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Simple Summary: Reproduction is a pivotal physiological process in various biological organisms.
As the zebrafish has been suggested as a model for the study of numerous aspects of ovarian devel-
opment, this research aimed to pinpoint the cellular and microenvironmental changes of the ovary
in zebrafish during the spawning season, in addition to providing information on the ovarian ex-
pression of Sox9 and myostatin. Various stages of oogenesis were described. Furthermore, im-
munohistochemical analysis revealed SOX9 and myostatin expression in primary and pre-vitello-
genic oocytes and the theca cell layers. Moreover, a wide diversity of cells was detected in the ovar-
ian stroma. Collectively, the findings of this study support the importance of the zebrafish ovary as a
model for follicular development studies.

Abstract: This study sought to examine the ovarian cellular and stromal components of the
zebrafish (Danio rerio) throughout the spawning season using light and electron microscopic tools.
The ovaries of zebrafish showed oocytes in all stages of follicular development and degeneration
(atresia). Six stages of oogenesis were demonstrated: oogonia, early oocytes, late oocytes, vacuolated
follicles, the yolk globule stage (vitellogenesis), and mature follicles. The SOX9 protein was ex-
pressed in the ooplasm of the primary and previtellogenic oocytes and the theca cell layer of the
mature follicles. Myostatin was expressed in the granulosa and theca cells. Many stem cells in the
ovarian stroma expressed myostatin and SOX9. During the spawning season, the EM results indi-
cated that the zona radiata increased in thickness and was crossed perpendicularly by pore canals
that contained processes from both oocytes and zona granulosa. The granulosa cells contained
many mitochondria, rER, sER, and vesicles. Meanwhile, the thecal layer consisted of fibroblast-like
cells. Atretic follicles could be demonstrated that involved both oocytes and their follicular walls.
Several types of cells were distinguished in the ovarian stroma, including mast cells, telocytes, lym-
phocytes, fibroblasts, endocrine cells, macrophages, adipocytes, dendritic cells, and steroidogenic
(stromal) cells. The ovary of the zebrafish serves as a model to investigate follicular development.
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1. Introduction

Reproduction is a pivotal physiological process in various biological organisms. Mul-
ticellular systems use gametes, which emanate from the primordial germ cells during em-
bryogenesis for their reproduction. In the vertebrates” ovary, each follicle encompasses
three major cellular elements: oocytes, inner granulosa cells, and outer theca cells. The
ovarian follicles of fish display a single layer of granulosa and theca cells, in contrast to
mammalian ovarian follicles, which are composed of numerous layers of follicular cells
[1].

The zebrafish (Danio rerio) has become a prestigious model for the study of vertebrate
development and physiology over the past few decades [2]. Numerous aspects of ovarian
development may be studied using the zebrafish as a model [3,4]. The fully sequenced
genome, tiny size, resistance, and ease of genome modification of the zebrafish are its most
favorable traits. The zebrafish may also be made to breed artificially or naturally all year
long in a lab setting [5]. They have an unusual and extensive spawning strategy, where
the fish prefer to spawn in social environments. Moreover, zebrafish are known to spawn
multiple times over the course of several days. The female releases her eggs after fertili-
zation, which float in the water in the form of clusters [6]. The reproductive cycle of the
zebrafish is not very long. Depending on environmental factors such as temperature, the
eggs hatch in approximately 48-72 h post-fertilization [7]; thus, they are a significant
model organism for scientific studies because of their short reproductive cycle [8]. The age
and size of the female, the habitat, and genetics are some of the variables that can affect
the number of spawned eggs per batch and the zebrafish fecundity estimate. When
zebrafish spawn, a single female can deposit a significant quantity of eggs. It is believed
that zebrafish have a high fecundity rate [9,10]. Over the course of several spawning
events over a week, a single female can generate several hundred to over a thousand eggs
[11].

One of the crucial transcription factors in the development of various tissues and
organs, including sex determination and chondrogenesis, is the SRY-box-containing gene
9 (SOX9 gene). SOX9 is a member of the SOX gene family. Up to this point, fish, birds,
reptiles, amphibians, nematodes, and insects have all been found to include members of
this family [12]. In the testes and ovaries, SOX9 is upregulated and downregulated, re-
spectively, during gonad differentiation. The significance of SOX9 in the male develop-
mental route is suggested by this expression pattern and the male sex reversal observed
in SOX9-deficient individuals, although its role in sex differentiation is yet unknown [13].
Two SOX9 genes, SOX9a and SOX9b, have been found in zebrafish. Both are expressed in
chondrogenic tissues. SOX9 is localized in the ovary, while SOX9a is expressed in the
testis of the zebrafish gonad. These findings indicate that whereas SOX9 expression in the
gonad appears to be slightly diverse in fish species, it is conserved in the chondrogenic
tissues of vertebrates [13].

Myostatin or growth differentiation factor-8 (GDF-8) is a protein that belongs to the
superfamily of transforming growth factor (3 (TGF-[3) and was first identified as a negative
regulator of skeletal muscle growth [14]. Myostatin has been implicated in the regulation
of adipocyte and cardiomyocyte function, in addition to the skeletal muscles [15]. Notably,
recent studies have examined the expression of myostatin and its putative functions in
several reproductive tissues, such as the uterus, ovary, and placenta. The modulation of
follicular growth, granule cell proliferation, ovarian steroidogenesis, and regulation of oo-
cyte maturation proposed to be enabled by myostatin show how important myostatin is
for human reproduction and fertility [16]. Therefore, this study aimed to provide details
on the ovarian expression and potential intraovarian function of SOX9 and myostatin.
Concurrently, the cellular and microenvironmental changes in the ovary in zebrafish dur-
ing the spawning season were investigated.
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2. Materials and Methods

This study was performed according to Egyptian laws and university guidelines for
animal care. All procedures were approved by the National Ethical Committee of the Fac-
ulty of Veterinary Medicine, Sohag University, Egypt, under Ethical No.
Soh.aun.vet/00040

2.1. Sample Collection

Healthy mature adult female specimens of zebrafish (n = 8), aged 4-5 months, that
were randomly selected and measured 2.5 + 0.5 cm in standard length were used in this
study. As previously reported, zebrafish reach sexual maturity at the age of 34 months,
with the standard length reaching 20-30 mm [17,18]. The fish were collected in November
2021 from the Laboratory of Developmental Biology, Graduate School of Integrated Sci-
ence of Life, Hiroshima University, Japan, where the fish were monitored from the time
of hatching till reaching the age of 4-5 months. Following anesthesia using isoflurane (095-
06573, FUJIFILM Wako Pure Chemical Corporation, Osaka, Japan), a longitudinal incision
was made on the abdominal wall of the fish, and the ovaries were dissected and fixed for
further examination.

2.2. Histological Analysis

The ovaries of zebrafish were immediately dissected and were directly immersed in
Bouin’s fixative fluid for 22 h. After proper fixation, the ovaries were processed for histo-
logical examination. Briefly, the specimens were dehydrated with ethanol and cleared in
99% methyl benzoate, and, finally, they were embedded in paraffin wax. Then, 5-um-thick
transverse sections were obtained and stained with Sirus red (Product No. 365548, Sigma-
Aldrich, Madrid, Spain) [19].

2.3. Immunohistochemical Detection

Immunohistochemistry was carried out on paraffin sections of zebrafish ovary (5 um
thick) using the Pierce Peroxidase Detection Kit (36000, Thermo Fisher Scientific, Wal-
tham, MA, US). Briefly, the sections were dewaxed with xylene, rehydrated in ascending
grades of ethanol, and washed with distilled water. The sections were heated in a sodium
citrate buffer (0.01 M, pH 6.0) for 15 min to increase epitope exposure. After cooling at
room temperature for 30 min, the sections were then washed with wash buffer (Tris-buff-
ered saline “TBS” with 0.05% Tween-20 Detergent). To suppress the endogenous peroxi-
dase activity, sections were then incubated in a peroxidase inhibitor for 30 min. Following
this, the sections were blocked using a Universal Blocker™ blocking buffer (36000,
Thermo Fisher Scientific, Waltham, MA, US) in TBS after being washed with a wash
buffer. Overnight incubation (4 °C) of the tissue sections was performed with the primary
antibodies (1:100) against SRY-Box transcription factor 9 (SOX9) (AB5535, Sigma-Aldrich,
Madrid, Spain) or myostatin (AB3239, Sigma-Aldrich, Madrid, Spain). Ovarian tissue, in
which the SOX9 primary antibody was omitted and replaced with a buffer, served as a
negative control (Figure S1). After incubation with primary antibodies, sections were in-
cubated with goat anti-rabbit IgG (65-6140, Invitrogen, Waltham, MA, US) secondary an-
tibodies at a dilution of 1:1000 at room temperature for 30 min after being washed with
wash buffer. The tissues were then treated for 30 min with diluted (1:500) Avidin-HRP
(43-4423, Invitrogen, Waltham, MA, US) in Universal Blocker blocking solution after the
sections had been rinsed with a wash buffer. After this, the tissues were rinsed again with
a wash buffer, and the desired staining was achieved by incubating them with 1X metal-
enhanced DAB substrate working solution (36000, Thermo Fisher Scientific, Waltham,
MA, US). Following this, the sections were washed with a wash buffer again and were
counterstained with Harris-modified Hematoxylin (36000, Thermo Fisher Scientific, Wal-
tham, MA, US) before applying the mounting media (36000, Thermo Fisher Scientific,
Waltham, MA, US).
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2.4. Semithin Sections and Transmission Electron Microscopy (TEM)

Small specimens from the ovaries were fixed overnight in a solution of 2.5% para-
formaldehyde—glutaraldehyde [20]. After fixing, the samples were washed in phosphate
buffer (0.1 Mol/L) and osmicated with 1% osmium tetroxide in sodium—cacodylate buffer
(0.1 Mol/L, pH 7.3). Dehydration was performed with ethanol and propylene oxide, fol-
lowed by Araldite. Toluidine blue was used to stain semithin sections that were 1 pum
thick for evaluation under a light microscope. Ultrotom-VRYV (LKB, Bromma, Sveden) was
also used to cut ultrathin sections (70 nm thick), which were then stained with uranyl
acetate and lead citrate [21]. An electron microscope, model JEOL-100CX II, was used to
capture TEM images.

2.5. Digitally Colored TEM Images

Digital coloring was performed on the TEM images to enhance the visual contrast
between different structures. Various elements within the same electron micrograph were
carefully hand-colored using the Adobe Photoshop software version 6.

2.6. Morphometrical Analysis

Morphometrical analysis including the number and diameter (um) of the different
stages of developing follicles in the zebrafish ovary was carried out using images of Sirus-
red-stained paraffin sections (3 images, 100x objective, per animal). Using the Image J (v.
1.52t) processing software, the measurements were examined by two blinded researchers
and stated as mean + SEM.

3. Results
3.1. Histological Analysis
3.1.1. Follicular Development

The ovaries of zebrafish showed oocytes in all stages of follicular development and
degeneration (atresia) (Figure 1A). The oogenesis included oogonia proliferation by mito-
sis and oocyte development. Six stages were observed in zebrafish based on morphologi-
cal changes in the size, ooplasm, nucleus, and egg membranes of the developing follicles.

Stage 1—Oogonia: They were gathered in groups or nests under the germinal epithe-
lium, and they were the smallest cells of the germinative lineage. They were small, spher-
ical cells with a large nucleus. A thin film of yellow-stained ooplasm surrounding the nu-
cleus was observed by Sirus red staining. All ovaries of developing and mature females
had several patches of oogonia (Figure 1A). Oogonia were divided by mitosis to give the
early oocytes. During the spawning season, their number reached 10 + 1, and their diam-
eter was 41.26 £ 10.9 pm.

Stage 2—Early Oocytes (Chromatin Nucleolus Stage): These oocytes were found neigh-
boring oogonia (Figure 1A). The transformation of oogonia to oocytes involved an expan-
sion in the size of the cell and nucleus. The number of nucleoli increased, they were dis-
persed across the nucleoplasm, and the ooplasm was reduced and deeply basophilic (Fig-
ure 2A-C). Their number and diameter were 11.6 + 0.57 and 67.3 + 6.62 um, respectively.

Stage 3—Late Oocytes (Perinucleolar Stage): The oocytes increased progressively in di-
ameter to 111.7 + 3.9 um and their number was 4.6 + 0.57 (Figure 1B). The number of nu-
cleoli increased, and they were located in the peripheral part of the nucleus. Oocytes were
surrounded by a layer of squamous follicular epithelium (Figure 2B, C).

Stage 4—Vacuolated Follicles (Yolk Vesicle or Cortical Alveolar Stage): The nucleoplasm
attained red granules with Sirus red stain (Figure 1B) and the nucleus increased in size to
become the germinal vesicle (Figure 2A). Perinucleolar and yolk vesicle oocytes displayed
many nucleoli that decreased in the yolk globule and mature oocytes. The ooplasm con-
tained many small yolk vesicles, which were peripherally arranged, later became cortical
alveoli, and took part in the formation of the perivitelline space. A few small cytoplasmic
yolk granules could be detected around the nucleus. Zona radiata (oolemma) began to
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appear, which had the form an acellular thin hyaline membrane. The follicular layer was
composed of cuboidal cells (Figure 2A). The oocytes increased both in number and in di-
ameter. Their number and diameter reached 2 + 0.8 and 149.3 + 15.2 um, respectively.

Stage 5—Yolk Globule Stage (Vitellogenesis): The oocytes increased in diameter to 271.4
+ 35 um, and their number was 1.8 + 0.8. In addition, the yolk vesicles increased in size in
this stage. The yolk granules (protein) coalesced into large yolk globules. Numerous
rounded yolk globules (platelets) could be observed near the center of the oocyte and ex-
tended centrifugally until only a thin peripheral shell of cytoplasm remained (Figure 1C).
Numerous fat vacuoles were distributed throughout the ooplasm. The cortical alveoli
were represented by small vesicles located close to the oocyte periphery. The zona radiata
and the follicular epithelium (granulosa) were thick (Figure 2D).

Figure 1. Histological structure of the ovary of zebrafish stained by Sirus red. (A) Oogonia (white
arrowheads) and chromatin nucleolus stage (black arrowheads). (B) Perinucleolar stage (white ar-
rowheads) and vacuolated follicles (black arrowheads). Note that the nucleoplasm attained red
granules with Sirus red stain. (C) Yolk globule stage (white arrowhead). (D) Mature stage (white
arrowheads).

Stage 6—Mature Follicles: Mature follicles were characterized by the presence of many
empty large vacuoles toward the oocyte periphery and the yolk globules increased in size.
The nucleus (germinal vesicle) gradually disappeared, which usually occurs at the end of
vitellogenesis (Figure 1D). The yolk globules consisted mainly of lipoprotein with a small
proportion of carbohydrates and displayed strong reactivity to the Sirus red stain (Figure
1D). The protein yolk globules coalesced as the germinal vesicle broke down, and the
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oocytes rapidly increased in diameter to reach 444.5 + 59.5 um; then, the oocyte ovulated
into the ovarian lumen and became a mature ovum. Upon completion of this phase, the
nucleus was not visible in the maturation stage due to the disintegration of the nuclear
membrane and dispersion of its content in the cytoplasm. In addition, the follicular layers
became extremely well developed, consisting of zona radiata that attained their maximal
thickness and were surrounded by cuboidal granulosa and theca cells. An outer layer of
collagenous connective tissue and an inner layer of theca cells made up the theca folliculi
(Figure 2E, F). The number of mature oocytes reached 3 + 2.6.

Figure 2. Semithin sections stained by toluidine blue show follicular development. (A) Early oocytes
with many nucleoli (black arrowhead) and vacuolated follicles (white arrowheads). (B) Early oo-
cytes (black arrowhead) and late oocytes (white arrowhead). (C) Late oocyte with flat follicular ep-
ithelium (white arrowhead). Note the early oocyte (black arrowhead). (D) Yolk globule stage (black
arrowhead). (E, F) Mature follicle (white arrowhead). Note zona radiata (black arrowhead) and
theca folliculi (asterisk).

3.1.2. Atretic Follicles
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Atretic follicles result from the degeneration of an oocyte and its resorption by phag-
ocytosis. The atretic follicular cells enlarged and phagocytized the oocytes, which did not
spawn, and the connective tissue surrounding the follicle thickened. The follicles were
contracted and folded (Figure 3A). Their diameters were too variable to be measured since
they were irregular structures that could be demonstrated at any time during the matura-
tion of the oocyte. The degradation and regression of yolk granules in the peripheral oo-
plasm with the hypertrophy of follicle cells were demonstrated. In the last stage of atresia,
the ooplasm contained vacuoles and numerous small masses of unclear nature that gave
a structure that resembled the corpora atretica. Moreover, the follicles decreased in size
and the yolk was completely reabsorbed, while the zona radiata and follicular cells were
completely digested (Figure 3B).

Figure 3. Semithin sections stained by toluidine blue show the atretic follicles and stroma. (A)
Atretic follicle with irregular membrane (white arrowhead). (B) Advanced atretic follicle (white ar-
rowhead). Note that the yolk is completely reabsorbed, while the zona radiata and follicular cells
are completely digested. (C, D) The stroma contained fibroblasts (white arrowheads). (E) The
stroma contained mast cells (white arrowheads) and telocytes (black arrowhead). (F) The stroma
contained fat cells (black arrowheads), macrophages (white arrowhead), and stromal cells (asterisk).
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During spawning, the stroma was extremely pressed due to the enlargement of the
ova and the ovarian lamellae were thick and completely obliterated the ovaries (Figures
1C, D and 2A, B). The stroma contained various types of cells, including fibroblasts (Figure
3C, D), telocytes, mast cells (Figure 3E), fat cells, stromal cells, macrophages, and other
immune cells (Figure 3F).

3.2. Immunohistochemistry

The SOX9 protein was expressed in the ooplasm of primary and pre-vitellogenic oo-
cytes (Figure 4A, B) and the theca cell layer, which surrounded the mature follicles (Figure
4C, D). Many stem cells in the ovarian stroma expressed SOX9 (Figure 4E, F). Myostatin
was expressed in theca and granulosa cells (Figure 5A-C). The stem cells in the ovarian
stroma showed immunoreactivity to myostatin (Figure 5D).

Figure 4. Inmunohistochemistry of SOX9. (A, B) SOX9 was localized in the ooplasm of primary and
pre-vitellogenic oocytes (white arrowheads). (C, D) SOX9 was expressed in the theca interna cell
layer, which surrounded the mature follicles (white arrowhead, boxed areas). (E, F) Many stem cells
(arrowheads, boxed areas) in the ovarian stroma expressed SOX9.
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Figure 5. Inmunohistochemistry of myostatin. (A—C) Myostatin was expressed in granulosa and
theca cells of mature follicles (arrowheads). (D) Many stem cells (arrowhead, boxed area) in the
ovarian stroma expressed myostatin.

3.3. Transmission Electron Microscopy (TEM)

In the outer ooplasm of the mature follicles, lipid droplets and yolk globules could
be distinguished (Figure 6A). The zona radiata appeared electron-dense and compact (Fig-
ure 6A, B). With the advancement of development, the zona radiata increased in thickness
and was crossed perpendicularly by pore canals that contained processes from oocytes
and zona granulosa (Figure 6C). Two cell layers, an outer thecal layer, and an inner gran-
ulosa layer, were present in the mature ovarian follicles and were separated by a basement
membrane (Figure 6D). During development, the granulosa layer changed from squa-
mous to cuboidal cells. The cytoplasm of these cells contained many mitochondria, rER,
sER, and vesicles. The thecal layer consisted of fibroblast-like cells, blood capillaries, and
some collagen fibers (Figure 6D). In addition, telocytes (TCs) with a cell body comprising
a spindle euchromatic nucleus and cell processes (telopodes) could be distinguished in
the thecal layer. The telopodes contained many secretory vesicles (Figure 6C). Macro-
phages with heterogeneous cytoplasmic content (Figure 6D) and lymphocytes, which had
a high nuclear to cytoplasmic ratio and heterochromatic nucleus, were seen in the ovarian
stroma (Figure 6C).
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Figure 6. Digital colored TEM images of the mature ovarian follicles of zebrafish. (A) Fat droplets
(FD) and yolk globules (YG) are found in the outer ooplasm of the mature follicles. Note the pro-
cesses (arrowheads) of the granulosa cells (G, pink) that penetrated the zona radiata (ZR). Theca
cells (ThC, violet) are embedded in the collagen network (asterisk). (B) Higher magnification shows
blood capillaries (BC, red) in the thecal layer. Note the granulosa (G, pink) that contained sER and
zona radiata (ZR). (C) The zona radiata (ZR) was traversed perpendicularly by pore canals (black
arrowhead) containing processes from both oocytes (blue) and zona granulosa (G, pink, white ar-
rowhead). The oocytes contained fat droplets (FD) and yolk globules (YG). Note the presence of
telocytes (TC) and telopodes (Tp) between the thecal layers (ThC). Lymphocytes (L, red) were found
in the ovarian stoma. (D) The granulosa layer (G, pink) contained many mitochondria (M). Note the
processes (white arrowhead) of the granulosa layer that penetrated the zona radiata (ZR). Large
macrophages (red, black arrowhead) could be seen neighboring the thecal layer (ThC, violet).

The stroma of the ovary contained many steroid interstitial stromal cells that were
distinguished by the presence of sER, mitochondria, and many lipid droplets (Figure 7A).
Dendritic cells could also be seen in the ovarian stroma in association with the blood ves-
sels or near macrophages. These cells displayed fine dendritic processes and indented nu-
clei (Figure 7B, C). Monocytes with a kidney-shaped eccentric nucleus and cytoplasm dis-
playing many vacuoles were observed in close contact with blood vessels (Figure 7D).
Stem cells were noticed in the stroma that showed dividing nuclei (Figure 7C) and a high
nuclear to cytoplasmic ratio (Figure 7D).
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Figure 7. Digital colored TEM images of the ovarian stroma. (A) Two steroid interstitial stromal cells
(S, red) contained sER, mitochondria (M), and many lipid droplets (L). (B) Dendritic cells (D, pink)
could also be seen in the ovarian stroma in association with macrophages (M, violet) that contained
heterogeneous materials (arrowhead). (C) Dendritic cells (D, pink) were distributed around the
blood vessels (BV). Note the presence of stem cells (arrowhead, blue) with dividing nuclei. (D) Mon-
ocytes (black arrowhead) were in close contact with blood vessels (BV). Stem cells (white arrow-
head, blue) were observed in the stroma.

Furthermore, the ovarian stroma of the zebrafish contained fat cells that were char-
acterized by the presence of many fat droplets in their cytoplasm (Figure 8A, B). Telocytes
(TC) with telopodes contained secretory vesicles extended around the blood capillaries
and contacted adjacent fibroblasts (Figure 8C). Many endocrine cells were determined in
close contact with the blood vessels that were identified by the presence of mitochondria
and electron-dense granules (Figure 8D).
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Figure 8. Digital colored TEM images of the ovarian stroma. (A, B) Low and higher magnifications
show the fat cells (pink, arrowhead) and macrophages (violet, M) in association with blood vessels
(BV, red). (C) Telocytes (TC, blue) with telopodes (Tp) contained secretory vesicles extended around
the blood capillaries (BC) and contacted adjacent fibroblasts (F, red). (D) Higher magnification of
the boxed area in (C) shows many endocrine cells (violet) with electron-dense granules (arrow-
heads) in close contact with the blood vessels (BV).

4. Discussion

The ovaries of zebrafish show oocytes at all phases of development and degeneration
(atresia). This also occurs in cyprinids, tilapia, and other teleosts due to multiple spawn-
ing, which is indicated by the occurrence of asynchronous oocyte development. Ovulation
and spawning can happen almost simultaneously in some fish, while, in others, such as
the Salmonidae family, the ovulated eggs are kept in the peritoneal cavity and spawning
occurs later [22].

The early oocyte differentiation and ovarian development in the zebrafish have not
yet been fully utilized. In the present study, based on morphological and structural crite-
ria, the ovaries of the zebrafish D. rerio showed oocytes at all phases of development and
degeneration (atresia). Six stages of oogenesis were identified as follows: oogonia, early
oocytes, late oocytes, vacuolated follicles, the yolk globule stage (vitellogenesis), and ma-
ture follicles. However, the stages of oocyte development in the zebrafish are divided into
five stages: the primary growth stage (I), which includes two morphological forms, IA and
IB; the cortical alveolus stage (II); vitellogenesis (III); oocyte maturation (IV); and mature
eggs (V) [1]. Stages IA and IB are morphologically analogous to the oogonia, and early
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oocytes described in the current study. On the other hand, the primary growth, cortical
alveolus, vitellogenic, and mature oocyte stages were identified as the four stages of
zebrafish (D. rerio) oocyte development [23].

The yolk globule stage is considered the most crucial stage of oocyte development as
vitellogenesis occurs during this stage, resulting in the comprehensive growth of oocytes
mainly by the rapid integration of high levels of exogenous vitellogenin produced from
the liver [24]. Some authors have reported that the growing ovarian follicles produce ster-
oid hormones (estradiol). Through blood arteries that supply the theca cell layer, this ster-
oid leaves the follicle and travels to the liver, where it induces the manufacturing of vitel-
logenin. Vitellogenin is transported through the bloodstream to the ovary, where it is ab-
sorbed by the egg and deposited as yolk protein, which is used as a building material and
an energy source after fertilization [25]. The present study showed that the yolk globules
consisted mainly of lipoprotein with a small proportion of carbohydrates and displayed
strong reactivity to the Sirus red stain. Besides being the major nutritional source, yolk
proteins are useful for monitoring the environment [26].

A previous study has identified the initial phases of oocyte differentiation and ovar-
ian development in zebrafish and established precise staging standards [27]. In this study,
the authors discovered new cytoskeletal structures in oocytes and determined the role
that the specialized cellular architecture plays in differentiation. In the present work, TEM
allowed the identification of several cellular structures, including stem cells and telocytes,
which are supposed to play potential roles in ovarian physiology, differentiation, and de-
velopment.

Atresia tends to occur more commonly in vitellogenic follicles than in previtellogenic
ones. On the other hand, some authors have mentioned that a few oocytes collapse due to
failure to reach maturation; this may be due to environmental factors (photoperiod and
water temperature) or feeding conditions [28]. Oocyte degeneration happens if metabolic
or endocrine problems manifest during vitellogenesis. At the beginning of atresia, the
zona radiata became convoluted and start to disintegrate. The corpus atreticum is a com-
pact, well-vascularized tissue formed by the proliferation and hypertrophy of thecal and
follicular granulosa cells. By breaking down the zona radiata, these active granulosa cells
invade the oocyte and actively phagocytose the yolky contents [29]. Therefore, degener-
ated yolky oocytes are a sign of recent spawning.

Myostatin (MSTN) is a member of the transforming growth factor 3 (TGF-{3) super-
family and was first demonstrated as a negative growth regulator of the skeletal muscles
[30]. In recent years, the functions of MSTN in other tissues rather than the musculoskel-
etal system have attracted researchers’ interest. MSTM is widely expressed in several tis-
sues of fish, including the pseudobranch [31], liver [32], and ependymal cells [33].

The present study showed the positive immunoreactivity of myostatin in both gran-
ulosa and theca cells. Similar findings were observed in zebrafish and sea bream, indicat-
ing its potential function in female reproduction [34]. It is interesting to note that in brook
trout, myostatin mRNA levels were found to be highly elevated during ovulation [35].
Numerous studies have confirmed that MSTN is essential for reproduction as it controls
oocyte maturation, granule cell proliferation, ovarian steroidogenesis, and follicular de-
velopment. [36]. Wang et al. (2022) added that any alteration in MSTN or its receptors may
influence ovarian function [37].

During gonad development, MSTN may have a function as a growth regulator [38].
The two key follicular development stages that are necessary for oocyte maturation and
ovulation are the proliferation and terminal differentiation of granulosa cells [39]. Previ-
ous studies have elucidated that MSTN enhances the expression of connective tissue
growth factor (CTGF) [40]. Theca cell recruitment and follicular development are two of
the many ovarian processes that CTGF regulates [40].

In teleosts like zebrafish (D. rerio), medaka (Oryzias latipes), fugu (Takifugu rubripes),
and rice field eel (Monopterus albus), two distinct forms of the SOX9 gene (SOX9al and
SOX9a2) have been demonstrated [12,13,41]. In the ovary of medaka, SOX9 was expressed
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[42]. In zebrafish, SOX9b was expressed in the ovary, while SOX9a was localized to the
testis, similar to mammals [13]. The two SOX9a genes were immunoreactive in the testis,
ovary, and ova-testis of rice field eel [41]. Moreover, SOX9b was localized in the testis of
the common carp [43]. These results indicate that the SOX9 expression in the gonads is
diverse in teleosts. Most of these studies were conducted on fortnightly or daily or breed-
ers like medaka, zebrafish, and tilapia during the early stages of gonadal development.
The present study showed the strong expression of SOX9 in the previtellogenic follicles,
which indicated their role in follicular development. Bhat et al. (2016) added that in walk-
ing catfish (Clarias batrachus), SOX9 was expressed at a high level before spawning, but it
steadily dropped during the oviposition period and after oviposition [44].

On the other hand, the SOXB1 subfamily in fish contributes to sex differentiation, sex
determination, the development of gonads, the formation of many tissues and organs, and
early embryonic differentiation [45]. Additionally, it has been discovered that SOX9 is
crucial for gonad seasonal variations [44]. In addition, the expression of SOX9 has been
identified in the muscles, liver, gonads, brain, gills, fins, eyes, kidneys, and spleen of stur-
geons [46—48]. These works suggest that SOX9 plays critical roles in physiological and
developmental processes in fish. Moreover, the current results show that SOX9 is ex-
pressed in the ovarian stem (progenitor) cells, which indicates that the development of
germ cells and oogenesis are regulated by SOX9. These results are supported by the find-
ings of Salvaggio et al. (2016), who confirmed that in zebrafish, the SOX family is crucial
for maintaining stem cells and promoting embryonic development [49].

The interstitial compartment of the ovary is primarily made up of fibroblasts, which
are connective tissue components, as well as steroidogenic cells, blood vessels, and a sig-
nificant amount of extracellular matrix. The current work indicated the distribution of
telocytes in the ovarian stroma of zebrafish. Telocytes were also observed in the ovaries
of redbelly tilapia [50] and Cyprinus carpio [51]. The EM findings revealed the occurrence
of heterocellular contact with blood vessels, fibroblasts, and theca cells, which may be
involved in the regulation of the regeneration process, hemostasis, and the remodeling of
gonadal tissues during the spawning season [52]. Moreover, many secretory vesicles were
observed in their telopodes between theca cells and around the blood vessels, indicating
their role in intracellular communication. The present study showed the distribution of
many immune cells in the ovarian stroma of zebrafish. The immune system plays a role
in the control of gonad function [50].

The current study showed that macrophages are commonly distributed throughout
the ovarian tissues and could be recognized by their distinct morphology and phagocytic
features. These cells have multiple functions that are mainly implicated in immune reac-
tions, including phagocytosis and the production of growth factors, chemokines, and cy-
tokines, as well as the degradation of foreign antigens and tissue remodeling [53]. Fur-
thermore, their distribution in the ovary of the zebrafish during the spawning season sug-
gests that macrophages are involved in a variety of intra-ovarian processes, including fol-
liculogenesis and tissue repair following atresia. The current observations reveal that the
dendritic cells (DCs) are distributed in the ovaries of the zebrafish. DCs are antigen-pre-
senting cells with a dendritic appearance, phagocytic capacity, and potent T-cell-stimula-
tory characteristics [54].

5. Conclusions

This study highlighted the cellular and microenvironmental changes of the ovary in
the zebrafish during the spawning season. The ovaries of the zebrafish showed oocytes in
all stages of follicular development and degeneration. The expression of SOX9 in the oo-
plasm of the primary and previtellogenic oocytes suggests their role in follicular develop-
ment. Moreover, SOX9 expression in the ovarian stem (progenitor) cells indicates the reg-
ulatory role of SOX9 in the process of germ cell development and oogenesis. The immu-
noreactivity of myostatin in the granulosa and theca cells suggests their roles in oocyte
maturation, granule cell proliferation, ovarian steroidogenesis, and follicular
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development. In addition, several cells were detected in the ovarian stroma, including
mast cells, telocytes, lymphocytes, fibroblasts, endocrine cells, macrophages, adipocytes,
dendritic cells, and steroidogenic (stromal) cells, indicating the multiple functions of the
ovary. Accordingly, these findings suggest the ovary of the zebrafish as a model for the
study of several aspects of ovarian development. However, further studies should be per-
formed to identify the mechanisms through which SOX9 and myostatin regulate follicular
development.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/ani13213362/s1, Supplementary Figure S1: Negative control
of SOX9 immunoexpression.

Author Contributions: Conceptualization, methodology, investigation, formal analysis, data cura-
tion, D.M.,, DM.M,, N.A,, M.A. (Mahmoud Awad), M.A. (Marco Albano) and R.K.A.S.; writing—
original draft preparation, D.M.M.; writing —review and editing, M.A. (Marco Albano) and R K.A.S.
All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: This study was performed following the ARRIVE guide-
lines. All procedures were approved on 13/09/2023 by the National Ethical Committee of the Faculty
of Veterinary Medicine, Sohag University in Egypt, with Ethical No. Soh.aun.vet/00040.

Informed Consent Statement: Not applicable.
Data Availability Statement: The data presented in this study are available within the article.

Acknowledgments: The authors would like to thank the staff members and technicians of the Elec-
tron Microscopy Unit of Assiut University, Egypt, for their help with TEM imaging.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Selman, K.; Wallace, R.A.; Sarka, A.; Qi, X. Stages of oocyte development in the zebrafish, Brachydanio rerio. |. Morphol. 1993, 218,
203-224.

2. Li J.; Ge, W. Zebrafish as a model for studying ovarian development: Recent advances from targeted gene knockout studies.
Mol. Cell. Endocrinol. 2020, 507, 110778.

3. Clelland, E.; Peng, C. Endocrine/paracrine control of zebrafish ovarian development. Mol. Cell. Endocrinol. 2009, 312, 42-52.

4. Elkouby, Y.M.; Mullins, M.C. Coordination of cellular differentiation, polarity, mitosis and meiosis—new findings from early
vertebrate oogenesis. Dev. Biol. 2017, 430, 275-287.

5. Sun,Y.; Zhu, Z. Designing future farmed fishes using genome editing. Sci. China Life Sci. 2019, 62, 420-422.

6. Lawrence, C. The husbandry of zebrafish (Danio rerio): A review. Aquaculture 2007, 269, 1-20.

7. Kimmel, C.B.; Ballard, W.W_; Kimmel, S.R.; Ullmann, B.; Schilling, T.F. Stages of embryonic development of the zebrafish. Dev.
Dyn. 1995, 203, 253-310.

8.  Spence, R.; Gerlach, G.; Lawrence, C.; Smith, C. The behaviour and ecology of the zebrafish, Danio rerio. Biol. Rev. 2008, 83, 13—
34.

9. Nasiadka, A.; Clark, M.D. Zebrafish breeding in the laboratory environment. ILAR J. 2012, 53, 161-168.

10. Wafer, L.N.; Jensen, V.B.; Whitney, ].C.; Gomez, T.H.; Flores, R.; Goodwin, B.S. Effects of environmental enrichment on the
fertility and fecundity of zebrafish (Danio rerio). ]. Am. Assoc. Lab. Anim. Sci. 2016, 55, 291-294.

11. Santos, E.M.; Workman, V.L.; Paull, G.C,; Filby, A.L.; Van Look, K.J.W; Kille, P.; Tyler, C.R. Molecular basis of sex and repro-
ductive status in breeding zebrafish. Physiol. Genom. 2007, 30, 111-122.

12. Kliiver, N.; Kondo, M.; Herpin, A.; Mitani, H.; Schartl, M. Divergent expression patterns of Sox9 duplicates in teleosts indicate
a lineage specific subfunctionalization. Dev. Genes Evol. 2005, 215, 297-305.

13. Chiang, E.F.-L.; Pai, C.-I.; Wyatt, M.; Yan, Y.-L.; Postlethwait, J.; Chung, B.-C. Two sox9 genes on duplicated zebrafish chromo-
somes: Expression of similar transcription activators in distinct sites. Dev. Biol. 2001, 231, 149-163.

14. Ostbye, T.K,; Galloway, T.F.; Nielsen, C.; Gabestad, I.; Bardal, T.; Andersen, . The two myostatin genes of Atlantic salmon
(Salmo salar) are expressed in a variety of tissues. Eur. ]. Biochem. 2001, 268, 5249-5257.

15.  Elliott, B.; Renshaw, D.; Getting, S.; Mackenzie, R.The central role of myostatin in skeletal muscle and whole body homeostasis.
Acta Physiol. 2012, 205, 324-340.

16. Fujioka, T.; Soh, T.; Fujihara, N.; Hattori, M.A. Function of TGF-f32 in the growth of chicken primordial germ cells and germinal

ridge stroma cells during embryonic development. J. Exp. Zool. Part A Comp. Exp. Biol. 2004, 301, 290-296.



Animals 2023, 13, 3362 16 of 17

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

Singleman, C.; Holtzman, N.G. Growth and maturation in the zebrafish, Danio rerio: A staging tool for teaching and research.
Zebrafish 2014, 11, 396-406.

Tsang, B.; Gerlai, R. Breeding and larviculture of zebrafish (Danio rerio). In Laboratory Fish in Biomedical Research; Elsevier: Am-
sterdam, The Netherlands, 2022; pp. 63-80.

Bancroft, J.; Gamble, M. Theory and Practice of Histological Techniques, 5th ed.; Churchill Livingstone Pub: London, UK, 2002;
Volune 172, pp. 593-620.

Karnovsky, M. A formaldehyde-glutaraldehyde fixative of high osmolality for use in electron microscopy. J. Cell Biol. 1965, 27,
137A.

Reynolds, E.S. The use of lead citrate at high pH as an electron-opaque stain in electron microscopy. . Cell Biol. 1963, 17, 208.
Mokhtar, D.M. Fish Histology: From Cells to Organs; CRC Press: Boca Raton, FL, USA, 2021.

Kog, N.D.; Aytekin, Y.; Yiice, R. Ovary maturation stages and histological investigation of ovary of the Zebrafish (Danio rerio).
Braz. Arch. Biol. Technol. 2008, 51, 513-522.

Hara, A.; Hiramatsu, N.; Fujita, T. Vitellogenesis and choriogenesis in fishes. Fish. Sci. 2016, 82, 187-202.

Williams, V.N.; Reading, B.]J.; Hiramatsu, N.; Amano, H.; Glassbrook, N.; Hara, A.; Sullivan, C.V. Multiple vitellogenins and
product yolk proteins in striped bass, Morone saxatilis: Molecular characterization and processing during oocyte growth and
maturation. Fish Physiol. Biochem. 2014, 40, 395-415.

Hiramatsu, N.; Todo, T.; Sullivan, C.V; Schilling, J.; Reading, B.].; Matsubara, T.; Ryu, Y.-W.; Mizuta, H.; Luo, W.; Nishimiya,
O.; et al. Ovarian yolk formation in fishes: Molecular mechanisms underlying formation of lipid droplets and vitellogenin-
derived yolk proteins. Gen. Comp. Endocrinol. 2015, 221, 9-15.

Elkouby, Y.M.; Mullins, M.C. Methods for the analysis of early oogenesis in Zebrafish. Dev. Biol. 2017, 430, 310-324.

Corriero, A.; Zupa, R.; Mylonas, C.C.; Passantino, L. Atresia of ovarian follicles in fishes, and implications and uses in aquacul-
ture and fisheries. J. Fish Dis. 2021, 44, 1271-1291.

Mokhtar, D.M.; Hussein, M.M. Microanalysis of fish ovarian follicular atresia: A possible synergic action of somatic and im-
mune cells. Microsc. Microanal. 2020, 26, 599-608.

Rodgers, B.D.; Weber, G.M.; Sullivan, C.V.; Levine, M.A. Isolation and characterization of myostatin complementary deoxyri-
bonucleic acid clones from two commercially important fish: Oreochromis mossambicus and Morone chrysops. Endocrinology 2001,
142, 1412-1418.

Mokhtar, D.M.; Sayed, R.K.; Zaccone, G.; Alesci, A.; Hussein, M.M. The potential role of the pseudobranch of molly fish (Poecilia
sphenops) in immunity and cell regeneration. Sci. Rep. 2023, 13, 8665.

Hussein, M.M.; Sayed, R.K.A.; Mokhtar, D.M. Structural and immunohistochemical analysis of the cellular compositions of the
liver of molly fish (Poecilia sphenops), focusing on its immune role. Zool. Lett. 2023, 9, 1.

Mokhtar, D.M.; Sayed, R.K.A.; Zaccone, G.; Albano, M.; Hussein, M.T. Ependymal and Neural Stem Cells of Adult Molly Fish
(Poecilia sphenops, Valenciennes, 1846) Brain: Histomorphometry, Immunohistochemical, and Ultrastructural Studies. Cells 2022,
11, 2659.

Radaelli, G.; Rowlerson, A.; Mascarello, F.; Patruno, M.; Funkenstein, B. Myostatin precursor is present in several tissues in
teleost fish: A comparative immunolocalization study. Cell Tissue Res. 2003, 311, 239-250.

Roberts, S.B.; Goetz, F.W. Differential skeletal muscle expression of myostatin across teleost species, and the isolation of multiple
myostatin isoforms. Febs Lett. 2001, 491, 212-216.

Cheewasopit, W.; Laird, M.; Glister, C.; Knight, P.G. Myostatin is expressed in bovine ovarian follicles and modulates granulosal
and thecal steroidogenesis. Reproduction 2018, 156, 375-386.

Wang, S.; Fang, L.; Cong, L.; Chung, ].P.W.; Li, T.C.; Chan, D.Y.L. Myostatin: A multifunctional role in human female repro-
duction and fertility — A short review. Reprod. Biol. Endocrinol. 2022, 20, 96.

Kubota, K.; Sato, F.; Aramaki, S.; Soh, T.; Yamauchi, N.; Hattori, M.-A. Ubiquitous expression of myostatin in chicken embryonic
tissues: Its high expression in testis and ovary. Comp. Biochem. Physiol. Part A Mol. Integr. Physiol. 2007, 148, 550-555.
Kobayashi, W. Communications of Oocyte-Granulosa Cells in the Chum Salmon Ovary Detected by Transmission Electron
Microscopy: (oocyte/granulosa cell/intercellular junction/salmonid ovary/teleost). Dev. Growth Differ. 1985, 27, 553-561.
Harlow, C.R.; Hillier, S.G. Connective tissue growth factor in the ovarian paracrine system. Mol. Cell. Endocrinol. 2002, 187, 23—
27.

Zhou, R; Liu, L.; Guo, Y.; Yu, H.; Cheng, H.; Huang, X.; Tiersch, T.R.; Berta, P. Similar gene structure of two Sox%a genes and
their expression patterns during gonadal differentiation in a teleost fish, rice field eel (Monopterus albus). Mol. Reprod. Dev. Inc.
Gamete Res. 2003, 66, 211-217.

Yokoi, H.; Kobayashi, T.; Tanaka, M.; Nagahama, Y.; Wakamatsu, Y.; Takeda, H.; Araki, K.; Morohashi, K.-I.; Ozato, K. Sox9 in
a teleost fish, medaka (Oryzias latipes): Evidence for diversified function of Sox9 in gonad differentiation. Mol. Reprod. Dev. Inc.
Gamete Res. 2002, 63, 5-16.

Du, Q.-Y.; Wang, F.-Y.; Hua, H.-Y.; Chang, Z.-J. Cloning and study of adult-tissue-specific expression of Sox9 in Cyprinus carpio.
J. Genet. 2007, 86, 85-91.

Bhat, I.A.; Rather, M.A.; Saha, R.; Pathakota, G.-B.; Pavan-Kumar, A.; Sharma, R. Expression analysis of Sox9 genes during
annual reproductive cycles in gonads and after nanodelivery of LHRH in Clarias batrachus. Res. Vet. Sci. 2016, 106, 100-106.



Animals 2023, 13, 3362 17 of 17

45.

46.

47.

48.

49.

50.

51.

52.

53.
54.

Raghuveer, K.; Senthilkumaran, B. Isolation of sox9 duplicates in catfish: Localization, differential expression pattern during
gonadal development and recrudescence, and hCG-induced up-regulation of sox9 in testicular slices. Reproduction 2010, 140,
477.

Chen, J.; Yuan, H.; Sun, D.; Liang, B.; Zhang, S. Sequence and expression of three members of the Sox gene in Amur sturgeon
(Acipenser schrenckii). J. Appl. Ichthyol. 2006, 22, 77-81.

Berbejillo, J.; Martinez-Bengochea, A.; Bedo, G.; Vizziano-Cantonnet, D. Expression of dmrtl and sox9 during gonadal devel-
opment in the Siberian sturgeon (Acipenser baerii). Fish Physiol. Biochem. 2013, 39, 91-94.

Burcea, A.; Popa, G.O.; Maereanu, M.; Dudu, A.; Georgescu, S.E.; Costache, M. Expression characterization of six genes possibly
involved in gonad development for stellate sturgeon individuals (Acipenser stellatus, Pallas 1771). Int. ]. Genom. 2018, 2018,
7835637.

Salvaggio, A.; Marino, F.; Albano, M.; Pecoraro, R.; Camiolo, G.; Tibullo, D.; Bramanti, V.; Lombardo, B.M.; Saccone, S.; Mazzei,
V.; et al. Toxic effects of zinc chloride on the bone development in Danio rerio (Hamilton, 1822). Front. Physiol. 2016, 7, 153.
Mokhtar, D.M. Characterization of the fish ovarian stroma during the spawning season: Cytochemical, immunohistochemical
and ultrastructural studies. Fish Shellfish. Immunol. 2019, 94, 566-579.

Mazzoni, T.S.; Viadanna, R.R.; Quagio-Grassiotto, I. Presence, localization and morphology of TELOCYTES in developmental
gonads of fishes. J. Morphol. 2019, 280, 654-665.

Pellegrini, M.-S.F.; Popescu, L.M. Telocytes. Biomol. Concepts 2011, 2, 481-489.

Hodgkinson, ].W.; Grayfer, L.; Belosevic, M. Biology of bony fish macrophages. Biology 2015, 4, 881-906.

Bassity, E.; Clark, T.G. Functional identification of dendritic cells in the teleost model, rainbow trout (Oncorhynchus mykiss).
PLoS ONE 2012, 7, e33196.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual au-
thor(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.



