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Abstract

Infertility is a growing challenge globally with emerging risk factors. There are effective
laboratory tests to evaluate infertility in humans, nevertheless, some measures, especially
histopathological evaluations, are invasive due to the pain inflicted when accessing the
reproductive organs and obtaining samples; hence, their relevance may be limited in humans.
However, these histopathological evaluations provide essential information on the
etiopathogenesis of infertility and the likely mechanisms of action of potential therapeutic
candidates. Also, non-invasive methods are available, such as the assay of testosterone in the
blood and semen analysis, both of which are predictors of testicular functions. This review
provides detailed information on the available histopathological investigations of infertility, such
as qualitative and quantitative histopathological assessments of gonadal tissues, specific cell
counts, and sperm morphology characterization, with a focus on the procedures, interpretation,
and pathophysiological basis. Data from the literature revealed that histopathological
examinations of the reproductive organs, as well as spermatozoa, are useful in understanding the
pathogenesis of incident infertility. Histopathological evaluation may range from basic
hematoxylin and eosin stains to some special stains. Also, histopathological findings (such as
spermatogenic cells and planimetric variables, like seminiferous tubule diameter and theca cell
and corpus luteum thickness) may be quantified and analyzed for comparison. Some skill is
required for these investigations, which may be a limiting factor; however, they are important

tools in translational medicine.
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1. Introduction

Infertility, which is defined as the inability of a couple to achieve conception within a year of
adequate sexual intercourse (Akhigbe et al., 2022a), is a growing concern as global trends over
the last five decades have demonstrated a decline in fertility (Levine et al., 2017; Segal and
Giudice, 2022). This has led to more studies in the field of reproductive health and fertility in an
attempt to investigate new risk factors (and associated mechanisms) of infertility. Data from
animal models should be translated to humans with caution, however, animal models remain a
useful tool in translational studies (Khati et al., 2022) due to their attendant merits, such as the
availability of homogenous experimental subjects, easy handling of subjects, controlled
experimental conditions, and ample tissue sampling (Ajayi and Akhigbe, 2020a).

For fertility assessment, hysterosalpingography, pelvic/abdominopelvic scans, and blood samples
for hormone profiles with or without a lipid profile are requested to assess female fertility, while
a spermiogram and blood sample for hormone profiles are requested to assess male fertility.
Although these investigations lead to an effective assessment of infertility, some
histopathological examinations may provide useful additional details. Despite the usefulness of
these histopathological assessments, the major drawback is their invasive nature in humans.
However, in animal models, these assessments help understand the etiopathogenesis of
infertility. The present study reviews available histopathological examinations in the study of
reproductive functions in animal models. This provides essential tools from experimental studies
to illuminate the etiopathogenesis of emerging risk factors in reproductive dysfunction. Also, this

opens up an opportunity to evaluate potential drug candidates.



2. The anatomy of the gonads

2.1 Description of the testis and epididymis: gross anatomy and histology

Shortly before full term, the testis in humans leaves the outer ring of the inguinal canal and
comes to lie permanently in the scrotum (Barteczko and Jacob, 2000). At the same time, the
vaginal process loses its direct connection to the abdominal cavity and becomes the tunica
vaginalis due to closure of the inguinal canal. In rodents, the testes are located on either side of
the urinary bladder. They temporarily shift to the scrotum only during sexual arousal, thereby
crossing the inguinal canal, which remains open for life in rodents (Brower, 2018). Dorsally, the
testis in humans and rodents is structurally connected to the epididymis at its upper pole and
merges into the mesorchium. At its lower pole, the testis has retaining ligaments derived from
the gubernaculum testis. These ligaments may play an active role in the temporal displacement
of the testis in adult rodents (Lie and Hutson, 2011).

Macroscopy of the adult epididymis in humans and rodents is almost identical. Although the
epididymis is a highly tortuous single duct, it is subdivided into caput, corpus, and cauda from
the testis to the seminal duct (Merkwitz et al., 2016). In both humans and rodents, blind-ending
diverticula are found as derivates of the paramesonephric duct (appendix testis) and the
mesonephric duct (appendix epididymis) in the testicular and epididymal regions, respectively
(Del Vecchio, 1981).

The histology of the testis is presented in Figure 1. The adult testis in humans and rodents has a
uniform structure. Connective tissue septa extend from the tunica albuginea to the testicular hilus
and divide the testis into longitudinal lobules. Within each testicular lobule lie several testicular
tubules, beginning and ending with two straight sections (tubuli recti) at the hilus and extending

to the tunica albuginea with a tortuous, closed section (tubulus contortus). The tubuli recti



provide the connection to the rete testis, followed by the ductuli efferentes at the testicular hilus.
The tubuli recti are lined by a single-layered cubic epithelium. The tubulus contortus has an age-
dependent central lumen and is lined with the germinal epithelium. This consists of a different
number of layers and different stages of spermatogenesis, depending on age and, in some
rodents, season; in humans, six manifestations in the germ cell cycle are distinguished, and in
rodents, many more (Khati et al., 2018).

The seminiferous epithelium is divided into basal and adluminal (apical) sections by the blood-
testis barrier, which is also referred to as the Sertoli cell epithelial barrier formed by specific
coexisting actin-based tight junctions, basal ectoplasmic specialization, gap junctions, and
intermediate filament-based desmosomes (Pelletier et al., 2011; Franca et al., 2012). At the
periphery of the seminiferous tubules are the spermatogonia, which are located inside the
basement membrane. Above the spermatogonia, towards the center, the germ cells are in mitosis,
meiosis, and differentiation into spermatozoa. The migration and transformation of germ cells
from the basal to the central takes about 70 days in humans, 35 days in mice, and 50 days in rats
(Perrard et al., 2016; Ajayi and Akhigbe, 2020b). The accessory Sertoli cells extend vertically
from the basement membrane to the tubule center. The Sertoli cells are interconnected by close
cell-cell contacts. This forms an effective blood-testis barrier between the peripheral abluminal
compartment, which contains primordial germ cells, germ cells in mitosis, and initiated meiosis,
and the central adluminal compartment, which contains germ cells in advanced meiosis and
differentiating into spermatozoa (Mruk and Cheng, 2015). Between the testicular tubules are the
other testicular accessory cells, the eosinophilic Leydig cells, with a large, round nucleus, a
dispersed karyoplasm, and a distinct nucleolus. So-called Reineke crystals are observed in

Leydig cells in humans and some rodents (Kerr et al., 1986; Planinic et al., 2022). In seasonally



breeding rodents, spermatogenesis is largely discontinued during the non-breeding period, and
only spermatogonia and germ cells in the early stages of meiosis are found in the seminiferous
tubules (Khati and Hammouche, 2021).

Besides spermatogenesis, the key function of the testis is to synthesize testosterone, which is
influenced by the hypothalamic-pituitary-testicular axis, through the action of luteinizing
hormone (LH) on the Leydig cells (Ajayi and Akhigbe, 2020c; Oyedokun et al., 2023).
Spermatogenesis, which is influenced by the action of follicle-stimulating cells on the Sertoli
cells, is additionally maintained by optimal levels of intratestinal levels of testosterone (Ajayi
and Akhigbe, 2020c; Oyedokun et al., 2023). Spermiogenesis in the seminiferous tubules takes
about 22.7 days in rats and 21.6 days in humans (Suarez, 2002; Zirkin and Goldberg, 2018). It
involves acrosome formation, which is crucial for penetration into the zona pellucida of the
Oocyte and, thus, for fertilization. After spermiogenesis, the spermatozoa are morphologically
mature, however, they are non-motile and incapable of fertilizing an egg. Spermatozoa are
passively moved from the seminiferous tubules to the caput of the epididymis by testicular fluid
passing through the rete testis and efferent ductules. The fluid pressure produced in the
seminiferous tubules, the contraction of the smooth muscles, and the ciliary currents in the
efferent ductules all help facilitate this transition. The spermatozoa remain in the extremely
convoluted duct of the epididymis for around 12 days, where they undergo biochemical
maturation related to the alteration of glycoproteins in the sperm head's plasma membrane. When
the spermatozoa get to the caudal epididymis, they are fully mature and motile, capable of

fertilizing an egg. Hence, the epididymides play a significant role in male fertility.



2.2 Description of the ovary and uterus: gross anatomy and histology

In humans, the adult ovaries are located intraperitoneally on the dorsal side of the broad ligament
at the junction of the greater and lesser pelvis. In contrast, the ovaries in rodents remain near the
former primordium and are located on the posterior wall of the abdominal cavity, lateral to the
lower half of the kidney (Kaufman, 2010). Except where the mesovarium enters the ovary in
rodents, it is surrounded by a transparent bursa.

The uterus, fallopian tubes, and parts of the vagina develop from the two paramesonephric ducts
in humans and rodents (Cunha et al., 2019). The two ducts unite centrally but to different
degrees in humans and rodents. In humans, they largely fuse to form the uterus and the proximal
portion of the vagina. In contrast, in rodents, they fuse only in their distal parts to form the cervix
uteri and vagina. The proximal parts remain separate and form the two uterine horns in addition
to the fallopian tubes. In rodents, the two uterine horns are suspended from the posterior wall of
the abdominal cavity by broad mesenteries (Rendi et al., 2012). The pear-shaped uterus lies with
the fundus and corpus intraperitoneally, the cervix uteri is firmly anchored to its endocervix by
retaining ligaments in the lesser pelvis (Ferency, 1917). In humans, the uterus with its exocervix
protrudes a good distance into the vagina and forms an anterior and posterior fornix in addition
to lateral fornices, which are also found in rodents (Carretero et al., 2017). In both humans and
rodents, epoophorons are found as derivates of the paramesonephric duct in the region of the
ovarian hilus (Jia and Zhao, 2022). Whether rodents, like humans, can form a Gartner duct has
not yet been conclusively investigated.

The histology of the ovary and uterus are presented in Figure 2. The adult ovary of humans and
rodents can be divided into an epithelium-covered cortex of cell-rich, fibrous, spinocellular

connective tissue, a central, well-vascularized medulla, and a hilar region. Two types of ovarian



follicles can be distinguished; those that lie directly beneath the surface epithelium in
conspicuously avascular areas and form the reserve pool of ovarian follicles (primordial
follicles), and those that have entered folliculogenesis and grow and mature in a well-
orchestrated manner over several ovarian cycles. During folliculogenesis, follicles shift
temporarily from the areas of low vascularity to the more vascularized areas of the ovary
(Martelli et al., 2017). Although most primordial follicles in rodents contain only one oocyte, as
in humans, follicles containing two oocytes are not uncommon in rodents. The follicles in
folliculogenesis in humans and rodents can be divided essentially into those without an antrum
and those with. The granulosa cells in the antral follicles can be subdivided at least into basal,
antral, and cumulus oophorus granulosa cells according to function and occurrence, whereas this
subdivision differs in humans and rodents. Of the follicles selected for final maturation within an
ovarian cycle, usually only one makes it to ovulation in humans, and several in rodents (Chaffin
and VandeVoort, 2013). The other subdominant follicles become atretic. After the oocyte leaves
the ovulated follicle with its surrounding granulosa cells, the corpus luteum is formed from the
remaining follicular wall. At the end of an ovarian cycle without pregnancy, the corpus luteum
undergoes connective tissue remodeling over several cycles in humans and rodents, forming a
nonfunctional corpus albicans in humans (Morales et al., 2000; Sato et al., 2014). The initially
basophilic and then eosinophilic corpora lutea in rodents degrades over 2 - 4 more cycles if
pregnancy does not occur.

In all uterine segments in humans, the endometrium is covered luminally by a single-layered,
highly columnar epithelium from which unbranched glands descend into the lamina propria of
reticular connective tissue (Ferenczy, 1977; Ferenczy and Wright, 2013). In the endocervix, the

glands are mucinous differentiated. The lamina propria below the epithelium is more fibrous here



than in the fundus/corpus area. The uterine horns of rodents have mucosa lying in the transverse
folds, which are lined by a single-layered columnar epithelium. Branching glands extend from
the epithelium into the lamina propria (Steward et al., 2011; Vu et al., 2018). In some rodents,
the glands can even extend into the myometrium. In contrast to humans, the entire mucosa of the
cervix in rodents is covered by a multilayered squamous epithelium from which no glands
extend. The tunica muscularis is more clearly divided into an inner circular and an outer
longitudinal layer in rodents than in humans and has increasingly collagenous connective tissue
toward the cervix.

In humans, the endometrium in the fundus/corpus area of the uterus builds up and breaks down
cyclically in three phases under the influence of ovarian hormones. After the menstrual phase, a
new receptive stratum functionalis develops from the stratum basalis in the proliferative and
secretory phase. Menstrual bleeding comparable to that in humans does not normally occur in
rodents; instead, the endometrium is cyclically reabsorbed. The only exception described so far
is the spiny mouse (Bellofiore ef al., 2017). The reason for the absence of menstrual bleeding in
rodents could be that the decidualization of the endometrium in rodents begins only after
implantation. In rodents, even the cyclic changes of the vaginal mucosa are more evident than
those of the endometrium. Based on the histology of the vaginal mucosa, the actual cycle phase
can be accurately determined (Merkwitz et al., 2016).

In humans, the female reproductive cycle is referred to as the menstrual cycle, which includes
ovarian and uterine cycles and lasts an average of 28 + 7 days, whereas in rodents, it is referred
to as the estrus cycle that includes proestrus, estrus, metestrus, and diestrus and lasts about 4 to 5
days (Ajayi and Akhigbe, 2020a). The ovaries contain the follicles that are transformed from the

primordial follicle to the primary, secondary, and tertiary follicles with a large antrum, which is



referred to as the Graafian follicle. The primordial follicles have one layer of squamous follicular
cells and are located under the cortex, whereas primary follicles are lined by a layer of cuboidal
follicular cells and secondary follicles are lined by several layers of cuboidal granulosa cells
without an antrum/antral space (Akhigbe et al., 2022b). Follicles with multiple layers of cuboidal
granulosa cells, just like secondary follicles, but with a fluid-filled cavity forming, are called
early antral follicles (tertiary follicles), while follicles with a large antrum and a prominent
Cumulus oophorus are called Graafian (pre-ovulatory) follicles (Akhigbe et al., 2022b). The
production of fertilizable eggs in folliculogenesis, like spermatogenesis in the testis, is the main
goal of the ovary; another, no less important, goal is the production of estrogen in the maturing

follicles and progesterone in the corpora lutea to prepare the endometrium for conception.

3. Histopathological assessment of male fertility

3.1 Gonadal tissue processing for histopathological evaluation

The gonads, which consist of testes and ovaries, are charged with two main tasks, namely
gametogenesis and synthesis of steroid sex hormones (Nussey and Whitehead, 2001). Since the
process of autolysis begins immediately after cell death (Arnold, 2018), it is important to fix
samples as quickly and thoroughly as possible after sampling (Slaoui et al., 2017). Because
prognosis and treatment strategies for several gynecological diseases and reproductive biology
problems depend on accurate tissue diagnosis, appropriate postmortem tissue preservation, and
processing prior to analysis are necessary to preserve cellular features and conserve antigens and
nucleic acid sequences. (Comanescu et al., 2012). Only with adequate tissue preservation is it
possible to assess whether the observed changes are artificial, natural, or pathological (Slaoui et

al., 2017). In light of this, it is crucial that each step of tissue preservation and examination is



strictly standardized (i.e., specimen sampling, trimming, embedding, sectioning, and staining)

(Slaoui et al., 2017).

To achieve effective tissue preservation, tissue samples must be immersed in a ten-fold volume
of fixative. The fixation technique most commonly used in biomedical research involves
immersing the tissue samples in formaldehyde or paraformaldehyde (Slaoui er al, 2017).
Following fixation, tissue samples are trimmed to the correct size, orientated, and placed in an
embedding cassette (Morawietz et al., 2004). This is followed by a step-by-step process in which
the tissue samples are dehydrated in a graded ethanol series, cleared with xylene, and infiltrated
with paraffin (Patil, ez al., 2015; Slaoui et al., 2017). After the paraffin has penetrated the tissue
samples, the samples are removed from the embedding cassettes and carefully placed in base
molds into which paraffin is poured. The molds are then placed on a cooling surface (Slaoui et
al., 2017). For sectioning, the paraffin blocks with the tissue samples are placed in sample
holders of a sled or rotary microtome (Slaoui and Fiette, 2011). From the tissue samples, three to
ten-um thick sections are cut into ribbons and stretched by floating on a water bath at 45°C.
(Slaoui and Fiette, 2011; Soukup and Tylova, 2014; Stasolla and Yeung, 2015). Since they are
too low in contrast to be evaluated in their present state, they are stained or subjected to
immunohistochemical analysis for particular cell antigens (Slaoui et al., 2017). The routine stain
for histopathological alterations in tissues and organs is hematoxylin and eosin (H&E) (Slaoui
and Fiette, 2011; Bolon, ef al., 2021). After H&E staining, the sections are covered with a thin
coverslip glass to preserve them and improve their visual assessment with a light microscope.

(Slaoui et al., 2017; Goacher et al., 2017).

Sometimes, some special stains can be useful to identify specific lesions. Trichome staining,

which uses two or more acid dyes in combination with a polyacid, helps identify an increase in



collagenous fibers, which is typical of fibrotic changes (Baker, 1958). Pearls’ Prussian blue is
important for the detection of iron in tissues or cells. In this technique, no dye is applied; instead,
the tissue is treated with hydrochloric acid, whereby the iron deposited therein reacts with
potassium ferrocyanide to form iron (III) ferrocyanide, an insoluble light-blue pigment (Ghio and
Roggli, 2021). Verhoeff’s stain (or Verhoeff-Van Gieson stain) demonstrates pathologic elastic
fibers (Puchtler and Waldrop, 1979). Periodic acid Schiff’s (PAS) helps demonstrate glycogen

accumulation in tissues and cells (Sheehan and Hrapchak, 1973).

3.2 Histopathological evaluation of the testis and epididymis
The testes and epididymides may be examined for tissue damage, spermatogenesis, and cell

counts.

3.2.1 Qualitative report

Usually, the testis is examined under a light microscope at 100x magnification (Obj. 10 x) to
obtain a comprehensive overview, and at 400x magnification (Obj. 40 x) to identify specific
lesions and to take photomicrographs. Lesions observed may not necessarily be pathognomonic
of a specific harmful exposure, however, they do depict testicular toxicity (Akhigbe and Ajayi,
2020).

Figure 3 shows testicular photomicrographs of different lesions, ranging from vascular
congestions, widened interstitial space, shrunken seminiferous tubules, desquamation of the
tunica propria, detachment and degeneration of spermatogenic cells, cell maturation arrest,

degeneration of seminiferous tubules, and spermatogenic cells. These anomalies have been



reported with the use of medications, such as highly active antiretroviral medications, anti-
tuberculosis medications, codeine, and Rohypnol (Akhigbe et al., 2021a; Ajayi et al., 2023;
Akhigbe et al., 2023; Hamed et al., 2023).

Experimental studies in animal models have shown that diabetes leads to shrinkage of
seminiferous tubules, widening of the interstitial space, and degeneration of spermatogenic cells
(Babaei et al., 2021; He et al., 2021). Experimentally induced obesity (Mu et al., 2017) and
exposure to heavy metals such as lead (Besong et al., 2023a), cadmium (Ige et al., 2012a), and
aluminum (Ige et al., 2012b) have also been shown to cause seminiferous tubule shrinkage,
spermatogenic cell degeneration, and sperm reduction in the tubule lumen.

Similarly, lesions observed in the epididymides are usually not pathognomonic of a specific
adverse event. Figure 4A shows a normal human epididymis with normal intertubular space and
tubules in which the lumen contains sufficient/normal spermatozoa. Anomalies in the epididymis
range from widening of the intertubular space to widening of the tubular lumen and reduced or

absent spermatozoa. There may also be desquamation of the tubular membrane.

3.2.2 Cosentino’s score

Testicular histology can be assessed for testicular damage using Cosentino’s scoring system.
According to this system, testes are divided into four grades depending on the preservation of the
testicular histoarchitecture (Cosentino et al., 1985; Akhigbe et al., 2021a; Afolabi et al., 2022a).
Grade 1 denotes normal testicular histoarchitecture, whereas grade 4 denotes a damaged testis
with coagulative necrosis of the seminiferous tubules (Table 1). It is important that each tissue
section is scored by two experts blinded to the study protocol and that the mean value of their

scores 1s used.



3.2.3 Planimetry

This involves the measurement of different testicular and epididymal tissue areas (Figure 4). A
ruler adapted to the microscope can be used for this purpose. In addition, captured
photomicrographs can be uploaded to Image J, which is equipped with specific plugins for
measuring these areas. Usually, seminiferous tubular diameter, epithelial height, and
seminiferous luminal diameter are measured. Epithelial height is measured in four different areas
and the mean is calculated. The diameters of the seminiferous tubule and lumen are obtained by
measuring the major and minor axes and then calculating the mean. A reduced seminiferous
tubular diameter indicates shrinkage of the seminiferous tubule, a reduced epithelial height
indicates sloughing of spermatogenic cells or maturational arrest, whereas an increased luminal
diameter also indicates maturation arrest and/or impaired spermatogenesis. For the determination
of these variables, 20 nearly round seminiferous tubules are selected.

The first is selected randomly, while subsequent seminiferous tubules are selected by moving the
section clockwise (Afolabi ef al., 2022a; Besong et al., 2023a). The composition of the germinal
cell layer can also be assessed by counting the number of germ cell layers from the basement
membrane to the lumen at 90°, 180°, 270°, and 360° and taking the average of these numbers
(Wei et al., 2009; et al., 2021b; Ogundola et al., 2021).

The distance between two seminiferous tubules may be determined as interstitial diameter or
interstitial distance, indicating shrinkage of seminiferous tubules and increase of the interstitial
space between two adjacent seminiferous tubules. The morphometry of the epididymis

(essentially the diameter of the tubule, diameter of the lumen, epithelial height, and size of the



interstitial space) is essentially performed in the same way as for the morphometry of the testis
(Figure 4).

Some histomorphometry may be calculated from the above variables. The cross-sectional area
(Ac) of the seminiferous tubule is calculated as Ac =nD’ /4, where 7 equals 3.142 and D the
mean diameter of the seminiferous tubules is calculated as outlined above (Ogedengbe et al.,
2018; Afolabi et al., 2022a).

The Ac can also be determined by tracing the circumference of the seminiferous tubule (Montoto
et al., 2012). The area occupied by interstitial tissue is calculated by subtracting the area
occupied by seminiferous tubules from the total tissue area considered (Montoto et al., 2012).
Like a decreased diameter of the seminiferous tubules, a decrease in the Ac or percent area of the
seminiferous tubules indicates shrinkage of the seminiferous tubule.

The area of the lumen of the seminiferous tubules is obtained by measuring the length and width
of the lumen in each tubule and calculating the lumen area as the area of an ellipse = @ x lumen
length/2 (semi-major axis) x lumen width/2 (semi-minor axis), whereas the seminiferous
epithelium area in each tubule is determined by subtracting the lumen area from the Ac (Montoto
etal., 2012).

The unit for the diameter is um, for area pm’. Testicular volume (V, mm’), which correlates
with sperm density (Tijani et al., 2014), is obtained by dividing testicular mass by testicular
density (Montoto et al., 2012). The volume of the testis occupied by the seminiferous tubules
(Vrm, mm’) is calculated as Vr x percentage of total seminiferous tubules/100 (Montoto et al.,

2012).



The thickness of the basement membrane and the diameter and volume of the Leydig nucleus
can also be obtained, although these are better determined by an ultrastructural examination with
an electron microscope at a magnification of 3,000 to 50,000 x.

For basement membrane thickness (um), ten seminiferous tubules are randomly selected and five
random measurements are taken from each tubule (Pop et al., 2011; Shokri et al., 2012). The
basement membrane, which is a modified extracellular matrix, appears to be involved in germ
cell movement across the blood-testis-barrier; proteins in the membrane have been reported to
influence the dynamics of the blood-testis-barrier of Sertoli cells through the interactions
between collagens, proteases, and protease inhibitors under the influence of cytokines (Siu and
Cheng, 2014). Hence, an increase in basement membrane thickness may indicate impaired
spermatogenesis.

The diameter of the Leydig cell nucleus (um) can also be measured and from this the volume of
the Leydig cell nucleus (V, um3 ) can be calculated as 4/3nr’ (Castro et al., 2002; Afolabi et al.,
2022a) or P/6 x AP* (El-Sokkary, 2001; Afolabi ef al., 2022a), where r (radius) is the averaged
half diameter, P the short diameter, and A the long diameter. The first formula is used for round
nuclei, and the second for oval/spheroidal nuclei (Afolabi ef al., 2022a).

In addition, stereological analysis has proven useful in digital pathology. It involves the
collection and evaluation of tissue samples using specific protocols to obtain quantitative
variables such as length, volume, and count. In this way, the degree of shrinkage, the total
volume of the testis, and the volume density and absolute volume of the seminiferous tubules,
germinal epithelium, and interstitial tissue can be determined. The left testis is immersed in a
saline-filled glass jar to determine the weight and primary volume of the testis (Scherle, 1970),

and then fixed in a buffered formaldehyde solution. This is then divided into 8-12 slabs using an



orientation method to obtain Isotropic Uniform Random (IUR) sections (Mattfeldt ez al., 1990)
and paraffin-embedded tissue sections of 5 um and 25 pum thickness are obtained and stained
with H&E for volume and cell number estimations, respectively. Three random segments are
prepared from the IUR using trocar. The average value of two vertical diameters of the segments
is determined as the pre-fixing radius (r-before), while this is also repeated after histological
processing and determined as the post-fixing radius (r-after). The degree of shrinkage (d (shr)) is
determined as:

D (shr) = 1- (r-before®/ r-after’)'>

Post-embedding volume = Pre-embedding volume x [1 — d (shr)] (Zamani et al., 2020).

Images are captured at the same magnification and uploaded to morphometric software. About
five fields per slide are evaluated by randomly superimposing a uniform point grid over the
image to measure specific objects. The ratio of the number of points hitting the profile of the
seminiferous tubules, germinal epithelium, and interstitial tissue (Px) to the number of points
hitting the testis (Pr) is determined as the volume density (Vp) of the seminiferous tubules,
germinal epithelium, and interstitial tissue, respectively (Bielli ez al., 2001).

Vp =Pn/Pr

The values obtained are multiplied by one hundred and expressed as percentages. The absolute
volume (Va) of the seminiferous tubules, germinal epithelium, and interstitial tissue is obtained
by multiplying the corresponding Vp with the testicular weight (TW) and expressed in mL
(Howard and Reed, 2004).

VA=VDXTW



3.2.4 Evaluation of spermatogenesis

Spermatogenesis can be assessed using the Johnsen score, spermatogenic index, and total and
daily spermatid production (Johnsen, 1970; Afolabi et al., 2022a; Akhigbe et al., 2023). The
Johnsen score is based on the result of a testicular biopsy (Johnsen, 1970; Akhigbe et al., 2021a).
Each seminiferous tubule evaluated is scored between 1 and 10 depending on the presence of
specific spermatogenic cells (Table 2). The tubule is scored 10, 9, and 8, respectively if
spermatogenesis is complete and many spermatocytes are present. When many spermatocytes are
present. but the germinal epithelium is disorganized or when few spermatocytes are present. It is
scored 7 and 6, respectively if no spermatocytes are present but many or few spermatids are
present. In the absence of spermatozoa and spermatids, the presence of many or a few
spermatocytes is scored as 5 and 4, respectively. If only spermatogonia, Sertoli cells, or no cells
are present, the score is 3, 2, and 1, respectively.

When using the spermatogenic index as an indicator of spermatogenesis, the types of
spermatogenic cells are also considered (Table 3). About two hundred seminiferous tubules are
examined per testis, and the spermatogenic index is determined as the received value divided by
two hundred.

When using total and daily spermatid production as an indicator of spermatogenesis, sonication-
resistant spermatids are counted (Robb et al., 1978; Mathias et al., 2015; Akhigbe et al., 2023).
The tunica albuginea is separated from the excised testis, and then the parenchyma is
homogenized in 5 ml of 0.5% saline-triton by sonication at 12 kHz for 30 seconds. The
homogenate is diluted in saline (1: 10), and the spermatids are counted using a hemocytometer.
The total spermatid production (TSP) is determined as the number of spermatids per gram of

testicular tissue and expressed as x millions per g (x10%g). The daily spermatid production



(DSP) is obtained by dividing TSP by 6.1 days and expressed as million per g per day
(x10%g/day).

DSP = TSP/6.1 days

The spermatids counted correspond to 48% of a seminiferous epithelial cycle that lasts 12.75
days in rats [12.75 x 0.48 = 6.1] (Robb et al., 1978; Mathias et al., 2015; Akhigbe et al., 2023).
The sonication-resistant spermatozoa in the epididymides are counted and reported as sperm
reserve (Fernandez et al., 2008; Bellentani et al., 2011). The epididymal segments (caput,
corpus, and cauda) are minced separately, homogenized in 5 ml of 0.5% saline-triton by
sonication at 12 kHz for 30 seconds, and the homogenate is then diluted in saline (1: 10). The
number of spermatozoa in the homogenate of the respective epididymal segment (caput + corpus
and cauda) is counted using a hemocytometer and reported as the sperm reserve per
million/organ (x 10%/organ). The sperm transit time (sperm transit through the epididymis) in the
caput/corpus (in days) is determined by dividing the number of spermatozoa in the caput/corpus
portion of the epididymis by the DSP of the ipsilateral testis, while sperm transit time (in days) in
the cauda is determined by dividing the number of spermatozoa in the caudal portion of the

epididymis by the DSP of the ipsilateral testis (Fernandez ef al., 2008; Bellentani et al., 2011).

3.2.5 Leydig, Sertoli, and Spermatogenic cell counts

The counting of cells in the testicular tissue can be done manually or via applications with
specific plugins, such as Image J. The cells are identified by their peculiar features. The primary,
secondary, and spermatid spermatocytes are located in the adluminal compartment, which is
located between the basement membrane and the lumen, while Sertoli cells and spermatogonia

are located on the basal membrane (Akhigbe ef al., 2023). Spermatogonia are rounded cells that



locate adjacent to the basal membrane and have round nuclei. Sertoli cells are large, elongated
cells that span the whole seminiferous epithelium from the basal membrane to the lumen and
have oval to elongated nuclei. Primary spermatocytes have heterochromatic nuclei, whereas
secondary spermatocytes lie between the primary spermatocytes and round spermatids.
Sometimes, the primary and secondary spermatocytes are counted together and reported as
spermatocytes. Leydig cells are located in clusters in the space between the seminiferous tubules.
They are polyhedral eosinophilic cells that have a large, round nucleus with one to three nucleoli
(Figure 1). Cell counts should be performed by two experts, who are unaware of the study

protocol, and the respective mean values of their counts should be used.

3.3 Assessment of sperm morphology

Sperm morphology, which refers to the shape and size of sperm, is a widely used method for
determining sperm quality. This method is based on the distinctive staining of spermatozoa
(Maree, 2010) and is a component in the diagnosis of male infertility. Due to increasing IVF (in
vitro fertilization) treatments, the shape and size of sperm are gaining importance in terms of
their usability in artificial insemination (Aksoy et al., 2012). (Aksoy et al, 2012). However,
there is no universal technique that covers the wide range of indications (fertility diagnosis and
prognosis, reproductive toxicology studies, empirical studies, or public health studies) for which
human sperm morphology studies are used (Aksoy et al., 2012). In addition, some shape
anomalies of unclear etiology, such as narrow heads, amorphous heads, and curved or
asymmetric necks, also appear to be without disease and/or fertility reduction value (Gatimel et

al., 2017).



The World Health Organization (WHO) laboratory handbook for semen analysis recommends
using the so-called stringent approach to determine the proportion of spermatozoa with a perfect
shape (WHO, 2021). Several criteria must be examined and met for the diagnosis of male
infertility (Boitrelle et al., 2021), however, sperm morphology is very difficult to interpret due to
the physiological nature of most morphological sperm abnormalities. With the exception of
easily diagnosable morphological changes in very rare genetic disorders (such as
globozoospermia, macrocephaly, decapitated sperm syndrome, and fibrous envelope dysplasia),
sperm morphology assessment in the context of assisted reproductive therapy (ART) contributes
little to diagnosis and treatment (Gatimel et al., 2017). In the absence of reliable morphological
criteria, more and more infertility clinics rely on other criteria in the spermiogram to assess
sperm fertilizability and plan treatment strategies (Abu Hassan Abu et al., 2012). However,
assessment of sperm concentration and motility may also provide inaccurate results, even when
used alongside sperm morphology to assess the fertility of a semen sample (Chacon, 2001).
Several staining approaches are used in sperm morphology evaluation (Aksoy et al., 2012).
Automated devices for sperm morphology analysis can compensate for the subjective nature of
the visual assessment of sperm morphology, however, there are numerous technical problems

(Ombelet et al., 1995).

Ejaculatory abstinence of 2-7 days (WHO, 2021; Akhigbe et al., 2022a) or 3-4 days (European
Society for Human Reproduction and Embryology [ESHRE] and the Nordic Andrology
Association [NAA]) is recommended prior to collection of semen samples for testing
(Tremellen, 2008; Akhigbe et al., 2022a). The suggested period of 2-7 days of abstinence prior
to semen collection is intended to reduce the intrusion into the individual’s life and habits

(Bjorndahl et al., 2022). Studies have shown that a prolonged abstinence period would increase



sperm count but not motility (Akhigbe et al., 2022a; Bjorndahl et al., 2022), and sperm
morphology has been shown to be similar with an ejaculatory abstinence of 3-4 and 2-7 days
(Akhigbe et al., 2022a). To determine sperm morphology, a sperm smear is made on a glass
slide, air-dried, fixed, and stained with eosin/nigrosin. The slide is examined with a light
microscope after being covered with a glass coverslip. Approximately 200 spermatozoa per slide

are examined for normal and abnormal forms.

The variable shapes of human spermatozoa make evaluation quite difficult, nevertheless,
assessment of spermatozoa from the female reproductive tract, particularly from post-coital
endocervical mucus and from the surface of the zona pellucida, has improved our understanding

of what morphologically normal and potentially fertilizing spermatozoa are (WHO, 2021).

The spermatozoa consist of a head, neck, mid piece (middle piece), principal piece, and end
piece. However, it is difficult to view all pieces with a light microscope, so spermatozoa are
described to have a head (and neck) and a tail (mid piece and principal piece) (WHO, 2021). In
humans, the head should be oval-shaped, smooth, and regular in shape with a well-defined
acrosomal region that accounts for about 40-70% of the head area, while the mid piece should be

slender, regular, and approximately as long as the sperm head.

The longitudinal axis (major axis) of the mid piece should coincide with that of the head. The
principal piece should be thinner than the mid piece with a uniform caliber and about 10 times
longer than the sperm head. Normally, the principal piece is about 45 pm long. Defects in the
head include a large or small head, a round, pyriform, tapered, amorphous, or vacuolated head
(more than two vacuoles or 20% of the head area occupied by unstained vacuolar areas),

vacuoles in the postacrosomal region, large (> 70% of the head area) or small (< 40% of the head



area) acrosomal areas, double head, or a combination of these (WHO, 2021). Asymmetrical
insertion of the mid piece into the head, unusually thin, thick, or irregular, abruptly bent, or a
combination of these are examples of defects in the neck and mid piece. Short, numerous,
broken, smooth hairpin bends, sharply angulated bends, irregular breadth, coiling, or any

combination of these are examples of defects in the principal piece.

To evaluate DNA damage in the sperm head, the slide may be stained with aniline blue (Ajayi
and Akhigbe, 2020d) or toluidine blue (Akhigbe et al., 2023). Sperm heads stained light blue or

blue have intact DNA but those stained dark blue have damaged DNA.

Figure 5 shows the sperm cells of a rat and a human.

3.4 Histopathological evaluation of the ovary and uterus

3.4.1 Qualitative report

The ovaries are usually examined under a light microscope at 100 x magnification (Obj. 10 x),
however, a higher magnification, such as 400 x (Obj. 40 x), may be required to view specific
lesions. The abnormalities observed in ovarian tissues vary from the presence of polycystic
ovaries (seen in Polycystic Ovarian Syndrome, PCOS) to degeneration of follicles and/or corpus
lutea, infiltration of inflammatory cells, vascular congestion, abundant atretic follicles, and
cellular hyperplasia, hypertrophy, metaplasia, dysplasia, or atrophy (Fig. 6). Usually, an adverse
exposure may induce one or more of these pathological changes, although some may be
pathognomonic of a disorder. Ovarian ischemia/reperfusion (I/R) injury, caused by ovarian
torsion/detorsion, may lead to distortion of the ovarian histoarchitecture with noticeable features

like vascular congestion, infiltration of inflammatory cells, edema, hemorrhage, and atretic



follicles (Yigiter et al., 2011; Akhigbe et al., 2022b). In animal models, PCOS presents with
cystic follicles, Atretic oocytes, and empty follicles (Bafor et al., 2020).

Anomalies observed in the uterine tissue may include vascular congestion, hemorrhage, atrophy,
hypertrophy or hyperplasia of the uterine glands, increased or reduced diameter of the

endometrial lumen, edema, infiltration of inflammatory cells, and the presence of tumors.

3.4.2 Semi-quantitative and quantitative report

For an appropriate comparison, it may be important to quantify the lesions observed in ovarian
tissues. This allows objective evaluation of the effect of an exposure. A semiquantitative scoring
may be useful. In this case, lesions observed, such as follicular degeneration, vascular
congestion, edema, hemorrhage, and infiltration of inflammatory cells are scored as 0, 1, 2, and 3
to indicate the absence or presence of about < 33%, 33-66%, and >66% of each of these lesions,
respectively (Guven et al., 2010; Akhigbe et al., 2022b).

At least five replicates per group are scored independently by two experts blinded to the study
protocol, and the average score is determined and used for each slide. The number of healthy
follicles and atretic follicles, and the ratio between them, can also be counted and reported. In
general, a follicle is considered ‘atretic’ if at least two of the following features are present:
increased pyknotic nuclei in the granulosa cell layer, cell debris within the antral cavity,
granulosa cells pulling away from the basement membrane, swelling in theca cells, degenerating
oocyte, and degenerated zona pellucida (Afolabi ef al., 2022b; Akhigbe et al., 2022b). Similarly,
the presence of vascular congestion, edema, hemorrhage, and infiltration of inflammatory cells in
uterine tissue may also be graded as 0, 1, 2, and 3 to depict the absence or presence of about <

33%, 33-66%, and >66% of each of these lesions, respectively.



As in testicular tissues, ovarian and uterine planimetry are also useful tools. Variables that can be
determined in ovarian tissues include oocyte diameter (um), theca layer thickness (um), mural
granulosa layer thickness (um), and thickness of the corpus luteum (um), while variables that
can be assessed in uterine tissues include endometrial thickness (um), myometrial thickness
(um), uterine gland diameters (um), and endometrial lumen diameter (um).

In addition, folliculogenesis/oogenesis may be evaluated by counting the different follicles;
Primordial follicles, primary follicles, secondary preantral follicles, tertiary antral follicles, and
preovulatory Graafian follicles (2 cm in diameter in human) (Afolabi et al., 2022b; Akhigbe et
al., 2022b). The follicles may be counted manually or by using Image J software. The follicles
are easily identified by their particular characteristics, as described earlier in section 2.2.
Stereological analysis is also a beneficial tool in the evaluation of ovarian tissues. The ovary is
divided into IUR sections. The ovarian tissue is blocked in a cylindrical paraffin block and is
randomly placed on the @-clock, then each half of this is divided into nine equal segments, from
which a number from 1 to 9 is randomly picked. The block is then placed on the 6-clock and
each half of it is divided into nine unequal sine-weighted parts along the cut surface on the 6-0
axis. Then a cut is made along a randomly chosen number and consecutive 5- and 20-pm thick
sections are prepared with a microtome and then stained with H&E. The volume of the ovary,
cortex, medulla, and corpus luteum may be determined using Cavalieri methods (Gundersen et
al., 1988a; Gundersen et al., 1988b):

Vtotal=Xpxa/pxt

Where Zp=total number of points superimposed on the image

t=thickness of the section

a/p=area associated with each point



The total number of each follicle and granulosa cells may be determined using an optical
dissector as reported earlier (Gundersen et al., 1988a; Gundersen et al., 1988b). The numerical
density (NVv) of each follicle (primordial, primary, secondary, and antral) and granulosa cell is
estimated as:
Nv=(ZQ)/(ZPxhxa/f)xt/BA
Where XQ=number of nuclei, £P=total number of unbiased counting frames in all fields,
h=height of the dissector, a/f= frame area, /= real section thickness measured in every field using
microcator, and BA=block advance of the microtome.
The total number of these cells may be determined as:
Ntotal=Nvx V
The volume of the oocytes (V) is determined as:
V=4/3nxLn’
Where Ln=distance from the center of the nucleolus to the oocyte membrane
Stereological analysis may also be useful in the evaluation of the uterus. To determine uterine
volume, the uterine horn is divided into 8 to 12 parallel sections at a specific distance (t). The
area around each point is determined as a(p) =AX x AY, then the area of each slice is determined
by multiplying the total number of the points on the grid hitting the slides, 1 P
The total volume of the uterine horn is then determined as

n
V total uterine horn = 2 X &(p) X t
The volume denlszitly of the structures of interest, such as the perimetrium, myometrium,

endometrium, lumen, and uterine glands may be determined on a 5-pum thick section using

Delesse’s formula (Noorafshan et al., 2013):



Vv (structure) =i2= 1P (structure) X =2i =1; (reference)

Where élP (structure)=the number of test points falling on the targeted structure
and i{’ (reference)=the total points hitting the uterine horn sections

The volume of the absolute targeted structure is determined as:

V(structure) =V total uterine horn x Vv (structure)

3.5 Histopathological evaluation of other reproductive organs

Apart from the testes and epididymides (in males) and ovaries and uterus (in females), the
seminal vesicles, prostate, and penis (in males) and fallopian tubes and vagina (in females)
contribute greatly to fertility. Disruption of the histoarchitecture of any of these organs can lead
to dysfunction and consequent fertility impairment. Figure 8 shows the histology of these organs
in healthy and diseased states. Anomalies that may occur after harmful exposure include cellular
hyperplasia, hypertrophy or atrophy, thickening or thinning of the epithelial lining, focal
hemorrhagic lesion, vascular congestion, and narrowing or widening of the lumen.

These anomalies can be used to grade the damage/injury to any of these organs. The presence of
vascular congestion, edema, hemorrhage, and infiltration of inflammatory cells in these tissues
can also be graded as 0, 1, 2, and 3, respectively, to indicate the absence or presence of about <
33%, 33-66%, and >66% of each of these lesions and to provide semi-quantitative data. In
addition, quantitative data can be obtained by determining the lumen diameter (um) of a gland or

cavity or the thickness of an epithelium (um) or a muscle layer (um).

3.6 Immunohistochemistry



Immunohistochemistry (IHC) can be particularly useful in assessing variables that can also be
examined using laboratory techniques, such as Enzyme-Linked Immunosorbent Assay (ELISA)
or Polymerase Chain Reaction (PCR). In addition to these methods, IHC provides a microscopic
picture of the affected cell(s). The tissue can be processed as previously reported (Ajayi and
Akhigbe, 2020b). Tissue fixed in formalin and embedded in paraffin is sectioned at 4 um. After
deparaffinization and rehydration of the section, antigens are retrieved in heated citrate buffer
and sections are then allowed to cool for 30 minutes. After cleaning the slides with Kim wipes
and circling the section area with a hydrophobic pen, the slides are placed in a humidified
chamber. Endogenous peroxidase activity is blocked with hydrogen peroxide for 10 minutes.
After rinsing once with PBS, an ultra V protein block is applied to the slides and allowed to
incubate for 10 minutes. The slides are then rinsed twice with PBS, and the appropriate primary
antibodies are applied (i.e., anti-mouse caspase 3 monoclonal for caspase 3 expression, 1:200 or
anti-mouse Bcl-2 monoclonal for Bcl-2 expression, 1:200).

After 45 minutes of incubation at room temperature, the slides are rinsed twice with PBS before
the species-matched biotinylated secondary antibody is applied. The slides are then incubated for
another 25 minutes, rinsed twice with PBS, and HRP polymer is added for 25 min. After two
more PBS rinses, the sections are incubated in diaminobenzidine (DAB) substrate for 5 minutes
before being rinsed twice with PBS, counterstained with eosin, and coverslipped for qualitative
analysis.

The labeled cell nuclei appear brownish, indicating binding of the antibody to the targeted
nuclear antigen. For quantification, captured photomicrographs are imported into Image J
software with specific plugins. ImmunoRatio pseudo images are generated and the proportion of

DAB-stained area is evaluated as reported earlier (Tuominen et al., 2010; Ajayi and Akhigbe,



2020b). The inputs received include a microscope image, an optional blank-field correction
image, and thresholding adjustment parameters, then the Rolling Ball algorithm is employed for
background subtraction. The Colour Deconvolution plugin is employed to separate the stains into
two eight-bit component images, DAB precipitation and hematoxylin counterstaining (H), which
are then processed with a mean filter and binarized using adaptive IsoData thresholding.

Component-specific threshold adjustments are made for smooth threshold output and processed
with a median filter. The Watershed algorithm is used to segment the nuclei of both components,
and small particles are removed based on their size. Thin (fibroblastic) cells are detected and
removed for the H component by removing non-round particles. The H and DAB components
are overlaid on the initial image, and then the percentage of DAB-stained nuclear area out of the
total nuclear area (the labeling index) is calculated. The results are presented in “percent” or

“normalized with the control group”.

4. Conclusion and future perspectives

Histopathological evaluation of the reproductive organs is a valuable tool in the diagnosis of
infertility. Although its use is limited in humans because of its invasive nature, at least sperm
morphology is a useful component of conventional semen analysis that provides information on
semen quality. However, in animal models, the importance of histopathological examinations of
reproductive organs cannot be overestimated. It provides useful information predictive of the
organ’s integrity, germ cell formation, and sex steroid hormone synthesis. It also provides
mechanistic information on the pathogenesis of disease models or harmful exposures. Despite

the technical expertise required, which can be a limiting factor, it remains an indispensable tool.
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TABLES

Table 1: Cosentino’s grading for testicular histoarchitecture

Grade Features observed

1 Normal testicular tissue with an orderly arrangement of germ cells

2 Loss of cohesion in germ cells, closely packed seminiferous tubules

3 Disordered and sloughed germ cells with shrunken and pyknotic nuclei,
impaired borders of the seminiferous tubules

4 Irregular and damaged seminiferous tubules filled by coag- ulative necrosis in

the germ cells

(Cosentino et al., 1985; Akhigbe et al., 2021a; Afolabi et al., 2022a)



Table 2: Johnsen’s grading for testicular biopsy

Grade Features observed

1 No cells (either germ cell or Sertoli cell) in the tubular section

2 No germ cells but Sertoli cells are present

3 Spermatogonia are the only germ cells present

4 Only a few spermatocytes (<5) and no spermatids or spermatozoa present
5 No spermatozoa or spermatids but several or many spermatocytes present
6 No spermatozoa and only a few spermatids (<5-10) present

7 No spermatozoa but many spermatids present

8 Only a few spermatozoa (<5-10) present

9 Many spermatozoa present but disorganized germinal epithelium

[
o

Complete spermatogenesis with many spermatozoa

(Johnsen, 1970; Akhigbe et al., 2021a)

Table 3: Spermatogenic index for scoring spermatogenesis

Grade Features observed

1 Only spermatogonia present

2 Spermatogonia and spermatocytes present

3 Spermatogonia, spermatocytes, and round (early) spermatids present with
4 Spermatogonia, spermatocytes, and round spermatids present with up to 25

late spermatids per tubule

(Akhigbe et al., 2021a; Afolabi et al., 2022a)



FIGURE LEGENDS

Figure 1: Histology of the human testis showing the seminiferous tubules (A), Sertoli cell (B),
and Leydig cell (C), and that of the testis of a rabbit (D) showing the spermatogenic cells
(spermatogonia, spermatocytes, and spermatids). Fig. 1A-C are unpublished photomicrographs
from our laboratory (Institute of Anatomy, Faculty of Medicine, University of Leipzig, Leipzig,
Germany), while 1D is also from our laboratory (Reproductive Biology and Toxicology
Research Laboratory, Oasis of Grace Hospital, Osogbo, Osun State, Nigeria) but has been
published (Akhigbe and Ajayi, 2020).

Figure 2: Histology of the human ovary (A) and corpus luteum (B), the ovary of a Wistar rat
(C), human uterus (D), and the uterus of a Wistar rat (E) showing normal histoarchitecture.

TC: Theca cells, CL: corpus luteum, GC: granulosa cell, O: oocyte, A: antrum; Peri:
perimetrium; Myo: myometrium; Endo: endometrium; black arrow: mucosal folds; red arrow:
uterine gland; L: endometrial lumen

Fig. 2A, B, and D are unpublished photomicrographs from our laboratory (Institute of Anatomy,
Faculty of Medicine, University of Leipzig, Leipzig, Germany), while 2C is from our laboratory
(Reproductive Biology and Toxicology Research Laboratory, Oasis of Grace Hospital, Osogbo,
Osun State, Nigeria) but has been published (Akhigbe et al., 2022b) and 2E is an unpublished
photomicrograph from our laboratory (Reproductive Biology and Toxicology Research
Laboratory, Oasis of Grace Hospital, Osogbo, Osun State, Nigeria).

Figure 3: Histology of the testis of the rat showing preserved histoarchitecture with normal
seminiferous tubules (ST) with germ cells at varying degree of maturation (span), the lumen (L)
containing adequate sperm cells, and the interstitial space appears normal with normal Leydig
cells (arrow head) (A). There is a focal vascular congestion (star) in the interstitial space in Fig.
3B. Fig. 3C shows desquamated basement membrane of the seminiferous tubules (black arrow),
widened interstitial space (arrow with double head), and degenerated spermatogenic cells (red
arrow). Fig. 3D shows seminiferous tubules with scanty sperm cells in the tubular lumen (red
box), and degeneration of the seminiferous tubule (black circle) and spermatogenic cells (red
arrow). SG: Spermatogonia, SC: Sertoli cell, PS: primary spermatocyte, SS: secondary
spermatocyte, ST: spermatid. Photomicrographs are from our laboratory (Reproductive Biology
and Toxicology Research Laboratory, Oasis of Grace Hospital, Osogbo, Osun State, Nigeria) and
have been published, Fig. 3A and B (Akhigbe et al., 2021), Fig. 3C (Akhigbe et al., 2023), Fig.
3D (Ajayi et al., 2023; Hamed et al., 2023).



Figure 4: Histology of the human epididymis and rabbit testis. The epididymis appears normal
with normal-appearing tubules (T) and interstitial space (ISS) (A). The epididymis (A) and testis
(B) photomicrographs show the planimetry variables. The black lines are the diameter of the
lumen, the major (L1) and minor (11) axes, while the red lines are continuations of the black lines
representing the diameter of the seminiferous tubules, the major (S1) and minor (s1) axes, and
the yellow lines are the germinal epithelial height (GE). For the testicular tissue, if the number of
the germinal layers is counted, it is referred to as the germ cell layer. Fig. 4A is an unpublished
photomicrographs from our laboratory (Institute of Anatomy, Faculty of Medicine, University of
Leipzig, Leipzig, Germany), while 4B is also from our laboratory (Reproductive Biology and
Toxicology Research Laboratory, Oasis of Grace Hospital, Osogbo, Osun State, Nigeria) and
have been published (Akhigbe and Ajayi, 2020).

Figure 5: Photomicrographs of the sperm morphology of a rat (A) and human (B).

The sperm head of the rat (black arrow, A) is faciform-shaped (or talons) and composed of the
nucleus, acrosomic system, perinuclear theca, and plasma membrane. The sperm head in humans
(black and red arrow, B) is oval-shaped and contains a densely-compact nucleus that is capped
by acrosome and plasma membrane. Fig. 5B is stained with Toluidine blue. Sperm heads stained
light blue or blue are DNA with intact integrity (black arrow), while those stained dark blue were
considered those with damaged DNA (red arrow).

Fig. 5A and B are unpublished photomicrographs from our laboratory (The Brainwill
Laboratory, Osogbo, Osun State, Nigeria).

Figure 6: Histology of the ovary of a Wistar rat. (A) and corpus luteum (B), and the ovary of a
Wistar rat (C) showing normal histoarchitecture.

Fig. 6A and B show normal ovarian tissues with preserved ovarian outer cortex and inner
medulla. The cortical region is composed of follicles at varying degree of maturity. The graafian
follicle is lined by cubiodal epithelium and contained a matured oocyte (O) with a defined zona
pellucida, zonal granulosa (GC), corona radiata (CR), antrum (A) and defined theca follicular
cells (TC, THC). The medulla contained blood vessels and lymphatics. The corpus luteum (CL)
appeared unremarkable. Fig. 6C-F show ovarian tissues with distorted histoarchitecture. Fig. 6C
shows some degenerated follicles (DF) and some developing ooctes (red arrow). The granulosa
cell (GC) and theca cells (THC) appeared normal. Fig. 6D shows degenerated follicles (DF) with
distorted granulosa cell (GC) and theca cells (THC) that appeared infiltrated by inflammatory
cells. The interstitium appeared congested (red circle). Fig. 6E shows follicles at varying degree
of maturity, and are predominantly degenerating follicles (A) lined by cubiodal epithelium and
theca follicular cells (TC). The medulla contains blood vessels, and the interstitium appeared



congested (star) with inflammatory cell infiltration. The corpus luteum (CL) appears
unremarkable. Fig. 6F shows follicles at varying degree of maturity and are predominantly non-
antratic (circle). The follicle was lined by cuboidal epithelium and contained defined theca
follicular cells (TC). The medulla contained blood vessels (arrow), and the interstitium appear
markedly congested (star) with inflammatory cell infiltration (Oval). The corpus luteum (CL)
appears unremarkable.

Fig. 6A, E, and F are photomicrographs from our laboratory (Reproductive Biology and
Toxicology Research Laboratory, Oasis of Grace Hospital, Osogbo, Osun State, Nigeria) and has
been published (Akhigbe et al., 2022b). Fig. 6B, C, and D are photomicrographs from our
laboratory (Reproductive Biology and Toxicology Research Laboratory, Oasis of Grace
Hospital, Osogbo, Osun State, Nigeria) and has been published (Afolabi et al., 2022b).

Figure 7: Photomicrographs of testicular tissues showing the expression of caspase 3 (Al and
A2) and Bcl-2 (BI1, B2, C1, and C2) by IHC. The development of diaminobenzidine molecule
(DAB) as an enzymatic substrate yields a stable brown product, indicating the immunopositivity.
The immune-positive cells appear brown (black arrow) (Al and A2) or red (B2 and C2) in
pseudo images. B2 is the pseudoimage of B1, while C2 is the pseudoimage of C1.

Fig. 7A1 and A2 are unpublished photomicrographs from our laboratory (Reproductive Biology
and Toxicology Research Laboratory, Oasis of Grace Hospital, Osogbo, Osun State, Nigeria).
Fig. 7B1, B2, C1 and C2 are photomicrographs from our laboratory (Reproductive Biology and
Toxicology Research Laboratory, Oasis of Grace Hospital, Osogbo, Osun State, Nigeria) and has
been published (Ajayi and Akhigbe, 2020b).

Figure 8: Photomicrographs of the human seminal vesicle (A), human prostate (B), rat prostate
(C and D), human penis (E), rat penis (F and G), human fallopian tube (H and I), and human
vaginal tissues.

The seminal vesicles (8A) appear normal. The crests (black arrow) appear normal in shape lined
by pseudostratified epithelia cells (blue arrow) with normal lipid droplets (green arrow) and
lamina propria (red arrow). The smooth muscle (SM) also appears normal. The human (8B) and
rat (8C) prostate appear normal. The tubuloalveolar gland (G) appears normal, free of any lesion
and surrounded by fibromuscular stroma (FMS). The rat prostate (8D) shows distorted
histoarchitecture with cystic cellular hyperplasia (black arrow) and hemorrhagic lesions
surrounding the glands (red star). There are desquamations of the epithelial lining of the glands
(black circle). The human (8E) and rat (8F) penile tissues appear normal with normal-appearing
corpora cavernosal (CC) surrounded by Os penis (OS), and the penile urethra (black arrow)
surrounded by the corpus spongiosum (CS) and tunica albuginea (TA). The penile tissue in Fig



8G shows normal smooth muscle (red arrow) with areas of severe focal vascular congestion
(star) within the vascular cavernous sinus (black arrow). The fallopian tube (81) appears normal.
The lumen (black arrow) is free of any collection or lesion and lined with secretory simple
ciliated columnar epithelial cells (blue arrow) and connective tissues (red arrow). The muscular
wall (M) appears normal. The vagina (8J) appears normal with the cavity surrounded by
squamous epithelium with the superficial layer (SL), mid zone (MZ), and basal layer (BL). The
lamina propria (LP) also appears normal.

Fig. 8A, B, E, H, I and J are unpublished photomicrographs from our laboratory (Institute of
Anatomy, Faculty of Medicine, University of Leipzig, Leipzig, Germany), while Fig. 8C, D
(unpublished), F, and G (published, Besong et al, 2023b) (Reproductive Biology and
Toxicology Research Laboratory, Oasis of Grace Hospital, Osogbo, Osun State, Nigeria and The
Brainwill Laboratory, Osogbo, Osun State, Nigeria)





























