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ABSTRACT

Female rhinoceroses have an ovarian reserve that consists of immature oocytes in primordial follicles. Estab-
lishing methods to grow and culture these oocytes from those follicles in the laboratory might fuel efforts towards
in vitro embryo production in this species without the need for repeated in vivo oocyte collection. In depth
understanding of the biology behind and improvement of assisted reproductive techniques (ARTs) is the only
option for preventing the disappearance of functionally extinct species such as the northern white rhinoceros. In
vitro follicle development can only be obtained by in depth knowledge on rhinoceros ovarian histology. In
addition to known ovarian features, we identified numerous undescribed structural and molecular ovarian
characteristics from adult southern white rhinoceros (n=3). Ovarian sections were stained with H&E, PAS or
Masson Trichrome and molecular analyses (hyaluronic acid detection, immunohistochemistry and TUNEL assay)
were performed to identify proliferation, extracellular matrix, pluripotency markers, hormones, enzymes,
markers for inflammation or endocrine glands, blood vessel presence, oocyte markers and apoptosis. Besides
degenerating, deformed, or luteinized follicles, analysis revealed several ‘follicle-like structures’ (FLS) that
deviated from the expected follicle appearance. Most importantly, the majority of FLS did not contain any oocyte
and were comprised of a collection of cells organised around fluid islands with or without an antral cavity. The
discovery and description of FLS in aged southern white rhinoceroses may play a role in poor oocyte recovery
rates in ovum pick-up (OPU) in older rhinoceroses. It remains to be investigated whether FLS might be present on
ovaries from other rhinoceros species and whether they might serve as a general indicator for oocyte recovery
success in aged females.

1. Introduction

However, before such specialised techniques can be applied, a thorough
understanding of the species-specific reproductive biology is required.

The earth’s sixth mass extinction, currently in progress, necessitates
scientists to find solutions to preserve biodiversity. With 22 % of all
mammalian species faced with disappearing from the planet [1], time is
running out. When conservation methods such as habitat protection or
restoration are insufficient to prevent the loss of keystone species, such
as the rhinoceros, complementary actions in the field of assisted repro-
duction techniques (ART) such as ovum pick up (OPU) and in vitro
embryo production and advanced ART such as cloning and stem cell
techniques are crucial [1,2]. These state-of-the-art techniques can help
in genetic management and the preservation of genetic diversity.

This knowledge of reproduction includes anatomical and physiological
analysis [3]. Histology, the microscopic counterpart of gross anatomy, is
a valuable tool to study normal and diseased tissue [4]. Light microscopy
as well as immunohistochemistry are methods to identify cells and allow
to differentiate normal tissue from pathological structures [5].

Studies of rhinoceros reproductive tracts and their ovaries have been
extremely limited. In a previous study, we recently sought to address this
ovarian knowledge for the southern white rhinoceros deficit and have
carried out an in-depth molecular and histological analysis of physio-
logical follicular development using neonatal and adult ovaries [6].
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Table 1
Description of the primary and secondary antibodies used in this study.
Primary antibody Function Catalogue Species Concentration ~ Secondary Catalogue  Dilution
antibody

collagen I' extracellular matrix protein MA1-26771  mouse 25 ug/ml goat anti-mouse BA-9200 1:200
monoclonal 1gG*

Ki-67* proliferation marker PA5-19462 rabbit 5 pg/ml goat anti-rabbit BA-1000 1:200
polyclonal 1gG*

minichromosome maintenance complex proliferation marker PA5-79645 rabbit 2.5 ug/ml goat anti-rabbit BA-1000 1:200
component 2 (MCMZ)1 polyclonal IgG4

sex determining region Y-box 2 (SOX2) pluripotency factor PA1-16968 rabbit 5 ug/ml goat anti-rabbit BA-1000 1:200
polyclonal 1gG*

octamer-binding transcription factor 4 pluripotency factor 11263-1- rabbit 3.75 pg/ml goat anti-rabbit BA-1000 1:200
(Oct4 or POUSF1)? AP polyclonal 1gG*

DEAD-Box Helicase 4 (DDX4 or Vasa)® germ cell marker PA5-23378 rabbit 5 pg/ml goat anti-rabbit BA-1000 1:200
polyclonal 1gG*

anti-Miillerian hormone (AMH)! hormone indicative for ovarian PA5-35851 rabbit 5 pg/ml goat anti-rabbit BA-1000 1:200
reserve polyclonal 1gG*

cannabinoid receptor 1 (CB1)? G protein-coupled receptor 17978-1- rabbit 5.5 ug/ml goat anti-rabbit BA-1000 1:200
AP polyclonal 1gG*

cluster of differentiate 20 (CD20)" B-lymphocyte marker PA5-16701 rabbit 0.1925 ug/ml goat anti-rabbit BA-1000 1:200
polyclonal IgG*

cluster of differentiation 31 (CD31)? endothelial cell marker 11265-1- rabbit 0.6 ug/ml goat anti-rabbit BA-1000 1:200
AP polyclonal 1gG*

aromatase! enzyme responsible for PA1-21398 rabbit 5 ug/ml goat anti-rabbit BA-1000 1:200
biosynthesis of estrogens polyclonal 1gG*

Companies: 1 Invitrogen, 2 Proteintech, 3 Abcam, # Vector Laboratories.

Previous investigations of rhinoceros reproductive pathology has pri-
marily utilised ultrasound analysis of live individuals [7-12] although
this does not enable precise cellular analysis. There has been only one
case study that investigated an ovarian adenocarcinoma with metastases
in a white rhinoceros using histological analysis [13]. Therefore, in this
study we present detailed histological and molecular findings on novel
ovarian structures in the southern white rhinoceros. The information
provided in this study describes unusual, species-specific, ovarian phe-
nomena that advance our knowledge of the southern white rhinoceros
ovary and might influence the use in ARTs in this, and related, species.

2. Material and methods
2.1. Collection of ovarian tissue

Ovarian tissue was collected from three adult southern white rhi-
noceros (rhino 1 39.5 years, rhino 2 30 years and rhino 38 years of age).
Rhinoceroses 1 and 3 were euthanised because of old age and a declining
quality of life or health reasons and rhinoceros 2 had its Achilles tendons
ruptured during an unexpected mating. After humane euthanasia, the
ovaries were dissected, kept on ice and transported to the laboratory at
the University of Oxford in the UK (rhino 1 collected in Whipsnade zoo,
UK) or the Leibniz Institute for Zoo and Wildlife Research in Germany
(rhino 2 and 3 collected in Beekse Bergen, The Netherlands and Salzburg
zoo, Austria, respectively). The gross anatomy of the investigated
ovaries along with the reproductive history of the rhinoceroses are
described in a previous study in which rhino 1, 2 and 3 are respectively
named rhino 2, 3 and 4 [6]. In brief, only rhino 1 had a proven fertility
since she produced one calf in 2001 and one in 2005. Rhino 2 never
produced calves and no reproductive history is known about rhino 3.

2.2. Histology

After arrival in the laboratory, cross sections through the ovary or
whole ovaries were fixed for histology and the remainder was cryo-
preserved. Slices of all rhinoceros ovaries (rhino 1-3) were fixed in
either Bouin’s fixative, 10 % (v/v) neutral buffered formalin (NBF) or
Form-Acetic (NBF with 5 % acetic acid) [14]. Fixed samples were
embedded in paraffin wax and sectioned. Allocation of the fixed pieces
was carried out as described in Appeltant et al. [6]. Briefly, for rhino 1
and 3 cross sections were collected from both poles and the middle part

of the ovary. We only obtained one ovarian pieces of the left and two
pieces of the right ovary of rhino 2. Sections were stained either with
hematoxylin and eosin (H&E, Hematoxylin solution Gill No. 2, GHS232,
Sigma Aldrich; eosin Y solution alcoholic with phloxine, HT110332,
Sigma Aldrich; for gross morphology of the tissue section), Periodic acid
Schiff stain (PAS; Periodic acid solution, Sigma Aldrich, UK; 3951;
Schiff’s reagent, Merck, UK; 1.09033.0500; to detect polysaccharides) or
with Masson’s trichrome stain (Abcam, UK; ab150686; to distinguish
cells from surrounding connective tissue).

2.3. Hyaluronic acid detection

To determine the presence of extracellular matrix, hyaluronic acid
was detected in paraffinized fixed tissue sections using hyaluronic acid
binding protein (HABP) as previously carried out [15,16] with some
modifications: 5 pug/ml hyaluronic acid binding protein [17,18] (Cal-
biochem, Sigma Aldrich 385911) diluted in blocking solution for 2 h at
room temperature (RT). Negative controls were treated with blocking
solution only. After washing, detection was visualised using the Vec-
tastain ABC Elite kit (Vector laboratories, PK-6100) and a DAB peroxi-
dase substrate kit (Vector laboratories, SK-4100).

2.4. Immunohistochemistry

Immunohistochemistry was performed on fixed sections for the
antibody targets described in Table 1. All the antibodies in this study,
except for cluster of differentiation 31 (CD31) and aromatase, were used
in a previous publication on rhinoceros ovarian histology [6]. In addi-
tion to Ki-67, we used MCM2 to detect proliferating cells, such as
infrequently dividing granulosa cells in early pre-antral follicles [19].
Following dewaxing and rehydration, a heat-induced (microwave: 1 min
high power, 9 min medium power), low pH antigen retrieval using so-
dium citrate (pH 6.0) was applied for collagen I, Ki-67, MCM2, SOX2,
DDX4, aromatase and CD20. For Oct4, AMH, CB1 and CD31 the antigen
retrieval method was heat-induced high pH by Vector antigen
unmasking solution (Vector Laboratories, H-3301). Sections were sub-
merged in 3 % hydrogen peroxide for 5 min at room temperature to
block endogenous peroxidase activity. To prevent non-specific binding,
sections were incubated in 5 % normal goat serum (NGS; Vector).
Hereafter, sections were incubated in primary antibodies for 2 hours at
room temperature; for negative controls, the primary antibody was
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Fig. 1. Periodic acid-Schiff staining (PAS) of ovarian sections of an adult southern white rhinoceros. Several structures are strongly positive for polysaccharides
highlighted by PAS such as the basal membrane of follicles (A and B; indicated by a thick black arrow), follicular fluid (B), and the wall of blood vessels (C). (D)
Analysis of location and structure of follicles in an ovarian section. (D.1) Medullar region containing mainly stroma and blood vessels. (D.2 to D.7) Early stage

follicles (transitional and secondary) in the cortex.

omitted. Samples were incubated in secondary biotinylated antibodies
as described in Table 1 for 1 hour at room temperature. Detection was
visualised using the Vectastain ABC Elite kit followed by DAB (as above).
For all antibodies, slides were counterstained with Hematoxylin solution
Gill No. 2 (as above).

2.5. TUNEL assay

To detect double-stranded DNA breaks, the FragEL™ DNA frag-
mentation detection kit (Merck Millipore, QIA33) was used according to
the manufacturers’ instructions.

2.6. Microscopy

The results of histology, HABP, immunohistochemistry and TUNEL
staining were analysed using a light microscope (Leica DM2500). Pic-
tures were captured by the Lumenera Infinity 5 camera with accompa-
nying Infinity Analyze software (Teledyne Lumenera, Nepean, Canada).
Scanned images were obtained by the high performance bright-field
slide scanner ZEISS Axioscan 7 at magnification 20x.

2.7. Ovarian follicle classification

Follicles were classified according to established criteria [14,20,21]
in the following groups: primordial (oocyte surrounded by a single layer
of flattened pre-granulosa cells), transitional (mixed layer of flattened
and cuboidal granulosa cells surrounding the oocyte), primary (single
layer of cuboidal cells surrounding the oocyte), secondary (two layers of

cuboidal granulosa cells surrounding the oocyte), pre-antral (many
granulosa cell layers without or with interspersed fluid filled areas) and
antral (many layers of granulosa cells and a large antral cavity) follicles.

3. Results and discussion
3.1. Follicle classification

Overall, the ovaries of the three rhinoceroses appeared to be in a
quite inactive state since they did not shown the presence of multiple
macroscopically visible, large antral follicles. Histological examination
of three adult white rhinoceros ovaries identified follicles in several
stages of development from a primordial (Fig. 1A) to a large antral
follicle (Fig. 1B). The PAS staining highlighted the basal membrane and
blood vessels (Figs. 1C and 1D.1). The follicular fluid in antral follicles
also stained purple indicating the presence of secreted polysaccharides
(Fig. 1B). A scanned adult ovary section contained six follicles in the
cortical region ranging in development from a transitional to a sec-
ondary stage follicle (Fig. 1D.2 to 1D.7). For an in-depth description of
follicle development in the southern white rhinoceros, see Appeltant
etal. [6].

3.2. Remarkable structures

Besides normal physiological structures, various formations that
were not readily recognisable as normal ovarian structures, were iden-
tified. By performing histology, hyaluronic acid detection, immunobhis-
tochemistry to analyse the molecular characteristics of these abnormal
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Fluid filled tissue Follicle-like Deformed Formation of corpus Degenerating Cells at the transition of the cortex and
mass structure follicle luteum follicle medulla
Presence of no no or degenerated yes no no no
oocyte
Antrum + + + + + -
Call-Exner NA + NA NA NA NA
bodies
PAS NA + NA - NA -
Hyaluronic acid NA + NA - + -
TUNEL NA normal normal normal normal NA
Collagen I NA NA NA NA NA -
Ki-67 NA normal - normal low -
MCM2 NA normal - normal low -
SOX2 NA NA + + NA NA
Oct4 NA NA - - NA NA
DDX4 NA NA NA NA NA -
AMH NA + NA - NA NA
CB1 NA - - + NA -
CD20 NA NA - NA NA NA
CD31 NA - - + NA NA
Aromatase NA NA + - NA NA

NA: not applicable, which refers to not being tested.
PAS: Periodic acid solution; MCM2: minichromosome maintenance complex component 2; SOX2: sex determining region Y-box 2; Oct4: octamer-binding transcription
factor 4, DDX4: DEAD-Box Helicase 4; AMH: anti-Miillerian hormone; CB1: cannabinoid receptor 1; CD20: cluster of differentiate 20; CD31: cluster of differentiation

31.

Fig. 2. Ovarian tissue mass compressed presumed antral follicle in adult southern white rhinoceros ovary. (A) Macroscopic appearance of the ovary containing the
structure illustrated in B. The dashed line in A.1 outlines the borders of the B structure isolated from ovary 1. Ovary 2 contained a similar structure (dashed line in
A.2). (B) From left to right following the arrow the area surrounded by a dashed line is outlining a presumed antral follicle although no oocyte could be found. The
third image is clearly showing that the follicle is compressed by an ovarian tissue mass.

structures and TUNEL, we have verified differential diagnoses for six of
those structures (Table 2).

3.2.1. Fluid filled tissue mass

While dissecting the ovaries of rhino 1 (Fig. 2A), a presumed antral
follicle was isolated separately (Fig. 2Ai and 2Aii dashed lines). How-
ever, upon histological analysis of the presumed follicle presented in
2Ai, it was revealed that the isolated structure was not entirely occupied

by an antral follicle as no oocyte was ever found, and the presumed
follicle antral space was partially displaced by a fluid filled tissue mass
(Fig. 2B). We did not proceed to identify the origin of the tissue mass
because this did not fit within the scope of this study.

3.2.2. Follicle-like structures
Histological analysis of rhino 2 and 3 revealed several follicle-like
structures (FLS) that resembled follicles, but they deviated from the
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Fig. 3. Characterisation of unknown structures named as ‘Follicle-like structures’ (FLS) observed in adult southern white rhinoceros ovaries (n=2). (A) Scanned
image of an ovarian tissue piece containing a FLS containing an oocyte. A.1 till A.3 are detailed images of sequential sections through a FLS. A.2.1 is a magnified
image of the oocyte (asterisk) found in section A.2. (B) Scanned image of an FLS detailed in B.1 and in B.2. (C) Scanned image of the ovary containing two FLS: C.1
and C.2., which are detailed in higher magnifications in C.1.1 and C.2.1 and C.1.2 and C.2.2. (D) Scanned image of two FLS (D.1 and D.2). D.1.1 till D.2.2 are detailed
images at higher magnifications to present the structure of the FLS. Examples of ‘Call-Exner bodies’ which are spherical eosinophilic regions surrounded by a rosette
of granulosa cells are indicated by a red circle. Except for the scanned overviews, all the scale bars represent 100 pm.

expected appearance. These FLS were built up out of a collection of
granulosa-like cells organised around fluid islands with or without an
antral cavity (Fig. 3A to 3D). No living oocytes were ever detected in
FLS, only once a degenerated oocyte was found in an FLS (Fig. 3A.2.1,
asterisk).

After an initial histological evaluation based upon an H&E staining,
the FLS were potentially highly vascularized neoformations, more spe-
cifically, aggressive granulosa cell tumours. In rhino 3, sections through
the middle (Figs. 3C and 3D) as well as towards one pole (Fig. 3A) of one
ovary contained these abnormal formations. In rhino 2 we only
discovered two FLS (Fig. 3B and Fig. 4A), one in each ovary. In those
animals, we did not often observe a healthy antral follicle containing an
oocyte, but we did encounter some small pre-antral follicles. Some of
those follicles in rhino 2 are described in Appeltant et al. [6]. The
follicular origin of FLS was confirmed by one formation still containing a
degenerated oocyte (Fig. 3A.2 overview and 3 A.2.1 detail).

Although, in the majority of cases, no oocytes were observed, the
structures fulfilled all the expected H&E (Fig. 4A), PAS (Fig. 4B) and HA
(Fig. 4C) criteria to call a structure a follicle [6]. PAS clearly highlighted
the follicular basal membrane (Fig. 4B, red arrow), and some anti--
Miillerian hormone (AMH) positivity (as compared to the negative
control inset) as a granulosa cell identifier was detected (Fig. 4D). In

2010, a metastatic uterine adenocarcinoma was described in a southern
white rhinoceros [22] and in 2021, a brief report was published on an
ovarian adenocarcinoma with histological description [13], but no
granulosa cell tumours were described yet. Since there is no specific
marker for granulosa cell tumors, diagnosis was based on extensive
molecular characterisation using a panel of antibodies [23]. The pro-
posed identification of granulosa cell tumours in our samples was based
upon the localization of the aberrant cell formation (within a follicle
structure) and the appearance of Call-Exner bodies. One of the charac-
teristic pathological features of a granulosa cell tumour is the formation
of these Call-Exner bodies that are small cystic areas filled with fluid and
cellular debris aligned by differentiated granulosa cells [24], which
resembled the fluid islands identified in the FLS.

To investigate the vascularisation pattern in the proposed neo-
formation, we detected CD31, which showed no vascularisation in the
structure at all (Fig. 4E). This observation together with the hyaluronic
acid positivity of the fluid islands (Fig. 4C) led us to conclude the fluid
was follicular fluid. Despite the neoformation indicator such as the
hyalinised cores, the absence of excessive proliferation (associated with
tumour characteristics) as detected by Ki-67 (Fig. 4F) or MCM2 (Fig. 4G)
resulted in us exploring other options to identify these structures.
Interestingly, detecting Ki-67 emphasized a circle of proliferative cells



R. Appeltant et al.

Theriogenology Wild 5 (2024) 100096

Fig. 4. Histological and molecular characterisation of follicle-like structures (FLS) in adult southern white rhinoceros ovarian sections. (A) Section stained with
haematoxylin and Eosin (H&E). (B) Section stained with Periodic acid Schiff stain (PAS). Black arrows indicate PAS positive regions and the red arrow points towards
the basal membrane. (C) Detection of Hyaluronic acid (HA). The black arrow indicates HA positive fluid in a Call-Exner body. (D) Detection of anti-Miillerian
hormone (AMH). (E) Detection of cluster of differentiation 31 (CD31) with in the right upper corner an inset image of a positive control of which the endothelial cells
are positive. (F) Detection of proliferation marker Ki-67. Instead of focussed nuclear detection there is a Ki-67 positive blur around the FLS (black arrow). (G)
Detection of proliferation marker minichromosome maintenance complex component 2 (MCM2; positive cells are indicated by black arrows). (H) Apoptotic TUNEL
positive cells are indicated by black arrows. (I and J) Detection of cannabinoid receptor 1 (CB1); overview of the FLS and location of the oocyte (asterisk). Blood
vessels as well as the oocyte zona show a positive signal (black arrows). Inset images are negative controls.

around the FLS (Fig. 4F, black arrow). To exclude a process of degen-
eration, a TUNEL assay was performed, but only a few sporadic cells
were apoptotic (Fig. 4H).

A second hypothesis was that the FLS structures might be defined as
interstitial glands of the ovary. This term refers to interstitial cells that
might be producing a variety of steroids such as estrogens, progesterone
and androgens; however no physiological evidence has been provided
yet [25]. According to aetiology of interstitial glands, the cells can be
divided into seven categories: foetal, thecal, stromal, gonadal-adrenal,
adneural, medullar-cord and rete [26]. The amount and morphology
of the interstitial glands is varying considerable according to the phys-
iological state of the ovary and is not correlated to the specific origin
category [26]. Across species the manifestation of the interstitial glands
may go from unnoticeable to large masses [26]. In Iraqi buffaloes,
interstitial glands can manifest as simple cuboidal epithelium containing
many lumens of secreting glands, which resembles the fluid islands in
our study [27]. As an indicator for interstitial glands, we used the
cannabinoid receptor 1 (CB1). In adult mice, CB1 has been discovered in
progesterone-producing cells of ovarian interstitial glands [28], and in
the rat ovary, CB1 has been demonstrated in the ovarian surface
epithelium, the granulosa cells of antral follicles and the luteal cells of
functional corpora lutea [29]. It is known that endocannabinoids in-
fluence reproduction from gametogenesis to pregnancy [30]. The fact
that CB1 is localised in mitochondria, the place where progesterone is
produced, might indicate that endocannabinoids modulate progesterone
synthesis through CB1 [28]. The FLS did not show any positive CB1
signal, but the blood vessels around the structure and the zona pellucida
of the oocyte present in one of the FLS showed a strong signal (Figs. 41
and 4J). Although not present in rat oocytes, human oocytes are also
expressing CB1 [29]. The presence of CB1 in blood vessels has not been
described for other species and is therefore a new observation for the
rhinoceros. A previous study found cannabinoid receptor 2, but not 1, in
blood vessels of the gastrointestinal tract of dogs [31]. However,
CB1l-immunoreactive neurons were detected in the submucosal blood
vessels of the porcine enteric system [32] thus providing evidence blood
vessel can appear CB1 positive.

Since the FLS didn’t contain a healthy oocyte, they might have been
considered some kind of cysts. Ovarian cysts can be categorised ac-
cording to the type and morphology of lining cells and the tissue they are
embedded in [33]. Since FLS consisted out of granulosa-like cells which

mostly still appeared in a cuboidal state and were surrounded by
theca-like cells, connective tissue and blood vessels, we hypothesized
follicular cysts. However, cyst are normally described as having thin
walls in contrast to the thick walled structures we observe. In addition,
the fluid organises more like small filled spaces surrounded by granulosa
cells in contrast to distended fluid-filled spaces. In general, a cyst is
considered an anovulatory structure that surpasses the ovulatory size
[34], which was not observed in our samples, but it was suggested that
cysts can undergo dynamic changes where they increase and decrease in
size [34]. In the southern white rhinoceros, to date, mostly para-ovarian
cysts have been described [9,35]. Therefore, although we could not
exclude cysts with certainty, cystic formation is unlikely and there were
no strong arguments to define FLS as ovarian cysts.

Since both a pathological cause and interstitial glands seemed to be
unlikely, we conclude that FLS’s were a type of physiological state of
follicles. Since normal follicles were also observed in the same individ-
ual (rhino 3) and other samples (rhino 1), we prefer to use the term
follicle-like structure (FLS) until more insight will be obtained about its
true nature and functionality. Similar structures containing foci or
pockets of follicular fluid accumulating between granulosa cells have
been observed during the antral follicle formation in bovine and mouse
[36]. During antrum formation, granulosa cells will move relative to
each other and in the centrally located granulosa cells there might even
be cell death involved to allow follicular fluid to accumulate [36].
Although Call-Exner bodies are considered pathognomonic for human
granulosa cell tumours, in the rabbit the terminology is used to indicate
the physiological fluid-filled cavities between granulosa cells of small
antral follicles before they all coalesce into a large antrum [37]. This
emphasises the fact that the appearance of such smaller fluid-filled foci
might be species-specific and therefore, the rhinoceros can be added
alongside the rabbit, human, guinea-pig, monkey, sheep and bovine
species in the list of species showing this phenomenon [38].

The most remarkable feature about the FLS was the absence of a
healthy oocyte in any of our samples. Only one FLS contained a
degenerated oocyte. Regardless of the unknown physiological role of
these FLS, they might have serious implications while performing ART
such as OPU on those ovaries. It is reported that the oocyte recovery rate,
defined as the number of retrieved oocytes in relation to the number of
punctured follicles during OPU, in the white rhinoceros is relatively low
compared to other species [39]. In the rhinoceros, oocyte recovery rates
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Fig. 5. Molecular characterisation of a deformed follicle in the ovary of an adult southern white rhinoceros. (A) Haematoxylin and Eosin (H&E) staining with detail
(A.1). (B) Proliferation markers Ki-67 and (C) minichromosome maintenance complex component 2 (MCM2) showed minimal cellular proliferation in the follicle. (D)
Aromatase positive granulosa cells (black arrow). (E) All the cells in the follicle are Oct4 negative and the oocyte could be seen (red arrow). (F) Several TUNEL
positive cells could be observed in the wall of the follicle (black arrow) indicating apoptosis. (G) Cannabinoid receptor 1 (CB1) positive cells were present around, but
not within the follicle. (H) All the granulosa cells showed a positive signal for sex determining region Y-box 2 (SOX2). (I) No CD20 positive cells could be detected. (J)
The structure was CD31 negative and therefore not situated intravascularly. Inset images are negative controls.

of only 26.4 % [40] and 34.4 % [39] are obtained while in horses
numbers exceed 50 % [41,42] and in cattle, rates of 70.9 % [43] and
75 % [44] have been reported. The discrepancy between the aspiration
and oocyte recovery rates during OPU in the white rhinoceros might be
linked to the presence of FLS in addition to a suspected failure of ovarian
super-stimulation prior to OPU, lack of mechanical scraping of the
follicular wall or technical failure of oocyte aspiration during OPU [39].
FLS without oocytes cannot be differentiated during ultrasound prior to
aspiration, but might contribute to low oocyte recovery rates. In female
rhinoceroses >25 years no oocytes could be retrieved in half of the OPU
sessions compared to younger animals (<24 years) where only 6 % of
the OPU sessions failed to provide oocytes [39]. When samples would be
available, it would be interesting to verify whether young animals also
show the presence of FLS to investigate their influence on recovery rates
after OPU. The sizes of the FLS are quite small when considering normal
ultrasound procedures. However, we believe these structures can still
grow in size since TUNEL staining did not show high levels of apoptosis
and Ki-67 indicated an active proliferation zone around the FLS. The fact
that we observed for the first time, to our knowledge, these FLS in two
old individuals might indicate that this is a typical age-related phe-
nomenon for the southern white rhinoceros. However, since the FLS
appeared in rhino 2 (never had a calf) and rhino 3 (no reproductive
history known), but not in rhino 1 which was the oldest, but proven
fertile one, the FLS phenomenon might be related to possible sub-
fertility/infertility regardless of age.

3.2.3. Deformed follicle

When first observing the structure illustrated in Fig. 5, besides being
a deformed follicle (Fig. 5A.1), an intravasal located cell formation, most
likely a neoformation or tumour described as an intravascular leio-
myomatosis, was also considered. In human, an intravascular leiomyo-
matosis is a rare benign condition in which smooth muscle cells

proliferate within blood vessels [45]. The origin of the proliferating
smooth muscle cells are the uterine venous wall or a uterine myoma
[45]. Leiomyomas are also found in rhinocerotidae such as the white,
Sumatran and Indian species although the white rhinoceroses studied (i.
e., in captivity) have a higher prevalence of other reproductive pathol-
ogies such as ovarian cysts [7,9]. Leiomyomas of the reproductive tract
and cystic hyperplasia represent 80 % of the most common pathologies
in non-reproductive female rhinoceros and elephants [46]. Since we
collected samples from zoo animals undergoing long-term captivity,
these can be symptoms of asymmetric reproductive aging, a term
referring to the premature reproductive senescence due to prolonged
periods of sex steroids from continuous ovarian cyclic activity in
non-reproducing females [46]. However, since the ovarian structure was
negative for both Ki-67 (Fig. 5B) and MCM2 (Fig. 5C), both indicators of
proliferation, and expected to be raised in neoformations [47], the
possibility of an intravascular leiomyoma was excluded. The aromatase
activity (Fig. 5D) could indicate active granulosa cells [48] and an
oocyte was observed (Fig. 5E, red arrow), but no well-defined antrum
was present. In order to explain the unusual morphology, we investi-
gated cell death by TUNEL (Fig. 5F), but there was no generalised
degeneration. Since interstitial glands can take many different forms
[26], we tested CB1, but the structure was negative unlike cells around it
which were strongly positive (Fig. 5G). Interestingly, the entire entity
was embedded in the wall of a larger structure with a central large
lumen (Fig. 6) although both had some distinct features as illustrated by
the aromatase (Figs. 5D and 6H) and CB1 (Figs. 5G and 6G) immuno-
reactivity. Both structures were moderately positively reacting for SOX2
(Fig. 5H), indicating some pluripotency. However, this pluripotency was
not confirmed by Oct4 detection (Fig. 5E). This is in line with the
observation of a study in the pig in which isolated granulosa cells
expressed stemness markers such as Nanog and SOX2, but no Oct4 [49].
Another possibility for this structure would be an intravascular B cell
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Fig. 6. Molecular characterisation of lumen structures in the ovary of an adult southern white rhinoceros. (A) Scanned Haematoxylin and Eosin (H&E) section with
higher magnification of the lumen (A.1). (B) Scanned Periodic acid Schiff stain (PAS) section with higher magnification of cells adjacent to the lumen (B.1). (C) CD31
indicated some smaller blood vessels in the wall of the lumen structure. (D) A large number of cells in the wall were positive for the proliferation marker Ki-67
positive. (E) Numerous cells lining the lumen were positive for the proliferation marker minichromosome maintenance complex component 2 (MCM2). (F) Only
a few sporadic cells were TUNEL positive. (G) The wall of the lumen structure was cannabinoid receptor 1 (CB1) positive (black arrow). (H) The wall of the lumen
structure was aromatase negative. An aromatase positive deformed follicle was bordering the wall (black arrow). (I) The wall of the lumen structure was sex
determining region Y-box 2 (SOX2) positive and Octamer-binding transcription factor 4 (Oct4) negative (J). (K) Cells were anti-Miillerian hormone (AMH) negative.
(AL) The structure was devoid of hyaluronic acid (HA) (left side of the dashed line). Inset images are negative controls.

Fig. 7. Molecular characterisation of a degenerating follicle in the ovary of an adult southern white rhinoceros. (A) Haematoxylin and Eosin (H&E) staining with
higher magnification panel (A.1). (B) Hyaluronic acid (HA) detection. The black arrow shows the positive follicular fluid area. The star indicates swollen theca
interna cells. (C) Proliferation markers Ki-67 and (D) minichromosome maintenance complex component 2 (MCM2) showed no active proliferation. (E) Several

TUNEL positive cells could be observed in the wall of the follicle (black arrow) indicating apoptosis. Inset images are negative controls.

lymphoma, but then the cells should have been CD20 positive [50],
which was not the case (Fig. 5I). The fact that the structure did not show
any positive CD31 signal also confirmed that it was not located within a
blood vessel (Fig. 5J). Taking together all these results, we conclude that
this is probably a manifestation of a preantral follicle with a deformation
that can be described as an invagination.

3.2.4. Formation of corpus luteum

As mentioned in the previous paragraph, a preantral follicle with
invagination was embedded in the wall of a larger structure containing a
central large lumen (Fig. 6, rhino 2). This kind of large structure was
observed in the left as well as the right ovary of rhino 2 The wall of the
structure was a quite thick layer of a heterogeneous collection of cells of
which some showed a balloon-kind of aspect (Fig. 6A.1). Since the
samples were collected from aged animals, multinucleated macrophage
giant cells associated with inflammation and fibrosis [51] were a pos-
sibility. However, multinucleated macrophage giant cells would have
been PAS positive because of their phagocytic function [51], which was
not the case (Fig. 6B.1). The detection of CD31 revealed that some
spaces in the wall were blood vessels (Fig. 6C) rather than balloon-kind
of cells (Fig. 6B.1). Detection of Ki-67 (Fig. 6D) and MCM2 (Fig. 6E)
revealed the large structure contained proliferating cells, but few
apoptotic cells as determined by TUNEL (Fig. 6F). In contrast to the
follicle of Fig. 5, this structure was strongly CB1 positive (Fig. 6G) and
aromatase negative (Fig. 6H) which together indicated progesterone

producing cells. In addition, the cells showed a pattern of SOX2 posi-
tivity (Fig. 6I) and Oct4 negativity (Fig. 6J) which could indicate
granulosa cells origin. Therefore, the cells could possibly be part of a
forming corpus luteum consisting out of luteinizing granulosa cells
which are AMH negative, as observed (Fig. 6K). In addition, the struc-
ture was lacking hyaluronic acid (Fig. 6L). The overall morphology of a
wall bordering a large lumen is quite unusual for a corpus luteum. In the
southern white rhinoceros there are two types of corpora lutea described
[11]: the first one is a corpus hemorrhagicum where the collapsed fol-
licle fills with blood; the second one, it is a uniform structure as viewed
via ultrasonography appearing to lack the blood clot formation phase
[11]. The structure we described here, might be a transitionary forma-
tion after ovulation towards a uniform corpus luteum. This suggestion is
supported by the fact that in the southern white rhinoceros, faecal
progestin rise following ovulation is considerably delayed [11], which
might indicate a slow formation of the corpus luteum. Another possi-
bility is the formation of a luteinized unruptured follicle since we
observed luteinisation of the granulosa cells, the intrusion of small blood
vessels and an antral cavity. This can be evoked by certain contraceptive
drugs such as low molecular weight follicle-stimulating hormone re-
ceptor agonists, and can occur in 5-10 % of the cycles of normal cycling
women [52]. In a mouse model generating oocytes lacking N- and O-
glycans, the modified oocytes are not generating anti-luteolytic signals
prior to ovulation resulting in premature luteinisation of granulosa cells
[53]. Combining these observations, we propose these cells were
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Fig. 8. Illustration of a cell population located on the transition of cortex and medulla of adult southern white rhinoceros ovarian tissue. (A) Masson’s Trichrome
staining of the transition area between cortex and medulla. (A.1) higher magnification detail of the squared area in A. (A.2) Further higher magnification detail of the
squared area in (A.1). (B) Transitionary cells are negative for Periodic acid Schiff stain (PAS) (black arrow). (C) Transitionary cells were negative for hyaluronic acid
(HA) (black arrow). (D) Transitionary cells were negative for DEAD-Box Helicase 4 (DDX4, germ cell marker) (black arrow). (E) No collagen I was present between
the transitionary cells (black arrow). (F) minichromosome maintenance complex component 2 (MCM2) showed no proliferating cells (black arrow). (G) Transitionary
cells were negative for CB1 (cannabinoid receptor 1; black arrow). As a positive control we included the CB1 signal in the blood vessel situated in the medullar region
of the ovary to illustrates the immunoreactivity of the sample. Inset images are negative controls.

luteinizing granulosa cells, which could be involved in the development
of a uniform corpus luteum or an unruptured follicle.

3.2.5. Degenerating follicle

A fluid filled cavity that resembled a follicle was also found in rhino
2, but no oocyte was located in all sections analysed (Fig. 7A). Hyal-
uronic acid was detected in the fluid of this structure, indicative of
follicular fluid (Fig. 7B). With the absence of an oocyte, and what
appeared to be swollen theca interna cells (Fig. 7B, star), this led to the
differential diagnosis of a follicular cyst [54]. Extremely low prolifera-
tion rates (Figs. 7C and 6D) were consistent with the cyst hypothesis.
However, this would normally accompany low apoptotic rates [55],
which was not the case. Since many TUNEL positive cells were present
within the follicle, we expected the structure to be a degenerating fol-
licle rather than a cyst and we hypothesize the oocyte was the origin of
the degeneration (Fig. 7E).

3.2.6. Cells at the transition of the cortex and medulla

A collection of ‘unidentified cells’ situated on the transition of cortex
and medulla with offshoots into the cortex was observed (Fig. 8) in rhino
1 (ovary 1) and rhino 2 (left ovary). The cells showed a lighter aspect in
the Masson Trichrome staining compared to the stromal cells sur-
rounding them (Fig. 8A.1 and 8 A.2). Although the exact mechanism of

10

the red stain is unknown, acid addition during the staining procedure
results in less permeable structures retaining the red dye while it is
removed from fibers. Therefore, it seems the cells of interest were more
permeable than the surrounding stromal cells. The cells were PAS
(Fig. 8B), HA (Fig. 8C) and DDX4 (Fig. 8D) negative with no detectable
collagen I (Fig. 8E). With no cell proliferation (Fig. 8E), it was not an
expanding cell population. The cells did not show any positive CB1
signal (Fig. 8G) so the hypothesis of interstitial glands could also be
eliminated. Considering the lack of immunopositivity to the numerous
antigens tested, to establish that molecular analysis was possible, we
detected CB1 in blood vessels [56] as a positive control (Fig. 8G.1).
These unidentified cell formations on the cortex-medulla transition look
similar to luteotropic cells derived from luteinized follicles and therefore
could be considered the remains of corpora albicantia; regressed corpora
lutea. Since these were adult ovaries, other clear presentations of
corpora albicantia were present (Suppl Fig. 1A) and thus to verify this
hypothesis, ‘standard’ corpora albicantia were used to compare. Char-
acterisation of the corpus albicantia showed no active cell death (Suppl
Fig. 1B) nor an abundance of proliferation of cells (Suppl Figs. 1C and
1D), but it contained a small accumulation of HA (Suppl Fig. 1E), and
some cells positive for SOX2 (Suppl Fig. 1F) and Oct4 (Suppl Fig. 1G) in
the centre of the structure. The appearance of a cluster of cells with
expression of stemness factors has not previously been reported. It is
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known that corpora albicantia contain fibroblasts organised in and
behaving like a syncytial structure through gap junctions [57], but to
our knowledge, the presence of cells with pluripotent characteristics has
not been described before in corpora lutea or albicans. CD31 demon-
strated the presence of blood vessels in the core of the corpus (Suppl
Fig. 1H). No inflammatory cells (CD20, Suppl Fig. 1I) or hormone pro-
ducing cells (CB1, Suppl Fig. 1J) were detected.

In bovine corpora lutea, the predominant collagen is type I [58],
which was not detected in our samples (Fig. 8E). However, the collagens
present in corpora lutea might be species-specific since in human, the
interstitial matrix is collagen IV [59]. Since the unidentified cell popu-
lation on the transition of cortex and medulla was widely spread out
over the ovary and did not form distinct structures, we considered them
different from corpora albicantia. However, they might have been
remnants of corpora albicantia that no longer have any organised
structure.

4. Conclusion

For the first time, a description and molecular characterisation, on
structures detected in adult white rhinoceros ovaries that deviate from
the standard physiological structures, is provided. A combination of
histological structure with immunohistochemical characterisation
allowed us to verify some differential diagnoses. Deviations from the
normal physiology included follicle-like structures (FLS), degenerating,
deformed and luteinizing follicles as well as an undefined cell popula-
tion on the transition of the cortex and medulla. Describing and char-
acterising these aberrant structures, is a crucial step in understanding
and explaining ovarian physiology in the southern white rhinoceros.
Moreover, knowledge on the ovarian physiology has implications for the
development of ART based on the aspiration, dissection or isolation of
follicles. Specifically in the context of OPU, FLS might contribute to poor
oocyte recovery rates in aged female white rhinoceroses. Their rele-
vance for all rhinoceros species and maybe even other wildlife species in
which in vitro embryo production programs have to cope with aged
females, remains to be investigated.
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