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Bcl-w, a prosurvival member of the Bcl-2 family,
is essential for spermatogenesis. However, the
mechanisms by which Bcl-w participates in the
regulation of apoptosis in the testis are largely
unknown. To explore the potential role of Bcl-w in
the regulation of apoptosis in the testis, the ex-
pression of Bcl-w mRNA and protein during testic-
ular development and spermatogenesis, the dimer-
ization with the proapoptosis members of the Bcl-2
family, and the responses to hormonal stimulation
in vitro and apoptosis-inducing signals in vivo were
investigated. Both Bcl-w mRNA and protein were
detected in Sertoli cells, spermatogonia, and sper-
matocytes, as well as in Leydig cells. The steady-
state levels of Bcl-w mRNA and protein were much
higher in Sertoli cells than in spermatogonia and
spermatocytes. In the adult rat testis, both Bcl-w
mRNA and protein in Sertoli cells displayed a
stage-specific expression pattern. Bcl-w could
form complexes with Bax and Bak but not with
Bad. Bax and Bak were immunohistochemically
localized to the same cell types as Bcl-w, but with
higher expression levels in spermatocytes and
spermatogonia than in Sertoli cells. FSH could up-
regulate Bcl-w mRNA levels in the seminiferous
tubules cultured in vitro, whereas no effect was
observed when testosterone was applied. Three
animal models that display spermatogonial apo-
ptosis induced by blockade of stem cell factor/c-
kit interaction by a function-blocking anti-c-kit
antibody, spermatocyte apoptosis induced by me-
thoxyacetic acid, and apoptosis of spermatogonia,
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spermatocytes, and spermatids induced by testos-
terone withdrawal after ethylene dimethane sulfo-
nate treatment were employed to check the changes
of Bcl-w, Bax, and Bak protein levels during apopto-
sis of specific germ cells. In all three models, the
ratios of Bax/Bcl-w and Bak/Bcl-w were significantly
elevated. The present study suggests that Bcl-w is an
important prosurvival factor of Sertoli cells, sper-
matogonia, and spermatocytes and participates in
the regulation of apoptosis by binding proapoptotic
factors Bax and Bak. The ratios of Bax/Bcl-w and
Bak/Bcl-w may be decisive for the survival of Sertoli
cells, spermatogonia, and spermatocytes. (Molecu-
lar Endocrinology 14: 682-699, 2000)

INTRODUCTION

Apoptosis is a strictly regulated process involving se-
quential activation of specific signaling transduction
pathway, disturbance of mitochondrial membrane
function causing the release of intermembrane pro-
teins into the cytosol, and finally stepwise degradation
of the cell (1). Bcl-2 family members are key regulators
of apoptosis. They may either promote cell survival
(Bcl-2, Bcl-xL, Bcl-w, Mcl-1, A1/Bfl-1) or encourage
cell demise (Bax, Bak, Bcl-Xs, Bad, Bid, Bik, Hrk, Bok)
(1-3). It appears that members of the Bcl-2 family
members interact among each other to form a dy-
namic equilibrium between homo- and heterodimers.
Because members of those opposing factions can
associate and seemingly titrate one another’s func-
tion, their relative abundance in a particular cell type
may determine its threshold for apoptosis (4). The
competitive action of the pro- and antisurvival Bcl-2
family proteins regulates the activation of the pro-
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teases (caspases) that dismantle the cell, but how they responses of Bcl-w to specific germ cell-apoptosis-

do so remains uncertain (1-3). inducing signals by using three animal models.
Bcl-w is a prosurvival member of Bcl-2 family pro-

teins, and its physiological significance has been high-

lighted by two studies generating bc/-w-deficient mice RESULTS

(5, 6). Male bcl-w-deficient mice display normal tes-

ticular development before puberty, whereas after Developmental and Stage-Specific Expression of

puberty Sertoli cells and germ cells of all types are Bcl-w mRNA in the Rat Testis

severely reduced in number, and numerous apoptotic

cells and no mature sperm are present in the seminif- Bcel-w mRNA was detectable throughout all stages of

erous tubules, indicating an essential role of Bcl-w in testicular development. A peak was observed on day

normal spermatogenesis. However, the molecular 20 after birth, and thereafter the expression levels

mechanisms accounting for the testicular phenotypes slightly declined (Fig. 1, A and B).

in the bcl-w-deficient mice are still largely unknown. Bcl-w mRNA was detected in the seminiferous tu-
In the present study, we analyzed the expression of bules of all stages of the epithelial cycle. However,

Bcl-w mRNA and protein in the immature and mature Bcl-w mRNA expression displays a stage-specific pat-

rat testes, the potential dimerization of Bcl-w with the tern (Fig. 1, C and D). Bcl-w mRNA levels were higher

proapoptosis factors of Bcl-2 family proteins Bax, at stages II-VI, IX-XII, and XIlll-I than at stages VII-VIII

Bak, and Bad, and the regulation of Bcl-w mRNA (P < 0.05, n = 3). Bcl-w mRNA was also detected from
levels by FSH and testosterone (T), as well as the the purified Leydig cells from adult rat testis (Fig. 1C).

A B
z = 8 120
F 2 38 88 8
100
« 28S =
4.4Kkb >/pie ¢ s © 0 ®8 v o <Belw
poee =
o &0
<
«18S i
20
h.- 0 - - -
| <285 NB 5d 10d 20d 30d 40d 60d
Day after birth
c D
T R x
T X% 5
28S
B . s s | | 8| Bolw
18S
[ -~ 288 1-vi ViVl X-X1I XiH
; b Stages of epithelial cycle

Fig. 1. Developmental and Stage-Specific Expression of Bcl-w mRNA in the Rat Testis

A, A Northern hybridization for Bcl-w mRNA expression during testicular development. Ages (NB, newborn; 5-60d, 5-60 days
of age) are marked on the top and the positions of 28S and 18S rRNA are labeled on the right. B, Quantitative analysis of Bcl-w
mRNA levels during testicular development. Data are presented as mean *+ sem of three independent experiments using RNA
isolated from different animals. ADU, Arbitrary densitometric value. C, Stage-specific expression of Bcl-w mRNA in the rat
seminiferous epithelium. A Northern hybridization for measuring the steady-state Bcl-w mRNA levels in four pooled stages of the
rat seminiferous epithelium and purified Leydig cells (LC). Roman numerals refer to stages of the epithelial cycle. D, Quantification
of Northern hybridization results of stage-specific expression from three independent experiments. Bars represent mean + Sem.
ADU, Arbitrary densitometric value. Data with different letters are significantly different (P < 0.05, n = 3).
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Localization of Bcl-w mRNA and Protein

In the newborn rat testis, specific hybridization signals
were detected in both Sertoli cell and gonocytes
(Fig. 2). At 10 and 20 days of age, the signals were
present in Sertoli cells, spermatogonia, and spermato-
cytes. In the adult testis, the most intense signals were
confined to the cytoplasm of Sertoli cells and sper-
matogonia, whereas spermatocytes showed weaker
signals (Fig. 3). Stage-specific pattern of signals were
observed, with more intense signals at stages |-Vl and

Antisense

Fig. 2. Localization of Bcl-w mRNA in the Immature Rat Testis

Vol 14 No. 5

IX-VIX, and less intense signals at stages VII-VIII
(Fig. 3, A and A').

The strong immunostaining was localized to the cyto-
plasm of Sertoli cells, while the weak staining was
observed in the cytoplasm of spermatogonia and sper-
matocytes. Sertoli cell staining displayed a stage-
specific pattern with strongest staining at stages II-VI,
strong at stages IX—XII and XIlI-I, and weak at stages
VII-VIII. Leydig cells were also positively stained (Fig. 4).

The localization and stage-specific expression of
Bcl-w mRNA and protein is summarized in Fig. 5.

In situ hybridization using antisense probe is shown in the left panel. The control slides using sense probe is on the right. Black
spots represent hybridization signals (silver grains). The age of the rat used is marked in each panel. Signals can discerned in both
Sertoli cells and germ cells. NB, Newborn; Sc, Sertoli cell; Gec, gonocyte; Sg, spermatogonia; Sp, spermatocyte. Bars = 0.25 um.
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Fig. 3. Bcl-w mRNA Localization in the Adult Rat Testis
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The bright field is shown in the left panel, and the corresponding dark field is shown on the right. The specific signals are mainly
confined to the basal compartment of the seminiferous epithelium. The background signals were evaluated according to the sense
probe (B,B’ D,D’). Bars = 0.5 um. Note that the signals at stages VII-VIII are less intense than those at other stages (see A and
A’). Sc, Sertoli cell; Sg, spermatogonia; Sp, spermatocyte; Sd, spermatid.

FSH Up-Regulates Bcl-w mRNA Levels in Vitro

No significant effect was observed after 8 h incubation
in the presence of FSH (data not shown). After 30 h
incubation in the presence of FSH, significant in-
creases of the steady-state Bcl-w mRNA levels were
found at stages II-VI, IX—XII, and XIlI-I (P < 0.05, n =
3), whereas no significant effect was found at stages
VII-VIII (Fig. 6). No significant effect was observed

when the seminiferous tubules were incubated in the
presence of T (data not shown).

Bcl-w Forms Complexes with Bax and Bak, but
Not with Bad

By immunoblotting analysis, Bcl-w was detected from
the immunoprecipitates of whole testis lysates pre-
pared with anti-Bax, or anti-Bak antibody, while no
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Fig. 4. Bcl-w Protein Localization in the Adult Rat Testis
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D

Immunostaining using rabbit anti-Bcl-w polyclonal antibody is shown in the left panel at low (top) and high magnification
(bottom). The control staining performed using preabsorbed antibody is shown in the right panel. Bars = 0.5 um. Note that the
immunostaining in the Sertoli cells at stage VIl is much weaker than those at other stages. Sc, Sertoli cell; Sg, spermatogonia;

Sp, spermatocyte; L, Leydig cell.

Bcl-w was detected from Bad immunoprecipitates
(Fig. 7). The lysates of purified Sertoli cells, spermato-
gonia, and spermatocytes were immunoprecipitated
using anti-Bax, anti-Bak, or anti-Bad antibody, and
then the immunoprecipitates were used subsequently
for detection of Bcl-w, Bax, Bak, and Bad. Similarly,
Bcl-w was detected from Bax- and Bak-immunopre-
cipitates prepared from the lysates of purified Sertoli
cells, spermatogonia, and spermatocytes (Fig. 7). The
samples into which no antibody or rabbit IgG was
added during immunoprecipitation were used as neg-
ative controls, and no signal was detected (Fig. 7). Bax
and Bak were detected from Sertoli cells, spermato-
gonia, and spermatocytes, while Bad was present in
Sertoli cells and spermatogonia, but not in spermato-
cytes (Fig. 7). None of these four Bcl-2 family proteins
were detected from spermatids (data not shown).

Localization of Bax and Bak Proteins in the Rat
Testis

Since Bcl-w could be coimmunoprecipitated with Bax
and Bak, the localization of these two proteins was
further studied. Immunostaining using anti-Bax anti-
body was localized to the cytoplasms of Sertoli cells,
spermatogonia, and spermatocytes (Fig. 8, A-D). Ley-
dig cells were stained sporadically. The immunostain-

ing pattern of anti-Bak antibody was similar to that of
anti-Bax antibody (Fig. 8, E-H). The cytoplasms of
Sertoli cells, spermatogonia, and spermatocytes were
all positively stained. No immunoreaction was found in
spermatids. Few Leydig cells displayed positive
staining.

In contrast to the immunostaining pattern of Bcl-w,
the staining of both Bax and Bak was stronger in
spermatogonia and spermatocytes than in Sertoli
cells. The relative abundance of Bcl-w, Bax, and Bak
in the adult rat testis is summarized in Table 1.

Subcellular Distribution of Bcl-w, Bax, and Bak

Soluble, crude membrane and nuclear fractions of
Sertoli cells, spermatogonia, and spermatocytes were
prepared by hypotonic lysis, Dounce homogenization,
and differential centrifugation. The protein samples
were analyzed by Western blotting (Fig. 9). Bcl-w was
detected predominantly in the crude membrane frac-
tion. In Sertoli cells, Bcl-w appeared to exist in both
the soluble fraction and the high-speed membrane
pellet (Fig. 9). Bax and Bak were found as soluble
proteins in all three types of cells (Fig. 9). B-Actin was
used as protein quality control with each experiment
(Fig. 9). None of these three proteins was detected in
the nuclear fraction (data not shown).
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Fig. 5. Schematic lllustration of the Expression of Bcl-w mRNA and Protein in the Rat Seminiferous Epithelium

Cells in the frame express Bcl-w, and the width of the frame represents the relative abundance of Bcl-w. The specific cell
associations in the vertical columns represent specific stages (Roman numerals) of the epithelial cycle. Sc, Sertoli cells; A1-4, type
A spermatogonia; In, intermediate spermatogonia; B, type B spermatogonia; PIl, preleptotene spermatocytes; L, leptotene
spermatocytes; Z, zygotene spermatocytes; P, pachytene spermatocytes; Di, diplotene spermatocytes; m, meiosis. Cells that are

not marked are spermatids.

Expression of Bcl-w, Bax, and Bak in bc/-w-
Deficient Mice

At 4 weeks of age, histology of the testis of bel-w™/~
mice still appears roughly normal with the exception of
a significantly increased number of apoptotic germ
cells (6). Using paraffin testis sections from 4-week-
old bcl-w ™/~ and bel-w*’* mice, we also checked the
expression pattern of Bcl-w, Bax, and Bak proteins.
Bcl-w was predominantly expressed in Sertoli cells
and weakly in spermatogonia and spermatocytes. Bax
and Bak were expressed mainly in spermatocytes and
spermatogonia and moderately in Sertoli cells. The
expression pattern of these three Bcl-2 family proteins
in the murine testis (Fig. 10, A, D, and G) was quite
similar to that in the rat testis (Figs. 4 and 8 and Table
1). In bcl-w ™/~ mice, Bcl-w was undetectable (Fig.
10B), while Bax was highly expressed in spermato-
cytes, spermatogonia, and Sertoli cells (Fig. 10E). Bak
was also expressed in the bcl-w ™/~ mouse testis, but
the immunoreactivity of Bak was higher in Sertoli cells
than in spermatocytes and spermatogonia (Fig. 10H).
No specific staining was found in the control sections
using preabsorbed antibodies (Fig. 10, C, F, and )

Responses of Bcl-w, Bax, and Bak to
Spermatogonial Apoptosis Induced by Blockade
of Stem Cell Factor (SCF)/c-kit Interaction

Blockade of SCF/c-kit interaction by a function-block-
ing anti-c-kit antibody, ACK-2, can deplete proliferat-
ing spermatogonia (7, 8), which are located at stages
I, IV, VI, IX, XIl, and XIV of the epithelial cycle. As
shown in Fig. 11, the number of in situ 3'-end labeling
(ISEL)-positive spermatogonia at stage | was in-
creased in a time-dependent manner during 96 h of
blockade (Fig. 11, A and B). DNA laddering analysis
revealed that DNA fragmentation took place also in a
time-dependent manner, which was consistent with
the ISEL staining data (Fig. 11C).

Bcl-w protein levels declined significantly (Fig. 12, A
and B; P < 0.05, n = 3) after 48 h of blockade by
ACK-2. During 48-96 h of blockade, the Bcl-w protein
levels were reduced to about half of the control levels.
Both Bax and Bak levels were significantly increased
after 48 h of blockade (Fig. 2, Aand B; P < 0.05, n =
3). After 72 h of blockades, both levels were increased
2.5-fold higher than those in the controls (Fig. 12, A
and B). The ratios of Bax/Bcl-w and Bak/Bcl-w were
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Fig. 6. Stage-Specific Up-Regulation of Bcl-w mRNA Levels
by FSH in Vitro

A, A Northern hybridization result. B, Quantitative analysis
of the response of Bcl-w mRNA levels to FSH in vitro. Data
are presented as mean * Sem of three independent experi-
ments. *, P < 0.05, as compared with the controls. ADU,
Arbitrary densitometric value.

significantly elevated (Fig. 12C; P < 0.01, n = 3) during
48 h- 96 h of blockade.

Responses of Bcl-w, Bax, and Bak to
Spermatocyte Apoptosis Induced by
Methoxyacetic Acid (MAA)

Spermatocytes at stages |-Vl can be selectively de-
pleted through apoptosis within 24 h after oral admin-
istration of MAA (9-11). Consequently, at day 4 after
MAA treatment, the seminiferous tubules at certain
stages are devoid of spermatocytes. At day 18, certain
stages lack round spermatids, and at day 30, there are
no elongating spermatids at defined stages.

ISEL staining revealed that most of the spermato-
cytes are still ISEL-negative at 6 h after MAA treat-
ment. Spermatocytes start to undergo apoptosis at
around 8 h, and apoptosis peaks at 12 h, and upon
24 h after MAA treatment, most of apoptotic sper-
matocytes at stages |-VI have been depleted (data not
shown). Bcl-w protein levels were significantly re-
duced (Fig. 12, D and E; P < 0.05, n = 3), whereas Bax
and Bak levels were increased significantly (Fig. 12, D
and E; P < 0.01, n = 3) at 12 h after MAA treatment,
when spermatocytes were undergoing intensive apo-

Vol 14 No. 5

ptosis. Bcl-w levels were lower than those of the con-
trols at day 4, when seminiferous tubules at stages I-VI
were devoid of spermatocytes. At days 18 and 30,
Bcl-w levels were much higher than those in the con-
trols (Fig. 12, D and E). Ratios of Bax/Bcl-w and Bak/
Bcl-w were significantly elevated at 12 h and 24 h after
MAA treatment (Fig. 12F; P < 0.01, n = 3).

Responses of Bcl-w, Bax, and Bak to the Germ
Cell Apoptosis Induced by T Withdrawal after
Ethylene Dimethane Sulfonate (EDS) Treatment

Germ cells, mainly spermatocytes and spermatids,
undergo massive apoptosis between days 5 and 15
after EDS treatment due to lack of T caused by Leydig
cell depletion (12-14). In the present study, controls (3
rats/time point) displayed similar levels at every time
point (0 day, 1-4 days, 7 days, 10 days, 20 days, 40
days, data not shown) studied, and therefore only the
controls (n = 3) at 1 day are shown in Fig. 12, G-I.
Bcl-w protein levels were significantly reduced at days
4-15, as compared with the controls (Fig. 12, G and H;
P < 0.01, n = 3). Two- to 5-fold increases of Bax
protein levels were found during the same period of
time (Fig. 12, G and H; P < 0.01, n = 3). Bak protein
levels were significantly increased at day 10 after EDS
treatment (Fig. 12, G and H; P < 0.05, n = 3). The
ratios of Bax/Bcl-w and Bak/Bcl-w were significantly
elevated (Fig. 11l; P < 0.01, n = 3) during days 4-15
after EDS treatment.

DISCUSSION

During testicular development, Bcl-w was expressed
persistently in Sertoli cells and defined germ cells. The
expression profile of Bcl-w mRNA during testicular
development is consistent with that of Bcl-w protein
(15), indicating the transcriptional regulation of bcl-w
gene expression. In addition, Bcl-w, Bcl-xI, Bax, Bad,
Bak, and p53 were all expressed in immature testis,
and the dynamic changes in their expression correlate
with the first wave of germ cell apoptosis, which takes
place around 10-20 days after birth in mice (16, 17)
and 10-30 days in the rat (15). In the adult rat testis,
the mRNA localization is consistent with the protein
localization, showing similar expression sites and
stage-specific expression patterns. Both Bcl-w mRNA
and protein were dominantly expressed in Sertoli cells.
Thus, the stage-specific expression pattern of Bcl-w
mRNA and protein in the seminiferous epithelium ap-
parently results from the stage-specific expression in
Sertoli cells. The mechanism of stage-specific expres-
sion of Bcl-w is currently unknown. Given that Bcl-w is
a prosurvival factor, the stage-specific expression pat-
tern in Sertoli cells might potentially represent stage-
specific susceptibility of Sertoli cells to apoptosis. In-
terestingly, Bax and Bak were also detected in Sertoli
cells, but at much lower levels than in spermatogonia
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Fig. 7. Coimmunoprecipitation of Bcl-w with Bax and Bak

The lysates of whole testis, purified Sertoli cells, spermatogonia, spermatocytes, and spermatids were first immunoprecipitated
using anti-Bax, anti-Bak, or anti-Bad antibody (marked on the top of each lane), and then the immunoprecipitates were subjected
to immunoblotting by anti-Bcl-w antibody (the first panel from the top). The membrane was then stripped and subsequently
detected using anti-Bax, anti-Bak, or anti-Bad antibody (the second through fourth panels from the top). NC stands for negative
control sample, in which no antibody or rabbit IgG was added during immunoprecipitation.

and spermatocytes (Table 1). Bcl-2 is not expressed in
the seminiferous tubule (18). Bcl-xL appears to be
restricted to spermatids (19) and Mcl-1 is present in
Leydig cells in the adult testis (20). So far, Bcl-w ap-
pears to be the only one of the prosurvival members of
the Bcl-2 family that has been localized to Sertoli cells
in the adult testis. The dominant expression of prosur-
vival factor Bcl-w over the proapoptosis regulators,
Bax and Bak, in Sertoli cells might represent a mech-
anism by which Sertoli cells are less prone to apopto-
sis than germ cells. In situ hybridization signals in
Leydig cells were very difficult to judge due to the
resolution limit of the method used. However, immu-
noreaction of Leydig cells to Bcl-w antibody and de-
tection of Bcl-w mRNA from the purified Leydig cells
proved that Leydig cells do express Bcl-w. Another
recent study also demonstrates that Leydig cells ex-
press Bcl-w (21).

By using the whole testis lysate, Bcl-w was found to
be coimmunoprecipitated with Bax and Bak. However,
it has been documented that in the presence of de-
tergent, Bcl-2 family proteins can associate (22). Since
the distribution of Bcl-w and Bax/Bak are mainly Ser-
toli cells and spermatocytes, respectively, it is reason-
able to assume that interaction of these molecules can
occur during processing of the tissue. Therefore, we
prepared highly purified Sertoli cells, spermatogonia,
spermatocytes, and spermatids and performed immu-
noprecipitation and cellular fractionation. Consis-
tently, Bcl-w was found to be associated with Bax and
Bak, but not with Bad in all three types of cells, indi-
cating that the heterodimers of Bcl-w/Bax and Bcl-w/
Bak do exist in each type of cell that expresses them
in vivo. Bcl-w, Bax, and Bak were all detected in Sertoli
cells, spermatogonia, and spermatocytes, but not in

spermatids. The results further confirm that Sertoli
cells, spermatogonia, and spermatocytes are the sites
of the production of these three proteins. Bad was
detected in Sertoli cells and spermatogonia by immu-
noprecipitation, which is consistent with the previous
immunohistochemical data showing that Bad was lo-
calized to these cells (23).

Bcl-2 family proteins are believed to be a group of
membrane proteins that regulate apoptosis through in
vivo dimerizations. With few exceptions (Bad, Bid,
A1, E1B19K), the Bcl-2 family proteins possess a C-
terminal hydrophobic transmembrane domain of ap-
proximately 20 residues, which determines their inser-
tion into different intracellular membranes including
those of the endoplasmic reticulum, the nuclear enve-
lope, and mitochondrial membranes (1). The intracel-
lular distribution of the Bcl-2 family proteins can de-
pend on the cell type and also on the family member
(1). In murine thymocytes, Bax was found predomi-
nantly as a soluble protein, while Bcl-2 was not de-
tected in the soluble fraction, but was present in both
high-speed membrane and nuclear fractions (24). In
human leukemia cells, Bcl-2 was mainly located to
mitochondria and was not present in the cytosol and
Bcl-X, distributed in both mitochondria as a mem-
brane-bound protein and the cytosol as a soluble pro-
tein. Bcl-Xg, Bax, and Bad, on the other hand, were
mainly located to the cytosol (25). In the present study,
we demonstrate that Bcl-w, a homolog of Bcl-2, is
predominantly an integral membrane protein, whereas
Bax and Bak are mainly cytosolic in the healthy Sertoli
cells, spermatogonia, and spermatocytes. The obser-
vation that Bax, Bak, and a significant portion of Bcl-w
in Sertoli cells are cytosolic suggests that their C-
terminal hydrophobic domains may be hidden either
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Fig. 8. Localization of Bax and Bak Proteins in the Adult Rat Testis

Immunostaining using specific rabbit anti-Bax polyclonal antibody (A and B) and rabbit anti-Bak antibody (E and F) is shown
in the left panel. The control staining using preabsorbed antibodies is shown in the right panel (C and D for Bax, G and H for Bak).
Bars = 0.5 um. Sc, Sertoli cell; Sg, spermatogonia; Sp, spermatocyte.

within the interior of the proteins or may be involved in at least certain members of the Bcl-2 family changes
binding other cytosolic factors. Interestingly, recent during apoptosis (24, 25). For example, Bax and Bcl-
evidence suggests that the subcellular localization of xL, but not Bcl-2, have been found to redistribute from
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Table 1. Relative Abundance of Bcl-w, Bax, and Bak
Proteins in the Rat Testis

Cell Type Bcl-w Bax Bak
Sertoli cells +++ + +
Spermatogonia + + +
Spermatocytes + ++ ++

Criteria for semiquantification: +, weak; ++, strong; +++,
very strong immunoreactivity.

the cytosol to intracellular membranes upon induction
of thymocyte apoptosis, and Bax, Bad, and Bcl-Xs can
redistribute from cytosol to mitochondria in two hu-
man leukemia cell lines. Therefore, it would be very
interesting to determine, in a future study, how these
Bcl-2 family proteins potentially translocate in re-
sponse to the induction of germ cell apoptosis.

FSH has a prosurvival effect on germ cells in vitro
(26). Since in the in vitro seminiferous tubule culture
system most of the apoptotic cells are germ cells and
Sertoli cells are more resistant to apoptosis than germ
cells, it is plausible to ascribe the changes of mRNA
levels in response to FSH stimulation to germ cells.
Thus, up-regulation of Bcl-w mRNA levels by FSH
might account for its prosurvival effect on germ cells in
vitro. Since FSH receptor is mainly located on Sertoli
cells, the prosurvival effect of FSH must be mediated
through Sertoli cells (27). In fact, FSH prosurvival ef-
fect has been found to be partially mediated through
SCF/c-kit interaction (28), and SCF from Sertoli cells
could up-regulate Bcl-w protein levels in germ cells
during 48 h culture in vitro (15).

Prosurvival members of Bcl-2 family exert prosur-
vival function by forming complexes with antisurvival
members of Bcl-2 family and therefore suppressing
their death-inducing effects (4). In the adult rat testis,
Bcl-w forms complexes with Bax and Bak, but not with
Bad. Consistently, Bax and Bak have similar expres-
sion sites to Bcl-w. Higher levels of Bax and Bak and
lower levels of Bcl-w in spermatogonia and spermato-
cytes might imply that these types of cells are more
susceptible to apoptosis than Sertoli cells. Neither
Bcl-w, Bax, nor Bak is expressed in spermatids, sug-
gesting that spermatid apoptosis might be regulated
by other members of the Bcl-2 family. Indeed, Bcl-xL
(19) and Diva (29) appear to be expressed only in
spermatids, but little is known about these two factors
in spermatid apoptosis. A recent study shows that
Bcl-w forms a complex with Bax, but not with Bak, in
the mammary gland (30). This might reflect the tissue-
specific action of Bcl-2 family members since Bcl-2
family members, both the proapoptotic and antiapop-
totic, are differentially expressed in different tissues
and cells, and therefore the dimerization status could
be different as well (1-3).

The changes of Bcl-w levels during apoptosis of
specific germ cell types induced by different methods
strongly support that Bcl-w is a prosurvival factor of
spermatogonia and spermatocytes in vivo. It has been
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well characterized that the proliferating spermatogonia
can be depleted when SCF/c-kit interaction is blocked
by a function-blocking antibody, ACK-2, in the testis
(7, 8). In the present study, spermatogonial apoptosis
was induced. After 4 days of treatment with ACK-2,
the number of apoptotic spermatogonia increased
dramatically. DNA laddering analysis indicated that the
ISEL-positive cells were apoptotic rather than ne-
crotic. The time-dependent reduction of Bcl-w and
elevation of Bax and Bak correlate with the time-
dependent spermatogonial apoptosis. Three specific
findings from this study are of interest: 1) depletion of
proliferating spermatogonia by blockade of SCF/c-kit
interaction is mediated via apoptosis, implicating the
involvement of SCF/c-kit system in the regulation of
spermatogonial apoptosis; 2) increased ratios of Bax/
Bcl-w and Bak/Bcl-w correlate with spermatogonial
death; 3) blockade of SCF/c-kit interaction differen-
tially affects Bcl-w, Bax, and Bak expression, implying
the involvement of other downstream factors or tran-
scription factors in the regulation of gene expression
of these three regulators of apoptosis.

MAA has been found to be able to selectively de-
plete spermatocytes through apoptosis within 24 h
after oral administration (9-11). In the present study,
we used this model to specifically induce spermato-
cyte apoptosis and monitored the changes of Bcl-w,
Bax, and Bak levels every 6 h during the first 24 h.
Morphological observation and ISEL staining indicate
that MAA depletes spermatocytes at stages I-VI within
24 h after administration, and spermatocyte apoptosis
peaked at 12 h after treatment (data not shown). There
are three findings from this model that deserve further
comment: 1) selective induction of apoptosis of sper-
matocytes at stages |I-VI by MAA correlates with in-
creased ratios of Bax/Bcl-w and Bak/Bcl-w; 2) reduc-
tion of Bcl-w levels at day 4 after MAA treatment is
apparently due to the depletion of spermatocytes,
which express Bcl-w. Elevations of Bcl-w levels at day
18 and day 30 result from the enrichment of Bcl-w-
expressing cells in the testis after depletion of round
spermatids and elongating spermatids. These results
further validate our localization data, showing that Ser-
toli cells, spermatogonia, and spermatocytes are the
expression sites of Bcl-w; 3) since Bcl-w, Bax, and
Bak are commonly expressed in spermatocytes at all
stages in the epithelial cycle, the selective apoptosis of
spermatocytes suggests that there might be some
switching points that are responsible for turning on the
apoptosis machinery only at stages I-VI.

It is well known that EDS can selectively deplete
Leydig cells within 48 h after administration, and T
declines abruptly to an undetectable level at day 3 and
remains there until day 15 (12, 13, 31, 32). From day 5
to day 15, germ cells, mainly spermatocytes and sper-
matids, undergo a massive wave of apoptosis as a
consequence of T withdrawal. In the present study, the
reduced levels of Bcl-w and elevated levels of Bax and
Bak correlate with the wave of apoptosis. The re-
versed ratios at day 20 correlate with the reduced
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Fig. 9. The Expression of Bcl-w, Bax, and Bak at the Whole Cell Level and Subcellular Distribution in Sertoli Cells (Sc),

Spermatogonia (Sg), and Spermatocytes (Sp)

Purified Sertoli cells (from 20-day-old rats), spermatogonia (from 9-day-old rats), and spermatocytes (from adult rats) were
fractionated into soluble and crude membrane fractions. The whole cells and the crude membrane fraction were dissolved with
0.5% NP-40 containing lysis buffer. The protein extracts were separated on 12.5% SDS-PAGE and transferred onto nitrocellulose
membrane followed by detection using anti-Bcl-w, anti-Bax, and anti-Bak antibodies. B-Actin served as a control in each

experiment.

number of apoptotic germ cells since at this time point
the testosterone level has already increased and the
number of apoptotic germ cells has decreased dra-
matically (Refs. 12 and 32 and W. Yan, J. Kero, |I.
Huhtaniemi, and J. Toppari, paper submitted). Since
Bcl-w and its partners, Bax and Bak, are expressed in
spermatogonia and spermatocytes, the changes
should result from the apoptotic events taking place in
these cells. Thus, the increased ratios of Bax/Bcl-w
and Bak/Bcl-w might produce more homodimers,
such as Bax/Bax, Bax/Bak, or Bak/Bak, which pro-
mote apoptosis. Several studies (Refs. 12 and 32 and
W. Yan, J. Kero, I. Huhtaniemi, and J. Toppari, paper
submitted) have shown that after EDS treatment, not
only does the testosterone level decrease, and the LH
level goes up as a feedback, but the FSH level in-
creases as well. Therefore, the changes of these three
Bcl-2 family members could not be simply ascribed to
the effect of T withdrawal. However, as FSH could
up-regulate Bcl-w levels and in the EDS-treated rats
Bcl-w levels were down-regulated when FSH levels
were severalfold higher than the controls and testos-
terone levels were undetectable from day 2 to day 10
(Ref. 32 and W. Yan, J. Kero, I. Huhtaniemi, and J.
Toppari, paper submitted), it is very likely that down-
regulation of Bcl-w and up-regulation of Bax and Bak
were due to lack of testosterone.

Both Bcl-2 and Bcl-xL levels were measured by
Western blotting for all three models used. We could
not detect Bcl-2 in the adult rat testis, while the pos-
itive control (prostate protein) gave a clear Bcl-2 band
in Western analysis (data not shown). This is consis-
tent with several previous reports showing that in the
mature testis Bcl-2 is absent (16, 18). Bcl-xL levels are
relatively low in the adult rat testis. We could not
detect significant changes of Bcl-xL levels in the ACK-
2-treated rats and MAA-treated rats (data not shown).
However, in the EDS model, we did find changes of
Bcl-xL levels (data not shown). Since it is localized to
round spermatids (19), which express neither Bcl-w
nor Bax nor Bak, it is likely that Bcl-xL might be in-
volved in regulation of spermatid apoptosis.

Immunohistochemical detection of Bcl-w, Bax, and
Bak in the Bcl-w deficient mice enabled us, first, to test
the specificity of the antibodies used in the present
study, and second, to explain possibly the reason why
both Sertoli cells and germ cells start to undergo ap-
optosis after puberty in the absence of bcl-w. There is
no discernable abnormality during testicular develop-
ment in the bcl-w-deficient mice before puberty (6).
However, this does not mean that Bcl-w has no role or
the proapoptotic members are not present yet by this
stage. In fact, in the immature testis, the antiapoptotic
members, including Bcl-xL, Bcl-w, and Mcl-1, are all
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Fig. 10. Expression of Bcl-w, Bax, and Bak Proteins in bel-w ™/~ and bcl-w™* Mice

Bouin-fixed, paraffin-embedded testis sections were subjected to immunohistochemical staining using anti-Bcl-w (A and B),
anti-Bax (D and E), or anti-Bak antibody (G and H). Preabsorbed antibodies were used for control staining (C for Bcl-w, F for Bax,
and | for Bak). Sc, Sertoli cell; Sg, spermatogonia; Sp, spermatocyte. Bar = 0.5 pum.

highly expressed by almost all cell types including
Sertoli cells and germ cells in the seminiferous epithe-
lium (15). Similarly, the proapoptotic members of Bcl-2
family, including Bax, Bak, and Bad, are also ex-
pressed in the immature testis, and the expression
sites are quite similar to those of the antiapoptotic
members (15). It appears that the differential localiza-
tion of Bcl-2 family proteins to different cell types in the
seminiferous epithelium takes place around puberty.
Thus, it is very likely that the absence of Bcl-w could
be compensated by other antiapoptotic members of
Bcl-w family, e.g. Bcl-xL, during prepubertal develop-
ment. After puberty the failed spermatogenesis in bcl-
w-deficient mice might result mainly from cell-extrinsic
effects rather than cell-intrinsic effects (6), given the
fact that the Bcl-w is much more abundant in Sertoli
cells than in spermatocytes and spermatogonia. It is
very likely that Sertoli cells are first implicated due to
the absence of Bcl-w and undergo apoptosis via Bax-
and/or Bak-mediated cell death. Death of Sertoli cells
is devastating for germ cells, particularly for elongating
spermatids and round spermatids, which is consistent
with the findings that these two types of germ cells
suffer from the most severe reduction in number in

both lines of bcl-w-deficient mice (5, 6). However,
depletion of spermatogonia and spermatocytes may
be either mediated via Bax and Bak, due to lack of
Bcl-w in a cell-intrinsic way, or due to Sertoli cell death
in a cell-extrinsic manner.

Taken together, the present study suggests that
Bcl-w is an important prosurvival factor of Sertoli cells,
spermatogonia, and spermatocytes and participates
in the regulation of apoptosis by binding proapoptotic
factors Bax and Bak. The ratios of Bax/Bcl-w and
Bak/Bcl-w might be decisive for the fates of Sertoli
cells, spermatogonia, and spermatocytes.

MATERIALS AND METHODS

Experimental Animals and Treatments

Sprague Dawley male rats at the ages of 1 day, 5 days, 10
days, 20 days, 30 days, 40 days, and 2-3 months were used
as experimental animals. They were housed two per cage in
a controlled environment at 21 C with a 14-h light, 10-h dark
cycle with free access to water and food.

All animal experiments were approved by the Turku Uni-
versity Committee on Ethics of Animal Experimentation.
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Fig. 11. Spermatogonial Apoptosis Induced by Blocking SCF/c-kit Interaction by ACK-2

A, Microphotographs show ISEL staining result, time-dependent apoptosis of spermatogonia at stage | at 48 h, 72 h, and 96 h
after ACK-2 injection. Bar = 0.25 um. Arrows point to ISEL-positive spermatogonia. B, Quantification of time-dependent
apoptosis of spermatogonia induced by ACK-2. Data are presented as mean = seM of 12 cross-sections from three rats. *, P <
0.05; **, P < 0.01, as compared with the controls. C, Testicular DNA fragmentation pattern after injection of ACK-2.
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Fig. 12. Changes of Bcl-w, Bax, and Bak Protein Levels during Germ Cell Apoptosis Induced by Blocking SCF/c-kit Interaction
by Injection of ACK-2 Antibody (Model 1, A-C), MAA Treatment (Model 2, D-F), and Testosterone Withdrawal after EDS Treatment

(Model 3, G-)

The representative Western blotting results were shown in the left panel (A for model 1, D for model 2, and G for model 3). The
quantitative analysis of changes in the levels of Bcl-w, Bax, and Bak proteins during germ cell apoptosis are shown in the middle
panel (B for model 1, E for model 2, and H for model 3). Changes of the ratios of Bax/Bcl-w and Bak/Bcl-w during germ cell
apoptosis are displayed in the right panel (C for model 1, F for model 2, and | for model 3). Data are presented as mean = Sem
of three independent experiments. *, P < 0.05; **, P < 0.01, as compared with the controls.

To induce apoptosis of proliferating spermatogonia by
blocking SCF/c-kit interaction (7, 8), a function-blocking anti-
c-kit antibody, ACK-2 (kindly provided by Dr. T. Kunisada,
Department of Immunology, Faculty of Medicine, Tottori Uni-
versity, Japan) was injected i.v. at 3.5 mg/kg body weight in
physiological saline. The injection was given twice, once ev-
ery 48 h. Rats that received ACK-2 injection were killed at
24 h, 48 h, 72 h, and 96 h, respectively. One testis was snap
frozen in the liquid nitrogen and then stored at —70 C for
isolation of RNA; the other was fixed overnight at 4 C in 4%
paraformaldehyde followed by dehydration and embedding
onto paraffin for detection of spermatogonial apoptosis by
ISEL.

For induction of spermatocyte apoptosis, MAA (Aldrich
Chemie, Steinheim, Germany) was diluted in physiological

saline and administered orally with a single dose of 650
mg/kg BW. The control rats received physiological saline.
The rats were killed at 6 h, 12 h, 24 h, 4 days, 18 days, and
30 days, respectively. One testis was snap frozen in liquid
nitrogen, and the other was fixed in 4% paraformaldehyde for
preparation of paraffin block for checking apoptosis by ISEL
staining.

To study the response of Bcl-w to germ cell death induced
by testosterone withdrawal after EDS treatment, the rats were
injected i.p. with a single dose of EDS (75 mg/kg BW). EDS
was synthesized as previously described (33) and dissolved
in dimethylsulfoxide (DMSO)-water (1:3, vol/vol). Control an-
imals (3 rats/time point) for every time point [1 day (1d), 2d,
3d, 4d, 7d, 10d, 20d, 40d] received injection of vehicle. Rats
(n = 3/group) were killed by cervical dislocation under CO,
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anesthesia at day 1, 2, 3, 4, 7, 10, 15, 20, 30, and 40 after
administration of EDS. The testes were snap frozen in the
liquid nitrogen and then stored at —70 C for isolation of RNA.

Riboprobe Preparation

The bcl-w cDNA was kindly provided by Dr. Jerry M. Adams
(The Walter and Eliza Hall Institute of Medical Research,
Victoria, Australia). The fragment, corresponding to nucleo-
tide (nt) 1131-nt 1943 of the bcl-w cDNA, was subcloned into
pBluescript || KS™ (Stratagene, La Jolla, CA). The plasmid
was linearized with EcoRl or Xhol for preparation of antisense
or sense probe using T; or T, RNA polymerase (Promega
Corp., Madison, WI), respectively. For Northern hybridization,
32P-UTP was used for labeling the antisense riboprobe: for in
situ hybridization, %*S-UTP was used for labeling both anti-
sense and sense probes.

Northern Hybridization

RNA preparation, gel fractionation, and Northern blotting, as
well as hybridization, were performed as described previ-
ously (34).

In Situ Hybridization

Five-micrometer thick sections were cut from paraffin-
embedded testis samples and mounted onto SuperForst
Plus glass slides (Menzel-Glaser, Steinheim, Germany). The
slides were then incubated at 37 C overnight and then stored
at 4 C before use. In situ hybridization was performed as
described previously (35).

Preparation of Purified Sertoli Cells, Germ Cells, and
Leydig Cells

Sertoli cells were isolated from 20-day-old Sprague Dawley
rats as described previously (36, 37). Spermatogonia were
prepared from 9-day-old Sprague Dawley rats using a pro-
tocol described by Bellvé (38) with minor modifications intro-
duced by Dym et al. (39). This procedure involved the use of
enzymatic dissociation followed by filtration through 80- and
40-pum nylon mesh. Cells from the dissociated seminiferous
tubules were separated by sedimentation velocity at unit
gravity at 4 C using a 2-4% BSA gradient in Ham’s F-12/
DMEM. The cell suspension were bottom loaded into an
SP-120 chamber in 30 ml of Ham’s F12/DMEM containing
0.5% BSA, and a gradient was simultaneously generated
using 275 ml each of medium supplemented with 2 and 4%
BSA, respectively. The cells were allowed to sediment for a
standard period of 2.5 h, and 300 ml were then collected from
the bottom of the gradient and centrifuged at 100 X g for 10
min. Pellet cells were then resuspended in Ham’s F12/DMEM
supplemented with gentamycin (50 ng/ml) and 10% FCS and
incubated at a density of 2.5 X 10%/ml in a humidified atmo-
sphere of 5% C0O,-95% air. After 14 h of culture, contaminant
cells were plated, and nonadherent spermatogonia were
used. Postmitotic germ cells were obtained from 90-day-old
rat testes by mechanical dissociation (38). These cells were
separated by centrifugal elutriation into two populations: pri-
mary spermatocytes and early spermatids. Flow rate and/or
rotor speed were changed progressively, as described by
Pineau et al. (40). Cell viability was evaluated by the trypan
blue exclusion test and was found to be at least 95%.
Pachytene spermatocytes and early spermatid fractions were
found to be about 90% pure. Leydig cells were isolated and
purified from rat testis as described previously (41), and the
purity was =85%.
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Preparation of Subcellular Fractions

Soluble, crude membrane and nuclear fractions of the puri-
fied Sertoli cells, spermatogonia, and spermatocytes were
prepared as described by Hsu et al. (24). Briefly, cells were
suspended at a cell density of 5 X 107 cells per ml in 1 ml of
buffer A containing 10 mm HEPES, pH 7.4, 38 mm NaCl,
phenylmethylsulfony! fluoride (25 wg/ml), aprotinin (1 wg/ml),
and leupeptin (10 wg/ml). The cell suspension was homoge-
nized in a glass Dounce homogenizer and then centrifuged
at 900 X g to pellet the nuclei in a Sorvall SA-600 rotor.
The postnuclear supernatant was further centrifuged at
130,000 X g in a Ti 80 rotor (Beckman Coulter, Inc., Palo Alto,
CA) to pellet the membranes. The crude membranes were
solublized in a volume of the lysis buffer (buffer A supple-
mented with 0.5% NP-40) equal to that of the supernatant.
The lysates were subjected to Western blotting.

Immunoprecipitation

Whole testis, purified Sertoli cells, or germ cells were lysed in
a buffer containing 25 mm Tris-Hcl, 120 mm NaCl, 0.5%
NP-40, 4 mm NaF, 100 um NagVO,, 100 KIU/mI aprotinin, 1
mm phenylmethylsulfonylfluoride , and 10 ug/ml leupeptin at
4 C for 30 min with vigorous shaking. Cell lysates were
centrifuged for 20 min at 13,000 rpm, and then the superna-
tants were transferred to new tubes for measuring concen-
tration of protein as described previously (42).

An aliquot of 300 ug of protein was incubated with 1 ug of
polyclonal rabbit antirat Bax (PharMingen, San Diego, CA),
Bak (G-23, Santa Cruz Biotechnology, Inc., Santa Cruz, CA),
or Bad (K-17, Santa Cruz Biotechnology, Inc.) for2 hat 4 C
with gentle mixing. An aliquot of 20 ul of Protein A-agarose
(Pharmacia Biotech, Uppsala, Sweden) was added, and the
incubation proceeded for another 2 h at 4 C with gentle
shaking. The mixture was centrifuged at 2500 rpm for 5 min
at 4 C, and the pellet was washed four times with the buffer
containing 20 mm Tris-Hcl, pH 8.0, 100 mm NaCl, 1 mm EDTA,
0.5% NP-40, 100 mm NaF, 200 um NagVO,, 100 IU/ml apro-
tinin, 1 mm phenylmethylsulfonylfluoride and 10 pg/ml leu-
peptin and once with TBS. The pellet was resuspended in the
sample buffer (400 mm Tris-HCI, 40% glycerol, 8% SDS, 0.4
M dithiothreitol, and 0.1% bromophenol blue) and boiled for
2.5 min. The suspension was centrifuged at 4 C, and the
supernatant was loaded onto a 12.5% SDS-polyacrylamide
gel using Mini Protean Il system (Bio-Rad Laboratories, Inc.
Hercules, CA). After electrophoresis, the protein was electro-
phoretically transferred onto a nitrocellulose membrane (Hy-
bond, Amersham Pharmacia Biotech, Aylesbury, UK). Immu-
noprecipitation experiments were repeated three times using
cells from different rats.

Immunoblotting

The membrane was incubated in a blocking buffer (10 mm
Tris-HCI, pH 8.0, 0.1% Tween 20, and 5% non-fat milk pow-
der) at room temperature for at least 1 h, followed by incu-
bation in the blocking buffer containing polyclonal rabbit
anti-bcl-w antibody (StressGen Biotechnologies Corp., Vic-
toria, British Columbia, Canada) at 1:100-1:200 dilution for
1 h. After three times of wash in a washing buffer (10 mm
Tris-HCI, pH 8.0, 0.1% Tween 20), the membrane was incu-
bated in the blocking buffer containing horseradish peroxi-
dase-conjugated donkey antirabbit antibody (Amersham
Pharmacia Biotech) at 1:200 dilution for 1 h. After three times
of wash, the membrane was subjected to chemiluminescent
detection using an ECL Western Blotting Detection Kit (Am-
ersham Pharmacia Biotech) and, finally, the membrane was
exposed for 1-10 min to x-ray film (Fuji Photo Film Co., Ltd.,
Tokyo, Japan). The membranes were stripped using the
method provided by the manufacture of the membrane (Hy-
bond, Amersham Pharmacia Biotech) and reprobed using a
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mouse anti-Actin monoclonal antibody (ICN Biomedicals,
Inc., Aurora, OH) for normalization of the loading.

Tissue Culture and Hormone Stimulation

Seminiferous tubule segments were isolated in DMEM/F12
(1:1) (Life Technologies, Inc., Paisley, Scotland, UK) supple-
mented with 15 mm HEPES, 1.25 g/liter sodium bicarbonate,
10 mg/liter gentamycin sulfate, 60 mg/liter G-penicillin, 1
g/liter BSA and 0.1 mm 3-isobutyl-1-methylxanthin (MIX) (Al-
drich Chemie) under a stereomicroscope by transillumina-
tion-assisted microdissection technique as described previ-
ously (43).

Twenty pieces of 5-mm seminiferous tubule segments
from stages II-VI, VII-VIII, IX-XII, or XllI-| were incubated in 1
ml of above mentioned culture medium in the presence and
absence of FSH (10 ng/ml), testosterone (T) (10~ € m), FSH+T
for 8 h and 30 h. After incubation, RNA was isolated as
described previously (34), and Bcl-w mRNA levels were de-
tected by Northern blot hybridization.

Immunohistochemistry

Two 5-um-thick consecutive sections were cut from each
sample and mounted onto polylysine-coated slides. One sec-
tion was used for immunohistochemical staining of Bcl-w,
Bax, and Bak, and the other was used for periodic acid-
Schiff-hematoxylin staining for accurate determination of
stages.

After rehydration, the slides were washed twice in TBS
buffer (10 mm Tris-HCI, pH 8.0, 100 mm NaCl,) for 5 min each
followed by microwave antigen retrieval at 700 W for 15 min
in 10 mmM sodium citrate solution, pH 6.0. After two washes
with TBS, an aliquot of 50 ul of blocking solution (TBS con-
taining 1% BSA, 3% FCS, and 3% normal horse serum) was
applied to each section and incubated for 1 h at room tem-
perature. After blocking, an aliquot of 50 ul primary antibody
(1:200 diluted in TBS containing 1% BSA) was applied to
each section and incubated at 4 C overnight. Incubation with
secondary antibody and visualization of positive cells were
performed using Vectastain Elite-kit (Vector Laboratories,
Inc., Burlingame CA) according to the manufacturer’s
instructions.

As a control experiment, the testis sections from bcl-w ~/~
(line 043 and line 044) and bcl-w*’* (line 042) mice, which
were kindly provided by Dr. Suzanne Cory (The Walter and
Eliza Hall Institute of Medical Research, Victoria, Australia),
were employed to perform immunohistochemical staining us-
ing anti-Bax, Bak, and Bcl-w antibodies. Preabsorbed anti-
bodies by corresponding peptides used for immunization and
rabbit IgG were also used as control antibodies.

A semiquantitative analysis was conducted for estimating
the relative abundance of Bcl-w, Bax, and Bak proteins in
Sertoli cells, spermatogonia, and spermatocytes in the rat.
Immunoreactivity in different types of cells and in different
stages was semiquantified according to the following criteria:
+, weak; ++, strong; +++, very strong immunoreaction.

ISEL Staining of Apoptotic Spermatogonia

Two consecutive sections (5-um thick) were cut from each
paraffin block; one for ISEL staining and the other for periodic
acid-Schiff-hematoxylin staining. ISEL staining was per-
formed as described (28). Briefly, after rehydration, the sec-
tions were incubated in 2 X SSC at 80 C for 20 min followed
by washing twice with water and once with Proteinase K
buffer (20 mm Tris-HCI, pH 7.4, 2 mm CaCl,) for 5 min each.
The slides were then treated with proteinase K (10 ng/ml,
Roche Molecular Biochemicals, Indianapolis, IN) in protein-
ase K buffer at 37 C for 30 min. An aliquot of 20 ul of 3'-end
labeling reaction mixture containing 4 ul 5XTdT buffer (Pro-
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mega Corp.), 0.1 ul Dig-11-ddUTP (10 nmol/ul, Roche Mo-
lecular Biochemicals), 0.2 ul dd-ATP (5 mm, Promega Corp.),
1 pl terminal deoxynucleotidyl transferase (Roche Molecular
Biochemicals) and 14.7 pul nuclease-free water (Promega
Corp.) was applied to one cross-section. The slides were
kept in a humidified box and incubated at 37 C for 1 h and
then washed three times with TBST buffer (10 mm Tris-HCI,
pH 8.0, 100 mm NaCl, and 0.1% Tween-20) for 10 min each.
An anti-Dig-horseradish peroxidase monoclonal antibody
(DAKO Corp., Glostrup, Denmark, 1:200 dilution in TBST
containing 1% BSA,) was applied, and the slides were incu-
bated in a humidified box at room temperature for 1 h and
then washed three times with TBST for 5 min each time.
Finally, the labeled cells were visualized by 3,3’-diaminoben-
zidine tetrahydrochloride (Sigma, St. Louis, MO) for 0.5-2
min.

Nonradioactive DNA Laddering

DNA was isolated from five pieces of 2 mm-long tubule
segments by phenol/chloroform extraction after digestion in
TES buffer (10 mm Tris-HCI, pH 7.6, 10 mm EDTA, 100 mm
NaCl) containing 1% SDS, proteinase K (100 wg/ml, Roche
Molecular Biochemicals), and RNase A (10 ug/ul, Roche
Molecular Biochemicals) at 55 C for 30 min. The 3’-end
labeling was performed in a 20 ul reaction volume containing
100 ng DNA, 4 ul 1X Terminal transferase buffer (Promega
Corp.), 0.5 ul terminal deoxynucleotidyl transferase (20 U/ul,
Promega Corp.), 0.1 ul DIG-11-ddUTP (10 nmol/ul, Roche
Molecular Biochemicals). The reaction mixture was incu-
bated for 30 min at 37 C and then 1 ul 0.5 m EDTA, pH 8.0,
was added to terminate the reaction. The reaction mixture
was size fractionated in a 1.6% agarose gel followed by
blotting onto a nylon membrane overnight with 10xXSSC. The
DNA was fixed by baking in an oven at 80 C for 1 h followed
by UV cross-linking. The membrane was incubated in 20 ml
1X blocking buffer (Roche Molecular Biochemicals) contain-
ing 1 ul anti-DIG-AP (Roche Molecular Biochemicals) at room
temperature for 1 h followed by three times of washing with
TBST buffer for 15 min each. One milliliter chemiluminescent
substrate CSPD (Roche Molecular Biochemicals) was ap-
plied onto the blot. The blot was incubated at room temper-
ature for 10 min and then sealed in a plastic bag. The blot was
exposed to x-ray film (Fuji Photo Film Co., Ltd., Tokyo, Japan)
for 510 min.

Quantitative Analysis of Northern Hybridization and
Western Blotting Results

The x-ray films of Northern hybridization and Western blotting
results were first scanned by a UMAX scanner (UMAX Inc.,
Fremont, CA) and a Photoperfect software package (Binus-
can Inc., New York, NY). The images were saved as TIFF-type
files (*.tif, Microsoft Corp. Co. and Aldus Co., New York, NY)
and then quantified by TINA 2.0 densitometric analytical sys-
tem (Raytest Isotopenmef gerate GmbH, Straubenhardt,
Germany) according to the manufacturer’s instructions. For
Northern blotting results, after normalization to 28S rRNA, the
densitometric value of a control was designated as 100%,
and values of other controls and treated samples were ex-
pressed as the percentages of the control. For Western blot-
ting results, after normalization to actin, similarly, the densi-
tometric value of a control was designated as 100% and
values of other controls and treated samples were expressed
as the percentages of the control. The values of the controls
that were designated as 100% were excluded from statistical
analysis.

Statistical Analysis

The values from three independent experiments were pooled
for the calculation of the sems and for one-way ANOVAs and
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Duncan’s new multiple range test to determine the significant
differences between different experimental groups by using
StatView 4.51 statistic program (Abacus Concepts Inc.,
Berkeley, CA). P < 0.05 was considered statistically
significant.

Acknowledgments

We would like to thank Dr. Takahiro Kunisada, Department of
Immunology, Faculty of Medicine, Tottori University, Japan,
for generously providing ACK-2 antibody, Drs. Suzanne Cory
and Jerry M. Adams, the Walter and Eliza Hall Institute of
Medical Research, Victoria, Australia, for kindly supplying the
bcl-w cDNA and testis sections of bcl-w-deficient mice. Drs.
Jukka Kero and Janne Suominen are gratefully acknowl-
edged for their assistance in the animal experiments.

Received September 15, 1999. Revision received January
24, 2000. Accepted February 15, 2000.

Address requests for reprints to: Dr. Jorma Toppari M.D.,
Ph.D., Department of Physiology, University of Turku,
Kiinamyllynkatu 10, FIN-20520, Turku, Finland. E-mail: jorma.
toppari@Qutu.fi.

This research was supported by grants from the Academy
of Finland, the Finnish Research Program on Environmental
Health, and the Turku University Central Hospital.

REFERENCES

1. Zamzami N, Brenner C, Marzo Isabel, Susin S, Kroemer
G 1998 Subcellular and submitochondrial model of ac-
tion of Bcl-2-like oncoproteins. Oncogene 16:2265-2282

2. Adams JM, Cory S 1998 The Bcl-2 protein family: arbiters
of cell survival. Science 281:1322-1326

3. Evan G, Littlewood T 1998 A matter of life and cell death.
Science 281:1317-1322

4. Oltvai ZN, Milliman CL, Korsmeyer 1993 Bcl-2 het-
erodimerizes in vivo with a conserved homolog, Bax, that
accelerates programmmed cell death. Cell 74:609-619

5. Ross JA, Waymire K, Moss JE, Parlow AF, Skinner MK,
Russel LD, MacGregor GR 1998 Testicular degeneration
in Bcl-w-deficient mice. Nat Genet 18:251-256

6. Print CG, Loveland KL, Gibson L, Meehan T, Stylianou A,
Wreford N, de Krester D, Metcalf D, Kontgen F, Adams
JM, Cory S 1998 Apoptosis regulator bcl-w is essential
for spermatogenesis but appears otherwise redundant.
Proc Natl Acad Sci USA 95:12323-12431

7. Yoshinaga K, Nishikawa S, Ogawa M, Hayashi S, Kuni-
sada T, Fujimoto T, Nishikawa S 1991 Role of c-kit in
mouse spermatogenesis: identification of spermatogonia
as a specific site of c-kit expression and function. Devel-
opment 113:689-699

8. Tajima Y, Onoue H, Kitamura Y, Nishimune Y 1993 Bio-
logically active kit ligand growth factor is produced by
mouse Sertoli cells and is defective in SID mutant mice.
J Reprod Fertil 99:571-575

9. McKinnell C, Sharpe RM 1997 Regulation of the secre-
tion and synthesis of rat Sertoli cell SGP-1, SGP-2 and
CP-2 by elongate spermatids. Int J Androl 20:171-179

10. Suter L, Meier G, Bechter R, Bobadilla M 1998 Flow
cytometry as a sensitive tool to assess testicular damage
in rat. Arch Toxicol 72:791-797

11. Krishnamurthy H, Weinbauer GF, Aslam H, Yeung CH,
Nieschlag E 1998 Quantification of apoptotic testicular
germ cells in normal and methoxyacetic acid-treated
mice as determined by flow cytometry. J Androl 19:
710-717

12

13.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

20.

Vol 14 No. 5

Henriksen H, Hakovirta H, Parvinen M 1995 Testosterone
inhibits and induces apoptosis in the rat seminiferous
tubules in a stage-specific manner: in situ quantification
in squash preparation after administration of ethane
dimethane sulfonate. Endocrinology 136:3285-3291

Teerds KJ 1996 Regeneration of Leydig cells after de-
pletion by EDS: a model for postnatal Leydig cell re-
newal. In: Payne AH, Hardy MP, Russell LD (eds) The
Leydig cell. Cache River Press, Vienna, IL, pp 203-219

. Woolveridge I, De Boer-Brouwer M, Taylor MF, Teerds,

KJ, Wu F, Morris | 1999 Apoptosis in the rat spermat-
ogenic epithelium following androgen withdrawal:
changes in apoptosis-related genes. Biol Reprod 60:
461-470

Yan W, Suominen J, Toppari J 2000 Involvement of Bcl-2
family proteins in germ cell apoptosis during testicular
development, pro-survival effect of stem cell factor on
germ cells in vitro. Mol Cell Endocrinol, in press
Rodriguez |, Ody C, Araki K, Garcia |, Vassalli P 1997 An
early and massive wave of germinal cell apoptosis is
required for the development of functional spermatogen-
esis. EMBO J 16:2262-2270

Wang RA, Nakane PK, Koji T 1998 Autonomous cell
death of mouse male germ cells during fetal and post-
natal period. Biol Reprod 58:1250-1256

Hockenbery DM, Zutter M, Hickey W, Mahm M, Kors-
meyer S 1991 Bcl-2 protein is topographically restricted
in tissues characterized by apoptotic cell death. Proc
Natl Acad Sci USA 88:6961-6965

Krajewski S, Krajewska M, Shabaik A, Wang H-G, Irie S,
Fong L, Reed JC 1994 Immunohistochemical analysis of
in vivo patterns of Bcl-x expression. Cancer Res 54:
5501-5507

Krajewski S, Bodrug S, Krajewska M, Shabaik A, Gas-
coyne R, Berean K, Reed JC 1995 Immunohistochemical
analysis of Mcl-1 protein in human tissues. Differential
regulation of Mcl-1 and Bcl-2 protein production sug-
gests a unique role for Mcl-1 in control of programmed
cell death in vivo. Am J Pathol 146:1309-1319

Taylor MF, de Boer-Brouwer M, Woolveridge |, Teerds
KJ, Morris ID 1999 Leydig cell apoptosis after the ad-
ministration of ethane dimethanesulfonate to the adult
male rat is a Fas-mediated process. Endocrinology 140:
3797-3804

Hsu YT, Youle R 1997 Nonionic detergents induce dimer-
ization among members of the Bcl-2 family. J Biol Chem
272:13829-13834

Kitada S, Krajewska M, Zhang X, Scudiero D, Zapata JM,
Wang HG, Shabaik A, Tudor G, Krajewski S, Myers TG,
Johnson GS, Sausville EA, Reed JC 1998 Expression
and location of pro-apoptotic Bcl-2 family protein Bad in
normal human tissue and tumor cell lines. Am J Pathol
152:51-61

Hsu YT, Wolter KG, Youle R 1997 Cytosol-to-membrane
redistribution of Bax and Bcl-X, during apoptosis. Proc
Natl Acad Sci USA 94:3668-3672

Jia L, Macey MG, Yin Y, Newland AC, Kelsey SM 1999
Subcellular distribution and redistribution od Bcl-2 pro-
teins in human leukemia cells undergoing apoptosis.
Blood 93:2353-2359

Henriksen K, Kangasniemi M, Parvinen M, Kaipia A, Ha-
kovirta H 1996 In vitro, follicle-stimulating hormone pre-
vents apoptosis and stimulates deoxyribonucleic acid
synthesis in the rat seminifrerous epithelium in a stage-
specific fashion. Endocrinology 137:2141-2149

Heckert LL, Griswold MD 1991 Expression of follicle-
stimulating hormone receptor mRNA in rat testes and
Sertoli cells. Mol Endocrinol 5:670-677

Yan W, Suominen J, Toppari J 2000 Stem cell factor
protects germ cells from apoptosis in vitro. J Cell Sci
113:161-168

Inohara N, Gourley TS, Carrio R, Muniz M, Merino J,
Garcia |, Koseki T, Hu Y, Chen S, Nunez G 1998 Diva, a

220z 1snBny 1z uo 1senB Ad Z1.2//2/289/S/¥ 1 /910IME/PUSW/WOY"dNO"OILSPEDE//:SAY WO PAPEOjUMOQ



Bcl-w in the Rat Testis

30.

31.

32.

33.

34.

35.

Bcl-2 homologue that binds directly to Apaf-1 and in-
duces BH3-independent cell death. J Biol Chem 273:
32479-32486

Metcalfe AD, Gilmore A, Klinowska T, Oliver J, Valentijn
JA, Brown R, Ross A, MacGregor G, Hickman JA, Streuli
CH 1999 Developmental regulation of Bcl-2 family pro-
tein expression in the involuting mammary gland. J Cell
Sci 112:1771-1783

Tena-Sempere M, Zhang FP, Huhtaniemi | 1994 Persis-
tent expression of a truncated form of the LH receptor
mRNA in the rat testis after selective Leydig cell destruc-
tion by EDS. Endocrinology 135:1018-1024
Tena-Sempere M, Rannikko A, Kero J, Zhang FP, Hu-
htaniemi | 1997 Molecular mechanisms of reappearance
of LH receptor expression and function in rat testis after
selective Leydig cell destruction by EDS. Endocrinology
138:3340-3348

Jackson CM, Jackson H 1984 Comparative protective
actions of gonadotrophins and testosterone against the
antispermatogenic action of ethane dimethanesulpho-
nate. J Reprod Fertil 71:393-401

Yan W, Linderborg J, Suominen J, Toppari J 1999 Stage-
specific regulation of stem cell factor gene expression in
the rat seminiferous epithelium. Endocrinology 140:
1499-1504

Kaipia A, Penttila T-L, Shimasaki S, Ling N, Parvinen M
Toppari J 1992 Expression of inhibin B, and Bg, follistatin
and activin A receptor messenger ribonucleic acid in the rat
seminiferous epithelium. Endocrinology 131:2703-2710

36.

37.

38.

699

Toebosch AM, Robertson DM, Klaij IA, de Jong FH,
Grootegoed JA 1989 Effects of FSH and testosterone on
highly purified rat Sertoli cells: inhibin a-subunit mRNA
expression and inhibin secretion are enhanced by FSH
but not by testosterone. J Endocrinol 122:757-762
Pineau C, Le Magueresse B, Courtens JL, Jégou B 1991
Study in vitro of the phagocytic function of Sertoli cells in
the rat. Cell Tissue Res 264:589-598

Bellve AR 1993 Purification, culture, and fractionation of
spermatogenic cells. Methods Enzymol 225:84-113

. Dym M, Jia MC, Dirami G, Price M, Rabin SJ, Mochetti |,

Ravindranath N 1995 Expression of c-kit receptor and its
autophosphorylation in immature rat type A spermato-
gonia. Biol Reprod 52:8-19

. Pineau C, Syed V, Bardin CW, Jégou B, Cheng CY 1993

Germ cell conditioned medium contains multiple factors
that modulate the secretion of testins, clusterins, and
transferrin by Sertoli cells. J Androl 14:87-98

. El-Gehani F, Zhang FP, Pakarinen P, Rannikko A, Huhta-

niemi | 1998 Gonadotropin-independent regulation of
steroidogenesis in the fetal rat testis. Biol Reprod 58:
116-123

. Bradford MM 1976 A rapid and sensitive method for

quantitation of microgram quantities of protein utilizing
the principle of protein dye binding. Anal Biochem 72:
248-254

. Toppari J, Parvinen M 1985 In vitro differentiation of rat

seminiferous tubular segments from defined stages of
the epithelial cycle morphologic and immunolocalization
analysis. J Androl 6:334-343

)

¢
/

¢

220z ¥snbny |z uoisenb Aq g1 2/¥/2/289/S/¥ | /8101He/pus/wod dno-olwapede//:sdiy Wol papeojumoq



