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Abstract
Expression of bcl-w, a close relative of bcl-2 is essential for
male fertility in mice. Although the initial wave of spermato-
genesis inbcl-w7/7mice proceeds normallyuntil3 ± 4weeks
of age, adults fail to produce sperm. To clarify why bcl-w is
essential for adult but not juvenile spermatogenesis, we
investigated the expression pattern of eight bcl-2 family
members. We found that both the level and pattern of
expression varied in different cell types during juvenile and
adult spermatogenesis. Anti-apoptotic genes bcl-w, bcl-2 and
bcl-xL were all expressed in spermatogonia during juvenile
spermatogenesis, but only bcl-w was detected in spermato-
gonia of adult mice. A similar shift was evident in Sertoli cells.
This developmental regulation may co-ordinate physiological
germ cell apoptosis in wild type mice and account for the time
of onset for pathological germ cell apoptosis in bcl-w 7/7
animals. Cell Death and Differentiation (2001) 8, 225 ± 233.
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Introduction

Apoptosis is essential for the removal of cells during many
developmental processes, including spermatogenesis.1,2

Proteins of the Bcl-2 family are key regulators of apoptosis
(reviewed in 3 and 4): certain members promote cell survival
(e.g. Bcl-2, Bcl-xL, Bcl-w and A1/Bfl-1) while others promote
cell death (e.g. Bax, Bak, Bad and Bim), and their relative
abundance in any cell may determine its fate.4

Mammalian spermatogenesis is activated soon after
birth. In mice, during the first 5 days post partum,
mitotically arrested gonocytes within the testicular cords
re-enter the cell cycle, differentiate into spermatogonia and
proliferate. At approximately day 10, spermatogonia start to
differentiate into spermatocytes, and initiate meiosis. By
day 20, haploid spermatids are evident and by day 35,5

spermatozoa appear in the lumen of seminiferous tubules.
Subsequent waves of spermatogenesis in adult mice occur
continuously, with self-renewing spermatogonial stem cells
regularly re-seeding the germ cell population.

During the first spermatogenic wave, somatic cells in the
testis are also proliferating and maturing. The Sertoli cells,
which surround and support the germ cells, cease
proliferation by day 16,6 the fetal Leydig cell population,
still present at birth, remains stable through adult life, while
the adult type Leydig cell population emerges from a
separate precursor pool first recognized at day 107 and, by
around day 25, the contractile peritubular myoid cells
surrounding the seminiferous cords adopt their mature,
flattened phenotype and secrete the basal lamina
components characteristic of the mature testis.8

The first wave of spermatogenesis is accompanied by
extensive apoptosis of pre-meiotic germ cells, which may
reflect adjustment in the number of germ cells to match the
capacity of the available supporting Sertoli cells.9,10 While
germ cell apoptosis also occurs during adult spermatogen-
esis, it is less common, and may in some cases represent
selective removal of damaged cells.11 ± 13

Spermatogenic defects observed in genetically modified
mice suggest that several bcl-2 family members play critical
roles in the maintenance of testicular homeostasis.
Inactivation of endogenous pro-apoptotic bax, or trans-
genic expression of anti-apoptotic bcl-2 or bcl-xL in germ
cells resulted in the accumulation of pre-meiotic cells and a
failure of both the first spermatogenic wave and adult
spermatogenesis.14 ± 16 In contrast, in mice lacking a
functional bcl-w gene, the first wave of spermatogenesis
progressed normally, but the increased rate of germ cell
degeneration initiated between 2 and 4 weeks after birth
resulted in adult sterility.17,18

While several Bcl-2 homologs have been detected in the
testis, their distribution profiles within the various cell types
has not been addressed in detail. In this study, we have
investigated the mRNA expression pattern of three anti-
apoptotic family members bcl-2 and its closest homologs,
bcl-xL, and bcl-w. Four pro-apoptotic relatives were also
surveyed: bax and bak, which are quite similar in structure
to bcl-2, bad and bim, which are related only by the small
BH3 domain.3 The data suggest that different combinations
of apoptosis regulators contribute to homeostasis of each
cell type within the seminiferous epithelium at various
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stages of testicular development. The implications of these
results for the testicular phenotype of mice lacking
expression of bcl-w or having perturbed expression of
other bcl-2 family members are discussed.

Results

Developmental expression Bcl-w protein
in the testis

Previous studies relying on lacZ expression17 and in situ RNA
hybridization18 have differed about which testicular germ cells
express bcl-w, and, in particular, about whether spermatogo-
nia do. To clarify this issue, we immunostained sections of
adult testes with a new rat anti-Bcl-w monoclonal antibody,
16H12.19 The Bcl-w protein was detected in both type A and
intermediate spermatogonia, and also in a subset of Sertoli
cells (Figure 1A). The specificity of the antibody was
confirmed by the absence of any staining in testis sections
from a bcl-w7/7 mouse (Figure 1B), and the specificity of the
staining technique was confirmed using an isotype-matched
negative control antibody on normal testis (Figure 1C).

We estimated the level of Bcl-w protein at various stages
of testicular development by performing immunoblots on
lysates of testis from 5-day-old mice through to adulthood
using a monoclonal antibody 13F9 (Figure 1). The 21 kDa
Bcl-w protein was evident in day 5 testis, which contains
spermatogonia as the most mature germ cell type present.
The concentration of bcl-w protein in testis increased until
day 16, thereafter remaining relatively constant into
adulthood. As expected, no Bcl-w protein was recognized
in the testis of adult bcl-w7/7 mice, confirming the
specificity of the antibody for immunoblotting. The signal

detected in the testis of adult Hsp70-27/7 mice, which
contain no round or elongated spermatids,20 was similar to
that observed in the wild-type sample. This finding is
consistent with our previous in situ RNA hybridization
analysis18 in which the mRNA signal was predominant in
spermatogonia and Sertoli cells and absent from elongating
spermatids (see also Figure 3). These data are consistent
with the presence of Bcl-w mRNA in mitotic spermatogonia,
as is now accepted by MacGregor et al.21 They are also
consistent with the recent immunohistochemical analysis of
Yan et al.24

Several bcl-2 family members are expressed
in the testis

A ribonuclease protection assay was used to determine which
other bcl-2 family members were expressed in adult testis,
and to quantify their relative expression levels during
development (Figure 2A). Transcripts were evident through-
out postnatal development and in the adult for each of the
three pro-apoptotic family members tested (bak, bax and
bad), and for two of the anti-apoptotic members (bcl-w, bcl-xL;
Figure 2A). However, bcl-2 RNA was not detected in the adult,
and A1 RNA was not detected at any age. Quantitation and
normalization of each sample using a `housekeeping' gene,
L32 (Figure 2B), indicated that the level of bcl-w mRNA
declined, but not significantly, somewhere between 3 ± 4
weeks post partum, while levels of bax and bak remained
constant. A dramatic and significant increase in both bcl-xL

and bad RNAs occurred between 1 and 3 weeks, and levels
stayed relatively high in the adult. The changes in expression
levels may be due to the shift in the relative proportions of
each cell type that occurs during this interval, as progressively

Figure 1 Bcl-w protein expression in testis. Immunostaining of adult testis sections from (A) wild type (wt) and (B) bcl-w7/7 mice with rat anti-Bcl-w monoclonal
antibody 16H12 and immunostaining of (C) wt testis with isotype control antibody (300-fold magnification). Black arrowhead indicates spermatogonia; thick black
arrow, leptotene and zygotene spermatocytes; thin white arrrow, pachytene spermatocytes; thin black arrow, elongating spermatids; white arrowhead, Sertoli cell.
(D) Lysates from testis of wt mice aged 5, 10, 16, 21, 35 days post partum and 6 week-old wt, bcl-w7/7 and Hsp70-27/7, mice were examined using a rat anti-
Bcl-w monoclonal antibody 13F9 (upper panel) and, as a loading control, mouse anti-Hsp-70 monoclonal antibody N6 (lower panel)
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more mature germ cell types first emerge. Alternatively, or in
addition, this numerical change could reflect a change in the
expression levels within a particular cell type.

Cellular localization of transcripts in the
adult testis

In situ RNA hybridization was performed to determine which
cell types in the adult testis expressed the various bcl-2-
related RNAs. For each experiment, the specificity of the anti-
sense riboprobe was confirmed using a complementary
sense riboprobe and, in the case of the bcl-w probe,
hybridization to sections from the bcl-w7/7 mouse testis
(data not shown).

Three distinct localization patterns were observed in the
germ cells (Figure 3). While the bcl-w and bax signals were
most intense in spermatogonia, the bcl-xL and bad signals
were greatest in pachytene spermatocytes and round
spermatids. In contrast, bak and bim RNAs had a
widespread distribution, with more intense signals evident
in pachytene spermatocytes and round spermatids. No
signal was obtained using the bcl-2 riboprobe on sections
of adult testis, although bcl-2 RNA was readily apparent in
immature testis samples examined simultaneously (see
Figure 4).

Table 1 summarizes the results for each cell germ cell
type and also for the somatic Sertoli cells: (i) Hybridization
signals with bcl-w and bax probes were highest in Type A
and intermediate spermatogonia, slightly reduced in Type B

spermatogonia and early spermatocytes, and further
reduced in pachytene spermatocytes, early round sperma-
tids, Sertoli cells, and peritubular cells. No hybridization
with either probe was detected in elongating spermatids or
Leydig cells (Figure 3A,D); (ii) The bcl-xL and bad probes
showed little to no hybridization to spermatogonia, or to
preleptotene, leptotene or zygotene spermatocytes, but
gave intense signals in pachytene spermatocytes and
round spermatids. No hybridization to elongating sperma-
tids, Sertoli cells, peritubular cells or Leydig cells was
observed (Figure 3B,F); (iii) The bak and bim riboprobes
hybridized to all spermatogonial types, all spermatocyte
types and both round and elongating spermatids. The most
prominent signals for each were in pachytene spermato-
cytes and round spermatids. The bim probe also hybridized
to all elongating spermatids (Figure 3E,H) whereas bak was
clearly evident in spermatids up to step 9, levels were low
in step 10 ± 12 spermatids, and undetectable at steps 13 ±
16. The bim mRNA signal was distinct in Sertoli cells, while
the bak signal was faint. Both bak and bim were detected in
peritubular cells, but neither probe appeared to bind to
Leydig cells.

Expression of bcl-2 family members during the
first spermatogenic wave

The expression pattern of each bcl-2 family member during
the first wave of spermatogenesis was then assessed by
performing in situ hybridization on testis sections from 10- and

Figure 2 Expression of Bcl-2 family members in mouse testis during development. Ribonuclease protection analysis using 32P-labeled anti-sense riboprobes for
the indicated bcl-2 homologues (see Materials and Methods) in testes from days 5, 10, 23, 35 and young adult wild type mice. L32 and GAPDH riboprobes provided
loading controls. (A) Representative autoradiograph. (B) Quantification of hybridization data using phosphoimage analysis. Data represent the mean densitometric
value obtained for each RNA+S.D. in four experiments, normalized to the L32 value within each sample. Significant differences (P50.05) are indicated by
asterisks. A1 was detected using control target RNA supplied by manufacturer, but was absent from all testis samples
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23-day old mice. These ages correspond to time points when
spermatogonia and spermatocytes, respectively, represent
the most predominant mature germ cell types present. The
results revealed significant changes during development. In
particular, bcl-xL and bad hybridization to spermatogonia was
high at 10 days, but undetectable by 23 days (Figures 4 and 5;
Table 1).

10 days post partum The bcl-w, bcl-xL, bcl-2, bax, bak, bad
and bim probes gave prominent hybridization signals in
spermatogonia, and weaker but clearly discernible signals in
Sertoli cells. Only bcl-2, bak and bim trancripts were detected
in the fetal Leydig cells.

23 days post partum Prominent hybridization with the bcl-w,
bcl-2 and bax probes was observed in spermatogonia and

spermatocytes. In contrast, the bcl-xL and bad probes did not
label spermatogonia weakly if at all, but gave strong signals in
pachytene spermatocytes and round spermatids. The bim
and bak probes showed hybridization to spermatogonia,
spermatocytes and round spermatids, the most intense signal
being observed in spermatogonia. Weak to moderate signals
were observed in Sertoli cells with the bcl-w, bcl-2, bax, bak,
bad and bim probes, and in Leydig cells with the bcl-2, bak
and bim probes.

Discussion

Mammalian spermatogenesis is a remarkable developmental
process, requiring exquisite balance between germ cell
proliferation, differentiation and apoptosis. A variety of
genetic studies have suggested that the bcl-2 family plays

Figure 3 Bcl-2 family expression in the adult mouse testis. Testis sections were hybridized with antisense (A, B, C, D, E, F and G) or sense (A', etc.) riboprobes
for transcripts of the following genes: bcl-w (A); bcl-xL (B); bcl-2 (C); bax (D); bak (E); bad (F) and bim (H) (see Materials and Methods). G illustrates the various cell
types present in the testis. Scale bar represent 50 mm. Thin white arrow indicates Sertoli cells; black arrowhead, spermatogonia; thick black arrow, leptotene and
zygotene spermatocytes; thick white arrow, pachytene spermatocytes; white arrow head, round spermatids and thin black arrow, elongating spermatids
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key roles in integrating the diverse positive and negative
signals impacting on the resident stem cells and their
differentiating progeny. To determine which members
influence the fate of each cell type in the testis at different
developmental stages, we have investigated the expression
patterns of four anti-apoptotic family members (bcl-2, bcl-xL,
bcl-w and A1) and four pro-apoptotic family members (bax,
bak, bad and bim). Other than bcl-w, we chose to localize the
mRNAs that encode bcl-2 family proteins rather than the
proteins themselves, since a complete set of specific
antibodies was not available for immunohistochemical
analysis.

Our localization of these mRNAs in adult mouse testis is
generally in good agreement with previous reports of their
corresponding proteins. The predominant localization of
bcl-w mRNA to spermatogonia and Sertoli cells matches
our detection of the bcl-w protein by immunohistochemistry
and Western blot, and this result is in accordance with
other recent work.24 To date there is no direct evidence that
the relatively low bcl-w signal observed in spermatocytes
and spermatids is translated. The lack of a detectable bcl-w
in situ hybridization signal in Leydig cells is similar to that
illustrated by Yan et al.24

As described here and in other studies,14,16,25,26 bcl-2
cannot be detected in the adult testis, while in another
report, bcl-2 levels were observed to rise dramatically after
irradiation.27 The bcl-xL protein has been localized to
spermatocytes and spermatids in the adult testis,27,28 in
agreement with our mRNA localization data. The proapop-
totic Bim protein appears to be restricted to elongating
spermatids and Sertoli cells,29 while Bim mRNA appears
more widely distributed. Our in situ hybridization data
support a widespread expression pattern for bak and bax
in the adult rodent testis, including Sertoli cells, spermato-
gonia and spermatocytes, as described using immuno-
histochemistry and Western blot.24 In general, the few
discrepancies between the mRNA and protein localization
may be attributed to using methods with different
sensitivities and specificities, but the possibility that
mRNAs are made but not translated must also be
considered.30

Sperm production initiates from the self-renewing
population of immature spermatogonia, whose continued
survival is therfore of paramount importance. Spermatoginia
were found to express several pro-apoptosis bcl-2
homologs during puberty and in the adult. Expression of

Figure 4 Expression of anti-apoptotic members of the Bcl-2 family during the first wave of spermatogenesis. Testis sections from days 10 and 23, mice were
hybridized with antisense (A, B, C, D, E and F) or sense (A' etc.) probes for bcl-w, bcl-xL and bcl-2, as for Figure 3. Bcl-w was detected in spermatogonia at day 10
(A) and in spermatogonia and early spermatocytes at day 23 (B). Bcl-xL was detected in spermatogonia at day 10 (C) and in spermatocytes and round spermatids
at day 23 (D). Bcl-2 was detected in spermatogonia at day 10 (E) and spermatogonia and spermatocytes at day 23 (F). Sertoli cell cytoplasm stained with all probes
at day 10, and with bcl-w and bcl-2 at day 23. Scale bar represents 50 mm. Asterisk or thin white arrow indicates Sertoli cells; black arrowhead, spermatogonia; thick
black arrow, leptotene and zygotene spermatocytes; thick white arrow, pachytene spermatocytes; and white arrowhead, round spermatids
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the counter-balancing anti-apoptosis homologs in this
population, however, became progressively restricted
during development (Table 1). At the earliest stage
sampled (day 10), bcl-w, bcl-xL and bcl-2 transripts were
readily detected. By day 23, however, bcl-xL was no longer
detectable in spermatogonia, although spermatocytes and
round spermatids were positive. By maturity, the pattern
had again changed, bcl-2 expression having become
undetectable. A peak in the incidence of spermatogonial
and preleptotene spermatocyte apoptosis has been
observed between days 13 ± 21 in the mouse31 and this
period of germ cell apoptosis may coincide with the
progressive restriction in expression of anti-apoptotic bcl-2
homologs.

Concordant with the change in spermatogonial expres-
sion of bcl-2 family members, Sertoli cells also undergo
development changes. Between days 10 and 23, bcl-xL and
bad mRNAs are lost from Sertoli cells, while bcl-2 is lost
after day 23 but prior to completion of the first wave of
spermatogenesis. This may affect the overall balance of
pro- and anti-apoptotic members within these supporting
cells, rendering them susceptible to apoptotic stimuli. Thus
the absence of bcl-w may impact directly on Sertoli cell
survival, leading to structural lesions within the seminifer-
ous epithelium. At this time, the cell type `most affected' or
`first affected' by bcl-w depletion is unknown, and resolution

of this will require the use of conditional knockouts or germ
cell transplantation studies.

Of the four pro-survival homologues screened, only
bcl-w appears to be expressed in spermatogonia and
Sertoli cells in adult mice. Although other known pro-
survival family members (Mcl-1, Diva/Boo)32 ± 34 remain to
be screened, the failure of adult spermatogenesis in
bcl-w7/7 mice demonstrates that bcl-w is crucial for
sustained spermatogenesis in the adult. Expression of
other pro-survival homologues (bcl-xL and bcl-2) at earlier
stages of development presumably accounts for the
apparently normal course of pre-pubertal spermatogenesis
in bcl-w7/7 mice.

In mice lacking Bax, pre-meiotic germ cells accumulate
abnormally during the first wave of spermatogenesis, but
they subsequently degenerate and normal adult spermato-
genesis is never established.14 Interestingly, a similar
phenotype results from over-expression of bcl-2 or bcl-xL

in spermatogonia via transgenesis.15,16 In each of these
mutants, the ratio of pro-survival to pro-death proteins is
increased, rescuing many pre-meiotic germ cells that would
normally be destined to die. Why then, does spermatogen-
esis abort? The most likely explanation is that each Sertoli
cell can support the differentiation of only a limited number
of germ cells10 and the nurturing function fails when the
germ cell : Sertoli cell ratio is too high. Even after the first

Table 1 Expression of bcl-2 family in cells of the developing and mature testis

Anti-apoptotic Pro-apoptotic

Day 10 Day 23 Adult Day 10 Day 23 Adult

Mitotic spermatogonia bcl-w+ bcl-w+ bcl-w+ bax+ bax+ bax+
(A, Int, B) bcl-xL+ bcl-xL7 bcl-xL7 bak+ bak+ bak+

bcl-2+ bcl-2+ bcl-27 bad+ bad7 bad7
bim+ bim+ bim+

Meiotic early spermatocytes bcl-w+ bcl-w+ bax+ bax+
(Prelep, Lep and Zyg) bcl-xL7 bcl-xL7 bak+ bak+

bcl-2+ bcl-27 bad7 bad7
bim+ bim+

Meiotic late spermatocytes bcl-w+ bcl-w+ bax7 bax+
(Pachy) bcl-xL+ bcl-xL+ bak7 bak+

bcl-2+ bcl-27 bad+ bad+
bim+ BIM+

Round spermatids bcl-w7 bcl-w+ bax7 bax7
bcl-xL+ bcl-xL+ bak+ bak+
bcl-2+ bcl-27 bad+ bad+

bim+ bim+

Elongating spermatids bcl-w7 bax7
bcl-xL7 bak+
bcl-27 bad7

bim+

Sertoli cells bcl-w+ bcl-w+ bcl-w+ bax+ bax+ bax+
bcl-xL+ bcl-xL7 bcl-xL7 bak+ bak+ bak+
bcl-2+ bcl-2+ bcl-27 bad+ bad7 bad7

bim+ bim+ bim+

In day 10 testis, the germ cell population is comprised exclusively of spermatogonia, which include type A (A), intermediate (Int) and Type B (B) spermatogonia. The
most abundant germ cell types at day 23 are the spermatocytes, which include preleptotene (Prelep), leptotene (Lep), zygotene (Zyg) and pachytene (Pachy)
spermatocytes, and the more mature round spermatids are starting to appear. In the adult testis, all germ cell types are present, including elongating spermatids. Bold
text highlights major developmental changes in expression patterns detected by in situ hybridization. Only bim transcripts were detectable in Leydig cells. + indicates
readily detectable hybridization signal, + indicates faint signal and 7 indicates no signal.
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cohort of excess cells was eliminated, the continuous
overproduction of germ cells would persist in genetically
modified animals, creating a sustained challenge to the
integrity of the seminiferous epithelium. Whether the effect is
primarily on Sertoli or germ cell function, or both, is unclear.

A complex set of coordinated interactions of hormones
and cytokines is required to establish and sustain normal
spermatogenesis.35 In cultures of immature testis cells,
TGFb1 and b2 increase apoptosis in gonocytes,36 the
quiescent germ cell population present at birth, while
fibroblast growth factor-2, leukemia inhibitory factor, and
ciliary neurotrophic factor enhance gonocyte surivival.37,38

In several studies of adult spermatogenesis, stem cell
factor and follicle stimulating hormone were observed to

reduce apoptosis in mitotic and meiotic cells in vitro39 and
in vivo.12,40 More specific knowledge about how hormones
and cytokines regulate spermatogenesis through their
impact on bcl-2 family member expression and function
will greatly enhance our understanding of both normal and
disrupted spermatogenesis. A role for FSH-stimulated
upregulation of stem cell factor in germ cell survival
through upregulation of pro-survival bcl-2 family member
synthesis is suggested by recent data using the adult rat.39

The importance of the Fas/FasL system in mediating the
response of the testis to damage has also been
described,41 and it will be informative to understand how
these separate pathways for apoptosis regulation42 each
contribute cellular homeostasis in the testis.

Figure 5 Expression of pro-apoptotic members of the Bcl-2 family during the first wave of spermatogenesis. In situ hybridization with bax, bad and bim antisense
(A, B, C, D, E. F, G and H) or sense (A', etc) riboprobes was performed as for Figure 4. Bax was detected in spermatogonia at day 10 (A) and in spermatogonia and
early spermatocytes at day 23 (B). Bak was detected in spermatogonia at day 10 (C) and in spermatogonia and spermatocytes at day 23 (D). Bad was detected in
spermatogonia at day 10 (E) and late spermatocytes and round spermatids at day 23 (F). Bim was detected in spermatogonia at day 10 (G) and in spermatogonia
through to round spermatids at day 23 (H). Sertoli cells staining was detected using all probes, but only the bim probe gave a clear signal in Leydig cells. Scale bar
represents 50 mm. Asterisk and thin white arrow indicates Sertoli cells; black arrowhead, spermatogonia; black arrow, leptotene and zygotene spermatocytes; white
arrow, pachytene spermatocytes; and white arrowhead, round spermatids
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In conclusion, we have demonstrated that a distinct shift
in the pattern of expression of bcl-2 family members occurs
within the seminiferous epithelium during testis develop-
ment. This highlights the functional difference between the
first wave of spermatogenesis and in the adult, differences
that are characteristic of both germ cells and somatic cells.
Our findings (this study and 18) support the critical role of
bcl-w in the maintenance of spermatogenesis in the adult
mouse. It will be important to determine whether this is also
true in man and whether lesions in bcl-w account for certain
types of male sterility.

Materials and Methods

Mice

Mice were bred at the Walter and Eliza Hall Institute; bcl-w7/7 mice
were back-crossed for at least six generations on to a C57BL/6J
background. All investigations conformed to the NHMRC/CSIRO/AAC
Code of Practice for the Care and Use of Animals for Experimental
Purposes and were approved by the Royal Melbourne Hospital Animal
Ethics Committee.

Immunohistochemistry

Testes were fixed in Histochoice fixative (Amresco, OH, USA),
paraffin embedded and 5 mM sections cut on to glass slides.
Following re-hydration, sections were incubated for 30 min
sequentially in: 0.2 M glycine 10% (v/v) H2O2/10% (v/v)
methanol, 0.2% Triton X-100 and 0.5% blocking reagent (TSA,
NEN Life Science Products Inc, Boston, USA). Sections were
incubated overnight at 48C with undiluted rat anti-Bcl-w
monoclonal antibody, 16H12 culture supernatant (kindly provided
by Dr. L O'Reilly).19 This antibody detects endogenous Bcl-w
protein in Western blots and immunoprecipitation. Primary antibody
was detected with biotinylated anti-rat k antibody (Silenus,
Melbourne, Australia) and the tyramide signal amplification system
(TSA, NEN Life Science Products Inc, Boston) according to the
manufacturer's instructions. Slides were then counterstained with
haematoxylin.

Western blot analysis

Testes were removed, immediately frozen in isopentane on dry ice,
and homogenized at 48C in buffer (20 mM Tris-HCl pH 7.4, 1 mM
EGTA, 135 mM NaCl2, 1.5 mM MgCl2, 10% glycerol and 1% Triton X-
100) containing protease inhibitors (``Complete'', Boehringer Mann-
heim, Mannheim, Germany). Lysates were centrifuged at 10 0006g
for 10 min and proteins (10 mg) in the supernatant were resolved by
SDS ± PAGE (10 ± 20% acrylamide gel) and transferred to nitrocellu-
lose membranes (Hybond-C extra, Amersham, UK). Following
overnight incubation at 48C in blocking buffer (5% dried skim milk
powder, 1% casein, 0.05% Tween-20 in PBS), membranes were
incubated for 1 h at room temperature with 1 : 4 dilution of rat
anti-Bcl-w monoclonal antibody 13F9.19 Primary antibodies were
detected with horseradish peroxidase-conjugated anti-rat antibody
and chemiluminescent reagents (Amersham). As a control for loading
and blotting, the membrane was re-probed with a 1 : 5000 dilution of
anti-Hsp-70 monoclonal antibody N6 ascites (kind gift from Dr. Robyn
Anderson, Peter MacCallum Cancer Institute), and the primary

antibody detected as above. Testes from Hsp70-2 knockout mice
were a kind gift from Dr E Mitch Eddy.20

Ribonuclease protection analysis

Ribonuclease protection analysis was performed using a commercially
available probe (RiboQuant Multi-Probe mAPO-2, Pharmingen)
according to the manufacturer's instructions. Briefly, a set of 32P-
labeled antisense riboprobes specific to bcl-2 family members (bcl-xL,
bcl-w, bad, bax, bak, A1 and bcl-2) and ubiquitously expressed
controls (L32 and GAPDH) was hybridized in excess to total RNA
(10 mg) prepared by acid-phenol extraction.22 Single-stranded RNA
was digested with RNAse A/RNAse T1 mix, and the RNAse-protected
probes were resolved by denaturing polyacrylamide gel electrophor-
esis. Gels were dried, exposed to X-ray film (X-Omat; Eastman Kodak,
Princeton, NJ, USA) and the signal collected for quantitation on a
Molecular Dynamics Phosphoimage Analyser (FLA2000, Fujifilm,
Japan). The signal obtained for the L32 internal loading standard was
used to calculate the relative units of mRNA expression. For each
testis age analyzed, RNA was prepared from two independent tissue
pools. The probe set was labeled four separate times for analyses on
samples from each testis age. Statistical significance between ages
was determined by the One-Way Anova using Newman-Kewls Multiple
Comparison Test. Significance was determined at the level P50.05.
Data is presented as mean+s.d., and graphs were produced using
Graph Pad Prism Version 2.

In situ hybridization

Complementary sense and anti-sense digoxigenin-labeled ripoprobes
were generated from linearized plasmid DNA termplates.23 All were
verified by sequencing before use. Riboprobes corresponded to the
following sequences: residues 118 ± 410 of mouse bcl-w cDNA
(GenBank U59746), residues 96 ± 860 of human bcl-xL cDNA
(GenBank Z23115), residues 1 ± 458 of mouse bax cDNA (GenBank
L22472), residues 600 ± 1091 of mouse bad cDNA (GenBank L37296),
residues 75 ± 700 of human bak cDNA (GenBank U23765), residues
31 ± 755 of human bcl-2 cDNA (GenBank M14745) and residues 1 ±
591 of mouse bim cDNA (GenBank AF032459). Paraffin-embedded
sections of Bouins fixed tissues were dried onto microscope slides and
treated with 1 ± 5 mg/mL proteinase K (in 50 mM EDTA, 100 mM Tris-
HCl pH 8.0) for 30 min at 378C, hybridized to the riboprobes (100 ±
200 ng/ml) at 50 or 608C for 16 h, and washed to 0.16SSC at the
hybridization temperature.22 The sections were exposed to an alkaline
phosphatase-conjugated anti-digoxigenin antibody (Boehringer Mann-
heim, Germany), riboprobe binding was detected with the nitroblue
tetrazolium chloride/bromo-chloro-indolyl phosphate substrate (Pierce
One-Step; Rockford, IL, USA), and the slides were counterstained with
haematoxylin and mounted under GVA (Zymed, USA) mount.
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