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ABSTRACT
Background: Spermatogenesis is a complex process of cell differentiation preceded and accompanied by distinct 
gene expressions that lead to a variety of cellular and physiological changes. By degrading cyclic adenosine 
3′,5′-monophosphate (cAMP), some phosphodiesterases contribute to spermatogenesis by modulating signal 
transduction across various physiological processes. Although phosphodiesterase 7A (PDE7A) degrades cAMP; its 
function in the testis as a regulator remains unclear. Furthermore, the exact cell types that express PDE7A at different 
stages of testicular development remain unknown.
Aim: This study aimed to study the immunohistochemical localization of the PDE7A protein throughout normal 
testicular morphogenesis in immature and mature stages in mice, rats, and camels.
Methods: Testes from immature and pubertal animals were examined to evaluate testicular morphology and the 
cellular distribution of PDE7A. Immunohistochemistry was performed using a monoclonal antibody directed against 
the C-terminal portion of PDE7A, and routine hematoxylin and eosin staining was used to assess overall testicular 
histology.
Results: In all species, PDE7A protein is successively expressed in specific spermatogenic stages of the immature testis, 
such as spermatogonia and primary spermatocytes, as well as in the interstitial tissue: Leydig cells, blood vessels, and 
myoid cells. In mature testes, the PDE7A localization was noted specifically within the round and elongated spermatids 
of seminiferous tubules, as well as in the endothelial cells lining the blood vessels and peripheral nerve fibers.
Conclusion: PDE7A expression in the postnatal testis is supported by new evidence in this paper, including the first 
description of it in camels and its first expression in peripheral nerves. Following meiosis, the enzyme is mostly 
expressed in germ cells and exhibits stage-specific localization. These findings may point to PDE7A’s regulatory 
function in spermatogenesis.
Keywords: Cyclic adenosine monophosphate, Immunohistochemistry, Phosphodiesterase 7A, Spermatogenesis, Testis.

Introduction
The testis has a variety of specialized cell types that 
function together to perform reproductive functions, 
such as making male sex hormones and the gametes 
required for fertilization. It consists of seminiferous 
tubules and interstitial spaces, where spermatogenesis 
occurs and steroidogenesis takes place, respectively, 
both of which are essential for mammalian fertility. 
A defect in spermatogenesis can result in infertility, 
reproductive disorders, or cancer (Khawar et al., 2019). 
The cyclic adenosine monophosphate (cAMP)/protein 
kinase A signaling pathway is one of the important 
molecular regulators of testicular function, responsible 
for regulating endocrine functions by phosphorylating 
target proteins to initiate cellular responses (Liu and Y, 
2022; Kang et al., 2023). 

cAMP levels are strictly controlled by coordinated 
actions of adenylate cyclases, which synthesize cAMP, 
and phosphodiesterases (PDEs), which catalyze its 
hydrolysis (Yamamoto et al., 2021). PDEs are the 
enzymes that regulate the processes of termination 
of cyclic nucleotide signals within cells, which are 
essential to cell growth, differentiation, and gene 
transcription (Park et al., 2003). PDE 4, PDE 7, and 
PDE 8 are cAMP-specific families out of a total of 
11 PDE families. Phosphodiesterase 7A (PDE7A) is 
a member of the seventh family of PDEs that have 
a single gene with three splice variants (PDE7A1, 
PDE7A2, and PDE7A3) (Szczypka, 2020). This 
enzyme exhibits distinct kinetic and pharmacological 
characteristics, attributable to its unique amino acid 
composition, and demonstrates a markedly higher 
affinity for cAMP (Km ≈ 0.02 µM) compared with 
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cGMP (Km ≈ 3.9 µM) (Calamera et al., 2022). PDE7A 
has widespread expression across the body, notably 
in skeletal muscle, pancreas, and kidney medulla and 
testes (Zuo et al., 2019), as well as populations of 
immune and inflammatory cells (Szczypka, 2020), 
and at low abundance in the brain (Schröder et al., 
2016). Despite its wide tissue distribution, its own 
specific functions in the brain and testes remain poorly 
understood (Aftanas et al., 2023). There is experimental 
evidence that relates PDE7A activity to aspects of 
cognition (Liu et al., 2023) and the pathophysiology 
of neurodegenerative disorders (Khan et al., 2022). 
In addition, improper regulation of PDE7A has been 
associated with tumor biology and has been implicated 
in studies of preclinical pharmacological inhibition of 
this enzyme to decrease cancer cell metastasis (Hao 
and Yu, 2017). Increased expression levels of PDE7A 
protein have also been found in placental trophoblast 
cell lines after acute and chronic air pollution exposure 
to particulate matter, indicating perhaps that it may be a 
biomarker of pollutant exposure in reproductive tissues 
(Familari et al., 2019). To the best of our knowledge, 
however, no study has so far examined the potential 
role of PDE7A during testis development. 
Determining the precise subcellular localization 
of PDEs is crucial, as their spatial distribution 
directly influences cyclic nucleotide signaling and, 
consequently, their specific physiological outcomes 
(Lorigo et al., 2021). The co-existence of multiple 
isoforms within the same cellular compartment has 
been shown to enable coordinated regulation of local 
signaling domains, making them attractive targets for 
pharmacological intervention, for example, the cardiac 
PDE4 isoforms—PDE4A, PDE4B, and PDE4D—have 
been implicated in the fine-tuning of cardiac function 
and identified as promising therapeutic targets in heart 
failure (Sherstnev et al., 2025). Similarly, the spatial 
localization of PDE7 isoforms in the testis may hold 
similar importance for the regulation of testicular cell 
functions and associated reproductive disorders. 
Although transcriptomic profiling has demonstrated 
moderate expression of PDE7B in normal human testis, 
with PDE7A largely undetectable, murine studies 
reveal high PDE7B transcript levels in spermatocytes, 
suggesting a role in germ cell differentiation and 
testicular physiology (Campolo et al., 2023). Two 
independent studies investigated the presence of 
PDE7A1 mRNA in mouse testes. One study used 
the polymerase chain reaction) PCR( (Wang et al., 
2000), while another, using RNase protection analysis, 
found weak signals (Bloom and Beavo, 1996; Miró 
et al., 2001). Additionally, the localization of PDE7A 
mRNA was examined by Miró et al. (2001) in the 
mature rat testis, revealing a strong signal in the 
Leydig cells. However, the low or absent detection of 
PDE7A in transcriptomic datasets does not rule out its 
physiological significance, highlighting the need for 

further targeted studies to elucidate its presence at the 
protein level and thus its role in reproductive biology. 
The classification of reproductive maturity is a key 
consideration in comparative reproductive studies, as 
it reflects major anatomical and functional transitions 
in gonadal development. In the present work, the 
immature category refers to animals that fall within 
early developmental phases, which may include 
the neonatal stage (immediate postnatal period), 
the juvenile stage (characterized by rapid somatic 
growth and incomplete gametogenic activity), or the 
prepubertal stage (preceding reproductive capability) 
(Plant, 2015; Robertson et al., 2021). The mature 
category (pubertal) refers to animals that have reached 
sexual maturity, which may include the postpubertal 
stage (characterized by established spermatogenesis and 
endocrine regulation) or the adult stage (characterized 
by fully developed and stable reproductive function) 
(Al-Saaidi and J, 2013). 
While the expression of PDEs in rodent testes has been 
well-described, this research addressed critical gaps 
in knowledge with two important novelties: (i) the 
first study of PDE7A protein expression, distribution, 
and localization during the testicular developmental 
stages (immature vs. mature); and (ii) pioneering 
analysis of testicular PDEs in camels, which represent 
reproductive adaptations that are unique and have 
thus far been totally unexamined in terms of PDE 
biology. Accordingly, we aimed to describe the 
spatiotemporal expression of PDE7A within mouse, 
rat, and camel testes in order to understand its role in 
testicular maturation and spermatogenesis. Overall, 
this comparative developmental approach provides 
innovative insight into the physiological roles of PDE7A 
and highlights potential targets for the management of 
male reproductive pathologies.

Materials and Methods
Study design and area
This experimental study was conducted on a total of 
30 animals of three types of mammals: Albino mice, 
Sprague–Dawley albino rats, and camels (Camelus 
dromedarius). The animals were divided into two age 
groups: immature (4–7 days, 3–8 weeks, and 18–30 
months in mice, rats, and camels, respectively; n = 5) 
and mature (2–6 months for mice and rats, 3–5 years 
in camels; n = 5). From each species, five immature 
and mature testicular samples were obtained. The study 
was carried out between July 2021 and September 2022 
in the physiology laboratory of the faculty of veterinary 
medicine, University of Tripoli, Libya.  
Tissue collection
The testicles of the camel were collected from the 
slaughterhouse and transported to the laboratory in a 
refrigerated box within 3 hours of slaughter. Camel age 
and sexual maturity were assessed using the classical 
criteria of Wahby (1938), which are consistent with 
recent theriogenology reports (Rashad et al., 2022; 
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Ali et al., 2025). Rats and mice were obtained from 
a veterinary faculty animal house, housed with food 
and water provided ad libitum, and euthanized via 
decapitation after ether anesthesia. Testis tissues from 
all species were then isolated and fixed in formalin.
Tissue processing
After dissection, the testes were cut into pieces 
measuring 5 × 5 mm and fixed at 4°C overnight with 
either 10% formalin or Bouin’s fixative solution, 
as determined by the intended use of the analysis. 
Bouin’s solution was used for sections intended for 
histological examination using hematoxylin and eosin 
(H&E) stains since it provides crisp morphological 
detail of the seminiferous epithelium and interstitial 
tissue (Waleed Aziz et al., 2023). Conversely, 
formalin was used with specimens to be processed for 
immunohistochemistry (IHC) for its recommended 
role in Chu et al. (2005).
Bouin’s fixed tissue was initially washed with 10% 
neutral buffered formalin prior to any coloration; 
the yellow coloration could be reduced. All tissues, 
including formalin-fixed tissues, were then dehydrated 
through a graded series of ethanol concentrations (70% 
to absolute) and subsequently embedded in paraffin 
wax (Histoplast, Shandon Scientific Ltd., Pittsburgh, 
USA). Sections of 4–5 µm thickness were prepared 
from Bouin’s fixed tissue blocks and stained with H&E 
following standard protocols (Bancroft and Gamble, 
2008). Tissue sections were evaluated according to 
developmental stage: sections with more than 70% 
of seminiferous tubules containing spermatogonia or 
primary/secondary spermatocytes were classified as 
immature. In contrast, mature sections displayed a full 
spermatogenic cycle, with spermatogonia developing 
into elongating spermatids or spermatozoa in the cauda 
epididymis. Cell types—including spermatogonia, round 
and elongated spermatids—were identified according 
to standardized morphological criteria described in 
testicular histology atlases (Russell et al., 1993).
Immunohistochemistry
The primary antibody used for immunohistochemical 
staining to detect PDE7A proteins was the anti-PDE7A 
mouse monoclonal IgG2a (kappa light chain) (Santa 
Cruz Biotech, Santa Cruz, CA), which is specifically 
suggested for detecting PDE7A1 and PDE7A2 in 
mouse, rat, and human tissues. This antibody does not 
recognize the PDE7A3 isoform; therefore, the findings 
of the present study are restricted to PDE7A1 and 
PDE7A2. The immune specificity of the antibody was 
confirmed earlier by Bloom and Beavo (1996). 
The immunohistochemical analysis (peroxidase enzyme-
conjugated secondary antibody method (indirect 
peroxidase) was carried out according to Butler and 
Heidenreich (2019). Samples were sectioned, using 
a Leica microtome, into 5 μm slices and mounted 
on histological Superfrost® glass slides (Thermo 
Scientific, Menzel-Gläser, Braunschweig, Germany). 
The slides were incubated in an oven (Gallenkamp®, 

England) at 60°C for 60 minutes, then deparaffinized in 
xylene and rehydrated in a graded ethanol series.
Endogenous peroxidase activity was blocked by 
incubating the deparaffinized sections in 3% hydrogen 
peroxide in methanol for 10 minutes. The sections were 
then washed 2× with Phosphate Buffered Saline (PBS), 
and the antigens were retrieved by heating the sections 
for 10 minutes at 95ºC in 0·01 M citrate buffer (pH 6·0) 
in a steam cooker, consistent with established protocols 
(Shi et al., 1997; Ramos-Vara, 2005). Then sections were 
washed in 0.05% Tween 20 (Santa Cruz Biotechnology, 
CA) in PBS, before being incubated for 30 minutes with 
UltraCruz Blocking Reagent (Santa Cruz Biotechnology, 
CA) to minimize non-specific binding. 
Next, the sections were incubated overnight at 4°C 
in the blocking reagent with the diluted primary 
antibody, anti-PDE7A antibody (B-11), and mouse 
monoclonal IgG2a. Primary antibody optimization was 
performed at 1:50 to 1:500 dilutions, according to the 
manufacturer’s guidelines (Santa Cruz Biotechnology), 
with 1:50 providing the optimal balance between strong 
specific staining and minimal background. Following 
incubation with the primary antibody, the sections 
were washed three times with PBS and incubated for 1 
hour with a secondary antibody, mouse IgG2a binding 
protein conjugated to horseradish peroxidase (HRP) 
(m-IgG2aBP-HRP: sc-542731) (Santa Cruz Biotech, 
Santa Cruz, CA), diluted 1:100 in blocking reagent.
The sections were then washed three times in PBS 
and stained with diaminobenzidine (DAB) (0.05%) 
DAB in Tris/HCl, pH 7.6, and 0.03% H2O2 (Santa 
Cruz Biotechnology, CA) until a precipitate formed 
for a maximum of 20 minutes. The stained sections 
were rinsed in PBS and water and counterstained 
for 10 seconds in Mayer’s hematoxylin (Santa Cruz 
Biotechnology, CA). Finally, the sections were washed 
for 10 minutes in running tap water and subsequently 
dehydrated in a graded ethanol series followed by 
xylene and mounted in Depex Mounting Media (Park 
Scientific Limited, Northampton, UK).
Photomicrography and evaluation of IHC slides
Micrographs were captured using a light microscope 
equipped with a digital camera (AMscope MD500, 
Irvine, CA, USA). Immunohistochemical staining 
was assessed independently by two blinded observers. 
The intensity and distribution of PDE7A staining were 
evaluated using a semi-quantitative scoring scale: − (no 
staining), 1+ (mild staining), 2+ (moderate staining), 
and 3+ (strong intense brown staining). To control for 
non-specific staining, (1) the primary antibody was 
replaced with IgGs from the same species at the same 
concentration, and (2) sections were incubated with 
DAB reagent alone to rule out endogenous peroxidase 
activity. To ensure the reliability of our technique, 
mouse and rat testes were used as internal positive 
controls. Previous research reports of PDE7A mRNA 
expression in Leydig cells of these species (Miró et al., 
2001). This pattern of known expression served as the 
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basis for validating the primary antibody. However, 
the monoclonal antibody used has been previously 
validated (Redondo et al., 2012), supporting the 
reliability of the immunohistochemical procedure. 
Ethical approval
The use of testicular tissues for this study was approved 
by a bioethics committee of the Libyan Biotechnology 
Research Center (BEC-BTRC) (permit no. BEC-
BTRC 25-2022).

Results
Histological results
This study examined 30 male individuals from mice, 
rats, and camels. Testes were collected, and histological 
morphology was evaluated at both immature and 
mature stages. Most stained samples exhibited a normal 
histological architecture (Fig. 1). At 400× magnification, 
analysis of immature testes revealed the presence 
of spermatogonia, Sertoli cells, and primary and 
secondary spermatocytes. Figure 1A shows immature 
Sertoli cells arranged in a pseudo-stratified order within 
the seminiferous tubules and actively proliferating 
to enhance the growth of the testis. Some gonocytes 
remained centrally located within the seminiferous 
tubules (Fig.  1C), whereas others had migrated 
toward the basement membrane, differentiating 
into spermatogonia (Fig. 1B). In pubertal testes, 
seminiferous epithelium exhibited the full complement 
of germ cell types (Fig. 1D–F). Testicular growth 
progressed over time, with fully differentiated Leydig 
cells closely associated with enhanced spermatogenic 
activity (Fig.  1F). Collectively, these observations 
indicate that the testicular samples analyzed in this study 
represent two key phases of postnatal development 
across the three examined species. 
Table 1 summarizes the positive findings for PDE7A 
immunoreactivity. The immunohistochemical analysis 
revealed that PDE7A expression was clearest in 
spermatogonial cells and primary spermatocytes in 
prepubertal testis tissues, with lower expression observed 
in the cytoplasm of Leydig cells. Sertoli cells, on the 
other hand, lacked any significant expression (Fig. 2). 
In contrast, in the testis of the pubertal mammalian 
species, Leydig cells, myoid cells, or spermatogonia 
exhibited no appreciable signal, while the area of the 
developing acrosome of spermatids at the onset of 
the maturity stage displayed only modest cytoplasmic 
staining, as shown in the main image and inset (Fig. 3H 
and I). In round and elongating spermatids, the 
cytoplasmic expression was most prominent (Fig. 3). 
However, no immunoreactivity was observed when 
the primary PDE7A antibody was omitted in control 
sections (Fig. 3E, J, and O). PDE7A immunoreactivity 
was detected in the endothelial lining of lymphatic 
vessels, venules, arteries, and veins across all examined 
species (Fig. 4). Notably, consistent immunolabeling 
was also observed in a cross-section of peripheral 
nerve fibers (Fig. 4C).

The general patterns of PDE7A immunoreactivity 
in all testicular cells were similar among all species. 
The intensity of PDE7A was approximately equal 
in all species. PDE7A was strongly expressed in the 
cytoplasm of round and elongated spermatids.

Discussion
This study demonstrates that the PDE7A protein is 
conserved and highly expressed in the testis across 
different mammalian species. Cellular PDE7A staining 
was localized in both germ cells and most interstitial 
cells of the testis before puberty. However, during 
puberty, after undergoing post-meiotic differentiation: 
PDE7A expression is predominantly localized in germ 
cells in mice, rats, and camels. Testicular PDE7A 
protein expression was also demonstrated in the 
endothelial cells lining the blood vessels and peripheral 
nerve fibers surrounded by Schwann cells in the 
testicular interstitium.
To the best of our knowledge, this study represents the 
first comprehensive investigation into the distribution 
of the PDE7A protein within testicular cells across 
different mammalian species. Previous studies have 
partially explored this topic at the mRNA level. Only 
faint PDE7A signals were detected in mouse testes by 
RNase protection assays (Bloom and Beavo, 1996), 
although subsequent PCR-based screening confirmed 
the presence of PDE7A1 in mouse testis (Wang et 
al., 2000). Similarly, PDE7A expression in rat testis 
was verified using in situ hybridization and Reverse 
Transcription (RT)-PCR (Miró et al., 2001), but it 
remained undetectable in human testis using microarray 
analysis (Azevedo et al., 2014). These discrepancies 
likely reflect differences in tissue source, sample 
handling, detection sensitivity, or methodological 
approaches.
The cellular localization of PDE7A in our study was 
consistent with previously reported findings showing 
that mRNA expression was predominantly found 
in the testis, along with cross-species conservation 
validation from bioinformatics (El Osta et al., 2024). 
The expression of PDE7A in human samples has been 
poorly reported in the literature, perhaps because 
the gene is inherently less expressed than in other 
mammals (Cardoso-Moreira et al., 2020), high mRNA 
or protein turnover (Yang et al., 2003), or there may 
be structural alterations to the PDE7A molecule that 
affect the ability of the antibody to bind to the target 
of interest. In addition, the maturation stage in tissues 
and their quality and fixative conditions might limit the 
sensitivity of the immunostaining (Libard et al., 2019).
In the present study, a specific mouse monoclonal 
antibody was employed to detect PDE7A protein. This 
antibody recognizes an epitope located in the C-terminal 
region of PDE7A and is suitable for identifying both 
PDE7A1 and PDE7A2 isoforms in mice, rats, and 
humans. Despite the fact that no tissue is described in 
the scientific publications as a positive control standard 

http://www.openveterinaryjournal.com


http://www.openveterinaryjournal.com 
N. M. El-Osta et al.� Open Veterinary Journal, (2025), Vol. 15(11): 5639-5651�

5643

for PDE7A in the testis, rat and mouse testes were 
used as internal positive controls based on mRNA 
expression data published in the literature, namely in 
Leydig cells (Miró et al., 2001). Our protein staining 
matches this profile. The change in expression between 
pre- and post-pubertal testes not only pinpointed the 
age-related specificity of PDE7A expression but also 
demonstrated the effectiveness and specificity of the 

primary antibody. Moreover, the detected expression 
in peripheral nerve fibers of the testis, although not 
identified before, is anatomically in agreement with the 
function of PDE7A as a regulator of cAMP signaling 
in neurons (Miró et al., 2001; Reyes-Irisarri et al., 
2005), and thus it can be considered as an additional 
indication of its location in the peripheral nervous 
system (PNS). Our findings are further supported by 

Fig. 1. Histological features of prepubertal and pubertal testes stained with H&E. Panels (A & D): mouse; (B & F): rat; (C & 
F): camel. (A–C) Cross-sections of prepubertal testes reveal seminiferous tubules enclosed by a basement membrane and myoid 
cells, lined internally with Sertoli cells, and containing stratified germinal epithelium composed of spermatogonia, spermatocytes, 
and gonocytes. (D–F) Sections of pubertal testes demonstrate more advanced stages of germ cell development. Both round and 
elongated spermatids are arranged along the luminal surface of the seminiferous epithelium, reflecting active spermatogenesis. 
Leydig cells are clearly visible within the interstitial connective tissue surrounding the tubules. At higher resolution, the seminiferous 
epithelium shows characteristic features: spermatogonia with spherical nuclei positioned on the basal membrane; spermatocytes 
have a distinctive chromatin pattern. Young spermatids are distinguished by their modest size, transparent cytoplasm, and spherical 
nuclei. The nuclei of adult spermatids are elongated and primarily located at the apex. The nuclei of Sertoli cells are triangular and 
have large nucleoli. Original magnification: ×400 (scale bar represents 10 μm).
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data from the Human Protein Atlas (proteinatlas.org), 
which consistently highlights the expression of the 
PDE7A protein in testicular cell types such as Leydig 
cells and spermatids (Atlas, 2023; GeneCards, 2023).
The incorporation of camels in this study provides a new 
angle since there is relatively little testicular physiology 
available for dromedaries. The reproductive biology of 
camels is distinct from other species, including seasonal 
breeding, the duration of spermatogenesis cycles, and 
may influence the histological and immunohistochemical 
results we obtained. Previous authors have described 
structural characteristics of dromedary testes, including 
differences in the diameter of the seminiferous tubules, 
the distribution of Leydig cells and developmental 
stages of germ cells (Elzawam et al., 2025), and the 
investigation of PDE7A in camel testis adds further 
knowledge to our understanding regarding the 
significance of PDE7A in camel reproduction, as well 
as providing clarity about PDE7A regulation in other 
mammals. 
According to our IHC tests on immature testis sections, 
the PDE7A protein is found in high expression within 
testicular germline stem cells as well as interstitial 
cells. This pattern of expression is similar to that 
of PDE1 and PDE2 in the germinal cells of rats and 
PDE11A in humans (Dimitriadis et al., 2022). Sasaki 
et al. (2002) reported that PDE7B transcripts were 
abundant in rat spermatocytes. The role that cAMP 
signaling plays within the spermatogenic cycle is to 
regulate the development of germ cells (Wang et al., 
2022). However, the specific functions of the PDE7A 
protein in the prepubertal testis are not well understood.
Present findings showed PDE7A protein expression 
in the peripheral nerve fibers surrounded by 
Schwann cells in the testicular interstitium. This is 
consistent with the presence of PDE5 expression in 
the peripheral nerve fibers, which have been linked 
to modulating signaling pathways that affect nerve 
function and regeneration. It also influences processes 
such as protein synthesis, activation of transcription 
factors, and Schwann cell production of neurotrophic 

factors (Alhamdi et al., 2025). Inhibition of PDE5 has 
been shown to promote nerve healing by stimulating 
neurovascular remodeling and neurite outgrowth, as 
seen in diabetic neuropathy (Wang et al., 2017a,b). 
However, our results demonstrate for the first time the 
presence of PDE7A in the PNS, as it was previously 
known to be present in regions of the central nervous 
system in rodents (Chen et al., 2021), and its role is 
linked to reducing cAMP levels, which is responsible 
for myelination and Schwann cell differentiation 
(Salzer, 2015), suggesting that PDE7A influences 
these processes (Chen et al., 2024). Therefore, further 
research is needed to clarify how PDE7A is expressed 
and functions in Schwann cells.
Cyclic nucleotides play a role in regulating vascular 
tone, mediating cell cycle arrest, and inhibiting 
smooth muscle cell proliferation (Lorigo et al., 
2021). When the adenylyl or guanylyl cyclase is 
activated by some agents; it induces relaxation of 
the contracted smooth muscle cAMP-dependent and 
cGMP-dependent protein kinases, which are targets for 
cAMP and cGMP action, resulting in vasorelaxation 
(Pasmanter et al., 2025). The endothelium maintains 
normal vascular function (Bkaily and Jacques, 2023). 
The second messenger, cAMP, has been shown to 
reduce intracellular Ca2+ concentration in vascular 
smooth muscle cells (VSMCs), affecting relaxation 
and reducing permeability (Lincoln and Cornwell, 
1991; Suzuki, 2025). Our findings highlight PDE7A 
expression in testicular VSMCs, aligning with earlier 
studies reporting PDE7 dominance in aortic smooth 
muscle cells of adult rats (Zhai et al., 2012; Lorigo et 
al., 2021) and human VSMCs (Miró et al., 2000). 
Leydig cell androgenesis is primarily regulated by 
cAMP signaling, with PDEs playing a crucial role 
(Stocco et al., 2005). In Leydig cells, PDE4A, B, and 
D and PDE7A modulate the response to the luteinizing 
hormone receptor (LHR)–cAMP pathway, influencing 
testosterone secretion (Andric et al., 2010). In our study, 
Leydig cells showed clear cytoplasmic immunoreactivity 

Table 1. Testicular anatomical distribution of PDE7A immunoreactivity in mouse, rat, and camel testis.

Mature speciesImmature species
CamelRatMouseCamelRatMouseTissueRegion

(−)(−)(−)3+2+3+Spermatogonia

Seminiferous tubules
(−)(−)(−)(−)(−)(−)Sertoli Cells
(−)(−)(−)3+3+3+Spermatocytes
3+3+3+NFNFNFRSs
3+3+3+NFNFNFESs
(−)(−)(−)3+2+ to 3+3+Leydig Cells

Interstitial tissue
(−)(−)(−)3+2+2+Myoid Cells

RSs, Round Spermatids; ESs, Elongated Spermatids; NF, not found cells; negative (−); mild staining (1+); moderate staining 
(2+); marked staining (3+).
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Fig. 2. Testicular expression pattern of PDE7A in premature mammalian species. Panels A–E represent seminiferous tubules 
from mice, F–J from rats, and K–O from camels. Positive immunoreactivity (indicated by arrowheads) is observed as a brown 
precipitate. (B) Higher magnification of the marked region in (A), illustrating specific staining in spermatogonia (SP), primary 
spermatocytes (P), and gonocytes (g) of mice. Scale bars: 10 µm for (A) and (B). (F) The inset shows a higher magnification of 
the boxed area in (G) to highlight the immunoreactivity in the primary spermatocytes (P), and myoid cells (m) of rats. Scale bars: 
10 µm for main image and inset. (L)The inset shows a higher magnification of the boxed area in (k) to highlight the expression in 
the primary spermatocytes (P), and myoid cells (m), gonocytes (g), and spermatogonia (SP) of camel. Scale bars: 10 µm for main 
image and inset. (D) Higher magnification of the marked region in (C), illustrating specific staining in spermatogonia (SP), primary 
spermatocytes (P), and gonocytes (g), Leydig cells (L), and myoid cells (m) of mice. Scale bars: 10 µm for (C) and (D). (I) The 
inset shows a higher magnification of the boxed area in (H) to highlight the immunoreactivity in the primary spermatocytes (P), and 
Leydig cells of rats. Scale bars: 10 µm main image and inset. (N) Higher magnification of the marked region in (M), illustrating 
specific staining in spermatogonia, primary spermatocytes, and Leydig cells of the camel. Scale bars: 10 µm for (N) and (M). The 
identified cell types include spermatogonia (SP), primary spermatocytes (P), myoid cells (m), and Leydig cells (L). Panels E, J, and 
O serve as negative controls in which the primary PDE7A antibody was omitted. Overall, the distribution of PDE7A is comparable 
among the three species examined. Scale bars: 10 μm at ×400 magnification and 100 μm at ×100 magnification.

http://www.openveterinaryjournal.com


http://www.openveterinaryjournal.com 
N. M. El-Osta et al.� Open Veterinary Journal, (2025), Vol. 15(11): 5639-5651�

5646

Fig. 3. Localization of PDE7A in testes of pubertal mammals. Panels A–E show seminiferous tubules from mice, F–J from rats, 
and K–O from camels. Positive immunoreactivity (marked by arrowheads) appears as a brown precipitate. ES indicates elongated 
spermatids, and Sd indicates round spermatids. Panels E, J, and O serve as negative controls, in which the primary PDE7A antibody 
was omitted. (D) Higher magnification of the marked region in (C), illustrating specific staining in round and elongated spermatids 
of mice. Scale bars: 10 µm for (C) and (D). (I) The inset shows a higher magnification of the boxed area in (H) to highlight the 
immunoreactivity in the area of the developing acrosome of spermatids at the onset of the maturity stage. Scale bars: 10 µm 
for the main image and inset. (N) Higher magnification of the marked region in (M), illustrating specific staining in round and 
elongated spermatids of camel. Scale bars: 10 µm for (N) and (M). All sections were processed using IHC and counterstained with 
Mayer’s hematoxylin. Overall, PDE7A distribution is similar across the three species examined. Panels J and O are shown at ×100 
magnification with a scale bar of 100 μm, while the remaining panels are at ×400 magnification with a scale bar of 10 μm.

http://www.openveterinaryjournal.com


http://www.openveterinaryjournal.com 
N. M. El-Osta et al.� Open Veterinary Journal, (2025), Vol. 15(11): 5639-5651�

5647

in prepubertal testes without postpubertal staining, 
indicating a consistent age dependence.
Several testicular functions depend on the activity of 
cAMP, including Sertoli cell function (Meroni et  al., 
2019), Leydig cell steroidogenesis (Wang et  al., 
2017a,b), germ cell differentiation (Bhattacharya et 
al., 2012; Wang et al., 2022), hormonal regulation 
(An et al., 2023), and growth factor signaling (Kang 
et al., 2022). The high expression of PDE7A that was 
found suggests that there is an active process of cAMP 
degradation going on in the prepubertal testis. However, 
more research needs to be done to fully understand the 
PDE7A regulation of cAMP in testicular development.
This study also demonstrated PDE7A protein in round 
and elongated spermatids across mature species, 
consistent with the finding of PDE1A expression 
(Campolo et al., 2023). This expression, along with 
its previous expression in primary spermatocytes and 
spermatogonia, indicates continued PDE7A activity 
during germ cell differentiation. At the onset of puberty, 
the activated form of CREM (CREMτ) is synthesized 
as a reaction to the stimulation of follicle-stimulating 
hormone and LH. These hormones attach themselves to 
their designated receptors located in Sertoli and Leydig 
cells, stimulating cAMP production and initiating 
transcriptional changes. Spermatids require CREMτ 

to undergo differentiation, which is the pivotal step in 
the process of spermiogenesis (Sánchez-Jasso et al., 
2023). Within this stage, haploid spermatids experience 
extensive reprogramming at the level of genes as well 
as cellular morphology (Meistrich, 1993; Zhang et al., 
2022). In the mid-phase of spermiogenesis: the nucleus 
of the cell elongates, the chromatin condenses, and is 
accompanied by the loss of the nucleosomal scaffold 
together with the silencing of transcription processes 
(Eddy, 1998; O’Donnell, 2014). 
The previously reported expression pattern of PDE7A 
overlaps somewhat with the distribution of other 
testicular PDEs, suggesting that PDE7A is spatially 
and functionally compartmentalized within both germ 
and interstitial cell types in the testis, suggesting that 
PDE7A has unique, but partially shared, functional 
roles with other PDE isoforms. Furthermore, none 
of the investigated types of testicular cells showed 
nuclear or membranous localization, suggesting a very 
cytoplasmic distribution of PDE7A. 
This trend of localization is partially coincident with 
reported distributions of other PDEs in the testis. 
PDE4 isoforms, for example, were found to localize to 
spermatocytes and spermatogonia with cytoplasmic and 
perinuclear localization (Chandrasekaran et al., 2008). 
PDE5 was predominantly reported in the spermatid 

Fig. 4. Positive immunoreaction with PDE7A in endothelial cells and smooth muscle cells of the testicular blood vessels. A and B 
for mice testis; C and D for camels. Sections A and C are rete testis; sections B and D are seminiferous tubules. Lymphatic vessels 
(lv), arterioles (ao), nerve cells (nv), arteries (a), and tunica media (tm) of the artery. Endothelial cells (red arrowheads), smooth 
muscle cells (blue arrows). Panels A, B, and C show a scale bar of 100 μm at ×100 magnification, while Panel D shows a scale bar 
of 10 μm at ×400 magnification.
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cytoplasm (Andersson, 2018; Kaltsas et al., 2025). 
Many cellular functions are regulated by mechanisms 
that control the levels of cyclic nucleotides. Cyclic 
nucleotides also play an important role in spermatozoal 
function, i.e., motility, metabolism, capacitation, 
and the acrosome reaction (Jin and Yang, 2017). The 
requirements for cAMP or cGMP in capacitation and 
the acrosome reaction in vitro varies among species, 
but it seems very likely that the relative amounts of each 
cyclic nucleotide could control these processes (Takei, 
2024). Overall, the enzymatic properties of PDE7A 
are complex and are influenced by multiple factors, 
including its subcellular localization, expression level, 
and regulation by other signaling pathways. Further 
research is needed to fully understand the molecular 
mechanisms underlying PDE7A activity and regulation 
and to identify potential therapeutic targets for 
conditions associated with the dysregulation of PDE7A 
signaling. 

Conclusion
This study provides the first evidence of PDE7A protein 
expression during testicular development postnatally, 
and includes characterization in camel testes. The 
unique expression of PDE7A in post-meiotic germ 
cells are an evolutionarily conserved mechanism that 
enables the fine-tuning of cAMP-mediated signaling 
pathways during spermatocyte development. Changes 
in PDE7A expression levels may disrupt this regulatory 
balance and potentially impede sperm growth, offering a 
scientific explanation for some forms of male infertility 
associated with impaired post-meiotic maturation.
PDE7A may be a promising therapeutic target in 
the clinical setting. Inferences into the variability of 
PDE7A activity may be useful for reproductive health 
as well as other systemic conditions in which PDE7A 
dysregulation is implicated, such as in cancer and 
neurological diseases.

Future Directions
In future studies, it will be important to further describe 
the molecular processes that regulate PDE7A activity 
and the biological role it has in different types of 
testicular cell types, including Leydig cells, vascular 
smooth muscle, and germ cells. Additional studies 
in model systems using targeted methods (i.e., gene 
knockout or knockdown model systems) will be 
needed to determine its biological significance in testis 
development, spermatid maturation, and any relevant 
signaling pathways.

Acknowledgments
We express our gratitude and appreciation to the 
Faculty of Veterinary Medicine, University of Tripoli, 
Department of Physiology, for their laboratory 
cooperation in this study.
Conflict of interest
All authors declare that they have no conflict of interest.

Funding
None.
Author contributions
All authors participated in drafting and revising the 
manuscript, and they consented to assume responsibility 
for all aspects of this study.
Data availability
The majority of the images in which protein expression 
was demonstrated are included in this article.

Reference
Aftanas, L.I., Filimonova, E.A., Anisimenko, M.S., 

Berdyugina, D.A., Rezakova, M.V., Simutkin, 
G.G., Bokhan, N.A., Ivanova, S.A., Danilenko, 
K.V. and Lipina, T.V. 2023. The habenular volume 
and PDE7A allelic polymorphism in major 
depressive disorder: preliminary findings. World. J. 
Biol. Psychiatry. 24(3), 223–232.

Alhamdi, A.A., Mackie, S., Trueman, R.P. and Rayner, 
M.L.D. 2025. Pharmacologically targeting Schwann 
cells to improve regeneration following nerve 
damage Review. Front. Cell. Dev. Biol. 13, 1–13. 

Ali, M.E., Gao, M., Essawi, W.M., Osman, A.Y.M., 
Hussein, M.K., Abdelrahman, M., Al-Saeed, F.A., 
Hussein, H.A., Liu, Y.B. and Mohamed, R.H. 2025. 
Computer-assisted sperm analysis of the epididymal 
spermatozoa in dromedary camels suffering from 
penile and preputial pathological problems. Front. 
Vet. Sci. 12, 1537708.

Al-Saaidi, J. 2013. Reproductive hormonal changes 
during pre- and post-pubertal stages in male wister 
rats.

An, K., Yao, B., Tan, Y., Kang, Y. and Su, J. 2023. 
Potential Role of Anti-Müllerian Hormone in 
Regulating Seasonal Reproduction in Animals: the 
Example of Males. Int. J. Mol. Sci. 24(6), 5874. 

Andersson, K.E. 2018. PDE5 inhibitors - pharmacology 
and clinical applications 20 years after sildenafil 
discovery. Br. J. Pharmacol. 175(13), 2554–2565.

Andric, S.A., Janjic, M.M., Stojkov, N.J. and Kostic, 
T.S. 2010. Sildenafil treatment in vivo stimulates 
Leydig cell steroidogenesis via the cAMP/cGMP 
signaling pathway. Am. J. Physiol. Endocrinol. 
Metab. 299(4), E544–E550.

Atlas, H.P. 2023. PDE7A – Tissue expression summary. 
Available via https://www.proteinatlas.org/
ENSG00000205268-PDE7A/tissue

Azevedo, M.F., Faucz, F.R., Bimpaki, E., Horvath, 
A., Levy, I., De Alexandre, R.B., Ahmad, F., 
Manganiello, V. and Stratakis, C.A. 2014. Clinical 
and molecular genetics of the phosphodiesterases 
(PDEs). Endocr. Rev. 35(2), 195–233.

Bancroft, J.D. and Gamble, M. 2008. Theory and 
practice of histological techniques. Edinburgh, UK:  
Churchill Livingstone, p: 725. 

Bhattacharya, I., Pradhan, B.S., Sarda, K., Gautam, M., 
Basu, S. and Majumdar, S.S. 2012. A switch in Sertoli 
cell responsiveness to FSH may be responsible for 

http://www.openveterinaryjournal.com


http://www.openveterinaryjournal.com 
N. M. El-Osta et al.� Open Veterinary Journal, (2025), Vol. 15(11): 5639-5651�

5649

robust onset of germ cell differentiation during 
prepubartal testicular maturation in rats. Am. J. 
Physiol. Endocrinol. Metab. 303(7), E886–E898.

Bkaily, G. and Jacques, D. 2023. Morphological and 
functional remodeling of vascular endothelium 
in cardiovascular diseases. Int. J. Mol. Sci. 24(3), 
1998.

Bloom, T.J. and Beavo, J.A. 1996. Identification and 
tissue-specific expression of PDE7 phosphodiesterase 
splice variants. Proc. Natl. Acad. Sci. U. S. A. 93(24), 
14188–14192.

Butler, J.L.B. and Heidenreich, B.A. 2019. Comparison 
of indirect peroxidase and avidin-biotin-peroxidase 
complex (ABC) immunohistochemical staining 
procedures for c-fos in rat brain. J. Anat. 234(6), 
936–942.

Calamera, G., Moltzau, L.R., Levy, F.O. and 
Andressen, K.W. 2022. Phosphodiesterases and 
compartmentation of cAMP and cGMP signaling 
in regulation of cardiac contractility in normal and 
failing hearts. Int. J. Mol. Sci. 23(4), 2145.

Campolo, F., Assenza, M.R., Venneri, M.A. and 
Barbagallo, F. 2023. Once upon a testis: the tale of 
cyclic nucleotide phosphodiesterase in testicular 
cancers. Int. J. Mol. Sci. 24(8), 7617. 

Cardoso-Moreira, M., Sarropoulos, I., Velten, B., Mort, 
M., Cooper, D.N., Huber, W. and Kaessmann, H. 
2020. Developmental gene expression differences 
between humans and mammalian models. Cell. 
Rep. 33(4), 108308.

Chandrasekaran, A., Toh, K.Y., Low, S.H., Tay, S.K.H., 
Brenner, S. and Goh, D.L.M. 2008. Identification 
and characterization of novel mouse PDE4D 
isoforms: molecular cloning, subcellular distribution 
and detection of isoform-specific intracellular 
localization signals. Cell Signal. 20(1), 139–153.

Chen, S.C., Chen, Y.H., Song, Y., Zong, S.H., Wu, 
M.X., Wang, W., Wang, H., Zhang, F., Zhou, 
Y.M., Yu, H.Y., Zhang, H.T. and Zhang, F.F. 2024. 
Upregulation of phosphodiesterase 7A contributes 
to concurrent pain and depression via inhibition 
of cAMP-PKA-CREB-BDNF signaling and 
neuroinflammation in the hippocampus of mice. 
Int. J. Neuropsychopharmacol. 27(10), 27.

Chen, Y., Wang, H., Wang, W.Z., Wang, D., Skaggs, K. 
and Zhang, H.T. 2021. Phosphodiesterase 7(PDE7): 
a unique drug target for central nervous system 
diseases. Neuropharmacology 196, 108694.

Chu, W.S., Furusato, B., Wong, K., Sesterhenn, I.A., 
Mostofi, F.K., Wei, M.Q., Zhu, Z., Abbondanzo, 
S.L. and Liang, Q. 2005. Ultrasound-accelerated 
formalin fixation of tissue improves morphology, 
antigen and mRNA preservation. Mod. Pathol. 
18(6), 850–863.

Dimitriadis, F., Kaltsas, A., Zachariou, A., Mamoulakis, 
C., Tsiampali, C., Giannakis, I., Paschopoulos, M., 
Papatsoris, A., Loutradis, D., Tsounapi, P., Takenaka, 
A. and Sofikitis, N. 2022. PDE5 inhibitors and male 

reproduction: is there a place for PDE5 inhibitors in 
infertility clinics or andrology laboratories?. Int. J. 
Urol. 29(12), 1405–1418.

Eddy, E.M. 1998. Regulation of gene expression during 
spermatogenesis. Semin. Cell. Dev. Biol. 9(4), 
451–457.

El Osta, N., El Mabrouk, Z. and Algriany, O. 2024. 
Computational Analyses of Amino Acid Molecules 
in PDE7A for Elucidating their Evolutionary 
Diversity and Protein Interactions in Multiple 
Mammalian Species. AJMAS 7(4), 934–944.

Elzawam, A., Hdud, I., Zurghani, M. and Abousaq, F. 
2025. Testicular morphology and spermatogenesis 
in pubertal dromedary camels during the breeding 
season. Libyan J. Vet. Med. Sci. 6(1), 18–23.

Familari, M., Nääv, A., Erlandsson, L., De Iongh, R.U., 
Isaxon, C., Strandberg, B., Lundh, T., Hansson, S.R. 
and Malmqvist, E. 2019. Exposure of trophoblast 
cells to fine particulate matter air pollution leads 
to growth inhibition, inflammation and ER stress. 
PLos One. 14(7), e0218799.

GeneCards. 2023. PDE7A gene: Phosphodiesterase 
7A. Available via https://www.genecards.org/cgi-
bin/carddisp.pl?gene=PDE7A

Hao, L. and Yu, H. 2017. MiR-23b inhibits cell 
migration and invasion through targeting PDE7A in 
colon cancer cells. Int. J. Clin. Exp. Pathol. 10(9), 
9436–9443.

Jin, S.K. and Yang, W.X. 2017. Factors and pathways 
involved in capacitation: how are they regulated? 
Oncotarget 8(2), 3600–3627.

Kaltsas, A., Dimitriadis, F., Zachariou, A., Sofikitis, 
N. and Chrisofos, M. 2025. Phosphodiesterase 
type 5 inhibitors in male reproduction: molecular 
mechanisms and clinical implications for fertility 
management. Cells 14(2), 120. 

Kang, W., Choi, D., Roh, J., Jung, Y., Ha, Y., 
Yang, S. and Park, T. 2023. The role of cyclic 
adenosine monophosphate (cAMP) in modulating 
glucocorticoid receptor signaling and its 
implications on gucocorticoid-related collagen 
loss. Int. J. Mol. Sci. 24(12), 24.

Kang, W., Park, S., Choi, D., Son, B. and Park, T. 
2022. Activation of cAMP signaling in response 
to α-Phellandrene promotes vascular endothelial 
growth factor levels and proliferation in human 
dermal papilla cells. Int. J. Mol. Sci. 23(16), 8959.

Khan, H., Tiwari, C., Grewal, A.K., Singh, 
T.G., Chauhan, S. and Batiha, G.E.S. 2022. 
Pharmacological modulation of phosphodiesterase-7 
as a novel strategy for neurodegenerative disorders. 
Inflammopharmacology 30(6), 2051–2061. 

Khawar, M.B., Mehmood, R. and Roohi, N. 2019. 
MicroRNAs: recent insights towards their role in 
male infertility and reproductive cancers. Bosn. J. 
Basic Med. Sci. 19(1), 31–42.

Libard, S., Cerjan, D. and Alafuzoff, I. 2019. 
Characteristics of the tissue section that influence 

http://www.openveterinaryjournal.com


http://www.openveterinaryjournal.com 
N. M. El-Osta et al.� Open Veterinary Journal, (2025), Vol. 15(11): 5639-5651�

5650

the staining outcome in immunohistochemistry. 
Histochem. Cell. Biol. 151(1), 91–96.

Lincoln, T.M. and Cornwell, T.L. 1991. Towards an 
understanding of the mechanism of action of cyclic 
AMP and cyclic GMP in smooth muscle relaxation. 
Blood Vessels 28(1-3), 129–137.

Liu, Y. 2022. The mapping between traditional Chinese 
medicine and signaling molecules. Cambridge 
Scholars Publishing.

Liu, Z., Li, A., Ali, T., He, K., Gao, R., He, L., Qiang, 
H., Li, T., Li, N. and Garcia, A.M. 2023. Neuronal 
lack of PDE7a disrupted working memory, spatial 
learning, and memory but facilitated cued fear 
memory in mice. Prog. Neuropsychopharmacol. 
Biol. Psychiatry 120, 110655.

Lorigo, M., Oliveira, N. and Cairrao, E. 2021. PDE-
Mediated cyclic nucleotide compartmentation in 
vascular smooth muscle cells: from basic to a clinical 
perspective. J. Cardiovasc. Dev. Dis. 9(1), 4. 

Meistrich, M.L. 1993. Nuclear morphogenesis during 
spermiogenesis. Molecular biology of the male 
reproductive system, 67–97.

Meroni, S.B., Galardo, M.N., Rindone, G., Gorga, A., 
Riera, M.F. and Cigorraga, S.B. 2019. Molecular 
mechanisms and signaling pathways involved in 
sertoli cell proliferation. Front. Endocrinol. 10, 224.

Miró, X., Casacuberta, J.M., Gutiérrez-López, M.D., 
De Landázuri, M.O. and Puigdomènech, P. 2000. 
Phosphodiesterases 4D and 7A splice variants in 
the response of HUVEC cells to TNF-alpha(1). 
Biochem. Biophys. Res. Commun. 274(2), 415–421.

Miró, X., Pérez-Torres, S., Palacios, J.M., Puigdomènech, 
P. and Mengod, G. 2001. Differential distribution 
of cAMP-specific phosphodiesterase 7A mRNA 
in rat brain and peripheral organs. Synapse 40(3), 
201–214.

O’Donnell, L. 2014. Mechanisms of spermiogenesis 
and spermiation and how they are disturbed. 
Spermatogenesis 4(2), e979623.

Park, J.Y., Richard, F., Chun, S.Y., Park, J.H., Law, 
E., Horner, K., Jin, S.L. and Conti, M. 2003. 
Phosphodiesterase regulation is critical for the 
differentiation and pattern of gene expression 
in granulosa cells of the ovarian follicle. Mol. 
Endocrinol. 17(6), 1117 -1130. 

Pasmanter, N., Iheanacho, F. and Hashmi, M.F. 2025. 
Biochemistry, cyclic GMP.Treasure Island, FL:  
StatPearls Publishing LLC. 

Plant, T.M. 2015. Neuroendocrine control of the onset 
of puberty. Front. Neuroendocrinol. 38, 73–88.

Ramos-Vara, J.A. 2005. Technical Aspects of 
Immunohistochemistry. Vet. Pathol. 42(4), 405–426.

Rashad, D., Kandiel, M., Elkhawagah, A., Mahmoud, 
K., Ahmed, Y., Abou-El-Roos, M. and Sosa, G. 
2022. Epididymal based changes in spermatozoa of 
dromedary camels. J. Camel. Pract. Res. 29, 237–244.

Redondo, M., Palomo, V., Brea, J., Pérez, D.I., Martín-
Álvarez, R., Pérez, C., Paúl-Fernández, N., Conde, 

S., Cadavid, M.I., Loza, M.I., Mengod, G., Martínez, 
A., Gil, C. and Campillo, N.E. 2012. Identification 
in silico and experimental validation of novel 
phosphodiesterase 7 inhibitors with efficacy in 
experimental autoimmune encephalomyelitis mice. 
ACS. Chem. Neurosci. 3, 793–803.

Reyes-Irisarri, E., Pérez-Torres, S. and Mengod, G. 
2005. Neuronal expression of cAMP-specific 
phosphodiesterase 7B mRNA in the rat brain. 
Neuroscience 132(4), 1173–1185.

Robertson, S.M., Edwards, S.H., Doran, G.S. and Friend, 
M.A. 2021. Maternal caffeine administration to 
ewes does not affect perinatal lamb survival. Anim. 
Reprod. Sci. 231, 106799.

Russell, L.D., Ettlin, R.A., Hikim, A.P.S. and Clegg, 
E.D. 1993. Histological and histopathological 
evaluation of the testis. Int. J. Androl. 16(1), 83.

Salzer, J.L. 2015. Schwann cell myelination. Cold 
Spring Harbor Perspect. Biol. 7(8), 20529.

Sánchez-Jasso, D.E., López-Guzmán, S.F., Bermúdez-
Cruz, R.M. and Oviedo, N. 2023. Novel aspects of 
cAMP-response element modulator (CREM) role 
in spermatogenesis and male fertility. Int. J. Mol. 
Sci. 24(16), 12558.

Sasaki, T., Kotera, J. and Omori, K. 2002. Novel 
alternative splice variants of rat phosphodiesterase 
7B showing unique tissue-specific expression and 
phosphorylation. Biochem. J. 361(Pt 2), 211–220.

Schröder, S., Wenzel, B., Deuther-Conrad, W., 
Scheunemann, M. and Brust, P. 2016. Novel 
radioligands for cyclic nucleotide phosphodiesterase 
imaging with positron emission tomography: an 
update on developments since 2012. Molecules 
21(5), 650.

Sherstnev, I., Judina, A., Luciani, G.B., Ghigo, A., 
Hirsch, E. and Gorelik, J. 2025. Role of PDE4 
family in cardiomyocyte physiology and heart 
failure. Cells 14(6), 460. 

Shi, R., Cote, R. and Taylor, C. 1997. Antigen retrieval 
immunohistochemistry: past, present, and future. J. 
Histochem. Cytochem. 45, 327–343.

Stocco, D.M., Wang, X., Jo, Y. and Manna, P.R. 
2005. Multiple signaling pathways regulating 
steroidogenesis and steroidogenic acute regulatory 
protein expression: more complicated than we 
thought. Mol. Endocrinol. 19(11), 2647–2659.

Suzuki, Y. 2025. Ca2+ microdomains in vascular smooth 
muscle cells: roles in vascular tone regulation and 
hypertension. J. Pharmacol. Sci. 158(1), 59–67.

Szczypka, M. 2020. Role of phosphodiesterase 7 
(PDE7) in T cell activity. Effects of selective PDE7 
inhibitors and dual PDE4/7 inhibitors on T cell 
functions. Int. J. Mol. Sci. 21(17), 6118. 

Takei, G.L. 2024. Molecular mechanisms of mammalian 
sperm capacitation, and its regulation by sodium-
dependent secondary active transporters. Repr. 
Med. Biol. 23(1), e12614.

http://www.openveterinaryjournal.com


http://www.openveterinaryjournal.com 
N. M. El-Osta et al.� Open Veterinary Journal, (2025), Vol. 15(11): 5639-5651�

5651

Wahby, A.M. 1938. Veterinary hygiene, genetics and 
dietetics. Cairo: Imp. Revue Medical.

Waleed Aziz, Z., Ghassan Saeed, M. and Turath 
Tawfeeq, K. 2023. Formalin versus Bouin solution 
for rat testicular tissue fixation: a histochemical 
and immunohistochemical evaluation. Int. J. Med. 
Toxicol. Forensic. Med. 13, 40267.

Wang, J.M., Li, Z.F., Yang, W.X. and Tan, F.Q. 2022. 
Follicle-stimulating hormone signaling in Sertoli 
cells: a licence to the early stages of spermatogenesis. 
Reprod. Biol. Endocrinol. 20(1), 97.

Wang, L., Chopp, M. and Zhang, Z. 2017. PDE5 
inhibitors promote recovery of peripheral 
neuropathy in diabetic mice. Neural Regen. Res. 
12(2), 218–219.

Wang, P., Wu, P., Egan, R.W. and Billah, M.M. 2000. 
Cloning, Characterization, and Tissue Distribution 
of Mouse Phosphodiesterase 7A1. Biochem. 
Biophys. Res. Commun. 276(3), 1271–1277.

Wang, Y., Chen, F., Ye, L., Zirkin, B. and Chen, H. 
2017. Steroidogenesis in Leydig cells: effects of 
aging and environmental factors. Reproduction 
154(4), R111–r122.

Yamamoto, C., Takahashi, F., Ooe, Y., Shirahata, H., 
Shibata, A. and Kasahara, M. 2021. Distribution of 
adenylyl cyclase/cAMP phosphodiesterase gene, 
CAPE, in streptophytes reproducing via motile 
sperm. Sci. Rep. 11(1), 10054.

Yang, E., Van Nimwegen, E., Zavolan, M., Rajewsky, 
N., Schroeder, M., Magnasco, M. and Darnell, J.E. 
2003. Decay rates of human mRNAs: correlation 
with functional characteristics and sequence 
attributes. Genome Res. 13(8), 1863–1872.

Zhai, K., Hubert, F., Nicolas, V., Ji, G., Fischmeister, R. 
and Leblais, V. 2012. Β-Adrenergic cAMP signals 
are predominantly regulated by phosphodiesterase 
type 4 in cultured adult rat aortic smooth muscle 
cells. PLos One 7(10), e47826.

Zhang, S., Tao, W., Han, J. and -D. 2022. 3D chromatin 
structure changes during spermatogenesis and 
oogenesis. CSBJ 20, 2434–2441.

Zuo, H., Cattani-Cavalieri, I., Musheshe, N., Nikolaev, 
V.O. and Schmidt, M. 2019. Phosphodiesterases 
as therapeutic targets for respiratory diseases. 
Pharmacol. Ther. 197, 225–242.

http://www.openveterinaryjournal.com

