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An increasing number of studies revealed the importance of estrogen in male reproduction. However, most
research was conducted in laboratory rodents subjected to standardized environmental conditions. Therefore,
seasonal regulations of estrogen pathways remain poorly understood under natural conditions. Using
immunohistochemistry, the expression of several molecules involved in the functioning of testis (i.e. 17-β
estradiol [E2], P450 aromatase, estrogen receptors ESR1, ESR2, and GPER1 [also known as GPR30]) were
investigated in free-ranging fat sand rats, Psammomys obesus, during the breeding and resting seasons. Leydig
cells showed a strong immunoreactivity for aromatase in the testis sampled during the breeding season only;
however, E2, ESR1, ESR2 and GPER1 were present during both seasons. Sertoli cells showed a positive signal for
E2 and ESR2 during the breeding season; though, all molecules, except GPER1, were present during the resting
season. Spermatogonia were reactive for E2, ESR2 and GPER1 during the breeding season and for ESR1 and
GPER1 during the resting season. During both seasons, spermatocytes-I presented a moderate reactivity for E2,
ESR1, ESR2 and a strong reactivity for GPER1; aromatase was detected during the resting season only.
Spermatids and spermatozoa were present exclusively during breeding season and were reactive for all
molecules; except round spermatids that were negative for aromatase. The functioning of the testis depends
on ﬁnely tuned stimulation and inhibition systems. Our results suggest that diﬀerential expression of aromatase,
ESR1, ESR2, and GPER1 across cells types is involved in the seasonal activation/inactivation cycle of
spermatogenesis in a free-ranging species.

1. Introduction
The testis is a multifaceted organ that exerts exocrine and endocrine
reproductive functions, notably spermatogenesis and steroidogenesis.
Both functions are interacting intimately to maintain fertility. The
production of sperm is under hormonal regulations of the hypothalamo–pituitary–gonadal axis: testicular activity is under the control of LH
and FSH that are in turn under the control of GnRH, with diﬀerent
feedback loops among the endocrine systems involved. This complex
regulatory system enables organisms to adjust their reproductive eﬀort
(e.g. sperm production, development of secondary sexual characteris-
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tics, sexual behaviors) to environmental conditions and to their
physiological status (Willmer et al., 2005). Thus subtle regulations of
reproductive functions determine fertility but also inﬂuence individual
ﬁtness and population viability. Sexual steroids occupy a central role in
these regulations. In male vertebrates, testosterone secreted by the
Leydig cells (induced by LH-stimulation) is critical for spermatogenesis
and it stimulates other reproductive traits (McLachlan et al., 1996).
Consequently, this major androgen steroid attracted considerable
attention, detailed information is available in many animal species
(Goldey and van Anders, 2015). For example, besides the classical roles
exerted on secondary sexual characteristics, the testis testosterone
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gonadal recrudescence and spermatogenesis in individuals maintained
under unfavorable photoperiodic regime (Pak et al., 2002; Gancarczyk
et al., 2004). In domestic stallions (pseudo-seasonal breeders) capacitation and acrosome reaction were independent from a marked seasonal
expression of estrogen receptors (ESR1, ESR2 and GPER), suggesting
that upstream processes such as epididymal maturation were more
important (Gautier et al., 2016). These captivity studies indicate that
seasonal variations represent an appropriate system to identify and thus
assess the roles of estrogens in the functioning of the testis in free
ranging animals, as shown in a tropical bat species (Beguelini et al.,
2014).
In this study, we examined adult males of the fat sand rats
(Psammomys obesus) during the reproductive cycle. This species lives
in an extremely arid environment characterized by drastic seasonal
changes of the climatic conditions; breeding period occurs from autumn
through early spring; a non-breeding resting phase takes place from late
spring through summer. This contrasted seasonal pattern oﬀers an
opportunity to compare reproductive traits between sexually active
versus inactive individuals. The reproductive physiology of fat sand rat
has been intensively studied throughout the whole annual cycle,
providing baseline information to examine possible changes in the
expression of molecules involved in the estrogenic dependent functioning of testis. Seasonal variations of the genital tract (e.g. including
seminal vesicles), of the histology of the testis (including indicators of
hormonal activity), and of plasma levels of testosterone have been
described (Khammar and Brudieux, 1984, Khammar, 1987; Gernigon
et al., 1991; Gernigon, 1992; Menad, 2008, 2015; Menad et al., 2014).
During the annual cycle, the testis of male fat sand rat undergoes
profound changes. In the active period, sperm production is abundant
and Leydig cells have a highly developed endoplasmic reticulum (a key
substratum for GPER1). In the resting period, there is a reduction in the
diameter of the seminiferous tubules, a stoppage of the spermatogenesis, and a regression of the endoplasmic reticulum of the Leydig cells
associated with an accumulation of the lipids in the Leydig cells.
Regarding testicular contents of androgens (ng/g of testis), high values
were observed in autumn and in winter (testosterone: 7.6 ± 1.1;
androstenedione: 0.76 ± 0.11) whereas low values were reported in
early summer (June) (testosterone: 1.5 ± 0.3; androstenedione:
0.20 ± 0.05) with raising values in late July (Khammar and
Brudieux, 1984). Annual variations of the testosterone metabolic
clearance rate (liters/24 h/100 g body wt) were parallel to the changes
of testicular androgens concentrations; clearance peaking in winter
(6.7 ± 0.7) and decreasing in June (3.2 ± 0.3). Presumably this
contrasted pattern of androgen production during the testis cycle
should be reﬂected by marked seasonal diﬀerences in the expression
of endocrine receptors.
The main aim of this study was to provide information on estrogen
regulation in the testis in males of a wild species subjected to natural
seasonal ﬂuctuations. Indeed, although potential important roles of
estrogen are suspected in free-ranging males of mammals, current
information is limited to individuals maintained in captivity (Hamster,
bank vole, roe deer), and two free-ranging bat species (Schön and
Blottner, 2008; Oliveira et al., 2009; Beguelini et al., 2014; Zarzycka
et al., 2016). In this study, we focused on the testis and on the
localization of estradiol (E2), estrogen receptors (ESR1, ESR2, and
GPER1) and of the P450 aromatase. Considering the meager level of
scientiﬁc knowledge on these issues in wild species, we addressed a
simple question. Do the expression and the localization of the main
estrogen receptors and P450 aromatase vary among the main cell types
(Leydig, Sertoli, germ cells) and during the breeding cycle?

maintains the blood–testis barrier (Meng et al., 2005), induces meiosis
and postmeiotic development of germ cells (Dohle et al., 2003;
Holdcraft and Braun, 2004) and inhibits germ cell apoptosis (Singh
et al., 1995).
However, diﬀerent studies revealed the importance of estrogen
hormones in males, notably in the functioning of the epididymis; but
this hormone also inﬂuences the hypothalamo–pituitary–testis axis and
the production of sperm through the modulation of the activity of the
Sertoli, Leydig and germ cells (Hess et al., 1997; O’Donnell et al., 2001).
Estrogens are notably involved in spermatogonial stem cell division
(Miura et al., 1999), initiation and maintenance of spermatogenesis
(Ebling et al., 2000), and they promote the survival of germ cells
(Pentikäinen et al., 2000). Estrogen biosynthesis is catalyzed by a
microsomal P450 aromatase complex responsible for the irreversible
transformation of androgens into estrogens (Payne and Hales, 2004). In
the reproductive tract of immature males, estrogens are essentially
produced by Sertoli cells (Van der Molen et al., 1981), whereas in
mature individuals they are found in germ cells, spermatozoa and
Leydig cells (Payne et al., 1976; Levallet et al., 1998b; Carreau et al.,
2006, 2007a,b). Two diﬀerent nuclear estrogen receptors (ER) have
been identiﬁed (ESR1, ESR2) with similar aﬃnities for estradiol (Kuiper
et al., 1997). The localization of estrogen receptors in testicular cells
varies depending on the species, developmental stages of the cells and
types of receptors (Abney, 1999; O’Donnell et al., 2001; Hess and
Carnes, 2004). Recently, a new receptor that binds estradiol has been
described: the G protein-coupled estrogen receptor (GPER) also named
G protein-coupled receptor 30 (GPR30, also known as GPER1). This
receptor mediates the 17β-estradiol activation of various downstream
signaling pathways and it exerts multiple roles in the cell physiology.
Using ligands such as ER antagonist fulvestrant (ICI 182,780) it has
been shown that GPER can be found in a large range of human and
rodent tissues, more precisely in the endoplasmic reticulum compartment (Sirianni et al., 2008; Prossnitz and Barton, 2009). Importantly,
17β-estradiol may have diﬀerential eﬀects when activating ESR (nuclear) versus GPER (non-nuclear) receptors. For example, the selective
activation of GPER has a rapid anti-apoptotic eﬀect in cultured Sertoli
cells, whereas delayed cell proliferation can occur under ESR1 activation in other cells (this response takes time from gene activation to
protein production). Nevertheless, these two diﬀerent regulatory pathways are partly overlapping and they may involve cross-talk between
the two receptors (Lucas et al., 2010).
Overall, a better understanding of the reproductive endocrinology
of mammals necessitates considering both androgen and estrogen
regulations in females and in males (Pelletier et al., 2000; Zhou et al.,
2002). Although most comparative studies focused on circulating levels
of sex steroids in mammals (Bronson, 1989), examination of the
localization of their respective receptors is equally essential to accurately identify their main sites of action. Assessment of the localization
of the major enzymes involved in steroidogenesis is also important
(Payne and Hales, 2004). Research on these issues concentrated in
laboratory rodents (Couse and Korach, 1999). Yet, histological studies
of male reproductive tracts showed considerable variations among
closely related rodent species (mice vs rats) in the localization and in
the expression of sex steroid receptors for example (Zhou et al., 2002).
Therefore, inferring possible regulation during the reproductive cycle in
free ranging species of rodents from the limited laboratory studies
available might be speculative. Especially when the strong variability in
life history traits exhibited across the high phylogenetic diversity of
mammals is considered (Bromham et al., 1996). Information gathered
in free-ranging species of mammals subjected to seasonal variations is
needed to assess the general validity of the results obtained in strains of
rodents that have escaped natural selection over many generations
(Schön and Blottner, 2008; Oliveira et al., 2009; Beguelini et al., 2014;
Zarzycka et al., 2016).
Captivity investigations performed in seasonal breeder rodents
(voles, hamsters) showed that moderate exposure to estradiol prompted

2. Material and methods
2.1. Animals and samples
The fat sand rat (Psammomys obesus) is a diurnal rodent that lives in
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The intensity of the immunostaining was scored as null (−), weakly
positive (+), moderately positive (++) or strongly positive (+++)
by two independent observers blinded to the antigen type under
analysis.

the North-West of the Algerian Sahara. This species has been used to
study the seasonal changes in the reproductive cycle of arid desert
rodents (Khammar, 1987; Gernigon et al., 1991; Menad et al., 2014)
and as a model to examine several metabolic disorders in humans
(Donath et al., 1999).
Sixteen adult males (mean body mass 145 ± 3.36 g) were trapped
in the region of Béni Abbès (30°07′N 2°10′W) during the breeding
(N = 8) and during resting (N = 8) seasons. They were euthanized in
the morning, 48 h after capture. The testes were quickly excised,
weighed, ﬁxed in Bouin's solution, dehydrated in increasing concentrations of ethanol (70%, 95%, and 100%), cleaned in toluene, and
embedded in paraﬃn. All experiments were carried out in compliance
with the guidelines of the Federation of European Laboratory Animal
Science Associations (FELASA) following an approval by the local
Ethical Committee of the Houari Boumediene University of Sciences
and Technology, Algeria.

2.4. Analyses
Using data from immunohistochemistry can pose technical diﬃculties. Notably, various limitations have been identiﬁed ranging from the
selection of antibody panels to the ability of the observers that interpret
and quantify the information of the pictures (de Matos et al., 2010).
Yet, we emphasize that our main goal was to compare results obtained
during two diﬀerent seasons while using a fully standardized protocol.
Consequently, possible limitations caused by non-optimal applicability
of immunohistochemistry applied equally in all samples, and thus did
not impede our ability to detect seasonal diﬀerences.
Nonetheless, we provide additional information regarding several
important technical issues. The speciﬁcity of the antibodies was further
tested using the western blot technique on the epididymis. For ESR1,
ESR2, and GPER1 we respectively obtained a molecular weight 64 kDa,
55 kDa and 55 kDa; enabling us to partly further discriminate the
diﬀerent receptors examined. Moreover, the speciﬁcity of the antiserum
provided by the supplier (rabbit anti-estradiol polyclonal antibody,
AB924, LV1464029) has been evaluated for its ability to give a positive
and speciﬁc immunostaining of estradiol-containing cells in human
mammary gland carcinomas and Sertoli Leydig tumors of the ovary
using both the immunoperoxidase and immunoﬂuorescence procedures
(© 2016 Merck KGaA; Kercmar et al., 2014). Negative controls have
also been used: samples were incubated with normal goat serum instead
of using the primary antibody; they systematically provided negative
responses. Regarding the quantiﬁcation of immunostaining, densitometry provided parallel results than the visual estimate performed by
the two independent observers. Yet, the visual estimate quantiﬁcation
was simple (i.e. four categories) and thus was conservative.

2.2. Histology
Testes were cut in 5 μm thick sagittal sections with a Leitz vertical
microtome and mounted on histological slides or on “Super Frost” glass
slides for immunohistochemistry. After hydration, the sections were
stained with Masson's trichrome (Martoja, 1967; Gabe, 1968).
2.3. Immunohistochemistry
The expression/presence of aromatase, estradiol, and estrogen
receptors (ER: ESR1, ESR2, and GPER1) was analyzed by immunohistochemistry. Sections were deparaﬃned with cyclohexane and rehydrated with decreasing concentrations of ethanol. The slides were then
washed in tap water for 10 min. For antigen retrieval (ER and GPER1),
the slides were incubated at 95 °C in a 10 mM sodium citrate solution
(H-3300, pH 6.0) for 45 min (for ESR1 and ESR2 analysis) or 30 min
(for GPER1). After heating, the slides were left to cool down for 20 min
and then washed in distilled water. Endogenous peroxidase activity was
quenched with a 3% peroxidase solution for 20 min followed by two
baths in distilled water. Sections were encircled using a DakoPen (Dako,
USA) and incubated with a 10% normal goat serum (S-1000) for 1 h at
room temperature to block non-speciﬁc binding sites. Afterwards, the
slides were incubated with primary rabbit polyclonal antibodies against
human aromatase (ab3504, Abcam plc, Cambridge, UK), estradiol
(AB924, Millipore, CHEMICON), ESR1 (H-184:sc-7207, Santa Cruz
Biotechnology,
USA),
ESR2
(H-150:sc-8974,
Santa
Cruz
Biotechnology, USA) and GPER1 (ab39742, Abcam plc, Cambridge,
UK). Antibodies against aromatase, estradiol were used as 1:200
dilutions in PBS, and ESR1, ESR2 and GPER1 were used as 1:50.
Next, tissue sections were incubated during 1 h with aromatase,
estradiol and GPER1 antibodies or overnight at 4 °C in a wet chamber
for ESR1 and ESR2. Then, the slides were washed in PBS solution and
incubated with corresponding secondary biotinylated antibodies (AntiMouse IgG/Rabbit IgG; BA-1400, Vectastain Universal) for 1 h in a wet
chamber. After rinsing three times in PBS for 5 min, the slides were
incubated with a streptavidin-biotin-peroxydase complex for 1 h. Each
tissue section was washed in PBS and stained by the AEC (Amino-EthylCarbazole; Vector Laboratories, SK-4200) for aromatase and estradiol
or the DAB chromogen (3,3′-diaminobenzidine, kit for peroxidase;
Vector Laboratories) for ESR1, ESR2 and GPER1. The reaction was
stopped by rinsing the samples in a PBS solution. Tissue sections were
then counterstained with hematoxylin (Hematoxylin QS, H-3404;
Vector Laboratories, Burlingame, CA, USA) for 1 min, then mounted
using VectaMount (AQ Aqueous Mounting Medium, H-5501) for
aromatase and estradiol or dehydrated and preserved using the
Permount mounting medium (Fisher Scientiﬁc, USA) for ESR1, ESR2
and GPER1. The immunostaining was observed under the Nikon Eclipse
E 400 light microscope ﬁtted with the Nikon DXM 1200 digital camera.

3. Results
3.1. Histology
During the breeding season, germ cell lineages were observed in the
seminal epithelium (Fig. 1A). At the basal side, spermatogonia (spg)
presented a well stained chromatin. Above spermatogonia, voluminous
spermatocytes (spc I) showed a chromatin organized in clusters. Near
the lumen of the seminiferous tube, the spermatids were either round
(rsd) or elongated (esd). Within the lumen, spermatozoa presented a
ﬁlamentous appearance. The Sertoli cells extended across the whole
thickness of the epithelium, exhibiting a basal triangular nucleus with a
central nucleolus. In the interstitial tissue, Leydig cells were either
dispersed or aggregated in clusters.
During the resting season, spermatogenesis was blocked at the stage
of spermatocyte I, spermatids and spermatozoa were absent (Fig. 1B).
3.2. Immunohistochemistry
All results of immunohistochemistry for 17-β estradiol, aromatase,
ESR1, ESR2 and GPER1 are summarized in Table 1.
3.3. Aromatase
During the breeding season, a strong immunoexpression of P450
aromatase was localized in the cytoplasm of Leydig cells (Fig. 1C, D). In
the periphery of seminiferous tubule, smooth muscle cells were
positive. The cytoplasm of elongated spermatids and spermatozoa
showed an intense and a moderate immunohistochemical reaction
respectively. Sertoli cells were negative.
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Fig. 1. Histology and immunohistochemistry of P450 aromatase and 17-beta estradiol in the testis of the sand rat Psammomys obesus. Panels 1A and 1B illustrate the histological
diﬀerences during the breeding versus and resting season. (1A): in the wall of the seminiferous tubule, all germ cells are present. Spermatogonia and spermatocytes I are present with a
colorful chromatin and a mound chromatin respectively. The spermatids, localized to the lumen of the seminiferous tube are either round or elongated. Sertoli cells occupy the whole
thickness of the epithelium; the basal nuclei with triangular shapes and central nucleolus are visible. In the interstitial tissue, Leydig cells are present. (1B): the cellular mosaic is not fully
developed, spermatogenesis is blocked at the stage of spermatocyte I. Spermatids and sperm are absent. In interstitial tissue, Leydig cells are still present. Panels 1C, 1D, 1E, and 1F
illustrate P450 aromatase immunohistochemistry results. During the breeding season (1C and 1D) an intense immunoexpression of aromatase is localized in Leydig cells and elongated
spermatids. At the wall of the seminiferous tubule, smooth muscle cells are positive. During resting season (1E and 1F), immunohistochemical signal is mainly localized in cytoplasm of
spermatocytes I. A Moderate immunoreaction is localized in the cytoplasm of the Sertoli cell, spermatogonia and the smooth muscle cells. Nuclei of Leydig cells are negative and
cytoplasm is positive or negative. Panels 1G, 1H, 1I and 1J illustrate the results regarding the immunohistochemistry of 17-beta estradiol. During the breeding season (1G and 1H), the
immunoreactivity of the 17-beta estradiol is visible in germ cells and in the cytoplasm of Sertoli. Immunohistochemical staining was absent in the nuclei of spermatogonia and of
elongated spermatids, contrarily to the cytoplasm of spermatocyte I, cytoplasm of elongated spermatids and the nuclei of round spermatids that display an intense immunoreactivity.
Leydig cells show in the cytoplasm a strong immunohistochemical reaction. During the resting season (1I and 1J), immunostaining of 17 beta estradiol was localized mainly in the
cytoplasm and nucleus of spermatocytes I. A strong immunoreaction was observed in basal cytoplasm of Sertoli cells. The cytoplasm of the Leydig cells was positive. No immunostaining
was observed in the controls (insert). The full arrow indicates staining, the hollow arrow indicates a lack of staining. Legends for cell types: spg stands for spermatogonia, spcI for
spermatocyte I, rsd for round spermatid, esd for elongated spermatid, Sc for Sertoli cells, Lc for Leydig cells, and smc for smooth muscle cell.

Table 1
Immunolocalization of aromatase, E2, ESR1, ESR2 and GPER1 in testis of sand rat (Psammomys obesus) in breeding and resting season.
Breeding season

Leydig cell
Sertoli cell
Spg
spcI
rsd
esd
spz
smc

Resting season

Aro

E2

ESR1

ESR2

GPER1

Aro

E2

ESR1

ESR2

GPER1

N
C
N
C
N
C
N
C
N
C
N
C
N
N

−
+++
−
−
−
−
−
−
−
−
−
+++
++
++

−
+++
+
++
−
++
−
++
+++/++
−
−
+++
+
+/−

+
+++
−
−
+/−
−
++/−
+/−
++
+
−
+++
+
+

+++
+++
++/−
−
+++
+
++
++
+++
−
−
+++
++
+

+++
+++
−
−
+++/−
−
−
+++
−/++
−/++
++
+
++
++/−

−
+
−
++
−
+
−
++
/
/
/
/
/
+

−
++
−
+++ (basal)
−
−
+++/−
+++
/
/
/
/
/
+

++/+
+/−
+++
+
+++
−
++/−
++/−
/
/
/
/
/
++

++/−
−
−
++ (basal)
−
−
−
++
/
/
/
/
/
+

spg, spermatogonia; spcI, spermatocyte I; rsd, round spermatid; esd, elongated spermatid; spz, sperm; smc, smooth muscle cell; N, nucleus; C, cytoplasm.
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Fig. 2. Immunohistochemistry of ESR1 and ESR2 in the testis of the sand rat Psammomys obesus. Panels 2A and 2B illustrate immunohistochemistry of ESR1. During the breeding season
(2A) the immunoreactivity of ESR1 was localized in the cytoplasm of Leydig cells and the nuclei of round spermatid. The nuclei of spermatocytes I were positive or negative contrarily to
elongated spermatids that remained negative. During resting season (2B), the immunohistochemical staining of ESR1 was visible in the nuclei of Sertoli cells, Leydig cells and
spermatogonia. Spermatocytes I were positive or negative. Panels 2C, 2D, 2E, and 2F provide results on the immunohistochemistry of ESR2. During the breeding season (2C, 2D and 2E),
the immunoexpression of ESR2 showed an ubiquitous distribution in germ, Sertoli, and Leydig cells. In germ cells, the immunoreactivity was moderate in cytoplasm and nuclei of
spermatocytes I and strong in nuclei of round spermatids. The elongated spermatids did not exhibit nuclear immunoreactivity in most cases. During resting season (2F), the cytoplasm of
spermatocytes I was stained, the Sertoli cells exhibited a positive immunoreactivity in their basal cytoplasm. Controls were negative (insert). Legends for arrows and cells types as in
Fig. 1.

3.4. 17-β Estradiol

During the resting season, immunohistochemical signal of P450
aromatase was mainly localized in the cytoplasm of spermatocytes I and
Sertoli cells (Fig. 1E, F). The cytoplasm of Leydig cells showed a weak
immunoreaction.

During the breeding season, a positive immunoreactivity of 17-β
estradiol was observed in germ cells and in the cytoplasm and nuclei of
386
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cytoplasmic compartment. Overall, despite the inherent limitations
associated with the use of immunohistochemistry, our results enabled
us to assess possible seasonal patterns in the expression of important
eﬀectors involved in the estrogenic regulation of the testis.
Strong diﬀerences were observed between the males captured
during the breeding season compared to those captured during the
non-breeding (resting) season. Consequently, these results concur with
previous studies to suggest that estrogen regulations are involved in the
seasonal functioning of the testis in free-ranging vertebrates (Schön and
Blottner, 2008; Oliveira et al., 2009; Caneguim et al., 2013; Beguelini
et al., 2014; Zarzycka et al., 2016). Yet we emphasize that in most
previous studies, individuals were maintained in captivity under
artiﬁcial conditions during various periods; very few investigations
were based on the examination of free-ranging individuals directly
sampled in the ﬁeld (Oliveira et al., 2009). Therefore our study provides
a signiﬁcant link between laboratory and ﬁeld results. Below we brieﬂy
review our main results following a simple order from the Leydig cells
to the germ cell lineage.
In Leydig cells, E2, ESR1, ESR2 and GPER1 were observed both
during the breeding and the resting seasons. However, the aromatase
reactivity was marked during the reproductive season only. This
seasonal eﬀect could be androgen-dependent. In the sand rat, the
breeding season is characterized by a strong elevation of serum levels of
testosterone (Khammar, 1987; Gernigon et al., 1991; Gernigon, 1992;
Gernigon et al., 1994; Menad, 2008, 2015; Menad et al., 2014).
Androgens are aromatized into estrogens by the P450 aromatase
(Payne et al., 1976; Simpson et al., 1994). An increasing P450
aromatase activity might be associated with increasing testosterone
production, resulting in an overall increase of E2 production. On the
other hand, E2 binds to estrogen receptors (ESR1, ESR2 and GPER1)
and can modulate the activity of the Leydig cell (Saunders et al., 1998;
Pelletier and El-Alfy, 2000). But the exact modulatory patterns remain
unknown.
According to Li et al. (2015) E2 sustains spermatogenesis, notably
by promoting the division and the survival of the germ cells via
autocrine and paracrine mechanisms. In the roe deer, stallion, and
several rodents, estrogens are positively involved in sperm production
(Gancarczyk et al., 2004; Schön and Blottner, 2008; Zhang et al., 2010;
Gautier et al., 2016). Experimental studies showed that estrogen
stimulation is particularly important for the reactivation of spermatogenesis at the onset of the breeding season. Indeed, in transgenic
hypogonadal mice (hpg, that congenitally lack gonadotropin) treated
with exogenous estrogen for 70 days, a full quantitative restoration of
spermatogenesis was observed (Ebling et al., 2000). Moreover, E2 can
exert a positive feedback by increasing the release of FSH in males
(Ebling et al., 2000). However, the general eﬀect of exogenous E2 on
the pituitary is inhibitory; cascading eﬀects with decreasing LH
secretion, lower intra-testicular testosterone levels and thus diminution
of spermatogenesis have been documented in adult mice
(O'Shaughnessy, 2014). In the Wistar rat, low doses of bisphenol A
(an agent that binds to estrogen receptors, interferes with LH receptor,
and aromatase expression) can perturb the hypothalamic–pituitary axis,
produce hypogonadism and compromise sperm production (Wisniewski
et al., 2015).
During the resting season, the aromatase staining was low in the
Leydig cells suggesting a reduced production of E2. Perhaps that the
strong immunoreactivity of E2 found in the Leydig cells originated from
another source such as the Sertoli cells? The presence of ESR1, ESR2
and GPER1 in the Leydig cells, both during the breeding and resting
seasons, suggests that this cell is a target of E2 during the whole
reproductive cycle through autocrine and/or paracrine complex mechanisms and possibly temporal variations in the sensitivity of the
hypothalamo–pituitary axis (Yen and Tsai, 1971). But the higher level
of expression observed during the breeding season suggests that
increasing levels of E2 essentially stimulate sperm production as
observed in other mammalian species.

the Sertoli cells (Fig. 1G, H). No immunohistochemical staining was
found in the nuclei of spermatogonia, spermatocytes I and elongated
spermatids. However, the label was intense in the nuclei of round
spermatids. The cytoplasm of Leydig cells showed a strong immunohistochemical reaction.
During the resting season, the immunostaining of 17-β estradiol was
localized mainly in the cytoplasm of spermatocytes I and Leydig cells
(Fig. 1I, J). The cytoplasm of Sertoli cells was positive essentially in
their basal part.
3.5. ESR1
During the breeding season, a strong immunoreactvity of ESR1 was
localized in the cytoplasm of Leydig cells and elongated spermatids
(Fig. 2A). The nuclei of spermatocytes I and round spermatids showed a
moderate immunoreaction. Several spermatocytes I did not exhibit any
immunostaining.
During the resting season, an intense immunohistochemical staining
of ESR1 was observed in the nuclei of Sertoli cells and in the nuclei of
spermatogonia (Fig. 2B). The nucleus and cytoplasm of some spermatocytes I were positive, but most were negative. The nucleus of Leydig
cells showed a moderate staining.
3.6. ESR2
During the breeding season, the immunoexpression of ESR2 showed
an ubiquitous distribution in the germ, Sertoli and Leydig cells
(Fig. 2C–E). The cytoplasm and nucleus of germ cells and spermatocytes
I was moderately immunoreactive; but we found a strong signal in the
nucleus of rounded spermatids, and in the cytoplasm of elongated
spermatids. The nucleus of elongated spermatids provided an inconstant signal, either positive or negative.
During the resting season, the cytoplasm of Leydig cells and
spermatocytes I was moderately for ESR2 (Fig. 2F). Many Leydig cells
were negative. Sertoli cells showed a moderate immunoreactivity
localized in the basal cytoplasm.
3.7. GPER1
During the breeding season, a strong immunoreactivity of GPER1
was localized in the cytoplasm of spermatocytes I and in the nucleus of
some spermatogonia (Fig. 3A–C). A moderate immunostaining of
GPER1 was localized in the nucleus of elongated spermatids, sperms
and in some round spermatids. The cytoplasm and nucleus of Leydig
cells showed a strong immunoreaction. Sertoli cells remained negative.
During the resting season, an intense immunoreactivity of GPER1
was localized in the nucleus and the cytoplasm of spermatocytes I and
of Leydig cells; in contrast Sertoli cells and spermatogonia remained
negative (Fig. 3D, E). Many spermatocytes I showed a strong immunoreactivity of their cytoplasm and nucleus, with the exception of few cells
that were negative.
4. Discussion
All the molecules examined in this study that were presumably
involved in the reproduction of male sand rats (i.e. E2, P450 estradiol
aromatase, ESR1, ESR2, and GPER1) were actually localized in the
testis of the individuals sampled in the ﬁeld. More precisely, the
respective distribution revealed by speciﬁc positive immunostaining
of each diﬀerent molecule examined corresponded well to the expected
patterns. For instance, a strong positive signal was observed in the
cytoplasm of the Leydig cells for the P450 aromatase during the
breeding season, precisely where and when steroidogenesis peaks in
the sand rat (Khammar and Brudieux, 1984). Nuclear receptors (ESR1
and ESR2) were essentially observed in the nucleus of the cells studied
while the non-genomic receptor (GPER1) was generally detected in the
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Fig. 3. Immunohistochemistry of GPER1 in testis of sand rat Psammomys obesus. During the breeding season (panels 3A, 3B and 3C), GPER1 immunoreactivity was localized in the
cytoplasm of spermatocytes I and in some nuclei of spermatogonia and round spermatids. The immunostaining of GPER1 was observed also in the nuclei and cytoplasm of Leydig cells and
elongated spermatids contrarily to Sertoli cells which are negative. During the resting season (3D and 3E), a strong immunoreaction was present in spermatocytes I and in Leydig cells

during the development of the germ cells. In the germ cells of the sand
rat, P450 aromatase was localized exclusively in elongated spermatids
and sperm during the breeding season. However, during the resting
season, this enzyme exhibited a weak immunoreactivity in the spermatogonia and spermatocytes I respectively. The presence of the P450
aromatase in the male germ cells was ﬁrst detected in the mouse (Nitta
et al., 1993). Subsequently, the presence of this enzyme was found in
diverse cell types and in diﬀerent species. For example it was found in
all testicular cells of Sprague-Dawley rats, excepted in the peritubular
myoid cells, and in the germ cells of diﬀerent species of mammals and
birds (Saez et al., 1989; Tsubota et al., 1993; Kwon et al., 1995;
Almadhidi et al., 1995; Janulis et al., 1998; Silandre et al., 2007). In
adult rats, germ cells are an important source of estrogens sustained by
intensive aromatase activity sometimes representing half of the total
cell activity (Levallet et al., 1998a). However, the level of expression of
aromatase is not an exact indicator of cellular activity (Levallet et al.,
1998b) and the P450 aromatase activity is negatively controlled by
germ cells (Boitani et al., 1981). Whatever the case the ubiquity of ER
in germ cells suggest important estrogenic functions.
In spermatogonia, a moderate immunoresponse of E2 and a strong
immunoreaction of both ESR2 and GPER1 were observed during the
breeding season. However, during the resting season, the immunoreac-

In Sertoli cells, positive signals for E2 and ESR2 were observed
during both seasons, P450 aromatase and ESR1 were found during the
resting season only, and GPER1 was not detected. ERs are expressed in
the Sertoli cells in humans and in immature rats (Lucas et al., 2008,
2010; Filipiak et al., 2012). The amount of aromatase transcripts
remains very low in the Sertoli cells of adult rats (Levallet and
Carreau, 1997). Sertoli cells are also inﬂuenced by androgens, but their
respective role relative to E2 in the regulatory mechanisms of spermatogenesis is not yet understood. Nonetheless, the activation of spermatogenesis during the breeding season versus blockage at the stage of
spermatocyte I during the resting season might be partly controlled by
androgens and E2. The stimulation of ESR1 by E2 is necessary for the
functional maturation of the Sertoli cells that occupy a central position
in spermatogenesis. The role of aromatase is crucial; indeed in mutant
mice deﬁcient for this enzyme Sertoli cells and spermatogenesis
functioning are not eﬀective (Smith et al., 2015).
In all germ cell types, the three ER (ESR1, ESR2 and GPER1) were
observed during the breeding season. However, during the resting
season (when only two types of germ cells were present), spermatogonia exhibited an immunostaining for ESR1 and GPER1, while spermatocytes I were positive for the three ER. González et al. (2012)
suggested that the distribution of ER is species speciﬁc and varies
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FSH in photo-regressed adult males (Pak et al., 2002). These results
indicate that E2 exerts major roles in the spermatogenesis of seasonal
breeding species.
Regarding our results, we hypothesize that the seasonal diﬀerences
in the expression of aromatase and ER distribution may explain
contrasted eﬀects on spermatogenesis. A proliferative eﬀect of E2 on
Sertoli cells, spermatogonia, and a stimulatory eﬀect on other cell types
mediated by ESR2 and GPER1 may occur during the breeding season.
Conversely, an inhibitory eﬀect of E2 mediated by ESR1, possibly
reinforced by apoptosis, may occur during the resting season.
We acknowledge that this simplistic scenario cannot fully account
for other complex regulations. For instance, the eﬀects of E2 on
diﬀerent receptors can be pleiotropic since mutants for ESR1
(ERαKO), ESR2 (ERβKO) and GPER1 (GPER1KO) exhibit diﬀerent
phenotypes. Further, the implication of another receptor, the Aryl
Hydrocarbon Receptor (AHR) in seasonal testis activity was recently
described in the bank vole (Myodes glareolus) (Zarzycka et al., 2016). In
this species, AHR and GPER1 are expressed in testes of actively
reproducing voles and are photoperiod-dependent. Thus, AHR expression may promote signaling pathways that involve both photoperiod
and estrogens, whereas GPER1 signaling might be limited to estrogen
responses. This suggests that in this species, a diﬀerential activity of
signaling molecules mediates a signal transduction predominantly via
AHR and secondarily via GPER1.

tion of ESR2 disappeared while a strong ESR1 and GPER1 staining
persisted. ER have been found in human spermatogonia (Mäkinen et al.,
2001; Saunders et al., 2001) and ESR1 in the bat Myotis nigricans during
the reproductive season (Beguelini et al., 2014). Nuclear ESR1 are
involved in the setting of spermatogenesis at puberty and are considered as biomarkers of fertility (Aquila and De Amicis, 2014).
In spermatocytes I, a moderate immunoreactivity of ESR1, ESR2 and
a strong immunoreaction of GPER1 during both seasons were observed.
Low doses of E2 stimulate aromatase expression and early spermatogenesis in male voles exposed to short photoperiod treatment
(Gancarczyk et al., 2004). Conversely, high doses of E2 alter testicular
structure and induce tubular apoptosis.
In round and elongated spermatids, a positive immunoreactivity for
aromatase, E2, and ER was localized, except for P450 aromatase in
round spermatids. E2 is essential for the diﬀerentiation of the spermatids (Robertson et al., 2002) and for the maturation of sperm (Lubahn
et al., 1988). This suggests a functional implication of E2 in spermiogenesis. The biogenesis of the acrosome is an estrogen-dependent
process in interaction with androgen receptors (O'Shaughnessy, 2014;
Smith et al., 2015).
In sperm, we found a positive signal for the P450 aromatase, E2, and
ER. The amounts of transcript and P450 aromatase activity decrease in
immotile compared to motile sperm in humans (Carreau et al., 2012).
Human spermatozoa also express GPER1 (Franco et al., 2011). Thus, E2
is possibly involved in sperm motility, stimulating carbohydrate
metabolism (G6PDH production) and lipid metabolism (increasing
lipase activity and β oxidation) (Aquila and De Amicis, 2014). Diﬀerent
studies showed that E2 is of paramount importance for sperm quality
(Müller et al., 2012; Arkoun et al., 2014; O'Shaughnessy, 2014; Gautier
et al., 2016).
Although these results provide a complex picture regarding possible
roles of estradiol in the germ cells and in sperm characteristic, previous
studies indicate that this steroid exerts essentially stimulating eﬀects on
spermatogenesis, but this outcome might well be dose dependent.
Indeed, E2 is essential for the maturation of the spermatocytes
(Robertson et al., 2002). In vitro, E2 prevents the apoptosis of germ
cells within human seminiferous tubules, even in the absence of
gonadotropins (Pentikäinen et al., 2000; Delbès et al., 2004; Mishra
and Shaha, 2005). Further, E2 stimulates the mitotic division of
spermatogonia (Pierantoni et al., 2009). In Sprague-Dawley rats, E2
induces the expression of genes involved in the regulation of cell
proliferation/apoptosis balance (Chimento et al., 2010), and GPER1
might be involved too (Sirianni et al., 2008). Other in vivo studies
demonstrated that E2 caused germ cell apoptosis in immature and adult
rats (Blanco-Rodríguez and Martínez-García, 1997; WalczakJedrzejowska et al., 2007). The expression of cyclin A1 and B1 mRNA,
two cell cycle regulators, was down-regulated by E2 and G1 (the
selective GPER1 agonist) while an up-regulation of pro-apoptotic factor
Bax was observed under similar conditions (Chimento et al., 2010).
These investigations demonstrated that E2, working through both ESR1
and/or GPER1, activated the rapid EGFR/ERK/c-Jun pathway in
pachytene spermatocytes, modulating the expression of genes involved
in the balance between cell proliferation and apoptosis (Chimento et al.,
2010). Likely, a speciﬁc balance between cell proliferation and cell
death via apoptotic pathways, as well as the drastic changes in cell
morphology, is due to the presence of a highly organized network of
cell cycle regulatory mechanisms during this stage of spermatogenesis,
possibly partly inﬂuenced by E2 and ER.
However, recent results obtained in the toad showed that E2 did not
inﬂuence the proliferation of testicular cells throughout the year, but
inﬂuenced apoptosis during the breeding season (Scaia et al., 2015). In
another seasonal breeder, the male black bear, the presence of
aromatase was reported at the beginning of testicular recrudescence,
ﬁrst in Sertoli cells, and then in round and elongated spermatids during
the mating season (Tsubota et al., 1997). In the Siberian hamster,
estrogens induce the initiation of spermatogenesis, independently of

5. Conclusions
Although our results revealed that E2 and ER are likely major
eﬀectors in the reproductive cycle of free-ranging male sand rats, our
study brings more questions than responses. E2, P450 aromatase, ESR1,
ESR2 and GPER1 exhibited various non-univocal immunohistochemistry patterns in the Leydig, Sertoli and germ cells. While the most
marked expressions were observed during the breeding season, positive
signals were nonetheless observed during the non-breeding resting
period. This suggests that complex regulations occur locally in the
testes. Further studies are needed to examine seasonal changes in
circulating levels of sex steroids, E2 notably, to better understand more
global regulations of the reproductive cycle. Yet, our study provides a
baseline to better identify and localize the sites of action of these
hormones.
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