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1. INTRODUCTION

Stem cells are a unique cell population in both biological and clinical contexts.
Stem cells are defined by their function to reproduce themselves (self-renewal)
and concurrently generate daughter cells that are committed to differentiation
(1). The differentiation of stem cells leads to the production of all cell types in
a given cell lineage. Furthermore, stem cells conduct this dual function for a
lifetime, thereby continuously providing specialized cells that perform normal
functions of self-renewing tissues/organs (e.g., bone marrow, intestinal epithe-
lium; see ref. 2). Clinically, these characteristics of stem cells allow them to be
a potentially powerful resource for various applications, such as regenerative
medicine and gene therapy (3). Our ability to understand stem cell biology is
therefore crucial for such practical applications.

In general, stem cells can be categorized into three types. One type is a stem
cell population of embryonic origin, and the other two are postnatal stem cells in
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somatic and germ cell lineages. Each of these three stem cell types has a unique
property. Whereas somatic stem cells (e.g., hematopoietic stem cells) are indis-
pensable for the survival of an individual, germ line stem cells are essential for
the survival of a species. Thus germ line stem cells are the foundation for the
manifestation of evolutionary processes, whereas somatic stem cells function as
receptors of the selection pressure exerted by their environment. Stem cells
derived from embryos have the broadest differentiation potential among the
three and can produce all cell types in the body, including somatic and germ cell
lineages. On the other hand, postnatal stem cells are essentially tissue-specific
and produce only cells of the corresponding cell lineage (4).

Among these three types of stem cells, somatic and embryonic stem cells
have been more intensively investigated than germ line stem cells. However,
because all embryonic and somatic cells originate from gametes, studies of germ
line stem cells may facilitate understanding the biology of other two stem cell
types. Alternatively, because the development of germ cells is initiated in em-
bryos separately from that of somatic cells (see the following section), germ line
stem cells might possess unique properties that distinguish them from other types
of stem cells.

In this chapter, the current state of germ line stem cell research and knowledge
accumulated during the past decade almost exclusively using a mouse model is
discussed. Although some clinical perspectives are discussed in the last section
of this chapter, readers are advised to refer elsewhere (Chapter 11 and ref. 5) for
more detailed discussions on applications of germ line stem cells. After brief
descriptions on fetal germ cells, the main focus of this chapter will be stem cells
of the postnatal male germ line, because using the strictest definition of stem
cells, no stem cells exist in the fetal and female germ lines in mammals. In
addition, the discussion in this chapter will focus on studies in which stem cells
were analyzed by functional assays, even though extensive morphologic studies
have historically provided important knowledge on germ line stem cells (6).
This is because stem cells are defined essentially by their functions and not by
their morphology.

2. DEVELOPMENT OF GERM CELLS AND THEIR RELATIONS
TO EMBRYONIC STEM CELLS

During embryonic development, germ cells first emerge at a specific location
segregated from somatic cell development in both vertebrates and invertebrates
(7–9). This physical segregation of germ cells has been hypothesized to allow
germ line specification to occur with a minimal influence from somatic cell
development (8). In mammals, germ cell development has been best studied in
mice. Mouse germ cells are first recognized at the base of allantois in the
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extraembryonic mesoderm at approximately 7 days postcoitum (dpc) as a clus-
ter of approximately 50 cells that exhibit the alkaline phosphatase activity (7–9).
These fetal germ cells are called primordial germ cells (PGCs). PGCs are then
transferred from the extraembryonic tissue to the embryo per se at approximately
8.5 dpc and migrate through the hindgut while rapidly proliferating. These cells
further migrate through the dorsal mesentery into the genital ridges (fetal gonads)
at approximately 10.5 dpc. PGCs continue to proliferate in the genital ridge until
approximately 12.5 dpc when the sex differentiation becomes morphologically
evident. On 13.5 dpc, approximately 25,000 PGCs can be found in the genital
ridge (10); thus, PGCs increase 500-fold in number from the time of their emer-
gence. At the initiation of sex differentiation, female and male germ cells take
different developmental pathways (Fig. 1). In females, PGCs enter meiosis and
then become arrested at meiotic prophase. In males, PGCs encapsulated in the
testicular cords (fetal seminiferous tubules) become mitotically arrested. The
arrested stage continues until birth in both sexes. After birth, female germ cells
are periodically recruited for meiotic maturation, whereas male germ cells ini-
tiate mitosis. In the male, these diploid postnatal germ cells are called sper-
matogonia. Spermatogonia undergo mitosis and sequentially differentiate before
committing to meiosis (11). In mice, first meiotic male germ cells (spermato-
cytes) appear around 10 days of age and first spermatozoa, approximately 35
days of age (12,13). The male gametogenesis (spermatogenesis) continues
throughout life.

The mechanism of germ cell specification, migration, proliferation/survival,
and sex-dependent differentiation during embryonic development remains elu-
sive and is beyond the scope of this chapter (see refs. 8,9,14–17 for detail).
However, the process of germ cell development depicts a unique characteristic
of germ line stem cells. Because all female germ cells enter meiosis on sex
differentiation, they lose self-renewal potential before birth, resulting in the loss
of stem cells in the postnatal female germ line. In contrast, a population of self-
renewing cells (stem cells) remains in the male germ line throughout life. This
is the foundation of continuous spermatogenesis and the regeneration of sper-
matogenesis following testicular insults, including sterilizing cancer therapy
(5,18). Consequently, the number of gametes during the reproductively active
periods in males far exceeds that in females. Such a sex-dependent difference in
the existence of stem cells cannot be seen in other types of stem cells.

PGCs are a transient cell type and are not true stem cells under a strict stem
cell definition. These cells are rather “precursors” of germ line stem cells,
because the cells that have characteristics identical to PGCs do not exist in
normal postnatal mammals, reflecting the lack of extended self-renewal activity
of PGCs. If fact, many embryonic cells are precursors. For example, although the
cells in the inner cell mass of blastocysts are the origin of embryonic stem cells
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(ES cells; Chapter 1), they do not self-renew but rather disappear during normal
embryonic development.

Although PGCs are a transient cell population, these cells have significant
potential to be a source of stem cells, not only for male germ line stem cells but
also for pluripotent embryonal carcinoma (EC) cells and totipotent embryonic

Fig. 1. The life cycle of germ cells. Fertilization of an egg by a sperm triggers the
embryonic development. The cells in the ICM (shown as a dark part) of the blastocyst are
the origin of all cell types in the body as well as ES cells. PGCs are first found in the
extraembryonic mesoderm and translocate into the embryo per se. Then, they migrate
toward the embryonic gonads while actively proliferating. These proliferating PGCs
are capable of transforming to totipotent EG cells. After the migration into the gonads,
male germ cells enter mitotic arrest, whereas all female germ cells enter meiosis, fol-
lowed by the arrest at the meiotic prophase. After birth, male germ cells reinitiate mitosis
and undergo meiosis and spermiogenesis, which is a complex morphologic transforma-
tion of haploid spermatids to sperm. Mitosis, meiosis, and spermiogenesis continue
throughout life in the male germ line (spermatogenesis). It is important to note that a
population of stem cells exists in the male germ line, whereas it is absent in the female
germ line. (Modified from ref. 95 with permission.)
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germ (EG) cells (see Chapter 1). From the 1950s to the 1970s (reviewed in ref.
19), Leroy Stevens at the Jackson Laboratory intensively studied teratomas/
teratocarcinomas (hereafter, only the term “teratocarcinomas” will be used for
simplicity). Using mice, he showed that the implantation of blastocysts or of the
genital ridge (10.5–12.5 dpc) into adult testes resulted in the formation of tera-
tocarcinomas, in which a wide range of differentiated tissues can be observed
(see Chapter 1). He identified PGCs as the origin of teratocarcinomas that arise
after implanting genital ridges into adult testes (20). Teratocarcinomas were
found to contain the stem cells that were later isolated and called EC cells (see
Chapter 1). The self-renewal potential and pluripotency (potential to differenti-
ate into multiple, but not all, cell types) of EC cells was proven by Barry Pierce,
thus confirming the stem cell properties of these cells (21). Ralph Brinster later
demonstrated by injecting EC cells into blastocysts that these tumor stem cells
could be integrated into the normal developmental process to produce chimeric
mice without causing tumorigenesis (22), although EC cells do not enter the germ
line. Therefore, PGCs are the source of pluripotent EC cells that can contribute
to the generation of chimeric mice.

In 1992, Matsui et al. (23) and Resnick et al. (24) reported that mouse PGCs
transformed to cells that morphologically resembled ES cells when cultured in
vitro with a cocktail of growth factors. These cells, called EG cells, were derived
by culturing proliferating PGCs (8.5–12.5 dpc) with leukemia inhibitory factor
(LIF), Steel factor (also called c-Kit ligand), and basic fibroblast growth factor
(bFGF). Using similar culture techniques, EG cells have also been obtained from
pigs and humans (25,26). The studies using mice have shown that EG and ES
cells are similar not only in their morphology, but also in their function. As with
ES cells, EG cells can be maintained in undifferentiated states indefinitely in
vitro and will generate teratocarcinomas in vivo (23). When injected into blas-
tocysts, both ES and EG cells are integrated into the normal developmental
process of host mice and contribute to both somatic and germ cell lineages (27).
Therefore, ES and EG cells are both totipotent (differentiate into all cell types),
although they are apparently not identical (28). Another characteristic shared by
both of these tumor stem cells is that they are derived from transient cell types
that express Oct-3/4 transcription factor: ES cells from the inner cell mass/
epiblast and EG cells from PGCs (8,9,29,30) (see Chapter 1).

Although mouse PGCs have the potential to transform into totipotent stem
cells, ironically these cells have never been successfully used for cloning by
nuclear transplantation (31,32). Mice can be successfully cloned using the nuclei
of many somatic cell types (33). However, no reports have shown live birth of
offspring cloned from PGC nuclei (31,32). Yamazaki et al. have shown that
embryos cloned using nuclei of 10.5-dpc PGCs can develop normally until mid-
gestation but die shortly thereafter (32). Furthermore, embryos cloned from
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later-stage PGCs never develop normally (32). These results might indicate that
the genomes of germ cells may be programmed in a specific manner. For example,
it is well known that the patterns of DNA methylation and imprinting in the germ
line are distinct from those of somatic cell lineages (34,35). Therefore, it is pos-
sible that genomic modifications specific to the germ line render the reprogram-
ming of the germ cell genome difficult in cloning by nuclear transplantation.

3. SPERMATOGONIAL TRANSPLANTATION—FUNCTIONAL
ASSAY TO DETECT STEM CELL ACTIVITY

Postnatal male germ line stem cells, also called spermatogonial stem cells
(SSCs), are a small fraction of spermatogonia (6,18). SSCs and spermatogonia
reside at the periphery of the seminiferous tubules on the basement membrane
surrounded by Sertoli cells, which are somatic regulatory and supportive cells for
spermatogenesis (Fig. 2).

Because stem cells are defined by their dual functions, studies of stem cells
require a functional assay to detect stem cell activity (long-term self-renewal and
differentiation). The unequivocal detection system for stem cells is a transplanta-
tion assay, in which the presence of stem cells is retrospectively confirmed
by their ability to replenish a complete cell lineage in a damaged tissue. For
example, the presence of hematopoietic stem cells (HSCs) in the bone marrow
can be inferred when transplantation of marrow cells into lethally irradiated
recipients results in a complete regeneration and long-term maintenance of
hematopoiesis of donor origin (1). Likewise, SSCs can be detected by a trans-
plantation assay (spermatogonial transplantation). In fact, HSCs and SSCs are
the only stem cell populations for which a transplantation assay has been estab-
lished. The detection of other stem cells relies on more equivocal assay systems,
such as an in vitro differentiation assay for neural stem cells (36).

The spermatogonial transplantation assay was developed in 1994 using the
mouse as a model species (Fig. 3; refs. 37,38). In this assay system, a single cell
suspension is first prepared from the testes of donor mice (39,40). These cells are
injected into the lumen of recipient mouse seminiferous tubules using a micro-
injection needle. The recipient mice are pretreated with an alkylating reagent,
busulfan, to ablate endogenous spermatogenesis, thereby providing access and
space for donor stem cells to colonize on the basement membrane and to develop
spermatogenesis (39–41). On transplantation, SSCs migrate from the tubular
lumen to the basement membrane, settle in the microenvironment surrounded by
recipient Sertoli cells, and regenerate spermatogenesis. The donor origin of
regenerated spermatogenesis is readily confirmed by using transgenic mice as
donors and wild-type mice as recipients. In an experiment shown in Fig. 3,
donors were ROSA26 transgenic mice that ubiquitously express β-galactosi-
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Fig. 2. A schematic representation of seminiferous epithelium. Diploid spermatogonia
reside on the basement membrane at the periphery of seminiferous tubules, surrounded
by Sertoli and peritubular myoid cells. Meiotic and haploid germ cells are located in the
adlumenal compartment and migrate toward the lumen during their development. The
final product of spermatogenesis, spermatozoa, is released into the lumen. Spermatogo-
nial stem cells are a small fraction of spermatogonia. (From ref. 11 with permission.)
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dase, and recipients were immunocompatible wild-type mice pretreated with
busulfan. Thus donor-derived spermatogenesis can be detected as a blue segment
(colony) in seminiferous tubules by staining recipient testes with X-gal. After
transplantation, recipient mice can regain fertility and produce offspring carry-
ing the donor genotype (see Fig. 3). Because such a complete recovery and long-
term maintenance of spermatogenesis can be achieved only by stem cell activity,
spermatogonial transplantation is the unequivocal assay for SSCs.

Spermatogonial transplantation has provided a unique opportunity to study
the role of hormones in spermatogenesis. Although testosterone is essential to
spermatogenesis, the target of its action (germ cells or somatic cells) was elusive
for decades. This question was addressed using transplantation of testis cells
obtained from the tfm (i.e., testicular feminization) mutant mice, which lacked
functional testosterone receptors (42). Transplantation of these cells into the
testes of immunocompatible wild-type mice resulted in the complete regenera-
tion of spermatogenesis in recipient testes. The result thus demonstrated that
SSCs exist in the tfm mice and that the testosterone receptor is not required in
germ cells but is essential in their environment (42). Similarly, a transplantation
study has demonstrated that the estrogen receptor α is not required in germ cells
for complete spermatogenesis (43).

Spermatogonial transplantation is not only a qualitative but also a quantitative
assay for SSCs. Recent transplantation studies have shown that each colony of
donor-derived spermatogonia arises from a single SSC (44,45). Therefore, the
number of colonies observed in recipient testes directly correlates with the num-
ber of functional SSCs that have successfully colonized the recipient environ-
ment and regenerated spermatogenesis.

Although spermatogonial transplantation is a time-consuming assay that detects
SSCs only retrospectively, it is currently the only definitive assay for SSCs, and
studies of SSCs have heavily relied on the development of this assay system.

4. THE FREQUENCY OF SSCs

A common characteristic observed in virtually all stem cell systems is that
stem cells are a rare cell population in a cell lineage. For example, definitive
HSCs represent only 0.007% of nucleated bone marrow cells in mice (1). Using
spermatogonial transplantation as a SSC bioassay, a recent study has demon-
strated that adult mouse SSCs represent 0.01% of total testis cells (approximately
3000 SSCs/testis, ref. 46). Thus 1 in 10,000 cells in an adult testis is a stem cell,
a similar frequency to that observed with mouse HSCs in the bone marrow.

However, the number of SSCs appears to vary during postnatal development
and between species. It has been shown that the total number of functional SSCs
in a testis (those capable of regenerating spermatogenesis in recipient testes after
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Fig. 3. (A) A flow chart of the spermatogonial transplantation procedure. Donor testes are
enzymatically digested to a single cell suspension. These cells can be used for ex vivo
manipulations, such as cryopreservation, cell selection, cell culture, and genetic modi-
fication. Donor cells are introduced into the lumen of seminiferous tubules. Spermatogo-
nial stem cells included in the donor cell preparation colonize recipient testes and develop
donor-derived spermatogenesis. Recipient males can become fertile and produce off-
spring carrying the donor genotype. Because such a complete and long-term regeneration
of spermatogenesis cannot be accomplished without stem cells, spermatogonial trans-
plantation is the unequivocal assay to detect stem cell activity. (B) When donor cells are
derived from the testes of transgenic mice that express a marker gene (lacZ in this
example) in germ cells, donor-derived spermatogenesis can be readily observed as blue-
stained segments in seminiferous tubules (colonies; dark segments in this panel). The
formation of morphologically distinct colonies allows quantitative analyses of stem cells
by counting the number of colonies. (C) At 2 months posttransplantation, complete
spermatogenesis is established in a colony. (From ref. 96 with permission.)

transplantation) increases up to 40-fold from the day of birth to adulthood in mice
(47). In the rat, the total number of functional SSCs also dramatically increases
(70-fold) during postnatal development (41,48). However, compared with mouse
SSCs, rat SSCs are 2- to 10-fold higher in their concentration (frequency) and 30-
to 120-fold higher in their total number per testis, depending on the stage of
postnatal development (41,47,48). Thus the frequency and the number of SSCs
appear to differ greatly with age and between species.
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5. KINETICS AND REGULATION OF SSC PROLIFERATION

Although proliferation kinetics of SSCs in the steady state (i.e., in intact testes)
are unknown, some data are available on the SSC proliferation kinetics under
experimental conditions in vivo and in vitro.

5.1 In Vivo Studies

SSC proliferation activity after transplantation has recently been character-
ized. On transplantation, adult mouse SSCs migrate to the basement membrane
and settle in the recipient seminiferous epithelium in the first week (46). During
this period, the proliferation of SSCs is undetectable. From 1 to 4 weeks
posttransplantation, SSCs rapidly proliferate (approximately eightfold), but
thereafter, their proliferation activity significantly diminishes (46,49). SSCs
divide slowly from 1 month to more than 1 year after transplantation, and their
population doubling time has been estimated to be approximately 80 days during
this period (49). Although SSCs slowly divide after 1 month posttransplantation,
colonies of donor-derived spermatogonia continue to expand in a linear fashion.
Interestingly, during this linear growth period, the concentration of SSCs in a
colony appears to stay constant at approximately 8 SSCs per 2 mm of colony
(46,49). This consistent stem cell concentration during the colony growth phase
suggests that the proliferation of SSCs is tightly regulated in coordination with
the progress of spermatogenic regeneration and the number of differentiating
germ cells produced by SSCs.

It is well known that spermatogenesis takes place in a species-specific cycle
duration (11). For example, one cycle of spermatogenesis takes 35 days in the
mouse and 52 days in the rat. Such a species-specific cycle of spermatogenesis
could be related to regulation of balance between the activity of SSCs and the
progress of spermatogenesis described previously. A long-standing question
was whether the spermatogenic cycle length is determined by germ cells, sup-
porting Sertoli cells, or by both. This question was addressed by using xenoge-
neic spermatogonial transplantation, in which SSCs derived from transgenic rats
were transplanted into the testes of immunodeficient mice (50). The results
showed that regenerated rat spermatogenesis exhibited spermatogenic cycle
length characteristics of the rat (52 days), even though rat SSCs and spermato-
genesis were supported by mouse Sertoli cells. Therefore, it was concluded that
the cycle length of spermatogenesis is predominantly regulated by germ cells,
rather than by Sertoli cells (50). Because the progress of spermatogenesis appar-
ently depends on the activity of SSCs to self-renew and supply differentiating
germ cells (46,49), the difference in the spermatogenic cycle length observed in
various species might correlate with a species-specific SSC activity.
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The proliferation of SSCs must also be regulated in concert with their differ-
entiation and death (6). For example, if one cell division of a SSC results in the
production of one daughter stem cell and one differentiating spermatogonium
(50% probability each for self-renewal and differentiation), the size of SSC
population should be maintained at constant. If the probability is distorted to
100% self-renewal or 100% differentiation, it should result in the expansion of
SSCs and the loss of differentiating cells or vice versa. Likewise, the death of
daughter cells should result in a decrease in stem and/or differentiating cells. The
pattern and mechanism of such stem cell regulation are unknown for SSCs (6).
However, observations of spermatogenesis in mutant mice suggest that the dif-
ferentiation of spermatogonia/SSCs is less stable than their proliferation.

Mutant mice that lack functional Steel factor are devoid of spermatogenesis
and infertile because Sertoli cells cannot support spermatogenesis. However,
SSCs are retained in their testes and are capable of regenerating complete sper-
matogenesis when transplanted into the testes of wild-type mice (51). A detailed
study of spermatogenesis in Steel factor mutant mice has demonstrated that the
loss of spermatogenesis results from defective differentiation of spermatogonia
(52). Provided with no functional Steel factor, SSCs can still proliferate and pro-
duce daughter spermatogonia, but these spermatogonia cannot proceed through
further differentiation events and die by apoptosis. Similarly, adult jsd (juvenile
spermatogonial deficiency) mice lack spermatogenesis and are infertile because
of the intrinsic inability of spermatogonia produced by SSCs to complete differ-
entiation, which results in spermatogonial death (52,53). In another mutant mouse
strain that overexpresses glial cell line-derived neurotrophic factor (GDNF),
primitive spermatogonia accumulate in the seminiferous tubules, probably
because of the blockade in spermatogonial differentiation while spermatogo-
nial proliferation continues (54). A similar pattern of spermatogonial accumu-
lation caused by the differentiation blockade has also been observed in mutant
mice that misexpress the anti-apoptotic bcl-2 gene in germ cells (55).

In contrast, despite the production of numerous mutant strains of infertile mice
to date (56), specific defects in the proliferation of spermatogonia or SSCs have
not clearly been demonstrated. These studies thus suggest that the proliferation
of spermatogonia and possibly SSCs is a rather autonomous function of these
cells; whereas their differentiation is the vulnerable and potentially manipulative
process during early spermatogenesis.

5.2 In Vitro Studies
Proliferation characteristics of SSCs have also been studied in vitro using

retroviral vectors. These viral vectors can deliver and integrate a target gene into
the genome of host cells. Because stem cells are retrospectively detected by their
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function, retroviruses are particularly powerful vectors to place a marker in stem
cells before they exhibit their regeneration activity. In addition, retroviruses
require host cell division for a successful gene delivery; thus, stem cell prolifera-
tion can be detected using these vectors. To evaluate the activity of SSC prolif-
eration in vitro, a marker gene (lacZ) was delivered into SSCs using retroviral
vectors in culture, followed by transplantation of cultured cells (57). After 7 days
of culture, the marker gene was found in 0.3% of total stem cells cultured.
Therefore, at least 1 of 300 SSCs entered self-renewal during 1 week of culture.
It has also be shown that the self-renewal activity of prepubertal SSCs derived
from 1-week-old mice is approximately 10-fold higher than that of adult SSCs
(58), corresponding well with the behavior of prepubertal SSCs observed in vivo.
Although adult SSCs are believed to be mostly quiescent, prepubertal sper-
matogonia and SSCs proliferate more actively during the first postnatal week in
mice (6).

Although the studies using retroviruses demonstrated that SSCs could divide
in vitro, it has also been shown that the total number of mouse SSCs continuously
decreases during 1 week of culture (59). About half of SSCs placed in culture are
lost within the first 2 days and only 12% of SSCs remain for 1 week. However,
this continuous decrease in SSC numbers should not be a simple loss of SSCs
during culture because SSCs undergo self-renewal in vitro. Because the number
of SSCs detected by spermatogonial transplantation reflects a cumulative result
of stem cell division, differentiation, and death, the observed decrease in the
number of SSCs should imply that the differentiation or the death of SSCs
exceeded their self-renewal under the culture conditions employed.

Using the same culture system, effects of soluble factors on the in vitro SSC
maintenance have been examined (59). Activin A is a member of transforming
growth factor-β (TGF-β) family and has been shown to stimulate the prolifera-
tion of spermatogonia in vitro (60). However, transplantation experiments using
testis cells cultured with activin A have demonstrated a marked decrease in SSC
numbers to 30% of those in control culture with no factors. The results thus
suggest that activin A may act on differentiating spermatogonia, rather than
SSCs (59). Because spermatogenesis is a one-way differentiation cascade from
stem cells to spermatozoa (Fig. 4), it may be reasonable to speculate that the
proliferation of advanced spermatogonia stimulated by activin A might induce
the recruitment of SSCs into differentiation at a rate that exceeds the self-renewal
of SSCs to support expanding nonstem spermatogonia, thereby diminishing stem
cell population in vitro.

In contrast to the effect of activin A, GDNF, which is another member of the
TGF-β family, stimulates the maintenance of SSCs in vitro (59). It has been
shown that GDNF blocks the differentiation of spermatogonia in transgenic mice
that constitutively express the factor, and undifferentiated spermatogonia accu-
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Fig. 4. A schematic representation of the cascade of spermatogonial differentiation.
Spermatogenesis is a one-way differentiation event from stem cells to sperm. Therefore,
a blockade in one step of differentiation may result in the accumulation of cells at prior
differentiation stages, and ultimately stem cells. The amplification of stem cells can be
achieved also by encouraging stem cell self-renewal and inhibiting stem cell death.

mulate in their testes (54). In addition, transfection of GDNF in Sertoli cells leads
to the expansion of the SSC population in vivo (61). Likewise, GDNF may exert
a similar function to block spermatogonial differentiation in vitro. A blockade of
a differentiation process in unidirectional spermatogenesis could ultimately
result in the accumulation of SSCs, thereby supporting the maintenance of
SSCs in culture (Fig. 4).

The same study also suggested a similarity in regulatory mechanisms of SSCs
and HSCs (59). Although bone morphogenetic protein 4 (BMP4) is known to
play a critical role in germ cell specification during embryonic development in
mice (14), BMP4 was found to decrease SSC numbers to 40% of control levels
in vitro (59). In this context, it has recently been shown that the number of HSCs
significantly increases in transgenic mice that lack functional BMP signaling
machinery (62). Thus the BMP signaling might be involved in negatively regu-
lating the number of stem cells in both the male germ line and the hematopoietic
lineages.

The interpretation of these results described previously is based on the hypoth-
esis that the regulation of spermatogonial/SSC differentiation alters the mainte-
nance of SSCs in vitro. As illustrated in Fig. 4, however, the number of SSCs can
also differ depending on the status of their death or proliferation. If the death of
SSCs is inhibited or their proliferation stimulated, more SSCs should remain in
culture. Thus further studies are required to better understand the mechanism of
SSC fate decision (self-renewal, differentiation, or death), and the in vitro culture
of SSCs is expected to provide an effective experimental system for such studies.

Recently, a culture system has been reported by which SSCs are dramatically
amplified (63). In this study, when testis cells derived from newborn mice were
cultured with GDNF, bFGF, LIF, and epidermal growth factor, groups of aggre-
gated germ cells emerged. Importantly, when digested using trypsin and replated
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into culture, these aggregated cells emerged again, indicating that the cells can
be passaged. Repeated passaging of these cells resulted not only in a long-term
maintenance of SSCs over 5 months, but also resulted in their remarkable ampli-
fication, estimated to be more than 1014-fold. Such an extremely high degree of
stem cell amplification has not been achieved with any other stem cell system,
which may be related to intrinsic proliferation potential of different types of stem
cells. For example, whereas mouse HSCs regenerate complete hematopoiesis
after transplantation, their proliferation activity could cease even when the stem
cell number reaches at only 5% of normal value (64,65). Such an inhibition of
repopulation activity has not been observed for mouse SSCs (49). Thus SSCs
may have a highly robust proliferation potential that can be induced in vitro using
growth factors.

However, it should be noted that this remarkable proliferation was observed
with neonatal SSCs and it remains to be addressed if adult SSCs retain a similar
degree of proliferation potential. Furthermore, the robust proliferation activity of
mouse SSCs was found to be strain-dependent (63). Although neonatal SSCs
derived from the DBA, DBA × C57BL/6 (B6) F1, or ICR strain actively prolif-
erate in vitro, those derived from the B6 or 129 strain do not. Therefore, there
appear to be genetic mechanisms specific to mouse strains that predispose the
proliferation potential of SSCs.

6. THE STEM CELL NICHE

The activity of stem cells and their fate decision are believed to be regulated
intrinsically by stem cells and also extrinsically by supporting cells in the
microenvironment where stem cells reside (66). This microenvironment is called
the stem cell niche. Although the mechanism of stem cell regulation by their
niches is largely unknown for most of mammalian stem cell systems (66), some
information has begun to emerge recently. For HSCs, osteoblasts are now known
to be a crucial element of their niches (62,67). When osteoblasts are stimulated
in vivo by parathyroid hormone/parathyroid hormone-related protein, they pro-
duce high levels of jagged 1, a ligand to Notch, and thereby stimulate HSC self-
renewal, resulting in approximately twofold increase in the HSC population (67).
In addition, a twofold increase in the number of HSCs has been observed in
mutant mice depleted of a BMP receptor, coinciding the doubling of osteoblast
population in the HSC niches (62). Similarly, with SSCs, it is known that when
more vacant niches are available, more SSCs colonize recipient testes after trans-
plantation (41,68). Thus the availability of niches determines the number of stem
cells in hematopoietic and germ cell lineages in vivo.

It is believed that SSC niches are composed of Sertoli cells, the basement
membrane, and peritubular myoid cells, because all spermatogonia, including
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SSCs, are contained in a space formed by these cellular and extracellular ele-
ments (see Fig. 2). However, how these niche components cross-talk with SSCs
and regulate the SSC activity remains elusive. A study using a gene trap strategy
in Sertoli cells has shown that these cells rapidly change their gene expression
profiles in response to the contact with germ cells in vitro (69). Such an in vitro
approach may shed some light on the mechanism of intercellular communica-
tions involved in the niche functions.

7. SSC IDENTIFICATION MARKERS

Probably the most significant impedance in the study of stem cells is that the
detection of stem cells relies on their function, rendering their assay retrospective
and time-consuming with a low sensitivity. To prospectively study stem cells,
identification markers need to be determined. A general strategy to determine
stem cell markers is as follows. First, a molecule that could be a stem cell marker
is chosen. Second, a population of cells is selected that express this molecule.
Third, these selected cells are assayed for stem cell activity. If the molecule is
expressed selectively or preferentially by stem cells, the selected cells should
contain more stem cells and exhibit a higher level of stem cell activity than
unselected cells.

Consequently, stem cell markers need to be cell-surface molecules, because
the selected cells must be alive and functionally intact. Although an intracellular
molecule, such as a transcription factor, could be expressed exclusively in stem
cells, such a molecule cannot be used as a stem cell marker because it does not
allow the selection of target cells without damaging or killing them. (An intra-
cellular molecule can be used as a stem cell marker if donor animals are transgenic
or donor cells are transfected with a marker gene (such as green fluorescent
protein) and its expression is driven by the promoter of the molecule. See ref. 70.)
More specifically, in the search of SSC markers, testis cells are first selected
based on the expression of a particular cell-surface molecule and then trans-
planted into recipient testes. If transplantation of selected cells gives rise to more
spermatogenic colonies than that of unselected cells, the molecule is identified
as a positive marker for SSCs. Conversely, if selected cells show a reduced stem
cell activity, the molecule is identified as a negative marker for SSCs.

Based on the fact that SSCs reside on the basement membrane, Shinohara et
al. investigated the enrichment efficiency of adult mouse SSCs by panning testis
cells using tissue culture dishes that were coated with extracellular matrix (71).
Among the major components of seminiferous epithelium basement membrane,
namely, laminin, collagen IV, and fibronectin, only the cells panned out using
laminin showed a higher SSC activity (fourfold) than unselected cells, indicating
that SSCs preferentially attach laminin in the basement membrane. Next, when
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testis cells were selected using antibodies against integrin (Int)-β1, a laminin
receptor subunit, by magnet-assisted cell sorting, SSCs were enriched approxi-
mately fourfold (71). Another laminin receptor subunit, Int-α6, was found to be
more effective, allowing an eightfold enrichment for SSCs (71). Although c-kit
(Kit) has been known to be a marker for PGCs, HSCs, and ES cells, it was not
expressed on SSCs, confirming previous results that Kit is expressed in advanced
spermatogonia (72).

An even higher SSC enrichment was achieved using fluorescent-activated cell
sorting (FACS) technique (73). It should be noted, however, that SSCs cannot be
enriched by FACS from intact adult testis cells, probably because FACS is so
sensitive that its cell separation ability is obscured by a high noise level resulting
from the rare presence of SSCs in highly heterogeneous testis cells (73). To
circumvent this problem, adult testis cells were enriched for SSCs in vivo before
FACS by suturing the testes of donor mice on the abdominal wall. A high body
core temperature destroys heat-sensitive spermatogenesis, eliminating differen-
tiating germ cells. Because 95% of testis cells are germ cells, this procedure
(experimental cryptorchidism) results in an approximately 25-fold enrichment
for SSCs (74). The cells derived from cryptorchid testes were found to be more
amenable for FACS. When transplanted into recipient testes, the Int-α6hi Int-αv–

Side Scatterlo (which reflects cell complexity) fraction of FACS-selected cells
exhibited up to 7.2-fold higher stem cell activity than unselected cryptorchid
testis cells (73). Therefore, this two-step enrichment strategy (cryptorchidism +
FACS) resulted in a total of 166-fold enrichment of intact adult testis cells for
SSCs [(23 by cryptorchidism) ×(7.2 by FACS)] (73).

Recent studies have identified more SSC markers and demonstrated a higher
SSC enrichment efficiency. Kubota et al. have shown that SSCs do not express
major histocompatibility complex (MHC)-I molecules but do express Thy-1,
which is a known antigen for lymphocytes and HSCs (75). After cryptorchidism
and FACS, SSCs can be enriched approximately 700-fold in the Thy-1+ MHC-
I– Kit– fraction. The cells in the Thy-1+ MHC-I– Kit– fraction also show an
antigenic phenotype of Int-α6+ CD24+ Int-αv– Sca-1– CD34–. Kanatsu-Shinohara
et al. have shown that SSCs also express CD9, which is associated with integrins
and other cell-surface receptors (76). Taken together, five molecules each are
known to be expressed on SSCs (positive markers) and not expressed on SSCs
(negative markers; Table 1).

Male germ line stem cells can also be selected based on their morphology (77).
Gonocytes (neonatal spermatogonia) derived from rat testes can readily be iden-
tified in a single cell suspension because of their large size. Some of the large
cells have a round shape, but others have a more irregular shape with pseudopods.
When rat gonocytes with or without pseudopods were individually picked up,
pooled, and transplanted, stem cell activity was almost exclusively found in the
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pseudopod cell population, demonstrating that rat neonatal stem cells can be
morphologically selected (77). However, this procedure is labor-intensive, and
spermatogonia with pseudopods are not readily found in a single-cell suspension
derived from adult rat testes or from mouse testes.

These studies show that the determination of SSC markers is in a rapid
progress. Notably, however, even the highest enrichment of SSCs achieved to
date (700-fold; ref. 75) does not allow the purification of stem cells. Because
SSCs represent only 0.01% of total testis cell population (46), the 700-fold
enrichment gives only 7% of stem cells in selected cells (700 × 0.01, 1 of 14 testis
cells). Therefore, further investigations are required to determine SSC markers
and prospectively identify stem cells.

Among different types of stem cells, the highest enrichment has been achieved
with HSCs. Mouse HSCs have been enriched up to 2000-fold in the Lineage– Kit+

Sca-1+ Thy-1+ fraction of bone marrow cells (1). Because definitive HSCs rep-
resent 0.007% of bone marrow cells, 14% of selected marrow cells are stem cells
(one of seven marrow cells). These studies of SSCs and HSCs raise three char-
acteristics of stem cell markers. First, both SSCs and HSCs cannot be identified
by the expression of a single molecule. In this context, it should be noted that
none of the individual marker molecules are specific to stem cells. For instance,
Thy-1 is also expressed in lymphocytes. Second, some, but not all, marker
molecules are expressed in both stem cell populations (75). Third, although a
high degree of enrichment for HSCs and SSCs is possible by a multiparameter
cell selection, purification and definitive identification of these stem cells have
not been achieved. In addition, another difficulty in the determination of stem
cell markers is that they could be species-specific. For example, HSC markers are
different in mice and humans (3). Thus, although SSC markers have been inves-
tigated only in mice, the markers determined in this species could be inappropri-
ate to select/identify SSCs in another.

Table 1
Cell-Surface Marker Molecules for SSCs

Positive markersa Negative markersa

Integrin α6 Integrin αv
Integrin β1 MHC-I
Thy-1 Sca-1
CD24 CD34
CD9 c-Kit

aPositive markers are the molecules expressed SSCs
and negative markers are those not expressed by SSCs.
(Based on refs. 71,74–76.)
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It has been an intensive focus of investigations for some time whether or not
a set of molecules are expressed by all types of stem cells. Such molecules that
could define “stemness” have been investigated using the DNA microarray tech-
nology (78–80). Two studies explored the stemness genes expressed commonly
in HSCs, ES cells, and neural stem cells and identified approximately 300 genes
that were expressed in the three stem cell populations (78,79). However, although
these studies used virtually identical cell populations for microarray analyses, only
six genes were commonly detected in both studies (1.2% overlap, ref. 81). A
similar study using microarrays identified nearly 400 genes shared by ES cells,
neural stem cells, and retinal stem cells (80). The comparison of these data
demonstrated that there was only one gene detected in all the three studies (thus
in HSCs, ES cells, neural stem cells, and retinal stem cells), namely, integrin-α6
(80). Although this molecule is also expressed in SSCs (see Table 1), it can be
found in a number of nonstem cells and its function on stem cell populations is
unknown.

Several causes of this discrepancy can be raised. Technical difficulties could
be one of them. As described previously, no stem cells have been purified. Thus
the power of microarray technology could be clouded by the impurity of cell
sources (82,83). In addition, it is possible that stemness genes are differentially
expressed depending on in vivo status of the cells (e.g., cell cycle, development)
or differentially affected by experimental procedures (e.g., physical stresses
during cell separation or culture, exposure to enzymes and growth factors, tem-
perature). It is also possible that stemness genes are not present on microarrays
currently available (82,83). On the other hand, the simplest explanation could be
that there are no universal stemness genes. Furthermore, even if such genes exist,
they may not be regulated at the transcription level. The microarray-based stud-
ies of stem cell gene profiling collectively suggest at least that the stemness genes
may not be expressed at a high level, which is detectable and distinguishable in
microarray analyses (82,83).

9. SSCs, MALE MUTATION BIAS, AND GENETIC DISEASES

SSCs are the foundation for the life-long production of sperm that transmit
genes to the next generation. Therefore, any abnormality that occurs in the SSC
genome can result in germ line mutations and cause inherited diseases in off-
spring. In this regard, recent clinical studies, including those of endocrine can-
cers, have shown that a strong sex-dependent bias exists in germ line mutations
(84), which, as described in the following sections, suggests the involvement of
the regulation of stem cell fate decision in pathogenesis of inherited diseases.

It has been described that point mutations (base substitutions) occur primarily
in the male germ line and are age-dependent, whereas small chromosomal
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changes (mainly intragenic deletions) occur more frequently in the female germ
line and are not age-dependent (84). A particularly strong male mutation bias has
been demonstrated in point mutations of FGF receptor 2 (FGFR2), FGFR3, and
Ret, which have been suggested to occur in spermatogonia and possibly in SSCs
(85–88).

Point mutations in FGFR1–3 are the cause of Apert, Crouzon, and Pfeiffer
syndromes (86–89). Apert syndrome (achondroplasia) is associated with short-
limbed dwarfism, Crouzon syndrome with craniosynostosis and dysmorphic
facial features, and Pfeiffer syndrome with premature fusion and deformity of the
sutures of the skull. Ret is a signal-transducing component of GDNF receptor.
Point mutations in Ret cause three familial cancer syndromes (90–92): multiple
endocrine neoplasia 2A (MEN2), which is associated with medullary thyroid
carcinoma, pheochromocytoma, and parathyroid hyperplasia; MEN2B, medul-
lary thyroid carcinoma associated with pheochromocytoma, enteric ganglion-
euroma, and skeletal and ocular abnormalities; and familial medullary thyroid
carcinoma. In all of these cases, point mutations that occur in corresponding
genes (i.e., FGFRs and Ret) are gain-of-function mutations (84,85). Further-
more, virtually all cases of these diseases are of paternal origin. In other words,
mutations occur nearly exclusively in the male germ line and are transmitted to
offspring through sperm (84,85).

The incidence of these diseases has long been known to increase with paternal
age (84,85). The widely accepted cause of this age-dependent male mutation bias
was the difference in the number of chromosomal replications that take place
during male and female gametogenesis in humans. In the female, there are a total
of 23 chromosomal replications regardless of age. In the male, the number of total
chromosomal replications increases with age: 161 at age 20 and 610 at age 40
(84). Thus it was believed that the male germ line has a greater chance for
mutations.

However, an increase in mutation rate was not sufficient to explain the near-
exclusive paternal origin of the diseases (86–88). Only a slight increase in mutant
sperm with paternal age was observed, which was much less than predicted by
the clinical data (84). In a recent study of Apert syndrome (caused by point
mutations in FGFR2), Goriely et al. have suggested that the FGFR2 mutations
are enriched with age because spermatogonia/SSCs with the mutant FGFR2 have
a selective advantage that leads to their clonal expansion over time, in much the
same way as the clonal expansion of some tumors (86). Furthermore, a similar
observation has also been reported with FGFR3 (87), and it has been proposed
that this may also be true for mutations in Ret, a GDNF receptor (84,85).

It is intriguing to compare the observations made in these genetic diseases
with those made in animal studies described earlier. Primitive spermatogonia
accumulate in the testes of mutant mice that overexpress GDNF, which should
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result in the activation of its receptor (54,61). In addition, GDNF augments the
maintenance of SSCs in vitro (59), and the combination of GDNF and bFGF
highly stimulates the proliferation of cultured SSCs (63). Based on the results of
clinical and animal studies, therefore, it is likely that the stimulation of signaling
pathways involving FGF and GDNF confers to spermatogonia/SSCs the selec-
tive advantage that results in their accumulation. This would result in a clonal
expansion of mutant SSCs or their descendants over time, leading to age-depen-
dent male mutation bias observed in human genetic diseases. Further investiga-
tions into the roles of FGFs and GDNF on the actions of SSCs and spermatogonia
may be important to better understand the origin of male mutation bias and the
mechanism of SSC fate decision.

10. SUMMARY

The development of spermatogonial transplantation in 1994 allowed, for the
first time, investigations into SSCs based on their function. Since then, studies
of SSCs have progressed rapidly and these cells can even be used for transgenesis
(93,94). However, some critical SSC properties still remain to be addressed and
will be an important focus for future studies. Further investigations into the SSC
identification markers are essential to better understand the biology of SSCs and
to carry out prospective studies of SSCs. The mechanism of SSC fate decision
is another important issue in SSC biology. The fate of SSCs should be regulated
by the intrinsic potential of SSCs and by the extrinsic stimuli exerted by their
niches. Investigations into the function of SSC niches could be facilitated by in
vitro experiments, whereas those into the intrinsic potential of SSCs may require
the determination of SSC markers or genetic manipulations of SSCs. Recent
progress in clinical studies of sex-dependent mutation bias has provided impor-
tant insights into the SSC biology. Because SSCs may contribute to the patho-
genesis of paternally transmitted genetic diseases, our ability to understand the
biology of SSCs will be critical for the development of potential therapeutic
strategies for those diseases.
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