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ABSTRACT

The studies in this thesis examined piglet gonocyte identification, isolation,
purification, preservation and potential for initiation of spermatogenesis after
transplantation into irradiated recipient testes. As a first step, we characterized a
previously non-described auto-fluorescence in the piglet testis tissue. This auto-
fluorescence mainly originated from granules among the testis interstitial cells, and we
found that its interference with immuno-fluorescence can be overcome using Sudan black
staining. We also showed that porcine gonocytes can be specifically labelled with the
lectin Dolichos biflorus agglutinin (DBA). To optimize gonocyte isolation, we found that
~9-fold more live cells could be harvested by enzymatic digestion of testis tissues than
with mechanical methods. However, the proportion of gonocytes (~7%) did not differ
between the mechanical and enzymatic methods of testis cell isolation. We then
developed a novel three-step strategy for isolation of gonocytes by combining enzymatic
digestion and vortexing, resulting in a gonocyte proportion of ~40% (~5-fold more than
that from conventional methods). For short-term preservation of testis cells, we found
that the survival of testis cells under hypothermic conditions was dependent on the cell
type, and affected by storage duration, temperature and medium used. More than 80% of
live testis cells survived the 6-day hypothermic preservation period in 20% FBS-L15,
without visible changes to the cell culture potential or gonocyte proportion. In another
experiment where testis tissues were maintained under hypothermic conditions, we found
that ~25% of testis cells could survive for 6 days if preserved in HypoThermosol-FRS
solution (HTS-FRS), without morphological changes. To purify gonocytes, we showed
that centrifugation of testis cells using 17% Nycodenz can lead to precipitation of

gonocytes in pellets (with a purity of > 80%). We also found that pre-coating tissue



culture plates with both fibronectin and poly-D-lysine can result in the negative selection
of gonocytes (with a purity of up to 85%). We subsequently showed that further
purification of gonocytes (to > 90%) could be achieved by combining the two latter
approaches. To prepare recipients for germ cell transplantation, we used local irradiation
of piglet testes which reduced testis growth, decreased seminiferous tubule diameters and
completely eliminated spermatogenesis at 4 months post-irradiation. Compared with the
absence of endogenous spermatogenesis in the control testes, spermatogenesis up to
elongating spermatids was observed in the irradiated testes after gonocyte transplantation.
In summary, we investigated several critical elements in the study and manipulation of

gonocytes in a large animal model.
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CHAPTER1 GENERAL INTRODUCTION

Germ cells in the form of gametes (oocytes and spermatozoa) pass the genetic
information from one generation into another. Faithful formation of these gametes not
only enables the continuation of the species, but also impacts the quality of the
individual’s life. In mature testes, spermatogenesis constitutes the basis of male fertility
and provides virtually unlimited numbers of spermatozoa during the entire adulthood.

Development and establishment of the male germline is a prolonged multi-phase
process that spans almost the entire foetal development and the animal’s neonatal life
until puberty. Primordial germ cells (PGCs) are considered the most primitive germ cells
initiating the male germline development (Chiquoine 1954; Ginsburg et al. 1990).
Following a rapid increment in number by mitosis, PGCs are arrested in G1/GO0 phase of
the cell cycle in the seminiferous cords and thereafter are referred as gonocytes. Active
mitotic divisions of gonocytes usually start before birth and continue in the neonatal
seminiferous cords (Coucouvanis et al. 1993; de Rooij 1998; Jiang and Short 1998b).
Later, gonocytes develop into spermatogonial stem cells (SSCs) which maintain
spermatogenesis in mature testes (de Rooij 1998; Jiang and Short 1998b).

Although the existence of stem spermatogonia had been postulated for many
decades (Clermont and Leblond 1953; de Rooij 1969; de Rooij and Kramer 1968), solid
evidence was only presented in 1994 when germ cells from a fertile individual generated
donor-derived full spermatogenesis (demonstration of all stage of spermatogenesis) after
transplantation into the seminiferous tubules of an infertile recipient (Brinster and
Avarbock 1994; Brinster and Zimmermann 1994). This technique is now commonly

referred to as germ cell transplantation (GCT). Ever since the introduction of GCT, this
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transplantation system has been applied successfully as a unique bioassay in the
investigation of a number of fundamental aspects of spermatogenesis and male fertility.
Additionally, GCT has offered new alternative approaches in preservation of male
fertility, propagation of genetic potential and production of transgenic animals.

A variety of studies have focused on improving the efficiency of GCT, including
work on donor cell preparation, transplantation techniques, and treatment of recipient
testes to deplete endogenous spermatogenesis. However, a number of factors remain to be
investigated or improved before GCT can be broadly applied, especially in farm animals.
These factors include unequivocal identification of SSCs among isolated testis cells,
accumulation of sufficient amounts of SSCs with high purity, and enhanced colonization
efficiency of transplanted SSCs in recipient testes.

After transplantation, SSCs must migrate from the lumen of the seminiferous
tubule, where they are deposited, into the stem cell niches (specialized
microenvironments in close proximity to the basement membrane of the tubule) before
spermatogenesis can occur. The unavoidable interaction between the donor SSCs and
recipient’s Sertoli cells is crucial during such “acclimation” process, and while
spermatogenesis resulting from the transplanted germ cells is supported by recipient’s
Sertoli cells, it follows the donor germ cells’ characteristics (Clouthier et al. 1996; FranG
et al. 1998; Russell and Brinster 1996).

As the direct progenitor of SSCs and the only germ cell type found in neonatal
testes, gonocytes can be recognized by their characteristic morphological attributes and
topography within the seminiferous cords (McGuinness and Orth 1992b; Orwig et al.

2002b). These unique properties may facilitate the search for specific bio-markers for the



identification and characterization of gonocytes. The extended lifespan of gonocytes in
large animal neonatal testes provides a prolonged window of opportunity for the study
and manipulation of these germline stem cells. Before or soon after birth, gonocytes
resume their proliferation and active amoeboid movement (migration) directed to the
basement membrane of the seminiferous cords/tubules (McGuinness and Orth 1992b;
Nagano et al. 2000b; Pelliniemi 1975; Van Vorstenbosch et al. 1987). This renewed
migration capability has been suggested to promote relocation of gonocytes into the
basement membrane (Orth et al. 1998; Orwig et al. 2002b). Gonocytes can also be
cultured where they mimic the in vivo behaviour by proliferating, developing colonies,
and forming specialized cytoplasmic processes which adhere to Sertoli cells.

Although mouse SSCs can initiate full spermatogenesis after GCT, conflicting
reports exist on the ability of rodent gonocytes in initiating spermatogenesis after GCT
(McLean et al. 2003; Ohbo et al. 2003; Shinohara et al. 2001). It is unclear whether
transplanted gonocytes are indeed competent in producing full spermatogenesis in
recipient testes, especially in farm animals.

The overall objective of the present work was to study and manipulate gonocytes
from piglets as a farm animal model. We set out to characterize, isolate, purify and
preserve porcine gonocytes and test their potency in generating full spermatogenesis after

transplantation into recipient testes.



CHAPTER 2 LITERATURE REVIEW AND OBJECTIVES

2.1 Testis Structure and Spermatogenesis

As the primary reproductive organ in the male, the mature testis produces
spermatozoa and androgens. Within the scrotum, the testis is covered with multiple layers
including the visceral vaginal tunic and the tunica albuginea. Connective tissue
projections extend from the tunica albuginea into the testis parenchyma, dividing it into
several lobules. Each lobule consists of seminiferous tubules and interstitial tissue. The
Leydig cells within the interstitial tissue produce androgens, while spermatozoa develop
within the seminiferous tubules. The seminiferous tubules open at both ends into the rete
testis, through which the spermatozoa are transported out of the testis and into the
epididymis, where they are stored and matured before ejaculation (Almeida et al. 2006;
Hafez and Hafez 2000; King 1993).

Every second, a boar can generate approximately 100,000 spermatozoa, as a result
of spermatogenesis within the seminiferous tubules in a mature testis (Almeida et al.
2006; Kemp et al. 1988; King 1993). The highly efficient and continuous production of
spermatozoa is maintained by spermatogonial stem cells (SSCs). SSCs undergo mitotic
divisions to maintain the stem cell pool and to differentiate to advance spermatogenesis.
Mammalian spermatogenesis is classified into spermatocytogenesis and spermiogenesis
which happen in sequence. Throughout spermatogenesis, Sertoli cells remain in close
contact with various types of germ cells. Sertoli cells by forming tight junctions also
separate the basal and adluminal compartments, mainly to protect haploid germ cells
from the immune system (Almeida et al. 2006; Hafez and Hafez 2000; King 1993).
Spermatocytogenesis occurs in both basal and adluminal compartments, spanning from
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SSCs to spermatids, through different stages of spermatogonia (e.g., types Aj-As,
intermediate and B), and two rounds of meiosis (primary and secondary spermatocytes).
Spermiogenesis takes place entirely in the adluminal compartment where spermatids
transform into spermatozoa. Subsequently, the spermatozoa are released from Sertoli
cells into the lumen of seminiferous tubules, and transported into the rete testis (Almeida
et al. 2006; Hafez and Hafez 2000; King 1993).

In pigs, the primary spermatocytes first appear at approximately 10 weeks and
spermatozoa at 20 weeks of age in the seminiferous tubules, and in the ejaculate at 22
weeks of age. Generation of spermatozoa from spermatogonia takes 35 days in pigs, and
10.2 days for transportation of spermatozoa through the epididymis. A boar is usually

considered sexually mature at approximately 30 weeks of age (Hafez and Hafez 2000).

2.2 Origin and Development of the Male Germline Progenitor Cells
2.2.1 Origin and Development of Primordial Germ Cells

Primordial germ cells (PGCs) are the first traceable germline-directed progenitors
for both male and female germ cells. In mice, PGCs become identifiable initially at 7-7.5
days post-coitum (dpc) as a cluster of 50-100 alkaline phosphatase positive cells at the
base of the allantois (Chiquoine 1954; Ginsburg et al. 1990). Migrating through the
allantois (at 8 dpc) and the hindgut, PGCs reach and aggregate in the genital ridge at 9.5-
11.5 dpc (Anderson et al. 2000). In pigs, PGCs could be initially identified after staining
with stage-specific embryonic antigen-1 (SSEA-1), and observed as elongated cells or
with distinct pseudopods in the 18 dpc embryos. After proliferation for a few days, PGCs
begin to differentiate according to sex of embryos from 26 dpc (Black and Erickson

1968; Pelliniemi 1974; Pelliniemi 1976). In humans, PGCs could be originally
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distinguished in the allantois endoderm and mesenchyme of the stalk at the 22™ day of
gestation (Falin 1969), and colonize the genital ridge by 4.5 weeks (Francavilla et al.
1990; Rabinovici and Jaffe 1990).

On arrival in the genital ridge, PGCs go through several rounds of mitotic
divisions in both male and female primordial gonads. However, from 12.5 dpc in mice,
PGCs start to behave differently depending on the gender. In the male, PGCs are
arranged in shape of rows and enter mitotic arrest until after birth (Hilscher et al. 1974;
Jost et al. 1973; McLaren and Southee 1997), whereas in the female they are arranged in
random arrays and enter meiosis by 13.5 dpc (Jost et al. 1973; McLaren 2000).
Interestingly, the fate of PGCs is not determined by their chromosomal sex, but by the
somatic surroundings (Adams and McLaren 2002; McLaren et al. 1995). Organ (tissue)
culture studies indicate that PGCs will enter meiosis if not grown with embryonic testis
tissue, or if the testis architecture is disrupted (Dolci and De Felici 1990; McLaren and
Southee 1997; Yao et al. 2003). Sertoli cells likely play a critical role in PGCs’

differentiation depending on sex (Bowles et al. 2006).

2.2.2 Origin and Development of Gonocytes

Gonocytes are a temporary population of germline stem cells after the mitotic
arrest of male PGCs and before differentiation into spermatogoinal stem cells (SSCs) (de
Rooij 1998; Jiang and Short 1998b). Morphologically, gonocytes can be identified as
distinctively large round cells in the center of the seminiferous cords with one or two
nucleoli in a prominent nucleus (McGuinness and Orth 1992b). Their existence starts
when the foetal seminiferous cords are formed and lasts until days or even years after

birth, depending on the species (Hughes and Varley 1980; McLean et al. 2003; Olaso and
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Habert 2000; Russell et al. 1990; Shinohara et al. 2001). Before or soon after birth,
gonocytes resume proliferation and many migrate to the basement membrane, while
others degenerate as a result of apoptosis (Coucouvanis et al. 1993). This degeneration
process has been observed in virtually all mammalian species, except sheep that lack
mitotic arrest (Olaso and Habert 2000). For instance in the mouse, two phases of germ
cell apoptosis occur, one at 13 dpc and the other at 10-13 post-partum (dpp) (Wang et al.
1998); while in rats this apoptosis happens at 15.5-18.5 dpc and from 2 dpp which peak at
7 dpp, similar to the apoptotic patterns observed in cultured testicular tissue (Boulogne et
al. 1999). In pigs, gonocyte degeneration was observed even though no precise timing
was reported (Black 1971; Gondos 1980; Pelliniemi 1975; Van Straaten and Wensing
1977; Van Vorstenbosch et al. 1984). A decrease in germ cell number per testicular
transverse section was observed approximately 2 weeks after birth, although total germ
cell number increased (Van Straaten and Wensing 1977). Morphological studies showed
that gonocytes resume active amoeboid movement (migration) directed to the basement
membrane in vivo (McGuinness and Orth 1992b; Nagano et al. 2000b; Pelliniemi 1975;
Van Vorstenbosch et al. 1987). The migration of gonocytes to the basal compartment is
critical to their survival, cells that continue residing in the cords center will eventually
degenerate (Edward C. Roosen-Runge 1968). In rats, gonocytes with pseudopods were
able to migrate into the basement compartment and derive full donor spermatogenesis
after transplantation, while most round gonocytes underwent apoptosis (Orwig et al.

2002D).



2.2.3 Origin and Development of Spermatogonial Stem Cells

While most gonocytes develop into SSCs after arrival in the basement
compartment, it has been suggested that a few gonocytes directly transform into
differentiating spermatogonia and initiate the first wave of spermatogenesis (Yoshida et
al. 2006). The transition from gonocytes to SSCs happens shortly after birth with unclear
timelines, although it has been estimated to start from ~3 dpp in mice (McLean et al.
2003) and 1-2 months in pigs (Goel et al. 2007; Hughes and Varley 1980). Continuation
of the efficient and highly orchestrated process of spermatogenesis depends on SSCs. It
was proposed that two populations of SSCs exist in the mouse testis, the “working” and
“potential” SSCs. Under certain conditions such as when the working SSCs are damaged,
a non-self-renewing sub-population of SSCs (probably Nanos3-positive) may become
active and recover the SSC loss by self-renewal (Nakagawa et al. 2007; Suzuki et al.
2009). Working SSCs undergo proliferation to renew the stem cell pool, and
differentiation to form differentiating spermatogonia which eventually lead to the
formation of spermatozoa (de Rooij and Russell 2000). SSCs are small in number
(~0.02% to 0.2% of cells in the mouse and rat adult testes (Huckins 1971; Kanatsu-
Shinohara et al. 2005c; Tegelenbosch and de Rooij 1993)), but have great potential as the
only stem cells in an adult body that can contribute genes to the next generation. Thereby,
if genetically modified, they can potentially pass the genetic modifications onto progeny
after natural breeding (Brinster and Avarbock 1994; Honaramooz et al. 2003b;
Honaramooz et al. 2008) or microinsemination (Goossens et al. 2003; Honaramooz et al.
2002b; Shinohara et al. 2006). Therefore, SSCs could be a unique target for producing
transgenic farm animals. SSCs can be genetically modified (Nagano et al. 2001a; Nagano

et al. 2000a), cultured and cryopreserved, and still maintain their ability to initiate
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spermatogenesis in recipient testis after transplantation (Avarbock et al. 1996; Nagano et
al. 1998). This provides a new option for the preservation of highly valued or endangered
species (individuals) and for propagation of desired male genetics (Fig. 2.1). However,
largely due to the rareness of SSCs and the lack of unequivocal identifying bio-markers,

practical utilization of SSC potential has been limited (Oatley and Brinster 2008).

2.3 Isolation and Purification of the Male Germline Progenitor Cells

A major step toward improving the study and manipulation of the male germline
is to purify or at least enrich these cells. Gonocytes account for approximately 1.4% of
cells in the neonatal rat testis or 7% among the piglet seminiferous tubule cells
(Honaramooz et al. 2005; Orwig et al. 2002b). The proportion of SSCs is even lower than
gonocytes, comprising an estimated 0.02% to 0.2% of cells in mouse and rat adult testes
(Huckins 1971; Kanatsu-Shinohara et al. 2005c; Tegelenbosch and de Rooij 1993). It is
generally agreed that, after depositing the mixed population of donor testis cells in the
lumen of the recipient seminiferous tubules, Sertoli cells recognize and allow SSCs
access to the stem cell niche at the basement compartment of the tubule (Chuma et al.
2005; Hasthorpe et al. 1999; Jiang and Short 1995; Jiang and Short 1998a; Nagano et al.
1999; Ohta et al. 2000; Shinohara et al. 2001; Yuji Takagi 1997). However, the extent of
colonization in recipients is directly proportional to the number and availability of donor
SSCs (Dobrinski et al. 1999b; Jiang 2001; Nagano et al. 1999; Shinohara et al. 1999;

Shinohara et al. 2000), emphasizing the importance of target cell selection.
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Fig. 2.1. A schematic representation of the procedures involved in germ cell
transplantation in farm animals. A single-cell suspension of germ cells is prepared after
enzymatic digestion of the donor testis for transplantation into recipient testes. The
number of spermatogonial stem cells (SSCs) can be enriched in the donor cell population
and the resultant cells can be used fresh or preserved (for short term through hypothermic
preservation or long-term by cryopreservation) and/or transfected with genes of interest
before transplantation. The recipient animal can be treated with busulfan or undergo local
irradiation of the testes to reduce the number of endogenous SSCs, in preparation for
germ cell transplantation. Transplanted SSCs can form colonies of donor-derived
spermatogenesis and produce spermatozoa to allow the recipient to sire progeny carrying

the donor haplotype.
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Germline stem cells could potentially arise from PGCs, gonocytes or
spermatogonia (Jiang 2001; Jiang and Short 1998b). Isolation of the male germline
progenitor cells is the first step in subsequent enrichment, modification or transplantation
of these cells (de Rooij and Mizrak 2008; Dobrinski and Travis 2007; Khaira et al. 2005;
Oatley and Brinster 2008). Therefore, it is important to maximize the proportion and
recovery rate of germ cells in the freshly isolated cells, because low efficiency of cell

isolation may hamper the subsequent studies and applications.

2.3.1 Isolation and Purification of PGCs

Embryos at different developmental stages may be dissected for the collection of
migratory and post-migratory PGCs. The gonadal sex could not be morphologically
distinguished before 12 days in mice, 18 days in rabbits, 21 days in pigs, 40 days in cattle,
and 7 weeks of gestation in humans (Francavilla et al. 1990; Leichthammer et al. 1990;
Pelliniemi 1974; Swain and Lovell-Badge 1999). Therefore, it might be desired to select
male gonads at later stages for specific isolation of male PGCs. To do so, the urogenital
complex needs to be dissected from the sexed embryo and removed of its attached
mesonephros using fine needles, and the genital ridge disassociated by repeated pipetting,
with or without enzymatic digestion. The resultant freshly isolated cells are
heterogeneous and include various genital ridge somatic cells and PGCs, depending on
the technique used and species. PGCs have been successfully harvested with proportions
ranging from 0.5% to 68% among the freshly disassociated genital ridge cells from
mouse (Mayanagi et al. 2003; Pesce and De Felici 1995), pig (Shim and Anderson 1998),

goat and human foetuses (Kthholzer et al. 2000; Shamblott et al. 1998). The isolated
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PGCs were suggested to contain sub-populations with different stem cell potential in
mice (Matsui and Tokitake 2009; Morita-Fujimura et al. 2009); however, validation is

necessary in other species.

2.3.2 Isolation and Purification of Gonocytes

The parenchyma of the neonatal testis is made of seminiferous cords, with
gonocytes as the only type of germ cells present, and interstitial tissue (Fran@ et al.
2000; Frankenhuis et al.1981; Goel et al. 2007; Hughes and Varley 1980; Ryu et al.
2004). Topologically, gonocytes reside in the center of the seminiferous cords before they
are incorporated into the basement of seminiferous cords turning into SSCs. Sertoli cells
inter-connect along with the surrounding peritubular myoid cells to support germ cell
development and to separate the seminiferous cords/tubules from the interstitial tissue.
The interstitial tissue is mainly made of Leydig cells and also contains vasculature and
mesenchymal cells. Since the stage and timing of transition from gonocytes to SSCs is
not clear, if the goal is to collect gonocytes, it is safer to use testes from animals shortly
after birth. Procedures for gonocyte/SSC isolation vary among laboratories depending on
the target cell types and the species. However, two-step enzymatic digestion strategies are
widely applied to isolate both cell types in many species. The rationale for using a two-
step enzymatic strategy is that the first step will largely remove testis interstitial cells
using enzymes specific for extracellular matrices (ECMs, e.g., collagenase and
hyaluronidase) and the second step is to break down the seminiferous cords/tubules using
trypsin with or without other enzymes, including DNase to prevent cellular aggregation

(Bellve et al. 1977). These approaches usually result in a maximum of 10%
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gonocytes/SSCs in the freshly isolated testis cells (de Rooij and Van Pelt 2003; Herrid et
al. 2009a; Li et al. 1997; Lo et al. 2005; Luo et al. 2006; Orth et al. 1997; Orwig et al.
2002b; Van Dissel-Emiliani et al. 1989). However, the use of donor animals which are
cryptorchid, vitamin-A deficient or have certain mutations (e.g., Steel) may provide
higher SSC proportions in freshly isolated testis cells, because germ cells from these
animal models were reported to be comprised largely of non-differentiating
spermatogonia (Ogawa et al. 2000; Shinohara and Brinster 2000; van Pelt et al. 1996;

Van Pelt et al. 1995).

2.3.3 Isolation and Purification of SSCs

SSCs could be highly enriched (but rarely purified) with diverse strategies in
different species (Khaira et al. 2005). These strategies can be divided into those with or
without using fluorophore labelled antibodies, and include methods such as fluorescent
activated cell sorting (FACS) (Herrid et al. 2009a; Izadyar et al. 2002b; Kubota et al.
2004a; Lo et al. 2005; Moudgal et al. 1997; Shinohara et al. 2000), magnetic activated
cell separation (MACS) (Gassei et al. 2009; Giuili et al. 2002; Herrid et al. 2009a;
Kubota et al. 2004a; Schénfeldt et al. 1999), forward/side scatter measurements in FACS
(Kubota et al. 2003; Lo et al. 2005; Shinohara et al. 2000), density gradient
centrifugation (Dirami et al. 1999; Herrid et al. 2009a; Izadyar et al. 2002b; Luo et al.
2006; Marret and Durand 2000; Rodriguez-Sosa et al. 2006) and differential plating
(Dirami et al. 1999; Herrid et al. 2009a; Izadyar et al. 2002b; Luo et al. 2006; Rodriguez-
Sosa et al. 2006). Using such approaches, SSCs have been enriched to purity levels of as
high as 75% in testis cells from farm/large animals (Herrid et al. 2009a; Izadyar et al.

2002b; Luo et al. 2006; Rodriguez-Sosa et al. 2006). However, there is concern that the
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binding of cellular bio-markers (e.g., antigens/receptors on/in cells) by antibodies may
potentially influence the cell behaviour or its fate in response to manipulations
(Bashamboo et al. 2006; Bendel-Stenzel et al. 2000; Gilner et al. 2007; Yan et al. 2000).
While it is possible that PGCs and gonocytes could be collected by manually selecting
individual cells based on morphology (Goto et al. 1999; Leichthammer et al. 1990;
Orwig et al. 2002Db), it is not possible for SSCs because they cannot be morphologically

distinguished from other spermatogonia.

2.4 Short-term Preservation of the Male Germline

Advances in the biological studies of the male germline cells necessitate
development of proper preservation strategies. Preservation of semen/spermatozoa is now
commonly used in many farms and conservation/research facilities (Bagchi et al. 2008;
Barbas and Mascarenhas 2009). Compared with spermatozoa, conservation of germline
progenitor cells has additional benefits such as: retaining of the male germline at much
earlier age (from newborn or even foetuses) when spermatozoa do not exist; deriving
pluripotent stem germ cells from these progenitor cells; allowing extensive studies on the
entire male germline development process; and more efficiency because a single
progenitor cell is capable of producing thousands of spermatozoa (Brinster 2002).
Depending on the application scenarios, germline cells and gonadal tissues could be
stored long-term using cryopreservation or short-term using hypothermic temperatures.

Cryopreservation is to maintain living cells and tissues in media supplemented
with cryoprotectants at very low temperatures (e.g., at -196 <T in liquid nitrogen) for
extended periods of time. This causes cessation of all biological activities while being

preserved and resumption of such activities once returned to the body temperatures. Slow
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freezing (controlled and non-controlled) and vitrification are two commonly used
techniques for cryopreservation of germ cells and tissues (Wyns et al. 2010; Brook et al.
2001; Geens et al. 2008; Wyns et al. 2007; Wyns et al. 2008). Although cropreservation
is a great tool in preservation of germ cells and gonadal tissues, it was not pursued in this

thesis.

2.4.1 Hypothermic Preservation of Testis Cells and Tissue

There are situations where short-term storage of testis cells or tissues would be
more suitable and necessary for future applications. Such applications include short-term
maintenance of cells and tissues during transportation of samples, tissue maintenance
prior to transplantation/grafting/cryopreservation (Honaramooz et al. 2004; Honaramooz
et al. 2002b; Yang and Honaramooz 2010; Yang et al. 2010a). Hypothermic conditions
could be divided into levels of mild (35 to 32 <C), moderate (32 to 27 <C), profound (27
to 10 <€) and ultra-profound (10 to 0 <C) (Taylor 2000). Hypothermic temperatures cause
a decrease in cellular metabolism and oxygen/intracellular energy consumption, thereby
prolong cell viability during storage (Belzer and Southard 1988; de Perrot et al. 2003;
Taylor 2000).

While several investigations attempted hypothermic preservation of testis tissues,
no reports of studies on short-term preservation of testis cells is available for any species.
Storing testis tissues at 4 <C for one or two days in DPBS, DMEM/F12 with HEPE or
L15 was reported not to affect primate spermatogenesis after subcutaneous grafting of the
tissue fragments into mice (Jahnukainen et al. 2007a), or adversely affect the viability of
isolated testis cells in the preserved pig testis tissue (Fujihara et al. 2008; Zeng et al.

2009).
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2.5 Culture of the Male Germline Progenitor Cells

The collection of target cells with higher purity usually coincides with
considerable cell loss in the process and relatively smaller target cell numbers in the
remaining cell population. As a result, up to 90% of germline progenitor (stem) cells
could be discarded during tissue/cell handling process such as in cell
enrichment/purification operations. Although the desired number of target cells with a
satisfactory purity level could be achieved by increasing the initial pool of cells prior to
purification, this may not always be possible especially when the donor tissue is in
limited supply. On the other hand, manipulation of germline progenitor cells such as
transduction and transplantation of SSCs requires large cell numbers. Therefore, it may
be necessary to propagate purified germline progenitor cells in culture. Culture of
gonadal cells in vitro could also provide a controlled system to facilitate the study of

germline development.

2.5.1 Maintenance and Propagation of SSCs in Culture

Over the last decade, attempts were made aiming at long-term in vitro
maintenance and propagation of SSCs in culture from different species, such as mice
(Hamra et al. 2004; Jeong et al. 2003; Kanatsu-Shinohara et al. 2011; Kanatsu-Shinohara
et al. 2005b; Kanatsu-Shinohara et al. 2003a; Kanatsu-Shinohara et al. 2005c; Kubota et
al. 2004a; Kubota et al. 2004b; Nagano et al. 1998; Nagano et al. 2003; Ogawa et al.
2004; Van Der Wee et al. 2001), rats (Hamra et al. 2005; Ryu et al. 2005; Van Pelt et al.
2002), hamster (Kanatsu-Shinohara et al. 2008), cattle (Aponte et al. 2008; Aponte et al.
2006; Izadyar et al. 2003a), pigs (Dirami et al. 1999; Kuijk et al. 2009) and humans (Lim
et al. 2010; Sadri-Ardekani et al. 2009). Establishment of an efficient culture system
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involves integrating the optimized culture conditions, mainly basal media, medium
supplements, feeder cells, plate coatings, type and concentration of serum or its
replacement, combination of growth factors/cytokines, and incubation settings such as
temperature.

Once it was believed that germ cells could only survive in vitro for several weeks
(Kierszenbaum 1994); however, after the availability of GCT as a functional assay for
SSCs, it was shown that culture of mixed populations of mouse testis cells could maintain
SSCs for at least 4 months (Nagano et al. 1998). This conclusion was based on observing
full spermatogenesis after allotransplantation of the cultured cells into recipient mice
(Nagano et al. 1998). The culture conditions in the latter study included a DMEM based
medium supplemented with 10% FBS on STO (SIM mouse embryo-derived thioguanine
and ouabain resistant) feeder cells at 32°C with 5% CO,. Highly enriched type-A mouse
spermatogonia also survived 25 days of co-culture with Sertoli cells in DMEM with 5%
Nu serum (Van Der Wee et al. 2001).

Beyond survival, expansion of mouse SSC numbers was then achieved during 3
months of culture in DMEM with 10% FBS on STO feeder cells, and a combination of
growth factors which mainly included the platelet-derived growth factor (PDGF) and
leukemia inhibitory factor (LIF), along with basic fibroblast growth factor (bFGF), stem
cell factor (SCF), murine oncostatin M (OSM) and insulin-like growth factor-1 (IGF-1)
(Jeong et al. 2003). A systematic study of culture conditions found that the incubating
temperature (32 vs. 37 °C) did not affect the maintenance of mouse SSCs, but the

composition of feeder cells, culture media and growth factor (especially the glial cell
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line-derived neurotrophic factor, GDNF), could influence the SSC self-renewal during
the week-long culture (Nagano et al. 2003).

Long term propagation of mouse SSCs for 5 months was accomplished in culture
of mixed mouse testis cells on mouse embryonic fibroblasts (MEF), with introduction of
an expanded basal media components, namely Stempro-34 SFM (formerly used in culture
of human hematopoietic stem cells) with various reagents and foetal calf serum (FCS),
and a combination of growth factors such as LIF, bFGF, a murine leukemia inhibitory
factor (ESGRO), epidermal growth factor (EGF) and GDNF (Kanatsu-Shinohara et al.
2003a). Additionally, progeny were produced using spermatids from the cultured SSCs
after allotransplantation (Kanatsu-Shinohara et al. 2003a). Similar culture conditions
applied for more than 2 years could substantially expand SSC populations while retaining
the potential to produce progeny using spermatids derived from the cultured SSCs after
transplantation (Kanatsu-Shinohara et al. 2005c). It was suggested that neonatal SSCs
have higher dividing activity than adult SSCs (Nagano In press; Nagano et al. 2000a;
Nagano et al. 2002b).

Despite the proven importance of STO and Sertoli cells as feeder cells for SSC
survival in mice and rats (Hamra et al. 2004; Jeong et al. 2003; Nagano et al. 1998;
Nagano et al. 2003; Ryu et al. 2005; Van Der Wee et al. 2001), mouse SSCs were
expanded on laminin coated plates in Stempro-34 SFM basal media without feeder cell or
serum for more than 6 months while maintaining the competence to produce progeny
after transplantation (Kanatsu-Shinohara et al. 2005b). Enriched mouse SSCs were also
propagated for several months with a doubling time of approximately 6 days in a serum-

free MEM-alpha medium on STO with addition of only GDNF, or along with GDNF
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family receptor alpha 1 (GFRal) and bFGF depending on mouse strains (Kubota et al.
2004b). Since SSCs did propagate in culture in the absence of both feeder cells and serum
(Kanatsu-Shinohara et al. In press), they may not be indispensable for survival and
proliferation of mouse SSCs (Kanatsu-Shinohara et al. In press; Kanatsu-Shinohara et al.
2005b; Kubota et al. 2004b). However, GDNF was recognized as a single most critical
growth factor for mouse SSC self-renewal in culture (Kanatsu-Shinohara et al. 2005b;
Kanatsu-Shinohara et al.2003a; Kubota et al. 2004a; Oatley and Brinster 2008; Ogawa et
al. 2004). Recently, it was shown that supplementation of colony stimulating factor 1
(CSF1), fetuin and lipid substances can also promote proliferation of SSCs in culture
(Kanatsu-Shinohara et al. In press; Oatley et al. 2009).

Compared to mouse SSCs, hamster SSCs required bFGF as an essential growth
factor, along with GDNF, for vigorous proliferation during the year-long culture on
laminin coated plates in a TX-WES basal medium. But although round spermatids could
be generated after transplantation of the cultured SSCs, no progeny was produced
(Kanatsu-Shinohara et al. 2008). Rat SSCs were also successfully propagated in vitro in
serum-free basal media of either Stempro-34 with GDNF-GFRal on MEF, or MEM-
alpha with GDNF-GFRal-bFGF on STO. It was estimated that as many as a million
SSCs could be generated from a single SSCs after 7 months of culture (Hamra et al.
2005; Ryu et al. 2005).

In farm animals, bovine type-A spermatogonia were maintained in co-culture with
Sertoli cells in a MEM basal medium supplemented with FCS for more than 3 months
when spermatid-like cells were produced (lzadyar et al. 2003a), and addition of GDNF

improved SSC survival and self-renewal (Aponte et al. 2006). More than 10,000-fold
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propagation of SSCs was achieved during a one-month culture in Stempro-34 SFM basal
media with a combination of GDNF, LIF, EGF and bFGF, (Aponte et al. 2008).

Similarly, populations of human SSCs were also substantially expanded (by
approximately 18000-fold) when cultured on laminin-coated plates with StemPro-34
SFM basal media in presence of GDNF, EGF, LIF and bFGF (Sadri-Ardekani et al.
2009).

In contrast, approximately 60% of porcine type-A spermatogonia were reported to
survive after 2 days of culture in the serum-free medium KSOM with SCF and/or
granulocyte macrophage-colony stimulating factor (GM-CSF) (Dirami et al. 1999).
Colonies of cells were observed during culture in StemPro-34 SFM basal medium with
1% FCS and growth factors, but not in MEM basal medium with 10% FBS and LIF
(Aponte et al. 2008). Similar to results of culturing bovine testis cells, morphologically
different colonies arose from the early culture of week-old piglet testis cells; however,
number and magnitude of SSC-like colonies were only enhanced by EGF and FGF rather
than GDNF or LIF. SSCs could not be propagated beyond 9 passages (i.e., 1 or 2 months)

(Kuijk et al. 2009).

2.5.1.1 Derivation of Pluripotent Embryonic Stem Cell-like Cells from SSCs in
Culture

After long-term maintenance and proliferation of SSCs in vitro, colonies with
different morphologies start to appear during the first couple of weeks.
Multipotent/pluripotent stem cells could be derived from these colonies in neonatal and

adult mice (Guan et al. 2006; Huang et al. 2009; Kanatsu-Shinohara et al. 2004; Ko et al.
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2009; Seandel et al. 2007) and adult human (Conrad et al. 2008; Golestaneh et al. 2009;
Kossack et al. 2009; Mizrak et al. 2010).

Colonies with appearances similar to colonies of embryonic stem cells (ESCs)
have been observed after several passages of testis cells in culture (with some or all of the
following growth factors: bFGF, GDNF, LIF and TGFB1) on uncoated or gelatin-coated
plates with no feeder cells (Conrad et al. 2008; Golestaneh et al. 2009; Guan et al. 2006;
Kanatsu-Shinohara et al. 2004; Kossack et al. 2009; Mizrak et al. 2010), or on testis
stromal cells (Seandel et al. 2007). These colonies could be manually selected and further
maintained and expanded in a DMEM basal medium with bFGF and/or LIF and FCS on
MEFs (Guan et al. 2006; Kanatsu-Shinohara et al.2004; Kossack et al. 2009; Seandel et
al. 2007) or feeder-cell-free gelatin (Conrad et al. 2008; Golestaneh et al. 2009; Guan et
al. 2006) or Matrigel coated plates (Mizrak et al. 2010).

Cells derived from mouse or human multipotent/pluripotent stem cells during
culture showed normal karyotype with various ESC genotypes and phenotypes. These
cells also have other characteristics in common with ESCs including: differentiation into
somatic cells of all three germ layers (ectodermal, mesodermal and endodermal lineages);
sharing typical phenotypes or function in vivo and in vitro (Co