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PURPOSE. To investigate the effect of c-fos on apoptotic cell
death and regeneration of damaged retinal ganglion cells
(RGCs) in tissue culture of retinal explants.

METHODS. Retinas from transgenic mice carrying the exogenous
c-fos gene under the control of the interferon (IFN)-�/� induc-
ible Mx-promoter (Mx-c-fos), c-fos–deficient mice, and litter-
mate control mice were dissected and cultured in a three-
dimensional collagen gel culture system, followed by an
analysis of TdT-dUTP terminal nick-end labeling (TUNEL) stain-
ing and measurement of neurites that emerged from explants.

RESULTS. Compared with littermate control mice, Mx-c-fos
transgenic animals showed a higher ratio of TUNEL positivity in
the RGC layer from early in the culture period that correlated
with the small number of regenerating neurites. In contrast,
the c-fos–null mutated mice showed a still-lower ratio of
TUNEL-positive cells. Nevertheless, the number of regenerat-
ing neurites was significantly lower in the initial phase, al-
though the drastic increase in density of neurite regeneration
was observed in the late period of culture.

CONCLUSIONS. These findings suggest that c-fos is involved in
both apoptotic cell death and regeneration of damaged RGCs.
Elucidation of the precise c-fos–mediated cascade involved in
RGC apoptosis and regeneration is significant in realizing neu-
ronal survival and regeneration. (Invest Ophthalmol Vis Sci.
2002;43:2442–2449)

The cellular immediate early gene c-fos, which encodes a
nuclear phosphoprotein (c-Fos), is transiently induced in

numerous cell types by many kinds of stimuli and conditions.1

c-Fos is known to form a heterodimeric complex with Jun
family proteins that works as the transcription factor activator
protein (AP)-1.1

Expression of c-fos is strongly implicated in the activation
program of cell death in various types of neuronal cells.2,3

Recent studies have indicated that c-fos induction is required
before the condensation of apoptotic chromatin and fragmen-

tation of oligonucleosomal DNA can occur.2,4–6 On the other
hand, some reports indicate that c-fos is not essential for
apoptosis in several tissues, including the central nervous sys-
tem (CNS).7,8 In addition, evidence shows that c-fos is posi-
tively involved in the process of neuronal survival and neurite
extension.9–12 Accordingly, the precise role of c-fos in cell
death, survival, and regeneration of neuronal cells remains to
be explained.

A variety of pathologic situations ranging from ischemic,
traumatic insults to glaucoma are known to cause apoptotic
cell death of RGCs.13–15 If we can regulate activity of modula-
tory factors of apoptosis, diseases such as those mentioned
here may be cured by the rescue of damaged RGCs, in that
apoptosis may be the final common pathway of RGCs.16,17

Furthermore, the induction of neurite regeneration is equally
necessary for the functional recovery of vision after RGC dam-
age.

Damage of RGCs immediately influences intracellular signal-
ing pathways, which subsequently induce expression of genes
involved in apoptotic cell death.18–22 Among various kinds of
factors related to the cellular emergency, such as injury and
cell death, c-fos is a key factor in the cellular signaling system
activated immediately after cell damage.2–5

Tissue culture of retinal explants has been a useful tool for
the study of development, degeneration, and regeneration of
retinal cells.23,24 Culture of retinal explants in a three-dimen-
sional collagen gel culture system is accompanied by the axo-
tomy of RGCs, together with the disturbance in the cellular
environment during its manipulation. In this study, we used
this culture system, because the method has an advantage in
that both cell death and neurite regeneration of RGCs can be
simultaneously and quantitatively analyzed. The stable condi-
tion of retinal tissue fixed in collagen gel also enables us to
observe both events through a longer period of culture, to
demonstrate both the remarkable reduction of apoptosis and
the retention of neurite regeneration capacity in RGCs in c-fos–
deficient mice.

MATERIALS AND METHODS

Experimental Animals

C57BL/6CrSlc mice were purchased from Japan SLC Co., Ltd.
(Hamamatsu, Japan). Mx-c-fos25 provided by Ulrich Rüther (EMBL,
Heidelberg, Germany) and c-fos–deficient mice26 provided by Erwin F.
Wagner (IMP, Vienna, Austria) were maintained by heterozygous mat-
ing in our animal facility. Mx-c-fos mice possess a constructed gene that
causes them to express the protooncogene c-fos under the control of
the IFN-�/� inducible Mx promoter.25 In c-fos–deficient mice, the
second exon and intron of the c-fos gene are replaced by a neomycin-
resistant gene without the expression of functional c-Fos.26 The
c-fos�/� littermates were used as a control for both the heterozygous
c-fos–deficient (c-fos�/�) and homozygous c-fos–deficient (c-fos�/�)
mice. In case of Mx-c-fos mice, an intraperitoneal injection of 500 �g
poly (I:C), a double-stranded polynucleotide (Amersham Pharmacia
Biotech, Buckinghamshire, UK), dissolved in 0.1 M phosphate-buffered
saline (PBS; pH 7.2) was performed 1 day before the cells were
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cultured, to induce expression of the exogenous c-fos gene in vivo.25

Injection of poly (I:C) into mice induces IFN�/� production very
rapidly. Therefore, after intraperitoneal injection of poly (I:C) we can
obtain a strong expression of c-Fos in Mx-c-fos mice.25 Control litter-
mates of Mx-c-fos mice injected with poly (I:C) (control-poly [I:C])
were used as the control for Mx-c-fos mice. For experiments, 8- to
12-week-old Mx-c-fos, c-fos�/�, c-fos�/�, c-fos�/�, and control-poly
(I:C) mice were used. All studies concerning animals adhered to the
ARVO Statement for the Use of Animals in Ophthalmic and Vision
Research.

Three-Dimensional Culture of Retinal Explants

All experiments (three sets of the experiment per group) were per-
formed 6 hours after the onset of the light-exposure period. Mice were
killed by ether anesthesia, and retinas were dissected under sterile
conditions. With sharp blades, 500-�m square retinal explants were
dissected 1.5 mm from the optic nerve head and were put into liquid
collagen solution with the nerve fiber layer downward, as described
previously.23,24 The retinal explants were maintained at 37°C with 5%
CO2. The serum-free medium contained 2.7 mg/mL glucose, 5 �g/mL

insulin, 16.1 �g/mL putrescine, 10% bovine serum albumin, 3.7 mg/mL
NaHCO3, 5.2 mg/mL Na2SeO3, and 3.6 mg/mL HEPES in minimum
essential medium.

Immunohistochemistry

After fixation of retinal explants with 4% paraformaldehyde in 0.1 M
PBS, cryostat sectioning was performed. After blocking with 5% goat
serum and 3% bovine serum albumin in 0.1 M PBS, specimens were
incubated at 4°C overnight, with rabbit anti-c-Fos (1:200; Calbiochem,
Cambridge, MA), rabbit anti-Bax (1:500; Santa Cruz Biotechnology,
Santa Cruz, CA), rabbit anti-Bcl-2 (1:50; Calbiochem), rabbit anti-Bcl-XL
(1:50; Calbiochem), or goat anti-p53 (1:200; Santa Cruz Biotechnology)
antibodies. After washing, they were incubated with fluorescein iso-
thiocyanate (FITC)-conjugated anti-rabbit IgG, or anti-goat IgG for 1
hour at room temperature, followed by counterstaining using 20
�g/mL propidium iodide (PI; Molecular Probes, Eugene, OR) in aque-
ous solution. The specificity of antibodies was confirmed by omitting
primary antibodies. Sections then underwent confocal microscopic
observation (Radians 2000; Bio-Rad, Hertfordshire, UK). The degree of
c-Fos, p53, Bax, and Bcl-XL immunopositivity in the ganglion cell layer

FIGURE 1. c-Fos immunohistochem-
istry of retinas. c-Fos expression
(green) in retinas from Mx-c-fos (A,
E), c-fos�/� (B, F), c-fos�/� (C, G),
and c-fos�/� (D, H) mice was exam-
ined 4 hours after manipulation of
the culture by immunohistochemis-
try. (A–D) PI staining for orientation
of retinas (red). Compared with
c-fos�/� (F), c-fos�/� (G) showed
weaker immunoreactivity, whereas
Mx-c-fos (E) displayed stronger c-Fos
reactivity. No c-Fos reactivity was ob-
served in c-fos�/� retina (H). GCL,
ganglion cell layer; INL, inner nu-
clear layer; ONL, outer nuclear layer.
Scale bars: (A–D) 30 �m; (E–H) 10
�m.
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(GCL) was expressed through the ratios of immunopositive cells in
relation to the total number of nuclei stained with PI. Statistical analysis
was performed by the Mann-Whitney test (total sections examined
were 18 from 6 explants per group). Total cells examined were 4904
in c-Fos, 3385 in p53 (not including c-fos�/�), 3511 in Bax (not
including c-fos�/�), and 3594 in Bcl-XL (not including c-fos�/�). For

the immunostaining of Thy1.2 on regenerating neurites, retinal ex-
plants (day 14) embedded in the collagen gel were fixed with 4%
paraformaldehyde in 0.1 M PBS and incubated with rat anti-Thy1.2
(1:100; Boehringer Mannheim Biochemica, Mannheim, Germany) for 4
days. After washing with PBS, they were incubated with FITC-conju-
gated anti-rat IgG for 1 day and observed under a fluorescence micro-
scope.

In Situ Detection of Apoptosis by TUNEL Staining

Retinal explants were fixed as described, and 10-�m thick cryostat
sections underwent TUNEL staining by an in situ apoptosis detection
kit (Trevigen, Gaithersburg, MD), according to the instructions, and
labeled nuclei were detected by streptavidin-FITC, as described be-
fore.27 The detection of nonspecific positivity included omission of
nick-end labeling reaction. Sections were counterstained with PI, as
described here, and were inspected with use of the confocal micro-
scope. The number of apoptotic cells in the GCL was expressed by the
ratios of TUNEL-positive cells to the total number of nuclei stained
with PI. Statistical analysis was performed by the Mann-Whitney test
(total sections examined were 18 from 6 explants per group). Total
cells examined were 4720 on day 0, 4480 on day 1, 4721 on day 2, and
4305 on day 14.

Measurement of Regenerating Neurites

Regenerating neurites were identified under a phase-contrast micro-
scope, and the number of neurites per retinal explant was mea-
sured.23,24 Branched neurites were counted as one. Statistical analysis
was by the Mann-Whitney test. The number of explants examined in
each group were 45 (c-fos�/�), 28 (c-fos�/�), 30 (c-fos�/�), 27 (con-
trol-poly [I:C]), and 30 (Mx-c-fos).

FIGURE 2. c-Fos immunopositivity in the GCL. The quantitative anal-
ysis of c-Fos immunopositivity in retinas from c-fos�/�, c-fos�/�,
c-fos�/�, control-poly (I:C), and Mx-c-fos were examined 4 hours after
the culture. Data are expressed as the mean � SD. **P � 0.01,
compared with c-fos�/�/c-fos�/� or control-poly (I:C).

FIGURE 3. Apoptosis in the GCL of
retinal explants. TUNEL staining was
performed in the GCL from c-fos�/�

(A), c-fos�/� (B), control-poly (I:C)
(C, E), and Mx-c-fos (D, F). Positive
cells were yellow because of super-
imposition of the green signal and
red PI nuclear staining. Explants
were from days 14 (A, B, E, F) and 2
(C, D). The ratio of TUNEL positivity
in c-fos�/� retina (B) remained very
low compared with that in c-fos�/�

retina (A). In contrast, Mx-c-fos (D)
showed a higher ratio of TUNEL pos-
itivity than did control-poly (I:C) (C)
on day 2. Almost all the TUNEL-pos-
itive cells seemed to remain positive
during the period of culture (A, E, F).
GCL, ganglion cell layer. Scale bar, 10
�m.
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RESULTS

Expression and Localization of c-Fos in RGCs

To observe the expression of c-Fos in RGCs, we performed
c-Fos immunostaining and the quantitative analysis of c-Fos
immunopositivity in the ganglion cell layer (GCL) 4 hours after
the culture. For orientation of GCL, each retina was stained
with PI (Figs. 1A–D). Mx-c-fos, control-poly (I:C), c-fos�/�,
c-fos�/�, and c-fos�/� mice showed no basal expression of
c-Fos protein in the GCL before the culture. In Mx-c-fos mice,
however, intense c-Fos–positive RGCs were detected as early
as 24 hours after the poly (I:C) injection in the GCL of intact
retina—that is, just before beginning the culture (not shown).
Strong c-Fos expression remained until 4 hours in culture (Figs.
1E, 2), whereas the immunoreactivity to c-Fos returned to the
intact level by 24 hours in culture. In c-fos�/� (Fig. 1F) and
control-poly (I:C) (not shown) retinas, c-Fos–immunopositive
cells were detected in the GCL 4 hours after the culture (Fig.
2), and most of the reactivity disappeared by 24 hours in
culture. c-fos�/� retina showed the same expression pattern
described, with weaker intensity (Figs. 1G, 2). In c-fos�/�

retina, no c-Fos expression was detected during the entire
period (Figs. 1H, 2).

Detection and Quantitative Analysis of
RGC Apoptosis

The TUNEL method was used to analyze RGC apoptosis in a
serum-free environment. TUNEL staining of c-fos�/� retina
showed very few positive cells on day 0, The ratio was 3.5% �
1.9% (mean � SD) to the total cell number in the GCL. On day
2, the ratio gradually increased to 29.5% � 6.5%, reaching
88.6% � 3.9% on day 14 (Figs. 3A, 4A). In contrast, the ratio of
TUNEL positivity in c-fos�/� retina remained very low through-
out the period of the culture. No positive cells were detected
in the GCL on day 0. The ratio of TUNEL positivity was only
2.3% � 1.9% on day 2 and 6.1% � 2.8% on day 14. Both
measurements were significantly different from those of
c-fos�/� on the corresponding days (P � 0.01; Figs. 3B, 4A).

In contrast, Mx-c-fos mice showed a higher ratio of TUNEL
positivity from the early period in culture. On day 1, the ratio
of positivity was 63.6% � 5.9%, which was significantly differ-
ent (P � 0.05) from that of control-poly (I:C) (25.5% � 13.6%).
The ratio on day 2 was 82.6% � 3.0%, which was also signifi-
cantly different from that of the control-poly (I:C) (40.4% �
8.7%; Figs. 3C–F, 4B). From these data, it can be concluded that
the ratio of TUNEL positivity is correlated with the amount of
c-Fos, and that c-Fos may play a key role in the process of RGC
apoptosis.

GCL comprises not only RGCs but other kinds of cells, such
as displaced amacrine cells. For example, 67.5% of cells in the
GCL are RGCs in mice.28 However, most of the apoptotic cells
observed in the GCL were determined to be RGCs, because
they were directly injured by the axotomy.

Expression of Apoptosis-Related Genes in RGCs

We subjected c-fos�/�, c-fos�/�, Mx-c-fos, and control-poly
(I:C) retinas to immunohistochemistry for Bcl-XL, Bcl-2, Bax,
and p53 to determine whether expression of these apoptosis-
modulating factors was influenced by c-fos and performed a
quantitative analysis of p53, Bax, and Bcl-XL immunopositivity
in the GCL. Retinas were examined on day 2, because it had
been shown by TUNEL staining that the ratio of TUNEL posi-
tivity showed the most distinct differences among c-fos�/�,
c-fos�/�, Mx-c-fos, and control-poly (I:C) at that time point. In
the case of p53 and Bax, Mx-c-fos demonstrated stronger reac-
tivity than control-poly (I:C) did, and c-fos�/� showed the

weakest reactivity of all (Figs. 5A–H, 6A, 6B). On Bcl-XL stain-
ing, the GCL of Mx-c-fos showed weaker reactivity than con-
trol-poly (I:C) did. In contrast, c-fos�/� showed more intense
immunoreactivity than the others (Figs. 5I–L, 6C). In Bcl-2
staining, no distinct difference was observed among all groups
(data not shown). Accordingly, expression of these factors is
probably influenced by the amount of c-fos mRNA, and the
amount of factors may have been related to the ratio of TUNEL
positivity.

Assessment of the Number of Regenerating Neurites

For the assessment of dependency of neurite extension on
c-fos, the number of regenerating neurites in unit areas was
counted and compared among c-fos�/�, c-fos�/�, and c-fos�/�

and between Mx-c-fos and control-poly (I:C) on days 3, 6, 9,
and 14. In c-fos�/�, outgrowing neurites with growth cones
were observed from retinal explants at 24 hours of culturing.

FIGURE 4. TUNEL positivity in the GCL of c-fos�/�, c-fos�/�, and
c-fos�/� (A) and control-poly (I:C) and Mx-c-fos (B). Data are expressed
as the mean � SD. *P � 0.05; **P � 0.01, compared with c-fos�/� or
control-poly (I:C).
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The neurites increased in number as time elapsed and elon-
gated into collagen gel (Fig. 7A). By immunohistochemistry,
almost all regenerating neurites were found to be Thy 1.2
positive, a specific marker for RGCs in the retina (data not
shown).

In c-fos�/�, neurites appeared by day 3 (13.9 � 2.8 neu-
rites/mm2 explant), and the number of neurites increased as
time elapsed ( 96.7 � 17.2/mm2 on day 6, 126.5 � 22.3/mm2

on day 9, and 136.0 � 24.5/mm2 on day 14; Figs. 7A, 8A). In
c-fos�/�, neurites were 13.2 � 2.3/mm2 on day 3, 101.8 �
11.6/mm2 on day 6, 141.9 � 13.6/mm2 on day 9, and 144.4 �
37.5/mm2 on day 14. No statistically significant difference was
detected between c-fos�/� and c-fos�/� (Figs. 7A, 7B, 8A). In
c-fos�/� retina, however, the number of neurites was signifi-
cantly lower in the early period of culture than in c-fos�/�

cultures. They were 0/mm2 on day 3, 19.9 � 8.9/mm2 (P �
0.01) on day 6, and 53.4 � 19.0/mm2 (P � 0.05) on day 9 (Fig.
8A). However, a substantial outgrowth of neurites was ob-
served in the later period of culture. The density was 105.1 �

33.4/mm2 on day 14, which showed no significant difference
from the c-fos�/� cultures (Figs. 7A, 7C, 8A).

In Mx-c-fos, the neurite number was markedly lower than
during the early period and remained 17.7 � 4.2/mm2 on day
14—a highly significant difference when compared with that of
control-poly (I:C) (115.6 � 33.0/mm2: P � 0.01; Figs. 7D, 7E, 8B).

DISCUSSION

To determine the functional importance of c-fos in damaged
RGCs, we used tissue culture of retinal cells, which is a useful
tool for the study of neuronal cell death and regeneration.23,24

The stable condition of retinal tissue protected by collagen gel
enabled us to observe neuronal cell death and regeneration
through the long period of culture. Furthermore, the cell death
cascade of damaged RGCs in retinal explants may share some
mechanisms with RGCs in glaucoma, because RGC apoptosis
of retinal explants may be related to the loss of trophic factors

FIGURE 5. Expression of apoptosis-
related gene products in the GCL. Im-
munohistochemistry of p53 (A–D),
Bax (E–H), and Bcl-XL (I–L; green) in
the GCL of Mx-c-fos (A, E, I), control-
poly (I:C) (B, F, J), c-fos�/� (C, G,
K), and c-fos�/� (D, H, L) on day 2.
In p53 and Bax staining, Mx-c-fos
showed stronger reactivity than did
control-poly (I:C). In contrast, c-fos�/�

showed the weakest reactivity of all.
On Bcl-XL staining, Mx-c-fos demon-
strated weaker reactivity than did
control-poly (I:C). c-Fos�/� showed
more intense immunoreactivity than
the other groups. Nuclei of cells
were stained with PI (red). Scale bar,
10 �m.
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caused by the disturbance of axonal transport from axon ter-
minals to neuronal cell bodies.14,29

Although predominantly monocellular in nature, the GCL of
the vertebrate eye consists not exclusively of RGCs, but of
other kinds of cells as well, such as displaced amacrine cells. In
mice retina, approximately 70% of the total number of cells

was reported to be RGCs.28 The exact number of the RGCs was
not determined in our experiments, but considering that at
least some cells other than RGCs were included in the count,
the true ratios of apoptotic to total number of RGCs must have
been slightly higher than those obtained. In contrast, most of
the TUNEL-positive reactions in the GCL are likely to have
come from RGCs, because the latter were directly injured by
the axotomy.

FIGURE 7. Neurite regeneration from retinal explants of c-fos�/� (A),
c-fos�/� (B), c-fos�/� (C), control-poly (I:C) (D), and Mx-c-fos (E) after 14
days in culture. The number of regenerating neurites was counted under
phase-contrast microscopy by moving focus point. Scale bar, 50 �m.

FIGURE 6. p53 (A), Bax (B), and Bcl-XL (C) immunopositivity in the
GCL. The quantitative analysis of p53, Bax, and Bcl-XL expression in
retinas from c-fos�/�, c-fos�/�, control-poly (I:C), and Mx-c-fos were
examined on day 2. Data are expressed as the mean � SD. *P � 0.05;
**P � 0.01, compared with c-fos�/� or control-poly (I:C).
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Unlike in vivo injury models, most dying cells and neurites
seemed to remain until the later period of the culture. The
reasons may be the collagen gel culture system that makes it
difficult for the cells to be phagocytosed in the absence of
blood flow and a series of immunologic reactions occurring in
this in vitro environment.30,31 Furthermore, we could compare
control littermates with Mx-c-fos and c-fos–deficient mice, be-
cause these mice showed grossly normal retinal develop-
ment.3,32 We also examined intact retinas from Mx-c-fos and
c-fos–deficient mice, and no significant differences of cell den-
sity in the GCL were detected between Mx-c-fos or c-fos–
deficient retina and control littermate retina (data not shown).

Yoshida et al.33 and Otori et al.34 indicate that focal retinal
injury or ischemic injury induces transient c-fos expression in

RGCs, although the precise role of c-fos is unclear. In this
study, transient c-fos expression was also seen in the GCL of
the control retina. From our findings in TUNEL experiments,
the following results were obtained: In the retina of c-fos-null
mutant mice, most of the axotomized RGCs escaped apoptosis;
and, in contrast, in the retina of overexpressed c-fos, many
RGCs were involved in apoptotic cell death from the early
phase of culture. It is notable that in Mx-c-fos retina overex-
pression of c-fos was transiently induced for a short period
before and after the manipulation, and it returned to the intact
level by 24 hours of culture. This finding indicates that the
remarkable increase in the number of apoptotic RGCs caused
by axotomy may occur in a short and restricted period imme-
diately after the culture. In other words, whether the cell death
cascade is activated could be determined by the amount of
c-Fos in RGCs in a short period immediately after the axotomy.

In neurons of the CNS, one of the major cell-death–related
gene families is bcl-2, which includes bcl-2, bcl-xL, and bax.
Bcl-2 and Bcl-XL, which have anti-apoptotic activity, are known
to be functional antagonists of Bax. Bcl-2 and Bcl-XL can com-
plex with Bax to form a heterodimer and neutralize its pro-
apoptotic function.17,35 In addition, these cell-death genes are
thought to be mediated by p53, which is activated by cellular
damage. Once activated after damage, p53 regulates a number
of the target genes as a transcription factor. After the stimula-
tion of apoptosis, p53 increases the expression of bax, or
decreases the expression of bcl-2, leading to a change in the
concentration of these gene products in the cell.17,36 Many
reports have suggested that transcriptional regulation of apop-
tosis-related genes, such as p53, bcl-xL, and bax, is involved in
the process of apoptotic cell death in the retinal neu-
ron.18,20–22,37 Our results show that bcl-xL downregulation and
p53 and bax upregulation may be related to RGC apoptosis of
cultured retinas and that the expression of these factors may be
involved in part of the c-fos–mediated pathway. It is not clear,
however, whether c-fos directly regulates the expression of
these genes in the apoptotic processes of damaged RGCs.
Further work is needed to elucidate the precise mechanism of
the c-fos–mediated cell death cascade in RGCs.

From the assessment of neurite regeneration in Mx-c-fos
retina, it can be concluded that the significantly low level of
neurite regeneration in Mx-c-fos is the cause of its higher ratio
of TUNEL-positive RGCs, because cells in the process of apo-
ptosis are unable to extend neurites. Furthermore, the mean
number of neurites of c-fos�/� was significantly lower than
that of c-fos�/� in the early period of culture, suggesting that
c-fos plays an important role in neurite regeneration, particu-
larly in the earlier period after RGC damage. However, because
RGCs survived more in c-fos�/� retina, it was expected that
more regenerating neurites arose from survived RGCs. In good
accordance with this speculation, the data showing a substan-
tial increase in density of neurite regeneration in the later
period of culture.

The rate of neurite regeneration in c-fos–deficient retina
shows that c-fos may play a role in accelerating neurite regen-
eration in the early period after RGC damage, because many
surviving RGCs could not regenerate neurites promptly. In
c-fos–deficient retina, however, the majority of axotomized
RGCs successfully regenerated neurites in the late period of
culture, perhaps because they escaped apoptosis. These results
indicate that c-fos may be involved in two contrasting phenom-
ena (i.e., cell death and regeneration) in damaged RGCs. How-
ever, we cannot exclude the possibility that RGCs in c-fos�/�

mice are not apoptotic but are functionally abnormal.
From the findings mentioned, it may be possible to rescue

the acutely damaged RGCs from cell death by the artificial
control of c-fos expression in the retina in a short period just
after the damage. To control expression of c-fos, several meth-

FIGURE 8. The number of regenerating neurites per retinal area of
c-fos�/�, c-fos�/�, and c-fos�/� (A) and control-poly (I:C) and Mx-c-fos
(B). There were significantly fewer neurites in c-fos�/� retina than in
c-fos�/� retina, during the early period of culture. However, a substan-
tial outgrowth of neurites was observed in the later period of culture.
In Mx-c-fos, the neurite number was markedly lower compared with
the control-poly (I:C). Data are expressed as the mean � SEM. *P �
0.05; **P � 0.01, compared with c-fos�/� or control-poly (I:C).
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ods may be used, such as introduction of antisense oligonucle-
otides38 and administration of fentanyl.39 If these methods are
applied just after damage, they can be useful in saving RGCs
from cell death and in inducing regeneration of RGC neurites. In
addition, another approach to prevention of RGC apoptosis was
demonstrated by findings in this study. c-Fos is a component of
transcription factor AP-1. The expression of c-fos in damaged
RGCs can be expected to upregulate or downregulate several
apoptosis-related factors that are in the c-fos–mediated cascade.
We found that p53, bax, and bcl-xL are candidates for such
factors. Therefore, controlling expression such factors as apopto-
sis-related genes regulated in the c-fos–mediated cascade may be
a suitable strategy to ensure neuronal survival and regeneration.

In conclusion, c-fos is essential for apoptosis in damaged
RGCs, and the initial expression of c-fos induces apoptosis in
damaged RGCs in a dose-dependent manner. c-Fos also may be
involved in the mechanism of neurite regeneration in damaged
RGCs. Understanding the effect of c-fos on damaged RGCs may
be necessary in developing strategies to promote successful
neuronal survival and regeneration.

Acknowledgments

The authors thank Maxine Gere for editorial assistance.

References

1. Curran T, Morgan JI. Fos: an immediate-early transcription factor in
neurons. J Neurobiol. 1995;26:403–412.

2. Smeyne RJ, Vendrell M, Hayward M, et al. Continuous c-fos ex-
pression precedes programmed cell death in vivo. Nature. 1993;
363:166–169.

3. Hafezi F, Steinbach JP, Marti A, et al. The absence of c-fos prevents
light-induced apoptotic cell death of photoreceptors in retinal
degeneration in vivo. Nat Med. 1997;3:346–349.

4. Kasof GM, Mahanty NK, Miller LDP, Curran T, Connor JA, Morgan
JI. Spontaneous and evoked glutamate signalling influences Fos-
lacZ expression and pyramidal cell death in hippocampal slice
cultures from transgenic rats. Mol Brain Res. 1995;34:197–208.

5. Rich KA, Zhan Y, Blanks JC. Aberrant expression of c-fos accom-
panies photoreceptor cell death in the rd mouse. J Neurobiol.
1997;32:593–612.

6. Wenzel A, Grimm C, Marti A, et al. c-fos controls the “private
pathway” of light-induced apoptosis of retinal photoreceptors.
J Neurosci. 2000;20:81–88.

7. Roffler-Tarlov S, Brown JJG, Tarlov E, et al. Programmed cell death
in the absence of c-Fos and c-Jun. Development. 1996;122:1–9.

8. Hafezi F, Abegg M, Grimm C, et al. Retinal degeneration in the rd
mouse in the absence of c-fos. Invest Ophthalmol Vis Sci. 1998;
38:2239–2244.

9. Hengerer B, Lindholm D, Heumann R, Rüther U, Wagner EF,
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35. Bähr M. Live or let die: retinal ganglion cell death and survival
during development and in the lesioned adult CNS. Trends Neu-
rosci. 2000;23:483–490.

36. Banasiak KJ, Xia Y, Haddad GG. Mechanisms underlying hypoxia-
induced neuronal apoptosis. Prog Neurobiol. 2000;57:421–450.

37. Rosenbaum DM, Rosenbaum PS, Gupta H, et al. The role of p53
protein in the selective vulnerability of the inner retina to transient
ischemia. Invest Ophthalmol Vis Sci. 1998;39:2132–2139.

38. Chiasson BJ, Hong MGL, Robertson HA. Putative roles for the
inducible transcription factor c-fos in the central nervous system:
studies with antisense oligonucleotides. Neurochem Int. 1997;31:
459–475.

39. Yoshikawa M, Ueno S, Hirano M, Nakayama H, Furuya H. Effects of
fentanyl on survival of serum-deprived rat pheochromocytoma
cells. Pharm Pharmacol Commun. 1999;5:603–607.

IOVS, July 2002, Vol. 43, No. 7 Role of c-fos in RGC Death and Regeneration 2449

Downloaded from iovs.arvojournals.org on 06/29/2019


