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Summary
Rapamycin (mTOR inhibitor) has been reported to have negative effect on human 
male gonadal function. Previously, we showed that mTOR signalling molecules are 
expressed during early spermatogenesis in mice. The objective of this study was to 
investigate the role of mTOR signalling in meiosis both during the first wave of sper-
matogenesis and also during adult spermatogenesis. Day 5 post- partum mice were 
administered rapamycin and retinoic acid (RA; a Stra8 activator), and expression of p- 
p70S6K and Stra8 proteins was evaluated. p- p70S6K and Stra8 protein expressions 
decreased in post- natal testes after rapamycin treatment. Stra8 protein expression 
increased after RA and rapamycin+RA administrations in post- natal testes. In adult 
mice, rapamycin was administrated for 1 or 4 weeks. Morphological analysis for tes-
ticular damage and TUNEL assay was performed. After rapamycin administration, 
germ cell loss increased in adult testes. Ultrastructural analysis revealed disorganised 
testicular morphology and vacuolisation. The number of apoptotic germ cells increased 
after 4 weeks rapamycin administration. Stra8 and Dmc1 expressions decreased in 
4 weeks rapamycin group, whereas Sycp3 and VASA expression did not change. Our 
findings suggest that mTOR pathway has an important role in meiotic progress of male 
germ cells both during first wave of spermatogenesis and in adult mice.
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1  | INTRODUCTION

Spermatogenesis requires a highly coordinated and tightly regu-
lated sequence of cellular processes (Loveland et al., 2015). In the 
adult mammalian testes, this progression involves spermatogonial 
mitoses, spermatocyte meiosis and the structural transformation of 
haploid spermatids. Spermatogonial stem cells first proliferate, then 
enter meiosis and complete the maturation sequence (Loveland et al., 
2015). Little is known about the mechanisms of spermatogonial devel-
opment. One important factor for male fertility and normal spermato-
genesis is vitamin A (Zhou et al., 2008). Retinoic acid (RA), an active 
metabolite of vitamin A, is necessary for spermatogonial maturation 
and proper entry of germ cells into meiotic prophase during post- natal 

development and in adult testes (Zhou et al., 2008). Stra8 (Stimulated 
RA gene 8) is a vertebrate- specific, cytoplasmic factor expressed by 
germ cells in response to RA and it regulates meiotic initiation of sper-
matogenesis (Anderson et al., 2008). In the mouse testis, during post- 
natal development, high levels of the Stra8 transcripts first appear at 
6 dpp and stimulate meiosis (first wave of spermatogenesis), peak at 
10 dpp, and then significantly decrease in 14- dpp and 18- dpp testes 
(Zhou et al., 2008).

The mTOR (mammalian target of rapamycin) signalling pathway is 
highly conserved from yeast to humans. mTOR is a serine/threonine 
downstream mediator in the phosphatidylinositol 3- kinase (PI3K) 
signalling pathway, which controls many cellular processes, including 
apoptosis, autophagy, translation and energy metabolism (Mizumura, 

www.wileyonlinelibrary.com/journal/and
http://orcid.org/0000-0003-0370-8680
mailto:cilerozenci@akdeniz.edu.tr


2 of 11  |     SAHIN et Al.

Cloonan, Haspel, & Choi, 2012). mTOR exists in two distinct com-
plexes in the cell; mTORC1 and mTORC2. mTORC1 controls cell auton-
omous growth in response to nutrient availability and growth factors, 
whereas mTORC2 is considered to mediate cell proliferation and cell 
survival (Novello et al., 2014; Tao et al., 2013). mTORC2 is also thought 
to regulate actin cytoskeleton dynamics (Zinzalla, Stracka, Oppliger, & 
Hall, 2011). When active, mTORC1 promotes cell growth by directly 
phosphorylating the translational regulators ribosomal protein S6 ki-
nase (P70S6K1) and eukaryotic translation initiation factor 4E binding 
protein 1 (4E- BP1). Rapamycin and its derivatives (rapalogs), inhibi-
tors of mTOR, have been evaluated for their immunosuppressive and 
antiproliferative properties (Tsang, Qi, Liu, & Zheng, 2007; Zaytseva, 
Valentino, Gulhati, & Evers, 2012). Rapamycin is being used to pre-
vent allograft rejection after solid organ transplantation (Deutsch 
et al., 2007). Case reports show that rapamycin administration has a 
negative effect on male gonadal function (Bererhi et al., 2003). Male 
patients treated with rapamycin after organ transplantations have 
decreased testosterone levels and sperm counts and increased fol-
licle stimulating hormone (FSH) and luteinising hormone (LH) levels 
(Fritsche et al., 2004; Huyghe et al., 2007; Kaczmarek et al., 2004; 
Kramer et al., 2005; Lee et al., 2005; Tondolo et al., 2005; Zuber et al., 
2008).

A number of studies have explored the role of mTOR signal-
ling pathway in spermatogenesis. An in vitro study shows that 
rapamycin is a key regulator of spermatogonial proliferation (Feng, 
Ravindranath, & Dym, 2000). According to this study, SCF (stem cell 
factor)/c- kit uses a PI3K (phosphoinositide 3- kinase)/AKT/p70S6K/
cyclin D3 pathway to promote spermatogonial cell proliferation. 
Hobbs, Seandel, Falciatori, Rafii, and Pandolfi (2010) showed that 
PLZF−/− spermatogonial progenitor cells (SPCs) have enhanced mTOR 
activity. Active mTORC1 inhibits self- renewal pathways of SPCs. The 
authors also showed that PLZF is a transcriptional activator of the 
mTOR inhibitor REDD1 in (SPCs). It has also been demonstrated that 
p- p70S6K increases at meiotic prophase 1 and is reduced after mei-
osis (Messina et al., 2010). In our laboratory, we previously investi-
gated the expression of mTOR signalling pathway proteins (mTOR, 
p- mTOR, p- p70S6K, p- 4EBP1 and p- Tuberin) in adult mouse testes. 
To our knowledge, it was the first study published to evaluate these 
proteins in adult mouse testes and we found that spermatogonia 
and preleptotene spermatocytes express mTOR signalling path-
way proteins (mTOR, p- mTOR, p- p70S6K, p- 4EBP1 and p- Tuberin; 
Sahin, Sahin, Gungor- Ordueri, Donmez, & Celik- Ozenci, 2014). We 
also evaluated the effect of mTOR signalling pathway inhibition 
on spermatogenic cells where we had administered rapamycin to 
seminiferous tubule cultures and evaluated the expression of pro-
liferation and differentiation markers after 24 hr. We showed that 
PCNA (proliferating cell nuclear antigen) and Stra8 (stimulated RA 
gene 8) expression significantly decreased after inhibition of mTOR 
pathway in ex vivo seminiferous tubule culture system (Sahin et al., 
2014). Xu et al. (2015) have showed that mTOR/p70S6K promotes 
spermatogonia proliferation and spermatogenesis in Sprague Dawley 
rats. Our previous results and literature findings illustrate that mTOR 
signalling pathway has an important role on spermatogonial stem cell 

development and essentially on differentiation. Our previous studies 
were performed in vitro and due to the limited culture time, we did 
not evaluate the role of mTOR pathway in meiotic progression. In 
addition, most studies show that rapamycin has an effect on meiotic 
initiation. In this study, we aimed to evaluate the role of mTOR signal-
ling pathway in meiotic initiation and progression during post- natal 
development (first wave of spermatogenesis) and in adult mice using 
mTOR inhibitor rapamycin.

2  | MATERIAL AND METHOD

2.1 | Animals

Post- natal (5 dpp) and adult (3–4 months old) C57Balb- C male mice, 
obtained from the Akdeniz University Animal Research Unit, were 
used for the study. Rapamycin and RA were administrated to pre- 
pubertal mice on two consecutive days (5 and 6 dpp) with daily injec-
tions each. On day 9, animals were anesthetised and killed by cervical 
dislocation and their gonads were removed. Rapamycin was adminis-
trated to adult mice for 1 week (short term) or for 4 weeks (long term) 
with daily injections. Animals were anesthetised and killed by cervical 
dislocation and the testes were removed. The experimental protocol 
was approved by the animal core and usage committee of Akdeniz 
University, protocol number 2012.08.05 and was in accordance with 
the Declaration of Helsinki and the International Association for the 
Study of Pain guidelines.

2.2 | Rapamycin and RA treatments

To investigate the effect of rapamycin (mTOR inhibitor) and RA (Stra8 
activator) on the first wave of spermatogenesis (onset of Stra8 upreg-
ulation), rapamycin and RA were administered to 5 dpp male mice for 
two consecutive days. In addition, to evaluate the role of mTOR inhi-
bition on meiotic initiation and progression in adult testes, rapamycin 
was administered daily for 1 week (short term) or for 4 weeks (long 
term). For injections, rapamycin (LC laboratories Cat. no: R- 5000) was 
dissolved in ethanol (5 mg/ml) and then diluted to a final concentra-
tion of 300 μg/ml in saline (5% Polyethylene glycol 400, 4% ethanol, 
5% Polysorbate 80). All- trans RA (Sigma, Cat. no: R2625; 7.5 mg/
ml) was dissolved in solvent (90% Sesame oil/10% Ethanol). We es-
tablished six groups with 5 dpp male mice; Control (n = 6), vehicle 1 
(5% PEG 400/4% Ethanol/5% Tween- 80 in saline; n = 6), rapamycin 
(n = 6), vehicle 2 (10% Ethanol in 1 ml sesame oil; n = 6), RA (n = 6) and 
rapamycin+RA (n = 6). We administered rapamycin (2 mg/kg, daily) 
intraperitoneally and all- trans RA (300 μg, daily; Zhou et al., 2008) 
subcutaneously on days 5 and 6 dpp. Animals were anesthetised and 
killed by cervical dislocation on day 9 dpp. Three groups were estab-
lished with adult mice; control (n = 6), vehicle (n = 6), and rapamycin 
group (n = 6). We administered rapamycin (2 mg/kg, daily; Bishu et al., 
2013; Song, Xie, Pan, & Xu, 2015; Xiao et al., 2014) intraperitoneally 
for 1 week (short term) and for 4 weeks (long term). The same con-
centrations of solvents were injected to mice in order to establish the 
vehicle groups.
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2.3 | Evaluation of protein expressions of p- p70S6K, 
pre- meiotic and meiotic markers after rapamycin and 
RA treatments during post- natal development and 
after rapamycin treatment in adult testes

We evaluated p- p70S6K and Stra8 protein expression in 9 dpp male 
mice that were injected with rapamycin and RA on 5 and 6 dpp. 
Western blot was used to evaluate p- p70S6K and immunohistochem-
istry was used to evaluate Stra8 protein expression in control, vehicle 
1 (5% PEG400/4% ethanol/5% Tween- 80 in saline), rapamycin, vehi-
cle 2 (10% ethanol in 1 ml sesame oil), RA and rapamycin+RA groups. 
After rapamycin administration to adult mice, we evaluated the ex-
pression of p- p70S6K, pre- meiotic (stra8) and meiotic (sycp3, dmc1) 
markers and germ cell marker VASA by Western blot.

2.4 | Western blot

The testes were removed from control and experimental groups 
and immediately placed in liquid nitrogen. After homogenisation 
and sonication, samples were centrifuged at 10,000 g for 10 min. 
Supernatants were collected and protein concentrations were de-
termined using a standard bicinchoninic acid assay (Smith et al., 
1985). The samples were then heated for 5 min at 95°C, and 50 μg 
of protein was applied per lane on 10% SDS polyacrylamide gel elec-
trophoresis. Samples were then subjected to SDS polyacrylamide 
gel electrophoresis under standard conditions and transferred onto 
polyvinylidene difluoride membrane in a buffer containing 0.2 mol/L 
glycine, 25 mmol/L Tris and 20% methanol and incubated overnight. 
Membranes were blocked with 5% nonfat dry milk for 1 hr and then 
incubated for 16 hr at 4°C in the presence of rabbit anti- p- p70S6K 
antibody (Abcam, Cat. no: ab32359) at a dilution of 1:500, rabbit anti- 
Stra8 antibody (Abcam, Cat. no: ab49602) at a dilution of 1:500, rabbit 
anti- Sycp3 antibody (Abcam, Cat. no: ab97672) at a dilution of 1:500, 
rabbit anti- Dmc 1 antibody (Abcam, Cat. no: ab11054) at a dilution of 
1:500 and rabbit anti- VASA antibody (Abcam Cat. no: ab13840) at a 
dilution of 1:1,000. Beta actin (Cell Signaling, Cat. no: 4970) was used 
as an internal control to confirm the equal loading of proteins. After 
washing, the membranes were incubated with peroxidase- conjugated 
anti- rabbit (Vector, Cat. no: PI- 1000) and peroxidase- conjugated anti- 
mouse (Vector, Cat. no: PI- 2000) IgG antibodies at 1:5,000 dilution 
for 1 hr at room temperature. Immunolabelling was visualised using 
chemiluminescence- based Super Signal CL HRP Substrate System 
(Thermo Scientific, Cat. no: 34080), and the membranes were exposed 
to Hyperfilm (Amersham, Cat. no: 28906836).

2.5 | Immunohistochemistry

After rapamycin and RA treatments, testes were removed from 9 dpp 
male mice and fixed in Bouin’s fixative. Paraffin embedded testis sec-
tions were obtained, dewaxed and rehydrated. Antigen retrieval was 
performed with 50 mmol/L glycine (pH, 3.5) for 5 min, and sections 
were treated with 0.3% hydrogen peroxide prepared in methanol for 
5 min to block endogenous peroxidase activity. The sections were then 

incubated with U.V block (Thermo Scientific, Cat. no: TA- 125- UB) for 
7 min to block nonspecific antigen binding. Next, the sections were 
incubated with rabbit polyclonal anti- Stra8 antibody (Abcam, Cat. no: 
Ab49602) at 1:500 dilution overnight at 4°C. Sections were washed 
with phosphate- buffered saline (PBS; 150 mmol/L NaCl, 10 mmol/L 
potassium phosphate buffer) and incubated with 1:500 dilution of bi-
otinylated anti- rabbit antibody (Vector, Cat. no: BA- 1000) for 1 hr at 
room temperature. After washing with PBS, horseradish peroxidase- 
conjugated avidin- biotin complex was applied (Vectastain ABC Kit 
Elite, Cat. no: PK- 6100). Antibody detection was performed with di-
aminobenzidine (Sigma, Cat. no: D4168).

3  | MORPHOLOGICAL ANALYSIS

3.1 | Haematoxylin- eosin staining

Testes were removed from control, vehicle (1 and 4 weeks) and rapa-
mycin (1 and 4 weeks) groups, fixed in Bouin’s fixative, embedded in 
paraffin and cut into 5- μm sections. Testes sections were dewaxed, 
rehydrated and stained with haematoxylin- eosin for histological 
evaluation. Germ cell loss was evaluated in each group. In each group 
(n = 6), 100 seminiferous tubules per cross section were counted from 
all mice, and the percentage of seminiferous tubules that showed 
germ cell loss was calculated.

3.2 | Transmission electron microscopy 
(TEM) evaluation

For electron microscopic evaluation, testes were removed from con-
trol, vehicle (1 and 4 weeks) and rapamycin groups (1 and 4 weeks). 
Samples were fixed with 4% glutaraldehyde in 0.1 mol/L Sorensen’s 
phosphate buffer solution (pH 7.3) and post- fixed with 2% osmium 
tetraoxide prepared with the same buffer solution. After dehydration 
through a graded series of ethanol, they were embedded in epoxy 
resin (Araldite CY212, Agar Scientific Ltd, Stansted, UK). Semi- thin 
(1 μm) and ultrathin (40–60 nm) sections were cut with an ultrami-
crotome (Leica ultracut, UCT, Leica MZ6, UK). Semi- thin sections 
(1 μm) were stained with Toluidine blue and examined with a light mi-
croscope (Olympus CX41). Ultrathin sections (40–60 nm) were con-
trasted with uranyl acetate and lead citrate and were examined with 
Zeiss LEO 906E transmission electron microscope (Zeiss, Germany).

3.3 | Terminal deoxynucleotidyl transferase dUTP 
nick end labelling (TUNEL) analysis

Apoptotic cells were detected by TUNEL assay in the control, vehi-
cle (1 and 4 weeks) and rapamycin (1 and 4 weeks) treated groups 
with the In Situ Cell Death Detection Kit (Roche Cat. no: 11 684 809 
910). The procedure was carried out according to the manufacturer’s 
instructions. Paraffin sections (5- μm) were washed twice in PBS for 
5 min, incubated with permeabilisation solution (0.1% Triton X- 100 
in 0.1% sodium citrate) for 8 min at 4°C and again washed twice with 
PBS for 5 min. The labelling reaction with 50 μl of TUNEL reagent was 



4 of 11  |     SAHIN et Al.

then applied to each sample (except the negative control, in which 
reagent without enzyme was added) and incubated for 1 hr at 37°C. 
After PBS washes, sections were incubated with converter reagent 
for 30 min at 37°C. Colour development for localisation of cells con-
taining labelled DNA strand breaks was performed by incubating the 
sections with Fast Red (Roche Cat. no: 11496549001) substrate solu-
tion for 5 min.

3.4 | Statistical analysis

Statistical calculations were performed using SigmaStat for Windows, 
version 3.0 (Jandel Scientific Corp.). p value of <.05 was considered 
statistically significant. The ratio of testis weight to body weight, germ 
cell loss and cell death was evaluated with one- way ANOVA test fol-
lowed by a post hoc Holm–Sidak test. For Western blot, integrated 
densities of bands were measured with Image J for Windows, version 
1.44 (National Institutes of Health). The relative levels were obtained 
by dividing the protein intensity value by its corresponding beta actin 
intensity value (p < .05). Comparisons were performed with one- way 
ANOVA test. Following the one- way ANOVA test post hoc analysis 
was performed. Tukey test was used for p70S6K and Holm–Sidak test 
was used for Stra8 and Dmc1. Immunohistochemistry results were 
analysed with Image J for Windows, version 1.44 (National Institutes 
of Health) the percentage of Stra8- positive cells was calculated with 
Image J and comparisons were analysed with one- way ANOVA and 
Holm–Sidak test between groups.

4  | RESULTS

4.1 | Rapamycin and RA treatments regulate  
p- p70S6K and Stra8 protein expression during  
post- natal development in mice

We evaluated expression of p- p70S6K and Stra8 protein on 9 dpp 
after rapamycin and RA treatments. p- p70S6K expression signifi-
cantly decreased in rapamycin group when compared to other groups 
(Figure 1a,b, p < .05). We did not observe any differences in p- p70S6K 
expression between other groups (Figure 1a,b). Immunohistochemistry 
results showed that on 9 dpp, Stra8 expression decreased significantly 
in rapamycin group when compared to control and vehicle groups, and 
increased in RA and rapamycin+RA groups when compared to other 
groups (Figure 1c,d, p < .05).

4.2 | Expression of pre- meiotic and meiotic markers 
decreased after rapamycin treatment in adult testes 
in mice

After rapamycin treatment, we evaluated the expression of p- p70S6K 
and expression of pre- meiotic (Stra8), meiotic markers (Sycp3, Dmc1) 
and VASA. Expression of p- p70S6K significantly decreased in the 
rapamycin group (1 and 4 weeks) when compared to control and 
vehicle group (Figure 2a, p < .05). Stra8 expression decreased signifi-
cantly after 4 weeks treatment with rapamycin (Figure 2b, p < .05). In 

contrast, the level of Sycp3 expression did not change between any of 
the group (Figure 2c). Although Dmc1 expression slightly decreased 
after 1 week of rapamycin treatment, this trend did not reach to sig-
nificant levels. Dmc1 expression significantly decreased after 4 weeks 
rapamycin treatment when compared to control and vehicle group 
(Figure 3a, p < .05). VASA expression was similar between all groups 
after 1 and 4 weeks of rapamycin treatment (Figure 3b).

4.3 | Histological and ultrastructural analysis of 
testes after rapamycin treatment in adult testes 
in mice

Germ cell loss was evaluated after rapamycin administration in 
haematoxylin- eosin stained adult testis sections. After 1 week of 
rapamycin treatment, no germ cell loss was observed in any group 
(Figure 4a,b). In contrast, after 4 weeks of rapamycin treatment, the 
number of seminiferous tubules that showed germ cell loss increased 
significantly when compared to control and vehicle groups (Figure 4a,b, 
p < .05). The percentage of tubules that exhibited germ cell loss was 
0.00 in control, 2 ± 0.02 in vehicle (4 weeks), and 31 ± 0.02 in rapa-
mycin (4 weeks) group (Figure 4a,b). Transmission electron micros-
copy analysis showed that testis architecture was normal in control 
group. After 1 week of rapamycin treatment, vacuolisation occurred 
when compared to control and vehicle group (Figure 4c). Disorganised 
testes morphology was observed after 4 weeks of rapamycin treat-
ment. We also observed severe vacuolisation, especially at adluminal 
compartment of seminiferous tubules. In 4 weeks rapamycin group, 
early spermatogenic cells were present but we did not observe all cell 
stages in the adluminal compartment (Figure 4c).

4.4 | Effect of inhibition of mTOR signalling pathway 
on testes weights in adult mice

Rapamycin was applied 2 mg/kg per mice daily. Two animals in the ve-
hicle group died unexpectedly. We did not observe unexpected deaths 
in any other groups. The body weights at the beginning of experi-
ments were similar across all groups. We evaluated the ratio of testes 
weights to body weights after rapamycin treatment in adult mice. After 
1 week of rapamycin treatment, no differences between groups were 
observed. However, after 4 weeks of rapamycin treatment this ratio 
decreased significantly when compared to control and vehicle groups 
(Figure 4d, p < .05). The testes weight/body weight ratios were as 
follows; 0.0035 ± 0.04 in control, 0.0048 ± 0.09 in vehicle (1 week), 
0.0043 ± 0.05 in rapamycin (1 week) and it was 0.0035 ± 0.04 in con-
trol, 0.0027 ± 0.02 in vehicle (4 weeks), 0.0013 ± 0.01 in rapamycin 
(4 weeks) group (Figure 4d).

4.5 | Cell death increases after rapamycin 
administration in adult mice

TUNEL assay was performed to evaluate cell death in control, vehicle 
and rapamycin groups in adult mice. After 1 and 4 weeks of rapamy-
cin treatment, the number of TUNEL- positive germ cells increased 
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significantly when compared to control and vehicle groups (Figure 5a,b, 
p < .05). Apoptotic index was 10 ± 0.5 in control, 14.2 ± 0.2 in vehi-
cle (1 week), 28.5 ± 0.4 in rapamycin (1 week), 18.5 ± 0.1 in vehicle 
(4 weeks) and 48.5 ± 0.2 in rapamycin (4 weeks) groups respectively 
(Figure 5a,b).

5  | DISCUSSION

In this study, we evaluated the role of mTOR signalling pathway in 
meiotic initiation during post- natal development and in meiotic initia-
tion and progression in adult mouse testes. First wave of spermato-
genesis in mice is initiated on post- natal day 5 by the expression of 
Stra8 mRNA. In the testis, high levels of the Stra8 transcripts first ap-
pear at 6 dpp, peak at 10 dpp, and then significantly decrease in 14 

and 18 dpp testes (Zhou et al., 2008). Therefore, to analyse the role 
of mTOR signalling pathway on first meiotic activation, we inhibited 
mTOR signalling pathway with rapamycin on day 5 dpp. We used p- 
p70S6K expression to show mTOR inhibition 3 days after (9 dpp) con-
secutive rapamycin treatments on days 5 and 6 dpp. In addition, on 
the same days, we treated mice with RA (Stra8 activator) and showed 
that Stra8 expression decreased on 9 dpp. Our results also demon-
strated that this effect of rapamycin could be rescued by exogenous 
RA treatment during post- natal development. Based on our results, RA 
could be involved, as a novel initiator, in activation of mTOR signalling 
pathway. Additionally, we evaluated the effect of rapamycin and RA 
treatments on progression of meiosis in the testes of adult mice. After 
administration of one dose of rapamycin and RA to adult mice, we 
did not observe mTOR inhibition after 24 hr (Data not shown). When 
we administered rapamycin for 1 week (short- term) or for 4 weeks 

F IGURE  1 Evaluation of p- p70S6K and Stra8 protein expression on 9 dpp testes after rapamycin and RA treatments. (a) Expression of 
p- p70S6K protein on 9 dpp testes. p- p70S6K expression in control, vehicle 1, rapamycin, vehicle 2, RA and rapamycin+RA group. p- p70S6K 
expression significantly decreased in rapamycin group when compared to control, vehicle 1, vehicle 2, RA and rapamycin+RA groups. Beta actin 
was used as an internal control (C, Control; V1, Vehicle 1; R, Rapamycin; V2, Vehicle 2; RA, Retinoic acid; Rap+RA, Rapamycin+RA). (b) Semi- 
quantitative analysis of Western blot results (per group n = 6). The values in the bar graphs were obtained by dividing the protein intensity value 
by its corresponding beta actin intensity value *p < .05. (c) Immunohistochemical expression of Stra8 protein on 9 dpp testes. Stra8 expression 
in control, vehicle 1, rapamycin, vehicle 2, RA and rapamycin+RA groups. Expression of Stra8 decreased in rapamycin group when compared 
to control and vehicle groups. In RA group and rapamycin+RA group STRA8 expression increased when compared to control, rapamycin and 
vehicle groups (C, Control; V1, Vehicle 1; R, Rapamycin; V2, Vehicle 2; RA, Retinoic acid; Rap+RA, Rapamycin+RA, Arrow, Stra8- positive cell). 
(d) Percentage of Stra8- positive cells on 9 dpp in control, vehicle 1, rapamycin, vehicle 2, RA and rapamycin+RA groups *p < .05 [Colour figure 
can be viewed at wileyonlinelibrary.com]

http://wileyonlinelibrary.com
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(long- term, one cycle of spermatogenesis) to adult mice we found 
that expression of Stra8 and Dmc1 proteins decreased. Importantly, 
no significant difference was observed in the expression of germ cell 
marker, VASA. Our results show that in mice, mTOR regulates Stra8 
expression during post- natal development and in adult testes. Thus, 
mTOR signalling pathway could regulate differentiation using Stra8 
which is important for spermatogonial differentiation. These results 
are in accordance with our previous study where we showed that 
in adult mice, early spermatogenic cells (spermatogonia and prelep-
totene spermatocytes) express mTOR signalling pathway proteins 
(mTOR, p- mTOR, p- p70S6K, p- 4EBP1, and p- Tuberin; Sahin et al., 
2014) and inhibition of mTOR signalling pathway suppresses PCNA 
and Stra8 expression. Altogether, these results indicate that mTOR 
signalling pathway has an important role in spermatogonial prolifera-
tion and especially differentiation (Sahin et al., 2014). Our current 

results indicate that inhibition of mTOR signalling pathway causes the 
reduction of pre- meiotic (Stra8) and meiotic (Dmc1) markers. Germ 
cell loss and cell death also increased after rapamycin treatment. 
Some studies have investigated the role of Stra8 in spermatogenesis. 
Analysis of Stra8- deficient males demonstrated that spermatogenesis 
ceased at preleptotene/leptotene spermatocyte stage, with these 
cells undergoing apoptosis (Zhou et al., 2008). In another study, re-
searchers showed that Stra8- deficient C57BL/6 males do not have 
leptotene, zygotene or pachytene cells in their testes (Anderson et al., 
2008). In the same study, the authors demonstrated that Dmc1 (DNA 
meiotic recombinase 1), gene expression was decreased in Stra8- 
deficient males (Anderson et al., 2008). DMC1 is an essential protein 
that encodes for a recombinase functioning in meiotic double strand 
break repair. Overall, these studies indicate that disruption of Stra8 
expression results in spermatogenic arrest. According to our results, 

F IGURE  2 Evaluation of p- p70S6K, Stra8 and Sycp3 protein expression after 1 and 4 weeks of rapamycin treatment. (a) Expression of p- 
p70S6K protein in control, vehicle (1 and 4 weeks) and rapamycin (1 and 4 weeks) group and semi- quantitative analysis of Western blot results 
(per group n = 6). *p < .05. p- p70S6K expression significantly decreased in rapamycin groups (1 and 4 weeks) compared to control and vehicle 
group. (1 wk, 1 week; 4 wk, 4 weeks). (b) Expression of Stra8 protein in control, vehicle (1 and 4 weeks) and rapamycin (1 and 4 weeks) group 
and semi- quantitative analysis of Western blot results (per group n = 6). *p < .05. We did not observe any differences in Stra8 expression in 
rapamycin (1 week) group when compared to control and vehicle groups. Stra8 expression significantly decreased in rapamycin (4 weeks) group 
when compared to control and vehicle groups. (1 wk, 1 week; 4 wk, 4 weeks). (c) Expression of Sycp3 protein in control, vehicle (1 and 4 weeks) 
and rapamycin (1 and 4 weeks) group and semi- quantitative analysis of Western blot results (per group n = 6). *p < .05. Sycp3 expression was 
similar between all groups. (C, Control; V, Vehicle; R, Rapamycin; 1 wk, 1 week; 4 wk, 4 weeks). Beta actin was used as an internal control. The 
values in the bar graphs were obtained by dividing the protein intensity value by its corresponding beta actin intensity value
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inhibition of mTOR signalling pathway could block initiation of meio-
sis via suppression of Stra8 and that mTOR signalling pathway could 
control Dmc1 expression as well. Reduction in Dmc expression could 
be directly regulated by rapamycin, or it could be associated with the 
decrease in Stra8. The inhibition of mTOR signalling pathway could be 
responsible for the reduction of pre- meiotic and meiotic cells through 
causing a meiotic arrest. Possibly, the cells that cannot go through the 
meiotic progression will undergo apoptosis. Rapamycin (mTOR inhibi-
tor) is an immunosuppressive drug that functions via inhibition of T 
cells and it is used in transplantation patients. Several studies have 
indicated that in organ transplant patients, rapamycin negatively ef-
fects male gonad function, but this effect can be reversed after chang-
ing the immunosuppressive agent used for treatment (Fritsche et al., 
2004). Other studies have used different methods (mTOR inhibition, 
mTOR hyperactivation, PI3K inhibition) to analyse the role of mTOR 
signalling pathway in spermatogenesis. In an in vitro study, Feng et al. 
(2000) treated spermatogonial stem cell cultures with rapamycin and 
showed that rapamycin impairs spermatogonial proliferation via sup-
pression of SCF (stem cell factor)/c- kit pathway. The authors demon-
strated that SCF/c- kit recruits the PI3K/mTOR pathway to activate 
p70S6K; the latter interacts with the cell cycle machinery to induce 
cell proliferation, and thus rapamycin represses spermatogonial pro-
liferation via PI3K/AKT/mTOR/P70S6K. Xu et al. (2015) also showed 
that mTOR/p70S6K promotes spermatogonial proliferation and sper-
matogenesis in Sprague Dawley rats. Overall, these studies confirm 
our previous studies where we showed the effect of rapamycin on 
spermatogonial proliferation, but none of them have addressed the 

impact of rapamycin on differentiation. Relevant with previous studies 
in the literature, our current study showed the effect of rapamycin on 
differentiation as well. Ciraolo et al. (2010) previously evaluated the 
essential role of the p110β subunit of phosphoinositide 3- OH kinase 
(upstream regulator of mTOR) in male fertility. The authors indicated 
that p110β defective tubules demonstrate a widespread loss in sper-
matogenic cells, due to defective proliferation and survival of pre-  and 
post- meiotic cells (Ciraolo et al., 2010). In accordance with our study, 
it was shown that the downstream regulator of mTOR pathway p- 
p70S6K increases at meiotic prophase 1 and is reduced after meio-
sis (Messina et al., 2010). Busada, Chappell et al. (2015) and Busada, 
Niedenberger, Velte, Keiper, and Geyer (2015) demonstrated that 
mTOR is required for mouse spermatogonial differentiation in vivo.

In a recent study, Busada, Chappell et al. (2015) and Busada, 
Niedenberger et al. (2015) evaluated the association of RA with mTOR 
signalling pathway in testes. The authors showed that RA signalling 
utilised the PI3K/AKT/mTOR signalling pathway to induce the efficient 
translation of mRNAs for Kit, which are present, but not translated in 
undifferentiated spermatogonia. The authors also showed that mTOR 
inhibition blocks RA- induced activation of Kit, Sohlh1 and Sohlh2 
genes. They administered rapamycin for 3 days and on the fourth 
day they treated the cells with RA. No differences in Stra8 expres-
sion were observed, indicating that mTOR signalling pathway does not 
seem to affect RA- induced Stra8 activation (Busada, Chappell et al., 
2015; Busada, Niedenberger et al., 2015). In the present study, rapa-
mycin and RA were administrated at the same time, and it was been 
found that RA affects both p- p70S6K and Stra8 expression. These 

F IGURE  3 Evaluation of Dmc1 and VASA protein expression after 1 and 4 weeks of rapamycin treatment. (a) Expression of Dmc1 protein in 
control, vehicle (1 and 4 weeks) and rapamycin (1 and 4 weeks) groups and semi- quantitative analysis of Western blot results (per group n = 6). 
*p < .05. Dmc1 expression decreased in rapamycin (1 week) group, but this decrease was not significant. In rapamycin (4 weeks) group, the 
decrease in Dmc1 was significant when compared to control and vehicle groups *p < .05. (C, Control; V, Vehicle; R, Rapamycin; 1 wk, 1 week; 
4 wk, 4 weeks) (b) Expression of VASA protein in control, vehicle (1 and 4 weeks) and rapamycin (1 and 4 weeks) groups and semi- quantitative 
analysis of Western blot results (per group n = 6). *p < .05. We did not observe any difference in VASA expression in control, vehicle (1 and 
4 weeks) and rapamycin (1 and 4 weeks) groups. Beta actin was used as an internal control. (C, Control; V, Vehicle; R, Rapamycin; 1 wk, 1 week; 
4 wk, 4 weeks). The values in the bar graphs were obtained by dividing the protein intensity value by its corresponding beta actin intensity value
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results indicate that mTOR signalling pathway could have an effect on 
Stra8 expression at a specific time during the post- natal development. 
Retinoic acid could also regulate Stra8 expression via mTOR activation. 
In another study, Hobbs et al. (2015) showed that differentiation- prone 
SPCs (spermatogonial progenitor cells) have elevated mTORC1 activity 

when compared to SPCs with self- renewal potential. The authors also 
showed that mTOR hyperactivation via Tsc2 ablation within a subset 
of SPCs using Stra8- Cre did not compromise SPC function. In that 
study, mTOR hyperactivation method was used to analyse the role of 
mTOR signalling pathway on Stra8 expression. mTOR hyperactivation 
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did not affect the Stra8 expression. In our study, we observed that 
pharmacological inhibition of mTOR signalling affects Stra8 expression 
in testes. Together with these results, we may argue that as Stra8 is an 
initiator and balancer switch molecule for meiotic progress, inhibition 
of mTOR in early spermatogenic cells may be necessary for controlling 
the number of spermatogonia that will go under meiosis. mTOR acti-
vation has also been studied in the ovary in recent studies. Yu, Yaba, 
Kasiman, Thomson, and Johnson (2011) demonstrated that inhibi-
tion of mTOR in granulosa cells and ovarian follicles results in com-
promised granulosa proliferation and reduced follicle growth. It was 
shown that mTOR signalling pathway controls ovarian follicle growth 
by regulating granulosa cell proliferation (Yu et al., 2011). In another 

study McLaughlin et al. (2011) showed that rapamycin treatment of 
human ovarian cortical strips resulted in decreased number of folli-
cles. Cheng, Kim, Li, and Hsueh (2015) demonstrated that treatment of 
ovaries from juvenile mice with MHY1485 (mTOR activator) enhances 
the follicle growth from early secondary to the late secondary stage by 
increasing phosphorylation of mTOR and p70S6K1 (downstream reg-
ulators of mTOR pathway). Overall, these studies showed that mTOR 
pathway has an important role in follicle growth. In the testis, the bal-
ance of spermatogonial stem cell proliferation and differentiation is 
very important, as defects can cause testicular cancer or infertility. Yet, 
little is known about the mechanisms of spermatogonial development, 
especially meiosis. Our results in combination with other publications 

F IGURE  4 Morphological analysis of control, vehicle and rapamycin groups after 1 and 4 weeks of rapamycin treatment (a) Haematoxylin 
and eosin staining of control, vehicle (1 and 4 weeks) and rapamycin (1 and 4 weeks) group (*Seminiferous tubule that showed germ cell loss). 
(b) Percentage of seminiferous tubules with germ cell loss in control, vehicle (1 and 4 weeks) and rapamycin (1 and 4 weeks) groups. No germ 
cell loss was observed in control and vehicle (1 week) and rapamycin (1 week) groups. Percentage of seminiferous tubules with germ cell loss 
increased in rapamycin (4 weeks) group when compared to control and vehicle groups *p < .05 (1 wk, 1 week; 4 wk, 4 weeks). (c) Ultrastructural 
analysis of testis in control, vehicle (1 and 4 weeks) and rapamycin (1 and 4 weeks) groups. Normal testicular architecture was observed in 
control group. In rapamycin (1 week) group, vacuolisation between the cells was present. In rapamycin (4 weeks) group; testicular morphology 
was disorganised when compared to control and vehicle groups. Also severe vacuolisation was present in rapamycin (4 weeks) group when 
compared to control and vehicle groups (B, Basal; * Vacuole, Scale bar: 5 μm). (d) The ratio of testes weights to body weights in all groups. 
The testes/body weight ratio was similar between control, vehicle and rapamycin groups after 1 week of rapamycin treatment. In rapamycin 
(4 weeks) group, the ratio of testes weights to body weights significantly decreased when compared to control and vehicle group *p < .05 (1 wk, 
1 week; 4 wk, 4 weeks) [Colour figure can be viewed at wileyonlinelibrary.com]

F IGURE  5 Evaluation of cell death after 1 and 4 weeks of rapamycin treatment. (a) TUNEL staining in control, vehicle (1 and 4 weeks) 
and rapamycin (1 and 4 weeks) groups after rapamycin treatment. In rapamycin (1 and 4 weeks) groups, the number of TUNEL- positive cells 
increased significantly when compared to control and vehicle groups. Arrow: TUNEL staining (b) Apoptotic index of control, vehicle (1 and 
4 weeks) and rapamycin (1 and 4 weeks) group after rapamycin treatment *p < .05 (1 wk, 1 week; 4 wk, 4 weeks) [Colour figure can be viewed at 
wileyonlinelibrary.com]

http://wileyonlinelibrary.com
http://wileyonlinelibrary.com
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show that mTOR signalling pathway plays an important role in meio-
sis. In addition, we demonstrated that RA may directly activate mTOR 
signalling pathway. However, it is not yet clear whether the effect of 
mTOR signalling pathway on differentiation is associated with RA or 
not. Understanding of these mechanisms will provide more insights 
into the causes and treatments of male infertility. Our results on mTOR 
signalling pathway provide an insight into the meiotic process in sper-
matogenesis and the possible regulatory effect of RA on mTOR signal-
ling pathway is yet to be determined.
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