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Abstract.

Spix’s cavy is a potentially good experimental model for research on reproductive biology and sexual

development. The aim of the present study was to evaluate the ontogeny of the steroidogenic enzymes involved in
testicular androgen synthesis during prenatal development. Testes were investigated on Days 25, 30, 40 and >50 of
gestation. Immunohistochemistry and immunoblotting were used to establish the site and relative amount of androgenic
enzymes, including Sa-reductase, cytosolic 17B-hydroxysteroid dehydrogenase (17B-HSDI) and mitochondrial micro-
somal 3B-hydroxysteroid dehydrogenase (33-HSDII), throughout prenatal development. The testicular parenchyma
began to organise on Day 25 of gestation, with the development of recognisable testicular cords. The mesonephros was
established after Day 25 of gestation and the ducts differentiated to form the epididymis, as testicular cords were beginning
to proliferate and the interstitium to organise by Day 30 of gestation, continuing thereafter. The androgen-synthesising
enzymes So-reductase, 173-HSDI and 33-HSDII were evident in Leydig cells as they differentiated at all subsequent
gestational ages studied. In addition, immunoblotting showed an increase in immunoreactivity for the enzymes at Days 30
and 40 of gestation (P < 0.05) and a decrease at Day 50 of gestation (P << 0.05). It is concluded that the increase in
androgenic enzymes in Leydig cells coincides with the functional differentiation of the testes, and with the stabilisation

and differentiation of mesonephric ducts forming the epididymis.
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Introduction

Recent studies on the reproductive biology of Spix’s cavy Galea
spixii (Wagler, 1831) suggest that this species may be an
excellent model for experimental research into reproductive
development (Oliveira et al. 2008, 2012; Santos et al. 2012,
2017a, 2017b). In females, the duration of the oestrous cycle
was determined and the vaginal tissue was found to have the
capacity to synthesise and metabolise steroids locally through-
out the phases of the oestrous cycle (Santos ef al. 2017a). Other
studies have shown that the female genitalia have some char-
acteristics of male development, including urethral canalisation
of'the genital tubercle and clitoris (Santos et al. 2014a,2018). To
date, most attention has focused on spermatogenesis in males
because of the interest in developing reproductive technologies
in this species and in establishing captive breeding programs
(Santos et al. 2012,2014b,2015,2017b). Puberty in Spix’s cavy
occurs at around 45 days of postnatal life (Santos ef al. 2012).
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Previous studies have shown that enzymes involved in sex ste-
roid synthesis, such as cytochromes P450 17a-hydroxylase/
17,20-lyase (P450c17) and aromatase (P450arom), which are
responsible for the conversion of progestagens to androgens and
androgens to oestrogens respectively, are present in the testes at
all stages of postnatal sexual development (immature, prepu-
bertal, pubertal and postpubertal; Santos et al. 2017b). By Day
25 of gestation, differentiation of the gonads in males and
females has already started, followed by the internal and
external genitalia (Santos ef al. 2018).

The development of the genital organs and spermatogene-
sis in males is directly affected by androgen synthesis and
expression of the androgen receptor in target tissues (Weng
et al. 2005; Arnold 2009; Nakamura 2010; Song ef al. 2012;
Santos et al. 2017b). Basic understanding of sexual differen-
tiation in mammals is based on the work of Jost (1965) and
Phoenix et al. (1959). Since then, new concepts have
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emerged regarding the genetic determinates of sexual differ-
entiation in mammals from experimental models (Arnold
2009; Amold and Chen 2009; Nakamura 2010; Cunha
et al. 2014; Morselli et al. 2016). Knowledge about the
process regulating the hormonal mechanisms that modulate
this sexual differentiation is still under investigation, because
there are species differences in the sources of sex steroids and
even the pathways by which they are synthesised (Conley and
Bird 1997; Wilson et al. 2003). This subject has remains of
interest because intersexuality and the morphological diver-
sity of the phenotype of genital organs is under continual
study (Tannour-Louet et al. 2014; Zhao et al. 2017). In
addition, some authors have focused on the effect of maternal
diet on testicular development and sex steroid synthesis
(Mossa et al. 2018).

Due to the challenges of conducting human studies (Cunha
et al. 2016), animal models remain of continued interest. As a
basis for the study of sexual differentiation, many researchers
have focused on hormone sources during prenatal testicular
development in different mammals (Zurita et al. 2003; Weng
etal. 2005; Browne et al. 2006; Antonio-Rubio et al. 2011; Song
et al. 2012). In cavies, the postnatal steroidogenic processes
(Santos et al. 2017b) and the morphological aspects of sexual
differentiation (Santos et al. 2018) have been reported. Thus, in
order to complement knowledge regarding the complexity of the
steroidogenic processes involving androgen synthesis during
prenatal development, the objective of this work was to evaluate
the immunolocalisation of steroidogenic enzymes involved in
the production of androgens during testicular development in
Spix’s cavy.

Materials and methods
Animals

Pregnancies were established by pairing 10 female with 10 male
G. spixii. Seven fetuses at each stage of development (i.e. at
Days 25, 30, 40 and 50-52 of gestation) were collected and
processed, as described below. All specimens used in the study
came from the Wild Animal Multiplication Center of the Federal
Rural University of the Semiarid, located in Mossor6 (Brazil).
The collections were authorised by the Brazilian Institute of
Environment (1478912/2011) and the research was authorised
by the Ethics Committee of the Faculty of Veterinary Medicine
and Animal Science of the University of Sdo Paulo (Protocol
2923/2013).

Animals were distributed in 2.5-m? boxes (7 = 1 female and
1 male per box) with a sand floor, fenced with wire mesh and
covered with an asbestos tile. Mounds of grass were made
available for the females to make their nests. Cavies were fed
using a commercial rabbit feed, corn and fruits typical of the
region, with water provided ad libitum.

From the first day of pairing, cavies were monitored daily by
exfoliative vaginal cytology. Copulation was confirmed by the
presence of spermatozoa in vaginal smears transferred to micro-
scopic slides and stained by the rapid-panoptic method
(Laborclin). The time of detection of spermatozoa in the vaginal
smear was designated as Day 0 of gestation and fetuses were
collected on Days 25, 30, 40 and >50 of gestation near
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parturition (range 50-52 days of gestation). Collections from
Day 25 of gestation were based on the previously reported
timing of the initiation of sexual differentiation in this species
(Santos et al. 2015). At each stage of gestation, pregnant females
were anaesthetised with xylazine hydrochloride 2% (40 mg
kg~', i.m.) and ketamine hydrochloride 1% (60 mg kg™ ', i.m.)
and then killed by administration of 2.5% sodium thiopental
(60 mg kg ') via intracardiac injection.

Light microscopy and immunohistochemistry

All tissue samples from gonads from fetuses and adult testicles
were fixed in 4% paraformaldehyde buffer solution for 48 h and
then dehydrated in increasing concentrations of ethanol (50—
100%) before being cleared in xylol for subsequent paraffin
embedding. Thereafter, 5 um slices were obtained using a Leica
RM2165 microtome. For light microscopy, samples were stained
with haematoxylin and eosin and observed and photographed
under an Olympus BX61VS microscope. For immunohis-
tochemistry, tissue samples were fixed in 4% paraformaldehyde
buffer solution for 48 h and then dehydrated in increasing con-
centrations of ethanol (50-100%) before being cleared in xylol
for subsequent paraffin embedding. Thereafter, 5 um slices were
obtained using a Leica RM2165 microtome. Then, samples were
cleared and dehydrated before antigen retrieval. Antigen retrieval
was performed by boiling the samples in citrate buffer in a
microwave. Endogenous peroxidase activity was quenched with
3% hydrogen peroxide in a dark room for 20 min at room tem-
perature (20°C), and samples were then blocked with Protein
Block (Vector Laboratories). The samples were then incubated
for 16 h with primary polyclonal antibodies (5o-reductase, 33-
HSDII and 17B-HSDI) at 4°C.

The negative controls for the Sa-reductase and mitochondrial
microsomal 3B-hydroxysteroid dehydrogenase (3B3-HSDII)
antisera used a blocking synthetic peptide produced by RHEA-
BIOTECH. As a negative control for cytosolic 173-hydroxys-
teroid dehydrogenase (173-HSDI), phosphate buffer was used
instead of the primary antibody. Adult testes were used for
comparison with fetal tissues and as a positive control. Immu-
noreactivity was detected using the biotinylated secondary
antibody Immpress Universal Kit (Vector Laboratories). The
samples were then washed in phosphate buffer solution and
developed with IMMPACT DAB (Vector Laboratories). The
slides were stained with haematoxylin and mounted with glue
and coverslips for observation and photographic documentation
under an Olympus BX61VS microscope.

Collection of material for immunoblotting

To analyse the presence of and quantify immunoreactivity for
steroidogenic enzymes, fetal and adult testes were frozen in
nitrogen and stored at —80°C until analysis. Adult testes were
used for comparison with fetal tissues and as a positive control.

Protein extraction for immunoblotting

Fragments of fetal and adult testes were placed in tubes (Falcon)
and homogenised using a Polytron homogeniser (PT 3000
KINEMATICA; Brinkman) in hypotonic lysis buffer containing
10nM Tris-HCl and 5.5nM EDTA, pH 7.4, in the presence of a



Differentiation of the testes in Spix’s cavy Reproduction, Fertility and Development C

(a)

Fig.1. Morphological organisation of the testes on Days 25 (a, b), 30 (¢, d), 40 (e, f) and 50 (g,
h) of gestation (haematoxylin and eosin staining). De, efferent ductules; DG, days of gestation;
Ge, gonocytes; Lc, Leydig cells; Md, mesonephric duct; ms, mesonephros; Pp, pampiniform
plexus; SC, seminiferous cord; ST, stroma; stc, support cells; T, testis.
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Fig.2. Immunolocalisation of Sa-reductase in the developing testis on Days 25,30,40 and 50 of gestation (DG).

Note the immunoreactivity in Leydig cells (Lc) in the fetal testes and in the adult testis used as positive control.
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Fig. 3. Chemiluminescence quantification of 5o-reductase (in arbitrary
units). Data are the mean+s.d. *P <0.05 compared with adult testes
(Tukey’s test).

mixture of protease inhibitors (20 pg mL ™" benzamidine, 1 pg
mL ™" pepstatin, 0.5 pg mL ™" leupeptin, 0.1 pg mL ™" apoprotein
and 100 ug mL ™" phenylmethylsulfonyl fluoride). The homog-
enate was centrifuged at 1000g for 10 min at 4°C and the super-
natant was transferred to 1.5-mL tubes and stored at —20°C. The
total protein concentration of was analysed according to the
method of Bradford (1976) using a commercially available kit
(Protein Assay Kit; Bio-Rad). Spectrophotometer measurements
obtained at 595 nm for samples were compared against a standard
curve constructed for albumin.

Immunoblotting

Total proteins (20 pug) from each sample were denatured by
treatment with 20 uL Laemmli buffer (15% glycerol, 0.05M
Tris, 0.055 bromophenol blue, 9% sodium dodecyl sulfate
(SDS)) containing 6% B-mercaptoethanol and heated at 95°C
for 5 min. The samples were then electrophoretically separated
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Fig. 4. Immunolocalisation of 33-HSDII in the fetal testes on Days 25, 30, 40 and 50 of gestation (DG).
Note the immunoreactivity in Leydig cells (Lc) in the fetal and adult testes (positive control).

on an SDS—polyacrylamide gel. After separation, the proteins
were transferred to a polyvinylidene difluoride (PVDF) mem-
brane (Bio-Rad) under a constant current of 120 mA for 2 h at
4°C and immersed in Tris-HCI buffer (Tris 12.5mM, 100 mM
glycine, 1% SDS and 20% methanol). After transfer, non-
specific antigen sites were blocked by Tris-buffered saline
Tween-20 (TBST; 1% Tween 20) and skimmed milk (5%) for
2h at room temperature (20-25°C) with constant agitation.
Samples were then incubated with primary antibodies diluted in
TBST and 3% albumin at 4°C for 12 h with constant shaking.
After incubation with primary antisera (So-reductase, 33-
HSDII and 17B-HSDI), the samples were incubated with
peroxidase-conjugated secondary antibody diluted 1:1000 (anti-
mouse or anti-rabbit IgG, depending on the specificity of the
primary antibody; Bio-Rad) in TBST with 1% albumin for 2 h at
room temperature with constant stirring. Conjugated {3-actin,

anti-mouse (Bio-Rad), diluted 1:1000 in TBST with 1% albumin
for 30 min (time of incubation), was used as an endogenous
control. The signal was detected by adding substrate to CLAR-
ITY peroxidase (Bio-Rad) for 5 min, which produced a lumines-
cence reaction at the antibody-binding site. Samples transferred
to PVDF membranes were analysed using a CHEMI-DOC
apparatus (Bio-Rad). Bands corresponding to each protein stud-
ied were quantified using Image Laboratory 4.01 software (Bio-
Rad) and the expression of proteins of interest was quantified in
arbitrary units (AU) in relation to B-actin.

Statistical analysis of protein quantification by
immunoblotting

The amount of testis proteins was compared between different
age groups. Variance analysis using GraphPad InStat was used
to obtain the mean+s.d. of samples of the same age. The
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Cramér—von Mises test was used to determine the normality of
distribution and homoscedasticity of variables. Tukey’s test was
used for comparisons between different age groups.

Results
Morphological development of the testes

At Day 25 of gestation it was possible to observe testicular cords
in the periphery of the testicular parenchyma. No lumen was
present in the testicular cords. Two types of undifferentiated
cells, the gonocytes and supporting cells, were found. In the
stroma, Leydig cells were easily visible. The mesonephros had
ducts scattered throughout the parenchyma (Fig. la, b).

At Day 30 of gestation the testicular cords were more evident
and present throughout the testicular parenchyma. Gonocytes
were present in these cords, surrounded by undifferentiated
support cells. Leydig cells were easily visible in the unorganised
stroma. At this stage, it was not yet possible to distinguish the
caput, corpus and cauda epididymidis differentiating from the
mesonephros (Fig. 1c, d).

At Day 40 of gestation, it was possible to observe more
organised testicular cords. The testicular stroma began to
become more organised and delimited between the testicular
cords. During this period, the gonocytes and undifferentiated
support cells were observed in the testicular cords. Leydig cells
were present in the stroma. The mesonephric ducts had differ-
entiated into the epididymis. During this period, it was possible
to establish a regional division of the epididymis (Fig. le, f).

After Day 50 of gestation, testicular cords were present
throughout the testis and the stroma between them was more
compact. Gonocytes and supporting cells formed the testicular
cords. Leydig cells from the stroma were organised at the border
of the testicular cords. During this period, the epididymis was
divided into the caput, corpus and cauda (Fig. 1g, A).

Immunohistochemistry and immunoblotting of the testes

Immunological techniques for the detection of steroidogenic
enzymes at Days 25, 30, 40 and >50 of gestation revealed that
Sa-reductase was present in the testis in all periods studied. This
enzyme was present in the Leydig cells of the developing testes
and in the adult testis tissue, used as a positive control (Fig. 2).
An immunoreactive band at 29 kDa was detectable by western
immunoblotting. Immunoblotting also demonstrated that So-
reductase levels were higher in the developing testes on Day 30
of gestation (P < 0.05), with lower levels on Days 40 and >50 of
gestation (P < 0.05 for both). Sa-Reductase levels in the adult
testis were lower level than in the fetal testes, regardless of
gestational age (Fig. 3).

3B-HSDII was present in Leydig cells at all ages studied.
Antibody specificity was confirmed by detection of the enzyme
in the Leydig cells of the adult testis (Fig. 4). An immunoreac-
tive band was detected at 42 kDa, as suggested by manufacturer
(RHEABIOTEC, Campinas, SP, Brazil). 33-HSDII was
detected at higher levels in the developing testes at Day 30 of
gestation (P < 0.05). 33-HSDII levels were stable up to Day 40
of gestation (P > 0.05), then decreased at >Day 50 of gestation
(P < 0.05). The adult testis had higher 33-HSDII levels that the
fetal testes, regardless of gestational age (Fig. 5).
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Fig. 5. Chemiluminescence quantification 33-HSDII (in arbitrary units).
Data are the mean = s.d. *P < 0.05 compared with adult testes (Tukey’s test).

17B8-HSDI was detected in Leydig cells at all ages studied.
Leydig cells from adult testis were also immunoreactive to the
antibody used, confirming its specificity (Fig. 6). An immuno-
reactive band was detected at 35 kDa. 17B-HSDI levels were
higher on Day 30 than on Day 25 of gestation (P < 0.05). There
was a slight decrease in 173-HSDI levels on Day 40 of gestation
(P <0.05) and another more evident decrease at the end of
gestation. The adult testis had higher 173-HSDI levels than all
fetal testes, regardless of gestational age (Fig. 7).

Discussion

This is the first study to describe the expression of enzymes
necessary for testosterone synthesis in Spix’s cavy during the
prenatal period. The results increase our knowledge of the
development of fetal testicular testosterone synthesis necessary
for masculinisation and defeminisation of males. Prior studies
on testicular steroidogenesis in this species investigated the
period of development from birth to puberty (Santos et al.
2017b). The results of the present study, together with those
published previously (Santos er al. 2018), demonstrate that
Leydig cell differentiation involves the expression of all
enzymes necessary for testosterone and dihydrotestosterone
synthesis, including 3B-HSDII, 178-HSDI and 5a-reductase,
during the development of the testes. The detection of higher
enzyme levels by immunoblotting on Days 30 and 40 of gesta-
tion coincides with the periods of greater testicular differentia-
tion and with the differentiation of the epididymis. Thus, our
results agree with those of Song et al. (2012), who stated that
androgens produced in the developing testes function in the
differentiation and formation of the internal genitalia through a
local action. Murashima et al. (2015) added that androgens are
also responsible for virilisation of the external genitalia in
males.

The location of enzymes involved in androgen synthesis in
Leydig cells is consistent with the study conducted in Spix’s
cavy during the postnatal period (Santos et al. 2017b) and in
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Fig. 6. Immunolocalisation of 17B3-HSDI in the fetal testes on Days 25, 30, 40 and 50 of gestation (DG).
Note the immunoreactivity in Leydig cells (Lc) in the fetal and adult testes (positive control).

other mammalian species, confirming that androgens are
synthesised in the Leydig cells. Supporting cells and germ cells
also express cytochrome P450c17 and P450 aromatase in Spix’s
cavy from birth to puberty (Santos et al. 2017b). The same
immunolocalisation in the seminiferous epithelium was
observed in the wild squirrel and wild raccoon dog (Qiang
et al. 2003; Zhang et al. 2010).

The increased detection of 173-HSDI in Leydig cells was
coincident with stabilisation of the mesonephric ducts and
presumably increased testosterone synthesis. The production
of'testosterone is required for the maintenance of the mesoneph-
ric ducts and their differentiation into the epididymis, as well as
for the virilisation of the male external genitalia in mice (Song
et al. 2012), domestic animals Sinowatz (2010) and humans

(Moore and Persaud 2008). To the best of our knowledge, 17-
HSDI expression in the fetal testis has not previously described
in any species.

In Spix’s cavy, the increased detection of Sa-reductase in
Leydig cells coincided with the organisation of the testicular
cords and testicular interstitium. The higher So-reductase
levels coincide with the virilisation period of the male external
genitalia and channelling of the urethra in the genital tubercle
to form the penis on Day 30 of gestation in Spix’s cavy (Santos
et al. 2018). Using cell culture, Murono et al. (1994) demon-
strated that during the differentiation of Leydig cell precursors
into mature Leydig cells, testosterone is rapidly converted
by Sa-reductase into dihydrotestosterone. Sa-Reductase pro-
motes sexual differentiation by converting testosterone to
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dihydrotestosterone, which is two- to threefold more potent than
testosterone and is essential for masculinisation of the male
external genitalia (Nakamura 2010; Murashima ez al. 2015).

Lachance et al. (1990) demonstrated in human tissue cells
that 33-HSDI uses several potential substrates, catalysing the
transformation of pregnenolone into progesterone, 17a-hydro-
xypregnenolone into 17a-hydroxyprogesterone, dehydroepian-
drosterone into 4-androstenedione, and 5-androstene-3[3,17(3-
diol into testosterone, which also fuels So-dihydrotestosterone
synthesis and is therefore essential in the biosynthesis of all
these classes of steroid hormones. In the present study, the
highest levels of 3B-HSDII in Leydig cells were detected on
Days 30 and 40 of gestation, suggesting an increase in the
synthesis of sex steroid hormones. A similar expression profile
was demonstrated in mice in the prenatal period (Antonio-Rubio
et al. 2011). The increase of 33-HSDII on Days 30-40 of
gestation coincides with the period of greater tissue differentia-
tion, suggesting that its presence is related to the tissue organi-
sation of the developing testes and tubular tract. We cannot state
exactly which hormones were produced in the present study,
because 3B-HSDII oxidises several different substrates, as
demonstrated by Lachance et al. (1990), but Murono et al.
(1994) demonstrated the participation of 3B-HSDII in the
differentiation of Leydig cells in culture.

The involvement of fetal and neonatal Sertoli cells in steroido-
genesis has been demonstrated in rats, specifically with regard to
oestrogen synthesis (Dorrington and Armstrong 1975; Weniger
1993). Oestradiol synthesis by the rat testes is stimulated by both
LH and testosterone (Weniger 1993), but declines with increasing
developmental age (Tsai-Morris ef al. 1985). These data suggest
that Leydig and Sertoli cells can contribute to and synergise in
steroid synthesis by the testis during fetal development and after
birth. Distinct lineages of Leydig cells with different steroido-
genic potential populate the testes in fetal versus adult life (Shima
and Morohashi 2017). Whether Sertoli cell differentiation

A. C. Santos et al.

represents a similar phenomenon is unknown, but testicular
development is more complex than once thought and has been
investigated in too few species. Expanding such studies to other
rodents, and other mammalian species, will likely shed light on
the general importance of such observations.

Conclusion

So-Reductase, 173-HSDI and 33-HSDII were present in the
Leydig cells of Spix’s cavy in all ages studied. At Days 30 and 40
of gestation there was an increase in these enzymes, but at the
end of gestation their levels decreased. The increase in the
presence of androgenic enzymes coincides with the greater
differentiation of the testes and with the stabilisation and tissue
differentiation of the mesonephros to form the epididymis.
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