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Radiation-induced apoptosis in developing mouse
retina exhibits dose-dependent requirement for ATM
phosphorylation of p53
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Abstract
Ionizing radiation (IR) induces DNA breakage to activate cell
cycle checkpoints, DNA repair, premature senescence or cell
death. A master regulator of cellular responses to IR is the
ATM kinase, which phosphorylates a number of downstream
effectors, including p53, to inhibit cell cycle progression or to
induce apoptosis. ATM phosphorylates p53 directly at Ser15
(Ser18 of mouse p53) and indirectly through other kinases. In
this study, we examined the role of ATM and p53 Ser18
phosphorylation in IR-induced retinal apoptosis of neonatal
mice. Whole-body irradiation with 2 Gy IR induces apoptosis
of postmitotic and proliferating cells in the neonatal retinas.
This apoptotic response requires ATM, exhibits p53-haploid
insufficiency and is defective in mice with the p53S18A allele.
At a higher dose of 14 Gy, retinal apoptosis still requires ATM
and p53 but can proceed without Ser18 phosphorylation.
These results suggest that ATM activates the apoptotic
function of p53 in vivo through alternative pathways
depending on IR dose.
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Introduction
In response to ionizing radiation (IR)-induced DNA damage,
cell cycle checkpoints and DNA repair are activated to protect
the genome.1–3 If the damage is properly repaired, irradiated
cells can resume proliferation and this is measured by the IR

dose-dependent ‘clonogenic survival’. With increasing dosage of IR, clonogenic survival is decreased exponentially due
to three forms of cell death, that is, apoptosis, necrosis or
‘mitotic death’, a phenotype also described in the literature as
‘premature senescence’.3–5 With cultured fibroblasts, loss of
clonogenic survival is mostly due to mitotic death/senescence.4 By contrast, regenerating or developing tissues
undergo apoptosis in response to IR. For example, the
developing central nervous system (CNS), including the
retinas, is hypersensitive to IR. The developing retina undergoes apoptosis at IR doses as low as 0.5–2 Gy and, thus,
provides an appropriate in vivo system to investigate the IRinduced apoptotic response.6
We have previously characterized the retinal apoptotic
response to IR in newborn rats,6 and found it to involve at least
two types of cells. An early wave of apoptosis at 6 h
post-IR involved postmitotic and proliferating cells that
were not in S-phase. A second wave of apoptosis at 24 h
post-IR involved proliferating cells, including those in
S-phase during IR. The antioxidant pyrrolidinedithiocarbamate (PDTC) prevented the first but not the second wave of
apoptosis. To examine the role of DNA-damage signaling
molecules in this apoptotic response to IR, we expanded the
study to neonatal mice with mutations in Atm and Trp53 (the
mouse p53 gene).
ATM is the gene mutated in ataxia telangiectasia (A-T), an
autosomal recessive disorder characterized by hypersensitivity to IR, cancer susceptibility, sterility, progressive cerebellar ataxia and premature aging.7 ATM has a central role in
regulating the cellular response to IR.8–10 The hypersensitivity
of A-T fibroblasts and lymphoblasts to IR is attributed to
defects in cell cycle checkpoints and DNA repair.8,9 Therefore, ATM has a protective role in these cell types. However,
ATM also regulates the apoptotic response to IR. This was
first demonstrated in the developing CNS of the mouse.
Irradiation of neonatal mice with 14 Gy of IR induced
apoptosis in the CNS, and the apoptotic response was
compromised in Atm/ mice.11 In addition, the ectopic
apoptosis in the developing CNS of DNA-ligase 4 (Lig4)deficient mice could be rescued by the knockout of Atm.12,13
These results suggest that ATM activates apoptosis in neural
lineage following DNA damage.
ATM encodes a large nuclear protein that contains a
PI3 kinase-related domain, and the ATM kinase activity is
rapidly and maximally activated at IR dose as low as 0.5 Gy.14
ATM phosphorylates a number of proteins, including NBS-1,
BRCA1, CHK2, p53, MDM2 and c-ABL.8,15–19 Among
the ATM substrates, p53 and c-ABL have been shown to
activate apoptosis in response to DNA damage.20,21
In particular, p53 plays an essential role in IR-induced
apoptosis of thymocytes and immature neurons.12,22–24
ATM phosphorylates p53 directly at Ser15, a site conserved
in mouse p53 (Ser18).25 Phosphorylation of p53 at Ser15
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has been shown to play a role in activating its transactivation function.26 ATM also stimulates other kinases that
phosphorylate p53 at other sites. For example, ATM
phosphorylates CHK2 to promote the activation of its activity,
which phosphorylates p53 at Ser20 (Ser23 in mouse
p53).9,26,27 ATM can further activate p53 by phosphorylating
MDM2 and neutralizing its ability to inhibit p53.18 The current
evidence, mostly derived from experiments with cultured
cells, suggests that each of these ATM-regulated pathways
can contribute to the activation of p53, leading to cell cycle
arrest or apoptosis.
In this study, we examined the role of Atm, Trp53 and Ser18
phosphorylation of p53 in IR-induced retinal apoptosis of
neonatal mice. With this in vivo system, we found Atm and two
alleles of Trp53 to be required for 2 Gy of IR to induce
apoptosis of both postmitotic and proliferating cells in the
developing retina. Mutation of Ser18 to Ala in p53 impaired the
retinal apoptotic response to 2 Gy of IR. However, the
Ser18Ala mutation does not affect retinal apoptosis induced
by 14 Gy of IR, although Atm and Trp53 are still required.
These results suggest an IR dose-dependent regulation of
apoptosis through ATM and p53.

Results
Retinas from neonatal mice contain cells that are hypersensitive to IR and undergo apoptosis after 2 Gy of irradiation, a
dose well tolerated by most other cell types. At this stage of
development, the retina is composed of three layers of cells: a
ganglion cell layer (GCL), an incipient inner nuclear layer
(INLi) and a neuroblastic layer (NBL). The latter contains both
proliferating neuroblasts and undifferentiated postmitotic
cells.28,29 Proliferating neuroblasts in the NBL undergo
interkinetic nuclear migration with S-phase in the inner portion
and M-phase at the outer edge (Figure 1a).28,30,31 IR-induced
apoptosis is restricted to the NBL and involves cells both in the
proliferating (positive for PCNA) and postmitotic (negative for
PCNA) compartments (Figure 1b, c and f). As early as 4–6 h
post-2 Gy of IR, a first wave of terminal deoxynucleotidyl
transferase-mediated dUTP nick-end labeling (TUNEL þ )
nuclei appeared in the outer NBL, with about 40% being
PCNA þ (Figure 1b, c and f). A second wave of TUNEL þ cells
appeared at 24 h post-IR in the inner NBL, with around 80%
being PCNA þ (Figure 1b, c and f). By pulse labeling the mice
with BrdU for 1 h prior to IR, we found the early apoptotic cells

Figure 1 IR induces two waves of apoptosis in the retinas of newborn mice. (a) Diagram of cell layers in the developing retina and the interkinetic nuclear migration (cell
cycle-related nuclear migration). Proliferating neuroblasts (white cells) and the nuclear migration are shown along the phases of the cell cycle as indicated with the
vertical bars and arrows on the right. Numbers on the left (1–9) represent subfields in which TUNEL þ cells were counted in e. GCL, ganglion cell layer; INLi, inner
nuclear layer incipient; NBL, neuroblastic layer. (b) Experimental protocol for results shown in (c). Photomicrographs of retinal transverse sections, 6 h (i, ii) and 24 h (iii,
iv) post-IR: i, iii, bisbenzimide (Hoechst staining) (white); ii, iv, TUNEL assay (green) plus immunohistochemistry for PCNA (red). Arrowhead points to a typical TUNEL þ
nucleus, arrows point to nuclei positive for TUNEL and PCNA, double arrow points to a PCNA þ cell with normal morphology. (d) Experimental protocol for results shown
in (e). Retinal sections collected at 6 h (i, ii) and 24 h (iv, v) post-IR: i, iv, Hoechst staining (white); ii, v, TUNEL (green) plus BrdU (red) staining. Graphs (iii, vi) were
generated by counting the distribution of TUNEL þ cells in the subfields of the INLi þ NBL layers at 6 h (iii) and 24 h (vi) after IR. Arrowheads point to a typical TUNEL þ
nucleus, arrows point to nuclei positive for TUNEL and BrdU, double arrows point to BrdU þ cells with normal morphology. (f) Summary of the percentage of doublepositive cells (TUNEL plus PCNA or TUNEL plus BrdU) relative to TUNEL þ cells. Scale bar ¼ 20 mm
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to be mostly BrdU, whereas 50–60% of the apoptotic cells at
24 h were labeled with BrdU (Figure 1d, e and f). Thus, 2 Gy of
IR induces apoptosis in two temporally and spatially distinctive
waves: a group of postmitotic cells and non-S-phase
proliferating (PCNA þ ) cells die rapidly, followed by death of
proliferating cells including those that were irradiated during
S-phase. This temporal and spatial response to low-dose IR is
similar to apoptosis observed in the developing retinas of
neonatal rats.6

The apoptotic response to IR was significantly reduced in
retinas from neonatal Atm/ mice, when compared to the
Atm þ / þ and Atm þ / littermates (Figure 2a, Table 1).
Apoptosis was not generally impaired in the developing
retinas of Atm/ mice, because ex vivo culture in 1 mM
UCN-01 raised the level of TUNEL þ nuclei in irradiated Atm/

retinas to a level similar to that of the irradiated Atm þ / þ
retinas (Figure 2b). The residual apoptotic response in Atm/
retinas at 6 and 24 h post-IR exhibited the same two-wave

Figure 2 Atm is required for 2 Gy IR to induce apoptosis. (a) Photomicrographs of retinal sections processed for TUNEL assay (green labeling, indicated by arrows)
and counterstained with Hoechst (blue labeling), 24 h after 2 Gy from þ / þ (i) and Atm/ (ii) littermates. (iii) Quantification of TUNEL þ cells in retinas from P1 to P3
mice, 6 and 24 h post-2 Gy, with the following genotypes: Atm þ / þ (black bars), Atm þ / (gray bars) and Atm/ (white bars). (b) Quantification of TUNEL þ cells in
retinal explants from irradiated P1 littermates (2 Gy). Retinal explants were kept in the control medium (c) or in the presence of 1 mM of UCN-01 (u) for 24 h. (c) Summary
of the percentage of double-positive cells (TUNEL plus PCNA or TUNEL plus BrdU) relative to TUNEL þ cells in retinas from irradiated Atm þ / þ and Atm/ littermates.
(d) Quantification of PCNA þ cells (hatched white bars), double-positive cells (PCNA plus TUNEL, hatched gray bars) and the percentage of double-positive cells
(TUNEL plus PCNA) relative to PCNA þ cells at 6 and 24 h after 2 Gy in Atm þ / þ and Atm/ littermates. (e) Quantification of BrdU þ cells (hatched white bars), doublepositive cells (BrdU plus TUNEL, hatched gray bars) and the percentage of double-positive cells (TUNEL plus BrdU) relative to BrdU þ cells at 6 and 24 h after 2 Gy
Atm þ / þ and Atm/ littermates
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characteristics as the Atm þ / þ retinas (Figure 2a and c). The
total number of PCNA þ or BrdU þ cells were similar between
the Atm þ / þ and Atm/ retinas, but a much lower fraction of
these proliferating neuroblasts underwent apoptosis in the
Atm/ genetic background (Figure 2d and e). We also
performed BrdU pulse labeling of the whole animal after
irradiation. Cells dying at 6 h post-IR did not incorporate BrdU
given at 3.5 h post-IR (Figure 3), consistent with the
conclusion that postmitotic cells and PCNA þ cells not in Sphase were dying early. Cells dying at 24 h post-IR incorporated BrdU given at 21.5 h post-IR (Figure 3), showing the
second wave of death to involve actively cycling cells. Again,
the level of BrdU labeling was similar between Atm þ / þ and
Atm/ retinas, but fewer BrdU þ cells died in the Atm/

Figure 3 Time of BrdU labeling does not affect the apoptotic response to IR. (a)
Experimental protocol for results shown in (b–d). Quantification of BrdU þ cells
(hatched white bars), cells double-positive for BrdU plus TUNEL (hatched gray
bars) and TUNEL þ cells (gray bars) at 6 h (b) or 24 h (c) after 2 Gy IR with the
indicated genotypes. (d) Summary of the percentage of double-positive cells
(BrdU plus TUNEL) relative to TUNEL þ cells or relative to BrdU þ cells with the
indicated genotypes

retinas (Figure 3). Thus, IR-induced apoptosis of proliferating
neuroblasts (PCNA þ or BrdU þ ) was much reduced in Atm/
retinas. Apoptosis of postmitotic cells also required Atm; this is
inferred from the similar ratio of PCNA þ and PCNA cells in
the residual TUNEL þ populations found in the Atm/ retinas
(Figure 2c). Therefore, Atm is required for IR to induce
apoptosis in both proliferating neuroblasts and undifferentiated postmitotic cells of the developing retinas.
The essential role of p53 in IR-induced apoptosis is well
established. As expected, IR-induced apoptosis is completely
abolished in Trp53/ retinas (Figure 4). We also observed a
significant reduction of apoptosis in Trp53 heterozygous
mutant retinas (Figure 4a and b, Table 1). The residual
apoptotic response in the Trp53 þ / retinas exhibited the
same two-wave characteristics as the Trp53 þ / þ retinas. The
BrdU þ cells in the Trp53 þ / retinas showed reduced
apoptotic response to 2 Gy of IR (Figure 4c). Among the
residual TUNEL þ cells in the Trp53 þ / retinas, the BrdU þ
fraction was similar to that of the þ / þ littermate retinas
(Figure 4c), showing apoptosis of BrdU cells to also be
reduced in the Trp53 þ / retinas. Thus, a Trp53 gene dosage
effect exists in the retinal apoptosis induced by 2 Gy of IR.
Ex vivo culture with 1 mM UCN-01 induced similar levels of
apoptosis in unirradiated explants of Trp53 þ / þ , Trp53 þ /
and Trp53/ retinas (Figure 4d), demonstrating UCN-01induced death to be p53 independent. The treatment of
irradiated retinal explants with UCN-01 caused a synergistic
increase in the apoptotic response of þ / þ and Trp53 þ /
background, but not in the Trp53/ background (Figure 4d).
UCN-01 can abolish IR-induced G2/M checkpoint and this
may account for its ability to enhance IR-induced apoptosis.32–34 We observed a strong induction of p21Cip1 by IR in
the developing retinas (not shown). However, Cdkn1a
(p21Cip1) knockout did not affect IR-induced apoptosis in
the developing retinas (Figure 4e). Thus, p21 exerts no
antiapoptotic function in this experimental system. The retinas
from two other knockout mice, Mlh1/ and Abl1/, also
showed a normal apoptotic response to 2 Gy of IR when
compared to the respective wild-type littermate (data not
shown). While Mlh1 and c-Abl have been implicated in
cisplatin-induced apoptosis,20,21,35 they do not appear to play
a role in the retinal apoptotic response to IR.
The ATM kinase phosphorylates p53 at Ser15 (murine p53
Ser18).15,16,25 Mice with a knock-in mutation of Ser18 to Ala
(Trp53S18A) have been generated; their thymocytes showed a
50% reduction in apoptosis induced by a range of IR (2–
20 Gy).36 E1A-immortalized fibroblasts from Trp53S18A/S18A
embryos also exhibited a 50% reduction in apoptotic response
to 5 Gy of IR.37 IR-induced apoptosis in thymocytes is mostly
Atm independent.11,38,39 Therefore, we examined the effect of
the Ser18 mutation in our experimental system. When
compared to Trp53 þ / þ littermates, retinas from the
Trp53S18A/S18A mice exhibited a much reduced apoptotic
response to 2 Gy of IR (Figure 5). At 6 h post-IR, the number of
TUNEL þ cells was one-tenth that of the þ / þ littermates. At
24 h post-IR, apoptotic response in the Trp53S18A/S18A retinas
was one-fifth that of the þ / þ littermates (Figure 5, Table 1).
The S18A allele also exhibited a gene dosage effect on IRinduced apoptosis, with the Trp53 þ /S18A retinas showing an
intermediate level of cell death (Figure 5, Table 1).
Cell Death and Differentiation
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Figure 4 Trp53-haploid insufficiency in the apoptotic response to 2 Gy of IR. (a) Photomicrographs of retinal sections from Trp53 þ / þ (i), Trp53 þ / (ii) and Trp53/
(iii) stained with TUNEL (green, arrows) and counterstained with Hoechst (blue) 24 h following 2 Gy. Scale bar ¼ 20 mm. (b) Quantification of TUNEL þ cells in retinas
from mice (P1–P3) at 6 and 24 h after 2 Gy, with the following genotypes: Trp53 þ / þ (black bars), Trp53 þ / (gray bars) and Trp53/ (white bars). (c) Summary of the
percentage of double-positive cells (BrdU plus TUNEL) relative to the TUNEL þ cells or relative to BrdU þ cells. (d) Quantification of TUNEL þ cells from retinal explants
with the indicated genotypes. Retinal explants from P1 mice were kept in the control medium (c) or in the presence of 1 mM of UCN-01 (u) for 24 h with or without prior in
vivo IR (2 Gy). (e) Quantification of TUNEL þ cells in mice retinas (P1–P3) from Cdkn1a þ / þ (black bars) and Cdkn1a/ (white bars) either without IR (0 Gy) or at 6 h
and 24 h following 2 Gy IR.

Most studies on IR-induced apoptosis have used higher
doses, that is, 10–20 Gy, because 2 Gy of IR seldom triggers
apoptosis. Exposure of postnatal day one (P1) or P2 retinas to
14 Gy of IR caused excessive cell death within 24 h, making it
difficult to quantify accurately apoptosis in the þ / þ retinas
(not shown). We therefore irradiated P3–P4 mice with 14 Gy
and counted TUNEL þ cells in the retinas at 24 h post-IR
(Figure 6). The Trp53/ retinas remained completely
resistant, and the Atm/ retinas continued to show partial
resistance to 14Gy-induced apoptosis. This was consistent
with previously published results with 14 Gy IR-induced
apoptosis in the CNS from E12.5-P5 mice.11,40 Apoptosis in
the Trp53 þ / retinas was comparable to the þ / þ littermates
Cell Death and Differentiation

following 14 Gy (Figure 6). Thus, a single allele of Trp53 is
sufficient for apoptosis to this dose of IR. The S18A/S18A
retinas exhibited a nearly normal (70% of þ / þ ) apoptotic
response to 14 Gy (Figure 6, Table 1), showing phosphorylation of p53 at this serine site to be dispensable at this dose
of IR.
When the apoptosis results from P3 retinas exposed to 2 or
14 Gy of IR were compared, we found the radiation dose effect
to be maintained. Therefore, the different response of
Trp53 þ / and Trp53S18A/S18A retinas was determined by the
IR dose and not the age of the retinas. A comparative
summary of the results from a large cohort of mice is provided
in Table 1.
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Figure 5 Atm phosphorylation site in p53 is required for apoptotic response to 2 Gy IR. (a) Photomicrographs stained with TUNEL (green, arrows) and counterstained
with Hoechst (blue) at 24 h after 2 Gy from littermates with the following genotypes: Trp53 þ / þ (i), Trp53 þ /S18A (ii) and Trp53S18/S18A (iii). Scale bar ¼ 20 mm. (b)
Quantification of TUNEL þ cells in retinas (P1–P3) at 6 and 24 h post-IR (2 Gy) from Trp53 þ / þ (black bars), Trp53 þ /S18A (gray bars) and Trp53S18/S18A (white bars)

Discussion
The similar reduction in 2 Gy IR-induced retinal apoptosis in
Atm/ and p53S18A/S18A retinas supports the conclusion that
Atm phosphorylation of p53 at Ser18 is required for
the majority of cells in the developing NBL to undergo
apoptosis. Ser18 phosphorylation of p53 was significantly
reduced in Atm/ retinas (not shown), consistent with
this conclusion. However, phosphorylation of p53 at Ser18
is not required for 14 Gy of IR to induce retinal apoptosis,
despite the continued requirement for Atm (Table 1). Atm
phosphorylates and activates a number of downstream
effectors that can also activate p53;8,9,34 therefore, it is
possible that the requirement of Ser18 phosphorylation for
apoptosis can be bypassed. These results suggest that Atm
activates the apoptotic function of p53 through alternative
pathways, possibly depending on the extent of DNA damage
in retinal cells.
The partial apoptotic response of Trp53 þ / and Trp53 þ /
S18A
retinas to 2 Gy of IR suggests a threshold of p53 activity to
be required for the apoptotic response. The basal level of p53
is low in the developing retinas and IR increases the protein
level of p53 and p53S18A (not shown).36 We found 14 Gy of
IR to cause a higher level of p53 accumulation than 2 Gy of IR
(not shown). The accumulation of p53 protein is only but one

factor in the activation of p53 function.26,41,42 Our results
suggest p53 to acquire different levels of activity depending on
the IR dose. At 2 Gy, Ser18 phosphorylation is essential to
activate p53 and two alleles of Trp53 are needed to reach the
threshold p53 activity. At 14 Gy, p53 is activated by events
that are independent of Ser18 phosphorylation and only one
allele of p53 is sufficient to reach the threshold activity. It is of
interest to note that the CNS apoptosis of DNA ligase 4deficient mice is rescued in the Trp53 þ / background.43
Thus, apoptosis induced either by endogenous damage or by
low-dose IR appears to require two alleles of Trp53. Whether
the Ser18 phosphorylation site is also required for the
apoptotic phenotype of Lig4-deficient CNS remains to be
determined.
The induction of cell death by DNA damage is thought
to result from failure in DNA repair, supported by the
observation that high-dose IR is more likely to trigger
apoptosis. In the developing retinas, however, a fraction of
cells in the NBL undergo apoptosis at 4–6 h following 2 Gy of
IR. The apoptotic response in this population of sensitive cells
requires Atm and the Ser18 phosphorylation site in p53. It is
possible that these hypersensitive cells lack the repair
mechanisms to correct lesions induced by 2 Gy of IR.
Alternatively, these cells may undergo apoptosis in response
to irradiation without having to suffer a failure in DNA repair.
Cell Death and Differentiation
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Materials and Methods
Animals and irradiation
Mice were handled according to guidelines from the UCSD Animal
Subjects Committee. Heterozygous mice, in the 129 background, were
mated to generate wild-type, heterozygous and mutant mice. All
experiments were performed using littermate pups. Newborn mice were
exposed to whole-body irradiation of 2 or 14 Gy (at a rate of approximately
1 min/Gy) with a 137Cs irradiator. Following irradiation, the mice were kept
warm and then killed at 6 or 24 h.
In some experiments, bromo-deoxy-uridine (BrdU), an analog of
thymidine, was injected intraperitoneally (i.p.) (60 mg/kg body weight) preor post-IR. To label S-phase cells at the time of IR, BrdU (Sigma, CA,
USA) was injected 1 h before irradiation (Figure 1d). To rule out that BrdU
labeling enhances IR-induced DNA damage to cause apoptosis, BrdU was
also injected either 3.5 h for collection at 6 h or 21.5 h after IR for collection
at 24 h. This protocol allowed us to monitor the DNA synthesis activity in
cells that were about to commit to cell death (Figure 3).

Retinal explantation
Animals were killed without prior IR or immediately following IR; their tails
were collected for DNA extraction and genotyping, and their retinas were
removed as described previously.44 Retinal explants from each animal
were plated in medium with or without 1 mM UCN-01 (Drug Synthesis &
Chemistry Branch, Developmental Therapeutics Program, Division of
Cancer Treatment and Diagnosis, NIH) for 24 h prior to fixation with 4%
paraformaldehyde.

Figure 6 Apoptotic response to 14 Gy of IR is dependent on p53 and Atm but
not on p53 phosphorylation at Ser18. (a-c) Quantification of TUNEL þ cells in the
retina from mice (P3–P4) at 24 h following 14 Gy IR. þ / þ (black bars),
heterozygous (gray bars) and homozygous (white bars), for Atm knockout (a),
Trp53 knockout (b) and Trp53 mutation on Ser18 (c). Results were obtained from
littermates for each genotype
Table 1 IR dose-dependent apoptotic response in Atm, Trp53 and Trp53S18A
retinas

Genotype
+/+
Atm+/ (n ¼ 28)
Trp53S18A/+ (n ¼ 23)
Trp53+/ (n ¼ 13)
Trp53S18A/S18A (n ¼ 14)
Atm/ (n ¼ 22)
Trp53/ (n ¼ 15)
+/+ (n ¼ 48)

6 h, 2 Gy

24 h, 2 Gy

24 h,
14 Gy

1
0.8
0.5
0.3
0.1
0.1
0
1

1
1
0.5
0.2
0.2
0.3
0
1.5

1
0.9
0.9
1
0.7
0.4
0
2.8

Relative level of TUNEL+ cells in each genotype after 2 and 14 Gy of IR. The
level of cell death in +/+ littermates of each genotype at each time or dose of IR
was set at 1. A separate analysis was carried out to compare the dosedependent response among the +/+ retinas (bottom line), where the number of
TUNEL+ cells at 6 h after 2 Gy was set as 1. For each genotype, the total number
of animals analyzed was given in parenthesis (n).

Since IR is an important tool in cancer treatment, understanding the cellular context that permits 2 Gy of IR to cause a
rapid apoptosis may provide insights to enhance the efficacy
of radiation therapy.
Cell Death and Differentiation

Histology and immunohistochemistry
Eyes from killed animals were removed and immediately immersed in
fixation buffer (4% paraformaldehyde in phosphate-buffered saline (PBS),
pH 7.4), and tails were used for DNA extraction and genotyping. Following
overnight fixation at 41C, whole eyes or retinal explants were infiltrated
with 20% sucrose in PBS for approximately 16 h, and embedded in tissueembedding medium – O.C.T. (Tissue-Teks, Sakura, CA, USA).
Transverse frozen sections were cut at 10 mm in a cryostat. The sections
were processed for TUNEL assay according to the manufacturer’s
protocol (Promega, WI, USA). When double labeling was performed, the
retinal sections were boiled in citrate buffer pH 6.0. After cooling, the slides
were first assayed for TUNEL and then blocked with 2% normal goat
serum (NGS) for 30 min, followed by immunostaining with anti-BrdU (RPN
202, Amersham, NJ, USA) or anti-proliferating cell nuclear antigen (antiPCNA, 1 : 100, Calbiochem, CA, USA) for 1 h in 2% NGS. After incubation,
slides were washed with PBS and incubated with 1 : 600 goat-anti-mouse
Alexa-555 (Promega, WI, USA) in 2% NGS for 1 h. The nuclei were
stained with 1 mg/ml bisbenzimide (Hoechst-332558) (Sigma, CA, USA).
After washing, slides were mounted in aqueous mounting medium with
antifading agents (Biomeda, CA, USA).
Digital images of retinal sections were collected under  630
magnification using Image-Pro Plus 4.1 (Media Cybernetics, MD, USA).
TUNEL þ , PCNA þ or BrdU þ cells were counted in two fields
(field ¼ 0.025 mm2) in each of the two eyes from an animal. To avoid
variation in the counts due to a difference in developmental stage inside
the retinal tissue, the retinal central area (close to the optic nerve), where
the retinal tissue develops first, was the location for counting.45,46 The
results were first analyzed among animals from the same litter. Histograms
show the mean plus standard error of the mean (S.E.M.) from three to 11
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animals per genotype. With retinal explants, counting was carried out in
two fields per explant and in three randomly chosen explants from each
retina. To determine the spatial distribution of apoptotic cells in the INLi
and NBL, we divided the image into 10 equal strips parallel to the inner
margin of the INLi. Apoptosis was measured in each of these 10 subfields
using the Image-pro Plus program. The graphs show the average and
S.E.M. from two to three animals in two independent experiments
(Figure 1e).
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