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The BH3-only proteins of the Bcl-2 family initiate apoptosis
through the activation of Bax-like relatives. Loss of indi-
vidual BH3-only proteins can lead either to no phenotype,
as in mice lacking Bik, or to marked cell excess, as in the
hematopoietic compartment of animals lacking Bim. To
investigate whether functional redundancy with Bim
might obscure a significant role for Bik, we generated
mice lacking both genes. The hematopoietic compart-
ments of bik~/~bim™~~ and bim~/~ mice were indistin-
guishable. However, although testes develop normally in
mice lacking either Bik or Bim, adult bik/~bim~/~ males
were infertile, with reduced testicular cellularity and no
spermatozoa. The testis of young bik~/~bim /~ males, like
those lacking Bax, exhibited increased numbers of sper-
matogonia and spermatocytes, although loss of Bik plus
Bim blocked spermatogenesis somewhat later than Bax
deficiency. The initial excess of early germ cells suggests
that spermatogenesis fails because supporting Sertoli cells
are overwhelmed. Thus, Bik and Bim share, upstream of
Bax, the role of eliminating supernumerary germ cells
during the first wave of spermatogenesis, a process vital
for normal testicular development.
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Introduction

Programmed cell death (apoptosis) is a genetically controlled
mechanism of cell suicide that removes redundant, damaged
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or harmful cells during development and maintains tissue
homeostasis in adults (Strasser et al, 2000; Adams, 2003;
Danial and Korsmeyer, 2004). The Bcl-2 family consists of
both death-preventing and -promoting members (Cory et al,
2003; Danial and Korsmeyer, 2004). Its prosurvival members
share at least three of the four conserved regions, termed
Bcl-2 homology regions 1-4 (BH1-4), and BH1, BH2 and BH3
are also present in the proapoptotic ‘Bax-like’ proteins (Bax,
Bak and Bok), which are structurally similar to Bcl-2. In
contrast, members of the more divergent proapoptotic group,
the ‘BH3-only’ proteins (e.g. Bad, Bim, Bik and Puma), are
related to Bcl-2 (and each other) only by the short BH3
region, which is essential for their proapoptotic function
(Huang and Strasser, 2000). Combined loss of Bax and Bak
renders many (perhaps all) cell types resistant to most
physiological and experimentally applied apoptotic stimuli
(Lindsten et al, 2000; Rathmell et al, 2002). Notably, over-
expressed BH3-only proteins cannot kill such cells, establish-
ing that Bax or Bak is required for their function (Cheng et al,
2001; Zong et al, 2001). It appears that the binding of BH3-
only proteins to their prosurvival relatives promotes the
activation of Bax and Bak (Willis et al, 2005), which are
then thought to subvert outer mitochondrial membrane
integrity, unleashing proteins such as cytochrome c that
lead to activation of the caspases that demolish the cell
(Huang and Strasser, 2000; Cory et al, 2003; Danial and
Korsmeyer, 2004).

Gene disruption in mice has shown that each BH3-only
protein is responsible for initiating apoptosis in response to
only select stimuli and only within certain cell types (Bouillet
et al, 1999; Putcha et al, 2001; Whitfield et al, 2001; Akiyama
et al, 2003; Shibue et al, 2003; Villunger et al, 2003).
Furthermore, the protective effect conveyed by the absence
of a single BH3-only protein is usually not as marked as that
conferred by overexpression of Bcl-2 or loss of both Bax and
Bak (Deckwerth et al, 1996; Miller et al, 1997; Bouillet et al,
1999; Putcha et al, 2001; Whitfield et al, 2001; Villunger et al,
2003; Imaizumi et al, 2004). In view of the multiplicity of
BH3-only proteins and overlaps in their expression patterns, a
plausible explanation for such limited effects is redundancy
and compensation by other BH3-only proteins.

In particular, we wondered whether the absence of an
overt phenotype in mice lacking Bik (also known as Blk or
Nbk) (Coultas et al, 2004) might be due to compensation by
Bim. Loss of Bim impairs a range of cytotoxic responses in a
spectrum of hematopoietic and other cell types (Bouillet et al,
1999, 2001, 2002; Putcha et al, 2001; Whitfield et al, 2001;
Hildeman et al, 2002; Akiyama et al, 2003; Enders et al,
2003), but its loss rarely fully blocks the apoptotic response,
indicating that at least one other cell death initiator must act
in parallel. We previously reported that expression of Bik
overlaps that of Bim in the hematopoietic system and is
upregulated in response to certain apopototic stimuli partially
dependent on Bim for apoptosis (Coultas et al, 2004). Their
expression also overlaps in cardiomyocytes and epithelial
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tissues of the kidney and mammary gland (L Coultas and A
Strasser, unpublished observations). Hence, Bik and Bim
might act together in cell types both within and beyond the
hematopoietic system.

To investigate the hypothesis that Bik and Bim share
certain physiological roles in the initiation of apoptosis, we
have characterized mice lacking both proteins. We report the
unexpected finding that Bik and Bim share a critical role in
spermatogenesis, a developmental process in which members
of two other factions of the Bcl-2 family, namely the pro-
apoptotic Bax (Knudson et al, 1995; Russell et al, 2002) and
the antiapoptotic Bcl-w (Print et al, 1998; Ross et al, 1998),
are known to have central roles. Our study thus identifies
the essential BH3-only initiators of an apoptotic program
required for normal sperm development.

Results

The hematopoietic phenotype of bim~/~ mice is not
augmented by concomitant loss of bik

Interbreeding of mice deficient for Bik or Bim produced
animals lacking both genes in expected numbers and, except
for male sterility (see below), they were overtly phenotypi-
cally normal. Since Bik and Bim are both expressed in
lymphoid and myeloid cells (O’Reilly et al, 2000; Coultas
et al, 2004), we explored whether the hematopoietic pertur-
bation in bim knockout mice was exacerbated by concomi-
tant absence of bik. We first examined the size and cellular
composition of the hematopoietic organs. The spleen,
enlarged in bim ™/~ mice due to excessive mature T and B
lymphocytes, granulocytes and macrophages, was not further
increased in size or cellularity by additional loss of bik
(Figure 1A). Similarly, the bone marrow of bik / bim ™/~
mice showed the same reduction in pro/pre-B and immature
B lymphoid populations and elevation in mature B and
macrophage populations observed in bim /" mice
(Figure 1B). Finally, T-cell development in the thymus of
bik’"bim ™/~ animals was indistinguishable from bim ™~
mice, with the same reduction in CD4%8% (pre-T) cell
numbers and elevation in CD4 8 (pro-T) and mature
(CD4" 8 and CD4 8™") T-cell populations (Figure 1C).

We next determined the sensitivity of bik/~bim ™/~ lym-
phocytes to apoptotic stimuli. Thymocytes from bik = bim /"~
mice proved to be no more resistant to spontaneous death in
culture (cytokine deprivation) or treatment with the calcium
ionophore ionomycin than bim ™~ thymocytes (Figure 2A).
Furthermore, concomitant loss of Bik did not augment the
moderate resistance of bim/~ thymocytes to etoposide or
dexamethasone, or provide any protection against phorbol
myristate acetate (Figure 2A). Although B cells lacking Bim
are resistant to crosslinking of their antigen receptor by anti-p
F(ab’), antibody fragments, they are not as refractory as bcl-2
transgenic B cells, implicating other BH3-only proteins
(Enders et al, 2003). Since B cells upregulate Bik following
antigen receptor stimulation (Jiang and Clark, 2001; Coultas
et al, 2004), we tested the sensitivity of immature as well as
mature B cells from bik/~bim /= mice to anti-u F(ab’),
antibody fragments. They were no more resistant than
bim ™~ lymphocytes (Figure 2B and data not shown).
Furthermore, the resistance of Bim-deficient mature B and
T lymphocytes to death in response to cytokine withdrawal
or treatment with etoposide or dexamethasone was not
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Figure 1 Cell type composition of hematopoietic organs from wt
(bik ™/ bim™*/ V), bik/"bim /', bik ™/ * bim ™/~ and bik /" bim ™/~
mice. (A) The total number of splenocytes from 8- to 13-week-old
wt, bik”"bim™*/*, bik™/*bim~/~ and bik/"bim ™/~ mice was
determined and the number of naive (sigM ™ sIgD™) and mature
B cells (sIgM° sigD™), mature T cells (CD4™ CD8~ or CD4~ CD8 ™),
macrophages (Macl™ Gr-17), granulocytes (Macl™ Gr-17) and
nucleated erythroid progenitors (Ter119*) was determined by
FACS analysis. (B) The total number of bone marrow cells from 8-
to 13-week-old wt, bik/~bim ™/, bik ™/ bim™~ and bik /" bim ™/~
mice was determined and the number of pro-B and pre-B cells
(B220* sIgM~ sIgD7), immature (sigM* sIgD™) and mature
(sIgM' sIgD™) B cells, macrophages (Macl~ Grl™) and granulo-
cytes (Macl™ Grl™) was determined by FACS analysis. (C) The
total number of thymocytes from 8- to 13-week-old wt, bik /~bim /™,
bik*/* bim™~ and bik~/~"bim~/~ mice was determined and the
number of pro-T (CD4 87), pre-T (CD4* 8*) and mature T (CD4 " 8~
or CD4 8") cells was determined by FACS analysis. Data shown
represent means +s.d. of 3-5 mice of each genotype.
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Figure 2 Susceptibility of bik/~bim /~ lymphocytes to apoptotic
stimuli. (A) Thymocytes from wt (bik ™/ bim ™/ "), bik/~bim ™/,
bik */* bim~/~ and bik/~bim /" mice were harvested and cultured
in the presence of dexamethasone (Dex 10 °M), etoposide (Etop
1pg/ml), PMA (2ng/ml), ionomycin (1pg/ml), crosslinked FasL
(100ng/ml) or in the absence of exogenous stimuli (unstimulated)
for the indicated times. (B) Mature B cells were negatively
sorted from lymph nodes of wt (bik*/* bim™*/"), bik '~ bim ™/,
bik /" bim ™~ and bik/~bim /™ mice and cultured in the presence
of anti-IgM crosslinking F(ab’) antibody fragments at 5pg/ml or in
the absence of exogenous stimuli (unstimulated) for the indicated
times. Data shown represent means+s.d. of 4-6 mice of each
genotype.

enhanced by concurrent loss of Bik (Figure 2B and data not
shown). In conclusion, we could find no evidence that
Bik cooperates with Bim to regulate apoptosis within the
hematopoietic system.

Reduced fertility and testicular weight in Bik/Bim
double knockout males

Although the fertility of both male and female bik™~ or
bim ™~ mice is normal, bik/~bim ™/~ males failed to sire
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offspring when mated to C57BL/6 females. Their infertility
was not due to defective sexual behaviour, because the mated
females routinely exhibited vaginal plugs. In contrast to
the males, bik”~bim/~ females were fertile and produced
normal numbers of offspring.

Whereas the testes of bik ™/~ and bim ™~ males were of
normal weight, those of bik ”~bim /" littermates were much
smaller, while the remainder of the male reproductive tract
appeared normal (Figure 3A). In subsequent analyses, we
compared the bik /~bim /" testicular defect with that well-
characterized in Bax-deficient mice (Knudson et al, 1995;
Russell et al, 2002). The reduction in testicular weight
became apparent after postnatal (PN) day 21 and the weight
drop in adults (~60%) was comparable to that in the bax ™~
testes (Figure 3B). The reduction was unlikely to be hormone
related, as the weight of the androgen-dependent vesicular
gland (seminal vesicle) was normal (data not shown), and
preliminary results from six adult mutant animals suggest
that serum concentrations of inhibin and follicle-stimulating
hormone (mFSH) are also normal. For unknown reasons,
around half of all bik/~bim ™/~ and bax™/~ males exhibited
reduced body weight, but even the males with normal body
weight had a low testicular weight.

Histologic analysis of testes from adult bik  bim 7/~
males showed abnormal tubules. Abnormal features varied
between tubules but included vacuolation, multi-nucleate
syncytia, accumulation of spermatocytes and a qualitative
reduction in tubule cellularity, diameter and lumen size
(Figure 3C). The tubules differed markedly from those of
bax~/~ males, in which some tubules showed a general
accumulation of early germ cell types while others appeared
deficient in germ cells (Figure 3C). Another difference was
that spermatids, never seen in bax /" tubules, appeared in
some bik/~bim /" tubules (although less frequently than in
wild type (wt)). Like bax/~ males, however, mature sperm
were never observed in the epididymis of bik™~bim /"~
males (Figure 3C).

Loss of Bim does not exacerbate the spermatogenesis
defect in Bax-deficient mice

To investigate further the relationship between Bim and Bax
in spermatogenesis, we examined male mice lacking both
Bim and Bax (Hutcheson et al, 2005). The bim~/~"bax™/~
males were sterile and their spermatogenic defect was indis-
tinguishable from that in bax/~ males. The seminiferous
epithelium was grossly dysmorphic, the tubule diameter was
abnormally decreased and no spermatids were present
(Supplementary Figure 1). In contrast, males lacking both
Bim and Bak (Hutcheson et al, 2005), like those lacking Bim
or Bak alone, were fertile and their testes had a normal
histological appearance and exhibited all major germ cell
types, including elongated sperm (Supplementary Figure 1).
These observations indicate that Bim exerts its function
in spermatogenesis mostly through Bax and not Bak (see
Discussion).

Bik and Bim are expressed in both germ cells and Sertoli
cells of seminiferous tubules

We next investigated the expression pattern of bik and bim in
the testis. As expected, Northern blot analysis confirmed bik
gene expression in wt but not bik ™~ or bik/~bim ™/~ testes,
while Western blotting revealed Bim in wt but not bim ™~ or
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Figure 3 Reduced testicular size and absence of spermatozoa in
bik/~bim ™/~ males. (A) Dissected reproductive tracts from repre-
sentative bik /~bim*/*, bik ™/ "bim /" and bik /~bim /" males
showing reduced testicular size, but otherwise normal appearance.
Testes of bik/~bim ™/, bik */* bim™~ mice were indistinguish-
able from those of wt males. (B) Weights of testes from wt,
bik/~bim /%, bik ™/ bim™/~, bik”/"bim™~~ and bax™/~ males
at PN day 15, 21, 30 and adult. Each data point represents the
weight of one testis from a single male normalized to body weight.
(C) Histological appearance of tubules and epididymis from testes
of adult wt, bik/~bim ™/~ and bax/~ males.
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Figure 4 Expression of Bik and Bim in testes. (A) Northern blot
analysis of poly(A) ™ RNA extracted from the testes of adult wt
C57BL/6, bik/~, bim™/~ and bik/~bim ™/~ mice. The blot was
probed with a cDNA probe containing the entire bik coding region.
Ethidium bromide stain of the RNA is shown as a loading control;
28S and 18S rRNA species are indicated. (B) Western blot analysis
of Bim protein expression in whole-cell lysates extracted from the
testes of adult wt C57BL/6, bik~/~, bim ™~ and bik/~bim ™~ mice.
Probing with an anti-Hsp70 mAb was used as a loading control.
(C) Bik gene expression assessed in PNS testes by in situ hybridiza-
tion, showing a strong signal in spermatogonia (arrows) and a less
intense signal in the Sertoli cell cytoplasm (asterisk), while the
interstitial signal was weak to absent (Int). Sense probe (top panel)
is included as a negative control. (D) Bik gene expression in
the adult testis was assessed by in situ hybridization, showing
strongest signal with spermatocytes (arrows). Sense probe
(top panel) is included as a negative control. (E) B-Galactosidase
assay as a surrogate for bik expression in bik ™/~ adult testes.
B-Galactosidase activity was evident in spermatogonia (arrows) and
Sertoli cells (open arrow head).

bik/~bim ™~ testes (Figure 4A and B). The level of bik
expression was not elevated over wt in bim /" testes, and
Bim protein expression was normal in bik ™~ testes (Figure
4A and B), demonstrating that neither gene was upregulated
to compensate for the absence of the other. In situ hybridiza-
tion analysis indicates that bim is expressed in essentially all
germ cell types and Sertoli cells (Meehan et al, 2001), and
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immunohistochemistry has revealed Bim protein in elongat-
ing spermatids and Sertoli cells (O’Reilly et al, 2000). Our
in situ hybridization analysis revealed bik mRNA in sperma-
togonia and spermatocytes (Figure 4C and D). The presence
of a B-galactosidase reporter gene in the mutant bik locus
(Coultas et al, 2004) allowed staining for the enzyme activity
in bik heterozygous mice as a surrogate for Bik expression.
The staining confirmed Bik expression in spermatogonia,
albeit not spermatocytes, and revealed expression in Sertoli
cells (Figure 4E). Collectively, these results show that Bik and
Bim are each expressed in both germ cells and supporting
Sertoli cells of the testis.

Spermatogenesis arrests at a later developmental stage
in bik-’~bim~’~ than in bax /" testes

We next sought to identify the stage at which spermatogen-
esis arrests in bik ”~bim /" males, and compare this to the
well-defined block in the bax™~ testes (Russell et al, 2002).
We first examined the DNA content of germ cells from the
adult testis by flow cytometry. DNA content analysis readily
separates the postmeiotic haploid spermatids and spermato-
zoa (1N) from the 2N spermatogonia and 2° spermatocytes
and the 4N spermatocytes (Figure 5A). Consistent with
previous reports (Knudson et al, 1995; Russell et al, 2002),
the Bax-deficient testes lacked haploid cells (Figure 5A),
whereas the adult bik/"bim ™/~ testes had a notable IN
peak, albeit far smaller than that in wt testes (Figure 5A).
This result indicates that the bik/ bim /~ males produce
modest numbers of a postmeiotic cell type, whereas matura-
tion in the Bax-deficient testes arrests before meiosis is
complete, in the preleptotene spermatocyte phase (Russell
et al, 2002).

Germ cell populations can be delineated by two-parameter
FACS analysis of the forward- and side-scatter properties of
the nuclei (Malkov et al, 1998) (Figure 5B). At PN15, when
only spermatogonia and primary spermatocytes are present,
both the bik/~bim /=~ and the bax ™/~ testes appeared rela-
tively normal by FSC/SSC and DNA content analysis (data
not shown). By PN21, shortly after onset of meiosis and
spermatid production, the bik/"bim ™/~ testes showed a
marked reduction, compared to wt, in the round spermatid

Figure 5 Profiling germ cell development in bik ™~ bim ™~ mice by
FACS. (A) DNA content of bik/~bim ™/~ male germ cells was
assessed by PI staining and FACS analysis and compared to that
in wt and bax™/~ germ cells. Cells with sub-IN DNA content
represent spermatozoa with condensed chromatin, such that PI
cannot fully access the DNA. (B) Schematic diagram of germ cell
analysis by FACS. Development of mature spermatozoa from sper-
matogonia (R1 and R4) follows the direction of the arrow on the
FSC/SSC plot. The premeiotic 2N spermatogonia appear in regions
R1 and R4. On replicating their DNA to become 4N primary
spermatocytes, they shift to R2. When the spermatocytes condense
their chromosomes, they shift into R3 as late-stage spermatocytes.
The first meiotic division produces 2° spermatocytes, which transit
back through R1 and R4 before entering RS as round spermatids
after the second meiotic division. As spermatids elongate and
condense their DNA they occupy R5 and R6, and finally on becom-
ing mature spermatozoa they reach R7 (although mature sperma-
tozoa contribute to R5, R6 and R7) (Malkov et al, 1998). (C) FACS
profiles of germ cell suspensions prepared from wt, bik / bim /~
and bax™/~ testes at PN21 and adults, showing arrested germ cell
development at the early primary spermatocyte stage in bax/~
mice and at the round spermatid stage in bik/~bim " mice.
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population (R5) and an increase in the R4 population
(Figure 5C), indicative of a disproportionate representation
of spermatogonia and spermatocytes. In adult bik~~bim ™/~

A PN21 Adult
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testes (Figure 5C), spermatogonia and spermatocytes (in R1,
R3 and R4) were still over-represented, but there were some
uncondensed spermatids, seen in R6, albeit fewer than in wt.
In contrast, at all ages the composition of bik /™~ or bim ™/~
testes was indistinguishable from wt (data not shown).
Although germ cell maturation in bik~bim ™~ testes
resembled bax ™/~ testes in the over-representation of early
germ cell types and lack of mature spermatids, there were
notable differences. Consistent with previous reports
(Knudson et al, 1995; Russell et al, 2002), the light scatter
profiles confirmed that the bax ™/~ testes accumulated only
very early germ cell types (spermatogonia and primary
spermatocytes), whereas bik / bim /~ testes contained
some later-stage spermatocytes (Figure 5C). For example,
the early R1 and R2 populations were much more prominent
in the bax ™/~ than the bik~bim /" testes at both PN21 and
the adult. Moreover, whereas bax '~ males produce very few,
if any, round spermatids (Knudson et al, 1995; Russell et al,

A PN15 bim™~

2002), a small number of round, uncondensed spermatids
(R5) developed in the bik ™ ~bim ™~ testes.

Histological assessment (Figure 6) confirmed that germ
cell maturation was abnormal in bik ™~ ~bim /" testes, albeit
distinct from that in bax™~ animals. At PN15 (Figure 6A),
the spermatogonia layer in bik~/~bim ™~ tubules, as in the
bax™/~ testes, was more pronounced than in controls (e.g.
bim™7), being up to three cells thick. Clusters of round cells
appeared in the centre of some tubules from bik ™~ bim ™~
testes, but these clusters were more frequent in bax ™/~
tubules. By PN21 (Figure 6B), round spermatids were appar-
ent in tubules of control testes, but few bik~/~bim ™~ tubules
contained round spermatids at this age, and their spermato-
gonia cell layer still contained more cells than controls.
Furthermore, the bik~/~bim /" tubules differed from bax "/~
tubules in that the latter contained no spermatids at all and
their spermatocytes appeared less mature than those in
bik~/~bim™’~ mice. At PN30 (Figure 6C), when elongating

bik ™~ bim™~ bax~~

i
Wy

Figure 6 Histological appearance of developing bik /~bim ™~ testes. At all ages, the bim /™ testis (left panels) was indistinguishable from a wt
or bik™/~ testis (data not shown). (A) Sections of PN15 testes, stained with hematoxylin and eosin, showing increased thickness of the
spermatogonial (outer) cell layer and cell clusters in the centre of bik”~bim ™~ and bax™/~ tubules compared to controls. (B) Sections of PN21
testes, stained with hematoxylin and eosin, showing that bik~/~bim " testes have increased layers of spermatogonia, compared to bim ™~
testes. (C) Sections of PN30 testes, stained with hematoxylin and eosin, showing accumulation of spermatocytes in bik /~bim /" testes. By
comparison, bax ™~ tubules show preferential accumulation of spermatogonia and some early spermatocytes. Some bik /~bim ™/~ tubules
contained round spermatids, but not the elongating spermatids (arrowheads) observed in bim ™", bik~/~ and wt controls.
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spermatids were present in control tubules (arrowheads),
bik~/~bim ™/~ tubules were filled with spermatocytes and
some contained round spermatids, but none exhibited elon-
gating spermatids. In contrast, the bax mutant tubules
contained primarily spermatogonia and pre-leptotene sper-
matocytes, and had changed little in appearance from PN15
and PN21. Collectively, these data indicate that germ cell
maturation in the bik ™/ ~bim ™/~ testes arrests at a later stage
than in bax ™~ testes.

Reduced cellularity in adult bik~’~bim™/~ testes is
preceded by overabundance of c-Kit* germ cells

The developmental arrest in the Bax-deficient testes has been
attributed to overcrowding of the supporting seminiferous
epithelium (Sertoli cells) by the excess spermatogonia
and primary spermatocytes in the young mice (Russell
et al, 2002). We investigated whether the block in the
bik/~bim /" testis has a similar basis. Consistent with the
reduced testicular weight, germ cell populations in adult
bik/~bim ™/~ testis were also reduced by as much as 10-
fold compared to bik”~ and bim/~ controls, which were
indistinguishable from wt mice (Figure 7A). In striking con-
trast, germ cell number at PN15 in both bik /~bim 7~ and
bax/~ testes exceeded that of controls (Figure 7A).
Interpretation of the germ cell numbers at PN21 was compli-
cated because several of the bik ” bim /~ and bax /" males
analysed were runts, but the bik/~bim /" males of normal
body weight still had a clear increase in testis cellularity over
the normal controls.

To investigate whether the excess cells in the young
bik/~bim ™~ testes represented early germ cell stages, we
stained single-cell suspensions for c-Kit, a marker of sperma-
togonia and some primary spermatocytes, and enumerated
cKit™ germ cells by flow cytometry (Figure 7B and C).
Except in some runts, the testes of young bik / bim /"
males did contain substantially more c-Kit ™ germ cells than
controls (Figure 7D). The excess in early germ cell numbers
in bik/~bim ™/~ and bax ™~ testes was evident from at least
PN15, prior to the spermiogenic phase, when round sperma-
tids develop into mature spermatozoa, and persisted up to
PN30 (Figure 7C). While the number of c-Kit* germ cells in
adult bik™~bim ™~ testes appeared to be normal (Figure 7D),
their proportional representation within the germ cell popu-
lation was up to 10-fold higher than in control testes, due to
the dearth of mature (c-Kit™) germ cells in the mutant
(Figure 7B). The proportion of c-Kit* cells was lower in the

Figure 7 Accumulation of c-Kit™ germ cells in bik/~bim ™~/
testes. (A) Total cellularity of wt, bik™~, bim™~, bik/"bim™/~
and bax™/~ testes taken at PN15, PN21, PN30 and adult (8-15
weeks old). Each data point represents the number of germ cells
isolated from a single testis of one animal. Asterisks mark testes
taken from runts. (B) Representative FACS profiles of PN15 and
adult (8-15 weeks) wt, bik”~bim ™~ and bax™/~ testes stained for
c-Kit expression. (C) The percentage of c-Kit™ cells in germ cell
preparations from PN15, PN21, PN30 and adult (8-15 weeks) wt,
bik /=, bim™~/~, bik /~bim~/~ and bax /" testes. Each data point
represents the percentage of c-Kit ™ germ cells from a single testis of
one animal. (D) Absolute numbers of c-Kit™ cells in the germ cell
preparations of PN15, PN21, PN30 and adult testes from wt, bik™~,
bim ™=, bik/~bim ™/~ and bax /" testes. Each data point repre-
sents the number of germ cells isolated from a single testis of one
animal. Asterisks mark testes taken from runts.
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bik”~bim ™~ than bax ™/~ testes (Figure 7B) because some
c-Kit™ germ cell types, such as late spermatocytes and
spermatids, were produced in the bik/bim double knockout
but not the bax ™/~ testis. These results re-enforce our
conclusion that early germ cells dominate the testes of
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bik/~bim ™/~ males, but that the block occurs at a later stage
of spermatogenesis than in the bax " testis.

Discussion

Since mice lacking Bim have defects in apoptosis in response
to multiple stimuli in cell types ranging from the hemato-
poietic to the nervous system (see Introduction), we hypo-
thesized that concomitant loss of another BH3-only protein,
such as Bik, might exacerbate the phenotype provoked by
Bim loss, or even elicit a novel phenotype not seen in the
absence of either alone.

Despite the coexpression of Bik and Bim in lymphoid and
myeloid cells (Coultas et al, 2004), the hematopoietic pheno-
types of bim /'~ mice (Bouillet et al, 1999) were not enhanced
by Bik loss. The composition of hematopoietic organs in
bik~~bim /" mice and the response of their lymphocytes
to a range of apoptotic stimuli in vitro were indistinguishable
from those of mice lacking Bim alone. Thus, Bik is not a
major initiator of physiological cell death in the developing
or mature hematopoietic system, nor in the response to any
of the cellular stresses tested. Evidence that the BH3-only
protein Puma is needed for a number of cytotoxic responses
in lymphocytes (Jeffers et al, 2003; Villunger et al, 2003)
suggests that Bim and Puma are the dominant initiators of
apoptosis in the hematopoietic compartment (Figure 8A).
Furthermore, recent findings suggest that Bim and Puma
are more potent initiators of apoptosis than Bik because
they both can readily engage all the prosurvival family
members, whereas Bik has only low affinity for Bcl-2 and
Mcl-1 (Chen et al, 2005). Since both Bcl-2 and Mcl-1 play vital
roles in the hematopoietic system (Veis et al, 1993; Bouillet
et al, 2001; Opferman et al, 2003), it is explicable that loss of
Bim rescued the hematopoietic deficit in Bcl-2 knockout mice
(Bouillet et al, 2001), whereas loss of Bik did not (Coultas
et al, 2004). Thus, Bik may have merely a supporting role in
hematopoietic cells, because it cannot engage all the relevant
prosurvival family members (Figure 8A) (Chen et al, 2005).

Our hypothesis that the double knockout mice might
exhibit novel phenotypes not found in the Bim or Bik single
knockout animals was confirmed when the bik / bim /™
males proved to lack mature sperm. Whereas testicular
development appeared completely normal in bik ™/~
or bim™~ mice, and indeed even in bik/"bim "/~ or
bik™/~bim™/~ males, the testes of sexually mature
bik/~bim ™/~ animals were atrophied, had far fewer germ
cells and produced no sperm. While unexpected, the pheno-
type was not altogether surprising because the Bcl-2 family
has important roles in the control of apoptosis during
spermatogenesis (Print and Loveland, 2000). Bax-deficient
males or those expressing a bcl-x;, or bcl-2 transgene
specifically in the germ «cells have a similar defect
(Knudson et al, 1995; Motoyama et al, 1995; Rodriguez
et al, 1997; Russell et al, 2002). These mutations impair
spermatogenesis during its first wave and are believed to
be germ cell autonomous. In contrast, in mice lacking the
prosurvival Bcl-w, attrition of both germ and Sertoli cells
begins later and extends over months (Print et al, 1998; Ross
et al, 1998, 2001; Russell et al, 2001).

During PN germ cell development, when germ cells first
undergo their complex program of differentiation to become
mature spermatozoa, apoptosis is essential (Print and
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Figure 8 Model for the disrupted spermatogenesis in bik /~bim /'~
mice. The key regulators of apoptosis within lymphocytes (A) and
early germ cells (B) are compared (see text). For each cell type,
boxed genes indicate dominant Bcl-2 family regulators of apoptosis
and thick lines denote dominant pathways. The BH3-only protein
postulated to cooperate with Bim and Bik in germ cells is indicated
as BH3. Bcl-x, is assumed to have a greater role in spermatogonia
than Bcl-w because loss of a single allele of the former but not the
latter impairs male germ cell apoptosis (Kasai et al, 2003).
(C) During the first wave of normal spermatogenesis (wt), the excess
of germ cells, particularly spermatogonia, is eliminated by apoptosis
(crinkly cell) because the Sertoli cells (Se) cannot provide sufficient
support. In the bik/~bim ™~ and bax™/~ testes, the failure of
apoptosis during the first wave produces an abnormal excess of
spermatogonia and spermatocytes that is presumed to overwhelm
the Sertoli cells, leading to aborted testicular development.

Loveland, 2000). The first wave of spermatogenesis, begin-
ning by PNS5 in mice, is accompanied by a wave of apoptosis
that peaks 2-3 weeks after birth and is especially prominent
in spermatogonia (Rodriguez et al, 1997; Wang et al, 1998).
Only 25% of spermatogonial descendents are estimated to
reach the preleptotene spermatocyte stage, the remainder
being eliminated by apoptosis (Allan et al, 1987; Print and
Loveland, 2000).

Successful germ cell maturation requires a precise balance
between the numbers of germ cells and neighbouring Sertoli
cells, which support their survival, proliferation and differ-
entiation (Orth et al, 1988). The initial neonatal overproduc-
tion of spermatogonia is thought to be countered by apoptosis
to establish this critical ratio (Allan et al, 1987) (Figure 8C).
Young bax~/~ males have an excess of early germ cell types,
particularly spermatogonia and preleptotene spermatocytes.
Spermatogenesis is presumed to abort in these mice because
Sertoli cells cannot properly nurture the excess germ
cells (Knudson et al, 1995; Russell et al, 2002). A similar
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mechanism seems to account for the sterility of bik /'~ bim ™
males (Figure 8C). As in bax™~ mice, the testes of young
bik/~bim ™~ males contained an abnormal excess of early
germ cells, as assessed by c-Kit staining and histological
examination, and germ cell maturation failed during the
first wave of differentiation. Hence, overcrowding of the
seminiferous epithelium by the copious early germ cells
during that wave is the likely cause of defective spermato-
genesis in both mutant strains (Figure 8C). This model
implies a germ cell autonomous role for Bik and Bim, as
proposed for Bax (Russell et al, 2002). Although Bik and Bim
are also expressed in Sertoli cells, we have observed no
obvious abnormalities in Sertoli cells, and it seems unlikely
that an increase in their numbers would impair germ cell
development. The bik~bim /" testicular phenotype is very
different from the delayed atrophy in Bcl-w-deficient mice,
ascribed to attrition in both the germ and Sertoli cell popula-
tions (Print et al, 1998; Ross et al, 1998, 2001; Russell et al,
2001).

Since testicular development is normal in mice lacking
Bak, it is very likely that the BH3-only proteins act through
Bax and not Bak. To confirm this genetically, we analysed
males lacking Bim and Bax, or Bim and Bak. Concomitant
loss of Bim did not exacerbate the spermatogenesis defect
seen in Bax-deficient mice, and the testes of animals lacking
both Bim and Bak were completely normal. These findings
support the view that Bik and Bim cooperate to initiate early
germ cell apoptosis in a pathway that requires Bax and not
Bak (Figure 8B).

Nevertheless, spermatogenesis did arrest later in
bik/"bim ™~ than bax/~ males (Figure 8C). Whereas
spermatogonia and preleptotene spermatocytes accumulated
in bax /" tubules, the bik ”~bim "~ tubules were dominated
by more mature spermatocytes and contained some haploid
spermatids. Our interpretation is that Bik and Bim act in the
same germ cell types as Bax, but that some initial apoptosis
persists in the absence of Bik and Bim but not in the absence
of Bax. If so, spermatogenesis might proceed further without
Bik and Bim, until sufficient germ cells accumulated to
overwhelm the seminiferous epithelium. On this hypothesis,
the Sertoli cells would then be unable to provide sufficient
differentiation-promoting cues to nurture further germ cell
development, explaining why the spermatids that form in the
bik™~bim ™~ testes do not differentiate further. Why might
bik/~bim ™/~ but not bax /" germ cells exhibit residual
apoptosis? We speculate that a third BH3-only protein
(‘BH3’ in Figure 8B) helps to promote germ cell apoptosis
in a Bax-dependent manner. For example, Bad is expressed
in spermatogonia at the onset of spermatogenic differentia-
tion (Meehan et al, 2001), where it might facilitate Bax-
dependent apoptosis in conjunction with Bik and Bim,
which are also expressed in spermatogonia at this time
(Meehan et al, 2001).

Why might Bik and Bim appear to act in parallel in germ
cells but not in hematopoietic cells? One potential explana-
tion would be that Bik preferentially targets prosurvival
family members whose prosurvival role is more important
in germ cells than hematopoietic cells. Bcl-w is one such
protein. Although Bcl-w is present in both germ and hemato-
poietic cells, male Bcl-w knockout mice become sterile due to
abnormal germ cell apoptosis, yet have a normal hemato-
poietic system (Print et al, 1998; Ross et al, 1998; O’Reilly
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et al, 2001; Russell et al, 2001). Bcl-x;, is also clearly required
for male germ cell survival, since even a partial reduction in
its level provokes Bax-dependent male germ cell apoptosis
(Rucker et al, 2000). Significantly, Bik and Bim efficiently
bind to both Bcl-w and Bcl-x;, (Chen et al, 2005). Therefore,
we propose that in the wt juvenile testis, Bim and Bik are
activated in supernumerary spermatogonia that do not
receive sufficient trophic support from Sertoli cells. They
then engage and thereby inactivate both Bcl-w and Bcl-x,
unleashing Bax to initiate the apoptotic programme
(Figure 8B). Presumably both Bik and Bim are needed to
overwhelm both of these prosurvival proteins.

By generating mice lacking the BH3-only family members
Bik and Bim, we have for the first time demonstrated a
requirement for BH3-only proteins in the control of male
germ cell differentiation in the PN gonad. The findings
thus uncover the first critical in vivo role for Bik and
identified a novel role for Bim. By directly comparing the
phenotypes of bik/~bim™~ and bax™/~ mice, we have
shown that Bik and Bim are likely to be the essential triggers
for Bax-dependent apoptosis in spermatogonia, but that an-
other BH3-only protein may also act in early germ cells. More
generally, our finding that Bik and Bim share a previously
unsuspected essential physiological role suggests that various
combinations of the BH3-only proteins will prove to be
responsible for mediating numerous other vital developmen-
tally programmed cell death programs in different tissues.
Indeed, it seems likely that most cytotoxic stimuli are
funnelled through specific subsets of these death ligands
(Huang and Strasser, 2000; Cory et al, 2003; Danial and
Korsmeyer, 2004).

Materials and methods

Mice

All experiments with mice were performed according to the
guidelines of the Melbourne Directorate Animal Ethics Committee.
To generate mice lacking Bik and Bim, we first crossed bik ™~ mice
(Coultas et al, 2004) and bim ™~ mice (Bouillet et al, 1999) and
backcrossed their bik */~bim ™/~ offspring to either bik /™ or bim ™/~
animals to produce progeny with one gene homozygous for the null
allele and the other heterozygous for the null allele (bik ~bim */~
or bik */~bim 7). These two lines were maintained separately and
brother/sister mated to generate double knockout and control
genotype animals. All were on a C57BL/6 background: the bik ™/~
mice were made from C57BL/6 ES cells and maintained on a
C57BL/6 background (Coultas et al, 2004), while the bim™/~
animals, generated from 129SV ES cells, have been backcrossed to
C57BL/6 mice for eight or more generations (Bouillet et al, 2001).
Mice were genotyped at the bik and bim loci by PCR as described
previously (Bouillet et al, 1999, 2001; Coultas et al, 2004). The
bax*/~ mice, originally produced from 129Sv ES cells (Knudson
et al, 1995), were purchased from Jackson Labs and had been
backcrossed for 10 generations or more onto the C57BL/6 back-
ground. Mice lacking both Bim and Bax (bim™/~bax~’") or Bim and
Bak (bim /~“bak’~) have been described previously (Hutcheson
et al, 2005). Protocols for genotyping of mice will be provided upon
request.

Northern blotting, Western blotting and RT-PCR

Northern blotting for bik gene expression was performed on
polyA(+) enriched RNA isolated from adult testes as described
previously (Coultas et al, 2004). Western blotting for Bim
expression was performed on 150pug total protein isolated from
adult testes by homogenization in RIPA buffer as described, using
the rat anti-Bim monoclonal antibody 3C5 (Alexis; a gift from
L O’Reilly and D Huang). Probing with N6 anti-HSP70 monoclonal
antibody (a gift from Drs W Welch and R Anderson) was used as a
loading control.
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Cell culture and viability assays

Isolated unsorted primary thymocytes and negatively sorted lymph
node B cells (CD4™, CD8 ) were cultured essentially as described
(Coultas et al, 2004). To assess viability, cultured cells were
harvested and incubated with 2 pg/ml of propidium iodide (PI)
(Sigma) on ice for 5min and analysed on a FACScan analyser
(Becton-Dickinson) to determine the percentage of cells negative
for PI.

Male germ cell isolation

Male germ cells were isolated from testes using a protocol adapted
from Malkov et al (1998). Testes were dissected and decapsulated to
release the tubules, which were then incubated in 0.25mg/ml
collagenase type 3 (Worthington) at 32°C for up to 30 min with
agitation. Dispersed tubules were allowed to settle and washed
twice to remove peritubular cells. Washed tubules were then
incubated with 0.25 mg/ml trypsin (GibcoBRL) and 1 pg/ml DNasel
(Roche) at 32°C for 10 min with agitation. Trypsin digestion was
terminated by adding an equal volume of DME 10% FCS containing
0.5mg/ml soybean trypsin inhibitor (Sigma). The suspension was
centrifuged at 400 g for 5 min and tubules resuspended in DME 10 %
FCS and disaggregated into a single-cell suspension by trituration
using a flame-polished Pasteur pipette. Aggregates were removed by
filtering the cell suspension through a 50 pm Nitex filter (Sefar,
03-50/31). Cells were then resuspended in a defined volume of
DME 10% FCS, stained with trypan blue and counted in a
hemocytometer.

Immunofluorescence staining, cell sorting

and flow-cytometric analysis

Immunofluorescence staining of cells for FACS analysis and cell
sorting was performed as described (Coultas et al, 2004). Mature B
cells for cell survival assays were negatively sorted from lymph
nodes as a CD4~, CD8™ population and confirmed to be >98%
B220*, as described previously (Coultas et al, 2004).

Germ cell suspensions were stained either for DNA content and
nuclear size analysis or for expression of the c-Kit cell surface
marker. For DNA content and nuclear analysis, 2 x 10° germ cells
were rinsed once with balanced salt solution (with Ca®?* and
Mg> ™), resuspended in 0.2 ml of cold PI staining solution (10 mM
Tris, pH 8.0, 1 mM NaCl, 0.1% Nonidet P40, 50 pg/ml PI, 10 pg/ml
RNaseA), vortexed for 2-3 s and incubated on ice for 10 min to lyse
the plasma membrane and stain nuclear DNA. Nuclear size and
complexity were determined on a FACScan analyser as described
(Malkov et al, 1998). DNA content was assessed on a FACS analyser
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