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ABSTRACT

The mammalian target of rapamycin (Mtor) gene encodes a
serine/threonine kinase that acts as a master regulator of
processes as diverse as cell growth, protein synthesis, cytoskel-
eton reorganization, and cell survival. In the testis, physiological
roles for Mtor have been proposed in perinatal Sertoli cell
proliferation and blood–testis barrier (BTB) remodeling during
spermatogenesis, but no in vivo studies of Mtor function have
been reported. Here, we used a conditional knockout approach
to target Mtor in Sertoli cells. The resulting Mtorflox/flox;
Amhr2cre/+ mice were characterized by progressive, adult-onset
testicular atrophy associated with disorganization of the
seminiferous epithelium, loss of Sertoli cell polarity, increased
germ cell apoptosis, premature release of germ cells, decreased
epididymal sperm counts, increased sperm abnormalities, and
infertility. Histopathologic analysis and quantification of the
expression of stage-specific markers showed a specific loss of
pachytene spermatocytes and spermatids. Although the BTB and
the ectoplasmic specializations did not appear to be altered in
Mtorflox/flox;Amhr2cre/+ mice, a dramatic redistribution of gap
junction alpha-1 (GJA1) was detected in their Sertoli cells.
Phosphorylation of GJA1 at Ser373, which is associated with its
internalization, was increased in the testes of Mtorflox/flox;
Amhr2cre/+ mice, as was the expression and phosphorylation of
AKT, which phosphorylates GJA1 at this site. Together, these
results indicate that Mtor expression in Sertoli cells is required
for the maintenance of spermatogenesis and the progression of
germ cell development through the pachytene spermatocyte
stage. One mechanism of mTOR action may be to regulate gap

junction dynamics by inhibiting AKT, thereby decreasing GJA1
phosphorylation and internalization. mTOR regulates gap
junction alpha-1 protein distribution in Sertoli cells and is
necessary for progression through the pachytene spermatocyte
stage.

Cre-lox, GJA1, mTOR, Sertoli cells, spermatogenesis, testicular
degeneration

INTRODUCTION

The mammalian target of rapamycin (Mtor) gene product is
a ubiquitous serine/threonine kinase involved in many aspects
of cellular function including cell growth and proliferation [1],
cytoskeleton reorganization, motility, cell survival, and au-
tophagy [1–4]. It acts as a master regulator and is able to
integrate the inputs of growth factors, hormones, mitogens, and
nutrients [1] to ensure appropriate cellular responses to
environmental changes. mTOR is the catalytic subunit of two
distinct multiprotein complexes: mTORC1 and mTORC2 [1,
5]. The rapamycin-sensitive mTORC1 is composed of mTOR,
regulatory-associated protein of mTOR (Raptor), mammalian
lethal with SEC13 protein 8 (mLST8), and the noncore proteins
proline-rich Akt/protein kinase B (PRAS40), FK506-binding
protein 38 (FKBP38), and Rag GTPases, and regulates cell
growth and proliferation by modulating protein synthesis.
mTORC2 is composed of mTOR, rapamycin-insensitive
companion of mTOR (Rictor), mLST8, and mammalian
stress-activated protein kinase interacting protein 1 (mSIN1),
and regulates the actin cytoskeleton and cell survival [1, 5].

A role for mTORC1 in male reproductive physiology was
first proposed when it was shown that rapamycin impairs
testicular function in both rodents and humans [6–12]. Male
patients treated with analogs of rapamycin have decreased
testosterone levels and sperm counts, as well as increased
follicle-stimulating hormone and luteinizing hormone levels
[7], suggesting inhibition of the hypothalamic-pituitary-gonad
axis. Subsequent studies of mTOR signaling in the testis have
focused on two cell types, spermatogonial stem cells (SSCs)
and Sertoli cells. In SSCs, mTORC1 activity has been shown to
inhibit SSC maintenance by inhibiting glial cell line-derived
neutrophic factor (GDNF) signaling, and zinc finger and
blood–testis barrier (BTB) domain containing 16 (ZBTB16
[also known as PLZF]) acts to antagonize mTORC1 in this
context [13]. Activation of the PI3K/AKT/mTORC1 signaling
pathway by retinoic acid leads to the translational activation of
mRNAs encoding regulators of SSC differentiation [14, 15]. In
addition, conditional deletion of the mTORC1 inhibitor
tuberous sclerosis 2 (Tsc2) gene in germ cells has been shown
to promote the differentiation of SSCs, leading to the loss of
the SSC pool and germline degeneration [16]. Together, these
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studies indicate that activation of mTORC1 favors the
differentiation of SSCs at the expense of their maintenance
and proliferation.

Both mTORC1 and mTORC2 have been implicated in
Sertoli cell functions. Follicle-stimulating hormone regulates
the PI3K/AKT/mTORC1 pathway in cultured proliferating rat
Sertoli cells, and it has been proposed that this pathway could
be important for the mitotic activity of Sertoli cells during the
neonatal period [17, 18]. It was also shown that rapamycin
affects Sertoli cell nutritional metabolism and redox state [19].
Recent studies have also focused on the role of mTOR in BTB
dynamics during spermatogenesis. Notably, in vitro studies
have suggested that ribosomal protein S6 (RPS6, a downstream
target of mTORC1) and Rictor have opposing effects on BTB
restructuring during specific stages of spermatogenesis, with
RPS6 promoting opening of the BTB and Rictor its stability
[20–23]. Conditional deletion of Rictor in Sertoli cells leads to
azoospermia due to the disruption of actin organization in
Sertoli cells and their subsequent loss of polarity [24].
Although these studies suggest that mTOR complexes could
play critical roles in Sertoli cells, no direct in vivo studies of
mTOR function have been reported thus far. In the present
study, we aimed to elucidate the role of Mtor in Sertoli cells by
inactivating its expression in a transgenic mouse model.

MATERIALS AND METHODS

Transgenic Mouse Strains

Mtortm1.2Koz/tm1.2Koz;Amhr2tm3(cre)Bhr/þ mice were derived by crossing mice
bearing Mtortm1.2Koz (hereafter Mtorflox) and Amhr2tm3(cre)Bhr (hereafter
Amhr2cre/þ) alleles, and genotype analyses were carried out by PCR as
previously described [25, 26]. All animal procedures were approved by the
Comité d’Éthique de l’Utilisation des Animaux of the Université de Montréal
(protocol Rech-1320) and conformed to the International Guiding Principles for
Biomedical Research Involving Animals as promulgated by the Society for the
Study of Reproduction.

Primary Sertoli Cell Isolation

Sertoli cells from 3-week-old animals were purified as previously described
[27]. Briefly, testes were decapsulated, and seminiferous tubules were pooled
and washed with phosphte-buffered saline (PBS). The tubules were then
incubated with 2 mg/ml collagenase I (Sigma-Aldrich) and 0.5 mg/ml DNase I
(Sigma-Aldrich) in Dulbecco modified Eagle medium (DMEM) for 30 min at
378C on a shaker. The tubules were then washed twice with DMEM and
digested further with 2 mg/ml collagenase I, 0.5 mg/ml DNase I, and 1 mg/ml
hyaluronidase type III (Sigma-Aldrich) for 20–30 min at 378C. After settling,
the tubules were washed twice with DMEM and digested further with 2 mg/ml
collagenase I, 0.5 mg/ml DNase I, 2 mg/ml hyaluronidase, and 1 mg/ml trypsin
for 40–60 min at 378C. The dispersed cells were then washed twice with
DMEM and placed into culture dishes in DMEM containing 10% fetal calf
serum and incubated at 378C and 5% CO

2
. Hypotonic treatment was applied

with 20 mM Tris-HCl, pH 7.4, and medium was changed after the first day to
remove germ cells. Attached Sertoli cells (typically 80%–90% pure, as
determined by SOX9 cytofluorescence) were then harvested for genotype or
reverse transcription-quantitative polymerase chain reaction (RT-qPCR)
analyses, as described above and below, respectively.

Sperm Counts and Analyses

Cauda epididymides were placed in prewarmed (378C) minimum essential
medium containing bovine serum albumin (3 mg/ml), and epididymal ducts
were opened to release their contents. For sperm count analysis, 500 ll of
sperm suspension was pipetted into a tube containing 2 ml of PBS and placed in
a water bath for 1 min at 608C to halt sperm motility and then cooled to room
temperature. After being mixed gently, 10 ll of sperm suspension was loaded
to each side of a hemocytometer and allowed 2 min for the spermatozoa to
settle. Counting was done in duplicate, and total sperm counts were calculated
according to guidelines described previously [28].

For evaluation of sperm morphology, 100 ll of sperm suspension was
pipetted into 1 ml of 10% neutral buffered formalin containing 1 drop of 5%
eosin Y aqueous. After gentle mixing, the suspension was incubated at room

temperature for one hour. From this sperm suspension, smears were prepared
by drying and fixation in methanol for 5 min. A total of 1000 spermatozoa were
evaluated for each sample, except when low sperm counts prevented this, in
which case all spermatozoa present in the smear were evaluated.

Quantitative Reverse Transcription PCR

Total RNA from cultured Sertoli cells and from testes from 3- and 5-mo-old
animals was extracted using the RNeasy mini-kit (Qiagen) according to the
manufacturer’s protocol. Total RNA was reverse transcribed using 100 ng of
RNA and the SuperScriptVilo cDNA synthesis kit (Thermo Fisher Scientific).
Real-time PCR reactions were run using an ABI Prism 7300 instrument with
Power SYBR Green PCR Master Mix (Applied Biosystems). Each PCR
reaction consisted of 12.5 ll of Power SYBR Green PCR Master Mix, 9.5 ll of
water, 1 ll of cDNA sample, and 1 ll (10 pmol) of gene-specific primer. PCR
reactions run without cDNA (water blank) served as negative controls. A
common thermal cycling program (3 min at 958C, 40 cycles of 15 sec at 958C,
30 sec at 608C, and 30 sec at 728C) was used to amplify each transcript. To
quantify relative gene expression, the cycle threshold (C

t
) values for Mtor,

DNA meiotic recombinase 1 (Dmc1), synaptonemal complex 3 (Sycp3),
Calmegin (Clgn), spermatid associated (Spert), and diazepam binding inhibitor
like-5 (Dbil5) amplification were compared with that of Rpl19, according to the
ratio [R¼ (ECt Rpl19/ECt target)], where E is the amplification efficiency for each
primer pair. Rpl19 C

t
values did not change significantly between genotypes

and treatments, and Rpl19 was therefore deemed suitable as an internal
reference gene. The specific primer sequences used are listed in Supplemental
Table S1 (all Supplemental Data are available online at www.biolreprod.org).

Histopathology and Immunohistochemistry

Testes for histopathology analysis by light microscopy were weighed, fixed
in Bouin fixative for 24 h, rinsed, and dehydrated in alcohol and subsequently
embedded in paraffin, sectioned, and stained using the periodic acid-Schiff and
hematoxylin (PAS-H) method. The stage of the spermatogenesis cycle was
determined in 50 randomly selected seminiferous tubules per histologic section
(n ¼ 6 for mutant and control animals, 1 section per animal) by a veterinary
pathologist and based on established morphological criteria [29]. Immunohis-
tochemistry was carried out using Bouin-fixed, paraffin-embedded, 7-lm-thick
tissue sections in VectaStain Elite avidin–biotin complex method kits (Vector
Laboratories) as directed by the manufacturer. Sections were probed with a
primary antibody against GJA1 (1:100 dilution; catalog no. 3512; Cell
Signaling), and stained using the 3,30-diaminobenzidine peroxidase substrate
kit (Vector Laboratories).

TUNEL Analysis

Terminal deoxynucleotidyltransferase dUTP nick-end labeling (TUNEL)
assay was performed using Bouin-fixed, paraffin-embedded, 7-lm-thick
section testis and In Situ Cell Death Detection kit TMR red (Roche) as
directed by the manufacturer. Slides were mounted using VectaShield with
40,6-diamidino-2-phenylindole (DAPI; Vector Laboratories).

Immunoprecipitation and Immunoblotting

Protein extracts were prepared from testes using T-Per solution (Pierce) as
directed by the manufacturer and stored at�808C until further analyses. Protein
concentrations were determined using the Bradford method (Bio-Rad protein
assay; Bio-Rad Laboratories). For immunoprecipitation, 200 lg of protein per
sample was diluted in radioimmunoprecipitation assay (RIPA) buffer (400 ll)
containing protease inhibitors and precleared for 30 min with 15-ll Dynabeads
protein G (Invitrogen) at 48C. Half of the supernatant was then incubated with 2
lg of rabbit anti-GJA1 (product C6219; Sigma-Aldrich) and the other half with
2 lg of immunoglobulin G (IgG; catalog no. 3900; Cell Signaling) for 60 min
at 48C. Dynabeads (15 ll) were then added for 45 min at 48C, the beads were
washed five times with 1 ml of RIPA buffer, and bound proteins were eluted
and denatured by addition of boiling SDS-PAGE sample buffer.

For immunoblotting, immunoprecipitates or protein extracts (50 lg) were
resolved by one-dimensional SDS-PAGE (12% acrylamide) under reducing
conditions and electrophoretically transferred to polyvinylidene difluoride
membranes (GE Amersham). Membranes were probed with primary antibodies
against 14-3-3 mode 1 motif, GJA1, AKT, p (S473)-AKT, EIF4B, p (S422)-
EIF4B, RPS6, p (S240/244)-RPS6, RPS6KB1, and p (T389)-RPS6KB1 (all
diluted 1:1 000; using product no. 9606, 3512, 4691, 4060, 3592, 3591, 2317,
5364, 2708, and 9205, respectively; Cell Signaling); and p (T229)-
RPS6KB1(1:1 000 dilution; product ab5231; Abcam) or b-actin (ACTB;
1:10 000 dilution; product sc-47778; Santa Cruz Biotechnology) diluted in
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Tris-buffered saline with 0.1% tween 20 containing 5% bovine serum albumin
(Jackson ImmunoResearch Laboratories) or 5% dried milk. Following
incubation with a horseradish peroxidase-conjugated secondary goat anti-
rabbit antibody (1:10 000 dilution; product W401B; Promega), the protein
bands were visualized by chemiluminescence, using Immobilon Western
chemiluminescent horseradish peroxidase substrate (Millipore).

Serum Testosterone Measurement

Blood samples were collected by cardiac puncture prior to euthanasia.
Testosterone levels in the serum were determined by ELISA (IBL
International). All assays were performed by the Ligand Assay and Analysis
Core Laboratory of the University of Virginia.

Statistical Analyses

Student t-test was used for all comparisons between genotypes. Means were
considered significantly different when P value was ,0.05. All tests were
carried out using Prism version 6.0d software (GraphPad Software, Inc).

RESULTS

Degeneration of the Seminiferous Tubules in Mtorflox/flox;
Amhr2cre/þ Mice

To investigate the role of mTOR signaling in the testis, a
strategy was devised to inactivate Mtor in Sertoli cells. The
Amhr2cre/þ strain, which has been shown to mainly drive Cre
expression in Sertoli cells with no or minimal expression in adult
Leydig cells [30–34], was crossed with an Mtorflox strain that
carries a loxP site upstream of the Mtor promoter region and a
second loxP site in the intron preceding exon 6 [25]. To evaluate
the efficiency of Cre-mediated recombination, Sertoli cells from
3-wk-old Mtorflox/flox;Amhr2cre/þ and control Mtorflox/flox ani-
mals were isolated and their genotype determined by PCR using
genomic DNA. Analyses showed that approximately 50% of the
floxed alleles were recombined in the cells from Mtorflox/flox;
Amhr2cre/þ mice (Fig. 1A). Consistent with this, RT-qPCR
analysis showed a significant ;2-fold decrease in Mtor mRNA
levels in the Sertoli cells from Mtorflox/flox;Amhr2cre/þ mice (Fig.
1B). To confirm that Leydig cell function was not affected in
Mtorflox/flox;Amhr2cre/þ mice, serum testosterone levels were
measured in 21-day-, 3-mo-, and 6-mo-old animals. No
statistically significant differences between Mtorflox/flox;
Amhr2cre/þ and Mtorflox/flox controls were observed at any age
(Supplemental Table S2).

Mating trials were conducted as an initial screening for
reproductive phenotypic anomalies in Mtorflox/flox;Amhr2cre/þ

mice. Four 6-wk-old mutant males and 4 age-matched male
control Mtorflox/flox mice were paired with 8-wk-old wild-type
female mice for 6 mo. Whereas all females housed with
Mtorflox/flox males produced regular litters (;1/mo) throughout
the trial, 3 of the 4 females housed with Mtorflox/flox; Amhr2cre/þ

males failed to produce a litter, and the fourth female produced
a single litter. Gross morphological assessment of the testes
from 21- to 55-day-old Mtorflox/flox;Amhr2cre/þ mice showed
them to be initially indistinguishable from those of their
Mtorflox/flox counterparts. However a progressive atrophy of the
testes was detected in the Mtorflox/flox;Amhr2cre/þ mice, starting
at 3 mo of age, that was accompanied by a loss of germ cells
(Fig. 2A). By 6 mo of age, testis weight in Mtorflox/flox;
Amhr2cre/þ animals was ;30% that of controls (Fig. 2B),
indicating an important role for mTOR in the maintenance of
spermatogenesis.

Spermatogenesis Is Abnormal in Mtorflox/flox;Amhr2cre/þ

Mice

To study the effects of Mtor deletion from Sertoli cells on
germ cell development, we examined germ cell apoptosis by
TUNEL assay. These analyses showed a precipitous increase in
germ cell apoptosis in 3- and 6-mo-old Mtorflox/flox; Amhr2cre/þ

mice, indicating that the loss of Mtor hinders the survival of
germ cells (Fig. 3). The timing of increased apoptosis roughly
coincided with the onset of testicular atrophy and germ cell
loss. Apoptosis of Sertoli cells was not observed at any age
either by TUNEL or histopathologic analysis.

To identify the stages of germ cell development affected in
Mtorflox/flox;Amhr2cre/þ testes, histopathologic analysis was
performed in 3-mo-old animals. The seminiferous tubules of
Mtorflox/flox;Amhr2cre/þ mice contained all 12 stages of
spermatogenic cycle; however, an approximately 4-fold
increase in numbers of degenerating pachytene spermatocytes

FIG. 1. Mtor knockdown efficiency in the Mtorflox/flox;Amhr2cre/þ model.
A) PCR genotype analyses of Sertoli cells isolated from 3-wk-old animals
of the indicated genotypes. Samples were analyzed by electrophoresis
using a 1% agarose gel containing ethidium bromide and photographed
under UV illumination. Bands corresponding to the floxed and Cre-
recombined alleles are indicated. B) RT-qPCR analysis of Mtor expression
in the Sertoli cells of 3-wk-old mice of the indicated genotypes (n ¼ 3
animals/genotype, performed in triplicate). All data were normalized to
the housekeeping gene Rpl19 and are expressed as mean (columns) 6
SEM (error bars). **Significantly different from control (P , 0.01).
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FIG. 2. Progressive degeneration of the seminiferous tubules in Mtorflox/flox;Amhr2cre/þ mice. A) Photomicrographs compare testicular histology of
Mtorflox/flox;Amhr2cre/þ to that of Mtorflox/flox controls at the indicated ages. Scale bar (lower right) is shown for all images; periodic acid–Schiff-
hematoxylin stain. Stages of spermatogenic cycles are indicated for each tubule; stages could not be accurately determined for tubules marked with ‘‘?’’
due to loss of germ cells. B) Time course analysis of gonadosomatic index (testicular weight/corporeal weight) comparing Mtorflox/flox;Amhr2cre/þ to
Mtorflox/flox controls at the indicated ages. Sample numbers analyzed varied by age and genotype. Values for Mtorflox/flox;Amhr2cre/þ are 21d: n¼6; 35d: n
¼ 4; 55d: n¼ 4; 3m: n¼ 8; 6m: n¼ 10; values for Mtorflox/flox are 21d: n¼ 6; 35d: n¼ 3; 55d: n¼ 5; 3m: n¼ 5; 6m: n¼ 5. Data are expressed as means
(columns) 6 SEM (error bars). *Significant differences from controls (*P , 0.05; ***P , 0.001).
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and spermatids in stages VIII to X was observed relative to that
in age-matched controls (Fig. 4, A and B). To further analyze
germ cell development in Mtorflox/flox;Amhr2cre/þ mice, the
expression of molecular markers of specific stages was
evaluated. No differences between expression of Dmc1
(expressed prior to the pachytene spermatocyte stage) and that
of Sycp3 (expressed in spermatocytes up to and including the
diplotene stage) were found between mutant and control
animals. In contrast, testes from Mtorflox/flox;Amhr2cre/þ mice
showed significantly lower levels of expression of Clgn
(expressed in pachytene spermatocytes), Spert (expressed in
round spermatids) and Dbil5 (expressed in elongating sperma-
tids and mature spermatozoa) (Fig. 4C). Together, these results
indicate that a defect in progression through the pachytene
stage of spermatogenesis occurs in Mtorflox/flox;Amhr2cre/þ

mice.
We then evaluated the quantity and morphology of

spermatozoa in the cauda epididymides of 3-mo-old and 6-
mo-old Mtorflox/flox;Amhr2cre/þ mice. Sperm counts in 3-mo-
old Mtorflox/flox;Amhr2cre/þ animals were not significantly
reduced. On the other hand, a drastic decrease (98%) in
spermatozoa present in epididymides was observed in 6-mo-
old Mtorflox/flox;Amhr2cre/þ mice (Fig. 5A). A significant
increase in sperm abnormalities was also observed in both 3-
mo-old (2.2-fold) and 6-mo-old (4.8-fold) Mtorflox/flox;
Amhr2cre/þ mice compared to age-matched controls (Fig.
5B). Most cells present in the epididymides of older animals
were either elongated spermatids with large acrosomes or
large round cells with two nuclei (symplasts), both indicative
of premature release from the seminiferous epithelium (Fig.
5C). This premature release was also evident in the
seminiferous tubules of Mtorflox/flox;Amhr2cre/þ animals
(Fig. 5D), was increased with age, and was associated with
the disorganization of the seminiferous tubules and the loss of

polarity of some Sertoli cells (Fig. 5, E and F). These findings
suggest that a gradual loss of attachments between Sertoli and
germ cells occurs in the testes of Mtorflox/flox;Amhr2cre/þ

animals.

Altered Distribution of GJA1 in the Testes of Mtorflox/flox;
Amhr2cre/þ Mice

Because the loss of cohesion between Sertoli and germ cells
was observed in the Mtorflox/flox;Amhr2cre/þ testes and because
both mTORC1 and mTORC2 complexes are thought to
regulate BTB and junctional protein dynamics [20, 23], we
next focused on potential effects of Mtor loss on the BTB and
Sertoli–germ cell interaction dynamics. We first performed a
biotin tracer assay in 3-mo-old animals to evaluate the integrity
of the BTB. The biotin tracer was not able to pass through the
BTB in either control or Mtorflox/flox;Amhr2cre/þ, mice,
suggesting that the permeability of the BTB was not
compromised in mutant animals (Supplemental Fig. S1, A
and B, and Supplemental Materials and Methods). We next
evaluated F-actin filaments and CTNNB1 (b-catenin), as both
are components of the apical ectoplasmic specializations that
normally prevent the sloughing of immature germ cells from
the seminiferous epithelium [35]. Again, no differences were
observed in the pattern of expression or distribution of F-actin
(Supplemental Fig. S1, C and D, and Supplemental Materials
and Methods) or CTNNB1 (Supplemental Fig. S1, E and F,
and Supplemental Materials and Methods) within the seminif-
erous tubules between Mtorflox/flox;Amhr2cre/þ mice and age-
matched controls, suggesting that ectoplasmic specialization
function was preserved in the mutant mice.

We next evaluated gap junction alpha-1 protein (GJA1; also
known as connexin 43), a component of gap junctions, by
immunohistochemistry. Contrary to the actin filaments and

FIG. 3. Increased germ cell apoptosis in Mtorflox/flox;Amhr2cre/þ testes. A–D) TUNEL stained samples (red) compare Mtorflox/flox;Amhr2cre/þ mice to
Mtorflox/flox controls at the indicated ages. DAPI (blue) was used as counterstain. Scale bar (lower right) is shown for all images.
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CTNNB1, GJA1 localization was altered in the testes of
Mtorflox/flox;Amhr2cre/þ mice (Fig. 6, A and B). Whereas GJA1
localized mainly to expected locations of junctional complexes
(i.e., mainly the BTB) in controls, a diffuse pattern of staining
was observed in the Sertoli cells of Mtorflox/flox;Amhr2cre/þ

mice. Because the phosphorylation of GJA1 at Ser373 leads to
its internalization and downregulation at the cell surface [36],
we then sought to determine the phosphorylation status of
GJA1 in the testes of Mtorflox/flox;Amhr2cre/þ mice. This was
done by GJA1 immunoprecipitation followed by immunoblot-
ting using an antibody against the 14-3-3 mode-1 binding
motif, which is created upon phosphorylation of GJA1 at
Ser373 [37]. Binding motif 14-3-3 immunoreactivity (and
hence GJA1 phosphorylation at Ser373) was markedly higher
in the testes of Mtorflox/flox;Amhr2cre/þ mice than that in
controls (Fig. 6C), suggesting a mechanism whereby the
trafficking of GJA1 is altered in mutant Sertoli cells. Because
GJA1 Ser373 is a target of AKT kinase [37, 38] and inhibition
of mTORC1 has been shown to result in increased AKT
activity in certain contexts [39, 40], we evaluated AKT
expression and AKT phosphorylation at Ser473 in the testes of
Mtorflox/flox;Amhr2cre/þ animals. Both total AKT and p (S473)-
AKT expression were found to be upregulated in the testes of

Mtorflox/flox;Amhr2cre/þ mice (Fig. 6D). Together, these data
suggest that the loss of germ cells in the Mtorflox/flox;Amhr2cre/þ

model results, at least in part, from the upregulation of AKT,
which interferes with gap junction dynamics by altering the
trafficking of GJA1.

Phosphorylation of the mTORC1 Downstream Effectors
RPS6K1 and EIF4B Is Downregulated in Mtorflox/flox;
Amhr2cre/þ Testes

We next determined the effect of Mtor loss on the
expression and phosphorylation of ribosomal protein S6 kinase
70 kDa polypeptide 1 (RPS6KB1) and eukaryotic initiation
factor 4B (EIF4B), two key mTOR kinase targets and
downstream effectors. Consistent with the loss of mTOR
kinase activity, levels of phospho-EIF4B were markedly
downregulated in the testes of Mtorflox/flox;Amhr2cre/þ mice
(Fig. 7). Interestingly, total EIF4B levels were increased,
suggesting a compensatory mechanism to offset the loss of
phosphorylation. As for EIF4B, RPS6KB1 phosphorylation at
(mTOR substrate) residue Thr389 was also markedly de-
creased, as was its phosphorylation at Thr229, a PDK1
phosphorylation site that becomes accessible following phos-

FIG. 4. Loss of pachytene spermatocytes and spermatids in the Mtorflox/flox;Amhr2cre/þ model. A and B) Photomicrographs show increased numbers of
degenerating spermatocytes (arrows) in stage IX tubules of 3-mo-old Mtorflox/flox;Amhr2cre/þ mice relative to those of age-matched Mtorflox/flox controls.
Hematoxylin-eosin-phloxine-saffron stain. C) RT-qPCR analysis is shown of the indicated spermatogenesis marker genes in testes from 3-mo-old Mtorflox/flox;
Amhr2cre/þ and age-matched Mtorflox/flox mice (n¼ 5 animals/genotype). All data were normalized to the housekeeping gene Rpl19 and are expressed as
mean (columns) 6 SEM (error bars). *Significant differences from control (*P , 0.05; **P , 0.01; ****P , 0.0001).
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phorylation at Thr389 [41–43] (Fig. 7). However, unlike

EIF4B, total RPS6KB1 expression levels in the testes of

Mtorflox/flox;Amhr2cre/þ mice were comparable to those of

controls. As loss of phosphorylation results in a loss of

RPS6KB1 kinase activity, we evaluated the phosphorylation of

the RPS6KB1 substrate RPS6. Unexpectedly, phosphorylation

of RPS6 at S235/236 was upregulated in the testes of the

Mtorflox/flox;Amhr2cre/þ animals (Fig. 7), suggesting compen-

satory mechanisms that offset the loss of RPS6KB1 activity.

These results confirm that mTOR kinase activity is downreg-

ulated in the testes of Mtorflox/flox;Amhr2cre/þ mice and suggest

FIG. 5. Decreased sperm counts, increased abnormal spermatozoa, and premature release of germ cells in Mtorflox/flox;Amhr2cre/þ mice. A) Cauda sperm
counts in the epididymides of 3-mo-old and 6-mo-old Mtorflox/flox;Amhr2cre/þ mice relative to those in age-matched Mtorflox/flox controls. Sample numbers
varied by age and genotype. Values for Mtorflox/flox;Amhr2cre/þ were 3m: n¼6; 6m: n¼10; and values for Mtorflox/flox were 3m: n¼ 5; and 6m: n¼4. Data
are mean (columns) 6 SEM (error bars). ***Significant differences from control (P , 0.001). B) Percentage of abnormal spermatozoa observed in the
animals is described in A. Data are mean (columns) 6 SEM (error bars), *Significant differences from control (P , 0.05). C) Photomicrograph of an
epididymis of a 5-mo-old Mtorflox/flox;Amhr2cre/þ mouse showing the presence of fused round spermatids (symplasts [black arrows]), elongated spermatids
with large acrosomes (green arrows), and rare normal spermatozoa (orange arrows). D) Photomicrograph of a seminiferous tubule of a 5-mo-old Mtorflox/flox;
Amhr2cre/þ mouse showing premature release of spermatocytes (blue arrows). E and F) Photomicrographs of seminiferous tubules of 5-mo-old Mtorflox/flox;
Amhr2cre/þ mice showing ectopic localization of Sertoli cell nuclei and loss of cell polarity (yellow arrows). Hematoxylin-eosin-phloxine-saffron stain was
used for all histologic sections.
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that the phenotypes observed in these testes are not due to a
loss of RPS6 activation.

DISCUSSION

Although a few studies have reported the expression of
mTOR signaling pathway components in Sertoli cells and
evaluated potential mechanisms of action of mTOR down-
stream targets on BTB integrity [20–24], no study has directly
evaluated the function of mTOR in Sertoli cells in vivo. Here,
we report for the first time that the inactivation of Mtor in
Sertoli cells results in the loss of their capacity to maintain
spermatogenesis, which may be caused in part by the
subcellular redistribution of GJA1. This provides the first in
vivo functional evidence of the importance of mTOR signaling
in the Sertoli cells of the postnatal testis.

During spermatogenesis, developing germ cells must
traverse the seminiferous epithelium, a process that involves
restructuring of the junctions between Sertoli cells, as well as

those between Sertoli and germ cells. The BTB represents a
key junction between Sertoli cells and anatomically divides the
seminiferous epithelium into the basal and the adluminal
compartments. The BTB notably protects the adluminal
compartment from the circulatory system, providing an
immune-privileged microenvironment for the completion of
meiosis. The BTB is composed of tight junctions, ectoplasmic
specializations, desmosomes, and gap junctions [35]. Outside
the BTB, additional ectoplasmic specializations exist that serve
to anchor developing spermatids to Sertoli cells, along with
desmosomes and gap junctions that anchor primary and
secondary spermatocytes [35]. Our analyses of the testes of
Mtorflox/flox;Amhr2cre/þ mice showed a loss of polarity of
Sertoli cells, degenerating pachytene spermatocytes and
spermatids, and premature release of germ cells. All these
findings are suggestive of altered restructuring and/or function
of junctional complexes.

Several studies have suggested that both mTORC1 and
mTORC2 could be involved in the restructuring of the BTB

FIG. 6. Mislocalization of GJA1 in testes of Mtorflox/flox;Amhr2cre/þ mice. A and B) Immunohistochemical analysis of GJA1 in testes from 3-mo-old
Mtorflox/flox;Amhr2cre/þ and Mtorflox/flox control mice. Scale bar in B is shown for both images. C) Immunoprecipitation of GJA1 followed by immunoblot
analyses against GJA1 and the 14-3-3 mode 1 binding motif. Samples were total testicular protein extracts from 3-mo-old mice of the indicated genotypes
(1 lane¼ 1 animal). Control immunoprecipitation reactions using IgG instead of the GJA1-specific antibody failed to immunoprecipitate 14-3-3 mode 1
binding motif-immunoreactive proteins (not shown). D) Immunoblot analysis of AKT and p (S473)-AKT in testes of 3-mo-old mice of the indicated
genotypes is shown (1 lane¼ 1 animal). ACTB was used as the housekeeping control.
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that occurs during spermatogenesis to permit germ cells to
access the adluminal compartment [20–24]. In the current
study, we were unable to find evidence of altered BTB function
in the Mtorflox/flox;Amhr2cre/þ model. Likewise, we could not
find obvious differences in the composition of ectoplasmic
specializations. However, our investigation of gap junction
dynamics revealed a striking redistribution of GJA1 within the
Sertoli cells of Mtorflox/flox;Amhr2cre/þ mice, suggesting that
altered function of gap junctions could be responsible for the
spermatogenesis defects. Numerous studies have examined the
effect of the loss of GJA1 in Sertoli cells by using the
SCCx43KO conditional knockout model [44–49]. Those
studies have shown that GJA1 expression in Sertoli cells is
essential for normal testicular development, initiation of
spermatogenesis, and fertility. Similar to the Mtorflox/flox;
Amhr2cre/þ model, the BTB was found to be functional in
SCCx43KO mice [45]. On the other hand, loss of germ cells in
SCCx43KO mice occurs as early as 2 days of age [46],
followed by an arrest of spermatogenesis at the level of the
spermatogonia [44, 47]. This difference could be explained by
the fact that GJA1 was not knocked out in the Mtorflox/flox;
Amhr2cre/þ model, and some level of gap junction functionality
was therefore likely preserved, lessening the severity of the

phenotype. Also, whereas the Amhr2cre strain was used to drive
Cre expression in the current study, the strain used to generate
the SCCx43KO model was Plekha5Tg (AMH�cre)1Flor. Both the
onset [31, 50, 51] and the efficiency of Cre-mediated
recombination was therefore likely different between the
models. Additional studies of GJA1 function in Sertoli cells
have shown that replacement of GJA1 by gap junction beta-2
protein (GJB2) in transgenic mice impairs spermatogenesis,
leading to the absence of germ cells beyond type I
spermatocytes [52]. Furthermore, it was shown that an
association between Sertoli cells and pachytene spermatocytes
via GJA1 gap junctions is essential for the meiotic progression
of spermatocytes in coculture [53]. Taken together, these
studies and our present study suggest a crucial role of GJA1 in
the late maturation of spermatocytes.

Post-translational modification has been shown to play an
important role in gap junction channel assembly and function,
and altered phosphorylation and trafficking of GJA1 are
involved in the cause of several diseases [54–57]. We found an
increased phosphorylation of GJA1 at Ser373 in the testes of
Mtorflox/flox;Amhr2cre/þ mice, suggesting a mechanism under-
lying its mislocalization and potential altered function. The role
of S373 phosphorylation in GJA1 trafficking was previously
characterized in HaCaT cells and during acute cardiac
ischemia. Phosphorylation of GJA1 on Ser373 was shown to
activate a cascade leading to Ser368 and Ser255 phosphory-
lation and to the internalization of GJA1 [36]. Sequential
phosphorylation of GJA1 starting with phosphorylation on
Ser373 has also been implicated in the wound healing process,
and leads to the increase of gap junction size, the inhibition of
gap junction communication and the internalization of gap
junctions from the plasma membrane [58, 59]. The early step of
the internalization is possibly caused by the inability of GJA1
to bind to ZO-1, as S373 phosphorylation interferes with
GJA1:ZO-1 interactions [38, 60–63]. Further studies will be
required to determine if the interaction between GJA1, ZO-1
and other components of the gap junctions are altered in the
Mtorflox/flox;Amhr2cre/þ model, as well as the extent to which
gap junction communication is compromised.

As AKT can phosphorylate GJA1 at Ser373 [37, 38, 64],
our observation that AKT expression and AKT phosphoryla-
tion on Ser473 are upregulated in the testes of Mtorflox/flox;
Amhr2cre/þ mice provides a potential mechanism for explaining
increased GJA1 phosphorylation. The phosphorylation of AKT
on Ser473 has been mainly attributed to the rictor-mTORC2
complex [65–69] and is thought to be rictor-dependent [70].
However, as mTORC2 activity should be downregulated in the
Mtorflox/flox;Amhr2cre/þ model, it would seem unlikely that
mTORC2 is responsible for the increased phosphorylation of
AKT observed in our study. A more likely explanation is that
increased AKT activity is an indirect consequence of the loss of
mTORC1 activity. Indeed, active RPS6KB1 regulates the IGF-
1/insulin pathway by directly binding and phosphorylating
IRS-1 [71–73], which promotes IRS-1 degradation and leads to
a decrease in AKT activity. The downregulation of RPS6KB1
phosphorylation (and hence activity) that we observed in the
testes of Mtorflox/flox;Amhr2cre/þ mice could therefore lead to
the observed upregulation of AKT. Further experiments will be
needed to determine if the IGF1/insulin signaling pathway is
affected in the Mtorflox/flox;Amhr2cre/þ testes. Likewise, the
paradoxical increase in the phosphorylation of RPS6 at S235/
236 that we observed in the testes of the Mtorflox/flox;Amhr2cre/þ

animals despite decreased RPS6KB1 activity remains to be
explained. One possibility is that other RPS6 kinases, notably
the four isoforms of the p90 ribosomal RPS6 kinase family of
serine/threonine kinases (RSK), could be up-regulated in

FIG. 7. Phosphorylation of the mTORC1 downstream effectors RPS6K1
and EIF4B (but not RPS6) is downregulated in testes of Mtorflox/flox;
Amhr2cre/þ mice. Immunoblot analysis of the expression of the indicated
downstream targets of mTOR in testes of 3-mo-old mice of the indicated
genotypes (1 lane¼ 1 animal). ACTB was used as the housekeeping gene.
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response to the loss of RPS6KB1 activity. Our results therefore
further demonstrate the complexity of the positive and negative
feedback loops that regulate mTOR signaling.

In summary, this study reports, for the first time, a role for
mTOR in Sertoli cell physiology in vivo. Inactivation of Mtor
in Sertoli cells interferes with their capacity to support
spermatogenesis and results in the premature release of germ
cells, probably in part because of improper trafficking of GJA1.
Additional studies will be required to define the specific roles
of the mTORC1 and mTORC2 complexes in the observed
phenotype.
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