Chapter 14

Methods for the Study of Gonadal
Development

Rafal P. Piprek

Abstract Current knowledge on gonadal development and sex determination is the
product of many decades of research involving a variety of scientific methods from
different biological disciplines such as histology, genetics, biochemistry, and
molecular biology. The earliest embryological investigations, followed by the
invention of microscopy and staining methods, were based on histological exami-
nations. The most robust development of histological staining techniques occurred
in the second half of the nineteenth century and resulted in structural descriptions of
gonadogenesis. These first studies on gonadal development were conducted on
domesticated animals; however, currently the mouse is the most extensively studied
species. The next key point in the study of gonadogenesis was the advancement of
methods allowing for the in vitro culture of fetal gonads. For instance, this led to the
description of the origin of cell lines forming the gonads. Protein detection using
antibodies and immunolabeling methods and the use of reporter genes were also
invaluable for developmental studies, enabling the visualization of the formation of
gonadal structure. Recently, genetic and molecular biology techniques, especially
gene expression analysis, have revolutionized studies on gonadogenesis and
have provided insight into the molecular mechanisms that govern this process.
The successive invention of new methods is reflected in the progress of research on
gonadal development.

14.1 An Outline of the History of Gonadal Development
Studies

For centuries investigators have tried to elucidate the processes responsible for the
creation of organ structure. Although Hippocrates (460-370 BC) and Aristotle
(384-322 BC) made the first descriptions of fetal development, the question of
how the differences between males and females arise had remained unanswered
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(Needham 1959). Later in the modern period, it became evident that the gonads are
the first structures in the body to undergo sexual differentiation and they are
primarily responsible for orchestrating the development of sex-specific features.
It was interesting to study the mechanisms leading to the appearance of the earliest
sex-specific traits, i.e., the differences between the testes and ovaries—organs that
arise from common sexually undifferentiated anlage. Figure 14.1 summarizes main
events and discoveries in the field of studies on the gonadal development.

The earliest observations of gonadal development were made during the first
histological studies of mammalian fetuses. These early studies were possible after
the invention of microscopy and staining techniques. The first staining and micro-
scopic observations were made in the seventeenth century by Leeuwenhoek who
used dyes isolated from plants (madder, saffron, indigo). In 1856, Perkin invented
the first synthetic dye (mauveine later known as toluidine blue). In 1858, von
Gerlach stained cerebellum with carmine isolated from cochineal insects. In
1876, Waldeyer used hematoxylin as a histological stain. In 1876, Wissowsky
used hematoxylin and eosin as the first complex histological stain. This shows
that in the second half of the nineteenth century, there was significant development
of histological methods, which resulted in acceleration of embryological discover-
ies. Many early descriptions of gonadogenesis and meiosis come from this period.
The earliest stages of gonadogenesis and genital ridge formation were described in
rabbit (Coert 1898; Egli 1876; Janosik 1885, 1887a, b, 1890a, b, 1894), swine
(Janosik 1885, 1887a, b, 1890a, b, 1894), sheep (Janosik 1885, 1887a, b, 1890a, b,
1894), cat (Coert 1898), and humans (Nagel 1889a, b). Sexual differentiation was
also described early on in rabbit (Coert 1898; Janosik 1885), swine (Allen 1904),
sheep (Janosik 1885, 1887a, b, 1890a, b, 1894), and humans (Nagel 1889a, b). Felix
(1911) and Fuss (1911) were the first to describe the extragonadal origin of PGCs in
human embryos. Diagnostic features useful for sex recognition of a developing
gonad had been defined. The fetal testis had been described as an organ covered by
a thick connective tissue capsule under superficial epithelium and filled with cords
inside. The fetal ovary had been identified by structural division into the cortex and
medulla, the division which according to current knowledge seems oversimplified
and misleading. Today, the majority of studies on gonadal development focus on
the laboratory mouse (Mus musculus). Despite the differences between human and
mouse, the latter species became a powerful research tool owing to easy genetic
modification, a sequenced genome, small size, quick reproduction, and easy breed-
ing. The mouse is also a convenient model in the field of developmental biology.
The availability of many species-specific probes, antibodies, and markers makes
research on mice fast, very efficient, and cost-effective. In 1902, Cuénot conducted
the first genetic study on mice. In 1909, Castle and Little developed the first “lab
mouse”—inbred strain DBA (Castle and Little 1910). After World War I, Strong
bred C3H and CBA mice in 1909, and Little in 1921 developed the C57BL strain
(Crow 2002). The C57BL/6 (B6) mouse is the first mammal whose complete
genome sequence was published (Chinwalla et al. 2002; Waterston et al. 2002).
Most studies concerning murine gonadogenesis were conducted on the C57BL/6
strain, a few on the CD-1 strain (Bendel-Stenzel et al. 2000; Best et al. 2008;
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Milestones in studies on gonadogenesis

Early studies on gonad development
and meiosis (1870-1900)

Y chromosome discovered
(Stevens 1905)

Extragonadal origin of PGCs shown
(Felix 1911; Fuss 1911)

Barr body described
(Barr and Bertram 1949)

First in vitro gonad culture
(Byscov and Saxen 1976)

SRY discovered
(Sinclair et al. 1990)

WT1 crucial for gonadogenesis
(Pelletier et al. 1991)

Testis-specific cell migration
(Buehr and McLaren 1993)

SOX9 role in sex determination
(Foster 1994)

SF1 role in gonadogenesis
(Luo et al. 1994)

DAX1 role in sex determination
(Muscatelli et al. 1994)

Sertoli and granulosa cells
origin from coelomic epithelium
(Karl and Capel 1998)

WNT4 function in ovary development
(Vainio et al. 1999)

Testis-specific proliferation described
(Schmahl et al. 2000)

FGF9 role in testis development
(Colvin et al. 2001)

DHH role in testis development
(Yao and Capel 2002)

Testis-specific vasculature
(Brennan et al. 2002)

PDGEF role in testis development
(Brennan et al. 2003)

RA induces meiosis
(Bowles et al. 2006; Koubova et al. 2006)

RSPO1 function in sex determination
(Parma et al. 2008)

Fig. 14.1 A timeline depicting invention of new research methods that appeared crucial for
studies on the gonadal development, and the main discoveries in the field of gonadogenesis studies
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Bradford et al. 2009; Brennan et al. 2002; Combes et al. 2009a, b; Cool et al. 2008;
DeFalco et al. 2011, 2014, 2015; Di Carlo et al. 2000; Karl and Capel 1998; Kim
et al. 2006; Koubova et al. 2006; Martineau et al. 1997; Merchant-Larios and
Moreno-Mendoza 1998; Munger et al. 2013; Schmahl and Capel 2003; Schmahl
et al. 2000), and only exceptionally on FVB (Anderson et al. 1999; Bendel-Stenzel
et al. 2000; Bishop et al. 2000; Bullejos and Koopman 2005), CBA (Buehr
et al. 1993; Willerton et al. 2004), MF1 (Best et al. 2008), 129S1/SvimJ (Fleming
et al. 2012), AKR/J (Bouma et al. 2007; Bullejos and Koopman 2005; Bouma
et al. 2005), DBA/2J (Bouma et al. 2007), and Balb/C (Salas-Cortés et al. 1999)
strains. The C57BL/6 mouse strain deserves special attention due to its exceptional
sensitivity to disturbances in early gonadogenesis and is thus an efficacious tool for
identifying genes involved in sex determination (Bouma et al. 2007). Valuable
results are obtained when Y chromosomes, derived from other mouse strains, are
placed on a different genetic background, e.g., the Y chromosome from Mus
domesticus poschiavinus (YF©%) carried on a C57BL/6 background causes ovarian
development in XY but not on DBA/2J. This sensitivity is even stronger when the Y
chromosome from AKR/J mice (Y2¥®) is on a C57BL/6 background (Bouma
et al. 2007; Bullejos and Koopman 2005).

In the twentieth century, the rapid development of new methods, especially in
the field of cytology, genetics, and molecular biology, propelled embryological
studies and led to at least two crucial discoveries in research on sex determination.
First, the Y chromosome was discovered in 1905 independently by American
geneticist Nettie Maria Stevens and American zoologist and geneticist Edmund
B. Wilson (Wilson 1905; Morgan 1912). Using cytogenetic methods and micro-
scopy, they noticed that males of mealworms produce two kinds of sperm differing
in the presence of a large or small variant of one of the chromosomes. It was
deduced that the sex depends on the presence of the small (Y) chromosome. A
second significant breakthrough in this discipline was the discovery of the SRY (the
sex-determining region on the Y chromosome) gene in humans (Sinclair
et al. 1990). This discovery was possible due to genetic analysis of four male
patients with an XX karyotype; SRY was found in a translocated fragment of the
Y chromosome. At that time, the Sry gene was described in mice (Gubbay
et al. 1990). The role of Sry in sex determination, as a primary switch, was proved
by XX male mice with an introduced Sry gene (Koopman et al. 1991).

14.2 Sex Markers

The Sry gene automatically became a suitable sex marker; however, before its
discovery other markers were used to define the sex of an individual. Molecular sex
markers were always eligible for studying the genes and processes involved in sex
determination and development of the gonads due to difficulties or even incapabil-
ity in distinguishing between male and female fetuses using structural features.
Molecular sex markers can identify or predict the sex of an individual even before
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the gonads appear. However, before the widespread availability and use of
sex-linked genes, the sex of fetuses was identified by the presence of Barr bodies
(X chromatin bodies). Sex chromatin was discovered by Canadian physicians
Murray L. Barr and Ewart G. Bertram in 1949 (Barr and Bertram 1949). By
applying histological staining to neurons, they noticed an intranuclear intrusion
present in about half of the studied animals. In gonadal development studies
requiring the identification of the sex of an individual, the amnion membranes
were dissociated and cell suspension was air dried on slides, stained with orcein or
Giemsa dye, and Barr bodies were detected under a light microscope (Capel and
Batchvarov 2008; Karl and Capel 1998; Palmer and Burgoyne 1991; Yao
et al. 2004). Another sexing method involved the detection of activity of the
X-linked enzyme glucose-6-phosphate dehydrogenase (G6PDH), used to identify
the genetic sex in mice (Williams 1986).

Some studies on gonadogenesis rely on easy sexing based on the presence/
absence of testis cords. These elongated structures begin forming in the murine
testes at 11.8dpc (stage of 21 tail somites); however, 12.25dpc is the earliest
moment in which the sex can be recognized by the presence/absence of the
testis cords under a dissecting microscope (Nel-Themaat et al. 2009; Wilhelm
et al. 2005). A lack of cords indicates ovarian differentiation.

The aforementioned methods have been replaced by more accurate molecular
techniques. Nowadays, the most extensively used method to define the sex of an
individual is genotyping relying on sex-specific gene identification by PCR (poly-
merase chain reaction). This procedure involves tissue collection (e.g., a piece of
earlobe or tail ideally from 10- to 21-day-old mice), DNA isolation, and simplex
(one pair of primers for one template) or multiplex (two or more primer pairs) PCR.
A series of genes are used as sex markers. First, Y-linked sequences, such as Sry
(Chaboissier et al. 2004; Greenlee et al. 1998; Kunieda et al. 1992; Lambert
et al. 2000; Lavrovsky et al. 1998; McClive and Sinclair 2001) or Zfy (Greenlee
et al. 1998; Kunieda et al. 1992; Nagamine et al. 1990; Nef et al. 2005), can be
amplified and detected indicating the male genetic sex. Since Sry is present only on
the Y chromosome and has no equivalent on the X, and the Zfy gene has a homolog
on the X chromosome (Zfx) with equal size, amplification of X-linked or autosomal
genes is needed as a control (McFarlane et al. 2013; Palmer et al. 1990). The
X-linked gene Dxnds3 is an example of such an internal control in multiplex PCR
(Greenlee et al. 1998; Kunieda et al. 1992). There are currently only three simplex
PCR methods used for sex genotyping in mice. Sex identification is possible
through the amplification of homologous genes Ubal and Ubelyl linked to the X
and Y chromosomes, respectively, using a set of primers designed to amplify a
deleted region in the Ubelyl gene, which results in two products of amplification in
males and one large product in females with a small size difference (19 bp) between
two amplicons (Best et al. 2008; Chuma and Nakatsuji 2001; McFarlane
et al. 2013). Another method is based on amplification of X-linked Kdm5c (also
known as Smcx, Jaridl c) and its Y-linked equivalent KdmS5d (Smcy, Jaridld) with a
29 bp size difference between amplicons (Barrionuevo et al. 2006; Bullejos and
Koopman 2005; Clapcote and Roder 2005; Jameson et al. 2012; Mroz et al. 1999;
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Munger et al. 2009). A third example of simplex PCR sex genotyping involves a
size difference between the Y-linked S/y gene and its X-linked equivalent X/r that
results from a 405-bp deletion in S/y (McFarlane et al. 2013). The primers were
designed upstream and downstream of the deleted region giving two different size
products in each sex. The last method is the most accurate due to size differences
large enough to be easily detected during electrophoresis.

Previously, an alternative method of identification of Sry fragments via Southern
blot was used to define the sex (Fechner et al. 1993; Gubbay et al. 1990; Tanoue
et al. 1992). Identification of H-Y antigen encoded by KdmS5d gene was also used as
a male-specific marker (Wolf 1998).

14.3 Staging and Timing of Early Gonadogenesis in Mouse
and Other Vertebrates

Precise fetal age determination is essential for embryological studies especially if
accurate spatiotemporal pattern of gene expression or description of structural
changes in developing organs is required. Precise staging is crucial for studying
the embryology of animals with a rapid rate of development such as rodents, in
which some genes are expressed in a narrow time window.

In mice, it is necessary to use timed matings with E0.5 (or 0.5 dpc, dies post
coitum) representing noon on the day a mating plug was detected. Usually mouse
pairs are set up at ~5:00 pm; the presence of vaginal plugs is checked the next
morning and noon is counted as 0.5 dpc. More accurate staging relies on counting
the tail somites (ts). The first tail somite is counted as the first one posterior to the
junction of the hindlimbs. In mice, early genital ridges begin to be visible around
10.5 dpc which corresponds to the presence of 8 ts (£2 ts); and onward 11.5 dpc
corresponds to 18 ts (£2 ts), and 12.5 dpc corresponds to 30 ts (£3 ts) (Hacker et al.
1995). To obtain the key stages for the study of sexual differentiation of murine
gonads, e.g., stages 15—17 ts, mice are sacrificed at 7:00 am on the 11th dpc,
18-20 ts at noon on the 11th day, and 28-30 ts at noon on the 12th day. Addition-
ally, tables of Theiler stages (TS; from TSO01 to TS28) are useful in determining the
embryonic age, especially in fetuses older than 13.5 dpc staged by forelimb and
hindlimb morphology (Theiler 1989). Mouse gonads start developing at TS16 (i.e.,
9.5-10.75 dpc, corresponding to 30-34 total somite number), sex determination
takes place at TS17-TS18 (i.e., 35—44 total somite number), and testis cords start
forming at TS19 (i.e., 45—47 total somite number) and become discernible at TS20
(i.e., 48-51 total somite number).

Various standardized systems of staging are used for different vertebrates. For
example, Carnegie stages are used to determine the human fetal age. These stages
were applied in studies on human gonadogenesis (Hanley et al. 2000) but can be
used for other vertebrates. Carnegie stages range from CO1 to C23 covering the first
56 days of human gestation and later stages are described using the term of
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gestation. Sexual differentiation of gonads in humans occurs at C18-23. For
chicken embryonic development, Hamburger and Hamilton stages (1951) are
used and range from HHO1 (laying) to HH46 (hatching). Undifferentiated gonads
of chickens appear at HH25 (embryonic day E4.5), while sexual differentiation of
gonads occurs at HH29 (E6) (Morais da Silva et al. 1996). Staging according to
Greenbaum (2002) was used in a study of gonadal development in the red-eared
slider (Trachemys scripta) (Smith et al. 2008b). In this reptile, the temperature-
sensitive period begins at Greenbaum stage 14, and sexual differentiation of gonads
begins at stages 18/19. In most anuran amphibians, embryonic and larval develop-
ment is defined according to the Gosner system (from stage 1 to 46 at completion of
metamorphosis) (1960). Undifferentiated gonads appear at about Gosner stage 26;
however, the time of sexual differentiation varies among anuran species (Piprek
2013). The tadpoles of the model anuran species the African clawed frog (Xenopus
laevis) and the Western clawed frog (Silurana tropicalis) differ in morphology from
most anuran tadpoles and therefore another staging system is used to describe their
development, i.e., Nieuwkoop and Faber stages (1967). This system ranges from
NF1 (egg) to NF66 (completed metamorphosis). Undifferentiated gonads appear at
NF49 and sexual differentiation occurs at about NF52/53 (Piprek 2013). In the
model zebrafish (Danio rerio), development is staged according to somite number
or time after fertilization. In this species, primordial germ cells accumulate at the
sites of gonad formation at 2 weeks pf (post-fertilization), at 4 weeks pf the first
ovarian development features are present, and at 7 weeks pf the first signs of
testicular differentiation are visible (Kimmel et al. 1995; Maack and Segner 2003).

14.4 Histology: Light and Electron Microscopy

As previously mentioned, the earliest studies of gonadal development were based on
structural analysis using histological techniques. Today, the histological studies have
been replaced by molecular studies. Nevertheless, histological techniques are indispens-
able for instance if the effects of a gene mutation or knockout need to be assessed.
Despite a wide range of staining methods, hematoxylin and eosin staining (H&E, HE)
on paraffin sections (usually 3-8 pm thick) is mostly used. Sample preparation for
histological analysis begins with tissue dissection and fixation. Fetal gonads are usually
fixed in 4% paraformaldehyde (PFA in PBS at 4 °C overnight) (Bagheri-Fam
et al. 2008; Chang et al. 2008; Hummitzsch et al. 2013; Moniot et al. 2009; Nef
et al. 2003; Nel-Themaat et al. 2009) or in Bouin’s solution (room temp. or 4 °C for
1-2 days) (Britt et al. 2002; Chassot et al. 2008; El Jamil et al. 2008; Gassei et al. 2008;
Hiramatsu et al. 2009; Koubova et al. 2006; Maatouk et al. 2008; MacLean et al. 2009;
McLaren and Southee 1997; Qing et al. 2008; Tang et al. 2008). Other fixation methods
are rarely used, e.g., Serra fixation (Barrionuevo et al. 2006, 2009). Bouin-fixed samples
are dehydrated and embedded in paraffin; however, PFA-fixed samples can be both
frozen or dehydrated and embedded in paraffin. Bouin’s solution provides strong
fixation of gonadal tissue ensuring maintenance of structure; poorer resolution is usually
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obtained in PFA fixation. PFA-fixed frozen sections are the most suitable for
immunolocalization. Histological staining on cryosections and dyes other than H&E
are rarely used. Trichrome staining (e.g., Masson’s trichrome; Britt et al. 2002) provides
more structural detail showing three different colors in the tissue (differently stained
nuclei, cytoplasm, and extracellular matrix). Histological images analyzed via specialist
software can also be used for 3D reconstruction of internal organ structure. This method
was applied in the reconstruction of the structure of testis cords within developing mouse
testes (Nel-Themaat et al. 2009) and ovarian follicles in Xenopus (Bilinski et al. 2010).

Ultrastructure of gonads can be studied using transmission electron microscopy
(TEM) techniques (Best et al. 2008; Britt et al. 2002; El Jamil et al. 2008; Hummitzsch
et al. 2013; Merchant-Larios and Moreno-Mendoza 1998; Ottolenghi et al. 2005;
Tanimura and Iwasawa 1991). In the majority of these studies, tissues were fixed in
Karnovsky’s fixative (PFA, glutaraldehyde, cacodylate buffer), then postfixed in
osmium tetroxide, dehydrated, and embedded in resin (Ito and Karnowsky 1968).
Such samples can be cut for semithin (0.5—1 pm) or ultrathin sections (50-70 nm).
Semithin sections are placed on microscope slides, stained with methylene blue and
azur II and viewed under a light microscope. Ultrathin sections are placed on copper
(sometimes nickel for immunolocalization) grids, contrasted with uranyl acetate and
lead citrate, and viewed with TEM. Other histological staining techniques and even
immunolocalization can also be used for both semithin (on slides) and ultrathin
(on grids) sections; however, chemical removal of resin is necessary.

Scanning electron microscopy (SEM) has been used to study gonadal develop-
ment and especially the external structure of gonads (Piprek et al. 2014; Wylie
et al. 1976). In this procedure, samples are usually fixed in Karnovsky’s fixative,
postfixed in osmium tetroxide, dehydrated, dried using liquid carbon dioxide,
sputter-coated with gold, and viewed using SEM (Ito and Karnowsky 1968).

14.5 Molecule Identification: Cytochemistry,
Immunolocalization

Cyto- and histochemistry is the science of localization of chemical compounds
within cells or tissues using chemical reactions or specific antibodies. Among
cytochemical techniques, PAS staining, alkaline phosphatase detection, and espe-
cially immunohistochemistry are widely used in gonadal development studies. The
PAS (periodic acid-Schiff reaction) method detects polysaccharides such as glyco-
gen, glycoproteins, glycolipids, and mucins in tissues. Primordial germ cells
(PGCs) have abundant cytoplasmic glycogen and thus the PAS method can be
used to identify these cells (Chassot et al. 2008; De Felici et al. 2004; Gassei
et al. 2008; Hiramatsu et al. 2009).

Alkaline phosphatase (AP, ALP) is an enzyme removing phosphate groups from
many types of molecules and acts most efficiently in an alkaline environment. This
enzyme is especially widespread on the surfaces of stem cells including PGCs and
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thus has been used to identify migrating PGCs prior to gonad development
(Chiquoine 1954; De Felici and Dolci 1989; Di Carlo et al. 2000; Hanley
et al. 2000; Maitland and Ullmann 1993).

Specific recognition and detection of proteins via antibodies became an exten-
sively used method in embryological research and revolutionized this discipline. In
direct immunolabeling, an antibody is covalently labeled with a marker enabling
detection; in indirect immunolabeling, a primary antibody binds an antigen and a
secondary antibody conjugated with a marker binds the primary antibody. Second-
ary antibodies can be labeled with (1) an enzyme that produces a colored compound
(usually alkaline phosphatase with BCIP/NBT substrate, or horseradish peroxi-
dase—HRP with DAB as a substrate) detected in bright-field light microscopy,
(2) fluorochrome (usually derivatives of fluorescein or rhodamine) detectable in
fluorescence microscopy, and (3) colloid gold for transmission electron microscopy
(TEM), scanning electron microscopy (SEM), or light microscopy (LM). Several
compounds such as biotin, avidin, and streptavidin are used to increase the number
of bound secondary antibodies or enzymes and thus to intensify signal. Double
immunolabeling is possible due to the application of two primary antibodies
(differing in species origin) against two different proteins. This technique enables
the detection of potential co-localization of two proteins. Interestingly, the first use
of antibodies for detection was reported in 1934 (Marrack 1934), the first fluores-
cent detection using antibodies took place in 1941 (Coons et al. 1941), and the first
enzymatic labeling was described in 1966 (Avrameas and Uriel 1966).

Immunolabeling can be classified as (1) immunocytochemistry (ICC)—
immunolabeling of cells usually after in vitro culture, (2) immunohistochemistry
(IHC)—detection in tissues on paraffin or cryosections or in whole organs (whole
mount, WM-IHC), (3) immunofluorescence (IF)—localization via fluorochrome
using fluorescence (also confocal) microscopy, and (4) immunogold staining
(IGS)—detection of colloid gold under an electron or light microscope.

There are two types of immunolabeling in respect to sequence of labeling and
embedding: pre-embedding and post-embedding. In the pre-embedding method,
immunolabeling is done prior to embedding and sectioning (i.e., fixation,
immunolabeling, embedding in paraffin, resin, or freezing, cutting, imaging). In
the post-embedding method, the tissue after fixation is first embedded in paraffin,
resin, or frozen, then cut, and immunolabeling is performed on sections (i.e.,
fixation, embedding, cutting, immunolabeling, imaging).

There is a plethora of gonadal development studies in which immunolabeling
was used, usually IHC or IF (Abramyan et al. 2009; Bagheri-Fam et al. 2008;
Barrionuevo et al. 2006, 2009; Bendel-Stenzel et al. 2000; Best et al. 2008;
Beverdam and Koopman 2006; Bogani et al. 2009; Bradford et al. 2009; Britt
et al. 2002; Chang et al. 2008; Chassot et al. 2008; Chen et al. 2012; Childs
et al. 2011; DeFalco et al. 2015; DiNapoli and Capel 2007; Dumond et al. 2011;
Dupont et al. 2000; Fleming et al. 2012; Frojdman et al. 1992; Hanley et al. 2000;
Hiramatsu et al. 2009; Hummitzsch et al. 2013; Jameson et al. 2012; Karl and Capel
1998; Nef et al. 2005; Li et al. 2012; Li and Kim 2004; Liu et al. 2009, 2015;
Maatouk et al. 2008; MacLean et al. 2009; Matzuk et al. 1995; Molyneaux
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et al. 2003; Moniot et al. 2009; Morais da Silva et al. 1996; Mork et al. 2014; Nicol
and Yao 2015; Ohe et al. 2002; Oshima et al. 2005; Ross et al. 2009; Salas-Cortés
et al. 1999; Schmabhl et al. 2004; Smith et al. 2008a, b; Soyal et al. 2000; Tevosian
et al. 2002; Wilhelm et al. 2005; Willerton et al. 2004; Yao et al. 2004). For IHC, in
most cases tissues are fixed with 4 % PFA or Bouin’s solution, dehydrated, and
embedded in paraffin. Such strong fixation entails later antigen retrieval which is
usually done in citrate buffer at ~95 °C (HIER, heat-induced epitope retrieval).
Samples for IF are usually fixed in 4 % PFA, frozen, and later cryosectioned; in the
case of cryosections, antigen retrieval is unnecessary. Cryosections and
deparaffinized sections after antigen retrieval, both on slides, are usually blocked
with 6 % BSA in PBS (instead of BSA, Casein or serum from species matching the
secondary antibody can be used), which is followed by incubation with primary
antibodies (usually overnight at 4 °C), and then after rinsing (PBS with detergent),
incubation with secondary antibodies is done (usually for 1-2 h at room temp.);
after rinsing, color development (for IHC) and counterstain (for IHC and IF) is
carried out.

In the pre-embedding version of IHC, also known as whole mount immuno-
histochemistry (WM-THC or WIHC), the whole fetal gonads or urogenital ridges
(gonads attached to mesonephroi) are fixed usually in 4 % PFA (or in a methanol:
DMSO mixture), permeabilized in a solution of detergent to allow large molecules
to penetrate, and then immersed in blocking buffer followed by incubation with
primary and then secondary antibodies (Albrecht and Eicher 2001; Barske and
Capel 2010; Bendel-Stenzel et al. 2000; Bogani et al. 2009; Bouma et al. 2005,
2007; Brennan et al. 2002; Bullejos and Koopman 2005; Combes et al. 2009a, b,
2011; Coveney et al. 2008; Cool et al. 2008; DeFalco et al. 2014, 2015; Karl and
Capel 1998; Maatouk et al. 2008; Martineau et al. 1997; Nicol and Yao 2015;
Schmahl et al. 2000; Schmahl and Capel 2003; Tang et al. 2008; Tevosian
et al. 2002; Warr et al. 2009; Wilhelm et al. 2007). After immunolabeling, the
gonads can be embedded and sectioned.

Immunogold staining (IGS) permits the detection of a protein using electron
microscopy (TEM or SEM). Colloid gold or nanogold conjugated to secondary
antibody are used in this technique. Both the pre-embedding and post-embedding
versions of the IGS method were presented in detail by Bilinski et al. (2010). In most
commonly used post-embedding IGS methods, the tissue is gently fixed in PFA with
or without glutaraldehyde (strong fixation and osmium tetroxide postfixation should
be omitted in order not to disrupt immunoreactivity), dehydrated, embedded in
hydrophilic resin, and cut on formvar-carbon-coated nickel grids; the grids with
ultrathin sections are applied onto drops of the following solutions: blocking solution
(BSA), primary antibodies, rinsing, secondary antibodies, rinsing, and contrast
staining with uranyl acetate and lead citrate. The subcellular localization of a
protein of interest can be investigated with this method (Best et al. 2008).

The most important processes involved in development include cell proliferation
and apoptosis. Both can be studied using appropriate antibodies. Cell divisions can be
detected via immunolocalization of proliferation markers such as nuclear protein
PCNA (Bogani et al. 2009), phosphohistone-H3 (pHH3) (Bogani et al. 2009;
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Manuylov et al. 2007), and nuclear antigen Ki-67 (Dupont et al. 2000). However, the
most popular technique used to identify proliferating cells is immunolocalization of
bromodeoxyuridine (BrdU) after injection of this compound. In studies on cell
proliferation in developing gonads of the mouse, BrdU is injected intraperitoneally
(IP) to a pregnant female (in amount 10-50 mg/kg) and is incorporated into DNA
during replication (phase S) in female and fetal tissues. Females are sacrificed 2-5 h
after injection. Fetal gonads are fixed and immunolocalization with anti-BrdU is
performed on paraffin or frozen sections (DeFalco et al. 2015; Dupont et al. 2000;
Nef et al. 2003; Schmahl et al. 2000). BrdU pulse chase is a special version of this
assay, which can determine when precursors for specific cell types were dividing
(Schmabhl et al. 2000). There is also a series of descriptions of proliferation studies in
developing gonads in in vitro culture (DeFalco et al. 2011; Hiramatsu et al. 2009;
Martineau et al. 1997; Schmabhl et al. 2004; Schmahl and Capel 2003). In such assays,
BrdU is dissolved in culture medium, and after 1-3 h, organs are rinsed and cultured in
medium without BrdU for 9—12 h and then fixed and immunolabeled.

Administration of proliferation inhibitors enables to test if proliferation plays a
role in a specific developmental process. Proliferation inhibitors such as
5-fluorouracil or methotrexate (MTX) were administered intraperitoneally to preg-
nant mice to study the role of proliferation in gonad development (Schmahl and
Capel 2003). Alternatively, Affi-gel beads soaked in aphidicolin, a substance that
inhibits the cell cycle at the S phase, demonstrated the role of proliferation in testis
development (Schmahl and Capel 2003).

The contribution of apoptosis in development is typically studied using the
TUNEL assay (Li and Kim 2004; Manuylov et al. 2007; Matzuk et al. 1995). In
the TUNEL (terminal deoxynucleotidyl transferase dUTP nick end labeling)
method, the fragmentation of DNA, common for cell death, is detected. Terminal
deoxynucleotidyl transferase TdT binds 3’ nicks in DNA and catalyzes the addition
of dUTPs labeled with a marker. This visualizes apoptotic cells on frozen or
paraffin sections using chromogen or fluorochrome. Additionally, immuno-
localization of an apoptosis marker—caspase3—is useful in cell death studies
(Tang et al. 2008).

14.6 Identification of mRNA: In Situ Hybridization

Protein identification is especially useful for cell-specific marker identification and
structure viewing; however, it is less accurate if gene expression is studied because
a protein is present even after gene expression has ceased and moreover a protein
can be detected in places other than its site of expression (e.g., in secreted proteins).
Therefore, identification of specific mRNA is a more useful and accurate method in
gene expression analyses.

The most commonly used method to detect gene expression in situ (in tissue) is
RNA in situ hybridization (ISH). The first report of detection of DNA:RNA hybrid-
ization was given by Gall and Pardue (1969). This method is frequently used in
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gonadal development studies in both the post-embedding version (ISH) (Abramyan
et al. 2009; Best et al. 2008; Bradford et al. 2009; Chassot et al. 2008; El Jamil
et al. 2008; Hanley et al. 2000; Kim et al. 2006; Maatouk et al. 2008; Martineau
et al. 1997; Matzouk et al. 1995; Moniot et al. 2009; Morais da Silva et al. 1996; Nef
et al. 2003; Oulad-Abdelghani et al. 1996; Parma et al. 2006; Schmahl et al. 2004;
Sekido et al. 2004; Wilhelm et al. 2005) and pre-embedding or whole mount-ISH
(WM-ISH or WISH) (Barrionuevo et al. 2006; Bishop et al. 2000; Bogani et al. 2009;
Combes et al. 2009a,2011; Coveney et al. 2008; Jameson et al. 2012; Koubova
et al. 2006; Manuylov et al. 2007; Matsuyama et al. 2005; Nef et al. 2005; Rolland
et al. 2011; Smith et al. 2008a, b; Stebler et al. 2004). The core idea in the ISH
technique is the hybridization of a labeled complementary probe to mRNA allowing
the identification of a specific gene transcript under a microscope. A probe consists of
complementary DNA (cDNA) or more commonly complementary RNA (cRNA,
riboprobe). This analysis can be done on paraffin sections, frozen sections on slides
for bright-field light or fluorescence microscopy, or even on grids for electron micro-
scopy (TEM) (Kloc et al. 2001). This method involves probe design (250-1500 nt),
probe in vitro synthesis, and probe labeling usually with digoxigenin (DIG) or biotin.
DIG is a steroid with high antigenicity recognized by antibodies that can be conjugated
with fluorochrome or enzyme (AP or HRP). Alternatively, probes can be biotinylated,
i.e., conjugated to biotin which is bound by avidin or streptavidin conjugated to an
enzyme. This method is termed CIHS (chromogenic in situ hybridization) in the case
of enzymatic labeling and the appearance of color product indicating the presence of
the mRNA of interest. In the case of fluorescence labeling, ISH is termed FISH
(fluorescence in situ hybridization). In ISH, tissues are usually fixed in 4 % PFA,
rinsed, frozen, or dehydrated and embedded in paraffin. Sections on slides undergo
hybridization with probes overnight at 65 °C and samples are viewed under a micro-
scope after labeling with antibodies. In WM-ISH, the whole organ is fixed in 4 % PFA,
rinsed, hybridized in buffers, and after labeling the sample is viewed in toto under a
dissection microscope or dehydrated, embedded, and sectioned and viewed on slides
under light or fluorescence microscopes. In situ hybridization can also be used to
localize a DNA fragment on chromosomes, e.g., in sex determination studies (Bishop
et al. 2000; Parma et al. 2006; Yoshimoto et al. 2008).

14.7 Reporter Genes

One of the most advanced methods currently applied for visualization and specific
cell type identification is the utilization of reporter genes. This method involves the
use of transgenic animals. A reporter gene gives an easily identifiable product. The
most commonly used reporter genes are LacZ and Gfp. These genes enable identi-
fying the expression of a gene of interest and can also be used to trace specific cell
lines. A reporter gene is introduced into a genome and is expressed under the
control of a given promoter of interest.

LacZ encodes B-galactosidase (-gal), an enzyme converting X-gal substrate to a
blue product. LacZ with a promoter of the gene of interest is introduced into a
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genome. After LacZ expression, the -gal protein is present in cells in which the gene
of interest is normally expressed. Organs of the transgenic animal are dissected and
fixed in PFA, and X-gal staining can be conducted on slides or in the whole organ
(whole mount technique). This method is widely used in studies of gonadogenesis to
visualize cells of a special type or to investigate the spatiotemporal pattern of gene
expression (Anderson et al. 1999; Brennan et al. 2002; Capel et al. 1999; Liu
et al. 2015; Maatouk et al. 2013; Manuylov et al. 2007; Martineau et al. 1997,
McLaren and Southee 1997; Merchant-Larios and Moreno-Mendoza 1998;
Miyamoto et al. 2008; Tang et al. 2008). This method was also applied in an
assessment of the action of f-catenin in sex determination (Chassot et al. 2008).

Fluorescent proteins such as GFP (green fluorescent protein) act in a different
manner. A signal is detectable after excitation (e.g., ultraviolet for GFP). The Gfp
gene was isolated from the jellyfish Aequorea victoria in 1960 (Tsuji 2010). Several
mutations were introduced in order to modify and improve GFP fluorescence and
thus GFP derivatives were obtained, e.g., EGFP (enhanced GFP) and YFP (yellow
fluorescent protein). Red fluorescent proteins include mCherry or tdTomato. In
gonadogenesis studies, fluorescent reporter genes are used to identify and trace
specific cells, to visualize gonadal structure, and to isolate cells of interest (Albrecht
and Eicher 2001; Anderson et al. 1999; Best et al. 2008; Beverdam and Koopman
2006; Cool et al. 2008; DeFalco et al. 2011, 2014, 2015; Jameson et al. 2012;
Maatouk et al. 2013; Matzuk et al. 1995; Molyneaux et al. 2001; Nef et al. 2005;
Nel-Themaat et al. 2009; Qing et al. 2008; Rolland et al. 2011). For example GFP,
YFP, mCherry, and tdTomato were used to detect cells expressing Sf1, Sry, Sox9,
Oct4, or aSma, markers of germ cells, or gonadal somatic cells (Albrecht and
Eicher 2001; Beverdam and Koopman 2006; Cool et al. 2008; DeFalco
et al. 2014; Jameson et al. 2012; Matzuk et al. 1995; Molyneaux et al. 2001; Nef
et al. 2005; Nel-Themaat et al. 2009; Qing et al. 2008; Rolland et al. 2011).

Luciferase may be used as a reporter gene because of light emission via the
process of bioluminescence after oxidation of substrate (luciferin) by this enzyme.
A luciferase reporter gene assay was used to trace the expression of Sry and Amh
(Miyamoto et al. 2008; Wilhelm et al. 2007).

14.8 Cell Markers

The aforementioned methods such as IHC, ISH, and reporter genes can be used for the
identification of a cell of interest due to the presence of cell markers. Each cell type has
its own unique transcriptome and proteome, and thus, cell-specific markers, unique for
a given cell type, can be identified. Such cell markers can be used for cell visualization
in an organ, for tracing migrating cells, cell sorting, and isolation. It must be empha-
sized that cell markers revolutionized gonadal development studies and have been
used to describe the origins and fates of cell lines during gonadogenesis.

A series of markers useful for identification of specific cell lines (e.g., Sertoli
cells, follicular cells, fetal Leydig cells, endothelial cells, germ line cells, meiotic
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Table 14.1 Cell markers used in the studies on the mouse gonadal development

Cell type Markers References
Early Gonadal precursor cells | CK18, CK19, EMX2, | Barrionuevo et al. (2006); Birk
genital GATA4, LHXO9, SF1, |etal. (2000); Hu et al. (2013);
ridge WTI1 Kusaka et al. (2010); Luo
et al. (1994); Miyamoto
et al. (1997, 2008)
Pre-Sertoli cells AMH, DHH, GDNF, Chassot et al. (2008); DeFalco
N-Cadherin, NR5A1, et al. (2015); Fleming
PDGFa, Ptgds, SOX9, |et al. (2012); Lee et al. (2009);
SPRR2, SRY, TUBB3 | Schmahl et al. (2004); Tang
FGFR2 localized in et al. (2008)
nucleoplasm
Pre-follicular cells ADAMTS19, BMP2, Bouma et al. (2007); Chassot
(= pre-granulosa cells) | DAXI, et al. (2008); Fleming
FOLLISTATIN, et al. (2012); Lee et al. (2009);
FOXL2, LGRS, Liu et al. (2009); Rastetter
NR5AL, RSPOI, et al. (2014); Schmahl
SPRR2, WNT4 et al. (2004)
FGFR2 localized in
cytoplasm
Mesonephros-derived PECAMI1 Brennan et al. (2002); Smith
migrating cells et al. (2005)
Vascular cells PECAMI1 Albrecht and Eicher (2001);
Tang et al. (2008)
Stromal/interstitial ARX, MAFB, Brennan et al. (2003); DeFalco
cells C-MAF, PECAMI1, et al. (2011); Kitamura
PDGFRa, PTCHI, et al. (2002); Yao et al. (2002)
VCAM1
Testis Sertoli cells ABP, AMH, GATAI, |Sharpe et al. (2003)
SOX9
Fetal Leydig cells CYPI11A1=SCC, Chassot et al. (2008); Liu
CYP17A1, HSD17B3, | et al. (2009); Tang et al. (2008)
INSL3; 3pHSD
Adult Leydig cells CYP11A1, LHR, Gassei et al. (2008); Teerds
3BHSD et al. (1999)
Peritubular myoid cells | a-Actin, ACTA2, DeFalco et al. (2015); Gassei
(PMCs) IGHMBP2 et al. (2008); Willerton
et al. (2004)
Ovary Follicular cells AMH, CYP19al, Hatzirodos et al. (2015);

(=granulosa)

FSHR

Rastetter et al. (2014)

Theca interna

CYP17al, INSL3,
LHR

Hatzirodos et al. (2015)

(continued)
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Cell type Markers References
Germ Germ cells in fetal E-Cadherin, CD31, Albrecht and Eicher (2001);
cells gonads DDX4, GCNAL, Barrionuevo et al. (2009); Chang

MREI11, MVH, OCT4,
PECAMI, VASA,
TRA98

et al. (2008); Chassot

et al. (2008); Gassei et al. (2008);
Liu et al. (2009); Tang

et al. (2008); Wilhelm

et al. (2009)

Oogonia

C-Kit, NANOG,
OCT4, SSEA4

Byskov et al. (2011) and refer-
ences therein

Spermatogonia stem
cells (SSCs)

GFRAL1, OCT4, PLZF,
PAX7

Reviewed in Chap. 10,
Table 10.1

Differentiated sper-
matogonial cells

C-Kit, ZBTB16

DeFalco et al. (2015)

Meiotic cells

DMC], FIGa, SCP3,
SYN/COR, yYH2AX

Barrionuevo et al. (2006); Yao
et al. (2004)

cells) in developing gonads are summarized in Table 14.1. The most crucial cell
markers include GATA4, LHX9, SF1, and WT1 for coelomic epithelium-derived
gonadal precursor cells; SRY, SOX9, and AMH for pre-Sertoli cells; 3BHSD for
fetal Leydig cells; OCT4 for germ cells; PECAMI for germ and endothelial cells;
and SYN/COR for meiotic cells.

14.9 Structure Visualization Using Cell Markers
and Tracers

Labeled cells can be visualized continuously under in vitro conditions. This valu-
able method traces migrating cells within developing gonads in a time-lapse course
(Coveney et al. 2008; DeFalco et al. 2011; Molyneaux et al. 2001; Nel-Themaat
et al. 2009, 2010). Coveney et al. (2008) studied the dynamics of testis morpho-
genesis using an in vitro culture of fetal gonads of transgenic mice with expression
of GFP in endothelial cells. In this study, Cre recombinase was expressed under a
control of Tie2 or Flkl promoters (markers of endothelium) and cleaved a stop
codon upstream of GFP gene, which led to GFP presence in the endothelial cells.

An assembly of cell labeling images by specialist software enables the three-
dimensional modeling of the internal structure of the developing gonads. This
stereological analysis technique was especially useful in describing the process of
testis cord formation. Barrionuevo et al. (2009) conducted 3D visualization of
developing testes via immunolabeling for P450scc (a marker of Leydig cells);
DeFalco et al. (2015) used immunolocalization of several cell markers to obtain a
3D model of the developing testis (Sertoli cells—TUBB3, PMCs—ACTA?2, macro-
phages—MHCII, spermatogonia—ZBTB16, blood vessels and basement
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membranes—collagen IV). Nel-Themaat et al. (2009) used transgenic mice with
expression of EGFP under control of the Sox9 gene to visualize Sertoli cells and to
present a 3D model of testiculogenesis.

14.10 In Vitro Culture Methods

In vitro organ culture is one of the most commonly used techniques to study the
mechanisms of gonadogenesis in mice. In this method, developing gonads are
isolated from fetus, placed in medium, and cultured for up to several days. This
enables (1) observation of development in a time-lapse course, (2) studying cell
migration between the gonad reassembled with the mesonephros (migration assay
in coculture), and (3) analysis of the molecular mechanisms governing
gonadogenesis via culturing gonads in medium supplemented with growth factors,
their inhibitors, or antibodies blocking given proteins.

In vitro culture techniques were originally developed for embryological trials. In
vitro culture of chicken embryo organs by Roux in 1885 and frog embryonic cells
by Harrison in 1907 were maintained ex vivo at first. Byskov and Saxen (1976)
conducted early in vitro cultures of developing gonads. Today, several techniques
of in vitro culture of developing gonads are used, among which culture on agar
blocks is the most popular. Dissected fetal mouse gonads are always cultured under
conditions standard for mammal cells, i.e., at 37 °C and 5 % CO,/95 % air. In most
studies, developing gonads are cultured in DMEM medium.

In an early trial, developing gonads were maintained in vitro “glued” to a
nucleopore filter using 1% agar in Eagle’s balanced salt solution (EBSS)
supplemented with 10 % fetal calf serum (FCS) (Byskov and Saxen 1976). In subse-
quent studies, gonads were cultured at an air-medium interface on agar blocks (Evans
et al. 1982; McLaren and Buehr 1990). The first recombinant cultures (a gonad
reassembled with the mesonephros) were used by Buehr et al. (1993) and showed
migration of mesonephric cell into developing testes (Combes et al. 2009b; Cool
et al. 2008; Martineau et al. 1997). Buehr et al. (1993) also provided the original
description of fetal gonad culture on agar blocks, currently the most common method
for maintaining gonads in vitro (Barrios et al. 2010; Best et al. 2008; Bogani
et al. 2009; Capel and Batchvarov 2008; Combes et al. 2009b; Coveney et al. 2008;
DeFalco et al. 2011; Di Carlo et al. 2000; Hiramatsu et al. 2009; Karl and Capel 1998;
Kim et al. 2006; Koubova et al. 2006; Martineau et al. 1997; McLaren and Southee
1997; Nishino et al. 2001; Wilhelm et al. 2005; Tang et al. 2008). Alternatively, a
droplet method is used to maintain whole fetal gonads under in vitro conditions (Cupp
etal. 2003; DeFalco et al. 2014; Maatouk et al. 2008). An organ is cultured in a droplet
on the lid of Petri dish while the dish is floating on water in a larger Petri dish. Fetal
gonads were also cultured on Millicell filters (Cupp et al. 2003; MacLean et al. 2009;
Nel-Themaat et al. 2009). A slice method of in vitro culture was used to study the
regulation of PGC migration from the hindgut to the genital ridges (Bendel-Stenzel
et al. 2000; Molyneaux et al. 2001, 2003).
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The fetal gonads are usually cultured for 48 h on 1.5 % agar blocks in DMEM
medium supplemented with 10% FCS or FBS and ampicillin. Exceptionally,
F12/DME medium supplemented with 10 % FBS is used (Liu et al. 2015; Nishino
et al. 2001). This method of fetal gonad culture on agar blocks was also used for
studying fetal T. scripta gonads (Mork et al. 2014). In this case, the L15 medium
was supplemented with 10% FBS. However, in vitro culture of fetal chicken
gonads was done on an isopore filter in DMEM medium supplemented with FCS
and chicken serum (Smith et al. 2008a).

14.11 In Vitro Studies of Cell Signaling

In vitro gonad culture was also effective in determining the function of signaling
molecules in the regulation of gonad development. The method is based on cultur-
ing dissected gonads in medium supplemented with exogenous growth factors, their
inhibitors, or antibodies binding and thus blocking the action of particular proteins.
This technique was used to study the role of FGF9 in testis development. Gonads
were cultured in medium supplemented with FGF9 (25, 50, or 100 ng/ml) (Barrios
et al. 2010; Hiramatsu et al. 2009; Kim et al. 2006; Wilhelm et al. 2005) or in the
vicinity of agarose beads soaked with FGF9 growth factor for up to 2 days (Bogani
et al. 2009; DeFalco et al. 2011). The function of neurotrophin 3 in gonadogenesis
was studied by implementing a blocker of its receptor (AG879) added to medium
(Cupp et al. 2003). In a study on neurotrophic tyrosine receptor kinases, the medium
was supplemented with neurotrophin 3, antibodies binding and blocking neuro-
trophin 3, antibodies binding receptor NTRK3, inhibitors of tyrosine kinase, NGF,
or antibodies binding NGF (Gassei et al. 2008). y-secretase inhibitor (DAPT) added
to medium inhibited Notch signaling and elucidated the function of this pathway in
progenitor Leydig cells (Tang et al. 2008). The role of hedgehog (HH) signaling
was examined via addition of cyclopamine (inhibitor of HH pathway) to medium
(Liu et al. 2015). Sex determination was also investigated by the addition of
prostaglandin D2 to medium (Wilhelm et al. 2005). Interestingly, the role of
blood vessels in gonad morphogenesis was tested via blocking of vasculature
formation with an inhibitor of VEGF receptor tyrosine kinase (VEGFR TKI II)
(DeFalco et al. 2014). Moreover, the influence of blood vessels on gonadogenesis
was studied by addition of anti-VE-cadherin antibodies to medium which disrupted
vasculature formation (Combes et al. 2009b). WNT signaling was investigated by
adding LiCl to medium, which increased the function of P-catenin and WNT
pathways (Maatouk et al. 2008). The method of signaling modulation in vitro was
also useful for studying the induction of meiosis by retinoic acid. Medium was
supplemented with all-trans retinoic acid (RA), agonists of retinoic acid receptors
(RAR), and ketoconazole that inhibits the Cyp26 enzyme from degrading RA
(Bowles et al. 2006; Koubova et al. 2006; Li and Kim 2004; Piprek et al. 2013).
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14.12 Cell Tracing and Migration Assay

Cell tracing is a method revealing cell migration within developing organs. This
technique also provides evidence for the origin of different cells or cell types. In
gonadal development studies, cell tracing involves cell labeling with a marker
(usually fluorescent dye applied onto the surface of the gonad) (DeFalco
et al. 2011; Karl and Capel 1998; Li and Kim 2004; Yao et al. 2004). The
fluorescent dye penetrates the superficial cells of the developing gonad and then
labeled cells carry the marker while migrating inward into the developing organ.
Identification of labeled cells after in vitro culture of the whole organ shows the
ingression of superficial cells. This method demonstrated the origin of Sertoli and
granulosa cells from coelomic epithelium (Karl and Capel 1998). Karl and Capel
(1998) incorporated fluorescent CM-Dil dye to superficial gonadal cells using
ionophoresis. A single superficial cell was touched by an electrode with the applied
dye; the current was pulsed until a single cell was positive for CM-Dil. In the same
study, an alternative method of surface cell labeling was used; the dye was pipetted
onto the surface of the developing gonad, and after washing, the gonads were
cultured in vitro for 30—48 h. The labeled cells were localized under a microscope.
DeFalco et al. (2011) labeled superficial cells of developing mouse gonads via
pipetting MitoTracker Orange dye onto the gonads dissected from mouse fetuses;
after 45 min of incubation with dye, gonads were washed and cultured in vitro for
24-48 h and then viewed. Two studies used a mixture of two fluorescent dyes
(MitoTracker Red and rhodamine derivative, 5-carboxytetramethylrhodamine,
succinimidyl ester) applied onto the surface of the developing gonad of T. scripta
and X. laevis (Piprek 2013; Yao et al. 2004). After incubation, gonads were washed
and cultured in vitro for 48 h, then fixed, and processed for immunohistochemistry
and imaging.

Different cell tracing methods were used to study cell migration from the fetal
mesonephros to developing gonads (migration assay). In this technique, in vitro
coculture of the fetal gonad assembled with the mesonephros (usually derived from
another individual) is conducted, with expression of reporter genes enabling cell
identification or with labeled cells. The first experiment showing cell migration
from the mesonephros to the fetal gonads was carried out by Buehr et al. (1993).
They detached developing mouse gonads from the adjacent mesonephroi and
cultured isolated gonads and mesonephroi in vitro separately, or the organs were
reassembled and grafted into the fragments of limb or heart, or cultured while
separated by a membrane. The migration of cells from mesonephroi into developing
testes was observed in reassembly of wild-type embryonic testes with transgenic
mesonephroi from murine embryos carrying a nuclear marker (~1000 copies of the
B-globin gene). Also other techniques, such as in situ hybridization and
immunolocalization, permit identification of mesonephros-derived cells in the
testes. Li and Kim (2004) tested mesonephric cell migration to developing rat
gonads via in vitro culture of reassembled embryonic gonads with mesonephros
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labeled with fluorescent cell-permeable dye. The mesonephros, isolated from a
fetus, was cultured in medium with dye (5(6)-carboxyfluorescein diacetate,
succinimidyl ester, CFDA-SE) for 20 min; after washing, the stained mesonephros
was reassembled with a fetal gonad and cultured in vitro for 3 days, and then the
organs were fixed and viewed using fluorescent microscopy. Capel et al. (1999) and
Martineau et al. (1997) studied cell migration from the mesonephros to the devel-
oping testes using in vitro culture of mesonephros from ROSA26 transgenic mice
showing constitutive expression of f-gal reassembled with fetal wild-type mouse
gonads. After 42-48 h of in vitro culture, the organs were fixed, stained for p-gal,
embedded, and viewed for detection of (mesonephros-derived) blue cells in the
testes. Brennan et al. (2002) used coculture of wild-type gonads with mesonephroi
from mice with endothelial cells marked with B-gal expressed under the control of
endothelial markers (FltI or Tie2).

Most recent studies on cell migration to developing gonads reassemble fetal
wild-type mouse gonads with mesonephros derived from transgenic mice with
constitutional expression of fluorescent protein GFP (Bogani et al. 2009; Brennan
et al. 2002; Combes et al. 2009a; Cool et al. 2008; Cui et al. 2004; DeFalco
et al. 2011; Hiramatsu et al. 2009; Nishino et al. 2001; Yao et al. 2004). After
24-64 h of in vitro culture, the organs are fixed, processed for immunolabeling, and
viewed to detect green signal in the gonads. Yao et al. (2004) studied gonads
isolated from the slider T. scripta reassembled with mouse mesonephros or
mouse gonads and mesonephros in various sandwich combinations.

14.13 Separation of Cell Lines

The gonad consists of cells of many lines, which differ in origin, structure, function,
and gene expression pattern. The first analyses of gene expression were based on
RNA isolated from whole developing gonads and thus genes expressed in many
different cell lines were studied. Nowadays, the use of cell markers facilitates the
isolation of a single cell line from the heterogeneous mass of tissues forming the
gonad. Moreover, even a single cell can be removed from the whole organ or from a
section on a microscopic slide (LMD, laser microdissection) and its transcriptome
can be studied. For instance, genes expressed in epithelial cells covering developing
gonads were studied after laser dissection of frozen sections (Kusaka et al. 2010).

Isolation of a specific cell line from an organ was propelled by the application of
transgenic animals with the expression of a reporter gene in a cell type of interest.
This method requires isolation of the gonads, their enzymatic digestion, and cell
sorting (e.g., fluorescence-activated cell sorting—FACS or cell isolation with
magnetic beads). Tissue digestion is usually conducted by treatment with one or
more enzymes at 37 °C followed by mechanical dissociation (pipetting, filtering)
and cell resuspension in medium or PBS. Trypsin/EDTA, collagenase, DNase, and
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dispase are enzymes used for dissociation of developing gonads (Beverdam and
Koopman 2006; Childs et al. 2011; DeFalco et al. 2014, 2015; Jameson et al. 2012;
McLaren and Southee 1997; Molyneaux et al. 2003; Munger et al. 2013; Nef
et al. 2005; Nishino et al. 2001; Qing et al. 2008; Rolland et al. 2011; Smith
et al. 2008a; Wilhelm et al. 2005).

FACS is a specialized type of flow cytometry that can separate a heterogeneous
mixture of cells of various lines into two or more components based upon specific
light emission of the cells. For example, in this method a fetal gonad of a transgenic
mouse with expression of GFP under control of the Sox9 gene (pre-Sertoli cell
marker) can be dissected and digested; the mixture of cells can be sorted with FACS
and two pools of cells (GFP* pre-Sertoli cells and the rest—GFP") are obtained.
Such isolated cells (of the same type) can be used for protein or RNA isolation and
thus for gene expression analysis. FACS was used to separate cell lines from
developing gonads in several studies (Anderson et al. 1999; Bendel-Stenzel
et al. 2000; Beverdam and Koopman 2006; DeFalco et al. 2014, 2015; Jameson
et al. 2012; Nef et al. 2005; Nishino et al. 2001; Rolland et al. 2011). In an excellent
study, Jameson et al. (2012) presented a method to separate the main cell lines from
developing mouse gonads. They used several transgenic mouse strains to specifi-
cally label cell lines; EGFP under control of the Sry promoter (Sry:EGFP) resulted
in a green signal in XY but also XX supporting cells and enabled the separation of
these cells (Albrecht and Eicher 2001); Sox9:EGFP can be used to isolate XY
supporting cells, Mafb:EGFP and a-Sma:EYFP to isolate stromal/interstitial cells,
FlkI:mCherry to isolate endothelial cells, and Oct4:EGFP to isolate germ cells. As
an alternative method, cell purification via magnetic beads was used to isolate
primordial germ cells (PGCs) (Pellegrini et al. 2008; Pesce and De Felici 1995;
Qing et al. 2008). In this technique, anti-SSEA1 (a marker of PGCs and other stem
cells) primary antibodies are added to a mix of cells after organ digestion, and then
magnetic beads coated with secondary antibodies are introduced; the beads facil-
itate isolation of PGCs. Pellegrini et al. (2008) used CD117 magnetic microbeads to
isolate Kit-positive spermatogonia.

Previously, several methods allowing gonadal cell isolation and separation were
developed. Separation of somatic and germ cells isolated from fetal or newborn
gonads is based on differences in their adhesion to a culture dish (O and Baker
1978). Somatic cells have a tendency to adhere to a culture dish, whereas the germ
cells do not; thus, during rinsing the germ cells can be removed from the culture. A
method for Sertoli cell isolation via a sequence of gradual enzymatic treatment and
centrifugation of tissue has been described (Chang et al. 2008; Chapin et al. 1987,
Gassei et al. 2008; Hadley et al. 1985; Mackay et al. 1999; Willerton et al. 2004).
Enzymes used to digest gonadal tissue include collagenase, DNase, trypsin, and
hyaluronidase. Tissue dissociation via enzyme and EDTA treatment was used for
germ cell isolation from gonads (Barrios et al. 2010; De Felici and McLaren 1982;
Di Carlo et al. 2000; Pellegrini et al. 2008).



14 Methods for the Study of Gonadal Development 403
14.14 Gene Expression Analysis

Contemporary analyses of gene expression take advantage of a series of techniques
that provide a wealth of knowledge about an organ or cell of interest. From early
development, the gonad is composed of many cells with different gene expression
patterns. The large number of genes expressed in a given cell complicates gene
expression analysis. For instance, more than 15,000 genes are expressed in human
testis (Ramskold et al. 2009). Some gene expression techniques allow an analysis of
only one or a few genes (low-plex analyses such as the use of reporter genes,
Northern blot, ISH, RT-PCR, qPCR, RNase protection assay); however, other
techniques enable simultaneous analyses of the expression of many or all genes
in a given organ, tissue, or even a single cell (high-plex analyses such as SAGE,
DNA microarray, RNA-Seq). Most of these methods have been crucial for studying
the mechanisms driving gonadal development.

In this chapter, several techniques of gene expression analysis were already
mentioned, such as in situ hybridization (ISH) and the use of reporter genes.
Immunolocalization of proteins also provides data on spatiotemporal gene expres-
sion. These three methods are based on gene expression product analysis in situ, in a
single cell, tissue, or whole organ. Another series of techniques of gene expression
analysis entails RNA isolation from the whole organ, tissue, or cell and is
conducted ex situ, “in a test tube.” In studies on gonadal development, the gonads
are dissected and immediately immersed in a solution (usually RNAlater) perme-
ating the tissue and thereby stabilizing and protecting RNA due to the inactivation
of ubiquitous RNases. Later the gonads are homogenized and RNA is isolated using
column-based techniques or rarely using oligo(dT)-conjugated magnetic beads
(Anderson et al. 1999). The most commonly used solution for RNA isolation is
TRIzol (Best et al. 2008; Cupp et al. 2003; Dumond et al. 2011; Hiramatsu
et al. 2009; Hummitzsch et al. 2013; Koubova et al. 2006; Maatouk et al. 2008;
Molyneaux et al. 2003; Munger et al. 2013; Nef et al. 2003; Schmahl et al. 2004;
Smith et al. 2008a; Tang et al. 2008). The RNA isolation method via TRIzol is
based on guanidinium thiocyanate—phenol—chloroform extraction. The amount of
mRNA in fetal gonads is very low and sometimes pooling of samples from several
individuals is necessary. The dissection of a gonad and its separation from adjoin-
ing tissues (mesonephros) is especially difficult at early stages. In this case, RNA
isolation is facilitated by removing the gonads along with adjoining tissues and
initially immersing them in RNA later solution in which the gonads harden and
become easy to separate from the mesonephros. In the meantime, the individuals
can be genotyped and then pooled according to sex and stages. After tissue
homogenization followed by column-based RNA isolation, RNA suspended in
RNase-free water can be stored frozen. Total RNA is obtained after isolation
(including all types of RNA of which only 1-5 % constitutes mRNA representing
the expression of protein-coding genes). In order to analyze protein-coding genes,
mRNA can be isolated from total RNA by hybridizing the mRNA poly(A) tail to
oligo(d)T connected to a carrier (e.g., magnetic beads) (Anderson et al. 1999;
Parma et al. 2006).
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14.14.1 Northern Blot

Among ex situ, low-plex methods (i.e., analysis of one or a few transcripts after
RNA isolation from cells), the Northern blot assay (introduced in 1977) enables
identification of individual RNA in a heterogeneous RNA sample separated by
electrophoresis. In this method, RNA samples are separated by agarose gel elec-
trophoresis and then transferred onto a nylon membrane through a vacuum or
capillary blotting system. RNA is immobilized by linkage to the membrane using
UV light or heat and a labeled probe is applied onto the membrane leading to the
visualization of a transcript. A probe consists of cDNA or cRNA complementary to
the sequence of interest and can be labeled with radioactive (*’P) or a chemilumin-
escent signal. The Northern blot assay was useful in studying the expression of
genes in developing gonads (Gallardo et al. 2007; Higgy et al. 1995; Pask
et al. 2000; Seligman and Page 1998).

14.14.2 RNase Protection Assay

The RNase protection assay (RPA) is another method used for the identification of
individual RNA molecules accompanied by the degradation of other RNAs with
enzymes. In RPA, isolated RNA is mixed with a labeled complementary probe
(cRNA or cDNA) and hybridized to form double-stranded structures (cRNA:
mRNA or cDNA:mRNA). Then RNases (e.g., RNase A and/or RNase T1) are
added to the mixture. The enzymes digest only single-stranded molecules leaving
double-stranded molecules intact. The RNA molecules from double-stranded
hybrids are analyzed using gel electrophoresis. This method helped to describe
the exact timing of Sry expression in the developing gonads of mice (Hacker
et al. 1995) and also the expression of other genes (Hacker et al. 1995; Morais da
Silva et al. 1996; Smith et al. 2009; Soyal et al. 2000).

PCR (polymerase chain reaction) (known since 1971) methods are also com-
monly used to analyze gene expression. Standard PCR and its implementation in
genotyping were previously described in this chapter. However, gene expression
analysis uses RT-PCR and qRT-PCR. The basis of all types of PCR is amplification
of a given sequence using specific primers, a polymerase enzyme, a template (DNA
or RNA), and reaction substrates. Amplification proceeds by repeated cycling of
three steps: denaturation (at ~95 °C the DNA helix is split into single threads),
annealing (at 45-65 °C primers bind to complementary sequences), and extension
(at ~72 °C polymerase extends primers by adding nucleotides in a sequential
manner). The products of amplification are detected at a subsequent stage.
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14.14.3 PCR-Based Methods of Gene Expression Analysis

In RT-PCR (reverse transcription PCR), RNA as a template is converted into
complementary cDNA using reverse transcriptase (RT) and resulting cDNA is
amplified as in typical PCR. Gene expression data are collected by analysis of
bands after agarose gel electrophoresis. RT-PCR is commonly used to study gene
expression in gonadogenesis (Abramyan et al. 2009; Albrecht and Eicher 2001;
Anderson et al. 1999; Barrionuevo et al. 2006; Barrios et al. 2010; Bendel-Stenzel
et al. 2000; Best et al. 2008; Beverdam and Koopman 2006; Bradford et al. 2009;
Chang et al. 2008; Chassot et al. 2008; Childs et al. 2011; Coveney et al. 2008;
DeFalco et al. 2014; Dumond et al. 2011; Dupont et al. 2000; Hummitzsch
et al. 2013; Jameson et al. 2012; Kocer et al. 2008; Koubova et al. 2006; Li
et al. 2012; Molyneaux et al. 2003; Moniot et al. 2009; Nef et al. 2003, 2005;
Nishino et al. 2001; Oshima et al. 2005; Oulad-Abdelghani et al. 1996; Parma
et al. 2006; Rolland et al. 2011; Schmahl et al. 2004; Smith et al. 2008a, b; Tang
et al. 2008; Wilhelm et al. 2005; Yoshimoto et al. 2008, 2010).

In qRT-PCR (quantitative reverse transcriptase PCR or real-time PCR, qPCR),
the first stage consists of converting RNA into ¢cDNA via PCR with reverse
transcriptase; however, during the following steps the fluorescently labeled primers
or probes are used, enabling monitoring of the amount of product during amplifi-
cation. qRT-PCR is commonly used to study gene expression during gonadogenesis
(Abramyan et al. 2009; Barrionuevo et al. 2006; Barske and Capel 2010; Beverdam
and Koopman 2006; Bogani et al. 2009; Bouma et al. 2005, 2007; Bradford
et al. 2009; Britt et al. 2002; Chang et al. 2008; Chassot et al. 2008; Chen
et al. 2012; Childs et al. 2011; Combes et al. 2011; Cupp et al. 2003; DeFalco
et al. 2014; Hiramatsu et al. 2009; Houmard et al. 2009; Koubova et al. 2006; Li
et al. 2012; Liu et al. 2015; Maatouk et al. 2008; Manuylov et al. 2007; Molyneaux
et al. 2003; Moniot et al. 2009; Munger et al. 2013; Nef et al. 2003, 2005; Nicol and
Yao 2015; Parma et al. 2006; Rolland et al. 2011; Ross et al. 2009; Smith
et al. 2008a, b, 2009; Tang et al. 2008; Tevosian et al. 2002; Wilhelm
et al. 2005). In the majority of studies of gonad development, primers labeled
with SYBR Green fluorochrome are used although TagMan probes have also
been applied (Bogani et al. 2009; Liu et al. 2015; Smith et al. 2008a, b). Multigene
gRT-PCR is used to analyze numerous genes simultaneously (Bouma et al. 2004,
2005, 2007). The accuracy of results obtained by gqRT-PCR strongly depends on
accurate normalization using stably expressed genes (Guenin et al. 2009). In studies
on gonad development, normalization is usually carried out with Gapdh (Chang
et al. 2008; DeFalco et al. 2014; Dumond et al. 2011; Hiramatsu et al. 2009; Liu
et al. 2015; Manuylov et al. 2007; Nef et al. 2003, 2005; Moniot et al. 2009; Munger
et al. 2013), Hprtl (Albrecht and Eicher 2001; Bogani et al. 2009; Chassot
et al. 2008; Coveney et al. 2008; Nef et al. 2003; Smith et al. 20082,2009; Tang
et al. 2008), 18S rRNA (Liu et al. 2015; Wilhelm et al. 2005), Thp (Barrionuevo
et al. 2006), or Actb (Houmard et al. 2009).
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14.14.4 SAGE

SAGE (serial analysis of gene expression) developed in 1995 is a high-plex ex situ
method, enabling analysis of the transcriptome and the expression of even thou-
sands of genes in a single assay (Yamamoto et al. 2001). In the SAGE method,
RNA is reverse transcribed using biotinylated primers, and then the biotin-labeled
cDNAs are bound by streptavidin beads and cleaved by restriction enzymes
(anchoring enzyme, AE). In result, partially digested cDNAs of different length
remain on the beads; this material is divided into two portions (A and B) and
exposed to one of two adapter oligonucleotides (A or B). After ligation, cDNAs
with adapters are removed from the beads using tagging enzyme (TE), and in effect
short tags of original cDNAs are detached from beads. Cleaved cDNA tags are
repaired with DNA polymerase to produce blunt ends; tags from A and B samples
are mixed and ditags form due to blunt ends. Ditags are then cleaved with AE and
linked with other ditags to form a cDNA concatemer; concatemers are transformed
into bacteria and thus amplified. Isolated concatemers are sequenced using high-
throughput DNA sequencers; bioinformatics methods can quantify the recurrence
of individual tags (Lee et al. 2010), yielding quantitative data. SAGE methods were
used to study the transcriptome in cell lines in developing gonads (Chan et al. 2006;
Lee et al. 2006; Wu et al. 2004).

14.14.5 Microarray

Another high-plex method is the microarray technique (developed in 1983) that is
based on applying a sample onto a solid surface (usually a glass slide) with an array
of probes (Trevino et al. 2007). A series of microarray techniques can be used for
analysis of gene expression (DNA microarray), protein identification (protein
microarray), tissue imaging (tissue array), cell biology (cellular microarray), etc.
All subtypes of microarrays miniaturize and multiplex the analysis ensuring the
study of multiple samples simultaneously. Gene expression analysis via this method
has the capacity to cover thousands of transcripts at once on a single microarray
(or gene chip) wherein each spot contains multiple identical strands of DNA,
representing a single gene. In gonadogenesis studies, DNA microarrays have
provided a large amount of data and have significantly contributed to knowledge
on gene expression in developing gonads. DNA microarray techniques require
RNA isolation and its conversion into cDNA through reverse transcription;
cDNA is labeled with fluorochrome, then applied onto chips, and hybridized to
probes (cDNA or oligonucleotides) previously attached to the chip; after rinsing,
only labeled sequences that bound complementary probes remain on the chip and
signals emitted by them are detected. In gonadogenesis studies, microarrays were
used for gene expression analysis of RNA isolated from whole developing gonads
and thus from many different cell lines (Combes et al. 2011; Coveney et al. 2008;
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Gallardo et al. 2007; Garcia-Ortiz et al. 2009; Grimmond et al. 2000; Houmard
et al. 2009; Liu et al. 2015; Munger et al. 2013; Nicol and Yao 2015; Ottolenghi
etal. 2007; Rolland et al. 2011; Small et al. 2005), whereas other microarray studies
were conducted on particular gonadal cell lines, e.g., on germ cells (Jameson
et al. 2012; Molyneaux et al. 2003; Pan et al. 2005), pre-Sertoli and pre-granulosa
cells (Beverdam and Koopman 2006; Bouma et al. 2007; Jameson et al. 2012; Nef
et al. 2005), epithelial cells of gonadal primordium (Hummitzsch et al. 2013;
Kusaka et al. 2010), and interstitial and endothelial cells (Jameson et al. 2012).
The microarray technique was also used to identify noncoding RNAs in developing
gonads (Chen et al. 2012).

14.14.6 RNA Sequencing

RNA sequencing (RNA-Seq) is one of the latest high-throughput methods used for
gene expression analysis (from 2008). RNA-Seq involves next-generation sequenc-
ing (NGS) to reveal a snapshot of RNA presence and quantity. In this method,
mRNA is isolated and converted to cDNA; sequencing adapters are added and then
a cDNA library is prepared; sequencing of cDNA is performed using an NGS
platform. RNA-Seq has been used in studies on sex determination and gonad
development (Ayers et al. 2015; Gong et al. 2013).

14.15 Protein Analysis Methods

Proteins can be identified in situ, i.e., in a given organ, tissue, or cell, and examples
of such methods (immunohistochemistry, IHC, or immunocytochemistry, ICC)
were previously described in this chapter. However, there is also a wide range of
ex situ methods based on protein analysis in vitro after their isolation from organs,
tissues, or cells. In many trials, it is crucial to isolate proteins separately from the
nucleus or the cytoplasm (Miyamoto et al. 2008; Niksic et al. 2004; Oulad-
Abdelghani et al. 1996; Tremblay and Viger 2003).

14.15.1 Western Blot

There are thousands of different proteins in a single cell type; thus before analysis
proteins are usually separated using the Western blot technique (used since 1979).
In this method, proteins are separated via vertical electrophoresis in a polyacryl-
amide gel. An anionic detergent, SDS (sodium dodecyl sulfate), is added to a
sample to linearize proteins and to impart an even distribution of charge per unit
mass which results in proteins being fractioned in the electric field only by their
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size. Electrophoresis in a polyacrylamide gel in the presence of SDS is called
SDS-PAGE. Analogically to nucleic acid electrophoresis, in Western blot smaller
proteins migrate from the cathode (—) toward the anode (+) faster than larger
proteins. Proteins separated via electrophoresis are transferred onto a membrane
(usually nitrocellulose) using an electric current. The proteins of interest are
identified using specific primary and secondary antibodies; the latter are usually
linked to horseradish peroxidase (HRP) or alkaline phosphatase (AP). The most
commonly used HRP enzyme cleaves a chemiluminescent substrate (e.g., luminol);
the intensity of the luminescent signal is proportional to the amount of protein.
Western blot analysis was useful in many studies on gonadal development (Brad-
ford et al. 2009; Barrios et al. 2010; Chang et al. 2008; Dumond et al. 2011; Dupont
et al. 2000; Kocer et al. 2008; Miyamoto et al. 2008; Oulad-Abdelghani et al. 1996;
Paranko and Pelliniemi 1992; Parma et al. 2006; Salas-Cortés et al. 1999; Tremblay
and Viger 2003).

14.15.2 Phosphorylation Analysis

Proteins are modified by, e.g., phosphorylation, glycosylation, SUMOylation, etc.
Such posttranslational modifications change the function or determine the sub-
cellular location of a protein. In gonadogenesis studies, phosphorylation of proteins
was tested using antibodies specifically binding phosphorylated forms of a given
protein and has revealed the presence and subcellular location of unphosphorylated
vs. phosphorylated proteins. Phosphorylation of proteins can also be studied using
recombinant proteins under in vivo and in vitro conditions (Tremblay and Viger
2003).

14.16 Methods for Studying Interactions Between
Molecules

14.16.1 EMSA

EMSA (electrophoretic mobility shift assay) is a method used to study protein—
DNA or protein—RNA interactions and to test if a protein is capable of binding a
given sequence of DNA or RNA. In this technique, a mixture of protein—~DNA or
protein—RNA is electrophoretically separated on a polyacrylamide or agarose gel
for a short period. Protein—DNA interactions (binding) result in an increase of
molecular weight and lower velocity of migration in an electric current. Thus, a
shift in bands indicates an interaction between a protein and given sequence of
DNA (or RNA). Protein interactions with DNA were studied via EMSA to elucidate
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mechanisms of gonadogenesis (Bernard et al. 2008; Miyamoto et al. 2008; Wilhelm
et al. 2007; Yoshimoto et al. 2010).

14.16.2 Immunoprecipitation

Immunoprecipitation (pull-down techniques) encompasses a group of similar tech-
niques enabling the precipitation of a protein out of a solution using antibodies
specifically binding to a particular protein.

Individual protein immunoprecipitation (IP) involves using specific antibody
that binds a particular protein in a mixture of many different proteins (Kaboord and
Perr 2008). Proteins are usually precipitated using agarose beads that are coated
with protein A or G which show affinity to immunoglobins. In studies on gonad
development, IP is typically used to isolate recombinant proteins (Barrios
et al. 2010; Tremblay and Viger 2003).

Protein complex immunoprecipitation (Co-IP) is useful in identifying protein—
protein interactions. In this technique, an antibody specifically binding to a partic-
ular protein that is thought to form a complex with other proteins is added to a
mixture of different proteins (e.g., all proteins isolated from an organ). After
antibody binding, the whole protein complex is pulled out of the mixture. The
complex is disintegrated and proteins of the complex are separated via SDS-PAGE.
Then the separated proteins are isolated from bands and identified using liquid
chromatography-mass spectrometry (LC-MS). Co-immunoprecipitation has been
valuable in studies on direct interactions between proteins involved in sex deter-
mination and other aspects of gonad development, such as interactions between
factors including SOX9, GATA4, WT1, FOXL2, vinexin, and E-cadherin (Di Carlo
et al. 2000; Matsuyama et al. 2005; Miyamoto et al. 2008; Uhlenhaut et al. 2009).

Chromatin immunoprecipitation (ChIP) can determine DNA binding sites in the
genome for a protein of interest. Thus, this technique reveals DNA—protein inter-
actions and is especially useful in studying transcription factors and histones that
bind DNA. In this method, formaldehyde is used to cross-link proteins to DNA and
then cells are lysed and DNA is fragmented via sonication. Specific antibodies are
used to precipitate a particular protein in a complex with specific DNA sequences.
Subsequently, the isolated DNA—protein complexes are heated to release cross-
linking and purified DNA is then amplified and sequenced. Considering the great
number of binding sites in a genome, DNA microarray techniques (ChIP-on-chip)
can be useful in detecting all binding sites for a given protein. In studies on gonad
development, ChIP has been useful in studying factors binding to promoters, e.g.,
SOXO9 binding to the Pdgs promoter, GATA4 to the Sry promoter, and SRY and
SOX9 binding to the Cerbelin4 promoter (Bradford et al. 2009; Miyamoto
et al. 2008; Wilhelm et al. 2007).

The RNA immunoprecipitation (RIP) method examines protein-RNA inter-
actions. Cells are lysed and the protein of interest along with bound RNA is precipi-
tated using specific antibodies. RNA is separated from protein, extracted, reverse
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transcribed, and analyzed using cDNA sequencing or RT-PCR. RNA-protein
interactions were intensively studied with this method in sex determination of
Drosophila (Vied et al. 2003).

14.17 Genetic Engineering of Cells Cultured In Vitro

14.17.1 Tagged Proteins (Fusion Proteins) and In Vitro Cell
Culture

A pull-down assay can be facilitated by using tagged proteins. A protein tag is a
sequence genetically grafted to the N- or C-terminus. The recombinant protein,
recognized by a specific antibody due to the presence of a tag, is easy to detect or
purify. Several tags can be used for different purposes. One of the most commonly
applied protein tags is glutathione-S-transferase (GST), which was used to study
such proteins as SRY or GATA4 (Bernard et al. 2008; Best et al. 2008; Salas-Cortés
et al. 1999; Tremblay and Viger 2003). A protein of interest along with bound GST
constitutes a fusion protein, purified via the pull-down assay owing to GST affinity
to GSH (glutathione); usually GSH-coated beads are used. After pull-down, a tag
can be removed by a proteolytic enzyme. Other protein tags used in studies on
gonad development include Myc-tag (Bradford et al. 2009; Kim et al. 2006; Sekido
et al. 2004), FLAG-tag (Bernard et al. 2008; Matsuyama et al. 2005), HA-tag
(Bernard et al. 2008), His-tag (Miyamoto et al. 2008), and TRX-tag (Dumond
et al. 2011). Such fusion proteins can be purified using antibodies specifically
binding the tags. Fluorescent protein tags, such as GFP or YFP, can also be used
to visualize a protein and to study its subcellular localization. As previously
mentioned, GFP and YFP are used to study a protein in the organ or to visualize
or isolate a given cell line; however, these tags can also be used to identify a
recombinant protein in in vitro cell culture, e.g., Cerbelin4 and Sdmgl in a study on
mouse sex determination (Best et al. 2008; Bradford et al. 2009). Recombinant
proteins may also be used to produce specific antibodies (Best et al. 2008; Matsu-
yama et al. 2005; Salas-Cortés et al. 1999).

Fusion proteins are synthesized in cells under in vitro conditions via cell
transfection. The most commonly used cell lines in studies on sex determination
and mechanisms of gonad development are HEK293 (Barrios et al. 2010; Bernard
et al. 2008; Munger et al. 2013; Wilhelm et al. 2007), HeLa (Moniot et al. 2009;
Ohe et al. 2002; Salas-Cortés et al. 1999; Wilhelm et al. 2005), COS7 (Li and Kim
2004; Ohe et al. 2002; Wilhelm et al. 2005), NT2/D1 (Bernard et al. 2008; Moniot
et al. 2009; Ohe et al. 2002), NIH3T3 (Best et al. 2008), C3H10T1/2 (Matsuyama
et al. 2005), MCF7 (Bradford et al. 2009), and Sertoli cells SK11 (Best et al. 2008).
These cell lines are usually maintained in DMEM medium supplemented with 10 %
FBS at 37 °C and 5 % CO,. Lipofection is typically applied to transfect these cells
with an exogenous genetic construct; here liposomes containing genetic material
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merge with the cell membrane. In some cases, fusion proteins were synthesized in
E. coli (Best et al. 2008; Dumond et al. 2011; Wilhelm et al. 2007).

Cells cultured in vitro are sometimes maintained on a layer of cells that produce
nutrients supporting cell growth. Such feeder cells include embryonic primary
fibroblasts (EMFI) used for culture of mesonephros-derived migrating cells
(Nishino et al. 2001) or the STO fibroblast cell line used for culture of PGCs
(Di Carlo et al. 2000). Cells can also be cultured on a three-dimensional matrix
scaffold, e.g., Matrigel. A 3D cell culture was used to culture primary Sertoli cells
to reconstitute their 3D aggregations (Gassei et al. 2008).

14.17.2 RNA Interference

Cells cultured in vitro are useful in studying gene function via silencing of expres-
sion, i.e., genetic knockdown (KD). For example, RNA interference (RNAi) is used
to silence gene expression. In studies on the role of genes in sex determination,
shRNA (small hairpin RNA) was introduced via viral vectors or lipotransfection to
cells cultured in vitro to silence the expression of a gene of interest. ShRNA binds
the RISC complex that recognizes mRNA due to the antisense sequence of ShRNA
and degrades mRNA leading to a decrease in gene expression. For instance,
Munger et al. (2013) used lentiviruses to introduce shRNA to gonadal primary
cells cultured in vitro. shRNA was designed to silence the expression of candidate
genes presumably involved in sex determination in mice. Best et al. (2008) used
shRNA introduced into Sertoli SK11 cells via lipotransfection in order to silence
the expression of the Sdmg/ gene. Smith et al. (2009) used an avian retroviral vector
to introduce shRNA to chicken egg to silence Dmrtl gene expression, which
resulted in feminization of ZZ individuals and proved the role of Dmrtl in avian
sex determination (Smith et al. 2009).

14.17.3 Labeling of Cells Cultured In Vitro
(Immunocytochemistry)

Proteins can be detected in cells cultured in vitro using antibodies. In immuno-
cytochemical labeling (ICC), cells attached to microscope slides are usually fixed
with 24 % PFA, permeabilized with detergent, blocked with BSA, incubated with
primary and then secondary antibodies, and viewed (Barrios et al. 2010; Best
et al. 2008; Gassei et al. 2008; Qing et al. 2008; Willerton et al. 2004). Alter-
natively, incubation of non-permeabilized cells with antibodies may precede fix-
ation (Best et al. 2008).
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14.18 Genetically Modified Mice

Genetic modification is a powerful tool for studies in the field of developmental
biology. The first transgenic mouse was obtained in 1974 by Rudolf Jaenish via
viral DNA insertion into an early-stage mouse embryo (Jaenisch and Mintz 1974).
Since then, genetically modified mice have revolutionized studies on gonad devel-
opment. The aforementioned mice with expression of GFP or other reporter genes
are useful for studying gene expression and to trace the organogenesis process. A
reporter gene such as GFP or LacZ can be expressed in all cells of an individual
(Capel et al. 1999; Combes et al. 2009b; Martineau et al. 1997; Merchant-Larios
and Moreno-Mendoza 1998; Nishino et al. 2001; Qing et al. 2008). Alternatively, a
reporter gene can be expressed only in a cell line of interest; e.g., expression of
EGFP under control of the Oct4 promoter is useful to trace and even isolate
primordial germ cells (Anderson et al. 1999; Maatouk et al. 2013; Molyneaux
et al. 2001; Rolland et al. 2011). A cell line giving rise to Sertoli cells can be
visualized and isolated employing strains with EGFP under control of SfI
(Beverdam and Koopman 2006; Nef et al. 2005), Sry (Albrecht and Eicher 2001;
Kim et al. 2006), or Sox9 (Nel-Themaat et al. 2009). Lists of numerous transgenic
strains with labeled cell lines facilitating studies on gonad development have been
published (Brennan et al. 2002; DeFalco et al. 2011, 2014, 2015; Jameson
et al. 2012).

Transgenic mice also facilitate the functional annotation of a gene of interest.
The best method to study gene function is to delete this gene from a genome or
introduce a nonfunctional sequence of a gene (knockout, KO). There are two types
of KO: constitutive and conditional. Ablation of gene expression in all cells of an
individual determines a constitutive knockout and has been used to study the
function of Wnt4, FoxI2, and Fgf9 in gonadogenesis (Coveney et al. 2008; Kim
et al. 2006; Matzuk et al. 1995; Ottolenghi et al. 2005). However, a disadvantage of
this method is the lethality caused by deletion of some genes, precluding analysis
due to the early death of mutant embryos. A conditional knockout can sidestep
lethality after gene deletion. In the conditional knockout, gene expression is
depleted only in a particular cell type. There is a series of methods of such tissue-
specific knockout, among which the Cre-loxP system is commonly applied in
embryological studies. In this method, Cre recombinase, expressed under the
control of a particular promoter, cleaves and thus deletes a given gene that is
flanked with /oxP sequences. This method has been used to study mouse gonadal
development (Bagheri-Fam et al. 2008; Barrionuevo et al. 2006, 2009; Bouma
et al. 2005; Buscara et al. 2009; Chang et al. 2008; Chassot et al. 2008; Coveney
et al. 2008; Liu et al. 2009, 2015; Maatouk et al. 2008, 2013; Moniot et al. 2009;
Tang et al. 2008). A gene knockout in the precursors of Sertoli and granulosa cells
is possible due to Cre expression under the control of promoters of steroidogenic
factor 1—Sf1 (Chassot et al. 2008; Liu et al. 2009; Maatouk et al. 2008; Tang
et al. 2008) and cytokeratin 19—CkI/9 (Bagheri-Fam et al. 2008; Barrionuevo
et al. 2006; Moniot et al. 2009); however, a knockout in differentiating Sertoli
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cells can be achieved with the aid of Amh-Cre (Barrionuevo et al. 2009; Chang
et al. 2008; Moniot et al. 2009). The Oct4-Cre strain permits gene deletion in the
germ cell line (Sabour et al. 2014). In these studies, genes such as Sox9, Fgf9,
Fgfr2, Wtl, and Ctnnb were successfully deleted in a tissue-specific manner. A
tissue-specific knockout is usually induced by tamoxifen injected into an individ-
ual. Cre recombinase is fused with estrogen receptor (ER), and after intraperitoneal
injection of tamoxifen, this compound binds ER and activates Cre recombinase
which deletes a specific gene. Tamoxifen-inducible recombination has improved
investigations owing to the possibility of controlling the timing of gene deletion.

Alternatively, knowledge on gene function can be obtained by the introduction
of additional copies of a gene into a genome leading to the overexpression of a gene
(knockin, KI). For instance, the effects of overexpression of goat Rspol introduced
into mice deprived of Rspol gene expression (Rspol™~, Rspol-KO) have been
studied (Buscara et al. 2009). The KI method has also revealed the function of
Gata4 in gonad development after the insertion of a sequence encoding GATA4
with disrupted potentiality to bind the FOG2 cofactor (Tevosian et al. 2002).
Insertion of reporter gene sequences into the genome is also an example of gene
knockin.

There are two main methods to obtain genetically modified organisms. First,
transgenic mice can be generated via injection of genetic material to a male
pronucleus in the zygote (Albrecht and Eicher 2001; Anderson et al. 1999; Buscara
et al. 2009). Second, a transgene can be introduced via injection or electroporation
to ES cells (embryonic stem cells) that are then introduced into a blastocyst. The
second method was used to generate Cre-loxP knockout mice in studies on gonad
development (Chassot et al. 2008; Dupont et al. 2000; Maclean et al. 2009;
Nel-Themaat et al. 2009; Ottolenghi et al. 2005).

14.19 Methods for Studies of Steroidogenesis

One of the most crucial processes during gonad development is differentiation of
steroidogenic cells and the onset of sex steroid synthesis orchestrating the establish-
ment of secondary sex features. The first method to study steroidogenesis is
identification of steroidogenic enzymes via immunolabeling or their expression
via RT-PCR, qRT-PCR, or in situ hybridization. The most important steroidogenic
enzymes for studies on gonad development include cytochrome P450scc
(CYP11al), 3p-hydroxysteroid dehydrogenase (3p-HSD), 17p-hydroxysteroid
dehydrogenase (17p-HSD), 3a-hydroxysteroid dehydrogenase (3a-HSD), and cyto-
chrome P450 17A1 (CYP17al), which mark steroidogenic cells such as Leydig and
theca cells and aromatase (CYP19al) expressed mainly in granulosa cells (Chassot
et al. 2008; Payne et al. 1992; Tang et al. 2008). Immunolabeling or gene expression
analysis, however, only suggests steroid hormone production; other methods are
needed to prove sex steroid synthesis. The assessment of hormone synthesis can be
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done by investigation of enzymatic activity via histochemical methods or by
assaying hormone levels in the blood.

The histochemical method for studying steroidogenic enzyme activity is usually
carried out on frozen sections containing tissue gently fixed in 4 % PFA. A staining
solution is applied onto the sample to conduct a chromogenic reaction (Baillie
et al. 1965, 1966). The staining solution contains a substrate (e.g., dehydroepian-
drosterone for 3p-HSD; testosterone for 17p-HSD; androsterone for 3a-HSD),
nicotinamide adenine dinucleotide (NAD"), and NBT/BCIP. Enzymatic activity
gives rise to NADH and H*, which leads to reduction of yellow NBT to blue
insoluble diformazan. A blue signal indicates enzyme activity.

Steroid hormone concentration can be assessed via the RIA (radioimmunoassay)
method (Habert and Picon 1982; Migrenne et al. 2012). Rosalyn Yalow, the
inventor of this method, was awarded the Nobel Prize in 1977. RIA is a very
sensitive technique measuring the concentration of hormones, e.g., in blood plasma.
In this method, a known quantity of antigen (hormone) is labeled with the radio-
active isotope of iodine attached to tyrosine. Radiolabeled antigen is mixed with a
known quantity of antibody specifically binding the antigen. Then a tested sample
with an unknown quantity of antigen is added to the mixture. The unlabeled
antigens from the tested sample compete with the radiolabeled antigen for binding
to antibodies. As the concentration of unlabeled antigen increases, it displaces
radiolabeled antigen. This leads to a decrease of the ratio between antibody-
bound radiolabeled antigen to free radiolabeled antigen. The radioactivity of
unbound radiolabeled antigen in the supernatant is measured, indicating the quan-
tity of hormone in the tested sample.

Another method allowing for the detection of steroid hormones or any other
antigen is ELISA (enzyme-linked immunosorbent assay). In this method, a multi-
well plate is used; each well is coated with capture antigen (indirect ELISA) or
antibody that specifically binds a given antigen (sandwich ELISA) (Voller
et al. 1978). A plate with antibody-coated wells is used to study the presence and
concentration of antigen such as steroid hormone in blood plasma. Samples are
applied to each well, and after incubation and rinsing, the enzyme-conjugated
secondary antibody is added to trigger a signal, which permits the detection of
the antigen. A plate is then analyzed in an imager, enabling quantitative measure-
ment of the steroid. This method was used by Liu et al. (2015) as a steroid hormone
multiplex immunoassay to study the concentrations of DHEA, estradiol, progester-
one, and testosterone during the ovarian development.

14.20 Germ Cell Depletion

There is a series of studies based on gonadogenesis analysis after the removal of
germ cells. Such studies elucidate the role of germ cells in gonadal development.
Several methods are used to deplete germ cells in developing gonads. Usually
chemical ablation of germ cells or mutated mice deprived of germ cells are used.



14 Methods for the Study of Gonadal Development 415

Chemical depletion of germ cells is typically acquired via busulfan treatment.
Busulfan (butane-1,4-diyl dimethanesulfonate) is an alkylating compound that
forms cross-links between the DNA bases A-G and G-G (Iwamoto et al. 2004).
DNA cross-linking prevents DNA replication. Moreover, due to the presence of
intrastrand cross-links, DNA cannot be repaired in the treated cells, leading to cell
apoptosis. Originally it was shown that the intraperitoneal administration of busul-
fan in rat caused a lack of germ cells (Bollag 1953). Germ cell depletion and
infertility is a serious drawback for busulfan use for human chemotherapy (Lopez-
Ibor and Schwartz 1986). Nevertheless, busulfan has been useful in studying the
effects of germ cell depletion in many vertebrate species. To obtain sterile mouse
embryos, pregnant females are intraperitoneally (IP) injected with a solution of
busulfan (usually 20-50 mg/kg in 50 % DMSO) at 9.5, 10.5, or 11.5 dpc (Koubova
et al. 2006; Liu et al. 2015; Maatouk et al. 2013; Nef et al. 2005). In chicken,
busulfan treatment and germ cell depletion is done by administration of the solution
onto the surface of the egg (DiNapoli and Capel 2007). In anuran amphibians, germ
cell depletion can be achieved by the addition of busulfan dissolved in DMSO to
water with living tadpoles to a final concentration of 0.12 mM (Piprek et al. 2012).

Another method of obtaining sterile gonads involves using mice with mutation.
Here a viable allelic form W" in the dominant white spotting (W) is used in a
homozygous configuration (W"/W") resulting in almost complete sterility (Russell
1979). Sterile individuals (W"/W") are obtained by mating heterozygotes W'/*. The
factor originally termed W is the c-Kit proto-oncogene and is a type of trans-
membrane receptor tyrosine-protein kinase. Signaling from the c-Kit receptor is
essential for primordial germ cell (PGC) survival (De Miguel et al. 2002). W*/W"”
mutants have been used to study sterile gonads (Chen et al. 2012; Garcia-Ortiz et al.
2009; Koubova et al. 2006; Rolland et al. 2011).

Uhlenhaut et al. (2009) used transgenic mice to delete oocytes in postnatal
ovaries. A strain with Cre recombinase expression under the Gdf9 promoter was
mated with the R26DTA strain. Gdf9 is expressed in oocytes and thus Cre
recombinase in these cells removes the stop codon triggering the expression of
diphtheria toxin receptor (DTR) in oocytes. Eight-week-old females were injected
with diphtheria toxin (DT) in PBS (50 pg/kg). DT via DTR receptor disrupts protein
synthesis and thus causes cell death. Here diphtheria toxin receptor-mediated
targeted cell ablation led to the total absence of oocytes in postnatal ovaries.

14.21 Conclusion

In this chapter, I showed how various techniques have been used to investigate the
mechanisms controlling gonad development and how scientific methods have
evolved through the decades. Figure 14.1 shows how new discoveries in this field
correlate with inventions of new scientific methods and tools. Initially, exclusively
histological methods were used to study gonad development and thus only struc-
tural changes in gonad development were described. Advances in cell and
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molecular biology drastically accelerated the rate of embryological studies. Some
of the most powerful tools revealing the molecular mechanisms controlling devel-
opment involve techniques of gene expression analysis, such as reverse transcrip-
tion PCR, quantitative PCR, in situ hybridization, and DNA microarray.
Additionally, transgenic animals have significantly contributed to our understand-
ing of the genetic control of gonadogenesis and sex determination. Knockout mice
have been especially informative concerning the functions of some genes in these
processes. In vitro culture of gonads was valuable for studying the development of
these organs. This method helped trace cell migration shedding light on their
origins and contributions to gonad structures. Immunolabeling and reporter genes
have been applied in investigations of changes taking place in gonad structure
during development. These methods enabled not only visualization of gonad
structure, but also facilitated the isolation of particular cell lines and thus also
advanced the study of gene expression in a given cell type. The issues raised in this
chapter reveal that although we accumulated a lot of information about the mech-
anisms orchestrating gonad development and sex determination, there are still
many developmental mechanisms awaiting discovery. It is known that molecular
mechanisms are complex and involve a large number of interactions between the
genes driving development. Further studies of gonad development will undoubtedly
lead to the discovery of new mechanisms controlling the development of an
individual into a male or female.
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