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A B S T R A C T   

Both androgens and estrogens play key, albeit incompletely described, roles in the functioning of the epididymis. 
Because this tightly-coiled tubular structure is compartmented, precise mapping of the distribution of sex ste-
roid’s receptors is important. Such receptors have been located in the first segments (caput, corpus), but the last 
part (cauda) remains poorly explored. We used immunochemistry to localize androgen (AR) and estrogen (ESR1 
and ESR2) receptors in the cauda in the fat sand rat (Psammomys obesus). We compared results obtained during 
the breeding versus resting seasons. We also used individuals castrated, or castrated then treated with testos-
terone, or subjected to the ligation of their efferent ducts. During the breeding season, in principal cells, we found 
strong staining both for AR and ESR1 in the apical cytoplasm, and strong staining for ESR2 in the nucleus. During 
the resting season, principal cells were positive for AR and ESR1, but negative for ESR2. In castrated animals, 
staining was null for ESR2 and AR, and weak for ESR1. In castrated then treated animals, immuno-expression 
was restored but only for AR and ESR1. Following efferent duct ligation, AR reactivity decreased while ESR1 
and ESR2 provided strong staining. Broadly similar, but not fully identical patterns were observed in basal cells. 
They were positive for ESR2 and AR during the breeding season, but not for ESR1. During the resting season, 
staining was modest for ESR1 and AR and negative for ESR2. In all experimentally treated animals, we observed 
weak staining for AR and ESR1, and a lack of signal for ESR2. Overall, this study provides strong evidence that 
androgens and estrogens are involved in the seasonal regulation of the whole epididymis in the fat sand rat, with 
marked differences between caput and cauda (the corpus is highly reduced in rodent).   

1. Introduction 

Spermatozoa leaving the testis are not functional. When they reach 
the epididymis, they undergo maturation and progressively acquire 
motility and fertilizing ability (Cornwall, 2009). In most mammals, the 
epididymis is a long and highly convoluted duct with six distinct 

segments: initial segment, intermediate zone, caput, corpus, proximal 
and distal cauda (Robaire and Hermo, 1988); in rodents, the corpus is 
highly reduced. The pseudostratified epididymal epithelium includes 
several cell types: principal (~80 % of the epithelium), basal, clear, 
narrow, apical and halo cells, plus myoid and underlying connective 
vascularized tissue (Belleannée et al., 2012; Cornwall, 2009; Hermo and 
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Robaire, 2002). The epididymis is mainly implicated in the transport 
and maturation of spermatozoa, each segment achieving specific func-
tions (Cornwall, 2009). The caput and corpus are mainly involved in 
sperm maturation as well as the acquisition of motility; notably through 
the action of numerous proteins that bind to sperms (Sullivan and 
Belleannée, 2018). 

The cauda has a bulbous appearance with a thin and narrow 
epithelium; these characteristics are associated with storage function 
(Sullivan and Belleannée, 2018). Yet, optimization of sperm quality 
means that the intraluminal environment of the cauda should preserve 
the performances of mature spermatozoa before ejaculation, sometimes 
for weeks (Guo et al., 2009; Robaire and Hinton, 2015; Singh and Singh, 
2017). The quiescence state of sperm in cauda epididymis is achieved 
thanks to low intraluminal pH, low sodium concentration, and a high 
fluid viscosity that inhibit flagellar motility. Sperm activation and 
capacitation are also inhibited during storage. The functioning of this 
reservoir depends on species, reproductive stage (hence seasons in most 
species) and is affected by temperature (Sullivan and Belleannée, 2018). 
Yet, sperm stored in the cauda is potentially motile and fertile (Singh 
and Singh, 2017); and for example, it displays higher swimming ability 
than caput sperm (Yeung and Cooper, 2002). When required (e.g. during 
mating) maturing spermatozoa are transported by peristaltic contrac-
tions of the muscle layer surrounding the epididymis duct (Robaire and 
Hinton, 2015). Orexins might be involved (e.g. promoting the fertilizing 
ability of sperm) since both orexin A (OXA) and orexin B (OXB), along 
with their receptors: orexin-1 (OX1R) and orexin-2 (OX2R) have been 
found in the principal cells of the epididymis in rat and Alpaca (Liguori 
et al., 2018, 2014; Tafuri et al., 2009). 

In mammals, the development and maintenance of a fully differen-
tiated and functional epididymal epithelium depend on synergetic ac-
tions of circulating androgens and lumicrine factors from the testis; 
androgen receptor (AR) signalling is crucial for the development of the 
initial segment in rodents and thus for male’s fertility (Avram et al., 
2004; Cornwall, 2009; O’Hara et al., 2011). Androgens and AR are 
essential for the maintenance of the morphology of the principal cells 
and they prevent their apoptosis (Ezer and Robaire, 2002). Through 
complex local regulations, androgens determine the segmentation of the 
epididymis and influence the composition of luminal fluid (Dacheux 
et al., 2005; Toshimori, 2003). In addition to testosterone and other 
androgens (e.g. dihydrotestosterone), oestradiol regulates luminal fluid 
composition and influences the morphology of epididymal epithelial 
cells through binding to specific receptors (França et al., 2005; Hess, 
2003; Hess et al., 2011). This hormone and its receptor(s) are necessary 
for male fertility (Kobayashi and Behringer, 2003). Indeed, in knockout 
mice for estrogen receptors ESR1 and ESR2 (ESR1KO and ESR2KO) 
spermatogenesis, steroidogenesis, epididymal morphology, and fertility 
are deeply impacted (Dupont et al., 2000; Hess, 2003; Hess et al., 2000). 
Moreover, higher concentrations of 17b-estradiol compared to testos-
terone levels in the caput and cauda reinforce the notion that estrogens 
are key hormones for the epididymis (Hess et al., 2011; Yasuhara et al., 
2008). Estrogens also influence epididymal contractility through the 
RhoA/Rho-kinase pathway, and thus may participate to ejaculatory 
process (Fibbi et al., 2009; Filippi et al., 2005; Vignozzi et al., 2008). 
Overall, estrogen receptors are key elements in the functioning of the 
epididymis, and in the acquisition and maintenance of fertility. But their 
localization and seasonal expression in the caudal epididymis is poorly 
documented. 

The aim of this study was to localize androgen (AR) and estrogen 
receptors (ESR1, ESR2) in the caudal epididymis in a rodent species (the 
fat sand rat, Psammomys obesus), and to examine the influence of sea-
sonal and experimental factors. In the Algerian Sahara, this diurnal 
mammal displays a marked seasonal reproductive cycle. The breeding 
versus resting seasons are respectively characterized by strong seasonal 
variations in the histology of the genital tract and seminal vesicles as 
well as plasma levels of testosterone (Gernigon-Spychalowicz, 1992; 
Gernigon et al., 1991; Khammar, 1987; Khammar and Brudieux, 1984; 

Menad, 2015, 2008; Menad et al., 2017a, 2017b; 2014). Regarding 
testicular contents of androgens (ng/g of testis), high values were 
observed in autumn and in winter (testosterone: 7.6 ± 1.1; andro-
stenedione: 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). These 
clear-cut seasonal changes provide an excellent opportunity to study the 
effects of seasonal variation on androgen receptor and estrogen re-
ceptors. We also studied the effects of castration, castration and treat-
ment with testosterone, and of the impact of ligation of the efferent duct. 
These complementary experiments were designed to assess possible 
regulatory roles of the testis on the caudal epididymis. 

2. Material and methods 

2.1. Animals and samples 

Thirty-eight adult male fat sand rats (Psammomys Obesus, mean body 
mass 145 ± 4.95 g) were captured in the field in the region of Béni Abbès 
(30◦07′N 2◦10′W). Thirty individuals were caught during the breeding 
season and allocated to 4 groups: breeding season (group 1, n = 8), 
castrated and kept during 30 days (group 3, n = 8), castrated and kept 
during 30 days then treated during 15 days with testosterone (group 4, n 
= 8), and efferent ducts ligatured and kept during 30 days (group 5, n =
6). Eight individuals were caught during the resting season (group 2). 
Individuals from the groups 1 and 2 were euthanized (following anal-
gesia) by decapitation using a dedicated device (customized laboratory 
guillotine) in the morning 48 h after capture and their cauda epididymis 
were quickly excised, cleaned from the surrounding fat and weighed. 
They were housed in individual cage (80 × 50 × 50 cm, sawdust as 
substratum) and fed with a diet composed of halophilic plants Salsola 
foetida. They were subjected to natural temperatures and photoperiod 
(Daly and Daly, 1973). 

2.2. Castration and hormonal treatment 

Animals of groups 3 and 4 were bilaterally castrated after anaes-
thesia by intraperitoneal injection of ketamine hydrochloride (50 mg/ 
Kg, Ketalar, Pfizer, NY, USA) and xylazine hydrochloride (10 mg/Kg, 
Rompun, Bayer, Toronto, Canada); they were kept in captivity during 30 
days before euthanasia. Group 4 received daily intramuscular injections 
of testosterone oenantate (Androtardyl 250 mg, Bayer,75 μg per day 
dissolved in 40 μl olive oil) for 15 days (Gernigon et al., 1994; Khammar 
and Brudieux, 1984; Menad et al., 2017b ; 2014). 

2.3. Ligation of efferent ducts 

In the group 5, a bilateral ligation of the efferent ducts was per-
formed. Following analgesia and anaesthesia, testes and epididymis 
were moved out of the scrotum while the efferent ducts were ligatured 
using thread to interrupt the testicular flow toward the epididymis. 
Testes and epididymis were replaced in the scrotum which was stitched 
and locally disinfected (eosin). 

2.4. Histology 

Animals were euthanized (decapitation); their cauda epididymis was 
removed. Epididymis were preserved in Bouin’s solution, dehydrated 
through successive exposure to increasing concentrations of ethanol (70 
%, 95 %, and 100 %), cleaned in toluene, and embedded in paraffin. 
Samples were then sectioned according to the sagittal plan using a Leitz 
microtome set at 5 μm. The resulting slices were placed in Super-
frost®glass slides (Thermo Scientific, Menzel-Gläser, Brausschweig, 
Germany). Following hydration, part of the samples were stained with 
Masson’s trichrome (Gabe, 1968; Martoja and Martoja-Pierson, 1967). 
Other samples were subjected to immunohistochemistry. 
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2.5. Immunohistochemistry 

To detect the presence of AR and ESRs in tissue, immunohisto-
chemistry was performed using specific primary polyclonal antibodies 
AR (Rabbit polyclonal to Androgen Receptor against human and mouse, 
ab74272, Abcam plc, Cambridge, UK), ESR1 (Rabbit polyclonal to ESR1 
against human, H-184: sc-7207, Santa Cruz Biotechnology, Santa Cruz, 
CA, USA), or ESR2 (Rabbit polyclonal to ESR2 against human H-150: sc- 
8974, Santa Cruz Biotechnology, USA). All antibodies were diluted as 
1:50 in PBS In the present work, the slices underwent immunohisto-
chemistry procedures as previously described (Menad et al., 2014). They 

were washed in tap water for 10mn, then incubated at 95 ◦C in a 10 mM 
sodium citrate solution (H-3300, pH 6.0) for 30-45 min (for ESR1 and 
ESR2 analysis). After cooling down during 20 min, the slides were 
washed in distilled water, plunged in a 3 % peroxidase solution for 20 
min followed by two baths of distilled water in order to block the 
endogenous peroxidase activity. A DakoPen (Dako, Glostrup, Denmark) 
was used to encircle the slides, incubate them with a 10 % normal goat 
serum (S-1000) for 1 h at room temperature to block non-specific 
binding sites, then incubated with the primary antibodies. Other slides 
were incubated with normal goat serum instead of the primary antibody, 
and thus served as negative controls. An overnight incubation at 4 ◦C in 

Fig. 1. Histology of cauda epididymis of sand rats (Psammomys obesus). Photographs 1A and 1B were obtained during the breeding season: 1A) general appearance, 
the epididymis is composed of large tubular sections (EPT) maintained by a reduced connective tissue (CT) and connective capsule (CnC). 1B) Pseudostratified 
epithelium composed of various epithelial cells; principal cells (PC), basal cells (BC), clear cells (CC), the lumen of the tubules contains sperms (SPZ). Photographs 1C 
and 1D were obtained during the resting season: 1C) general topography showing narrow tubular sections of the epithelial tubule (EPT). 1D) Epididymis shows a 
developed connective tissue (green) and smooth muscle cells (SMC). The tubular sections show reduced epithelial layer surrounding the lumen (LU) without sperm. 
Photographs 1E and 1 F were obtained in castrated animals: 1E) general appearance of the cauda epididymis shows a very thick connective tissue (CT) surrounding 
hollow epithelial tubules (EPT) with a narrow and empty lumen. 1 F) Disorganized epithelium (DEP). Photographs 1 G and 1H were obtained in castrated then 
treated animals: 1 G) general topography showing a clear reduction of connective tissue (CT). 1 H) Epithelium presents numerous alterations (EPA). Photographs 1I 
and 1 J were obtained in animal which undergone ligation of their efferent ducts: 1I) general appearance showing a predominance of connective tissue, 1 J) 
Atrophied epithelium surrounding lumen (LU) (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article). 
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a wet chamber followed by washing slides in PBS solution before being 
reincubated again with the secondary biotinylated antibodies (Anti--
Mouse IgG/Rabbit IgG; BA-1400, Vectastain Uni-versal, Vector Labo-
ratories, Burlingame, CA, USA) for 1 h in a wet chamber. Then, the slides 
were rinsed three times in PBS for 5 min incubated with a 
streptavidin-biotin-peroxidase complex for 1 h. As for staining, a DAB 
chromogen (3,3-diaminobenzidine, kit for peroxidase; Vector 
Lab-oratories) was added for 1 min, washed before and after staining in 
PBS. The counterstaining step was done using hematoxylin (Hematox-
ylin QS, H-3404; Vector Laboratories) for 1 min. Finally, the slides were 
dehydrated and preserved using the Permount mounting medium 
(Thermo Fisher Scientific, Waltham, MA, USA). The observation of the 
slides was done under a Nikon Eclipse E 400 light microscope and 
pictured with the Nikon DXM 1200 digital camera. Two objective ob-
servers, unaware of the type of receptor under focus, performed a 
qualitative assessment of the staining. They ranked the staining intensity 
of each slide as follow: null (− ), weakly positive (+), moderately posi-
tive (++), or strongly positive (+++). 

2.6. Ethical note 

All experiments complied with the Algerian legislation (Law Number 
95–322/1995) inherent to protection of animals designed to experi-
mental and other scientific purposes as well with the guidelines of the 
Algerian Association of Experimental Animal Sciences (AASEA) and 
were specifically approved by the latter (AASEA authorization number 
45/DGLPAG/DVA/SDA/14). 

3. Results 

3.1. Histology 

During the breeding season, the cauda epididymis consisted of 
several large sections with a wide lumen full of sperm, surrounded by 
pseudostratified epithelium (Fig. 1A). A loose connective tissue was 
visible between the tubular sections. Tubular epithelium contained 
different types of cells: principal cells with apocrine secretions, basal 
cells, and a characteristic cauda epididymis cell called clear cells. Clear 
cells had a close morphology to the principal cells, their basal nuclei and 
supranuclear zone were PAS (Periodic acid–Schiff) positive (Fig. 1B). 

During the resting season the epithelium sections were narrow and 
empty (Fig. 1C), surrounded by developed connective tissue (Fig. 1D) 
and a thick layer of smooth muscle cells. 

In castrated animals, narrow sections deprived of sperm were 
observed (Fig. 1E). The epithelium was disorganized, surrounded by 
proliferative connective tissue and thick layer of smooth muscle cells 
(Fig. 1F). There were no extruded cells and no evidence of apocrine 
secretion. 

Treatment with testosterone restored epithelial structure but prin-
cipal cells were smaller (Fig. 1G); apocrine secretion was also restored. 
The vacualised epithelium tended to project folds in narrow irregular 
lumen. The connective tissue was less developed compared to castrated 
animals (Fig. 1H). 

The ligation of efferent ducts had less dramatic effects on the cauda 
epididymis. We did not notice a significant atrophy of principal cells; 
clear cells were found in the epithelium but there were no extruding cells 
(Fig.1I). The lumen of the tubular sections contained sperm (Fig. 1J). 

3.2. Immunohistochemistry 

Results are summarized in Table 1. 

3.2.1. Androgen receptors (AR) 
The whole cauda epididymis was immunoreactive during the 

breeding season (Fig. 2A). The nucleus of most epithelial cells was 
stained; nonetheless, some principal cells presented a granular staining 
in their cytoplasm and not in their nucleus. A moderate immune- 
expression of AR was observed in the thick layer of smooth muscle 
cells. In the lumen, sperm was immunoreactive. During the resting 
season, staining was observed in the cytoplasm and in the nuclei of 
several principal cells, but many nuclei were not stained. Basal cells 
were marked, but smooth muscle cells and fibroblasts were not (Fig. 2B). 
In castrated animals, weak staining was observed in the cytoplasm of the 
principal cells and in the nuclei of basal cells, smooth muscle cells and 
fibroblasts were negative (Fig. 2C). In testosterone-treated animals, the 
nucleus and the cytoplasm of several principal cells showed strong 
staining while other nuclei were not stained, basal cells and smooth 
muscle cells were immunoreactive, and fibroblasts presented weak 
staining (Fig. 2D). In animals with ligatured ducts, a strong immune- 
histological response was observed, nuclei of principal cells were 
immunoreactive and their cytoplasm presented granular coloration, 
most of basal cells were stained but others were not, smooth muscle cells 
and the sperm were positive, but not fibroblasts (Fig. 2E). 

3.2.2. Estrogen receptor 1 (ESR1) 
We found ESR1 in principal cells in all groups of male sand rats, with 

varying staining intensity however. Strong staining was observed in the 
apical cytoplasm during the breeding season and in the ligatured groups 
(Fig. 3A & E). During the resting season, cytoplasmic staining was weak 
and some nuclei were not marked (Fig. 3B). Basal cells did not express 
ESR1 during the breeding season, but several were positive during the 
resting season. In castrated and testosterone-treated groups, basal cells 
were moderately stained while ligatured group showed strong staining 
(Fig. 3C and D). In the clear cells, cytoplasmic ESR1 staining was 

Table 1 
Immunolocalization of estrogen receptors (ESR1, ESR2) and androgen receptors 
(AR) in cauda epididymis.  

Localization BS RS C C + T L 

AR       

PC N +++/- ++/- +/— +++/- ++/- 
C +++/++ G + + ++ ++/+++ G 

BC N ++/- +/— + ++/- +/— 
C / / / / / 

CC 
N – / / / / 
C ++ / / / / 

SMC N ++ +/— – ++ +

F N ++ +/— – + – 

LU SPZ + / / / +

EC ++ / / / / 
ESR1       

PC 
N ++ ++/- +++/- ++/- + + +

C + + + AC + ++ ++ ++/+++ AC 

BC 
N – +/— ++ ++ + + +

C / / / / / 
CC N ++ / / / + + +

C + + ++ + +

SMC N + + ++ + +

F N + +/— ++ + / 

LU 
SPZ + / / / +/— 
EC / / / +/— / 

ESR2       
PC N + + + – +/— ++ +/—  

C ++ + / – +

BC N + + + – + – +

C / – / / / 

CC 
N + – / / / 
C – / / / / 

SMC N / – – / – 
F N / – – / – 
LU SPZ + / / / –  

EC / / / / / 

PC: principal cells, BC: basal cells, CC: clear cells, SMC: smooth muscle cells, F: 
fibroblast, Lu: Lumen, SPZ: sperm, EC: extruded cells, AP: apical cytoplasm, C: 
cytoplasm, N: nucleus, G: granular, BS: breeding season, RS: resting season, C: 
castrated, C + T: castrated then treated, L: efferent duct ligatured. 
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detected in all groups of males, but was observed only in the nuclei 
during the breeding season and in the ligatured group. Connective tissue 
and fibroblasts showed weak to moderate immunoreactivity. Sperm was 
weakly marked during the breeding season and in the ligatured group 
(Fig. 3E). 

3.2.3. Estrogen receptor 2 (ESR2) 
During the breeding season, strong ESR2 staining was observed in 

the principal and basal cells whereas clear cells and sperm showed weak 
staining (Fig. 4A). A lack of ESR2 expression was observed during the 
resting season, except for several principal cells with a weakly stained 
nucleus (Fig. 4B). Castration resulted in reduced immunoreactivity of 
ESR2, except in several principal and basal cells where the nucleus was 

marked (Fig. 4C). Testosterone treatment did not restore the expression 
of ESR2, although several principal cell nuclei were stained (Fig. 4D). In 
the ligatured group, principal cells and the nucleus of basal cells were 
weakly marked (Fig. 4E). 

4. Discussion 

Histological and immunochemistry results obtained on the cauda 
epididymis of the (Psammomys obesus) revealed classical organization 
for rodents, but they also revealed strong seasonal histological varia-
tions and complex pattern in the expression of steroid receptors that 
culminated during the breeding season. These empirical outcomes were 
supported by experimental data. 

Fig. 2. Androgen receptors (AR) in cauda epididymis. 2A) during the breeding season, the whole epididymis was immunoreactive, the nucleus of principal cells (PC) 
was marked and the cytoplasm presented a granular aspect (SG). Basal cells (BC) showed a moderate or negative immunoreaction; in the lumen, sperm (SPZ) was 
stained; smooth muscle cells (SMC) showed a strong staining. 2B) during the resting season, a selective staining was observed in the principal cells and basal cells; 
several were negative. 2C) In the castrated group, moderate staining was observed in the nucleus and cytoplasm of most principal cells; several basal cells were 
stained, as well as smooth muscle cells. 2D) In castrated then treated animals, nucleus and cytoplasm of principal cells presented a strong staining but several nuclei 
were not coloured. Basal cells showed similar responses. A weak immunostaining was located in smooth muscle cells. 2E) In efferent duct ligated group, a strong 
immunoreactivity was observed in principal, basal and smooth muscle cells. In several principal and basal cells, the nucleus was not stained; smooth muscle cells and 
sperm were positive. No immunostaining was observed in negative controls (insert). 
Full arrowhead means “presence of staining”; hollow arrowhead means “lack of staining”. 
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During the breeding season, large tubular sections of the long con-
voluted epididymis duct were filled with abundant sperm, supporting 
the storage role of this segment. Tubular sections were surrounded by 
smooth muscle cells and connective tissue that may play a role in sperm 
progression (Sullivan and Belleannée, 2017). These structures markedly 
regressed during the resting season. Castration and efferent duct ligation 
deeply perturbed this pattern; as already reported in mice and jirds 
(Abou-Haila, 1987; Belhocine, 1998). The drastic decrease of testos-
terone secretion caused by castration was likely involved in the lack of 
maintenance of key epididymal structures. First, protein junctions such 
as Occludins, Zonula occludens 1, and E-cadherin are androgen depen-
dent (Cyr et al., 1993; Levy and Robaire, 1999). Second, in castrated 
males, testosterone supplementation restored epithelial structures and 

reduced the proliferation of connective tissue, suggesting a major role of 
androgens in extracellular matrix remodeling. Third, the ligation of 
efferent ducts (which does not affect testosterone levels) induced atro-
phy of principal cells (perhaps due to the decrease in occludin and 
connexin), but did not affect epithelial organization (Pointis et al., 2005; 
Turna et al., 2006). 

Testosterone is essential in the maintenance and functioning of the 
epididymis. This steroid circulates via blood or luminal fluid flow in the 
efferent ducts (French and Ritzen, 1973). Although testosterone con-
centration is low in the cauda epididymis compared to other regions of 
the epididymis (Hess et al., 2011), the presence of abundant receptors, 
especially during the breeding season, suggests important local actions 
(Fig. 5). In mice and goats (Goyal et al., 1997), rats (Zhu et al., 2000), 

Fig. 3. Estrogen receptor 1 (ESR1) in cauda epididymis. 3A) during the breeding season, principal cells (PC) showed a very strong staining in the apical cytoplasm 
(AC); the clear cells (CC) were negative. The smooth muscle cells (SMC) as well as the connective tissue (CT) were not marked. 3B) during the resting season, the 
immunoreactivity was located in apical cytoplasm and nucleus of principal cells. Several principal cells as well as the smooth muscle cells did not show any reaction. 
3C) in the castrated group, immunoexpression was observed in the apical cytoplasm and sometimes in the nucleus of principal cells. The basal cells (BC) and smooth 
muscle cells were stained. 3D) in castrated then treated animals, moderate staining was observed in principal, basal and smooth muscle cells. Apical cytoplasm and 
most nuclei were stained in principal cells. 3E) In animals that undergone efferent ligation, principal cells and sperm (SPZ) were positive, but only the nucleus of clear 
cells (CC) was marked. Smooth muscle cells were negative. No immunostaining was observed in negative controls (insert). Full arrowhead means “presence of 
staining”; hollow arrowhead means “lack of staining”. 
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and stallions (Parlevliet et al., 2006), androgen receptors have been 
located in the principal cells; in boars they have been additionally 
located in basal and smooth muscle cells, as observed in the sand rat 
(Pearl et al., 2007). This wide distribution suggests that most layers of 
the whole epididymis are androgen-dependent (Robaire et al., 2007). 
During the resting season and in castrated individuals, staining 
decreased significantly, as in goats and rats (Goyal et al., 1998; Oliveira 
et al., 2004). Sar et al. (1990) showed that treatment with testosterone 
restored the AR immunostaining in castrated rats (Sar et al., 1990). In 
the fat sand rat, the efferent duct ligation did not fully suppress AR 
expression but decreased its intensity (Fig. 6). The expression pattern of 
AR differed between the caput and the cauda epididymis; fibroblasts in 
the caput did not express AR during the resting season and in ligatured 
animals (Menad et al., 2014). Taken together, these results highlight the 
importance of androgens in seasonal and regional regulations of 

epididymal structures (Hamilton, 1975; Robaire and Hermo, 1988). 
In addition to androgens (Robaire et al., 2007), estrogens may exert a 

strong influence on the cauda epididymis. This notion is supported by 
higher concentration levels of 17β-estradiol in cauda compared to other 
segments of the epididymis (Hess et al., 2011). Moreover, the epidid-
ymal epithelium can be a source of estrogens (Carpino et al., 2004; Jo-
seph et al., 2011; Pereyra-Martinez et al., 2001; Shayu and Rao, 2006). 
Indeed, key enzymes p450-aromatase and estrogen sulfotransferase 
SULT1E1 were found in the epithelium of epididymis (Carpino et al., 
2004; Frenette et al., 2009; Joseph et al., 2011; Shayu et al., 2005). 

Estrogen receptors ESR1 were expressed in all cell types in the cauda, 
except basal cells (Fig. 5). This expression was influenced by seasons and 
castration, but not by efferent duct ligation (Fig. 6). In contrast, ESR2 
receptors were poorly expressed in the cauda, without effect of season, 
castration or efferent duct ligation; although these receptors are widely 

Fig. 4. Estrogen receptor 2 (ESR2) in cauda epididymis. (4A) during the breeding season intense staining was located in the principal cells (PC), basal cells (BC) 
showed a positive immunoreaction. Smooth muscle cells (SMC) and sperm (SPZ) showed a moderate immunoreactivity. 4B) during the resting season, only principal 
cells showed immunoreaction, basal cells, smooth muscle cells were often negative. 4C) In the castrated group, principal cells, basal cells and fibroblasts (4 F) as well 
as smooth muscle cells were all immunoreactive. 4D) in castrated then treated animals, moderate staining was observed in the cytoplasm of principal cells; several 
nuclei were not marked. Basal cells were immunoreactive. 4E) In efferent duct ligated animals, several principal and basal cells were stained, but fibroblasts were not. 
No immunostaining was observed in negative controls (insert). Full arrowhead means “presence of staining”; hollow arrowhead means “lack of staining”. 
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distributed in the testis, efferent duct, and the epididymis in domestic 
mouse, cat and dog (Nie et al., 2002; Zhou et al., 2002). Seasonal 
expression of ESR1 in the epididymis, but not of ESR2, was also reported 
in laboratory rats and roe deer (Levin, 2009; Lucas et al., 2008; Schön 
and Blottner, 2008). In goat, circulating androgens regulate the 
expression of AR and ESRs (Goyal et al., 1998). In efferent ductules of 
castrated rats, estrogen treatment resulted in a dramatic decrease of 
ESR1 expression (Oliveira et al., 2004); possibly due to the proteolysis of 
ESR1 (Preisler-Mashek et al., 2002). In the marmoset monkey, ESR1 
were found in the caput region, and at low intensity in the cauda region 
(Joseph et al., 2011). In the bonnet macaque, ESR1 and ESR2 were 
observed along the complete length of the epididymis (Shayu et al., 
2005). In the boar, ESR1 have been located in the principal cells of the 
caput and of the corpus, but not in the cauda, whereas ESR2 have been 
located in the principal and basal cells along the whole epididymis 
(Pearl et al., 2007). In a previous study, we observed that the distribu-
tion and intensity of AR and ESRs in the caput epididymis were affected 
by season, castration and treatment with testosterone (Menad et al., 
2014). In the cauda, the present work revealed that these factors also 
influence the localization and intensity of the expression of AR and ESRs, 
but the pattern was specific to this segment (Figs. 5 and 6). Other dif-
ferences along the epididymis have been documented: synthesis rates of 
ESR1-mRNA and ESR1-protein were relatively elevated in the corpus, 
intermediate in the cauda, and low in caput; ESR2-protein levels were 
particularly low in the cauda (Hess et al., 2011). In addition to this 
segmentation, ESR1 and ESR2 are differently involved in the functioning 
of the epididymis. Knockout mice for ESR1 are sterile while ESR2 
knockout animals are fertile (Krege et al., 1998) and present a normal 
histology of the epididymis (Gould et al., 2007). Double ESR1 & ESR2 
knock out individuals exhibit much similar aspect compared to ESR1 
knockout ones (Couse et al., 1997; Dupont et al., 2000). The pure 
antiestrogen ICI blocks ESR1 and ESR2 and induces similar conse-
quences as observed in ESR1 knockout mice (Cho et al., 2003; Hess, 
2003; Lee et al., 2001, 2000; Oliveira et al., 2001). Similar results have 

been obtained in this study: receptor expression responded more 
strongly to season and to experimental treatments in ESR1 than in ESR2. 

In the cauda, principal and clear cells are involved in the reabsorp-
tion of various components from the luminal fluid (Hermo and Robaire, 
2002). In laboratory mice, strong deviations of the epididymal milieu 
resulted in abnormal sperm morphology and degraded fertility (Eddy 
et al., 1996; Joseph et al., 2011, 2010a, 2010b; Mahato et al., 2000). 
Experimental studies showed that the concentration of several proteins 
(e.g. aquaporine) in the epididymis are regulated by estrogens and an-
drogens (Oliveira et al., 2005; Pastor-Soler et al., 2002). Thus, the reg-
ulatory role of the luminal fluid in the cauda of mammals is likely 
mediated by variations of ESRs expression and by estrogen concentra-
tion (Deshpande et al., 2009; Oliveira et al., 2002; Parlevliet et al., 2006; 
Shayu et al., 2005). Likely, the respective expressions of AR, ESR1 and 
ESR2 in cauda epididymis are associated to different and complemen-
tary actions and are probably largely controlled by androgens (Mura-
shima et al., 2015; Robaire and Hinton, 2015) and estrogens (Parlevliet 
et al., 2006). Further studies are needed to better understand how these 
steroids regulate sperm maturation in the caput epididymis versus stor-
age and maintenance of high quality sperm in the cauda (Avellar and 
Hinton, 2019). 
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Fig. 5. Schematic representation of the expression of Androgen receptors, Estrogen receptor 1 (ESR1) and Estrogen receptor 2 (ESR2) in the cauda epididymis of the 
Psammomys obesus during the breeding and the resting seasons. 
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testicule et de l’épididyme du rat des sables (Psammomys obesus) dans son biotope. Le 
Rongeur L’espace. 129–142. 

Gernigon-Spychalowicz, T., 1992. Etudes cytologiques et biochimiques des variations 
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