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During normal spermatogenesis, more than half of the germ
cells undergo apoptosis, but the physiological significance
and molecular mechanisms of this programmed cell death
are largely unknown. Because Bcl-2 functions as a death
repressor, we have investigated the effect of misexpressing
Bcl-2 in spermatogonia in transgenic mice using the human
bcl-2 cDNA under the control of the human polypeptide
chain elongation factor 1α (EF-1α) promoter. In the 2-
week-old transgenic testes, exogenous Bcl-2 was expressed
in spermatogonia and massive accumulation of spermato-
gonia was observed in seminiferous tubules by 4 weeks. At
this time, only a few spermatocytes were apparent, and the

accumulated cells degenerated, leading to vacuolization in
some seminiferous tubules by 7 weeks. In older transgenic
mice, abnormal accumulation of spermatogonia and degen-
eration of these germ cells was still observed, but some sem-
iniferous tubules in which the level of Bcl-2 expression was
reduced recovered normal spermatogenesis. These obser-
vations indicate that spermatogonial apoptosis is part of the
normal program of mammalian spermatogenesis and is
regulated by a pathway affected by Bcl-2.
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SUMMARY
INTRODUCTION

Apoptosis or programmed cell death is an active process which
controls cell numbers in a variety of tissues and is involved in
morphogenesis during embryonic development and throughout
adult life (Raff et al., 1993; Schwartzman and Cidlowski, 1993;
Uker, 1991; Williams, 1991). Cell death also occurs sponta-
neously at various phases of germ cell development and
appears to play a major role during spermatogenesis. (Allan et
al., 1987; Bartke, 1995). However, the physiological signifi-
cance and molecular mechanisms responsible for the process
have remained obscure.

Although there is no consensus on the identity of spermato-
gonial stem cells, the As (isolated undifferentiated type A) sper-
matogonia are most widely thought to be the only population of
stem cells (Russell et al., 1990; Meistrich and van Beek, 1993).
When type As spermatogonia divide, they produce either two As
cells or paired spermatogonia (Apr) linked by an intercellular
bridge, which results from incomplete cytokinesis. The produc-
tion of type Apr spermatogonia is the first step toward differen-
tiation. Proliferation of type Apr spermatogonia produces linked
or aligned spermatogonia (Aal) in chains of 4-32 cells. They then
give rise to several generations of differentiating spermatogonia,
namely type A1-A4, intermediate (In) and type B spermatogo-
nia. In the rodent, there is substantial death of spermatogonia of
types A2 and A3, and lesser involvement of type A4. Previous
morphological studies have implicated apoptosis in spermato-
gonial death during spermatogenesis (Allan et al., 1987; Bartke,
1995). From quantitative studies, it has been shown that only
25% of the theoretically possible number of preleptotene sper-
matocytes is produced from the original population of A1 sper-
matogonia (Allan et al., 1987). Death of selected spermatocytes
and spermatids is also a regular feature of normal spermato-
genesis and about 20% of germ cells degenerate between prelep-
totene primary spermatocytes and mature spermatids. With-
drawal of gonadotropins and/or testosterone enhances the germ
cell degeneration and it seems that apoptosis of germ cells in the
testis is under the control of FSH and testosterone (Allan et al.,
1987; Bartke, 1995; Billig et al., 1995; Henriksen et al., 1995;
Hikim et al., 1995; Kangasniemi et al., 1995).

The prototypic regulator of mammalian cell death is the pro-
tooncogene bcl-2 (Korsmeyer, 1992a,b). Bcl-2 was originally
cloned from the breakpoint of a t(14;18) translocation present
in many human B cell lymphomas (Bakhashi et al., 1985;
Cleary and Sklar, 1985; Tsujimoto et al., 1985). This translo-
cation results in the deregulated expression of the bcl-2 gene as
a result of its juxtaposition to the immunoglobulin heavy chain
gene locus (Cleary et al., 1986; Graninger et al., 1987; Seto et
al., 1988). The product of the bcl-2 gene, which encodes a
membrane-associated protein, prevents the normal course of
cell death without altering proliferation in cultured cells (Hock-
enbery et al., 1990; Korsmeyer, 1992a,b; Reed, 1994). Trans-
genic mice expressing bcl-2 in the lymphoid lineage have
increased numbers of resting B cells (McDonnell et al., 1989,
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Fig. 1. Structure and expression of the bcl-2 transgene. (A) bcl-2
transgene construct used to generate transgenic mice. The construct
contains the EF-1α promoter (1.2 kb) fused to the human bcl-2
cDNA (0.95 kb) and the poly(A) adenylation signal from human
granulocyte colony-stimulating factor (G-CSF) cDNA. The arrows
indicate the primer used for RT-PCR. (B) Expression of human bcl-2
in transgenic mice. (a) RT-PCR of total RNA from various tissues of
a transgenic mouse (TG1 and TG8). The 0.59 kb band represents the
RT-PCR products specific to the exogenous bcl-2 gene. (b) Southern
blot analysis of RT-PCR products with human bcl-2 cDNA probe.
(c) RT-PCR of hypoxanitine phosphoribosyltransferase (Hprt) used
as an internal control. 
1990; Strasser et al., 1990, 1991). However, expression in the
T-cell lineage does not prevent clonal deletion of autoreactive
T cells (Sentman et al., 1991; Strasser et al., 1991). Bcl-2 can
also protect a proportion of neurons from cell death during
development (Farlie et al., 1995; Martinou et al., 1994). These
observations suggest that there are multiple death pathways,
some of which are regulated by Bcl-2. Recently, several addi-
tional proteins homologous to Bcl-2 have been isolated and
interaction among these proteins seems to be important for
control of cell survival (Boise et al., 1993; Oltvai et al., 1993).
One of these proteins, termed Bax, functions to counter the
effects of Bcl-2 on cellular survival (Oltvai et al., 1993). The
ratio of Bcl-2 to Bax proteins is the critical determinant of cell
fate such that elevated Bcl-2 favors extended survival of cells,
whereas increasing levels of Bax expression concomitantly
accelerate cell death. A similar situation has also been described
for products of the bcl-x gene (Boise et al., 1993). The bcl-x
gene encodes two proteins: Bcl-xL which promotes cell survival
and Bcl-xS, a splice variant of bcl-xL, which antagonizes Bcl-2
function. However, it is not known how the interaction of these
proteins regulates apoptosis in a physiological context.

In the present study, we generated transgenic mice express-
ing the human bcl-2 gene in spermatogonia and have analyzed
how Bcl-2 influences their development.

MATERIALS AND METHODS

Production of transgenic mice
The DNA fragment used for microinjection is shown in Fig. 1A. A
1.2 kb HindIII-EcoRI fragment containing human EF-1α promoter
and a 0.7 kb XbaI-EcoRI fragment containing poly(A) adenylation
signal from G-CSF cDNA were derived from pEF-BOS (Mizushima
and Nagata, 1990). A 0.9 kb fragment of the bcl-2 cDNA contains the
entire coding sequence for the human bcl-2 gene (Tsujimoto and
Croce, 1985). Transgenic mice were produced by microinjection of a
2.8 kb ClaI-NotI fragment isolated from the plasmid into the pronuclei
of fertilized mouse eggs (DBA/2 × C57BL/6 F1) as described by
Hogan et al. (1994). Integration of the transgene was detected by
Southern blot hybridization with DNA obtained from tail biopsies
using the 1.2 kb HindIII-EcoRI human EF-1α promoter fragment as
a probe. All mice were mated with C57BL/6 mice.

RT-PCR analysis
Expression of the transgene was detected by RT-PCR analysis. Total
RNA (5 µg) prepared by the method of acid guanidium thiocyanate
phenol chloroform (Chomczynski and Sacchi, 1987) was reverse tran-
scribed into cDNA using SuperScript RT (BRL SuperScript Preampli-
fication System). The PCR was performed in 10 µl of solution con-
taining PCR optimizer buffer F (Invitrogen), 10% dimethyl sulfoxide
and AmpliTaq DNA polymerase. The cDNAs were amplified with
specific primers for the exon1 region of the EF-1α promoter (5′-
GGTTTGCCGCCAGAACACAG-3′) and for human bcl-2 cDNA (5′-
GGTTGACGCTCTCCACACAC-3′) for 30 cycles under the following
conditions: 40 seconds at 94°C, 30 seconds at 65°C and 1 minute at
72°C. The amplified products were separated by 1.4% agarose gel elec-
trophoresis. Southern blot was carried out at 42°C with random primed
bcl-2 cDNA probe (1× 109 cpm/µg), after which the membrane was
washed three times with 2× SSC, 0.1% SDS at room temperature and
then two times with 0.2× SSC, 0.1% SDS at 65°C. PCR of Hprt was
performed as described previously (Nagamine et al., 1990).

Histology and immunocytochemistry
For hematoxylin and eosin staining and immunohistochemistry with
anti-human Bcl-2 antibody, tissues were fixed in Bouin’s fixative for 3
hours and routinely processed for paraffin embedding and sectioning (5
µm). For immunostaining with anti-human Bcl-2 antibody, sections
were treated with 0.3% hydrogen peroxide in PBS for 20 minutes and
washed with PBS. Sections were then treated with 5% skimmed milk
(Difco) in PBS, followed by incubation with anti-human Bcl-2 poly-
clonal antibody (Pharmingen, 1:800 dilution) overnight at 4°C. Sections
were washed 3 times with 0.02% Tween 20 in PBS and were treated
with horseradish peroxidase complex conjugated to goat anti-rabbit IgG
(Zymed, 1:500 dilution) for 30 minutes at room temperature, followed
by 3 washings with 0.02% Tween 20 in PBS. Bound peroxidase was
visualized with 0.01% hydrogen peroxide and 0.05% diaminobenzidine
in PBS. Sections were counterstained with hematoxylin. Immunostain-
ing with EE2 (Koshimizu et al., 1995) and BC7 (Koshimizu et al., 1993)
was carried out as described.

In situ DNA 3′-end labeling
Tissues were fixed in 10% neutral buffered formalin and routinely
processed for paraffin embedding and sectioning (5 µm). Sections
were stained with an Apop Tag In Situ Detection Kit (Oncor)
according to the instruction of the manufacturer.

RESULTS

Generation of transgenic mice expressing human
bcl-2
We initially attempted to overexpress Bcl-2 in many tissues,
including germ cells, and with this goal in mind we used the
EF-1α promoter (Mizushima and Nagata, 1990; Uetsuki et al.,
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Fig. 2. Inhibition of germ cell death in 2-week-
old bcl-2 transgenic mice. (A,B) Sections of a
testis from a 2-week-old transgenic mouse from
line TG1 (A) and a normal littermate (B),
stained with hematoxylin and eosin. (C,D) In
situ 3′-end labeling of DNA by the TUNEL
method using testis sections of a 2-week-old
transgenic mouse from line TG1 (C) and a
normal littermate (D). (E,F) Sections of testis
from a newborn (E) and a 2-week-old (F)
transgenic mouse from line TG1, stained with
anti-human Bcl-2 antibody. Scale bar, 50 µm.
1989) for the transgenic construct (Fig. 1A). To our surprise,
however, the transgene was preferentially expressed in gonads.
As shown in Fig. 1B, high level expression of the transgene
was detected in line TG1 and TG8 in the testes and/or ovary
Fig. 3. Apoptosis of spermatogonia in
2-week-old wild-type mice. (A,B)
High magnification photographs of
testis sections from a 2-week-old
normal littermate, stained by the
TUNEL method. (C,D) High
magnification photographs of testis
sections from a 2-week-old normal
littermate, stained with hematoxylin
and eosin. Apoptotic cells showing
dense, compacted nuclear chromatin
(arrowhead). Scale bar, 10 µm.
and at much lower levels in other tissues. A total of eleven
different transgenic mice, eight females (TG1-TG8) and three
males (TG9-TG11), were obtained. The copy number of the
exogenous bcl-2 gene varied in the range of 1-15 (TG1
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tion of spermatogonia in seminiferous tubules in 4-week-old bcl-2
A,B) Sections of testis from a 4-week-old transgenic mouse from line
rmal littermate (B), stained with hematoxylin and eosin. (C,D) In situ 3′-

A by the TUNEL method using testis sections from a 4-week-old
from line TG1 (C) and a normal littermate (D). (E,F) Sections of testis
 transgenic mouse from line TG1 (E) and a normal littermate (F), stained

antibody (mAb) BC7, specific for zygotene and early pachytene
) Adjacent sections to those in E, stained with anti-human Bcl-2 antibody.
stis from a 7-week-old transgenic mouse from line TG1, stained with mAb
permatogonia to zygotene spermatocytes. Scale bar, 50 µm.
contained >10 copies and TG8 contained 3-4 copies), as
estimated by Southern blot hybridization (data not shown).

Sterility of transgenic mice
During the course of these experiments, it was noted that the
male founders (TG9, 11) and male offspring from five lines
(TG1, 2, 3, 5, 8) never bred. Fertility of the females from four
lines (TG2, 3, 5, 6) also seemed to be reduced, but the male
phenotype was more severe. None of the founders or their
offspring showed gross abnormality other than reduced
fertility, except line TG5. Two F1 offspring
of this line had webs between the 1st and
2nd toes on their hind limbs (unpublished
result).

Histology of the male genital
organs of transgenic mice
The male phenotype of lines TG1 and TG8
has been studied in detail and was identical.
At birth, the testis was histologically normal
and expression of exogenous Bcl-2 was
observed only in a few cells (Fig. 2E). 2
weeks later, although testis histology still
seemed to be normal (Fig. 2A,B), ectopic
Bcl-2 expression was detected in basally
located cells, many of which are spermato-
gonia and some spermatocytes (Fig. 2F).
Expression of endogenous Bcl-2 was not
detected in age-matched non-transgenic lit-
termates (data not shown). At this age,
degeneration of some germ cells was
detected by the terminal deoxynucleotide
transferase-mediated dUTP-biotin nick end
labeling (TUNEL) method (Gavriele et al.,
1992) in normal mice (Figs 2D, 3). These
TUNEL-positive cells, some of which
seemed to be spermatogonia (Fig. 3A,B),
also showed the typical morphological
feature of apoptosis (arrowhead, Fig. 3C,D).
However, much fewer positive cells were
detected in the transgenic mice (Fig. 2C).

Testes of 4-week-old transgenic mice
were found to be enlarged. The weight of the
testes was about twice that of normal litter-
mates (Table 1). Histological examination
showed that numerous germ cells had accu-
mulated in all seminiferous tubules (Fig.
4A). To identify these cells, we used germ
cell stage specific monoclonal antibody EE2
(Koshimizu et al., 1995), specific for type A
spermatogonia to zygotene spermatocytes,
and BC7 (Koshimizu et al., 1993), specific
for zygotene and early pachytene spermato-
cytes (Fig. 4F). Most of these cells were
EE2 positive (Fig. 4H) and BC7 negative
(Fig. 4E). From the staining specificity and
morphological features of the cells, they
were identified as spermatogonia. Although
some spermatocytes were present near the
center of some tubules and a part of them
were stained by BC7 (Fig 4E), normal sper-

Fig. 4. Accumula
transgenic mice. (
TG1 (A) and a no
end labeling of DN
transgenic mouse 
from a 4 week-old
with monoclonal 
spermatocytes. (G
(H) Sections of te
EE2, specific for s
matogenesis was apparently inhibited. In contrast, the normal
testis contained spermatids and spermatozoa (Fig. 4B). The
expression level of exogenous Bcl-2 varied among the accumu-
lated germ cells (Fig. 4G). At this time, a significant proportion
of these germ cells in which Bcl-2 expression decreased tended
to be positive for TUNEL staining (Fig. 4C), while only a few
spermatocytes were stained in the normal testes (Fig. 4D).

By 7 weeks of age, vacuolization of many seminiferous
tubules was apparent (Fig. 5A). Most of the germ cells were
deleted in these tubules, but a few spermatogonia could still be
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Table 2. Weight of prostate and seminal vesicle from
transgenic mice and normal littermates*

Organ Wild (mg)† TG (mg)

Prostate 20.9±2.2 (4) 22.7±3.4 (3)
Seminal vesicle 230.6±14.9 (3) 235.6±11.1 (3)

*Organs from transgenic mice from lines TG1 and TG8 and normal
littermates were dissected, and wet weight determined.

†The mean±s.e.m. and the number of organs analyzed (in parentheses) is
indicated.

Table 1. Weight of testes from transgenic mice and normal
littermates*

Age (weeks) Wild (mg)† TG (mg)

4 46.1±1.6 (4) 81.8±3.1 (4)
7 100.2±2.5 (4) 36.7±1.3 (2)
12 112.6±2.5 (8) 28.5±1.0 (8)

*Testes from transgenic mice from lines TG1 and TG8 and normal
littermates were dissected, and wet weight determined

†The mean±s.e.m. and the number of testes analyzed (in parentheses) is
indicated.
detected. However, some tubules were still abnormally filled
with undifferentiated and/or atypical germ cells, many of
which were Bcl-2 positive (Fig. 5B). The weight of the trans-
genic testes had decreased to about one-third that of normal lit-
termates (Table 1).

By 6 months of age, spermatogenesis had partially
recovered and about one-third of the tubules contained
elongated spermatids and even spermatozoa (Fig. 5C). Bcl-2
expression was not detected in these recovering tubules
(arrow), while some tubules were still filled with Bcl-2-
expressing spermatogonia and atypical germ cells (arrowhead,
Fig. 5D). Recovering spermatogenesis was very rarely
observed (one or two tubules per testis), even at 7 weeks of
age (data not shown).

It is unlikely that this phenotype was caused by hormonal
abnormality, because the weights of the prostate and the
seminal vesicles of line TG1 and TG8 were normal (Table 2),
suggesting that the androgen level was not altered in the trans-
genic mice.

DISCUSSION

We have generated transgenic mice which ectopically express
the bcl-2 transgene in spermatogonia. The EF-1α/human bcl-
Fig. 5. Vacuolization of seminiferous
tubules and recovery of
spermatogenesis in 7-week-old and 6-
month-old bcl-2 transgenic mice.
(A,B) Sections of testis from a 7 week-
old transgenic mouse from line TG1,
stained with hematoxylin and eosin
(A) and anti-human Bcl-2 antibody
(B). (C,D) Sections of testis from a 6-
month-old transgenic mouse from line
TG1, stained with mAb BC7 (C) and
anti-human Bcl-2 antibody (D).
Arrow, recovering tubule; arrowhead,
tubule with Bcl-2-expressing germ
cells. Scale bar, 50 µm.
2 fusion gene in these mice was strongly expressed in gonads,
but only a faint signal was detected in other tissues. This is not
due to the position of the transgene insertion, since at least two
independent transgenic lines showed similar pattern of
expression. Although the EF-1α gene is normally expressed in
most tissues (Mizushima and Nagata, 1990; Uetsuki et al.,
1989), and the regulatory region of the gene which we used for
the transgene construct can direct strong expression in various
cultured cells (Mizushima and Nagata, 1990), the truncated
regulatory region apparently activates transcription preferen-
tially in germ cells in a physiological context.

The most striking feature of the transgenic mice was adult
testes with abnormal seminiferous tubules, some of which were
filled with spermatogonia and others lacking most germ cells
(Fig. 5A). Abnormal accumulation of spermatogonia was more
apparent during the first wave of spermatogenesis. Although 2-
week-old testes of the transgenic mice were seemingly normal,
exogenous Bcl-2 was expressed in basally located germ cells,
many of which are spermatogonia (Fig. 2F) and TUNEL-
positive cells apparently decreased (Fig. 2C,D). However,
there were a significant number of TUNEL-positive cells in
normal testes and some of these cells were spermatogonia,
judging from their morphology (Fig. 3). At 4 weeks of age, all
tubules were abnormally filled with spermatogonia, most of
which expressed exogenous Bcl-2 (Fig. 4G). These observa-
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tions indicate that ectopically expressed Bcl-2 inhibited normal
spermatogonial apoptosis, leading to accumulation of sper-
matogonia by 4 weeks. In normal spermatogenesis, a propor-
tion of type A2-A4 spermatogonia undergo apoptosis (Allan et
al., 1987), and death-survival balance may be controlled by
Bcl-2 or other related molecules. Because Bcl-2 and a struc-
turally related death repressor molecule, Bcl-x, are not
expressed in spermatogonia (Hockenbery et al., 1990;
Krajewski et al., 1994), other unidentified molecules of this
family should be a physiological regulator for spermatogonial
cell death. It has recently been reported that bax-deficient mice
have a similar testicular abnormality as our bcl-2 transgenic
mice (Knudson et al., 1995). Bax has been identified as a Bcl-
2 associated molecule which antagonizes Bcl-2 and accelerates
apoptosis (Boise et al., 1993). In spermatogonia, Bax may
associate with a Bcl-2 related molecule and together the two
proteins determine cell survival or death. In testes of 4-week-
old transgenic mice, some spermatocytes were found and they
were often multinucleate (Fig. 4E). In contrast, numerous
meiotic spermatocytes and spermatozoa were present in
normal testis at this age (Fig. 4F). This result suggests that the
differentiation of the surviving germ cells is prevented and
even if the cells initiate the meiotic cycle, it may progress
improperly. From these observations, we suggest that atypical
spermatogonia, forced to survive by exogenous Bcl-2, may be
at a disadvantage for further differentiation. Alternatively, Bcl-
2 could also directly affect the progression of meiosis. In
addition, the normal interaction between Sertoli cells and sper-
matogonia, which is known to be important for their growth
and differentiation (Hecht, 1995; Russell and Griswold, 1993),
may be disrupted in the transgenic mice, and this could lead to
abnormal differentiation of spermatogonia. However, Sertoli
cells themselves may be normal, because, as discussed below,
spermatogenesis recovered in some seminiferous tubules in
older mice due to decreased expression of the exogenous Bcl-
2 in the germ cells. Moreover, androgen levels were not altered
in the transgenic mice, and this suggests that Leydig cells
function normally. 

A significant propotion of the accumulated germ cells were
stained by the TUNEL method and were degenerating (Fig.
4C). This may be why some seminiferous tubules lack most
germ cells at 7 weeks of age. The germ cell death may be, at
least in part, due to diminishing expression of exogenous Bcl-
2 because a significant proportion of TUNEL-positive cells
were found in the central region of the tubules where a lot of
cells tend to lose the bcl-2 expression (Fig. 4C,G). In addition,
defective spermatogonia and/or abnormal interaction between
spermatogonia and Sertoli cells could be reasons for their
failure to survive. After most of the germ cells were deleted, a
few spermatogonia were still found that could have been
renewing stem cells (Fig. 5A), and they may have filled the
tubules again. However, each germ cell depleted tubule may
start to accumulate spermatogonia at different times, i.e. sper-
matogonia in some tubules may remain resting and others
initiate cycling immediately. This may result in the co-
existence of filled and empty tubules in older mice.

We found that some seminiferous tubules, in which Bcl-2
positive germ cells were absent, recovered spermatogenesis at
6 months of age (Fig. 5C,D). The expression of the bcl-2
transgene seemed to fluctuate in spermatogonia, and in the
recovering tubules the Bcl-2 expression may be decreased in
spermatogonia prior to the expansion, and these cells then
could undergo normal apoptosis.

Our results show the consequence of ectopic expression of
Bcl-2 in spermatogonia. They provide evidence that the
renewal, differentiation and apoptosis of spermatogonia are
closely correlated and that a pathway affected by Bcl-2 plays
a major role in switching the developmental fates of sper-
matogonia. Several transgenic mice with sterile phenotypes
have been reported (Al-Shawi et al., 1988; Hekman et al.,
1988; Iwakura et al., 1988), but none of these showed the same
abnormality as that shown here. Our transgenic mice thus
provide a unique model for studying the choice between death
and survival in spermatogonia.
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