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Introduction
Ovaries consist of follicles as basic functional units.
The follicle plays a major role in the dual function of
the ovary, gametogenesis (oocyte maturation and ovu-
lation), and hormonogenesis (sexual steroids and pep-
tidic reproductive hormones). Ovarian sex steroid hor-
mones, estrogen and progesterone, have crucial effects
on female reproductive functions such as the develop-
ment and maturation of reproductive organs, the
appearance of normal cycles and provide the proper
environment for the transport of gametes and nidation.
Those steroid hormones are required for endocrine and

local regulation at different levels of the reproductive
system. In a central level, steroids may act directly on
the pituitary or indirectly on the hypothalamus, and
their action can be positive or negative, depending on
the model system and physiological state [1-5].
Growth of ovarian follicles involves proliferation and
differentiation of granulosa and theca cells [6-8]. In the
small antral follicle the granulosa cells are able to
respond to FSH in many ways, including activation of
the aromatase system, and induction of LH receptors
[9]. In the antral follicle, both granulosa and thecal cell
compartments contribute to steroid secretion and
involve the interplay of progestins, androgens and
estrogens [10]. Estrogens promote follicular develop-
ment by potentiating granulosa cell expression of
gonadotrophin receptors, steroidogenesis, and gap
junction formation, and by inhibiting granulosa cell
apoptosis; in addition, estrogens may be needed for
corpus luteum formation and maintenance [11-13].
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Estrogens are synthesized by the preovulatory follicle
through a series of gonadotrophin-dependent events:
LH stimulates thecal cells to synthesize androgens
(androstenedione and testosterone) which are sub-
strates for FSH-induced aromatization to estrogens in
granulosa cells [14,15]. Progesterone and androgens
also have intrafollicular effects on follicular growth
and steroidogenesis. Local high concentrations of
progesterone may enhance the gonadotropin stimula-
tion of progesterone biosynthesis in granulosa and
luteal cell, this positive autofeedback mechanism is
believed to be important for the autonomy of luteal cell
steroidogenesis [11]. In the rat, the preovulatory prog-
esterone plays an important role to increase β-FSH
mRNA levels as well as the release of LH and FSH dur-
ing the normal preovulatory gonadotropin surge [16].
In the primate corpus luteum, there are gonadotrophin-
stimulated, progesterone-dependent processes that pro-
mote luteotrophic and suppress luteolytic pathways
[17]. Estradiol and progesterone act in synergy on LH
secretion, an estradiol-induced increase in the sensitiv-
ity of the central nervous system to the negative feed-
back action of progesterone [18]. Androgens are prod-
ucts of progestogen metabolism, intermediates in
oestrogen biosynthesis and local regulators of ovarian
function, essentially by paracrine and autocrine regula-
tion of follicular maturation and atresia [19,20]. In the
rat ovarian follicles, theca provides the androgen pre-
cursor needed for follicular 17β-estradiol synthesis [21].

The aim of this work was to study the reproductive
function of the sand rat, Psammomys obesus, in order
to perform breeding laboratory. Indeed, this species
constituted a model for studying several metabolic dis-
orders when confined to standard laboratory diet,
Psammomys develops diabetes [22,23] and other
pathology [24,25]. In the male, different studies were
already published [26-28]. In the female, the estrous
cycle was characterized [29], in the gonad the histo-
logical aspect was published [30], the histological and
cytological seasonal variations of the reproductive
tract were studied [31]. To study normal ovarian func-
tion, during the reproductive period (from autumn to
late spring), immunohistochemical methods was initi-
ated [20,30] to visualise steroid hormones. In the pres-
ent study we have examined the relationship between
the cellular localization of steroid hormones within the
growing follicles in Psammomys obesus ovaries.      

Materials and methods     
Animals. The sand rat, Psammomys obesus Cretzschmar, 1828, is
a diurnal rodent. This gerbillidae living in desert areas [32] was
live trapped in Beni-Abbes region: 30°7’N-2°10’W, of North
Occidental Algerian Sahara. Psammomys is strictly submitted to
Chenopodiacae (low-calorie salt bush rich in salt and water [33]. 
In laboratory, animals were housed under conditions of tempera-
ture and photoperiod corresponding to the natural environment and
were fed with plants directly from the place of capture. The sex of

animals was determined and females were isolated in individual
cages. Only sexually mature, non-pregnant females were used. 

Methods. Estrous cycles were monitored by daily vaginal smears.
Three females were killed at each phase of the cycle [34]. In order
to proceed to histological and immunohistological studies, ovaries
were removed and immersion-fixed in Bouin's solution or in 4%
paraformaldehyde in phosphate buffered saline solution (PBS,
Sigma pH=7.4; 0.01 M) [35,36]. Some ovaries were frozen in liq-
uid nitrogen and preserved at -70°C for next studies. After fixation,
tissue samples were rinsed and then stored in 70% alcohol before
processing and embedding into paraffin wax (Merck, Germany)
using standard procedures. Serial sections, 5 μm thickness, were
cut (Leitz vertical microtome) and mounted on normal or Super
Frost glass slides.

Histology. After dewaxed and re-hydrated through a graded
ethanol series (100%, 95% & 70%) and washed in distilled water,
topographical colorations were carried out by Heindenhain's azan
or Masson's trichroma. The follicles were classified in healthy or
atretic ones, according to their morphological and histological evo-
lutional aspect [37-41]. Primary follicle has one layer of cuboidal
granulosa cells, including those follicles containing a mixed layer
of flattened and cuboidal granulosa cells because these belong to
the growing pool of follicles in rodents; in secondary follicle, the
oocyte is surrounded with two layers of granulosa cells;  preantral
follicle was distinguished by the presence of more than two layers
of granulosa cells, without any cavity; and the antral follicles were
the larger ones with a fluid-filling the unique cavity.

Immunohistochemistry. The optimal conditions for the immuno-
histological application to our biological material was previously
presented [42]. The kit used is the LSAB 2 System, Peroxidase
DAKO (Biomeda Staining Kit): an indirect immunohistochemistry
method using streptavidin-biotin complex that allows amplifica-
tion of marking. After dewaxing and re-hydrading, the sections
were washed in PBS (Sigma pH=7.4; 0.01 M) and incubated in 3%
hydrogen peroxide for 5 minutes at room temperature to quench
endogenous peroxidase, than rinsed in PBS (3 × 5 minutes). 

Sections were incubated with the primary antibodies, 30 min-
utes at room temperature or over night at 4°C, in a humid environ-
ment. Primary antibodies were: Polyclonal Rabbit anti-proges-
terone antibody (Biomeda or AbCys S.A.), Rabbit Polyclonal anti-
androgen (Biomeda), Rabbit anti-estradiol Polyclonal antibody
(Biomeda or Chemicon International, Inc.), and than rinsed three
times for 5 minutes in PBS. The secondary biotinyled antibody was
applied against the primary antibody during 30 minutes at ambient
temperature, followed by washing in PBS. Then labelled streptavi-
dine-peroxidase was applied during 30 minutes. The enzymatic
reaction was visualised using substrate-chromogen solution:
Amino-Ethyl-Carbazole (AEC) (from Vector Laboratories) 
or Diaminobenzidine (DAB) (DakoCytomation Ltd, Ely, UK or
Roche) during 10-15 minutes at ambient temperature. Some sec-
tions were post-stained with aqueous hematoxylin to enhance the
contrast and mounted in aqueous medium (Crystal mount).

Control staining. In negative controls, PBS was substituted for
primary antibody in the first reaction [43].

Ovarian follicles analysis. The ovarian sections were viewed and
examined by light microscopy, at different magnifications,
microphotographs were taken at the same time using a Carl Zeiss
(Germany) photomicroscope. Morphometric studies were performed
according to [39,40], follicle diameter was measured in the largest
cross-section that showed the nucleolus by taking the average of
both the two perpendicular diameters of each follicle. Values are pre-
sented as the minimum-maximum or as the means ±SEM. Immuno-
histochemical staining was assessed using a semi quantitative inten-
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sity estimation: no labelling: -, low labelling: +, important labelling:
++, very important labelling: +++.

Results
During the ovarian cycle of Psammomys obesus, dif-
ferent stages of folliculogenesis have been observed.
The follicle grows from primordial to preovulatory
follicle; the differentiation of both granulosa and theca
cells, the formation of the antrum, cumulus oophorus
and corona radiata occurred normally. Steroid activi-
ties were analysed using immunohistochemical tech-
niques. Estrogen, androgen and progesterone hor-
mones were visualized in the different compartments
of the ovary. In this part of the study, the labelling of
steroids hormones was examined thought the follicular
type cells and the growing size of follicles.

Observed at the periphery of the cortex, the diam-
eter of primordial follicles varied from 17 to 20 μm,
and the oocyte from 11 to 15 μm. Some follicles did
not present any detectable label for different hor-
mones studied, other presented only a low labelling
for oestradiol and androstenediol, the lowest labelling
was for progesterone (Fig. 1). In intermediary folli-
cles (with both flattened and cuboidal follicular
cells), progesterone, androstenediol and estradiol
were weakly labelled (Fig. 2). The tunica albuginea,
showed a positive labelling with both anti-estradiol

and anti-progesterone (Fig. 3a) but it was not labelled
with an anti-testosterone (Fig. 3b).

Two types of primary follicles, were distinguished:
the smallest, with a total diameter of 27.5 μm in aver-
age, containing an oocyte that can reach 16.3 μm and
the largest with an average diameter of 63.5 μm, the
oocytes reaching 38.5 μm in average diameter. This
enlargement was associated with the oocyte matura-
tion and growth process; in these follicles, weak
immunostainings were observed for the different hor-
mones (Fig. 4). 

The Secondary follicles with two layers of granulosa
cells were about 66±5.75 μm.  Many small preantral fol-
licles appeared surrounded by some stromal cells, the
undifferentiated theca folliculi. In preantral follicles
without antrum, and with an undifferentiated theca folli-
culi, a mitotic activity affected the ganulosa cells. The
average diameter of those follicles was 245±15 μm.  The
granulosa was clearly labelled with estradiol antibody
(Fig. 5). In the largest healthy preantral follicles, the
theca folliculi differentiated into theca interna and theca
externa. In the theca interna, the presence of proges-
terone was revealed with an obvious immunostaining;
granulosa appeared weakly marking, the oocyte was
slightly labelled (Fig. 6). Androstenediol was diffuse and
was weakly labelled. Weak and uniform estradiol
labelling, was situated between the theca and the granu-
losa in numerous preantral follicles. The diameter of the
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Fig. 1. Primordial follicles in ovarian sand rat. The follicles present no (*) or low labelling (arrow) for different antibody: antiprogesterone,
antiandrostenediol and antiestradiol were weakly expressed. Streptavidin-Biotin method, Mayer's haematoxylin post-staining (original mag-
nification ×1000). Fig. 2. Intermediary follicles with progesterone, androstenediol and estradiol low positive immunostaining. Streptavidin-
Biotin method, Mayer's haematoxylin post-staining (original magnification ×1000). Fig. 3. Hormonal environment of primordial follicles in
ovarian sand rat. (a) The tunica albuginea (TA) expresses positive antibody estradiol and anti-progesterone Streptavidin-Biotin method,
Mayer's hematoxylin post-stain (original magnification ×200); (b) Marking negative antibody testosterone. Streptavidin-Biotin method,
Mayer's haematoxylin post-staining (original magnification ×200). Fig. 4. Primary follicles in ovarian sand rat. These follicles present low
immunostaining for different steroids hormones studied. Streptavidin-Biotin method, Mayer's haematoxylin post-staining (original magnifi-
cation ×570). Fig. 5. Small preantral follicles in ovarian sand rat: with undifferentiated theca folliculi (tf); the granulosa (G) was clearly
immunopositive with estradiol antibody; oocyte (O). Streptavidin-Biotin method (original magnification ×500).



follicles with scattered areas filled with follicular fluid
was between 250 μm and 300 μm. Progesterone
immunostaining was clearly observed in the theca inter-
na (Fig. 7); strong label to oestradiol appeared in the
granulosa at this stage (Fig. 8).

The antral follicles have a unique fluid-filled cavity.
At the pro-estrous of the cycle, the diameter of healthy
antral follicles varied from 340 μm to 480 μm. At
estrous, during the late follicular development, the
healthy largest preovulatory follicles reached about
514-520 μm in diameter. In small antral follicles,
progesterone immunoreactivity was clearly observed
in the theca interna; in the granulosa the label was still
slight, it will increase with the developing antral folli-
cles (Fig. 9). Androstenediol labelling cells was locat-
ed in the theca interna and remained slightly diffuse in
the granulosa of those follicles (Fig. 10). For the same
dilution of estradiol (1/300) variable intensity appeared
in different antral follicles or in the different compart-
ments of the same follicle. The immunolabellings were
clear and involved both granulosa and theca compart-
ments in some antral follicles (Fig. 11a); in the theca
interna the label was heterogeneous by the presence of
no marking cells (Fig. 11b), these unstained cells could
be undifferentiated or inactivated cells. In large antral

follicles, with preovulatory features, the granulosa
appeared also as an heterogeneous compartment: the
label decreased from the peripheral granulosa that was
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Fig. 6. Large preantral follicle in ovarian sand rat. Theca interna (TI) was well differentiated and expressed an obvious label of proges-
terone, the granulosa (G) appeared weakly positive. O: ovocyte. Streptavidin-Biotin method (original magnification ×500). Fig. 7.
Immunohistochemical localisation of progesterone in ovarian sand rat section. In follicles with scattered areas (*) or unique antrum (**),
progesterone immunostaining was clearly observed in the theca interna (arrow). The stroma was also clearly labelled. Streptavidin-Biotin
method (original magnification ×70). Fig. 8. Immunohistochemical localisation of oestradiol in ovarian sand rat section. In follicles with
scattered areas, strong label of ostradiol appeared in the granulosa (G). Streptavidin-Biotin method (original magnification ×200). 

Table 1. Immunostaining variations of steroids localization and labeling intensity in Psammomys obesus ovarian growing follicles. 
(no labelling: -, low labelling: +, important labelling: ++, very important labelling: +++).

Fig. 10. Progesterone immunoreactivity in small antral follicles of
ovarian sand rat. In small antral follicles, progesterone immunore-
activity was clearly observed in the theca interna; in the granulosa
the label was still slight. TE: theca externa, TI: theca interna. G:
granulosa, A: antrum. Streptavidin-Biotin method (original magni-
fication ×500). Fig. 11. Androstenediol labelling in antral follicles
of ovarian sand rat. Androstenediol labelling cells were located in
the thecal interna of antral follicles and remained slightly diffuse
in the granulosa of those follicles. TE: theca externa, TI: theca
interna. G: granulosa, A: antrum. Streptavidin-Biotin method
(original magnification ×500).



highly marked, to the compact cumulus cell-oocyte
complex when the cells become slightly labelled (Fig.
12). In other antral follicles, a significant immunoreac-
tivity was observed only in the granulosa compartment,
the theca interna remaining clearly negative (Fig. 13a);
specificity of labelling was underscored by negative
controls after omission of the primary antibody (Fig.
13b) (Table 1). During the growth of the ovarian Psam-
momys follicles, we observed that progesterone
appeared in all growing follicles, and was clearly
marked in theca and diffuse in granulosa until the antral
follicles, that could expressed the initiation of the
luteinising process in the healthy growing follicles.
Androstenediol appeared diffuse in the follicles, inten-
sity increased in the theca interna of antral follicles and
shrinked in the granulosa. The estradiol showed exten-
sive labelling in the layers of granulosa and theca cells
belonging to advanced preantral and in growing small
to large antral and preovulatory follicles. This steroid
hormone seems to be involved in an autocrine and/or
paracrine regulatory mechanism linked to growth and
maturation of follicles. 

Discussion
The development of ovarian follicles is a complex
process characterized by the growth, differentiation

(structural and functional) and maturation of follicle
components: oocyte, granulosa and theca cells; this
process involves interactions between endocrine fac-
tors and intraovarian regulators (sex steroids, growth
factors and cytokines). In Psammomys obesus, the his-
tomorphological process of folliculogenesis has been
study [30], it appears similar to that described in other
mammals. In this part, the stages of folliculogenesis,
estimated by morphometrical changes and variations
in size, were compared according to other rodents, it
seems to be similar with slight differences. The mean
size of Psammomys primary follicles appears greater
than that of the wild type laboratory mice (31±2 μm)
[44]. The size of follicles sand rat with undifferentiat-
ed theca folliculi was smaller than those of laboratory
rat (<350 μm) [45] and also smaller for the large pre-
antral follicles that differentiated theca folliculi (350 –
500 μm) [45], even with the Mongolian gerbil (280 –
365 μm) [46] this observation could reflects a relative-
ly early recruitment process. The litter antral follicles
size is 320 μm, noticed in Mus musculus [47]; the pre-
ovulatory follicles size of Psammomys appear relative-
ly smaller than that of other rodents: in Mus musculus
is about 320 to 400 μm [47], 645 to 647 μm in the
Hamster [48] and 810 to 855 μm in Rattus rattus [49];
in the gerbillidae family, preovulatory follicles of
Psammomys obesus appear greater than those of the
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Fig. 11. Estradiol in antral follicles of ovarian sand rat. (a) Follicular wall of a healthy antral follicle immunostained with estradiol anti-
body: in some antral follicles the staining involve both granulosa (G) and theca compartments. TI: theca interna, TE: theca externa, 
A: antrum. Streptavidin-Biotin method (original magnification × 500). (b) In the theca interna the label was heterogeneous by the presence
of no unlabelled cells (arrow). G: granulosa; TI: theca interna; TE: theca externa. Streptavidin-Biotin method (original magnification × 570).
Fig. 12. Estradiol in large antral follicles of ovarian sand rat. In large antral follicles, the granulosa (G) appeared heterogeneous: the label
decreased from the peripheral granulosa that was highly marked (large arrow), to the compact cumulus cell-oocyte complex when the
cells become slightly labelled (thin arrow).  TI: theca interna; TE: theca externa, O: ovocyte, A: antrum. Streptavidin-Biotin method (orig-
inal magnification ×200). Fig. 13 (a) Estradiol in different antral follicles of ovarian sand rat. In other antral follicles, significant immunore-
activity was observed only in the granulosa (G), theca interna (TI) was clearly negative. A: antrum. Streptavidin-Biotin method, Mayer's
haematoxylin post-staining (original magnification ×200). (b) Negative immunocontrol by omission of the primary antibody. Streptavidin-
Biotin method, Mayer's haematoxylin counterstaining (original magnification ×70).



Mongolian gerbil, Meriones unguiculatus (480 μm)
[46]. 

The steroidogenic pathway within the ovary gives
rise to progestins, androgens and estrogens. In Psam-
momys obesus, the steroid activities were analysed by
means of immunohistochemical techniques to localise
the ovarian steroid hormones within the follicle and
thought the growing follicles size. In ovarian primor-
dial follicle, the progesterone inhibited the coordinat-
ed oocyte apoptosis required for primordial follicle
assembly; progesterone and estrogen are involved in
the control of primordial follicle assembly and the
early follicular development [50]. In the largest pre-
antral follicles, the morphologically differentiated
theca interna cells have a strong immunostaining to
progesterone antibody; according to Maggofin [51]
the theca cells express an intracellular synthesis of
progesterone reflecting the initiation of steroidegene-
sis process in the considering follicle. In developing
antral follicles, progesterone immunoreactivity was
observed in the granulosa, according to Kamada et al.
[8] progesterone regulates the action of estrogen
through the decrease of estrogen receptor and down
regulation of its own receptor in granulosa cells. In
the theca interna the progesterone labelling was con-
tinuously clear; this observation suggested that cells
of theca become functional and contribute to proges-
terone secretion by the mature corpus luteum [52].
Indeed, Psammomys obesus corpus luteum secretes
both estradiol and progesterone [30]. Androstenediol
was diffuse and weakly labelled across the preantral
follicles. In antral follicles labelling was mainly locat-
ed in the theca interna; in the rat, this compartment is
the site of follicular androgen production as precursor
needed for follicular 17β-estradiol synthesis [53]. The
androgen labeling remains slightly diffuse in the gran-
ulosa of all the antral follicles. This metabolite consti-
tuted a substrate for follicular 17β-estradiol synthesis
[53,54] and our results suggest a paracrine regulation
of androgen in the follicle. Indeed, the theca cells
stimulate follicle growth by granulosa cell mitosis
through FSH-induced androgen receptor, and cause
androgen-stimulated formation of FSH receptor [55].
In advanced preantral follicles, estradiol label was
slight and uniform between theca and granulosa com-
partments, the labelling increased in antral follicles.
The label expressed in theca cells would suggest the
involvement of this component in biosynthesis of
estradiol, as it is expressed in mouse and hamster
theca cells which express aromatase [56] or in pigs
[57]. If the estradiol observed in theca comes from
granulosa, this feature reflects a paracrine regulation;
indeed, estradiol causes an increase of androgen pro-
duction by thecal cells and, contrarily, the suppression
of progesterone production, throughout the 6-day cul-
ture period [58]. In other large antral follicles, a sig-

nificant immunoreactivity was strictly localized in
granulosa and absent in the theca interna. This could
suggest a functional differentiation in the biosynthesis
of estradiol; indeed, according to Matsuda et al. [56],
aromatase is expressed in these cells in many rodents;
elsewhere, these observations coincide with the data
of Irian et al. and Tsafritrri et al. [59,60] that
described a maximal production of estradiol in the
largest antral follicles.

Conclusion
To study the reproductive function of the sand rat,
Psammomys obesus, the ovarian activity was exam-
ined. In this part, we followed the morphometrical
developement during folliculogenesis and the relation-
ship between the cellular localization of steroid hor-
mones within the growing follicles. Progesterone,
androstenediol and estradiol were visualised by
immunohistochemistry. The labelling was diffuse or
localised, weak or intense in the theca and or in the
granulosa component according to the follicle size.
Progesterone was diffuse between theca and granulosa
in all follicles but was intense in theca than in granu-
losa. The androgen was continuously weak and diffuse
in all follicles. Estradiol showed extensive labelling in
the layers of granulosa and theca cells of advanced
preantral and growing small antral follicles; in large
ones significant immunoreactivity was strictly local-
ized in granulosa and negative in the theca interna. To
support our observations it is important to detect the
expression of steroidogenic enzymes and precise the
enzymatic content of the granulosa and theca cells dur-
ing folliculogenesis by immunohistochemistry or in
situ hybridation to featuring the steroidogenic activity
in ovarian sand Rat.
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