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Structure–function analysis as well as studies with
knock-out and transgenic mice have assigned distinct
functions to c-Fos and Fra-1, two components of the
transcription factor AP-1 (activator protein-1). To test
whether Fra-1 could substitute for c-Fos, we generated
knock-in mice that express Fra-1 in place of c-Fos. Fra-1
rescues c-Fos-dependent functions such as bone develop-
ment and light-induced photoreceptor apoptosis. Impor-
tantly, rescue of bone cell differentiation, but not pho-
toreceptor apoptosis, is gene-dosage dependent. More-
over, Fra-1 fails to substitute for c-Fos in inducing
expression of target genes in fibroblasts. These results
show that c-Fos and Fra-1 have maintained functional
equivalence during vertebrate evolution.
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The dimeric transcription factor AP-1 (activator protein-
1) is composed of members of the Fos, Jun, and ATF
family of proteins (Angel and Karin 1991). AP-1 activity
is induced by a vast number of stimuli, including growth
factors, cytokines, and UV irradiation, and couples cell
surface signals to changes in cellular phenotype by regu-
lating the expression of target genes (Angel and Karin
1991; Karin et al. 1997). Members of the AP-1 complex
are critically involved in a multitude of cellular pro-
cesses such as proliferation, differentiation, cell death,
and oncogenic transformation. It has been hypothesized
that the ability to regulate such a large number of bio-
logical processes is achieved by the formation of various
functional dimers with distinct biological properties. Fos
proteins (c-Fos, FosB, Fra-1, Fra-2) form stable dimers
with Jun proteins (c-Jun, JunB, JunD), whereas Jun pro-
teins can form homodimers and heterodimers with Fos
and ATF proteins (Angel and Karin 1991; Karin et al.
1997).

c-Fos (encoded by Fos) and Fra-1 (Fos-related antigen-1,
encoded by the Fos-like-1 gene, Fosl1) show high homol-

ogy in their leucine zipper and DNA-binding domains.
Consistent with this sequence conservation, DNA bind-
ing specificity of Fra-1/c-Jun heterodimers is indistin-
guishable from c-Fos/c-Jun heterodimers (Cohen et al.
1989). Outside these domains, the proteins show little
similarity. Most importantly, Fra-1 lacks transactivation
domains and fails to activate transcription when fused to
the DNA-binding domain of Gal4. In contrast, c-Fos is a
potent activator of transcription (Cohen et al. 1989). In-
terestingly, Fosl1 is a transcriptional target of c-Fos, and
induction of Fosl1 upon growth factor stimulation is de-
layed compared with Fos (Cohen and Curran 1988; Berg-
ers et al. 1995; Schreiber et al. 1997; Matsuo et al. 2000).
This led to the hypothesis that Fra-1 might counteract
the function of c-Fos by lowering the transactivation po-
tential of AP-1 complexes (Yoshioka et al. 1995).

Fosl1 and Fos show different yet partially overlapping
expression patterns in mice. Fosl1 is expressed in extra-
embryonic tissues during mouse development and in
brain, skin, and testes of adult mice (Schreiber et al.
1997, 2000). Fos is expressed in the placenta and in sev-
eral organs of the embryo, including fetal liver, heart,
brain, and developing bones. In adult mice, Fos is readily
detectable in most tissues, with highest levels found in
brain and bone (Smeyne et al. 1993). Gain-of-function
experiments have shown that overexpression of Fra-1
leads to increased bone formation and osteosclerosis
(Jochum et al. 2000), whereas overexpression of c-Fos
results in osteo- and chondrosarcomas (Rüther et al.
1987; Wang et al. 1992). Targeted disruption of the Fosl1
gene leads to early embryonic lethality due to impaired
vascularization of the placenta (Schreiber et al. 2000). In
contrast, lack of c-Fos results in pleiotropic defects, most
importantly the bone disease osteopetrosis, due to the
lack of bone-resorbing osteoclasts (Johnson et al. 1992;
Wang et al. 1992; Grigoriadis et al. 1994). Furthermore,
c-Fos-deficient photoreceptor neurons in the retina are
resistant to light-induced apoptosis (Hafezi et al. 1997;
Wenzel et al. 2000). These results suggest that c-Fos and
Fra-1 have distinct functions in mice. On the other hand,
Fosl1 is a transcriptional target of c-Fos in osteoclast
progenitors, and overexpression of Fra-1 by viral gene
transfer in vitro or in transgenic mice was able to rescue
c-Fos-dependent osteoclast differentiation (Matsuo et al.
2000).

To test whether Fra-1 can take over c-Fos functions
under physiological conditions, knock-in mice were gen-
erated in which Fos is deleted and replaced by Fosl1.
Interestingly, Fosl1 can fully complement for the lack of
c-Fos in bone development and substitutes for the pro-
apoptotic function of c-Fos in photoreceptor neurons.
Rescue of bone cell differentiation, but not photorecep-
tor apoptosis, is gene dosage dependent. Furthermore,
Fra-1 fails to rescue the expression of c-Fos target genes
in fibroblasts. These data suggest that transactivation by
c-Fos might be dispensable in vivo and that stage- and
cell-specific modulation of expression determines the
specific functions of these genes.
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Results

Generation of FosFosl1 knock-in mice

To generate FosFosl1 knock-in mice, we constructed a
gene-targeting vector that upon homologous recombina-
tion causes the deletion of exon 1 and part of exon 2 of
Fos and its replacement by the Fosl1 gene (Fig. 1a). Be-
cause Fos mRNA levels are controlled not only by pro-
moter activity but also by destabilizing sequences in the
3� untranslated region (UTR), these Fos sequences were
left intact. The construct was introduced into embryonic
stem (ES) cells, and correctly targeted clones were iden-
tified by polymerase chain reaction (PCR) and Southern
blotting. After Cre-mediated deletion of the selection

cassette, ES cells were injected into mouse blastocysts,
and two independent clones transmitted the targeted al-
lele through the germ line. FosFosl1/+ heterozygous mice
were intercrossed or bred with Fos−/− mice to generate
the FosFosl1/Fosl1 and FosFosl1/− mice (Fig. 1b,c).

Gene dosage-dependent rescue of c-Fos functions
during mouse development and bone cell differentiation

Whereas Fos heterozygous mice appear normal, homo-
zygous mutants show reduced viability at birth. Sur-
viving c-Fos-deficient pups are smaller and, most nota-
bly, lack tooth eruption. In contrast, homozygous
FosFosl1/Fosl1 mice were indistinguishable from their
wild-type littermates in size and weight (Fig. 1c,d). Fur-
thermore, tooth eruption occurred normally (data not
shown). To test whether a reduction of expression levels
of Fosl1 knock-in transcripts would result in any pheno-
type, we crossed the knock-in allele over a Fos null al-
lele. Surprisingly, FosFosl1/− mice were growth retarded,
lacked teeth, and were indistinguishable from Fos−/−

mice (Fig. 1c,d).
c-Fos-deficient mice are osteopetrotic as the result of a

cell-autonomous defect in osteoclast differentiation.
They display shortened long bones, disorganized growth
plates, and occlusion of bone marrow cavities with abun-
dant bone and cartilage material. X-ray analysis of
FosFosl1/Fosl1 knock-in mice showed normal bone archi-
tecture similar to wild-type controls (Fig. 2a). In contrast,
Fos−/− and FosFosl1/− mice lacked bone marrow cavities
and displayed highly radiodense bones indicative of os-
teopetrosis. Histological sections of femurs revealed the
formation of a bone marrow cavity and normal organi-
zation of the growth plate in FosFosl1/Fosl1 knock-in mice
(Fig. 2b,c). Importantly, histochemical staining for tar-
trate- resistant acid phosphatase (TRAP), a marker for
osteoclasts, revealed the presence of TRAP-positive,
multinucleated osteoclasts. Osteoclast numbers were
comparable in wild-type and FosFosl1/Fosl1 femurs,
whereas Fos−/− and FosFosl1/− bones were devoid of
TRAP-positive cells (Fig. 2d). Hence, expression of Fra-1
in place of c-Fos rescues the bone phenotype of c-Fos-
deficient mice, although a single knock-in allele is in-
sufficient to rescue the osteopetrosis.

The Fosl1 knock-in allele recapitulates
the expression pattern of endogenous Fos

To determine whether the Fosl1 knock-in allele was ex-
pressed as the endogenous Fos, we prepared RNA from
various organs of a FosFosl1/+ heterozygous mouse. Ribo-
nuclease (RNase) protection assay was performed using
probes that distinguish between endogenous Fos, endog-
enous Fosl1, and the Fosl1 knock-in transcript. Tissues
such as brain and bone, which express high levels of
endogenous Fos, expressed similarly high levels of Fosl1
knock-in transcripts, whereas tissues with low Fos levels
showed low levels of the Fosl1 knock-in transcript (Fig.
3a). Importantly, expression levels of the knock-
in allele were independent of modifications on the sec-
ond Fos locus: Fosl1 knock-in levels were similar in
bones of FosFosl1/+ and FosFosl1/− mice, and homozygous

Figure 1. Generation of FosFosl1 knock-in mice. (a) Schematic
representation of the targeting strategy. Exons are depicted as
black (Fos) and gray (Fosl1) boxes; the open box before the Fos
polyadenylation signal (pA) represents the 3� UTR. The targeted
allele was obtained after homologous recombination and re-
moval of the floxed PGKneo cassette in embryonic stem cells.
The probe and EcoRI restriction sites (E) used for genotyping by
Southern blot are indicated. loxP sites are represented by tri-
angles. (DT�) diphtheria toxin � gene. (b) Southern blot analysis
of progeny from a FosFosl1/+ heterozygous intercross. Genotypes
are indicated, as well as the positions of the expected wild-type
(wt) and knock-in bands. (c) Phenotypic appearence of Fos−/−,
FosFosl1/Fosl1, and FosFosl1/− mice at 6 wk of age. Note the reduced
size and shortened snout of FosFosl1/− and Fos−/− mice compared
with wild-type and FosFosl1/Fosl1 mice. (d) Postnatal growth of
Fos+/+ (wild-type) Fos−/−, FosFosl1/Fosl1, and FosFosl1/− mice. Five
females were scored per genotype, and each value represents the
mean weight in grams ± S.E.M. of the mean. Similar results were
obtained with male mice (data not shown).
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FosFosl1/Fosl1 mice expressed approximately twice as
many Fosl1 transcripts (Fig. 3b). The Fosl1 knock-in al-
lele was highly overexpressed in comparison to endog-
enous Fosl1 (Fig. 3a), in agreement with previously re-
ported observations showing that Fos expression is much
higher than Fosl1 expression in tissues of adult mice.

To analyze the temporal expression profile of the
knock-in allele upon serum stimulation, we prepared
primary mouse embryonic fibroblasts (MEFs) from wild-
type and knock-in embryos. Cells were starved in low
serum, and expression of Fos and Fosl1 was induced by
the addition of 15% fetal calf serum (FCS). RNA was
prepared at the indicated time points and analyzed by
Northern blotting (Fig. 4a). As expected, high and tran-
sient expression of Fos was observed in wild-type fibro-
blasts at 1 h after serum stimulation. The Fosl1 knock-in
allele displayed a similar expression profile, whereas en-
dogenous Fosl1 was induced at later time points and
transcripts were more stable. At the protein level, c-Fos
was expressed at 1 and 2 h after stimulation in wild-type
cells but, as expected, was not detectable in FosFosl1/Fosl1

cell extracts (Fig. 4b). Using an antibody that does not
distinguish between endogenous and knock-in Fra-1, we

were able to detect Fra-1 at low levels 2 to 6 h after
stimulation in wild-type cells. In contrast, it was in-
duced earlier and at higher levels in FosFosl1/Fosl1 cells,
again following the expression profile of c-Fos. Interest-
ingly, levels of endogenous Fra-1 seemed to be reduced in
FosFosl1/Fosl1 fibroblasts compared with wild-type cells
(Fig. 4a,b), suggesting that Fra-1 may not substitute for
c-Fos in regulating its own expression.

Fra-1 fails to induce expression of c-Fos target genes
in fibroblasts

A major difference between c-Fos and Fra-1 is their po-
tential to transactivate expression of AP-1 target genes.
To analyze whether Fra-1 could replace c-Fos in control-
ling c-Fos-dependent gene transcription, we generated
3T3-like fibroblasts in which Collagenase-1 (MMP-13)
expression was shown to be c-Fos dependent (Hu et al.
1994). Cells were starved and after stimulation with FCS
RNA was prepared at various time points and analyzed
using Northern blotting. In wild-type cells, collage-
nase-1 was strongly induced at 4 and 8 h after stimula-
tion, whereas, as reported previously, this response was
abolished in c-Fos-deficient cells (Fig. 4c). Interestingly,
induction of collagenase-1 expression was greatly re-
duced in FosFosl1/Fosl1 cells, similar to c-Fos-deficient
cells. We next examined the expression of the interme-
diate filament Vimentin, a transcriptional target of c-Fos
(Reichmann et al. 1992). Induction of vimentin expres-
sion was reduced in c-Fos-deficient cells, and again, this
deficiency was not rescued by the Fosl1 knock-in. In con-
trast, expression of Jun, a c-Fos-independent AP-1 target
gene, was comparable between wild-type and mutant

Figure 2. Gene dosage-dependent rescue of bone development
in FosFosl1 knock-in mice. (a) X-ray analysis of femur and knee
joint of 2-month-old mice of the indicated genotype. Note the
normal bone marrow cavities in wild-type and FosFosl1/Fosl1

mice (arrows) compared with osteopetrotic bones of Fos−/− and
FosFosl1/− mice (arrowheads). (b) Histological sections of femurs.
(c) High magnification of b to show rescue of growth plate or-
ganization in FosFosl1/Fosl1 bones. (HC) hypertrophic chondro-
cytes; (PC) proliferating chondrocytes. (d) TRAP-positive mul-
tinucleated osteoclasts (arrows) are present in femurs of wild-
type and FosFosl1/Fosl1 mice but absent in Fos−/− and FosFosl1/−

mice.

Figure 3. Expression of the FosFosl1 knock-in allele in mice. (a)
RNase protection assay with RNA from various organs of a
FosFosl1/+ heterozygous mouse. Sizes of protected endogenous
Fos, endogenous Fosl1, and Fosl1 knock-in (Fosl1KI) transcripts
are indicated by arrows. Probes are depicted schematically. (b)
Expression of endogenous Fos and Fosl1 knock-in transcripts in
bones of mice of the indicated genotype. (M) molecular mass
marker; (S16) ribosomal RNA as loading control.

Functional equivalence of c-Fos and Fra-1

GENES & DEVELOPMENT 2697



cells. These data indicate that Fra-1 cannot substitute for
c-Fos in activating c-Fos-dependent target gene transcrip-
tion in fibroblasts.

Fra-1 substitutes for c-Fos in light-induced retinal
photoreceptor apoptosis

Next we investigated whether Fra-1 could substitute for
the pro-apoptotic function of c-Fos in neuronal cells of
the adult mouse. c-Fos is expressed in retinal neurons, is
up-regulated during apoptotic cell death in retinal degen-
erations, and is essential for light induced-apoptosis
(Hafezi et al. 1997; Wenzel et al. 2000). To induce retinal
degeneration with apoptotic cell death of photorecep-
tor neurons, we exposed mice to high levels of white
light and analyzed them at 7 d after exposure. As dem-
onstrated by light microscopy and TUNEL staining,
FosFosl1/Fosl1 and FosFosl1/− mice showed extensive apop-
tosis after light exposure, comparable to that shown by
wild-type controls (Fig. 5a,b). In contrast, c-Fos-deficient
mice showed the expected resistance against light-in-
duced cell death. These results indicate that Fra-1 can
functionally replace c-Fos in photoreceptor cell apopto-
sis. In contrast to bone development, light-induced apop-
tosis does not appear to be sensitive to the levels of Fra-1
expression.

Discussion

Gene knock-out experiments of individual AP-1 proteins
have greatly increased our understanding of their specific
functions. However, it remains unclear to what extent
AP-1 subunits are redundant and can compensate for the
lack of one individual gene product. To investigate
whether Fra-1 could functionally substitute for c-Fos, we
generated knock-in mice in which the Fos gene is dis-
rupted and replaced by Fosl1. Our results demonstrate
that Fra-1 can fully complement for the lack of c-Fos in
bone development, but surprisingly, the rescue was gene

dosage dependent. The presence of a single
knock-in allele and one Fos null allele re-
sulted in osteopetrosis similar to that
found in Fos knock-out mice, suggesting
that osteoclast differentiation is sensitive
to threshold levels of Fra-1. Interestingly,
we observed signs of bone remodeling and
few TRAP-positive osteoclasts in old Fos-
Fosl1/− mice, suggesting that the block in
osteoclast differentiation is not as com-
plete as that found in Fos knock-out mice.
Experiments using in vitro differentiation
of osteoclast progenitors will provide fur-
ther insight into the underlying molecular
mechanism. The dosage effect was unex-
pected because deletion of a single allele of
Fos or Fosl1 does not lead to phenotypic
abnormalities in mice (Johnson et al. 1992;
Wang et al. 1992; Schreiber et al. 2000). In
fact, none of the individual targeted dele-
tions of AP-1 genes reported so far has re-
sulted in disorders in the heterozygous
state (Hilberg et al. 1993; Johnson et al.

1993; Brown et al. 1996; Gruda et al. 1996; Schorpp-Kist-
ner et al. 1999; Thepot et al. 2000).

Surprisingly, ectoptic expression of Fosl1 in Fosl1
knock-in mice did not result in any novel phenotypes,
nor did it recapitulate the osteosclerotic phenotype of
Fosl1 and �FosB transgenic mice (Jochum et al. 2000;
Sabatakos et al. 2000). However, Fosl1 transgenic mice
express Fosl1 under the control of the MHC class I pro-
moter, which results in constitutive expression indepen-
dent of growth factor stimulation. Furthermore, the lev-
els of Fosl1 expression were much higher in Fosl1 trans-
genic mice than in Fosl1 knock-in mice. In bone, which
is the primarily affected tissue of Fosl1 transgenic mice,
Fosl1 expression was five- to 10-fold higher in transgenic
than in knock-in mice (data not shown). Therefore, dif-
ferences in the regulation and levels of expression of
Fra-1 are likely to account for the distinct phenotypes of
Fosl1 transgenic and FosFosl1 knock-in mice. Because a
major difference between c-Fos and Fra-1 is their role in
tumorigenesis (Rüther et al. 1987; Wang et al. 1991; Jo-
chum et al. 2000), it will be important to test whether
replacement of c-Fos by Fra-1 alters AP-1-dependent tu-
mor formation. Preliminary data with 3T3 fibroblasts
indicate that knock-in fibroblasts can be transformed by
v-Ras and v-Src similar to wild-type controls, suggesting
that expression of Fra-1 in place of c-Fos does not inhibit
transformation by Ras and Src oncoproteins.

In the eye, lack of c-Fos has no major effects on retinal
development albeit a moderate reduction of electro-
physiological responses and photoreceptor number
(Kueng-Hitz et al. 2000). FosFosl1/Fosl1 and FosFosl1/− mice
show apparently unimpaired retinal morphology; how-
ever, further studies are needed to investigate whether
subtle functional and molecular changes have occurred.
Our observations suggest that expression of Fra-1 in
place of c-Fos has no strong impact on developmental
photoreceptor apoptosis. In contrast, light-induced pho-
toreceptor apoptosis in adult mice is strictly c-Fos de-

Figure 4. Expression of Fos, Fosl1, and AP-1 target genes in fibroblasts. Cells were
starved for 48 h, stimulated with 15% FCS, and harvested at the indicated time
points. (a) Northern blot analysis of RNA prepared from mouse embryonic fibro-
blasts (MEFs) of the indicated genotype. GAPDH expression served as a control for
RNA loading. (b) Western blot analysis of nuclear extracts prepared from wild-type
and FosFosl1/Fosl1 MEFs. The molecular mass of Fra-1 translated from the knock-in
allele appears slightly larger than endogenous Fra-1 because of six additional amino
acids at the C terminus, a result of the cloning strategy. (c) Northern blot analysis
of AP-1 target genes in 3T3 fibroblasts. Northern blots were probed with probes
specific for Collagenase-1, Vimentin, Jun, and GAPDH.
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pendent and was rescued by expression of Fra-1. Notably,
under our experimental conditions, apoptosis was not
sensitive to Fra-1 threshold levels because FosFosl1/−

mice show massive photoreceptor apoptosis comparable
to the degeneration observed in FosFosl1/Fosl1 and wild-
type mice. It remains to be tested, however, whether the
threshold for apoptosis induction by light and the time
course of the apoptotic response differ from the ones ob-
served in wild-type mice.

In this study, we show that Fra-1 can functionally sub-
stitute for the lack of c-Fos in mice. Functional redun-
dancy has recently been reported for other gene families,
either for structurally highly homologous genes (Hanks
et al. 1995; Malynn et al. 2000) or for genes functioning
in a linear pathway (Wang et al. 1996; Geng et al. 1999).
Our finding is particularly surprising in view of previous
studies demonstrating that Fra-1 and c-Fos proteins are
as different in their biochemical properties. Consistent
with these data, we show that the Fra-1 knock-in fails to

rescue expression of c-Fos target genes in vitro. However,
Fra-1 can fully take over c-Fos-dependent functions in
vivo. Several explanations could be envisaged to explain
the molecular basis of the observed rescue. First, c-Fos
could exert its function by solely activating Fra-1,which
in turn regulates the expression of downstream target
genes. Thus, Fra-1 would be the only biologically impor-
tant transcriptional target of c-Fos. This hypothesis is
unlikely for various reasons, including their largely
nonoverlapping expression patterns and the distinct phe-
notypes of Fosl1 and Fos knock-out and transgenic mice.
Second, it is possible that Fra-1 acts as a transcriptional
activator, similar to c-Fos, in a cell-type specific manner
in vivo. However, this is in conflict with the generally
accepted view of Fra-1 as a weak transactivator and the
lack of autonomous transactivation domains. Therefore,
we favor a third model in which both Fra-1 and c-Fos
would exert their functions as adaptors for other tran-
scription factors or even act as transcriptional repressors.
This hypothesis is substantiated by the fact that aside
from the dimerization and DNA-binding domain, the
only highly conserved region between c-Fos and Fra-1 is
a putative transrepression domain at the C terminus. To
verify this hypothesis, we have initiated a microarray-
based screen to identify essential c-Fos and Fra-1 target
genes in the relevant cell types. Our data have clearly
shown that c-Fos and Fra-1 maintained functional
equivalence during vertebrate evolution and suggest that
functional diversity of Fos genes is a result of divergence
of regulatory rather than protein-coding sequences.

Materials and methods
Generation of FosFosl1 knock-in mice
We excised 1.1 kb of the Fos promoter and 2.7 kb of 3� homologous
sequences from clone C49/105 (Wang et al. 1992) as SacI–SacII and NheI–
BamHI fragments, respectively, and cloned them into pBluescript. A 7.4-
kb SacII–NotI fragment containing the entire Fosl1 gene without 3� regu-
latory sequences was inserted at position −60 relative to the Fos trans-
lation initiation codon. A floxed PGKneo cassette and the diphtheria
toxin � gene (DT�) were used to select for homologous recombinants.
The construct was electroporated into E14.1 ES cells, and out of 400
clones analyzed, three correctly targeted clones were identified by PCR
and Southern blot analysis. The PGKneo selection cassette was removed
in vitro by transient expression of Cre-recombinase. Transcripts from the
knock-in allele contain the entire Fosl1 coding region. Six additional
amino acids were added to the Fra-1 C terminus as a result of the cloning
strategy, followed by two translation stop codons. The remaining Fos
sequences are out of frame, and no aberrant splice products were detect-
able by reverse transcriptase–PCR using various primer combinations
(data not shown). Chimeric mice were generated by injecting ES cell
clones into C57BL/6 blastocysts, and germ line transmission was ob-
tained from two independent clones. Mice were generated in 129 Sv,
C57BL/6, and mixed genetic backgrounds, and no strain dependence of
the phenotype was observed.

Southern blot, Northern blot, and ribonuclease protection assay
For genotyping by Southern blot, a 900-bp AatII–PvuII fragment of the
Fos promoter was used as a probe. Total RNA was isolated using the
TRIzol reagent (GIBCO BRL). Probes for RNase protection were cloned
into SP64 plasmids. RNase protection assays and Northern blots were
performed according to standard procedures. A 400-bp fragment of the
Fosl1 3� UTR that is not present in Fosl1 knock-in transcript was used
specifically to detect expression of endogenous Fosl1. Results were con-
firmed using the full-length Fosl1 cDNA as a probe.

Western blot analysis
Nuclear protein extracts were prepared according to standard procedures.
Protein (20 µg) was separated by 10% SDS-PAGE and transferred onto

Figure 5. Gene dosage-independent rescue of photoreceptor
apoptosis in FosFosl1 knock-in mice. (a) Light microscopic analy-
sis of retinal apoptosis. Dark-adapted mice of all genotypes
show comparable and regular retinal morphology. Analysis at 7
d after light exposure shows complete disintegration of rod
outer segment (ROS) and rod inner segment (RIS) disks (arrows)
and a distinctly thinned outer nuclear layer (ONL) with only a
few remaining condensed photoreceptor nuclei (arrowheads) in
Fos+/+, FosFosl1/Fosl1, and FosFosl1/− mice. In contrast, the retinas
of Fos−/− mice are unaffected. FosFosl1/− mice show areas of cys-
tic vesiculation of cells of the pigmented epithelium (PE; aster-
isk) and an accumulation of phagocytic cells. Such changes are
occasionally observed after light exposure and are not related to
the genotype. (b) TUNEL assay. Retinas of dark-adapted mice of
all genotypes do not show labeling. Analysis at 7 d after light
exposure shows labeling of photoreceptor nuclei in the ONL in
Fos+/+, FosFosl1/Fosl1, and FosFosl1/− mice. Retinas of Fos−/− mice
are devoid of apoptotic cells. (INL) inner nuclear layer. Scale,
25 µm.
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PVDF filters (Millipore). The anti-c-Fos antibody was purchased from
Santa Cruz (catalog no. sc-253), and the anti-Fra1 antibody was a gift from
D. Lallemand and M. Yaniv (Pasteur Institute, Paris).

X-ray analysis and histological methods
Radiographic studies were performed with a soft X-ray machine (mammo
DIAGNOST S, Philips). For histology, bones were fixed in 4% paraform-
aldehyde and then demineralized, dehydrated, and embedded in paraffin.
Sections 5 µm thick were stained with hematoxylin and eosin. For iden-
tification of osteoclasts, sections were stained for TRAP in the presence
of 0.1 M sodium tartrate.

Analysis of photoreceptor apoptosis
The pupils of dark-adapted animals were dilated in dim red light with 1%
cyclogyl and 5% phenylephrine before exposure for 2 h to 15,000 lux of
diffuse white fluorescent light. After light exposure, animals remained in
darkness for 7 d until analyzed. For light microscopy, enucleated eyes
were fixed in 2.5% glutaraldehyde, and eyecups were embedded in Epon
812. TUNEL assay was performed on paraffin-embedded sections using
the in situ cell death detection kit (Boehringer Mannheim).

Cell culture
MEFs were prepared from E12.5 embryos and cultured in Dulbecco’s
modified Eagle’s medium containing 10% FCS. Immortalized 3T3-like
fibroblasts were established, as described by Schreiber et al. (2000). At
least two independently derived cell lines of each genotype were ana-
lyzed.
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