increases the num-
ber of SSCs [51, 52].

On the basis of previously studies on SSCs isolation and
purification, the availability of markers, which can confirm the
exact identity of these cells, is essential. One of these markers is
c-kit, the receptor for stem cell factor (SCF). c-kit is mostly more
expressed by differentiated spermatogonia than by spermatogo-
nial stem cells; thus, it could be used as a negative marker for
SSCs identification [53, 54]. In addition, presence of integrinα-
6 onmouse SSCs provided a positivemarker for SSCs selection
or identification [55]. Proper criteria for the recipients of SSCs
transplantation include the removal of germ cell populations,
existence of empty cavities, and presence of Sertoli cells within
the seminiferous tubules and these might simplify might sim-
plify the transplanted SSCs accommodation and colonization
[56]. Hence, in this study, the best time for successful SSCs
transplantation following testicular torsion (i.e., 14 days after
2 h of unilateral testicular torsion reperfusion) was selected
according to the findings from our earlier study [26].

According to the results obtained from the evaluation of
epididymal sperm parameters in this study, there was a signif-
icant improvement in sperm concentration, motility, and via-
bility in the SSCs-transplanted group compared to the torsion
group. However, this value in SSCs-treated animals was still
significantly less compared to the sham and control groups
8 weeks after transplantation.

Seminiferous tubular diameter and seminiferous tubules
epithelium thickness indicate the testis function and spermato-
genesis [57]; however, the Johnsen score describes a new and
rapid method for registration of spermatogenesis in testes [32].
In this study, a high correlation was found between testicular
biopsy score and sperm count. Based on Johnsen scoring,
most seminiferous tubules were restored 8 weeks following
SSCs transplantation and were consistent with the other find-
ings of our study. Our pervious study suggested that SSCs
transplantation can produce sperm in the recipient’s testes

after autologous transplantation. Although improvement of
sperm parameters, testicular structure, and testicular weight
were observed, no improvement in live birth has been detect-
ed. Moreover, assessed parameters in experimental group
were less than those in the sham and control groups 2 months
after transplantation [17, 58]. Honaramooz et al. showed that
SSCs homologous transplantation increases the epididymal
sperm concentration in busulfan-treated mice [20]. Izadyar et
al. demonstrated that autologous transplantation of bovine
spermatogonial stem cells resulted in an increase of the germ
cells within the tubules and therefore a complete regeneration
of spermatogenesis [19]. Our finding agreed with the reports
by the aforementioned investigators.

So far, SSC-specific markers have been used to recognize
the SSCs enrichment via in vivo and in vitro methods [53, 59,
60]. In addition, selected testicular cells by SSC markers have
been employed to improve the restoration of fertility following
SSC transplantation [61]. Therefore, to determine the efficien-
cy of transplantation and to confirm the morphology, in this
study, relative expressions of pre- and post-meiotic genes were
evaluated by real-time PCR. GFRα-1 is expressed in SSCs as
one of the two receptors for GDNF, to regulate the ratio of self-
renewal and differentiation of SSCs. PLZF is a transcription
factor that contributes to the maintenance of the male germ line
stem cell [62]. These markers are well-known spermatogonial-
specific markers in many species and are expressed in sper-
matogonial stem and progenitor cells (As-Aal) [63, 64] but not
expressed in post-meiotic spermatogonial cells [65, 66]. Based
on these studies, we conclude that assessment and comparison
of pre-meiotic (Plzf, Gfrα-1) gene expressions among the
groups can identify proliferation of transplanted SSCs in ische-
mic testicular tissue. As noted in the results, expression of pre-
meiotic genes were significantly declined in ischemic testis
compared to control and sham groups. The relative expressions
of these genes were increased after SSCs transplantation, al-
though it was still less than the control and the sham. These
results are consistent with other findings of this study, indicat-
ing an increase in the number of spermatogonial cells in ische-
mic testis after SSCs transplantation.

SCP1 and TEKT1 are post-meiotic markers [67, 68]. SCP1 is
involved in synaptonemal complex during meiosis, and TEKT1
is the specific marker of more mature male haploid gametes
implicating in sperm flagellum formation [67, 69, 70].
Spermatogonial cell differentiation, spermatogenesis, and the
overall testis function might be evaluated via analysis of post-
meiotic genes expressions in testicular tissue. Evaluation of
post-meiotic genes expressions in SSCs-transplanted ischemic
testis may also indicate the transplantation and its efficiency.

In most studies, donor SSC colonization was evaluated via
fluorescent microscopy; perception of high fluorescence inten-
sity in seminiferous tubules shows donor SSCs proliferation and
differentiation frommulti-layered, undifferentiated germ cells to
haploid spermatid stage. However, a moderate and a low

Fig. 5 Gene expression evaluation by quantitative RT-PCR (qRT-PCR).
Relative gene expression of pre-meiotic (Plzf, Gfrα-1) and post-meiotic
(Scp-1, Tekt-1) by qRT-PCR. Asterisk shows significant difference
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fluorescence intensity observations reveal the presence and ab-
sence of differentiating cells to the spermatocyte stage, respec-
tively [69, 71]. Although a real-time observation of the prolifer-
ation and differentiation of transplanted SSCs via the described
method was not performed in this study, it was speculated and
perceived by assessment of pre- and post-meiotic markers.

Conclusion

This study showed that SSCs transplantation was effective for
the treatment of testicular ischemia due to testicular torsion in
a mouse model. Isolation, proliferation, and SSCs transplan-
tation may be a new approach for fertility preservation in
testicular torsion.
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