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Abstract

Our study explores the histo-functional characteristics of the testicles in Jaculus jaculus, a nocturnal rodent from North
Africa that reproduces seasonally, collected in the regions of Biskra and M'sila in Algeria from Autumn to early Spring.
Although it is included in the list of protected non-domestic animal species in Algeria, very few studies have focused on
the reproductive activity of this species. The objectives of this study are: to determine the different stages of the
seminiferous epithelium cycle in adult Jaculus jaculus during the reproductive cycle, by studying the cellular association
on PASstained histological sections, supplemented by light green and Masson's trichrome staining. Analysis of matrix
metalloproteinases (MMP-2) on histological sections of testicles during the active phase using an indirect
immunohistochemistry protocol with streptavidin-biotin-peroxidase amplification. The seminiferous epithelium cycle
in Jaculus jaculus is characterized by 14 well-defined stages classified from I to XIV. In the testis, seminiferous
epithelium cells strongly express MMP-2 during all stages of the seminiferous epithelium cyclee.  MMP-2 plays a
fundamental role in testicular function in Jaculus jaculus, and its expression at the interstitial and germinal levels
suggests involvement in spermatogenesis and speriogenesis.

Keywords: Jaculus jaculus; Testis; seminiferous epithelium cycle; Matrix metalloproteinases; MMP-2;
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1. INTRODUCTION

The lesser jerboa is a small rodent that is mainly nocturnal and reproduces seasonally, adapted to extreme
environmental conditions. There are about 30 to 35 species of jerboas in the order Rodentia, superfamily
Dipodoidae, and family Dipodidae. Jerboas belonging to the genus Jaculus (Erxleben, 1777) are widely
distributed in the arid and semi-arid regions of North Africa and Central Asia (Holden & Musser, 2005).
Ecologically speaking, Jaculus jaculus (Linnaeus, 1758) is a granivorous and insectivorous species, feeding
mainly on seeds, plant parts, and occasionally insects. These small mammals dig burrows that serve as
shelter from predators and extreme weather conditions.

The breeding season in Jaculus jaculus begins at the onset of winter (December-January) and extends until
early spring (April), when food resources are available. The rapid increase in ambient temperature,
combined with the decrease in precipitation, promotes the transition to sexual quiescence, which is
observed in spring (May-June) (Amirat et al., 1977). Gestation lasts approximately 20 to 25 days. Each
litter generally consists of 2 to 6 offspring, born hairless, blind, and entirely dependent on the mother.
Like most jerboas, Jaculus jaculus adopts a reproductive strategy that allows adjustment of the number of
litters in response to environmental conditions, representing an adaptation to the variability of the
unstable North African desert ecosystems (Amori & Hutterer, 1995).

Jaculus represents a model species for the study of reproductive function; unfortunately, very little data
exist regarding the reproductive biology of these small mammals. In the testes of these rodents,
spermatogenesis is a highly coordinated cyclical process (Russell et al., 1990). The complete series of
changes occurring in the seminiferous epithelium between two successive appearances of the same cellular
association is defined as the seminiferous epithelium cycle (Leblond & Clermont, 1952; Leal & Franca,
2006; Xiao et al., 2014).

The stages of the seminiferous epithelium cycle can be classified according to changes in the shape of
spermatid nuclei, the occurrence of meiotic divisions, and the arrangement of spermatids within the
germinal epithelium (Berndtson, 1977). They can also be characterized on the basis of the development
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of the acrosomal system and the morphology of developing spermatid nuclei (Leblond & Clermont,
1952a, 1952b; Russell et al., 1990). The length of the spermatogenic cycle is controlled by the genotype
of germ cells and is not influenced by Sertoli cells or by the hormonal environment, thereby implicating
MMPs in the dynamic remodeling of the extracellular matrix as well as in the maintenance of seminiferous
tubule architecture during the reproductive cycle (Franca et al., 1998).

Matrix metalloproteinases (MMPs) are endogenous Zn-dependent proteinases that catalyze glycoproteins
of the extracellular matrix (Massova et al., 1998; Rivera et al., 2010). MMPs are responsible for remodeling
the extracellular matrix of various tissues under both physiological and pathological conditions (Di Nezza
et al., 2002; Kessenbrock et al., 2010). MMPs are divided into soluble and membrane-bound forms.
Soluble MMPs include the collagenases (MMP-1, -8, -13, and -18), gelatinases (MMP-2 and -9), matrilysins
(MMP-3, -10, and -11), stromelysins (MMP-7 and -26), and other enzymes (MMP-12, -19, -20, -21, -23, -27,
and -28). Membrane-bound MMPs include MMP-14, -15, -16, -17, -24, and -25 (Lohi et al., 2001; Nagase
et al., 2006). MMPs play important roles in the development of many organisms; they are involved in
organ morphogenesis, ovulation, apoptosis, angiogenesis, and embryogenesis (Vu and Werb, 2000; Roy
et al., 2006; Jones, 2014). MMPs also participate in the regulation of activity of extracellular matrix
components (Sternlicht et al., 2000) and signaling molecules (Roy et al., 2009). MMPs are inhibited by
tissue inhibitors of metalloproteinases (TIMPs) (Brew et al., 2000).

MMP-2 (gelatinase A) is involved in the degradation of proteins and polysaccharides, such as collagens
(IV, V, and XI) (Bode et al., 1999), laminins, and cartilage (Nagase et al., 2006). This gelatinase is
indispensable for the remodeling of matrix membranes (Stetler-Stevenson, 1994). In organs undergoing
perpetual cyclical or seasonal structural changes orchestrated by hormones, growth factors, cytokines, and
cell-stroma interactions (Brown et al; 2007). Several studies have demonstrated the importance of MMDPs
in male reproductive function in mammals. MMPs have been identified in human seminal plasma
(Baumgart et al; 2002 ) and a deficiency in MMP-2 has been associated with reduced fertility (Atabakhsh
et al; 2018). During spermiation, spermatozoa detach from Sertoli cells, a process requiring a protease
system to orchestrate these cellular events.

The objective of our study is to investigate the histo-functional changes occurring during the active phase
of the reproductive cycle in the lesser jerboa. Furthermore, we aim to define, for the first time, the stages
of the seminiferous epithelium cycle and to demonstrate the immunohistochemical presence of
metalloproteinases (MMP-2) in the testes of this species throughout the active phase. The purpose of this
investigation is to highlight the potential role of MMP-2 in reproductive physiology and in the tissue
remodeling processes affecting these glands during seasonal reproduction.

2. MATERIALS AND METHODS

2.1. Animals

Our study was conducted on 10 adult male jerboas weighing between 59 and 75 g. The animals were
captured between September 2020 and April 2021 in two semi-arid regions of the Algerian Sahara:
loutaya, located 25 km northwest of the province of Biskra (35° 02’ 00" N, 5° 36’ 00” E), and the region
of Ain Lahdjel in the province of M’sila (35° 40’ 26” N, 3° 52’ 54" E). To minimize stress, the animals
were placed in separate cages equipped with food and maintained under the natural temperature and
photoperiod conditions of the season for a maximum of 10 hours, in order to avoid the influence of the
nychthemeral rhythm.

2.2. Anatomical and Structural Study of the Testes

The testes were dehydrated using a graded ethanol series, followed by clearing in cyclohexane and
embedding in paraffin. Serial sections of 6 pm thickness were then prepared for staining (light green, PAS,
H&E, and Masson’s trichrome).

2.3. Stages of the Seminiferous Epithelium Cycle

The stages of the seminiferous epithelium cycle were identified and characterized according to the “tubular
morphology system” method (Berndtson, 1977), based on changes in the shape of spermatid nuclei, the
arrangement of spermatids within the germinal epithelium, and the overall composition of the
seminiferous tubule epithelium (Roosen-Runge & Giesel, 1950). The stages were determined from 10
testicular sections for each adult individual at magnifications of 40x and 100x.

2.4. Immunohistochemical Study of MMP-2

This study employed an indirect immunohistochemical method using streptavidin-biotin-peroxidase
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amplification, following the peroxidase immunohistochemistry protocol of the LSAB2 KIT (DAKO), as
described by MacNeil (20). Sections of 6 pm were deparaffinized and rehydrated in ethanol. The primary
antibody, MMP-2 mouse anti-human monoclonal antibody (Invitrogen, dilution 1/70, pH = 6), was
applied to the sections for one hour. All procedures were carried out in accordance with the guidelines of
the Algerian Association of Experimental Animal Sciences (AASEA) and were approved by the local ethics
committee of Houari Boumediene University of Science and Technology (USTHB), Algeria (Approval
No. 45/DGLPAG/DVA.SDA.14). The laboratory work was conducted at the Laboratory of Animal
Ecology within the National Superior School of Kouba in Algiers.

3. RESULTS

3.1. Characterization of the Different Stages of the Seminiferous Epithelium Cycle in Adult Jaculus
jaculus

The different stages of spermatogenesis in Jaculus jaculus have never been described. In this study, we
present a detailed and illustrated description:

Stage I: This stage is characterized by the initiation of renewal of the germ cell lineage, entry into meiosis,
and the appearance of the first spermatids. Spermatogonia A are located in close proximity to Sertoli cells.
Primary spermatocytes are observed at the beginning of the pachytene phase, along with newly formed

Figure 1 : Histological section of the seminiferous tubules of the testes in adult Jaculus jaculus during the
period of sexual activity. a: Masson’s trichrome staining, magnification x40. b: Light green staining,
magnification x40. P = pachyten stage; L = lumen of the tubule; A = type A spermatogonia; S1 = stage 1
of the epithelial cycle; SC = Sertoli cell.

Stage II: This stage is characterized by the appearance of intermediate spermatogonia, primary
spermatocytes in the zygotene stage, immature spermatozoa at step 16 of spermiogenesis, and round
spermatids (Figure 2).

Figure 2. Histological section of the seminiferous tubules of the testes in adult Jaculus jaculus during the
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period of sexual activity. a: Masson’s trichrome staining, magnification x40. b: Light green staining,
magnification x40. P = pachyten stage; L = lumen of the tubule; Int = intermediate type spermatogonia;
S2 = stage 2 of the epithelial cycle.

Stage III: Presence of type B spermatogonia, with round and immature spermatozoa at step 16, distributed
at various levels within the luminal compartment. The spermatozoa heads are oriented toward the basal
lamina of the seminiferous tubules (Figure 3).

Figure 3 : Histological section of the seminiferous tubules of the testes in adult Jaculus jaculus during the
period of sexual activity. a: Masson’s Trichrome staining, Gx40. b: Light Green staining, Gx40. Int:
intermediate spermatogonium; S3: stage 3 of the epithelial cycle; A: type A spermatogonium; SC: Sertoli
cell.

Stage IV: The immature spermatozoa reach stage 17, exhibiting a tubular form. Their heads penetrate
even more deeply into the epithelium toward the basal lamina of the seminiferous tubules. Secondary

spermatocytes appear (Figure 4).
- STk e
/

- e
Figure 4: Histological section of the seminiferous tubules of the testes in adult Jaculus jaculus during the
period of sexual activity. a: Masson’s Trichrome staining, Gx40. b: Light Green staining, Gx40.

Int: intermediate spermatogonium; S4: stage 4 of the epithelial cycle; B: type B spermatogonium.

Stage V: The round and immature spermatids at stage 17 integrate into the epithelium, extending as far
as the nuclei of the Sertoli cells. Their tails begin to form whorls at the center of the lumen of the
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seminiferous tubules (Figure 5).

Figure 5: Histological section of the seminiferous tubules of the testes in adult Jaculus jaculus during the
period of sexual activity. a: Masson’s Trichrome staining, G*x40. b: Light Green staining, G=x40. P: dust-
like material; L: lumen of the tubule; A: type A spermatogonium; S5: stage 5 of the epithelial cycle; SC:
Sertoli cell.

Stage VI: Advanced stage of spermiogenesis: Pre-leptotene and pachytene spermatocytes are present.
Bundles of elongated spermatids at stage 18 begin to migrate toward the lumen of the seminiferous tubules

(Figure 6).

Figure 6 : Histological section of the seminiferous tubules of the testes in adult Jaculus jaculus during the
period of sexual activity. a: Masson’s Trichrome staining, Gx40. b: Light Green staining, Gx40. P:
pachyten stage; L: lumen of the tubule; B: type B spermatogonium; S6: stage 6 of the epithelial cycle.

Stage VII: The heads of the immature spermatozoa surround the lumen of the seminiferous tubule

(Figure 7).
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Figure 7 : Histological section of the seminiferous tubules of the testes in adult Jaculus jaculus during the
period of sexual activity. a: Masson’s Trichrome staining, Gx40.

b: Light Green staining, Gx40. P: pachyten stage; A: type A spermatogonium; S7: stage 7 of the epithelial
cycle.

Stage VIII : Absence of primary and secondary spermatocytes. The elongated and immature spermatozoa
are released into the lumen through a process known as spermiation (Figure 8).
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Figure 8 : Histological section of the seminiferous tubules of the testes in adult Jaculus jaculus during the
period of sexual activity. a: Masson’s Trichrome staining, Gx40. b: Light Green staining, Gx40. P:
pachytén stage; L: lumen of the tubule; B: type B spermatogonium; SC: Sertoli cell; S8: stage 8 of the
epithelial cycle.

Stage IX : Leptotene-phase primary spermatocytes, onset of cytoplasmic elongation of spermatids, and
progressive disappearance of residual bodies of spermatozoa (Figure 9).
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Figure 9 : Histological section of the seminiferous tubules of the testes in adult Jaculus jaculus during the
period of sexual activity. a: Masson’s Trichrome staining, Gx40.

b: Light Green staining, Gx40. P: pachyten stage; L: lumen of the tubule; 1: leptotene stage; S9: stage 9 of
the epithelial cycle.

Stage X : Well-differentiated spermatids with triangular nuclei, and primary spermatocytes at the zygotene
stage (Figure 10).

Figure 10 : Histological section of the seminiferous tubules of the testes in adult Jaculus jaculus during
the period of sexual activity. a: Masson’s Trichrome staining, Gx40. b: Light Green staining, Gx40. P:
pachyten stage; L: lumen of the tubule; I: leptotene stage; S10: stage 10 of the epithelial cycle.

Stage XI : Spermatozoa with elongated nuclei form bundles oriented toward the Sertoli cells (Figure 11).

Figure 11 : Histological section of the seminiferous tubules of the testes in adult Jaculus jaculus during
the period of sexual activity. a: Masson’s Trichrome staining, Gx40. b: Light Green staining, Gx40. P:
pachyten stage; L: lumen of the tubule; I: leptotene stage; S11: stage 11 of the epithelial cycle.
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Figure 12 : Histological section of the seminiferous tubules of the testes in adult Jaculus jaculus during

the period of sexual activity. a: Masson’s Trichrome staining, Gx40. b: Light Green staining, G*40. P:
pachyten stage; A: type A spermatogonium; S12: stage 12 of the epithelial cycle.

Stage XIII : Primary spermatocytes at the pachytene and diplotene stages. Elongated spermatids with thin
an slender nuclei (Figure 3.

Ot o

the period of sexual activity. a: Masson’s Trichrome staining, Gx40. b: Light Green staining, Gx40. B:
type B spermatogonium; S13: stage 13 of the epithelial cycle; z: zygotene stage; D: diplotene stage.

Stage XIV: Diplotene-stage primary spermatocytes generate secondary spermatocytes, which divide to
produce spermatids that will appear at the next stage (Stage I) (Figure 14).
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Figure 14 : Histological section of the seminiferous tubules of the testes in adult Jaculus jaculus during

the period of sexual activity. a: Masson’s Trichrome staining, Gx40. b: Light Green staining, G*x40. A:
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type A spermatogonium; S14: stage 14 of the epithelial cycle; P: pachyten stage; M: mitosis.
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epithelial cycle. PAS staining, magnification x100.

3.2. Immunohistochemistry of MMDP-2 in testicular sections during the active phase of the reproductive
cycle

During the active period in the testes, MMP-2 exhibited high levels of expression in the intercellular space
of the seminiferous epithelial layer (Table 1). In particular, the epithelial cells showed a strong
immunohistochemical signal for MMP-2. However, the signal was notably weak in the lumen of the
tubules. It is important to note that this gelatinase was not detected in the extracellular matrix delimiting
the seminiferous tubules. In all positive controls, where the primary antibody was omitted, the
immunohistochemical signal of MMP-2 remained positive. (Table 1)

Table 1: Immunohistochemistry of MMP-2 in the seminiferous tubules of the testes in adult Jaculus
jaculus during the period of sexual activity. Magnification Gx40. S1-S14: stages of spermatid
development; A: type A spermatogonium; B: type B spermatogonium; Int: intermediate spermatogonium;
|: leptotene stage; Z: zygotene stage; P: pachytene stage; D: diplotene stage; M: mitosis ; SC: Sertoli cell; L:
lumen of the tubule.
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4. DISCUSSION

The aim of this study is to identify the cycle of the seminiferous epithelium in Jaculus jaculus in order to
expand our basic knowledge of spermatogenesis in desert-dwelling species with seasonal reproduction, and
to evaluate the role of MMPs, particularly MMP-2, during this process. Jaculus jaculus, a small nocturnal
rodent found in both arid and semi-arid regions, employs adaptive mechanisms primarily related to
reproductive function. This species demonstrates the ability to modulate its reproductive activity according
to seasonal changes. In Jaculus jaculus, the testes exhibit a morphology characteristic of the genus,
resembling smooth, relatively large beans compared to other desert rodents such as Gerbillus gerbillus
(Aknoun et al., 2017), Meriones crassus (Smai-Hamdidouche et al., 2015), Meriones libycus (Zaim et al.,
1992), and Meriones shawi (Flaitz et al., 2002).

The structural analysis of seminiferous tubules in the lesser jerboa during the period of sexual activity,
using a histological approach with three topographic staining techniques (PAS staining, light green
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staining and Masson’s trichrome staining) has enabled us to establish for the first time the cycle of the
seminiferous epithelium. In the lesser jerboa, the seminiferous tubules exhibit a segmental arrangement,
with each transverse section of a tubule corresponding to a specific stage. This situation is also observed
in currently studied rodent models: the rat (Rattus norvegicus) (Leblond & Clermont, 1952); the golden
hamster (Mesocricetus auratus) (Clermont & Harvey, 1965); and the guinea pig (Cavia porcellus)
(Clermont, 1963).

The identification of the stages of the epithelial cycle is based on the morphological characteristics of the
spermatids, the abundance of certain types of germ cells, meiotic divisions, as well as the cellular
appearance and composition of the seminiferous epithelium (Russell et al., 1990). The analysis of these
criteria allowed us to identify the different stages of the epithelial cycle in the lesser jerboa. The
seminiferous epithelium cycle of Jaculus jaculus is characterized by 14 stages of cellular development and
maturation, designated [-XIV. These stages follow one another along the tubule in a well-defined order
from I to XIV, forming a “spermatogenetic wave” (Leblond & Clermont, 1952), which ensures the
continuous production of spermatozoa. Although the principle of the seminiferous epithelium cycle is
common to many mammals, the number of stages and their duration vary according to species. This
perfectly corroborates the results reported by Leblond and Clermont (1952), who described 14 stages of
the seminiferous epithelium cycle in the rat, and 14 stages in the gerbil (Gerbillus tarabuli) (Hamidatou-
khatti et al., 2018), as well as the same result in Psammomys obesus (Leblond & Clermont, 1952). In the
mouse, by contrast, 12 stages have been identified, with 16 steps of spermiogenesis (Oakberg, 1956). The
seminiferous epithelium cycle comprises 8 stages in the wild boar (Swierstra, 1968), in the goat (Capra
hircus) (Franca et al., 1999), in the capybara (Hydrochoerus hydrochaeris) (Paula et al., 1999), in the
domestic cat (Felis catus) (Franca & Godinho, 2003), in the dog (Soares et al., 2009), and in bats (Sturnira
lilium) (Morais et al., 2013).

During the period of sexual activity in the lesser jerboa, the thickness of the seminiferous epithelium varies
along the seminiferous epithelial cycle. Stages 1-V show a progressive increase in epithelial thickness,
reaching its maximum at stages VI and VII, where the diameter of the lumen is almost absent. This is due
to a significant and progressive increase in the number of cells within the epithelial layer, resulting from
mitotic and meiotic divisions of the progenitor cells. At stage IX, the spermatozoa, having left the tubules
through spermiation, release the seminiferous lumen, which reappears once again. This observation
corroborates the findings of Leblond and Clermont (1952) and Hamidatou-Khati et al (2018).
Immunohistochemical analysis revealed the presence of matrix metalloproteinases (MMP-2) in the
seminiferous tubules of the testes of the desert jerboa (Jaculus jaculus) throughout the active period
(autumn and winter) of the reproductive cycle. These enzymes were identified in the intercellular space of
the seminiferous epithelium, as well as in the lumen of the tubules along the epithelial cycle. Previous
studies have also detected MMP-2 in the same cells of other desert rodent species, such as Meriones and
Psammomys (Kareskoski et al., 2021). This suggests that these enzymes play a role in intercellular
processes, as well as in cell migration and differentiation, and confirms their involvement in extracellular
processes and fertility (Dike et al., 2018). These observations are consistent with the results of other studies
on rodents, such as Meriones libycus and Psammomys obesus (Legend et al., 1999).

MMP-2, being a proteolytic enzyme, targets both matrix and non-matrix substrates; however, maintaining
an appropriate cellular concentration of this protein appears to be crucial for polarized cell migration, the
development of reproductive organs, and spermatogenesis in adult rats (Metayer et al., 2002). MMP-2
produced by epithelial cells also participates in re-epithelialization, the regulation of cell migration
(Ayvazova et al., 2016), and cell invasion (Shahed & Young, 2008). It is further involved in the controlled
degradation of the extracellular matrix (ECM) and junctional complexes. Throughout all stages of the
seminiferous epithelial cycle, MMP-2 plays a fundamental role in the tissue remodeling required for
spermatogenesis (Cheng & Mruk, 2010) as well as spermiation (Vihko et al., 2003). The controlled
degradation of junctional complexes between Sertoli cells and elongated spermatids is necessary for the
displacement, differentiation, and maturation of germ cells during the cycle (Siemens et al., 2007; Mruk

& Cheng, 2004).

5. CONCLUSION

Our results revealed, for the first time, that the seminiferous epithelium cycle in Jaculus jaculus is

characterized by 14 well-defined stages, classified from I to XIV. The stages of the seminiferous epithelium
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cycle were identified using the method of cellular associations. PAS staining and light green staining were
preferred for the fine discrimination of stages, as they allow clear visualization of the acrosome and cell
nuclei, while Masson’s trichrome was used complementarily to analyze tubular architecture and cellular
associations. Throughout the epithelial cycle, the cells produce matrix metalloproteinases (MMP-2). The
identification of MMP-2 in the testes of Jaculus jaculus during the active phase of the reproductive cycle
suggests that this enzyme plays a crucial role in various cellular activities, particularly in spermatogenesis
and spermiogenesis. These findings significantly enhance our understanding of the reproductive system
in semi-desert rodents with seasonal reproduction.
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