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Summary. The origin and development of the spermatogenic cell lineage is
reviewed, as well as spermatogonial kinetics in adult nonprimate mammals in
relation to the cycle of the seminiferous epithelium, the emphasis being on
spermatogonial stem cells. A hypothesis is presented for the transition from
foetal germ cells, gonocytes, to adult type spermatogonia at the start of
spermatogenesis. An overview is given of the present knowledge on the
proliferation and differentiation of undifferentiated spermatogonia (spermato-
gonial stem cells and their direct descendants) and the regulation of these
processes. It is concluded that the differentiation of the undifferentiated into
differentiating type spermatogonia is a rather vulnerable moment during
spermatogenesis and the models for studying this are described. Research
into the molecular basis of the regulation of spermatogonial proliferation,
differentiation and apoptosis is at its infancy and the first results are reviewed.
An exciting new research tool is the spermatogonial stem cell transplantation
technique which is described. Finally, reviewing the nature of human germ
cell tumours it is concluded that at present there are no animal or in vitro
models to study these tumours experimentally.
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Origin of spermatogonial stem cells

Spermatogonial stem cells originate from the primordial
germ cells (PGCs) which in turn derive from epiblast cells
(embryonal ectoderm) (Lawson & Pederson 1992).
By 7 days post coitum (p.c.) in the mouse embryo,
about 100 alkaline phosphatase positive PGCs can be
detected in the extraembryonal mesoderm posterior to
the definitive primitive streak (Ginsberg et al. 1990).
Later in development the PGCs migrate from the base
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of the allantois, along the hindgut to finally reach the
genital ridges. The PGCs proliferate during migration and
by day 13 of foetal life in the mouse, when these cells
have reached the genital ridges, their numbers have
increased to about 10000 in each gonad (Tam & Snow
1981).

Primordial germ cells are single cells that under certain
culture conditions can form colonies of cells which mor-
phologically resemble undifferentiated embryonic stem
cells (ES cells; Resnick et al. 1992). These cells can be
maintained on feeder layers for extended periods of time
and can give rise to embryoid bodies and to multiple
differentiated cell phenotypes in monolayer culture and in
tumours in nude mice. Primordial-germ-cell-derived ES
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cells can also contribute to chimaeras when injected into
host blastocysts (Resnick et al. 1992). Clearly, PGCs are
stem cells, still having the capacity to renew themselves
and to differentiate in various directions.

Once arrived in the genital ridges, the PGCs become
enclosed by the differentiating Sertoli cells, and semini-
ferous cords are formed (Figure 1). The germ cells
present within the seminiferous cords differ morphologi-
cally from PGCs and are called gonocytes (Clermont &
Perey 1957; Sapsford 1962; Huckins & Clermont 1968)
or various subsequent types of prospermatogonia
(Hilscher et al. 1974). In rats and mice, after formation
the gonocytes proliferate for a few days and then become
arrested in the Go/G; phase of the cell cycle (Clermont &
Perey 1957; Franchi & Mandl 1964; Huckins & Clermont
1968; Hilscher et al. 1974; Vergouwen et al. 1991).
Shortly after birth the gonocytes resume proliferation to
give rise to A spermatogonia (Sapsford 1962; Novi &
Saba 1968; Huckins & Clermont 1968; Bellvé et al. 1977
Vergouwen et al. 1991). This event marks the start of
spermatogenesis.

In vitro studies have demonstrated differences
between gonocytes and PGCs. For example, gonocytes
can only survive in the presence of Sertoli cells (Van
Dissel-Emiliani et al. 1993), while PGCs can be cocul-
tured with other types of somatic cells (Resnick et al.
1992). This suggests that the gonocytes are restricted in
their differentiation potential in comparison to the PGCs.
Furthermore, in gonocyte mitosis cytokinesis is often not
completed and many gonocytes remain interconnected
by intercellular bridges (Zamboni & Merchant 1973). As
discussed below, in the adult testis the first visible sign of
differentiation of the stem cells is the formation of a pair
of cells interconnected by an intercellular bridge. These
paired spermatogonia are destined to ultimately become
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spermatozoa. Conceivably, the gonocytes may well be a
heterogeneous population of cells of which only some
still have stem cell properties, while the rest may be
destined to become differentiating cells directly at the
start of spermatogenesis after birth.

Spermatogonial multiplication and stem cell renewal in
nonprimate mammals

As-model. According to the model originally proposed by
Huckins (1971a) and Oakberg (1971), a compartment of
undifferentiated A spermatogonia exists at the beginning
of spermatogenesis. In whole mounts of seminiferous
tubules, it becomes apparent that these cells can be
subdivided into Asingle (As)a Apaired (Apr) or Aaligned (Aal)
spermatogonia according to their topographical arrange-
ment on the basement membrane. The As spermato-
gonia are considered to be the stem cells of
spermatogenesis. Upon division of the As spermato-
gonia, the daughter cells can either migrate away from
each other and become two new stem cells or they can
stay together connected by an intercellular bridge and
become A, spermatogonia. In the normal situation about
half of the stem cell population will divide to form Ay,
spermatogonia, while the other half will go through a self-
renewing division, thus maintaining stem cell numbers.
The A, spermatogonia divide further to form chains of 4,
8 or 16 A, spermatogonia (Figure 2).

The A, spermatogonia are able to differentiate into A;
spermatogonia that are the first generation of the differ-
entiating type spermatogonia. These differentiating sper-
matogonia go through a series of six divisions and via A,
Az, A4, Intermediate (In) and B spermatogonia become
primary spermatocytes. Especially in tubular whole
mounts it can be seen that differentiating spermatogonia

Time schedule in the mouse

from E16 onwards

Figure 1. Scheme of the development
of the spermatogenic lineage from
primordial germ cells to A
spermatogonia.
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Figure 2. Scheme of spermatogonial multiplication and stem
cell renewal in the mouse.

behave in a highly synchronized manner; large
areas in which all the differentiating spermatogonia
synchronously go through mitosis can be seen. Also
the various generations of differentiating spermatogonia
will go through S phase or mitosis in particular epithelial
stages (see below). The synchrony in the divisions of the
differentiating type spermatogonia derives from two
causes. First, from the A, spermatogonia onwards at a
spermatogonial division the daughter cells remain con-
nected by intercellular bridges; the comprising cells of
such a clone will always synchronously traverse the cell
cycle. Second, the areas in which the differentiating type
spermatogonia simultaneously go through mitosis are
much larger than the size of such a clone. So, there must
be an additional mechanism inducing the synchronous
behaviour of neighbouring clones. The nature of the
latter mechanism is not known yet, but it seems likely
that the Sertoli cells are involved since they are known to
produce many growth factors (review De Rooij &
Van Dissel-Emiliani 1997). In whole mounts of semini-
ferous tubules, undifferentiated spermatogonia can be
distinguished from differentiating type A spermatogonia
(A1-A;) in those areas in which the latter cells are in
late G, or M phase, due to the fact that the undifferen-
tiated spermatogonia do not cycle synchronously with

Stem cells in the testis 69

the A;-A4 spermatogonia. However, there is not enough
morphological difference between undifferentiated and
differentiating type A spermatogonia to distinguish these
cells in all cell cycle phases.

According to the model of Huckins (1971a) and
Oakberg (1971), in the adult testis differentiation of
the stem cells, the As spermatogonia, occurs when
following a division the daughter cells remain connected
by an intercellular bridge. However, it is not known
whether the presence of intercellular bridges among
Apr and A, spermatogonia reflects a functional differen-
tiation of the Ay spermatogonia and whether these cells
still have stem cell properties when the intercellular
bridges become severed, as occurs after irradiation
(Van Beek et al. 1984). The A, A, and A, spermato-
gonia can only be distinguished by their topographical
arrangement as there are no further morphological dif-
ferences between these cells. Also, the Ag spermatogo-
nia more or less follow the proliferation pattern of the total
population of undifferentiated spermatogonia. Hence,
the As, Apr and A, spermatogonia and the regulation of
the proliferation of these cells, may be rather similar.

The cell cycle properties of the undifferentiated sper-
matogonia have been studied in the rat (Huckins 1971b)
and the Chinese hamster (Lok et al. 1983). In both
species the duration of the cell cycle of the undifferen-
tiated spermatogonia appeared to be considerably
longer than that of the differentiating spermatogonia
(Huckins 1971c; Lok & De Rooij 1983a). For example
in the Chinese hamster the duration of the cell cycle of
the undifferentiated spermatogonia was found to be at
least 90h compared to 60h for the differentiating type
spermatogonia. Furthermore, in both rat and Chinese
hamster the second peak of the curve of the labelled
mitoses of the Ag spermatogonia was much lower than
that of the A, and Ay spermatogonia. This shows that
the As spermatogonia divide slower than the A, and A,
spermatogonia although the minimum duration of the cell
cycle of the undifferentiated spermatogonia is the same.
Hence, like in other tissues, in the seminiferous epithe-
lium the stem cells have a lower rate of proliferation than
their more differentiated descendants (Lajtha 1979).

Ao model. The model of Huckins (1971a) and Oakberg
(1971) is at variance with that of Clermont & Bustos-
Obregon (1968) and Clermont & Hermo (1975). In the
latter the As and A, spermatogonia are quiescent in the
normal testis and together are called Ag spermatogonia.
The Ag spermatogonia only come into action after cell
loss, for example after irradiation. Furthermore, in this
model the A, A,, Az and A, spermatogonia still retain
stem cell properties; the A, spermatogonia at their
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division rendering both A; and In spermatogonia. The Ay
spermatogonia in this model are considered to be out of
phase A;1-A,; spermatogonia as these cells do not parti-
cipate in the synchronous waves of division characteriz-
ing the A;-A,4 spermatogonia. The Ag model is in conflict
with several experimental findings. First, the A and A,
spermatogonia are not quiescent in the normal testis but
have a distinct pattern of proliferative activity during the
epithelial cycle (Huckins 1971b; Lok & De Rooij 1983b).
Second, the A, spermatogonia have cell cycle properties
similar to those of the As and A, spermatogonia and
quite different from those of the A;-A; spermatogonia
(Huckins 1971b,c; Lok & De Rooij 1983a; Lok et al.
1983), explaining the asynchronous behaviour of the
A, spermatogonia. Third, when locally the A; spermato-
gonia are specifically removed, leaving the undifferen-
tiated spermatogonia unharmed, then in these areas
abnormally high numbers of A, but no In spermatogonia
are formed during the ensuing epithelial cycle (De Rooij
etal. 1985). The latter argues against the idea that the A,
spermatogonia are merely out of phase A;-A,; sperma-
togonia, as in that case at least the surplus of (supposed)
A4 spermatogonia could have become In spermatogo-
nia. Fourth, there is a considerable difference in radio-
sensitivity between proliferating Ay spermatogonia and
A;-A4 spermatogonia (Van der Meer et al. 1992a,b) also
suggesting that A, and A;-A4 spermatogonia are differ-
ent types of cells. Finally, recently Dupressoir & Heid-
mann (1996) studied the expression of intracisternal
A-particle (IAP) retrotransposons in transgenic mice.
Transgenic mice containing constructs of the IAP pro-
moter and a lacZ reporter gene, were found to express
the lacZ gene specifically in single and paired A sperma-
togonia and in chains of 4, 8 or 16 A spermatogonia. The
topographical arrangement of the latter chains of A

gonocytes in G1 arrest
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spermatogonia was similar to that of the A, spermato-
gonia and different from that of the A;-A4 spermatogonia
that are more widely dispersed and have a much larger
chain length. Again, this is strong evidence that A,
spermatogonia are different from A;-A, spermatogonia.

The transition from gonocytes to spermatogonia

There is still no general agreement about what happens
at the start of spermatogenesis. The daughter cells of
the gonocytes after birth may be a special type of pre-
spermatogonia that after one or more divisions give rise
to adult type spermatogonia (Novi & Saba 1968; Huckins
& Clermont 1968; Hilscher et al. 1974; Bellvé et al. 1977).
However, the evidence (only morphological in nature) for
the existence of a special kind of prespermatogonia is not
conclusive and the gonocytes might also directly give
rise to adult type spermatogonia (Figure 3; Kluin & De
Rooij 1981).

Van Haaster & De Rooij (1993) studied the appear-
ance of the subsequent types of spermatogenic cells with
age. Graphs were made from which the rate of the
spermatogenic process could be derived, indicating
that the duration of the epithelial cycle in immature
animals is much shorter than in the adult. However,
these graphs indicating when the various cell types
were identified for the first time after the start of sperma-
togenesis could also be used to extrapolate backwards
to the start of spermatogenesis where it should indicate
which cell type was formed at the division of the gono-
cytes. In the Djungarian hamster at day 4 after birth the
first labelled gonocytes can be found (Van Haaster & De
Rooij 1994), indicating that at that age spermatogenesis
starts in this species and at day 5, the first mitoses
were seen. From the extrapolation backwards to the

mitosis
A1l A2 etc

undifferentiated spermatogonia

Figure 3. Scheme of the transition from gonocytes to spermatogonia at the start of spermatogenesis.
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start of spermatogenesis it can be inferred that at day 5
the epithelium should be in stage IX where in adult
spermatogenesis the division of the A; into A, sperma-
togonia takes place (Van Haaster 1993). Carrying out the
same procedure in the Chinese hamster and the rat
rendered the same result (Figure 4).

Hence, it can concluded that either gonocytes at their
division at the start of spermatogenesis produce A,
spermatogonia or one would have to accept that in the
immature animal generations of differentiating type sper-
matogonia are skipped, because there is no time for
extra generations of spermatogonia. In view of the rather
rigid regulation of the spermatogenic process skipping of
one or more generations of spermatogonia does not
seem a very likely possibility. Moreover, the morphology
and the size of the daughter cells of the gonocytes was
found to be closely similar to those of A, spermatogonia
(Kluin & De Rooij 1981). From the gonocytes rendering
A, spermatogonia at their division one could speculate
that these cells differentiate into A; spermatogonia upon
entering the active cell cycle again.

The spermatogenic process

Spermatogenesis is very strictly regulated, the develop-
mental steps of the spermatogenic cells always taking
exactly the same time in a particular species. In addition,
mammalian spermatogenesis is a cyclic process. During
part of that cycle, the cells at the beginning of sperma-
togenesis, the undifferentiated spermatogonia, are
mostly quiescent and their number is low, only a few Ay
spermatogonia being present. Then the cells are stimu-
lated and for a certain period of time, active proliferation

Cell types and stages
N

Figure 4. Appearance of the S

subsequent spermatogenic cell types in
the Djungarian hamster during postnatal
testicular development (data from Van
Haaster 1993 and Van Haaster & De
Rooij 1994).
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results in the formation of more and more A, spermato-
gonia (Figure 5; Lok & De Ro0ij 1983b). The total number
of As and A, spermatogonia does not change much
during the epithelial cycle (Lok et al. 1982; Van Beek et al.
1984; Tegelenbosch & De Rooij 1993). After a period of
active proliferation, most of the cells become arrested in
G, phase of the cell cycle. This period of relative quies-
cence ends when almost all of the A, spermatogonia
formed during the period of proliferation, differentiate into
the first generation of the differentiating spermatogonia,
the A; spermatogonia. The differentiating spermatogonia
then go through their six divisions and ultimately become
spermatocytes. Subsequently, the spermatocytes go
through the lengthy prophase of the first meiotic division,
ultimately carry out the meiotic divisions and give rise to
spermatids. The spermatids develop into spermatozoa in
16 steps (review Russell et al. 1990). The undiffer-
entiated spermatogonia that remain after most of them
have differentiated into A; spermatogonia start to pro-
liferate again following the division of the A; into A,
spermatogoniato form a new cohort of A; spermatogonia
for the next epithelial cycle.

The interval of time between the formation of subse-
guent cohorts of new A; spermatogonia is always similar
in a particular species and is called the duration of the
epithelial cycle. Also the duration of the various steps in
the development of the spermatogenic cells is always the
same within a particular species. As a consequence the
same associations of generations of cells in particular
developmental stages are always found together along
the tubular wall. Thus, spermatids at a particular step in
their transformation into spermatozoa are always found
with spermatogonia and spermatocytes of a particular
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Figure 5. Diagram showing the cellular associations (epithelial stages) during the cycle of the seminiferous epithelium of the mouse.
Undifferentiated spermatogonia consist of Agingie (As), Apaired (Apr) and Agjigned (Aa) Spermatogonia that divide during stages X-1ll as
indicated by the arrows between the cells. During stages VIII to XI A, are rare as indicated by the brackets. In the category of
differentiating type spermatogonia the moments of division are indicated by an m. The spermatocytes go through a G1 and S phase
during which these cells are indicated as prelL (preleptotene), subsequently these cells traverse the meiotic prophase via leptotene
(L), zygotene (Z), pachytene (P) and diplotene (D) phases. The meiotic divisions render spermatids which develop in 16 steps into
spermatozoa that are shed into the lumen of the seminiferous tubules. The first 12, well recognizable, steps of spermatid
development are used to divide the epithelial cycle into 12 stages (review Russell 1990). The cell types in each column are always

found together.

stage in their respective development. This makes it
possible to divide the epithelial cycle in stages according
to steps in the development of spermatogenic cells.
In most species 12 stages are recognized based on the
development of the spermatids (reviews by Courot et al.
1970; Russell et al. 1990). For example, in stage VIII,
we find by definition step 8 spermatids, together with
step 16 elongated spermatids that are about to leave
the seminiferous epithelium, pachytene spermatocytes,
preleptotene or early leptotene spermatocytes, A;
spermatogonia and undifferentiated spermatogonia
(Figure 6).

Regulation of the proliferative activity of the
undifferentiated spermatogonia

Thus far no data have become available about the nature
of the stimulus that each epithelial cycle induces the

reinitiation of the proliferation of the undifferentiated
spermatogonia at about stage X. No situations have
been described in which the undifferentiated spermato-
gonia stayed in G1 arrest or in which the reinitiation of the
proliferative activity occurred earlier or later.

Fortunately, more is known about how in each epithe-
lial cycle the proliferative activity of the undifferentiated
spermatogonia is inhibited in stages IlI-lll. First, it
was shown by various groups that the proliferation of
the undifferentiated spermatogonia can be partly inhib-
ited by testicular extracts (Clermont & Mauger 1974;
Thumann & Bustos-Obregon 1978; Irons & Clermont
1979; De Rooij 1980). The inhibiting factor was found
to be tissue- but not species-specific, and was thought to
be a chalone but has not yet been purified.

Second, in the Chinese hamster it was found that
when the differentiating spermatogonia were specifically
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Figure 6. Photograph of a seminiferous
tubular cross-section in which the
epithelium is in stage VIII of the
epithelial cycle (see scheme in Figure 5).
In this stage elongated spermatids in
step 16 of their development (asterisks)
can be found that are about to be shed
into the lumen. Furthermore, there are
step 8 round spermatids (triangles),
pachytene spermatocytes (dots), early
leptotene spermatocytes (diamonds)
and A spermatogonia (squares). In
sections the different types of A
spermatogonia cannot be determined in
further detail.

removed from the epithelium the inhibition of the prolif-
erative activity of the undifferentiated spermatogonia
did not take place (De Rooij et al. 1985). It was
concluded that from stage 1l onwards the proliferation
of the undifferentiated spermatogonia is inhibited by
the In and B spermatogonia present in these stages
by way of a negative feedback system. This
feedback regulation might work via the production of
a chalone by the In and B spermatogonia. In this
respect it is interesting that the inhibiting activity of
the extracts was absent when they were made of testes
from which all spermatogonia were removed (De RoO0ij
1980). Alternatively, the effect of the presence of In and B
spermatogonia on the proliferation of undifferentiated
spermatogonia may be indirect via Sertoli cells.

An important question is whether or not the stem cells
are also inhibited in their proliferative activity by this
feedback system. In the Chinese hamster the DNA
labelling index (LI) of the A, and A, spermatogonia
drops sharply in stage Il while the LI of the Ag sperma-
togonia drops in early stage VIl (Lok & De Rooij 1983b).
In the rat the LI of the undifferentiated spermatogonia
drops in stage Il and that of the As spermatogonia in
stage V (Huckins 1971b). Hence it can be concluded that
the As spermatogonia are much less sensitive or perhaps
completely insensitive to the feedback regulation. If
these cells are insensitive we have to assume that the
decrease in their proliferative activity later during the
epithelial cycle is caused by a lack of stimulation. This
would be consistent with the notion that the secretory
activity of the Sertoli cells varies during the epithelial
cycle (Parvinen 1982).

Stem cell renewal and differentiation

Normal situation. As yet not many data are available
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about the regulation of the ratio between self-renewal
and differentiation of the stem cells. Cell counts in the
normal mouse and the Chinese hamster revealed that
during the period of active proliferation of the stem cells
the number of these cells slowly decreases (Van Beek et
al. 1984; De Rooij et al. 1985; Tegelenbosch & De Rooij
1993). This indicates that in such a situation more than
50% of the daughter cells become A, spermatogonia as
a first step towards differentiation. Furthermore when the
period of active proliferation of the undifferentiated sper-
matogonia is prolonged, the decrease in the number of
As spermatogonia keeps taking place. Hence there is a
relationship between the proliferative activity in the epithe-
lium and the probability of self-renewal of the stem cells.

Attempts have been made to detect a regulatory
mechanism that would ensure an even density of stem
cells and/or all the undifferentiated spermatogonia by
way of changing the ratio between self-renewal and
differentiation when necessary (De Rooij & Janssen
1987). No trace of such a regulatory mechanism was
found. Areas were found that contained widely different
numbers of As spermatogonia and/or Ay, and A, sper-
matogonia and consequently produced very many or
only few differentiating spermatogonia. It was found
that an even distribution of spermatocytes in the epithe-
lium was ensured by a density dependent degeneration
of differentiating spermatogonia in such a way that many
of these cells degenerated in high density areas and only
few or none at all, in low density areas (De Rooij & Lok
1987). Apparently, in the normal epithelium there is no
need for a precise regulatory mechanism to keep the
density of the stem cells within close limits.

After cell loss. While in the normal situation the overall
probability of self renewal of stem cells during the cycle of
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the seminiferous epithelium will have to be close to 50%,
after stem cell loss this percentage should be higher to
enable recovery of stem cell numbers. A first indication
that this is indeed happening was obtained from the
observation that both after irradiation and after adminis-
tration of busulfan isolated clones of A, spermatogonia
were extremely rare (Van Keulen & De Rooij 1975; Van
Beek et al. 1986). Isolated clones of A, spermatogonia
would arise when a surviving stem cell would directly
differentiate into A,, spermatogonia instead of renewing
itself.

Clear proof for enhanced self renewal of stem cells
after cell loss was obtained by studying the composition
of repopulating colonies formed by surviving stem cells,
6—10days after irradiation (Van Beek et al. 1990). Monte
Carlo simulations were carried out to understand stem
cell behaviour during the first 7 divisions after the inflicted
cell loss. It was found that virtually no differentiation of
stem cells occurred during the first 5 divisions, and that
the percentage of self renewing divisions remained con-
siderably higher than 50% for at least divisions 6 and 7.
As yet there are no clues about the nature of the
mechanism involved in regulating the ratio between
stem cell renewal and differentiation.

Regulation of the differentiation of undifferentiated
spermatogonia

Through the years it has become apparent that there
exists a step in spermatogonial development which is
rather vulnerable to disturbances of the normal situation.
More and more situations are being described in which
the differentiation of the A, spermatogonia into A; sper-
matogonia seems to have become blocked. These are
listed in Table 1.

A first example is the cryptorchid mouse model devel-
oped by Nishimune et al. (1978). In C57BI mice that were
surgically made cryptorchid, after 2 months only A sper-
matogonia, presumably undifferentiated spermatogonia,
remained that were unable to give rise to more differ-
entiated cells. This was despite the fact that these cells
were actively proliferating in the cryptorchid condition
(Nishimune & Haneji 1981). The situation, however,
remained reversible since after transferring the testes
back to the scrotum, normal spermatogenesis was
restored.

Second, recent data indicate that the c-kit receptor and
its ligand Stem Cell Factor (SCF), play a role in the
differentiation of A spermatogonia (review Nishimune &
Okabe 1993). Koshimizu et al. (1991) and Tajima et al.
(1991) studied the effects of mutations in the
dominant white-spotting (W) and Steel (Sl) loci on the

Table 1. Situations in which A spermatogonial differentiation
becomes arrested

Abnormality References

Cryptorchidism
W and S| mutations

Nishimune & Haneji (1981)
Koshimizu et al. (1991)
Tajima et al. (1991)

De Rooijj et al. (1994)

Van Pelt et al. (1995)
Beamer et al. (1988)
Mizunuma et al. (1992)
Boekelheide (1988)

Allard et al. (1995)

Allard et al. (1996a,b)
Kangasniemi et al. (1996)
Meistrich & Kangasniemi (1997)

Vitamin A deficiency
jsd mutant mice

Sertoli cell intoxication
with 2,5-hexanedione

Irradiated LBNF1 rats

differentiation of mouse testicular germ cells using the
experimental cryptorchidism and surgical reversal
model, described above. Heterozygous mice showed a
normal seminiferous epithelium, and when made cryp-
torchid spermatogenesis in all mice became arrested at
the level of A spermatogonia, as in wild type mice.
However, upon surgical reversal of the cryptorchidism,
spermatogenesis recovered in +/+ mice but not or
incompletely in the mice carrying W or S| mutants,
suggesting that these mutations affect the differentiation
of the A spermatogonia. These findings indicate that the
c-kit receptor/SCF system has a role in A spermatogonial
differentiation.

Third, in vitamin A deficient testes, spermatogenesis
deteriorates and ultimately only A spermatogonia
remain and in the rat (but not in mice) a few preleptotene
spermatocytes also persist (Mitranond et al. 1979). Vita-
min A replacement or continuous administration of reti-
noic acid than restore spermatogenesis (Huang &
Hembree 1979; Morales & Griswold 1987; Van Pelt &
De R00ij 1990, 1991). The A spermatogonia remaining in
the vitamin A deficient testis could be characterized as
undifferentiated spermatogonia that were apparently
unable to differentiate (De Rooij et al. 1994; Van Pelt
et al. 1995).

Fourth, adult male mice homozygous for the mutant
gene, juvenile spermatogonial depletion (jsd) are sterile
and have small testes (Beamer et al. 1988; Mizunuma
et al. 1992). It was established that in jsd/jsd mice A
spermatogonia are unable to differentiate. When semi-
niferous tubules from cryptorchid mice, containing pro-
liferating A spermatogonia unable to differentiate, were
transplanted into the scrotal testes of jsd/jsd mice, these
cells differentiated and spermatids were formed. In con-
trast, in seminiferous tubules from jsd/jsd mice trans-
planted to testes of W/W mice, which have defective A
spermatogonia themselves, no further development took

© 1998 Blackwell Science Ltd, International Journal of Experimental Pathology, 79, 67—80



place. It was concluded that the intertubular environment
of jsd/jsd mice is normal and that the defect must be
intratubular (Mizunuma et al. 1992).

Fifth, another situation in which recovery from damage
does not take place because spermatogonial differentia-
tion is impaired, is that in which the Sertoli cell toxicant
2,5-hexanedione is given to rats (Boekelheide 1988). In
these rats, spermatogenesis irreversibly deteriorates
until only actively dividing A spermatogonia are
left (Allard et al. 1995). For this model too, it was
concluded that the block was at the A spermatogonia
(Allard & Boekelheide 1996b). Interestingly, in in vitro
experiments the proliferation and survival of the remain-
ing A spermatogonia could be stimulated by adding SCF
to the cultures (Allard et al. 1996a).

Finally, an interesting phenomenon was described in
LBNF1 rats (Kangasniemi et al. 1996). After doses of
3.5-6 Gy of X-irradiation, there was an initial depletion
of the seminiferous epithelium followed by recovery up
to 4—6 weeks after irradiation. Surprisingly, thereafter
spermatogenesis deteriorated until only actively prolifer-
ating undifferentiated spermatogonia remained,
apparently unable to differentiate. However, these
undifferentiated spermatogonia could be triggered to
start normal differentiation again by treatment of the rats
with either a gonadotropin releasing hormone agonist or
testosterone (Meistrich & Kangasniemi 1997). As yet, hor-
mone receptors have not been conclusively shown to be
expressed by spermatogonia, so probably after irradiation
Sertoli cell function becomes impaired in these rats and they
no longer adequately support spermatogonial differentiation.
The transient change in hormone levels may induce normal
function again in the Sertoli cells (Table 1).

In conclusion, the differentiation of undifferentiated
spermatogonia into A; spermatogonia is a crucial
phase during the spermatogenic process. Widely differ-
ent situations such as a higher testicular temperature,
vitamin A deficiency, Sertoli cell intoxication and radia-
tion damage can cause a blockage of this differentiation
step. As yet there is no clue how the differentiation of
the undifferentiated spermatogonia is regulated and
how this process becomes arrested in these situations.
One possibility could be an impairment of Sertoli cell function
which may have happened in all situations described above,
except for that in W/W mice which lack the c-kit receptor.
However, in this case the supportive action of the Sertoli
cells is without effect as the spermatogonia cannot respond
to the SCF secreted by the Sertoli cells.

Expression of apoptosis and cell cycle genes
in spermatogonia

Recently, initial steps have been made in unraveling the
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molecular basis of the mechanisms that determine
whether cells will progress through the cell cycle, differ-
entiate or go into apoptosis. Many genes appeared to be
involved and additional ones are discovered regularly. As
yet, only a few of these genes have been studied with
respect to their expression in the testis.

One of the genes that has been studied is p53, also
referred to as the guardian of the genome, which has
important functions in cell growth and differentiation
(review Levine 1997). Using in situ hybridization, during
normal mouse spermatogenesis, p53 mRNA was only
detected in early spermatocytes (Schwartz et al. 1993).
The p53 protein was also found to be expressed in
spermatocytes, as determined by using CAT reporter
transgenic mice (Almon et al. 1993) and immuno-
histochemistry in the rat (Sjoblom et al. 1996). From
these results it was concluded that p53 has a role
during the meiotic prophase. In these studies no expres-
sion of p53 was found in normal spermatogonia, nor after
irradiation. In the normal mouse testis, using immuno-
histochemistry, we also did not see p53 protein expres-
sion in spermatogonia. However, after a dose of 4 Gy of
X-rays, high levels of p53 staining were observed in
spermatogonia (Beumer et al. 1998). Because virtually
all spermatogonia are doomed to go into apoptosis after
a dose of 4 Gy of X-rays (Beumer et al. 1997), p53
expression in spermatogonia correlates with apoptosis
induction. Moreover, at 10days after irradiation
increased numbers of giant cells were found (Beumer
et al. 1998). As these giant cells are lethally damaged
spermatogonial stem cells that eventually will disappear
via apoptosis (Van Beek et al. 1984), it can be concluded
that p53 is involved in stem cell apoptosis.

A well studied group of apoptosis effectors is the Bcl-2
family of proteins which can either induce or protect from
apoptosis. Regularly, new proteins are discovered which
belong to this family, characterized by the presence of
Bcl-2 homology 1 and 2 (BH1 and BH2) domains. These
domains allow the Bcl family members to form homo-
dimers or heterodimers with each other. The balance
between homo- and heterodimers is crucial for the
decision whether or not a cell will enter the apoptotic
pathway (Korsmeyer 1995; Kroemer 1997). Bcl-2 is not
detected in the mammalian testis (Rodriguez et al. 1997;
Beumer & De Rooij unpublished observations in the
mouse). Nevertheless, Bcl-2 overexpression in sperma-
togenic cells has dramatic effects on spermatogenesis.
During normal spermatogenesis, considerable numbers
of spermatogonia go into apoptosis as a consequence of
the density regulatory mechanism (see above). When
Bcl-2 is overexpressed this density regulation does not
take place, a massive accumulation of spermatogonia
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occurs and subsequently both spermatogonia and
the spermatocytes that are formed, go into apoptosis
(Furuchi et al. 1996; Rodriguez et al. 1997). These
results showed that the Bcl-2 family is important in
spermatogenesis although the Bcl-2 protein itself does
not seem to be normally involved. Probably, another
family member, the Bcl-x gene is involved which pro-
duces at least two splice variants, Bcl-xs and Bcl-x,.
Whereas Bcl-x_ suppresses apoptosis, Bcl-xs has
opposing effects. In mice overexpressing Bcl-x_ the
same phenomena were seen as with overexpression of
Bcl-2 (Rodriguez et al. 1997).

Bax is a 21 kD protein, belongs to the Bcl-2 family and
is a potent inducer of apoptosis. While Bax is barely
detectable using immunohistochemistry (Krajewski et al.
1995), Bax knock out mice were found to be sterile
(Knudson et al. 1996; Rodriguez et al. 1997). The
histological features of the testes from Bax knock out
mice resembled that of the Bcl-2 and Bcl-x, transgenic
testes, i.e. accumulation of spermatogonia. Although
Bax is an apoptosis inducer, apoptosis is massively
present in the Bax knock out mouse testis. Hence,
spermatogonia and early spermatocytes can also go
into apoptosis via a pathway not involving the Bax
protein. Clearly, the Bcl-2 family has a role in the regula-
tion of apoptosis in germ cells. To date, only a few of the
many members of this family have been studied with
respect to a possible role in the testis, but Bcl-x and Bax
seem involved in regulating germ cell numbers and the
removal of damaged cells.

Spermatogonial stem cell transplantation

An exciting new development has been the establish-
ment of a method to transplant spermatogonial stem
cells from one mouse to another (Brinster et al.
1994a,b; Dym 1994). A mixture of testicular cells was
obtained from postnatal or foetal mice, and injected into
seminiferous tubules of either mice that previously were
given a cytostatic agent (busulphan) to destroy their
seminiferous epithelium or of mutant W/W mice lacking
a functional seminiferous epithelium because of a stem
cell defect. The spermatogonial stem cells within the
mixture of cells injected were found to be able to move
to the basal membrane of the recipient tubules and to
repopulate the injected tubules with a seminiferous
epithelium that in some tubules was normal while in
others some impairment was noted (Russell et al.
1996). In addition, some recipient mice were found to
become fertile again thanks to spermatozoa derived
from donor stem cells. It has also proved possible to
transplant rat spermatogonial stem cells into the testes of

immunodeficient mice (Clouthier et al. 1996). Ultrastruc-
tural observations revealed that the rat spermatogonial
stem cells initiated repopulating colonies showing a
seminiferous epithelium with normal cellular associations
(epithelial stages), while being supported by mouse
Sertoli cells (Russell & Brinster 1996). This was espe-
cially remarkable when one takes into account that the
duration of the cycle of the seminiferous epithelium of the
rat is about 50% longer than that of the mouse. It further
proved possible to cryopreserve spermatogonial stem
cells (Avarbock et al. 1996). Recently, the method has
been extended by transplanting stem cells via injection of
the rete testis or of the efferent ductules (Ogawa et al.
1997).

Although the spermatogonial stem cell transplantation
method has not yet been applied experimentally, there
are many new possibilities. First, it will become possible
to study the effect of a particular treatment or of a
particular gene mutation on spermatogenesis and on
the somatic cells in the testis (including Sertoli cells)
separately. In the normal situation it is often difficult to
distinguish between the effects of a treatment or muta-
tion on germ cells or on somatic cells. Second, it provides
a new tool to study the role of those genes in spermato-
genesis, that upon general over-expression or in a
knock-out situation would be lethal to the animals.

Neoplasia

In adult men, seminomas and nonseminomatous germ
cell tumours or a combination of both, are the most
important testicular tumours. Both tumour types are
thought to be derived from a common dysplastic
germ cell precursor, the carcinoma in situ cells (CIS)
(Skakkebaek et al. 1987). CIS cells have histological
characteristics of gonocytes, are rich in glycogen and
express germ cell-specific alkaline phosphatase.
Although seminomas and nonseminomatous germ cell
tumours are only found in the adult testis, CIS cells can
already be seen in the prepuberal testis. This has led to
the idea that the origin of the tumour must be sought
before puberty and even before birth. Recently, it was
found that for a number of immunohistochemical markers
CIS cells resemble the gonocytes present in the 9 week-
old foetus and much less the primordial germ cells in the
6 weeks old foetus (Jorgensen et al. 1995). From this it
was concluded that CIS cells most likely derive from
gonocytes, and not from the primordial germ cells. Inter-
estingly, CIS cells do not form intercellular bridges
(Gondos 1993), indicating that these cells are blocked
in the very first visible step of differentiation. An alter-
native hypothesis for the origin of human germ cell
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tumours is that they arise from spermatocytes in the
prophase of meiosis (Chaganti et al. 1994).

Unfortunately, there are no animal models for semi-
nomas and nonseminomatous germ cell tumours as
they occur in the human. Germ cell tumours found in
129/Sv-ter mice and in dogs appeared different
from human tumours (Walt et al. 1993; Looijenga et al.
1994), the seminomas described for the dog resembling
spermatocytomas occurring in elderly men. The in vitro
models developed for human germ celltumours are not yet
suitable for detailed studies on the development of these
tumours and to study their progression with time (Berends
et al. 1991; Olie et al. 1994, 1995).

Conclusions and perspectives

The behaviour of spermatogonial stem cells and the
other spermatogonial cell types during development
and in the adult testis has now been described in
considerable detail. Emphasis now will be on studying
the regulation of spermatogonial behaviour. While
important data have already been obtained on the
regulation of the inhibition of the proliferation of the
undifferentiated spermatogonia, nothing is known yet
about the mechanisms that induce proliferation of these
cells. Many experimental situations are known in which
an arrest in the differentiation of the undifferentiated
spermatogonia into differentiating type spermatogonia
occurs; this differentiation step is clearly a rather
vulnerable one. Obtaining knowledge on the way the
proliferative activity of undifferentiated spermatogonia
can be stimulated and on how their differentiation is
regulated will be a major goal in future testis research
and could well be of clinical importance for treating
oligospermic patients.

The first steps are being made in unravelling the
molecular mechanisms that regulate spermatogonial
behaviour. The P53 and the Bcl-2 families have already
been found to be important. However, there are
many other regulatory genes the importance of which
to the testis remain to be ascertained. In elucidating
the role of regulatory genes in spermatogenesis, the
recently developed technigue of spermatogonial stem
cell transplantation will no doubt prove to be invaluable.
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