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Abstract
Oligodendrocytes and subependymal cells in the adult CNS
have been shown to undergo radiation-induced apoptosis.
Here, we examined the role of p53 in radiation-induced
apoptosis in the adult mouse CNS. In the spinal cord of p53+/+
mice, apoptotic glial cells were observed within 24 h after
irradiation, and the apoptotic response peaked at 8 h. These
apoptotic cells demonstrated the immunohistochemical
phenotype of oligodendrocytes, and decreased oligodendro-
cyte density was observed at 24 h after 22 Gy. A similar time
course of radiation-induced apoptosis was seen in sub-
ependymal cells in the adult mouse brain. Radiation-induced
apoptosis was preceded by an increase in nuclear p53
expression in glial cells of the spinal cord and subependymal
cells of the brain. There was no evidence of radiation-induced
apoptosis in the spinal cord and subependymal region of
p537/7 animals. We conclude that the p53 pathway may be a
mechanism through which DNA damage induces apoptosis in
the adult CNS. Cell Death and Differentiation (2000) 7, 712 ± 720.
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Introduction

Numerous agents, including chemotherapeutic drugs, oxida-
tive stress and ionizing radiation (XRT) may induce apoptosis.
The mechanism of apoptosis appears to be dependent on
many factors, including the nature of apoptotic stimuli, cell type

and the microenvironment. XRT-induced apoptosis has been
observed in a number of cell types, including thymocytes,1

intestinal crypt cells2,3 and cerebellar neurons.4,5

Oligodendrocytes have been shown to undergo XRT-
induced apoptosis in vitro6 and in vivo in the rat spinal
cord.7,8 Subependymal cells have also been shown to
undergo XRT-induced apoptosis.9,10 Oligodendrocytes are
post-mitotic cells that ensheath neuronal axons with
concentric layers of myelin. Myelinated axons conduct
much faster than bare axons and demyelination is
associated with many neuropathologic conditions. Sub-
ependymal cells are cells adjacent to the ventricles of the
brain. The function of these cells is largely unknown, but
they have been observed to undergo proliferation in
response to injury and can give rise to neuronal and non-
neuronal cell populations.11

The tumour suppressor gene, p53, plays a role in XRT-
induced apoptosis in thymocytes1,12 and intestinal crypt
cells.3 A delayed p53-independent apoptosis after XRT
however has also been observed in intestinal epithelial
cells,2 and XRT-induced apoptosis in pulmonary endothelial
cells was described to be p53-independent.13 Certain cells
of the central nervous system (CNS) have been reported to
undergo p53-dependent apoptosis. In vitro, post-mitotic
cerebellar neurons undergo p53-dependent apoptosis
following some DNA damaging agents, including XRT.4

Cultured oligodendrocytes have been shown to undergo
p53-dependent apoptosis following treatment with an
interleukin-2 (IL-2) dimer.14 In the developing CNS,
cerebellar granule cells underwent XRT-induced apopto-
sis, but XRT failed to induce apoptosis in the cerebellum of
p53 null mice.15

The role of p53 in XRT-induced apoptosis in the adult
CNS has not been described. In this study, we showed
evidence for upregulation of the p53 protein in the CNS of
p53 wild-type (+/+) animals after XRT. Adult mice that were
null (7/7) for the p53 gene demonstrated an absence of
XRT-induced apoptosis in oligodendrocytes and subepen-
dymal cells. We conclude that the p53 pathway may be a
mechanism through which DNA-damage response induces
apoptosis in the adult CNS.

Results

XRT-induced apoptosis in the spinal cord

To characterise XRT-induced apoptosis in the adult mouse
spinal cord (wild-type for p53), the cervical segment of the
spinal cord (C2 to T2) was given a single dose of 8, 22 or
30 Gy. At different time points, up to 24 h after XRT, apoptosis
was assessed morphologically using hematoxylin and eosin
(H&E) stain, or biochemically using the terminal dUTP nicked
end labelling (TUNEL) assay. TUNEL-stained sections were
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also counterstained with the fluorescent nuclear stain, 4,6
diamidino-2-phenylindole (DAPI).

There was no evidence of any gross histopathology in
the spinal cord during the 24 h following XRT. The tissue
architecture was similar in irradiated and non-irradiated
tissues. All blood vessels appeared normal and there was
no evidence of inflammation in the irradiated spinal cord.

There was little evidence of apoptosis in the non-
irradiated mouse spinal cord. Apoptotic glial cells were
observed within the first 24 h after XRT (Figure 1A ± C).
Morphologically, there was no evidence of apoptosis in
neurons or vascular endothelial cells. These apoptotic cells
were scattered singly and randomly throughout white and
gray matter.

The apoptotic incidence (AI) in the non-irradiated spinal
cord, as quantified using morphological criteria in H&E-
stained sections, was very low (0.024+0.009%). A
significant increase in AI was observed by 6 h after
22 Gy (P50.05) compared to non-irradiated wild-type
animals (Figure 2). The peak apoptotic response was
observed at 8 h and the AI returned to baseline levels by
16 h after 22 Gy (Figure 2). There was no evidence of an
increase in AI beyond a single dose of 22 Gy (Figure 3).

The astrocyte-specific marker, glial fibrillary acidic
protein (GFAP);16 oligodendrocyte-specific markers, galac-
tocerebroside17 (GC) and Leu-7;18 neuronal marker,
synaptophysin;19 and endothelial cell marker, factor VIII-
related antigen,20 were used to identify the apoptotic cell

Figure 1 Adult mice wild-type for p53 were given a single dose of 22 Gy to the spinal cord or 2 Gy to the brain, and sacrificed at different times up to 36 h after XRT.
Apoptosis was assessed by H&E staining or TUNEL assay. At 10 h after 22 Gy (A), one apoptotic cell (arrow) shows evidence of nuclear condensation and cell
shrinkage, while a second apoptotic cell (arrowhead) shown nuclear fragmentation (H&E). At 6 h after 22 Gy in a TUNEL-stained section (B), a brightly fluorescent
TUNEL positive apoptotic cell also shows morphological evidence of nuclear fragmentation, which is also seen when the sections are counterstained with DAPI
(arrow, C). Immunohistochemistry on spinal cord sections for the oligodendrocyte-specific marker, GC, demonstrates two apoptotic cells (arrows, D) completely
surrounded by GC immunoreactivity at 8 h after 22 Gy. The apoptotic cells (arrows, E) demonstrate nuclear condensation and fragmentation upon counterstaining
with DAPI. Immunohistochemical staining for the oligodendrocyte-specific marker, Leu-7, at 8 h after 22 Gy is observed in an apoptotic cell (arrowhead, F) that also
demonstrates nuclear fragmentation. Another Leu-7 positive apoptotic cell shows nuclear condensation (arrow, F). Immunohistochemistry on spinal cord sections
for the astrocyte-specific marker, GFAP, demonstrates that apoptotic cells at 8 h after 22 Gy were negative for GFAP. The location of this GFAP negative apoptotic
cell (arrow, G) suggests that it is most likely a perineuronal satellite oligodendrocyte. A non-irradiated section of the subependymal region shows no evidence of
apoptosis (H&E, H). At 6 h after 2 Gy, clusters of apoptotic cells (arrows, I) show evidence of cell shrinkage, nuclear fragmentation and eosinophilic cytoplasm. At
6 h after 2 Gy, a brightly fluorescent TUNEL-positive apoptotic subependymal cell (J) shows morphological evidence of nuclear fragmentation, which is also seen
when the section is counterstained with DAPI (arrow, K). Original magnifications 61000. V, ventricle; E, ependymal cells
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type. Apoptotic cells that were completely surrounded by
immunoreactivity were considered positive. Most of the
apoptotic cells (84.6+5.3%) observed at 8 h after 22 Gy
were GC positive (Figure 1D,E), and almost half
(48.6+18.6%) of the apoptotic cells were Leu-7 positive
(Figure 1F). None of the apoptotic cells were positive for
GFAP (Figure 1G), synaptophysin or factor VIII-related
antigen (data not shown). Omission of the primary
antibodies resulted in no staining, confirming the specificity
of the immunohistochemistry.

XRT-induced apoptosis in the subependyma

To examine XRT-induced apoptosis in the subependymal
regions, adult p53+/+ mice were given a single dose of 2 Gy
to the whole brain. At different time points, up to 36 h after

irradiation, tissues were fixed, embedded in paraffin and
sectioned at the level of the optic chiasm. Apoptosis was
assessed morphologically using H&E-stained sections, or
using TUNEL-stained sections counterstained with DAPI.

The non-irradiated subependymal region of adult p53+/+
animals (Figure 1H) showed a low incidence of sponta-
neous apoptosis (0.33+0.02%). Unlike the scattered
distribution of apoptotic cells within the spinal cord,
clusters of apoptotic cells were often observed in the
irradiated subependymal region (Figure 1I). There was no
evidence of apoptosis in ependymal cells. As in the
irradiated spinal cord, apoptotic subependymal cells also
possessed the biochemical hallmarks of apoptosis, as
demonstrated by positive TUNEL reactivity (Figure 1J,K).
Using morphological criteria in H&E-stained sections to
quantify the apoptotic response, peak AI was reached at
4 h after 2 Gy (11.5+1.0%), P50.05 compared to non-
irradiated animals. By 24 h, AI decreased to baseline levels
(Figure 4).

Absence of XRT-induced apoptosis in p537/7
CNS

To examine the role of p53 in XRT-induced apoptosis in the
adult CNS, the apoptotic response in the brain and spinal cord
of adult mice heterozygous (+/7) and null (7/7) for the p53
gene were compared to that in the wild-type animals. In
p537/7 spinal cord, there was no evidence of XRT-induced
apoptosis. Values for AI at the different time points after XRT
were not significantly different compared with the correspond-
ing AI in the unirradiated animals (Figure 2).

There was a suggestion of an intermediate response in
the spinal cord of p53+/7 animals. However, AI values for
the different time points after XRT did not rise significantly
above baseline levels (Figure 2).

There was also no evidence of XRT-induced apoptosis
in the subependymal region of adult p537/7 animals
(Figure 4). The apoptotic response in the p53+/7 animals

Figure 2 The time course of XRT-induced apoptosis in spinal cords of adult
p53+/+, +/7 and 7/7 mice after a single dose of 22 Gy was assessed using
morphological criteria with H&E staining up to 24 h after irradiation. Three
p53+/+, +/7 and 7/7 animals were used for all time points, with the exception
of 0, 6, 10 and 24 h, where six, seven, four and six p53+/+ animals were used
respectively. Vertical bars are S.E.M.

Figure 3 Dose response for XRT-induced apoptosis in the p53+/+ mouse
spinal cord was assessed using morphological criteria with H&E staining at 6 h
after doses of 8, 22 and 30 Gy. Six, three, seven and three animals were used
at 0, 8, 22 and 30 Gy respectively. Vertical bars are S.E.M.

Figure 4 The time course of XRT-induced apoptosis in the subependymal
region of adult p53+/+, +/7 and 7/7 mice after a single dose of 2 Gy was
assessed using morphological criteria with H&E staining at 0, 4, 16, 24 and
36 h after irradiation. Three p53+/+, +/7 and 7/7 animals were used for all
time points. Vertical bars are S.E.M.
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appeared intermediate or delayed compared to that found
in p53+/+ and 7/7 animals. Value for AI in the p53+/7
animals at 4 h after 2 Gy was not significantly different from
that in p537/7 animals, but was significantly different from
the AI in the wild-type mice. At 16 h after 2 Gy, AI in p53
+/7 animals was significantly different from that of the p53
7/7 animals, but not significantly different from that of
p53+/+ animals.

p53 immunohistochemistry

To determine if the p53 protein is upregulated in the adult CNS
following XRT, spinal cord and brain sections from irradiated
and non-irradiated wild-type animals were processed for p53
immunohistochemistry. In the non-irradiated spinal cord, only
the occasional glial cells of the spinal cord demonstrated p53

immunoreactivity (Figure 5A ± C). However, by 4 h following a
single dose of 22 Gy to the spinal cord, there was a significant
increase in the per cent glial cells that demonstrated nuclear
immunostaining for p53 (Table 1, Figure 5D). There was also
a slight increase in p53 immunoreactivity in the neuropil. Glial
cells in both white (Figure 5E) and gray matter (Figure 5F)
showed nuclear p53 immunoreactivity. In gray matter, there
were also some neurons that demonstrated p53 immuno-
reactivity after XRT (Figure 5F).

In the non-irradiated brain, cells in the choroid plexus
showed moderate cytoplasmic p53 immunoreactivity, while
the ependymal cells were weakly p53 positive (Figure 5G).
Subependymal cells did not demonstrate any p53
immunoreactivity (Table 1, Figure 5H). At 4 h after 2 Gy,
there was an increase in the per cent p53 immunopositive
cells in the subependymal region (Table 1, Figure 5I,J).

Figure 5 Upregulation of p53 protein after XRT in the CNS of p53+/+ animals by immunohistochemistry. There are virtually no p53 immunopositive cells in the
non-irradiated spinal cord (A, original magnifications 6100; B, white matter, 61000; C, gray matter, 61000). At 4 h after a single dose of 22 Gy, many cells
demonstrate p53 immunoreactivity in the nucleus although there is also a slight increase in p53 immunoreactivity in the neuropil (D, original magnifications 6100;
E, white matter, 61000; F, gray matter, 61000). Most p53 positive cells appear to be glial cells (E), while some have morphological characteristics of neurons
(arrows, F). Nuclei immunoreactive for p53 are intensely stained with a red-brown chromogen. The non-irradiated brain shows p53 immunoreactivity in ependymal
cells (G, original magnification 6250), but no evidence of p53 immunoreactivity in the subependymal region (H, original magnification 61000). At 4 h after 2 Gy,
many p53 positive cells are seen in the subependymal region (I, original magnifications 6250; J, 61000). Cells of the choroid plexus (arrow, I) show moderate p53
staining in the cytoplasm before and after irradiation. Immunohistochemistry for p53 in the spinal cord of p537/7 animals at 4 h after 22 Gy demonstrates no
staining (K, original magnification 61000). The non-irradiated choroid plexus (arrow, I) of p537/7 animals shows moderate cytoplasmic staining suggesting that
p53 staining in the choroid plexus is non-specific (L, original magnification 6250). V, ventricle
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Most of the p53 immunoreactivity appeared to be located in
the nucleus of subependymal cells (Figure 5J). In the
choroid plexus, the intensity and subcellular localization of
p53 staining remained unchanged following XRT (Figure
5J).

Sections of the irradiated small bowel, obtained at 3 h
after 8 Gy, demonstrated p53 immunoreactivity only in the
crypt cells as previously reported,2,3 indicating specific
staining for p53. Omission of the p53 primary antibody
resulted in no specific staining by the secondary antibody.
Immunostaining for p53 from p537/7 animals demon-
strated no staining in the non-irradiated and irradiated
(Figure 5K) spinal cord. The choroid plexus of p537/7
animals showed moderate cytoplasmic staining and
similar intensity of immunoreactivity compared to that in

p53+/+ animals. These observations suggested that p53
staining in the choroid plexus was non-specific (Figure
5L).

Oligodendrocyte cell density

Since the number of apoptotic oligodendrocytes returned to
baseline by 24 h after XRT, oligodendrocyte density was
quantified before and at 24 h after XRT to determine if XRT-
induced apoptosis is associated with a depletion of the
oligodendrocyte population in the wild-type mouse spinal
cord. Oligodendrocytes were identified using in situ hybridiza-
tion for mRNA of proteolipid protein (plp), a major myelin-
associated protein.21 There was a decrease (P=0.023) in the
density of plp mRNA positive cells in gray matter at 24 h after
22 Gy, but the reduction in white matter was not significant
(P=0.17, Table 2) compared to non-irradiated age-matched
controls.

Since the number of apoptotic cells induced by XRT in
the adult mouse spinal cord was small, the rat cervical
spinal cord was used to determine if XRT-induced
apoptosis is associated with a depletion of the oligoden-
droglial population. The cervical (C2 to T2) spinal cord of
the young adult rat (10-week-old) was irradiated with a
single dose of 8 or 22 Gy, and the number of plp mRNA
positive cells before and at 24 h after XRT was counted. A
decrease in the density of plp mRNA positive cells was
observed after 22 Gy in both white and gray matter
compared to non-irradiated age-matched controls. No
significant change in the density of plp mRNA positive
cells in white or gray matter was observed after 8 Gy
compared to controls (Table 2).

Discussion

In this study, we used p53+/+, +/7 and 7/7 mice to
investigate the role of the p53 tumour suppressor gene in
XRT-induced apoptosis in the adult CNS. An apoptotic
response was observed in oligodendrocytes and subependy-
mal cells in the adult mouse CNS similar to that reported
previously in the adult rat CNS.7,8,10 The lack of an apoptotic
response in p537/7 mice following XRT suggests that p53 is
required for XRT-induced apoptosis in the adult mouse CNS.
To our knowledge, this is the first study that describes the
involvement of p53 in XRT-induced apoptosis in the adult
CNS in vivo.

The time course of XRT-induced apoptosis in the spinal
cord and the subependymal region of p53+/+ mice was
similar to results previously observed in the adult rat
CNS.7,8,10 The peak apoptotic response in the subependy-
mal region of p53 wild-type mice appeared earlier than that
observed in the rat, and the peak AI lower in the mouse
compared to the rat. These differences may be due to
species-specific responses to XRT, or differences in the
definition of the subependymal region. In the present study,
a dose-response for XRT-induced apoptosis in the mouse
spinal cord was observed. This observation was similar to
the results we reported previously in the rat spinal cord.8

Immunohistochemical staining using Leu-7, GC, synap-
tophysin, factor VIII-related antigen and GFAP was in
agreement with those in our rat spinal cord studies,7,8

Table 1 Per cent glial nuclei in adult mouse subependyma and spinal cord
showing p53 immunoreactivity after XRT

Per cent p53 positive glial nucleia

Subependyma

Spinal cord

Non-irradiated
4 h after 2 Gy
Non-irradiated
4 h after 22 Gy
8 h after 22 Gy

0.23+0.1%
15.7+2.8%
0.07+0.14%
21.2+2.5%
12.9+2.4%

aMean+S.E.M. of three animals

Table 2 Density of plp mRNA positive cells in the adult mouse and rat spinal
cord after XRTa

No. of plp mRNA positive
cells/0.016 mm2

XRTb White matter Gray matter

Mouse spinal cord

Rat spinal cord

Non-irradiated
22 Gy

Non-irradiated
8 Gy

22 Gy

9.2+0.6
8.0+0.6

14.1+0.7
12.2+0.6
10.4+0.5c

5.0+0.4
4.0+0.2c

5.9+0.3
5.7+0.3
2.4+0.3c

aMean+S.E.M. of three animals. bplp mRNA positive cell density was
assessed at 24 h after irradiation and in non-irradiated age-matched
controls. cP<0.05, compared to non-irradiated controls

Figure 6 In situ hybridization for plp mRNA was performed on spinal cord
sections from non-irradiated and irradiated (24 h after 22 Gy) p53+/+ animals
in order to determine if oligodendrocyte cell density changed following XRT.
GM, gray matter; WM, white matter. Original magnification 6250
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suggesting that most of the apoptotic cells observed after
XRT in the mouse spinal cord are likely to be cells of the
oligodendroglial lineage. Differentiated oligodendrocytes
cultured from the neonatal rat brain have also been shown
to undergo XRT-induced apoptosis.6

To determine if radiation-induced apoptosis was asso-
ciated with a decrease in oligodendrocyte density of the
spinal cord, in situ hybridization for plp mRNA was
performed to identify oligodendrocytes. A decrease in
density of plp mRNA positive cells was observed after
22 Gy in the rat spinal cord, and in gray matter of the
mouse spinal cord. The lack of statistical significance for
the decrease in white matter of the mouse spinal cord could
simply be due to the smaller number of oligodendrocytes in
the mouse spinal cord sections compared to that in the rat.

In the developing mouse CNS, upregulation of p53
coincided with apoptosis after XRT.22 In E17-18 rat brain,
upregulation of p53 protein was reported at 1 ± 3 h after
4 Gy.23 To assess if XRT-induced apoptosis in the adult
mouse CNS is associated with p53 protein upregulation, we
performed p53 immunohistochemistry on irradiated and
non-irradiated spinal cord and brain sections. A significant
increase in p53 expression in glial and subependymal cells
following XRT was observed. Consistent with the depen-
dence of XRT-induced apoptosis in p53, increased
expression of p53 accumulation was observed at 4 h in
the spinal cord, preceding the peak AI observed at 8 h after
XRT. A similar pattern of increased p53 expression prior to
apoptosis has been observed in intestinal crypt cells3 and
thymocytes following XRT.1,12

In the spinal cord, we have not identified the cell type(s)
that showed p53 upregulation, but oligodendrocytes are
candidate cells. Cultured oligodendrocytes demonstrated
nuclear accumulation of p53 after an apoptosis-inducing
treatment of dimerized IL-2.14 Translocation of p53 from the
cytosolic to the nuclear compartment was observed
recently in oligodendroglia-like cells following hydrogen
peroxide treatment.24 Accumulation of p53 is associated
with transcriptional activation of pro-apoptotic genes down-
stream of p53, such as insulin-like growth factor binding
protein 3 and bax.25,26 Accumulation of p53 triggered by
DNA strand breaks can be induced by a number of agents,
including XRT. Free radicals have been implicated as the
causative agent in p53 upregulation and subsequent
apoptosis of cerebellar neurons following XRT.15 The
present results are thus consistent with the mechanism,
whereby DNA damage, free radical production and p53
nuclear accumulation lead to apoptosis, in oligodendrocytes
and subependymal cells following XRT.

A very low level of apoptosis was observed in the non-
irradiated p537/7 mouse CNS, implying that the mechan-
ism of spontaneous apoptosis may be p53-independent. A
low physiological incidence of p53-independent apoptosis
has also been observed in neurons15 and thymocytes.1,12 A
low level of p53-independent apoptosis is consistent with
the general absence of developmental abnormalities in the
CNS of p537/7 mice,27 although an increased incidence
of neural tube defects was reported in p537/7 mice.28

In thymocytes and intestinal crypt cells, the apoptotic
response following XRT in p53+/7 mice was intermediate

to that found in p53+/+ and 7/7 mice.1,3 In our study, mice
heterozygous for p53 showed an intermediate apoptotic
response in the subependymal region, implying that there is
a gene-dose effect of p53. There was a suggestion for an
intermediate response in the spinal cord of p53+/7 mice.
The lack of statistical significance is likely due to the low AI
observed in the p53+/7 spinal cord.

Oligodendrocytes in vitro undergo p53-dependent
apoptosis following IL-2.14 Post-mitotic neurons cultured
from neonatal mouse brain undergo p53-dependent
apoptosis following XRT.4,15 However, other pathways of
stress-induced apoptosis do exist in the CNS. Activation of
c-Jun N-terminal kinase in primary cultures of rat
astrocytes, oligodendrocytes and an oligodendrocyte
progenitor cell line, CG4, in response to cytokines and
other stress inducers has been described.29 Oligodendro-
cytes also undergo apoptotic death in response to
ceramide treatment.30 ± 32 Thus, oligodendrocytes and
neurons die of apoptosis after a variety of stress-induced
stimuli and insults. The role of p53 in these apoptotic
pathways has remained uncertain. Recently, evidence for
endothelial cell apoptosis was reported in the mouse spinal
cord after a very high dose of 50 Gy, and the acid
sphingomyelinase-ceramide pathway was implicated in the
apoptotic response.33 In the present study, we failed to
identify any evidence of endothelial cell apoptosis after
XRT. Although p53 may play a role in some apoptotic
pathways, clearly other mechanisms of apoptosis exist in
the CNS, and the mechanism by which cells of the
developing and adult CNS undergo apoptosis is likely to
depend on the nature of the apoptosis-inducing stimulus as
well as the cell type.

XRT-induced apoptosis in the developing CNS has been
shown to be p53-dependent.22,23 In this study, we showed
that XRT-induced apoptosis in oligodendrocytes and
subependymal cells in the adult CNS, and that this
process was p53-dependent. Oligodendrocytes are post-
mitotic cells, whereas subependymal cells are proliferating
cells in the adult CNS.10 Taken together, these results
suggest that apoptosis in both proliferating and post-mitotic
cells in the CNS induced by radiation damage is mediated
by the p53 pathway.

Materials and Methods

Animals

Adult female p53+/+, +/7 and 7/7 mice, 57 ± 123 days old, of the
C57BL6/J strain (Jackson Laboratories), and young adult (70-day-old)
female Fisher F344 rats (Harlan Sprague Dawley) were used in this
study. Genotype of p53 animals was performed by PCR of DNA
extracted from blood collected by retro-orbital bleeds. The animals
were housed with food and water freely available, and with lighting
between 0600 and 1800 h in the animal colony of the Ontario Cancer
Institute, an animal colony accredited by the Canadian Council of
Animal Care.

Irradiation

Animals were anaesthetized with 3.5% halothane prior to immobiliza-
tion in a plastic jig. Irradiations were carried out using two Picker
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Gemini 100 kV X-ray units employed in a parallel, opposed
configuration. Port films to confirm the accuracy of field placement
were performed prior to irradiation. Animals were given a single dose
of 2 Gy (to the entire brain) or 8, 22, or 30 Gy (to a 1 cm length of C2-
T2 of the mouse spinal cord), and sacrificed at various time points up
to 36 h after XRT. For the rat experiment, a 2 cm length of the cervical
spinal cord (C2-T2) was irradiated. Details of irradiation and dosimetry
were previously described.34 Control animals were not irradiated.

Histopathology

Animals were given an injection of 1 cc of 10% somnotol intraper-
itoneally. Following transcardiac perfusion using 10% neutral buffered
formalin, the cervical portion of the spinal cord (C2-T2) was dissected
free of bone and fixed in formalin overnight before embedding in
paraffin. Transverse sections, 4 mm thick, were cut from the middle of
the spinal cord and stained with H&E or processed for immunohisto-
chemical studies. Controls and animals irradiated to the whole brain
were processed similarly. Coronal sections of the brain, 4 mm thick,
were cut at the level of the optic chiasm, fixed, embedded, sectioned
and stained in the same manner as the spinal cord.

Assessment of apoptosis

Apoptosis in the brain and the spinal cord of p53+/+, +/7 and 7/7
animals was assessed morphologically and biochemically using the
TUNEL assay.35 For the morphological assessment of apoptosis,
H&E-stained brain and spinal cord sections were used. Criteria for an
apoptotic cell included: cell shrinkage with eosinophilic cytoplasm and
nuclear condensation or nuclear fragmentation, as described
previously.7,8

Apoptosis was assessed biochemically using the In Situ Death
Detection Kit, Fluorescein (Boehringer Mannheim), which was based
on the method of Gavrieli et al.35 Unstained paraffin sections of the
brain or spinal cord were deparaffinized, rehydrated and digested with
proteinase K (Sigma). 3'OH ends of nicked DNA were tagged with
digoxigenin (DIG)-dUTP using terminal deoxynucleotidyl transferase.
The tagged ends were labelled with an antibody conjugated to
fluorescein isothiocynate (FITC). Sections were dual stained with
DAPI (Sigma) using methods described previously.36

The AI was obtained for each time point. In the spinal cord, AI was
defined as the per cent apoptotic glial cells per transverse section of
the spinal cord. For the brain, it was the per cent apoptotic cells per
subependymal cells in the subependyma, defined as a 4 ± 5 cell layer
thick region surrounding the lateral ventricles. Apoptotic cells were
identified using morphological criteria in H&E-stained sections as
previously described.7 For the spinal cord experiments, three p53+/+,
+/7 and 7/7 animals were used for all time points, with the exception
of 0, 6, 10 and 24 h, where 6, 7, 4 and 6 p53+/+ animals were used
respectively. For the brain experiments, three p53+/+, +/7 and 7/7
animals were used for all time points. At least three sections of the
brain or spinal cord were scored for each animal. The scoring was
performed by an observer (BMC) blinded to the treatment each animal
had received.

Sections from the same mouse were averaged to obtain one single
mean for each mouse at each time point. All data represented the
mean calculated from each mouse at each time point, and the S.E.M.
was derived from the mean value from each mouse. Using Dunn's
Test, a non-parametric test, each group of animals at each time point
was compared with the group of non-irradiated wild-type animals to
determine if the AI rose above baseline levels. In addition, Dunn's test

was used to determine if the AI at each time point was significantly
different in each of the three different p53 genotypes.

Characterization of cell type(s) undergoing
apoptosis

To characterize the cell type(s) undergoing apoptosis in the spinal
cord, immunohistochemistry studies were done using Leu-7, GC,
GFAP, synaptophysin and factor VIII-related antigen as specific
markers for oligodendrocyte, astrocytes, neurons and endothelial
cells. For GFAP and Leu-7 immunohistochemistry, sections were
deparaffinized and endogenous peroxidase activity was blocked by
H2O2. Methods for immunostaining were similar to those described
previously.8 Briefly for Leu-7 immunohistochemistry, sections were
sequentially incubated with anti-Leu-7 antibody (Becton Dickinson,
clone HNK-1, 1 : 100), biotinylated anti-mouse IgM and streptavidin
horseradish peroxidase (HRP). The reaction was visualized using 3-
amino-9-ethylcarbazole (AEC). For GFAP immunostaining, sections
were sequentially incubated with anti-GFAP antibody (DAKO), biotin
goat anti-mouse IgM, streptavidin-HRP complex and AEC. Factor VIII-
related antigen immunohistochemistry was performed using a rabbit
polyclonal anti-factor VIII antibody (Dako) in 1/1000 dilution, and
sequential incubation with biotin-conjugated with anti-rabbit IgG
(Vector Lab), streptavidin-HRP (Dakopatts Corp), and 3, 3'-
diaminobenzidine. Synaptophysin immunohistochemistry was per-
formed similarly using 1/400 dilution for the primary antibody. All slides
were counterstained with hematoxylin.

At least three different sections from three different animals at 8 h
after 22 Gy were used to quantify the per cent GFAP, Leu-7,
synaptophysin or factor VIII-related antigen positive apoptotic cells.
Apoptotic cells were considered positive if immunoreactivity
completely surrounded the piknotic nucleus or nuclear fragments.

The spinal cord of three animals was irradiated separately with a
dose of 22 Gy for GC immunohistochemistry. These animals were
sacrificed at 8 h after XRT, perfused with 2% paraformaldehyde for
10 min, and the dissected spinal cords were post-fixed for 5 days at
48C in 2% paraformaldehyde prior to GC immunohistochemistry as
described previously.37 Cryosections were incubated with 0.3 mg/ml
NaBH4 in PBS to reduce aldehyde bonds and allow antibody access to
antigen. This was followed by incubation with the primary antibody
(5 mg/ml; Boehringer Mannheim) and then with FITC-conjugated goat
anti-mouse IgG secondary antibody (Boehringer Mannheim), diluted
1 : 200 in PBS containing 0.1% bovine serum albumin. Sections were
dual stained with DAPI (Sigma) to identify apoptotic nuclei. The per
cent GC positive apoptotic cells from nine spinal sections was
recorded. Apoptotic cells were considered positive if immunoreactivity
for GC completely surrounded the piknotic nucleus or nuclear
fragments counterstained with DAPI.

p53 immunohistochemistry

For p53 immunohistochemistry, sections were deparaffinized,
rehydrated, and blocked in 3% H2O2. Antigen retrieval was performed
by microwaving sections in a 0.01 M citrate buffer (pH 6). Sections
were then sequentially incubated in anti-p53 antibody (Nova Castra,
clone CM5, 1 : 1000), biotin anti-rabbit IgG, and streptavidin-HRP. The
reaction was visualized with AEC and counterstained with hematox-
ylin. Sections of the mouse small bowel, obtained at 3 h after 8 Gy,
were used as a positive control.2,3 The p53 primary antibody was
omitted as a negative control. Spinal cord and brain sections from
p537/7 mice were stained with the p53 antibody, as described
above, to determine the specificity of staining.
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Cells were considered p53 positive only if strong p53 immuno-
reactivity was found in the entire nucleus. The percentage of p53
positive cells in the spinal cord was taken as a per cent of all the glial
cells in the transverse spinal cord section. The subependyma was
again defined as the region of cells, 4 ± 5 cell layers thick, surrounding
the lateral ventricles. In the spinal cord, three sections per animal from
three mice were counted. In the brain, six sections per animal from at
least three mice were counted.

Oligodendrocyte density after XRT

The plp mRNA was used as a specific marker for oligodendrocytes21

to determine if apoptosis in the spinal cord was associated with a
decrease in oligodendroglial cell density. The cDNA encoding plp was
donated by Dr. Griffiths. The cDNA fragment was cut out by digesting
the pGEM3 plasmid containing plp cDNA with EcoRI and HindIII and
subcloned into pGEM-4Z vector (Promega). The plasmid carrying a
450 base pair of fragment of the plp cDNA coding sequence was
linearized with EcoRI or HindIII (Boehringer Mannheim). The DIG-
labelled sense and antisense RNA probes were obtained by in vitro
transcription with T7 or SP6 RNA polymerase in the presence of DIG-
UTP using a DIG RNA labelling kit (Boehringer Mannheim), according
to manufacturer's instructions.

The in situ hybridization procedure was performed using a
modification of a protocol in the Nonradioactive In Situ Hybridization
Application Manual (Boehringer Mannheim). Briefly, the slides were
fixed in 4% paraformaldehyde in PBS, and treated with 0.2 N HCl and
proteinase K. The sections were acetylated in freshly prepared 0.5%
acetic anhydride in 0.1 M triethanolamine-HCl pH 8.0. The slides were
hybridized with DIG-labelled sense or anti-sense probes (100 ng/
100 ml) in hybridization buffer (50% formamide, 26SSC, 10% dextran
sulfate, 0.01% sheared salmon sperm DNA, and 0.02% SDS).
Hybridization was performed at 708C, followed by a post-hybridization
wash in 50% deionized formamide in 16SSC at 558C. The slides were
equilibrated in 16SSC and blocked in blocking mixture (0.1 M Tris
pH 7.5, 0.05 M NaCl, 0.2% Tween 20, 10% foetal bovine serum and
1% blocking reagent, Boehringer Mannheim). The slides were then
incubated with anti-DIG antibody conjugated with alkaline phospha-
tase (Boehringer Mannheim), diluted 1 : 500 in blocking mixture.
Visualization of the plp mRNA message was done by incubating
sections in 5-bromo-4-chloro-3-indolyl phosphate and nitroblue
tetrazolium. Slides were counterstained with methyl green (Sigma).
The sense probe was used on sections as a negative control, and
showed no staining.

Because the number of apoptotic cells returned to control level by
24 h after XRT,7,8 the impact of XRT-induced apoptosis was evaluated
by comparing the number of plp mRNA positive cells at 24 h with
control. Transverse sections of non-irradiated and irradiated p53+/+
mouse spinal cords (24 h after 22 Gy) and rat spinal cords (24 h after
8 or 22 Gy) were used in the analysis.

Five representative areas, each of 0.016 mm2 per spinal cord
section, were selected for the scoring. The cell density in white matter
was defined as the mean value in dorsal, lateral, and ventral white
matter, and the density in gray matter was the mean of the values for
dorsal and ventral gray matter. Three spinal cord sections per animal,
and three animals per dose group were assessed. The number of plp
mRNA positive cells was counted by an observer (YQL) blinded to the
treatment. Significant differences were determined by one-tailed
Student's t-test.
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