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SUMMARY
The accumulation of p53 protein following whole body
irradiation of adult mice was studied using a new polyclonal antibody to mouse p53. While dramatic accumulation of the protein was apparent in splenocytes, thymocytes
and osteocytes no p53 protein accumulation was detected
in the hepatocytes of the irradiated mouse. Thus the
upstream initiating signals that control the induction of p53
are controlled in a tissue specific manner. While massive
apoptosis accompanies p53 induction in thymocytes and

INTRODUCTION
In tissue culture systems, levels of p53 protein rise in response
to a variety of DNA damaging agents (Maltzman and Czyzyk,
1984; Kastan et al., 1991; Kuerbitz et al., 1992; Lu and Lane,
1993; Fritsche et al., 1993). This induction is mediated by a
post-translational mechanism and is associated with transcriptional activation of p53 responsive genes (Kern et al., 1991;
Kastan et al., 1992). The purpose of this response is to initiate
and coordinate a set of cellular responses that include cell cycle
arrest and apoptotic cell death (Lane, 1992, 1993; Hall and
Lane 1994). By activating these processes p53 exerts a
profound tumour suppressing effect.Evidence for the in vivo
relevance of these phenomena comes from analysis of systems
in which p53 function is abrogated (Symonds et al., 1994;
Donehower et al., 1992; Harvey et al., 1993; Kemp et al.,
1993).
Further compelling support for the role of p53 as a link
between genotoxic insult and cellular responses comes from
studies of mammalian tissues exposed to genotoxic insult. For
example, studies in whole tissues, both in man and mouse, have
indicated that environmentally relevant levels of UV irradiation of human skin results in a dramatic and rapid induction of
p53 protein in many, but not all, cells of the dermis and
epidermis (Hall et al., 1993; Campbell et al., 1993). This is
temporally and spatially associated with DNA damage as
evidenced by PCNA induction and in situ end labelling
methods (Hall et al., 1993; Coates et al., 1995). In the mouse
intestinal epithelium, experiments comparing the radiation

splenocytes it is not seen in the osteocytes. Thus the downstream consequences of p53 induction are also tightly controlled. These results have profound significance for an
understanding of the role of the p53 tumour suppression
pathway in different tissues.
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induced apoptotic and growth arrest response with sites of
accumulation of p53 protein have shown that these two
phenomena are temporally and spatially coordinated (Merritt
et al., 1994; Clarke et al., 1994). In order to further characterise
the temporal and micro-anatomical features of this biologically
important response to DNA damage in radio-resistant and sensitive mouse tissues we developed and applied a new polyclonal antiserum to recombinant mouse p53 that can be effectively used on routinely fixed and processed material.

MATERIALS AND METHODS
Expression of mouse p53 in E. coli and generation of
poyclonal serum CM5
A cDNA encoding mouse p53 (Jenkins et al., 1984) was inserted into
plasmid pT7-7 (Tabor and Richardson, 1985) to create pT7-7Mop53.
Mouse p53 protein expression in E. coli was induced by isopropyl-βD-thiogalactopyranoside (IPTG) as previously described (Midgley et
al., 1992). Under these conditions most of the p53 protein recovered
was insoluble and could be purified by the procedure described
(Midgley et al., 1992). A polyclonal anti-serum CM-5 was produced
in a rabbit by immunisation with the resolubilised mouse p53 protein.
The first injection of 0.5 mg of protein was given in Freund’s complete
adjuvant subcutaneously. Three booster injections of the same dose
were given at one month intervals in incomplete Freund’s adjuvant.
Affinity purificaton of CM5
5 mls of murine p53 (0.3 mg/ml) was dialysed for 48 hours with 500
ml of carbonate coupling buffer (0.1 M NaCO3, O.1 M Na2HCO3, 0.4
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M NaCl, pH 9-9.8) with 4 buffer changes. 10 ml of Reacti-gel slurry
(Pierce) was removed from the storage buffer by centrifugation for 2
minutes at 900 g. The matrix was then washed 3 times with ice-cold
Milli-Q water. Following the final wash, the Reacti-gel was mixed
with dialysed protein solution and incubated at room temperature for
60 hours. The Reacti-gel was pelleted as above, the supernatant
removed and the gel washed once with carbonate coupling buffer. The
gel was mixed with blocking buffer (1.5 M glycine, pH 8.5) for 4
hours at room temperature. The Reacti-gel was removed from
blocking buffer as above and washed 3 times with carbonate coupling
buffer and twice with ice-cold Milli-Q distilled water. The matrix was
stored at 4°C in 10 ml of carbonate coupling buffer with 0.02%
sodium azide. For affinity purification of CM5 the coupling buffer
was removed and the gel washed in phosphate buffered saline (PBS)
twice as above. 10 ml of PBS and 5 ml of CM5 serum were mixed
with the gel overnight at 4°C. The gel was pelleted as above, the
supernatant removed and the gel resuspended in 30 ml of PBS and
transferred to a column. The column was washed with 10 volumes of
PBS, 0.1% NP-40, followed by 10 column volumes of PBS. The
antibody was eluted in six 5 ml aliquots of 0.1 M glycine, pH 3.0.
Each aliquot was collected directly into 0.5 ml of 1 M Tris, pH 8.0,
to neutralise pH.
Characterisation of CM5
Cell lines and antibodies
Cell lines were cultured at 37°C in DMEM with 10% FCS. T3T3 cells,
a spontaneously transformed 3T3 mouse fibroblast line, were isolated
in this laboratory. C6 cells are rat embryo fibroblasts transformed by
temperature sensitive mouse p53 and activated ras. The mouse null
line (−/−) has a homozygous deletion of the p53 gene and does not
express p53 protein (Harvey et al., 1993). The monoclonal antibodies
PAb421 (Harlow et al., 1981) and PAb240 (Gannon et al., 1990)
recognise p53. Pure PAb240 was biotinylated using a kit from
Amersham. Cells were rinsed in PBS and fixed in cold
acetone:methanol (1:1) for 8 minutes before incubation overnight at
4°C with CM5 serum diluted 1:2,000 in tissue culture medium. Cells
were washed with PBS and incubated with HRP goat anti-rabbit Ig
(Jackson) diluted 1:100 for 1 hour at room temperature. HRP was
detected with 3,3′-diamino-benzidine tetrahydrochloride (DAB,
Sigma).
Immunochemistry
For direct immunoblotting total cell protein lysates were separated by
SDS-polyacrylamide gel electrophoresis (PAGE) on a 12% gel and
transferred to nitrocellulose membrane by electroblotting (Harlow and
Lane, 1988). Prestained molecular mass markers (Bio-Rad) were run
in parallel. Blots were blocked in PBS containing 0.1% Tween-20,
5% dried milk protein for 1 hour then incubated overnight at 4°C with
monoclonal antibody PAb421 supernatant or with affinity purified
CM5 diluted 1:2,000 in PBS containing 10% foetal calf serum (FCS).
The blot was washed in PBS, 0.1% NP40 and incubated for 1 hour at
room temperature with horseradish peroxidase (HRP)-conjugated
rabbit anti-mouse Ig (Dako) or HRP goat anti-rabbit Ig (Jackson),
respectively, diluted 1:2,000. HRP labelled protein bands were
detected using an ECL kit (Amersham).
Immunoprecipitation of p53 from cells lysed in 150 mM NaCl, 50
mM Tris, pH 8.0, 5 mM EDTA, 1% NP40, 1 mM PMSF was carried
out as described previously (Midgley et al., 1992) using affinity
purified PAb421 or CM5. Immunoprecipitates were subjected to separation by SDS-PAGE and transferred to nitrocellulose. Immunoprecipitates with PAb421 were detected with affinity purified CM5
diluted 1:2,000 followed by HRP goat anti-rabbit Ig as above. Due to
a slight cross-reaction between CM5 and mouse heavy chain the CM5
was preadsorbed by the addition of 10% normal mouse serum before
incubation with the blot. Similarly the CM5 immunoprecipitate blot
was preblocked with 10% normal mouse serum before incubation for

1 hour at room temperature with biotinylated PAb240 diluted 1:100
and premixed with Extravidin-HRP (Sigma) diluted 1:1,000. In both
cases HRP labelled protein bands were detected using ECL as above.
Irradiation of mice and immunohistochemistry
Adult female albino CD1 mice (25-30 g) were given whole body irradiated 5 Gy of γ rays from a CIS BioInternational IBL 437C 137Cs
gamma source at a dose rate of 4.66 Gy a minute. Three animals were
killed at subsequent time points and from all animals liver, spleen and
thymus samples were obtained, weighed and fixed in buffered
formalin, processed and embedded in paraffin wax using standard
methods. All three tissues from any animal were handled identically
and were embedded into the same wax block, thus acting as internal
controls for each other. Tissue sections (5 µm) were cut, dewaxed and
immunostained using CM5 at a dilution of 1 in 3,000 after microwave
antigen retrieval. In brief, slides were immersed in citrate buffer and
boiled for 3 periods of 10 minutes using a domestic microwave oven
at full power setting (750 Watts), with care being taken to not allow
the sections to boil dry. Immuno-histochemistry was then performed
as described previously (Midgley et al., 1992). After immunostaining
sections were washed in distilled water, counterstained with Meyer’s
haemotoxylin, dehydrated cleared and mounted. Staining was
assessed semi-quantitatively by two observers (B.O. and P.A.H.) and
this was found to be highly reproducible.
In situ end labelling (ISEL)
The method was employed as previously described (Ansari et al.,
1993; Coates et al., 1995). In brief, dewaxed paraffin sections of
mouse tissues were briefly digested with proteinase K (40 µg/ml in
50 mM Tris-HCl buffer with 1 mM EDTA). In situ end labelling was
then performed using 50 µl of labelling mix. This contains 0.01 mM
each of digoxigenin-14-dATP, dCTP, dGTP and dTTP in 50 mM
Tris-HCl (pH 7.5), 5 mM MgCl2, 10 mM 2-mercaptoethanol, 0.005%
BSA and the Klenow fragment of DNA polymerase I. Incubation is
carried out for 1 hour at 37°C. The reaction was terminated by
washing sections in distilled water and the incorporated dNTP
detected by an immunohistological method using anti-digoxigenin
antibodies (Boehringer). This was then detected by standard immunohistochemical methods. Controls consisted of omission of the polymerase from the labelling mix and other relevant immunohistological
controls. Apoptosis was quantified by enumerating the number of
ISEL labelled apoptoses in ten high powered fields (×40) in which the
number of cells was also counted.

RESULTS
Characterisation of CM5
Fig. 1 demonstrates specific nuclear staining of T3T3 cells
(Milner et al., 1993) with CM5 (Fig. 1) whereas p53 −/− cells
(Donehower et al., 1992) show no staining (data not shown).
Western blotting of C6 and T3T3 cell lysates demonstrates the
same pattern with either CM5 (Fig. 2a, lanes 2 and 3) or
PAb421 (Fig. 2a, lanes 5 and 6). Immunoprecipitates also show
similar patterns for CM5 (Fig. 2b, lanes 2 and 3) and PAb421
(Fig. 2b, lanes 5 and 6) although PAb421 seems to more efficiently precipitate a slower migrating form of p53 which may
have increased phosphorylation. The degradation product seen
on direct blots of C6 cells (Fig. 2a, lanes 2 and 5; Gannon and
Lane, 1991) is not immunoprecipitated efficiently by CM5 or
PAb421. These data demonstrate the sensitive and specific
detection of mouse p53 by CM5. This reagent can be employed
in formalin fixed and wax embedded sections of rodent tissues
as illustrated below.
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Morphological response of tissues to irradiation and
labelling with the ISEL method
Both the spleen and thymus showed the expected massive
increase in apoptosis identifiable by the increase in apoptotic
bodies stained with haemotoxylin or by the ISEL method. The
induction of apoptosis was rapid (Table 1) and as expected
from previous studies spleen weight fell coordinately with the
appearance of apoptotic bodies (Fig. 3). At later time points
restoration of normal splenic weight and splenic and thymic
architecture occurred as expected from the sub-lethal dose of
irradiation employed. However, both in untreated animals and
in the recovery phase (day 7 and 14) a basal level of apoptosis
is identifiable. While profound morphological alterations
occurred in the bone marrow, the osteocytes showed no mor-

phological abnormalities. Similarly, in the liver, hepatocytes
showed no morphological alteration at any time point during
the experiment. Small numbers of inflammatory cells are identifiable in the parenchyma and in the portal tracts 6 to 48 hours
after irradiation and occasional Kupffer cells show morphological features of apoptosis and were also labelled by the ISEL
method. The ISEL method has also been employed to demonstrate some forms of genotoxic DNA damage after UV irradiation and treatment with drugs such as etoposide (Coates et al.,
1995). We were, however, unable to see induction of ISEL
labelling in non-apoptotic cells after γ irradiation.
Expression of p53 and PCNA
Using the CM5 antiserum we examined the expression of p53
protein after γ irradiation. In untreated animals there was no
identifiable p53 staining while in the spleen and thymus of irradiated animals there is rapid and massive induction of p53
immunoreactivity in the majority of cells (Fig. 4). The
induction of p53 was apparent at three hours and declined after
96 hours to base line levels (Table 1). p53 immunoreactivity
is not detectable in clearly apoptotic cells, as has been reported
elsewhere (Merritt et al., 1994). The reason for this is unclear
but may simply reflect the intense chromatin condensation and

Table 1. The expression of p53 immunoreactivity in
normal adult mouse tissues at time points after genotoxic
insult
Time
0
3
6
12
24
48
96
148
336

Fig. 1. Immunoperoxidase staining of mouse T3T3 cells.

a

Spleen

Thymus

Bone

Liver

−
++
+++
+++
+++
+++
+
−
−

−
++
+++
+++
+++
+++
+
−
−

−
+
++
++
++
++
−
−
−

−
−
−
−
−
−
−
−
−

−, no p53 immunoreactivity; +, occasional p53 stained cells; ++, moderate
numbers of p53 stained cells; +++, extensive p53 stained cells.

b

Fig. 2. (a) Direct immunoblot of mouse cell lines with affinity pure CM5 (lanes 1,2,3) and PAb421 supernatant (lanes 4,5,6). Lanes 1 and 4 are
mouse p53 null (−/−), lanes 2 and 5 are C6, lanes 3 and 6 are T3T3. (b) Immunoprecipitation with CM5 (lanes 1,2,3) detected with biotinylated
PAb240 and immuno-precipitation with PAb421 (lanes 4,5,6) detected with CM5. Lanes 1 and 4 are mouse null (−/−), lanes 2 and 5 are C6,
lanes 3 and 6 are T3T3.
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Fig. 3. The induction of apoptosis and loss of splenic mass are coordinate. The number of apoptoses and total cells were counted in 10
fields from each of three animals at each time point and the mean
number of apoptoses expressed per 500 viable cells (a). The wet
splenic weight was measured in all three animals (b).

protein degradation, with activation of proteases such as interleukin-1β-converting enzyme (ICE: Yuan et al., 1993) and
related species (Wang et al., 1994) seen in apoptosis. In the
bone many osteocytes showed marked p53 immunoreactivity
and this had an identical time course. In contrast, no detectable
p53 immunoreactivity could be seen in the liver at any time
point. The possibility that this was a technical false negative is
excluded since the liver, spleen and thymus from each animal
were fixed and processed together and embedded into the same
block. Sections thus contained all three tissues and these were
stained together. Furthermore, expression of PCNA was
examined in all animals using the polyclonal serum 3009 (Cox
et al., unpublished). In all tissues, including the liver, PCNA
immunoreactivity was identifiable. Thus the absence of p53
expression after γ irradiation in the liver is a real phenomenon.
Interestingly, PCNA expression was not induced by γ irradiation as we had expected given previous results in vivo and in
vitro with other genotoxic insults (Shivji et al., 1992; Hall et
al., 1993).

The accumulation of p53 protein in response to genotoxic
stress in vitro is now well established and appears to be a
means of inducing growth arrest and apoptotic cell death by
the transcriptional regulation of other genes (Kern et al., 1991;
Kastan et al., 1992; El-Deiry et al., 1993), and possibly other
more direct mechanisms (Caelles et al., 1994). Previous in vivo
studies of p53 expression after genotoxic insult have shown
profound induction in the skin (Hall et al., 1993; Campbell et
al., 1993) and in sub-populations of intestinal epithelium
(Merritt et al., 1994; Clarke et al., 1994). The dependence of
the apoptotic response to irradiation on the presence of functional p53 in thymocytes (Lowe et al., 1993; Clarke et al.,
1993) suggested that there would be induction of p53
expression in lymphoid tissues and this was demonstrated by
immunoblotting of tissue extracts. However, it is well known
that some tissues are much more resistant to the effects of irradiation and our previous observations on intestinal epithelia
pointed to heterogeneity within tissues. The availability of
CM5 and its reliable application to histological material has
allowed us to examine these issues.
By studying p53 induction in the tissues of irradiated mice
we discovered two striking and unexpected phenomena. The
first was that while some tissues show a dramatic accumulation of p53 following irradiation, in other tissues, specifically
the liver, no such response is seen. The second was that while
in some tissues, specifically the spleen and thymus, induction
of p53 is associated with apoptosis, in others, specifically the
bone osteocytes, no apoptotic sequelae are seen. These results
together with our earlier observations in gut and skin demonstrate that both the induction of p53 and the response to p53
are tightly regulated in a tissue specific manner. This in turn
has important implications for the differential sensitivity of
tissues to the carcinogenic affects of genotoxic agents and the
expected therapeutic response of tumours of different tissue
origin. This study has not addressed the possible heterogeneity of p53 dependent growth arrest events, although these may
also be of great importance.
Why then should there be such marked tissue differences as
reported here, and microanatomical differences as seen in the
gut epithelium (Merritt et al., 1994; Clarke et al., 1994). Observations made in Bloom’s syndrome and ataxia telangiectasia
cells in vitro indicate that the p53 response to genotoxic
damage is genetically regulated (Lu and Lane, 1993; Kastan et
al., 1992). Our current and previous data on the induction of
p53 expression in vivo indicate that the expression of the genes
that control p53 is highly regulated. This tissue specific
variation in response highlights the difficulty in interpretation
of results obtained with tissue culture systems. In particular we
note that the time course of induction of p53 seen in vivo in
reponse to γ irradiation is very sustained compared to that seen
in cell culture (Lu and Lane, 1993; Kastan et al., 1992). It is
also notable that in this system the induction of PCNA is not
apparent in contrast to the dramatic induction seen following
other genotoxic insults (Hall et al., 1993). This may relate to
the precise nature of the lesion induced, further support for this
idea comes from the absence of detectable DNA damage using
the ISEL system after γ irradiation in contrast to its induction
by other genotoxic agents (Coates et al., 1995). The explanation for this remains unclear. It may relate to the chemical
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a

b

c

d

Fig. 4. Expression of p53 protein in liver (a), spleen (b) thymus (c) and bone (d) six hours after γ irradiation. There is clear p53
immunoreactivity in thymus and spleen associated with marked apoptosis. In the liver there is no morphological abnormality and no evidence
of p53 expression. The bone shows p53 immunoreactivity in the osteocytes. Bar, 100 µm.

nature of the damage or the kinetics of the damage or repair
events.
The absence of a radiation induced apoptotic response in the
intestinal epithelia and thymocytes of p53 knockout mice has
established the critical role of p53 in this process (Merritt et
al., 1994; Clarke et al., 1993, 1994; Lowe et al., 1993). Studies
of p53 mutations in tumour models have supported the concept
that this p53 dependent apoptotic response may play a critical
rate limiting role in the development of neoplasia (Symonds et
al., 1994). It is thus of considerable interest that in some model
systems of experimental carcinogenesis in rodents p53 appears
to play a critical role. For example, this critical function of p53
is readily seen in rodent models of skin carcinogenesis (Kemp
et al., 1993). Surprisingly, no such involvement of p53 has so
far been seen in rodent hepatocarcinogenesis models. The
absence of p53 mutations in rodent hepatocarcinogenesis
models may then reflect the absence of any selective advantage
since adult mouse hepatocytes do not appear to invoke the p53
pathway after genotoxic stress (Greenblatt et al., 1994).
In this paper we have defined a polyclonal serum generated

against recombinant mouse p53 which efficiently recognises
p53 protein in immunochemical and immunohistochemical
assays, including formalin fixed wax embedded histological
material. This reagent is shown to be valuable in the analysis
of p53 expression in experimentally manipulated mouse
tissues. Our observations indicate a profound anatomically
defined heterogeneity of both the upstream induction of p53
and its downstream consequences. This phenomenon may be
of considerable biological significance and indicate the importance of whole body experiments that compliment biochemical and in vitro studies. Indeed, the differential sensitivity of a
wide range of normal tissues and of tumours with different
origins to chemotherapy and radiotherapy may be, in part,
determined by these phenomena. Finally, our new reagent may
prove of great value in the analysis of rodent models of tumorigenesis and genotoxic stress including transgenic systems.
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