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Abstract
The role of retinoid-related orphan receptor, one of the transcription factors reported in testis, in testicular function is
unclear, so this study was performed to evaluate the qualitative and quantitative changes in the testicular structure of
RORα-deficient mice using light-, electron-microscopy, and immunohistochemistry. Among the most striking alterations
observed in the testis of the mutant mice were hypospermatogenesis, marked reduction in volume proportions
of interstitial tissues and number of Leydig cells, significant decrease in the diameter of seminiferous tubules and height of
their epithelium, vacuolation in the epithelium of the seminiferous tubules with occurrence of mast cells, appearance
of delay spermiation signs, and changes in sperm morphology. Moreover, the testis of mutant mice showed symplasts, in
addition to appearance of multinucleated giant bromophenol-positive cells. ATPase activity was limited to spermatogonia
and some primary spermatocytes, with higher alkaline phosphatase expression. Stronger vimentin reaction was
immunolocalized to spermatogonia, spermatids, Leydig cells, and Sertoli cells. The expression of CD117 (C-kit, stem cell
growth factor receptor) was limited to spermatogonia, primary spermatocytes, and Leydig cells. Seminiferous tubules
showed overexpression of vascular endothelial growth factor (VEGF). Transmission electron microscopy examination of
the mutant mice revealed abnormal Sertoli cells, hypertrophied spermatogonia, spermatocytes with degenerated
mitochondria, and incompletely developed sperms. In conclusion, RORα is one of the essential proteins that regulate
testicular structure.

Introduction

Orphan receptors include members of the retinoid-
related orphan receptor (ROR) subfamily, comprising
RORα, RORβ, and RORγ, which are also referred to as
RORA, RORB, and RORC or NR1F1-3, respectively.
These receptors have been cloned from different mam-
malian species [1, 2], and they are related to the regulation
of multiple biological processes [3, 4]. Four RORα iso-
forms, have been identified in humans, and only two
of them, RORα1 and RORα4, have been reported in
mouse [5].

ROR family of nuclear orphan receptors is crucial tran-
scription factors, which regulate various biological pro-
cesses including lymphocyte differentiation [4],
inflammation [6], lipid homeostasis [7], and circardian
rhythms [8]. These receptors also have critical roles in
development and cellular metabolism [9]. The functional
RORα transcription factor is important for the initiation of
the innate immune response against inflammation [10].
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These data led to consider RORs nuclear receptors as targets
for drug discovery [11].

Among other tissues, RORα nuclear receptors are
expressed in testis, and some reports point to a relationship
between RORα and Sertoli cells function, because RORα
knockdown reduced sperm count in rats [12]. Recently, the
expression of RORα as well as melatonin membrane
receptors were detected in the Leydig cells isolated from
goat [13] and sheep [14] testes. These reports suggested that
RORα plays a crucial role in stimulating melatonin-
regulated GATA-4 transcription and steroid hormone
synthesis in the spermatogonial stem cell differentiation
culture system, promoting testosterone secretion from
Leydig cells through RORα signaling.

The adult mammalian testicles have two major physio-
logical functions, spermatozoa production through sper-
matogenesis, and testosterone production through
steroidogenesis [15]. The somatic cells of the testis, Sertoli
cells are essential for testis formation and spermatogenesis,
as these cells facilitate the germ cells progression to sper-
matozoa within the seminiferous tubules [16]. Testosterone
secreted by Leydig cells diffuses under the luteinizing
hormone stimulus into seminiferous tubules and induces
spermatogenesis [17]. Telocytes (TCs) are a novel type of
interstitial cells, which were previously called interstitial
cells of Cajal, and may be involved in the intercellular
signaling [18]. These cells are recently described in the
connective tissue stroma of many organs including those of
the male genital system, such as vas deferens [19], prostate
[20], and seminal vesicle [21].

To analyze the actions of RORα in the testis, we used the
stagger mouse, an RORα-deficient mouse caused by a sin-
gle recessive gene encoding for RORα located on chro-
mosome 9 [22]. We considered it worthwhile to evaluate the
qualitative and quantitative changes in the testicular struc-
ture of RORα-deficient mice using light- and electron-
microscopy, and immunohistochemistry to discover the
functions of this nuclear receptor on testicular function.

Materials and methods

Animals

Wild-type (WT) C57BL/6 and heterozygous B6.C3 (Cg)-
RORasg/J (RORa+/sg) mice were purchased from Jackson
Laboratory (Bar Harbor, ME, USA). Heterozygotes crossed
to obtain homozygous stagger mice (RORasg/sg). Mice were
used at 10–12 weeks of age, and they were housed at
summer season in a specific pathogen-free barrier zone at
University of Granada’s facility, under 12:12-h light–dark
cycle (lights on at 08:00 h), and at 22 ± 1 °C. The animals
had unlimited access to water and rodent chow.

All experiments were conducted in accordance with the
Ethical Committee of Granada’s University, the Spanish
law for animal experimentation (R.D. 53/2013), the Eur-
opean Convention for the Protection of Vertebrate Animals
Used for Experimental and Other Scientific Purposes
(CETS #123), and the National Institutes of Health Guide
for the Care and Use of Laboratory Animals (National
Research Council, National Academy of Sciences,
Bethesda, MD, USA).

Histological examination

Control and mutant mice were anesthetized by intraper-
itoneal injection of equithesin (1 ml/kg), and then were
transcardially perfused with warm saline followed by a
solution of freshly prepared trump’s fixative (3.7% for-
maldehyde plus 1% glutaraldehyde in saline buffer). The
testis was removed after dissection of excessive connective
tissue. Samples for histological technique were collected
from testis of both control and mutant mice, dissected at 1 ×
1 × 0.5 cm and were immediately fixed in Bouin’s fluid for
22 h. The fixed materials were dehydrated in an ascending
series of ethanol, cleared in methyl benzoate and then
embedded in paraffin wax. Serial transverse and long-
itudinal paraffin sections at 5–8 µm in thickness were cut
using a Richert Leica Microtome (RM 2125, Germany) and
stained with Harris hematoxylin and eosin [23], and
Crossmon’s trichrome [24]. The stained sections were
examined using a Letiz Dialux 20 Microscope, and the
photos were acquired by a Canon digital camera (Candison
Powershot A95).

Histochemical analysis and enzyme histochemistry

For carbohydrate histochemistry, representative sections
were stained by periodic acid–Schiff (PAS) technique [25].
In addition, some sections were stained for protein content
by bromophenol blue [26]. ATPase activity was detected at
pH 4.2 [27], and alkaline phosphatase activity by the
Gomori calcium method [28].

Immunofluorescent detection of apoptotic nuclei

For nuclear apoptosis detection, 4-μm-thick paraffin sec-
tions were dewaxed in xylene, rehydrated in a descending
series of ethanol, and washed with distilled water. The
sections were air-dried and rinsed in PBS 1 × (2 × 5 min)
and stained with 33258 Hoechst dye (H6024, Sigma-
Aldrich, Spain) for 1 h. Following staining, the sections
were washed in PBS 1× (5 × 5 min), air-dried, mounted,
examined with LEICA DM5500B fluorescent microscope.
Using Hoechst fluorescent dye facilitates demonstration of
the apoptotic nuclei through penetration of the nucleus and

1836 R. K. A. Sayed et al.



binding to DNA. Under a 350-nm wavelength light, the dye
emits blue fluorescent light making the nuclear DNA visi-
ble, and consequently any chromatin condensation or
nuclear fragmentation can be observed [29].

Semithin sections and TEM preparations

Small specimens of the testis of both groups were
preserved by immersion in a mixture of 3%
paraformaldehyde–glutaraldehyde fixative and left over-
night [30]. After fixation, the samples were washed in 0.1 M
phosphate buffer and osmicated in 1% osmium tetroxide in
0.1 M sodium cacodylate buffer at pH 7.3. After that, the
samples were dehydrated in a graded series of ethanol fol-
lowed by propylene oxide and embedded in Araldite.

Semithin sections were cut at 1-µm thickness with
Richert Ultracuts (Leica, Germany) and stained with tolui-
dine blue for light microscopy. Ultrathin sections were done

with Ultrotom VRV (LKB Bromma, Germany). The sec-
tions (70 nm) were stained with uranyl acetate and lead
citrate [31] and examined by JEOL 100CX II transmission
electron microscope at the Electron Microscopy Unit of
Assiut University, Egypt.

Digital colored images

To increase the visual contrast between several structures on
the same electron micrograph, we digitally colored specific
elements (Leydig cells, TCs, etc.) to make them more
visible to the reader. All the elements were carefully hand
colored using Adobe Photoshop software version 6.

Immunohistochemistry

Sections of testes of both control and mutant mice were
prepared for immunohistochemical analysis, they were

Fig. 1 Morphological structure
of testis of control and mutant
mice. a, b The interstitial tissue
of WT mice (IT, arrowhead) was
found between the seminiferous
tubules (ST) and contained
Leydig cells and blood vessels.
c In WT, the seminiferous
tubules showed normal
spermatogenesis with a normal
arrangement of cellular types
(boxed areas). d Mutant mice
show marked reduction in the
amount of interstitial tissue (IT)
and reduction in the diameter of
seminiferous tubules (ST).
e Accumulation of dead
spermatocytes in the lumen of
seminiferous tubules of the
mutant group (arrowhead). f An
evident loss of arrangement of
spermatogenic cells in the
mutant mice with presence of
pyknotic nuclei (boxed areas)
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deparaffinized with xylene and rehydrated in graded ethanol
before being washed with twice-distilled water. To increase
epitope exposure, the sections were heated for 15 min in
sodium citrate buffer (0.01 M, pH 6.0) in a microwave
oven. The sections were cooled, washed with PBS, and then
blocked with 10% bovine serum albumin (BSA) in TBST
(20 mM Tris-buffered saline, 0.05% Tween 20, pH 7.5) for
1 h at room temperature. The sections were incubated
overnight at 4 °C with diluted (1:400) polyclonal antibodies
against vimentin, CD117 (C-kit, stem cell growth factor
receptor), caspase-3, and vascular endothelial growth factor
(VEGF). The antibodies were visualized with an SABC Kit
Elite and 0.05% 3, 3-diaminobenzidine tetrachloride
(Sigma) in PBS, containing 0.01% H2O2 for 2 min. The
sections were counterstained with hematoxylin and moun-
ted with cover slips. Antibody specificity was examined
with the use of 1% BSA instead of primary antibody.

Morphometrical and statistical analysis

The morphometrical studies were performed on the histolo-
gical sections and TEM images of the testis of both control
and mutant mice using Leica Q 500MC image analyzer
(Leica, Germany). They were performed by two operators, in
a double-blind operation, comparing the results obtained
subsequently. The measurements were carried out on 15
randomly selected sections of each testis per animal (five
different areas were measured from each section) as follows:

The diameter of seminiferous tubules (μm) using ×20
objective.
Volume proportions of interstitial tissues (%) using ×10
objective.
The height of epithelium of seminiferous tubules (μm)
using ×100 objective.
Number of Leydig cells per 50 μm2 using ×100 objective
The number of TCs per 50 μm2 using ×100 objective.
The length of telopodes (Tps) (μm) of TCs in TEM
images.

All the data are presented as the means ± SEM. For
comparisons, Student’s t test was used (Graph Pad Prism
software, San Diego, CA, USA). Differences were con-
sidered statistically significant when P < 0.05.

Results

Alteration of testicular architecture in RORα-
deficient mice

The seminiferous tubules of the WT mice showed normal
spermatogenesis, and the interstitial tissue was found

between the seminiferous compartments, containing Leydig
cells and blood vessels (Fig. 1a–c). The testis of RORα-
deficient mice demonstrated hypospermatogenesis, marked
reduction in volume proportions of interstitial tissues and
number of Leydig cells, significant decrease in the diameter
of seminiferous tubules, and the height of their epithelium
(Fig. 1d, e, and Table 1), accumulation of degenerated
spermatocytes in the lumen of the seminiferous tubules
(Fig. 1e), and loss of arrangement of germ cells with pre-
sence of pyknotic nuclei (Fig. 1f).

The wall of the seminiferous tubules in the control mice
was formed of 5–7 germinal epithelium layers, and the
Sertoli cells contained oval nuclei with distinct deeply
stained nucleoli. Normal spermatogenesis with active
release of developing spermatids was observed (Fig. 2a, b).
However, the germinal epithelium in the mutant animals
was formed of 4–5 layers, and the germ cells showed
pyknosis as well as ill-distinct cellular borders. A
hypertrophied-Sertoli cell with large nucleus contained rod-
like chromatin was observed (Fig. 2c). The seminiferous
tubules of the mutants showed the presence of many epi-
thelial vacuoles and engulfment of spermatid heads by
Sertoli cells, resulting in localization of a few number of
spermatid heads in the luminal surface of the tubules
(Fig. 2d).

The spermatogonia of the WT mice were characterized
by their large nuclei containing coarse chromatins, which
were frequently observed in association with large primary
spermatocytes that showed meiotic figures (Fig. 3a). Active
spermiation was evident in the control group in form of the
detachment of elongated spermatids from the apical borders
of Sertoli cells leaving residual lobes from the released
spermatids (Fig. 3b). The mature sperms release with their
flagella into the lumen of seminiferous tubules (Fig. 3c). In
RORα-deficient mice, changes in the appearance of germ
cells, including an occurrence of mast cells localized near
the basement membrane among the primary spermatocytes,
were recorded (Fig. 3d). The mutant mice were

Table 1 Morphometrical analysis of testicular structures in control and
mutant mice

Item Control mice Mutant mice

Diameter of seminiferous
tubules (μm)

178.5 ± 4.33 151.2 ± 5.05**

Volume proportions of interstitial
tissues (%)

51.9 ± 3.61 40.2 ± 1.6*

Height of seminiferous tubules
epithelium (μm)

56.58 ± 2.01 45.37 ± 1.55**

Number of Leydig cells per 50 μm2 5.75 ± 0.75 2.75 ± 0.48*

Number of telocytes per 50 μm2 3.75 ± 0.48 2 ± 0.41*

Length of telopodes (μm) 7.31 ± 0.38 3.95 ± 0.35**

*p < 0.05 and **p < 0.01 vs. control mice
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characterized by the appearance of delay spermiation signs
in form of retention of numerous spermatids deeper in the
epithelium (Fig. 3e). Irregularities in the basement mem-
brane of seminiferous tubules and changes in sperm mor-
phology were the typical features of the mutant mice
(Fig. 3f). The mast cells were also observed in the inter-
stitial tissues of the mutant mice and displayed a char-
acteristic metachromatic reaction by toluidine blue
(Fig. 3g). Moreover, the mast cells in the seminiferous
tubules showed positive immunoreactivity for their specific
marker, c-kit (Fig. 3h, i).

In the control group, the seminiferous tubules were sur-
rounded by a single layer of flattened to spindle peritubular
myoid cells with flattened nuclei. The interstitial tissues
were composed of Leydig cells, lymphocytes, and macro-
phages (Fig. 4a). TCs were a component of the interstitial
tissues that exhibited a spindle-shape with oval nucleus,
distributed around the tubules and blood vessels (Fig. 4b, c).
Interstitial tissues of mutant mice showed many lymphatic
spaces, fibroblasts. Leydig cells possessed many vacuoles
and lipid droplets (Fig. 4d, e). Few TCs and pale large
macrophages with many metachromatic inclusions and
large vacuole were encountered in interstitial tissues of
mutant mice (Fig. 4f).

Histochemical testicular changes in RORα-deficient
mice

The histochemical analysis showed that the Leydig cells,
the basement membrane of seminiferous tubules, and
elongated spermatids attached to the apical borders of
Sertoli cell in the testis of WT mice displayed PAS-
positive reaction. (Fig. 5a). Testis of RORα-deficient mice
demonstrated stronger PAS-reaction in the tubules and
interstitial tissues and appearance of symplasts that con-
stituted by collapsed spermatids (Fig. 5b). The Leydig
cells of WT mice showed a strong positive reaction to
bromophenol blue (Fig. 5c). This reaction, however,
decreases in the mutant mice with appearance of multi-
nucleated giant bromophenol-positive cells formed by the
fusion of rounded spermatids near the lumen of the
seminiferous tubules (Fig. 5d).

The enzyme histochemistry in the control group revealed
high ATPase activity in all spermatogenic cells. In addition,
a strong staining pattern was localized in the apical borders
of Sertoli cells with their associated elongated spermatids
(Fig. 5e), while its activity was limited to spermatogonia
and some primary spermatocytes in mutant mice. The
elongated spermatids showed weak-ATPase reaction
(Fig. 5f). The expression of alkaline phosphatase was strong
in mutant mice compared with WT (Fig. 5g, h).

Immunohistochemical and immunofluorescent
testicular characteristics of RORα-deficient mice

CD117 or C-kit expression, stem cell growth factor
receptor, was stronger in spermatogonia and interstitial
cells of WT mice (Fig. 6a), while its expression was
limited to spermatogonia, primary spermatocytes, and
Leydig cells in mutant mice (Fig. 6b). In the control
group, vimentin immunolocalized to the cytoplasm of
spermatogonia, elongated spermatids, and Leydig cells
(Fig. 6c), while stronger reaction in the same cells of the
mutant mice and a strong staining pattern in the Sertoli

Fig. 2 Semithin sections of the wall of seminiferous tubules of control
and mutant mice stained with toluidine blue. a In WT, the germinal
epithelium (GE) is formed of 5–7 layers. Sertoli cells (arrowhead)
contained oval nuclei with distinct deeply stained nucleoli. b Normal
spermatogenesis with active released of developing spermatids
(arrowhead) was shown in WT animals. c In mutant mice, the germinal
epithelium (GE) is formed of 4–5 layers, the germ cells showed
pyknosis, ill-distinct cellular borders. The Sertoli cell (Sr, arrowhead)
is hypertrophied with a large nucleus contains rod-like chromatin.
d Presence of vacuoles (asterisks) in the epithelium of seminiferous
tubules of mutant mice and the Sertoli cells engulfed the spermatids
heads (arrowhead)
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cells, were observed (Fig. 6d). VEGF immunopositivity
was demonstrated in spermatocytes and round-spermatids
of WT mice (Fig. 6e, g), while overexpression of VEGF
was observed in seminiferous tubules of mutant mice
(Fig. 6f, h).

Caspase-3 showed a weak reaction in the interstitial tis-
sues, with a normal pattern of apoptosis in the seminiferous
tubules of WT (Fig. 7a), while increased caspase-3
expression was observed in all seminiferous tubules and
interstitial tissues of mutant mice (Fig. 7b). The immuno-
fluorescent stain in WT mice showed normal spermatogenic
activity with the immunofluorescence localized in the
developing spermatids (Fig. 7c). Fragmentations, con-
densation, and hyperchromatasia of the nucleus of the
spermatogenic cells and an evident degree of apoptosis were
clear in the mutant mice, especially at the basal borders of
the seminiferous tubules that may be apoptotic spermato-
gonia and spermatocytes. Fragmentations in the nuclei of
the interstitial cells were also frequent (Fig. 7d).

Ultrastructural testicular changes of RORα-deficient
mice

In the WT mice, normal spermatogenesis was evident.
Sertoli cells appeared as elongated cells with a large oval
euchromatic nucleus, contained distinct nucleoli. Their
cytoplasm displayed numerous mitochondria, lipid droplets
and the developing spermatids were attached at their apical
borders. Spermatogonia occupied the first two layers above
the basement membrane. Spermatogonia were characterized
by large euchromatic nucleus with many aggregations of
heterochromatin (Fig. 8a). The cytoplasm of spermatogonia
contained mitochondria with vesicular arranged cristae,
Golgi apparatus, many profiles of rough endoplasmic reti-
culum (rER), and ribosomes (Fig. 8b).

In the mutant RORα-deficient mice, the seminiferous
tubules showed thick basal lamina, abnormal Sertoli cells
with residual bodies and small vacuoles, and retraction of
the cytoplasm of Sertoli cells away from spermatids.

Fig. 3 Semithin sections of the
epithelium of seminiferous
tubules of control and mutant
mice stained with toluidine blue
and immunohistochemistry of
c-kit. a WT mice show coarse
chromatin particles in
spermatogonia (SG). Meiotic
figures can be seen in primary
spermatocytes (SC1). b WT
show spermatids detached from
the apical borders of Sertoli
cells, leaving residual lobes
(arrowhead). c WT mice show
mature sperms (arrowheads)
release with their flagella into
the lumen of seminiferous
tubules. d The mutant mice were
characterized by changes in
germ cells appearance and
presence of mast cells
(arrowheads) localized near the
basement membrane among the
primary spermatocytes (SC1).
e The mutant mice exhibited
signs of delay spermiation in
form of retention of numerous
spermatids deeper in the
epithelium (arrowheads). f The
mutant mice show irregularities
in the basement membrane (BM)
of seminiferous tubules and
changes in sperm morphology
(arrowheads). g Mast cell
(arrowhead) in the interstitial
tissue of the mutant mice.
h, i The mutant mice expressed
positive c-kit mast cells
(arrowheads)
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Interdigitations and irregularities of spermatogenic cells
membranes were encountered. Spermatogonia occupied the
first layer of the seminiferous tubules and contained
vacuoles (Fig. 8c). Moreover, spermatogonia showed
hypertrophy, large nucleus with few heterochromatin
aggregations, and few cytoplasmic degenerated mitochon-
dria (Fig. 8d).

The spermatocytes of the control mice were character-
ized by large rounded euchromatic nucleus, and their
cytoplasm possessed mitochondria and rER (Fig. 9a). The
cytoplasm of the spermatid was characterized by well-
developed Golgi apparatus, mitochondria, and prominent
acrosomal cap (Fig. 9b). Developing spermatids in the final
acrosomal phase were also demonstrated in WT mice that
display elongated shape, conical electron-dense nucleus
with few cytoplasmic residues and developing flagellar
axoneme (Fig. 9c). On the other hand, the spermatocytes of
the mutant mice displayed heterochromatic nucleus and
showed degenerated mitochondria, rER, many lysosomes,
and deposition of some lipid droplets (Fig. 9d). The elon-
gated spermatids were at the early acrosomal phase and they
were displayed Golgi zone, mitochondria, and acrosomal

cap over the nucleus that appeared elongated, condensed,
and migrated towards the periphery of the cell (Fig. 9e).
Incompletely developed-sperms were deeply observed in
the epithelium of the mutant mice with massive cytoplasmic
residues (Fig. 9f).

In the WT mice, Leydig cell cytoplasm contained many
large mitochondria, rER, few lysosomes, lipid droplets, and
smooth endoplasmic reticulum (sER) arranged in both
tightly packed tubular pattern and spiral-like concentric
membranous profiles. The nucleus was ovoid in shape and
may be with corrugated nuclear membrane and showed
peripherally arranged clumps of heterochromatin. The TCs
were distributed around the seminiferous tubules. They
were elongated cells with cell bodies and cell processes
(telopodes). The cell bodies contained oval euchromatic
nucleus with peripherally arranged heterochromatin
(Fig. 10a, b). The telopodes contained rER, mitochondria,
and many secretory vesicles (Fig. 10c).

In the mutant mice, Leydig cells possessed irregular
nuclear membrane and their cytoplasm contained many
primary lysosomes, lipid droplets, vacuoles of different size,
sER arranged in spiral-like concentric membranous profiles

Fig. 4 Semithin sections of the
interstitial tissues of control and
mutant mice stained with
toluidine blue. a WT mice show
seminiferous tubules (ST)
surrounded by myoid cells
(arrowheads). The interstitial
tissue was composed of Leydig
cells (LC), lymphocytes (L), and
macrophages (M). b, c Telocytes
(arrowheads) were spindle-
shaped dark cells distributed
around the tubules and blood
vessels. d, e The interstitial
tissues of mutant mice show
many lymphatic spaces
(arrowhead), Leydig cells (LC)
with many vacuoles and lipid
droplets and fibroblasts (F).
f The mutant mice show few
telocytes (arrowhead) and pale
large macrophages (asterisk)
with many metachromatic
inclusions and large vacuole
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and degenerated mitochondria (Fig. 10d, e). Fibroblasts
were observed between the Leydig cells and TCs, they were
characterized by large oval euchromatic nucleus and rich
rER cytoplasm (Fig. 10d). Macrophages with many
electron-dense lysosomes were the characteristic feature of
interstitial tissues of mutant mice (Fig. 10d). Dendritic
reticular cell (natural killer cell) was demonstrated around
the lymphatic vessels. It displayed large heterochromatic
nucleus with cytoplasmic processes and its cytoplasm-
contained mitochondria and rER (Fig. 10f). TCs were dis-
tributed around the blood capillaries and lymphatic vessels
and established close contact with fibroblasts and dendritic
reticular cells, and stromal synapse with macrophages. In
addition, telopodes of one TC established direct contact
with telopodes of anther TC. Although, their number was

decreased and their telopodes were reduced in length and
activity, as no secretory vesicles were observed in the TCs
of mutant mice (Fig. 10d, f and Table 1).

Discussion

This is the first study detecting the role of RORα expression
in testicular architecture and spermatogenesis. A number of
factors have been demonstrated to cause hypospermato-
genesis, including hormone deficiency, genetic mutation,
and environmental factors [32, 33]. Genes are essential for
spermatogenesis through participation in many cellular
processes, including DNA repair [34], transcriptional con-
trol [35], and cell proliferation [36]. ROR nuclear orphan

Fig. 5 The histochemical
analysis and enzyme
histochemistry of the testis of
control and mutant mice. a WT
mice show Leydig cells (LC),
basement membrane (BM) of
seminiferous tubules, and
elongated spermatids
(arrowhead) displayed PAS-
positive reaction. b Mutant testis
show increase PAS-reaction in
tubules and Leydig cells (LC),
and appearance of symplasts
(arrowhead). c In WT mice, the
Leydig cells show strong
reaction to bromophenol blue
(arrowheads). d In mutant mice,
the Leydig cells (LC) displayed
a weak positive reaction, with
many multinucleated giant
bromophenol-positive cells
(arrowheads). e WT mice show
high ATPase activity in the form
of dark brown color in all
spermatogenic cells (boxed
areas), and a strong staining
pattern was localized in the
apical borders of Sertoli cells
with their associated elongated
spermatids (arrowhead). f In
mutant mice, the ATPase
activity was limited to
spermatogonia and some
primary spermatocytes (boxed
areas) and a weak reaction was
detected in developing
spermatids (arrowhead). g, h
The expression of alkaline
phosphatase (boxed areas) was
stronger in mutant mice
compared with the WT mice
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receptors family are definitive transcription factors, which is
detected to play pivotal role in various biochemical pro-
cesses such as inflammation [37], and lipid homeostasis
[38]. RORα is involved in tissue development and cellular
function, including metabolism, and differentiation [39, 40].
In the spermatogonial stem cell differentiation culture sys-
tem, RORα revealed a crucial role in stimulating melatonin-
regulated GATA-4 transcription and steroid hormone
synthesis [13].

RORα expression was previously observed in the testi-
cular peritubular cells only after sexual maturation and also
in the epididymal epithelial cells before puberty [41].
However, the knockout mice revealed no abnormal phe-
notype and the animals produced spermatocytes [42]. In the
central nervous system, the expression of RORα was
detected in the suprachiasmatic nuclei, cerebellar Purkinje

cells, thalamus, and retinal ganglion cells. Cerebellar and
behavioral phenotype analysis of RORα−/− mice was
similar to that of the ataxic staggerer (sg/sg) mutant mice
[41], as both mice display equilibrium deficits, motor
coordination, small size and die between 3–4 weeks of age
[42, 43], as well as arrhythmic feeding behavior [44], with
no apparent morphological effect on thalamus, and retina.
Moreover, RORα is expressed in the skin especially in hair
follicles, epidermal keratinocytes, dermal fibroblasts, mel-
anocytes, and sebaceous glands of the skin. Liver, pancreas,
islet cells, adipose tissue, and the pineal gland were reported
as sites for RORα expression [41, 45].

Spermatogenic epithelial vacuolation was a common
feature of the testis in the mutant group. This vacuolation
may be associated with abnormal gene expression [46, 47],
and it has been reported to play a role in sperms

Fig. 6 Immunohistochemistry of
the testis of control and mutant
mice. a CD117 expression was
strong in spermatogonia (boxed
areas) and interstitial cells
(arrowhead) in WT mice.
b CD117 expression was limited
to spermatogonia, and primary
spermatocytes (boxed areas) and
was weak in Leydig cells
(arrowhead) of mutant mice.
c WT mice show
immunolocalized vimentin to
the cytoplasm of spermatogonia,
elongated spermatids (boxed
areas), and Leydig cells
(arrowhead). d In mutant mice,
strong vimentin reaction was
observed in the cytoplasm of
spermatogonia, elongated
spermatids (boxed areas),
Leydig cells (arrowheads), and
strong staining pattern was
observed in Sertoli cells (S).
e, g WT mice showed
immunolocalized VEGF
(arrowhead) in spermatocytes
(SC), and round spermatid (Sd).
f, h In mutant mice,
overexpression of VEGF
(arrowhead) in spermatocytes
(SC), and round spermatid (Sd)
was demonstrated

Retinoid-related orphan nuclear receptor alpha (RORα)-deficient mice display morphological testicular. . . 1843



Fig. 7 Immunohistochemical
and immunofluorescence
detection of the apoptotic nuclei
in the testis of control and
mutant mice. a Caspase-3
showed weak reaction in
interstitial tissues (arrowhead) in
WT mice. b Massive number of
brown-stained apoptotic cells
(arrowheads) was observed in all
seminiferous tubules and
interstitial tissues of mutant
mice. c Occasional apoptotic
cells (boxed areas) present in
WT mice, especially in the
developing spermatids
(arrowhead). d The majority of
germ cells from mutant mice are
undergoing apoptosis (boxed
areas). Note: fragmentation of
the nuclei of Leydig cells
(arrow)

Fig. 8 Digital colored TEM of
the seminiferous tubules of both
control and mutant mice. a WT
mice, a portion of a seminiferous
tubule of control mice testis
showing spermatogonia (SG),
spermatocytes (SC), and
spermatids (Sd) at the apical
border of Sertoli cell (Sr). The
Sertoli cells contained many
mitochondria (M) and lipid
droplets (ld). b Spermatogonia
(SG) of the WT mice are
characterized by large nucleus
and cytoplasm-contained
mitochondria (M), Golgi
apparatus (G), rough
endoplasmic reticulum (rER),
and ribosomes (r). c In the
mutant mice, the seminiferous
tubules show thick basal lamina
(BL), abnormal Sertoli cells (Sr)
with residual bodies
(arrowheads) and small vacuoles
(asterisks), and interdigitations
and irregularities of membranes
of spermatogenic cells (arrows).
d Spermatogonia (SG) of the
mutant mice were hypertrophied
and contained few degenerated
mitochondria (M). Note: the
abnormal Sertoli cells (Sr)
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number decrease [48]. Moreover, seminiferous epithelial
vacuolation indicates a breakdown in Sertoli–germ cell
junctions [49].

Abnormalities in spermatogenesis induce germ cell
apoptosis, which leads to the spermatogenetic arrest that
causes subfertility or infertility [50]. The process of apop-
tosis has an important role in the testis throughout regula-
tion of the number and quality of spermatogenic cells. We
demonstrated the testicular germ cell death pattern in both
control and mutant group. Excessive numbers of apoptotic
cells were demonstrated by caspase-3 and Hoechst stains in
mutant mice indicating that RORα genes deletion prevents

or reduces the differentiation of spermatogenic cells and
induces apoptosis.

The occurrence of multinucleated giant cells in semi-
niferous tubules are represented a specific form of degen-
erating germ cell. This occurs because of the connection of
the normal germ cells to each other during the division by
cytoplasmic bridges. During some forms of degeneration,
these cytoplasmic bridges can open and allow fusion of the
cellular contents of the conjoined cells [51]. The semi-
niferous tubules of RORα-deficient mice demonstrated
decreased diameter and height of their epithelium, with
accumulation of degenerated spermatocytes in their lumen.

Fig. 9 Digital colored TEM of
the seminiferous tubules of both
control and mutant mice. a WT
mice, with the spermatocytes
(SC) contained mitochondria
(M) and rough endoplasmic
reticulum (rER). b The
cytoplasm of the spermatids (Sd)
in WT mice is characterized by
Golgi apparatus (G),
mitochondria (M), and
prominent acrosomal cap
(arrowheads). c Developing
spermatids (blue) in WT mice
displayed conical electron-dense
nucleus with few cytoplasmic
residues and developing flagellar
axoneme. d The spermatocytes
(SC) of mutant mice display
degenerated mitochondria (M),
rER, many lysosomes (L), and
lipid droplets (ld). e In mutant
mice, the spermatids (Sd)
displayed Golgi zone (G),
mitochondria (M), and
acrosomal cap (arrowhead) over
the nucleus. f Incompletely
developed sperms (blue) in
mutant mice contained massive
cytoplasmic residues
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The tubules diameter was previously reported to be reduced
in RORα-knockdown rats, and clumps of unreleased sperm
were detectable in the lumen [12].

In the current study, abnormal Sertoli cells were
demonstrated to engulf the heads of spermatids in the
mutant group and their cytoplasm contained many residual
bodies and small vacuoles. Sertoli cells are phagocytic cells,
whereby their lysosomes are involved in the degradation of
the excess cytoplasm or residual bodies emanating from late
spermatids at the time of spermiation [52]. The inability of
Sertoli cells to support spermatogenesis is one major cate-
gory of male infertility and reduced sperm count [53], as

these cells govern the differentiation process of spermato-
gonial stem cells into mature sperms through providing
many factors necessary for spermatogenesis through the
action of testosterone and FSH [54]. The previous study
revealed the predominant presence of binding sites of
RORα in the nucleus of pubertal Sertoli cells, suggesting
that RORα play a role in the functioning of these pubertal
cells to support spermatogenesis. Furthermore, Sertoli cells
knockdown of RORα receptors at puberty reduces sperm
count [12, 55]. So, our findings confirmed the importance of
RORα for normal spermatogenesis and Sertoli cells
function.

Fig. 10 Digital colored TEM of
the interstitial tissue of both
control and mutant mice. a WT
mice showing interstitial cell
cytoplasm (IC) contained
smooth endoplasmic reticulum
(sER), mitochondria (M),
lysosomes (L), and lipid droplets
(lds). The telocytes (TCs)
consisted of cell bodies and
telopodes (Tps), which
contained rough endoplasmic
reticulum (rER), mitochondria
(M), and many secretory
vesicles (arrowheads). b
Interstitial cell cytoplasm (IC) of
WT mice demonstrating
peripherally arranged clumps of
heterochromatin. c Telocyte
(TC) of WT mice revealing
many secretory vesicles
(arrowheads). d, e Mutant mice
showing interstitial cells (IC)
contained many lysosomes (L),
lipid droplets (lds), many
vacuoles (V), sER, and
degenerated mitochondria (M).
Note: Fibroblasts (F), and
Macrophages (MA) with many
electron-dense lysosomes.
Telocytes (TCs) were distributed
around the blood capillaries
(BC). f Dendritic reticular cell
(DC) was demonstrated around
the lymphatic vessels (LV) in
the mutant mice. Telocytes
(TCs) were distributed around
the lymphatic vessels (LV).
Note: telopodes (Tps) of
adjacent TCs were connected
together
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ATP is known to play a key role in storage and utiliza-
tion of metabolic energy in most of mammalian tissues
including testis. High ATPase activity was detected in
spermatogonia of control mice that may be related to a high
energy required for an active germ cells proliferation and
differentiation. High ATPase was also concentrated in
elongated spermatids as they contained a large number of
mitochondria, which act as an evident factor of energy
supply for sperm motility. In mutant mice, the alkaline
phosphatase activity was higher, as it is well-known that
tissue damage can promote an increase of the intensity of
alkaline phosphatase activity [56]. Also, mitochondrial
damage or degeneration can induce alkaline phosphatase
staining increase.

Variations in intensity and patterns of staining of inter-
mediate filaments like vimentin between control and mutant
testis may reflect the testicular degree of degeneration. Our
results reported intense vimentin expression in testis of
mutant mice that corresponded with studies on human testes
with varicocele and in monkey testes with cryptorchidism
[57, 58], and may this act as a complementary mechanism
to retain the testis function. However, the biological role of
vimentin filaments in Sertoli cells and in other cell types has
not been fully elucidated. It has been assumed that inter-
mediate filaments provide mechanical support and strength
to cells [59]. Moreover, vimentin filaments are known to be
involved in maintaining the integrity of Sertoli cells to
adjacent spermatogenic cell contacts, in anchoring germ
cells to the seminiferous tubules. So, they play a crucial role
in spermatogenesis [60]. CD117 is a cytokine receptor that
expresses on stem cells and other cell types. Altered forms
of this receptor may be associated with some types of
cancer or gene mutations [61].

VEGF is a peptide essential for angiogenesis and targets
nonvascular cells in a variety of tissues. It was expressed in
testicular germ cells of mice [62] and showed immunopo-
sitivity in spermatocytes and spermatids [63]. The present
study demonstrated overexpression of VEGF in seminifer-
ous tubules of mutant mice. Overexpression of VEGF in
testis was reported to be associated with infertility [64]. The
precise role of VEGF in testis remains unclear, however, it
was suggested that VEGF may regulate germ cell pro-
liferation and create a suitable niche for spermatogenesis in
bovine testis [65].

The reason for the increased frequency of macrophages
in RORα-deficient mice is not totally resolved. Macro-
phages are involved in the removal of cellular debris and
dead cells [66]. In addition, macrophages secrete 25-
hydroxycholesterol, a lipophilic factor, which induces
Leydig cells to produce testosterone [67].

Based on TCs morphology and distribution, the present
study reported close contact of TCs with dendritic reticular
cells and stromal synapse with macrophage in the interstitial

tissues, which may indicate the involvement of these cells in
the immune response. TCs act as a primitive nervous system
for the cells found in close relation with it and even for
those found at a distance [68]. The later authors also claim
that TCs are well-equipped cells (concerning different types
of junctions), which play a role in the information pathway,
and that may be detected in the present study through their
junction with fibroblasts. TCs were shown to join stem cells
in the regeneration and repair from myocardial infarction
[69]. Recently, there is increasing evidence that TCs can be
a therapeutic target in regenerative medicine [70].

In conclusion, we provided here fundamental evidence
suggesting that RORα transcription factor is one of the
essential proteins that regulate both qualitative and quanti-
tative testicular structure and, so, spermiogenesis, which
may be significantly affected by any defect in RORα
expression. The lack of RORα expression induces apopto-
sis, reduces the germ cells differentiation, and may cause
infertility. The enzymatic activity gave an insight into the
testicular disturbance. RORα-deficient mice may act as
models for the demonstration of mutation-induced changes
in many characters of human infertility. Further postnatal
developmental studies on the testicular structure in young
and old WT and KO mice should be done to get better
insights on the role of RORα and progression of its phe-
notype, and also to correlate the testicular changes with
those in other reproductive organs of mutant mice, includ-
ing the epididymis, prostate, seminal vesicles, and urethral
anatomy.
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