
IMMUNITY TO P53 INDUCED AS AN IDIOTYPIC NETWORK

in the hind footpads With 20 @gof antibody emulsified in complete Freund's

adjuvant. After 3 Weeks,the mice were boosted s.c. in the flank With20 @.tgof
the same antibodies in incomplete Freund's adjuvant. Scm were obtained 10
days after the boost.

CDRPeptides.Thesequencesof theheavyandlightchainsof Abl
anti-p53 monoclonal antibodies were derived as described (19). The CDR

peptides were prepared using an automated synthesizer (Abimed model AMS

422; Langenfeld, Germany) according to the company's protocol for Na

fluorenylmethoxycarbonyl synthesis. Peptide purity was tested by analytical

reverse phase high-performance liquid chromatography and mass spectro
scopic analysis.

Preparation of Recombinant p53. Escherichia coli BL21 (DE3) cells

were transformed with the T7 expression vector containing mouse p53 cDNA
(20). Purification of p53 was done as described (21).

ELISA.ELISAassaysweredonein96-wellMaxisorpplates(Nunc,Ros
kilde, Denmark). Ab2 anti-idiotypic antibodies were detected by coating plates
with 10 pg/well of (Fab)2 fragments of PAb-240 or of PAb-248 in PBS. The

(Fab)2 fragments were prepared as described (22). Antibodies to p53 were
detected by coating the wells with recombinant p53 at 10 j.@g/mlin PBS. After
washing and blocking with 1% BSA in PBS for 1 h at 37Â°C, test scm (0.1

mI/well) were added for 1 h at 37Â°Cfollowed by a 1-h incubation with goat
antimouse IgG Fc specific, or IgG-isotype-specific secondary antibodies con

jugated to alkaline phosphatase, diluted 1:5000 (Jackson, Philadelphia, PA).
After washing, bound antibodies were detected by the addition of a substrate
solution containing 0.6 mg/ml p-nitrophenylphosphate (Sigma Chemical Co)

in diethanolamine-H20 (pH 9.8) and read at 405 nm. The antibody reactivities,

shown as the optical density, were produced by the test scm at a dilution of

1:100. The dots in Figs. I, 3, and 5 represent individual mice, and the bars
represent the median value of the group. Each group in Figs. 1 and 3 consisted

at least of nine mice; each group in Fig. 5 consisted of six mice. Note that some

of the figures may actually show fewer dots, due to the superposition of mice

with identical values.

Band Shift Assay. We used a band shift assay to detect antibodies to the

p53-specific nucleotide sequence. The p53-responsive element consensus se

quence oligonucleotide TCGAGAGGCATGTCTAGGCATGTCTC (23) was
synthesized, prepared in a double-stranded form, and end labeled. We also
used a substituted oligonucleotide sequence, 11'GAGGCAAGGCAAG
GCAAGGCAC (substitutions are underlined; Ref. 23). DNA (10â€”20fmol)
was mixed with either 4 @lof test sera, or with 1 @tgof recombinant p53,
activated by PAb-421 (21). Poly dl-dC (2 @.tl)and a half reaction volume (8 @l)

of buffer (25 mM Tris-HC1, 100 mM KC1, 6.25 mM MgCl2, 0.5 mM EDTA,

I mM Dli', and 10% glycerol) were added. The reagents were mixed,

incubated for 15 mm on ice, and incubated for 15 mm at room temperature.
The reaction products were separated by a 4% PAGE for 3 hours in a 0.4%
ThE running buffer. As indicated, 2 @tlof PAb-246 ascitic fluid were added.

indirect Immunoprecipitation. Meth A cells were metabolically labeled

for I hr at 37Â°Cin methionine-free DMEM supplemented with 10% heat
inactivated FCS and 0.125 mCi/mi of [35S]-methionine (Amersham Corp.,

Little Chalfont, United Kingdom). The cells were lysed in a buffer containing

10 mM phosphate buffer (pH 7.5), 100 mM NaC1, 1% Triton, 0.5% sodium

deoxycholate, and 0.1% SDS and precleared on 50% protein A-Sepharose

CL-4B (Sigma Chemical Co). The cell lysates were incubated overnight at 4Â°C

with monoclonal anti-p53 antibodies or with test scm. Immune complexes

were precipitated with protein A-Sepharose CL-4B for 2 hr at 4Â°C,followed by
3 washes with PBS. The immunoprecipitates were separated on 10% SDS

PAGE gels and detectedby autoradiography.
3LLLungCarcinomLTheDl22 highlymetastaticvariantof the3LL

lung carcinoma cell line (24) was used for in vivo tumor challenge experi

menu. C57BL16 mice received injections of 2 X 10' 3LL cells, a gift of Prof.

Lea Eisenbach (Weizmann Institute), into one hind footpad. Local tumor
growth was measured using a caliper, and the tumors were excised when they
reached 8 mm. The mice were sacrificed 21 days after tumor removal, and their
lungs were weighed as a quantitative measure of the metastatic load (25). Lung
weights of 200 mg indicate the presence of metastases in individual mice
(dots). The bars illustrate the median lung weight of the group.

Statistics. The differences between experimental groups were tested for

significance with the nonparametric MannlWhitney U test.

RESULTS

Abi AntibodiesInduce Ab2 Antibodies.BALB/cor CS7BL/6
mice were immunized with Abl anti-p53 antibodies PAb-240, PAb
246, or PAb-248,all of the IgGl isotype.We usedR73, whichis
specific for the rat T-cell receptor (18), as an isotype-matched control
antibody. Scm from the immunized mice were assayed for Ab2
reactivity to the (Fab)2 fragment of PAb-240, PAb-246, or PAb-248.
Fig. 1 shows that both BALB/c and C57BL/6 mice made specific
anti-idiotypic Ab2 antibodies. The mice immunized with PAb-240
made Ab2 antibodies that specifically reacted with PAb-240 (Fig. IA),
and the mice immunized with PAb-248 made Ab2 that specifically
recognized PAb-246 (Fig. lB). Immunization with PAb-248 also

induced specific Ab2 (Fig. lC).
Ab2 Inducedby PAb-246Bind a SpecificDNASequence.The

DNA binding domain of p53 that is recognized by PAb-246 can
interact specifically with a DNA sequence in p53-reactive promoters.
The p53-specific DNA sequence consists of a tandem repeat of a
lO-bp motif, 5'-PuPuPuC(A/T)(T/A)GPyPyPy-3', which has been
termed the p53-responsive element (23). Because PAb-246 interacts
with the DNA binding domain of p53, Ab2 antibodies to PAb-246
might have structural similarity to p53 and, therefore, bind to the
p53-responsive element. To detect such antibodies, we used a band
shift assay using the labeled oligonucleotide of the p53-responsive
element. Fig. 2A shows that Ab2 sera induced by PAb-246 were,
indeed, able to cause a band shift. In contrast, Ab2 sera induced by
immunization to the other Abi anti-p53 antibodies, or to R73, failed
to do so. Thus, it seems that the Ab2 induced by PAb-246 were able
to bind a p53-responsive DNA sequence like p53 itself (Fig. 2D).

To learn how specific this binding activity might be, we compared
the band shift of the native sequence with that of an oligonucleotide
modified by six base exchanges so that it is not recognized by the p53
protein (Fig. 2D). Fig. 2B shows that the Ab2 antibodies induced by
immunization with PAb-246 could distinguish between the two oh
gonucleotides. Compared with the natural oligonucleotide sequence,
the band shift of the modified oligonucleotide was reduced. However,
p53 still was more specific and showed less binding of the modified
ohigonucleotide compared with the Ab2 sera (Fig. 2D). Thus, seems
that Ab2 antibodies are somewhat specific for the DNA sequence of
the p53-responsive element, but not as specific as is p53 itself. To
confirm that the DNA binding activity was indeed dependent on Ab2

anti-idiotypic antibodies, we tested whether the oligonucleotide bind
ing could be inhibited by the addition of Abi PAb-246. As can be seen
in Fig. 2C, addition of PAb-246 was found to completely abolish
recognition of the p53-responsive element sequence. Therefore, it is
likely that the Ab2 antibodies were anti-idiotypic to PAb-246, but
could also specifically recognize the DNA sequence of the p53-
responsive element.

Abi AntibodiesInduceAb3 Anti-p53AntibOdieS.Micereceiv
ing immunizations of the various Abl antibodies were tested for the
spontaneous development of Ab3 anti-p53. As can be seen in Fig. 3A,
the BALB/c or C57BLJ6 mice that had been given immunizations of
Abi PAb-240 or Abl PAb.246 produced antibodies to p53. Fewer of
the mice given immunizations of Abi PAb-248 developed anti-p53
reactivity. Mice of either strain receiving immunizations of R73 did
not develop a significant anti-p53 response (data not shown).

To confirm that the anti-p53-antibodies were actively induced Ab3
and not remnants of the injected Abl antibodies, we analyzed the
isotypes of the anti-p53-antibodies. Although the monoclonal Abl
antibodies used for induction were of the IgGl isotype, the anti-p53

antibodies detected in the sera of the immunized mice were a mixture
of different isotypes, dominated by IgG2b (Fig. 3B). Thus, the anti
p53 antibodies had to have been actively generated in response to the
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IMMUNITY TO P53 INDUCED AS AN IDIOTYP1CNETWORK

extracts of the tumor cell line Meth A (27), which overexpresses only
mutant p53. We used an immunoprecipitation assay in this study
because the ELISA assay cannot distinguish clearly between wild
type and mutant conformations of pS3; adherence of p53 to the solid
phase substrate apparently allows the molecule to assume the mutant
as well as the wild-type conformation (data not shown).

PAb-240, which recognizes p53 in a mutant conformation, was able
to precipitate mutant p53 from the Meth A cell extract (Fig. 4).
Another anti-p53 monoclonal antibody, PAb-42l, which recognizes
the COOH-terminus of p53 (28), was also able to precipitate mutant
p53. In contrast, PAb-246, which can only bind to p53 in its wild-type
conformation, failed to precipitate mutant p53 from the Meth A cell
extract. Fig. 4 also shows that mice receiving injections of Abl
PAb-240, but not with Abl PAb-246 or Abl R73, produced Ab3
antibodies that could precipitate the mutant p53 protein. Thus, it
seems that the Ab3 antibody induced by immunization to PAb-240
was, like PAb-240 itself, specific for mutant p53. In contrast to Abl
PAb-240, immunization with Abl PAb-246 generated Ab3 that, like
PAb-246, were specific for wild-type p53: the mice immunized with
Abl PAb-246 were positive for anti-p53 in the ELISA assay (see Fig.
3), but failed to precipitate mutant p53 from the Meth A extract
(Fig. 4).

Induction of the p53 Idiotypic Network by Peptides of CDR
Domainsof Abi. We also testedwhetherBALB/cmice couldbe
induced to produce Ab3 anti-p53 antibodies by immunization with
synthetic peptides comprising the CDR2 or the CDR3 domains of the
heavy or the light chains of PAb-240, PAb-246, or PAb-248 (see
Table 1). Fig. 5 shows that Ab3 anti-p53 antibodies could, indeed, be
obtained by immunizing mice with CDR peptides of PAb-240 or
PAb-246, but not with CDR peptides of PAb-248.

Fig. S also shows that a CDR peptide of an Abl could be a more
effective immunogen for an anti-p53 response than was the peptide
epitope of the p53 antigen (Table 1) recognized by the Abl antibody:
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Fig. 2. Anti-idiotypic Ab2 antibodies induced by immunization with Abl PAb-246
bind to the oligonucleotide sequence of the p53-responsive element. A, Ab2 antibodies
capable of binding to the DNA sequence of the p53-responsive element were detected by
the induction of a band shift of the 32P-labeled oligonucleotide by test sera: normal mouse
serum (Lane 1) or sera induced by either immunization with PAb-240 (Lane 2), PAb-246
(Lane 3), PAb-248 (Lane 4), or the isotype-matched control antibody R73 (Lane 5). B,

comparison of the band shift of different oligonucleotide sequences produced by Ab2
antibodies that had been induced by immunization with PAb-246. Lane 1 shows the band
shift of an oligonucleotide of the wild-type sequence (TCGAGAGGCATGTCTAG
GCATGTCTC) and Lane 2 shows the band shift of a modified oligonucleotide sequence.
C, Abl PAb-246 interfereswith the recognitionof the oligonucleotide sequence by Ab2
sera induced by immunization with PAb-246. The band shift of the p53-responsive
oligonucleotide sequence by Ab2 serum is shown in Lane I. Lane 2 shows the band shift
produced by the same serum when 2 @dof PAb-246 ascitic fluid was added to the reaction.
D, the band shift induced by the p53 protein itself. Lane I shows the band shift of the
wild-type oligonucleotide sequence produced by p53. which can be inhibited by the
addition of PAb-246 (Lane 2). Lane 3 shows that p53 does not cause a band shift of the
modified oligonucleotide sequence, which was used in B, Lane 2 (TTGAGGCAAG
GCAAGGCAAGGCAC).

Fig. 1. Induction ofanti-idiotypic antibodies (Ab2) by immunization with Abl anti-p53
antibodies. Gmups of 10 mice were given immunizations to various monoclonal antibod
ies, and their Ab2 antibodies were measured by ELISA to the (Fab)2 fragments of
PAb-240 (A), of PAb-246 (B), or of PAb-248 (C). Compared with immunization with the
control antibody R73, the production of Ab2 in mice given immunizations of the
respective Abl antibodies was found to be statistically significant (P < 0.002).

Abi immunization. Moreover, the presence of different T cehl-depen
dent IgG isotypes indicates that helper T cells probably play a role in
the idiotypicnetwork,since helperT cells arerequiredfor the IgG
class switching of B cells (26).

Specificity OfAb3 Antibodies. To learn whether the Ab3 antibod
ies mightpreservethe p53-domainspecificityof the inducingAbl
antibodies, we studied the immunoprecipitation of p53 from cell
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Table I Sequences o
pethe

CDR peptides ofAbi anti-p53 antibodies and of the p53

pride epitope recognized by PAb-246(16)Abl

antibodyChain/CDR regionSequencePAb-240VH

CDR2 GEIDPSDSYTNYNQNFKDKA
VH CDR3YYCARLLRYFANDYWGQGTTPAb-246VL

CDR3 YYCQHIRELTRSEGGPS
VH CDR2 GDINPNNGETIYNQKVKGKA
VH CDR3CVRGGGLKGYPFVYWGQGTTPAb-248

PAb-246 epitopeVL

CDR3 ATYYCQQRSSFPFTYGSGTK
VH CDR2 GDIYPNNGFTTYNQKFKGKA
VH CDR3 AVYYCARSGSRFDYWGQGTT
VLCDR3 VYFCQQSNSWPVHARGGOTK

PLSSFVPSQKTYQGNYGFHLG

_______________C,â€˜c$@@-@ _\9 - _______ _______ _______200- [@@ - __________

100- 1

69-
.@.
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IMMUNITY TO P53 INDUCED AS AN IDIOTYPIC NETWORK

antibodies, failed to do so. Immunization with PAb-246 was less
effective than was PAb-240, but still conferred significant protection
from lung metastasis. Thus, it can be concluded that the activation of
a p53-based idiotypic network by immunization with Abi may be
associated with resistance to metastasis by a tumor cell line.

DISCUSSION

Immunization with a particular Abl has often been observed to
generate Ab2 anti-idiotypic antibodies, but rarely are Ab3 anti-anti
idiotypic antibodies produced in the same animal. In this study, we

found that all three Abl anti-p53 antibodies could induce specific Ab2
anti-idiotypic antibodies. However, only two of the Abi antibodies,
PAb-240 and PAb-246, were efficient inducers of Ab3 anti-p53 an
tibodies. Thus, the anti-p53 network seems to have a bias for certain
Abl antibodies.

The Ab2 antibodies induced by Abl PAb-246 demonstrated un
precedented structural specificity for DNA; they showed some simi
larity to the structure of the p53 DNA binding domain, in that they
could specifically bind the DNA ohigonucleotide sequence of the
p53-responsive element, and could discriminate between the wild
type oligonucleotide and an oligonucleotide â€œmutatedâ€•at six posi
tions. The specificity of the antibodies, however, seemed to be more
degenerate than the specificity manifested by p53 itself, which does
not retard at all the mutated oligonucleotide in the gel shift assay
(Fig. 2).

The Ab3 antibodies preserved the specificity of the Abl inducers:
Ab3 induced by PAb-246 recognized the wild-type p53 molecule,
whereas Ab3 induced by PAb-240 recognized mutant p53.

A
Strain Abi Ab3 antibodies to p53
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Fig. 3. The induction of Ab3 by immunization with Abl anti-p53 monoclonal anti
bodies. Mice received immunizations of Abl PAb-240, PAb-246, or PAb-248. The sera
were then tested for the development of Ab3 anti-p53 antibodies by ELISA. Ab3 anti-p53
antibodies were detected with an IgG-speciflc secondary antibody (A) or with secondary
antibodies specific for the lgG I, IgG2a, IgG2b, or IgG3 isotypes (B). The Abl antibodies
used for immunizations all were of the lgGl-isotype. The specific induction of Ab3 by
immunization with AbI PAb-240 or PAb-246 was statistically significant (P < 0.002).

S

14 . 4@@ â€”@@ . â€” â€” @â€”.
the 20-mer peptide of p53 recognized by PAb-246 was much less
immunogenic for the anti-p53 response than was the 20-mer VH
CDR3 peptide of the PAb-246 antibody. Thus, idiotypic network
immunization with an Abl may be more effective than is immuniza
tion with an epitope of the target antigen itself.

Abi ImmunizationInduces Resistanceto Tumor Metastasis.
Since immunization with a suitable Abl antibody is capable of in
ducing an immune response to p53, we tested whether this response
might be associated with resistance to tumor challenge. Using the
spontaneous metastasizing 3LL lung carcinoma (24), which overex

presses p53, C57BL/6 mice, syngeneic with the 3LL tumor, were
given immunizations of PAb-240, PAb-246, PAb-248, or the control
antibody R73, and inoculated with 3LL cells. The tumors were re
moved when they reached a size of 8 mm, and 21 days later the mice
were sacrificed, and their lungs were weighed to measure the mass of
lung metastases. Fig. 6 shows the result of a representative experi
ment. Immunization with PAb-240 was able to significantly reduce
the metastases, whereas immunization with the R73 control antibody
or with PAb-248, which does not efficiently induce Ab3 anti-p53

p53

Fig. 4. Immunoprecipitation of mutant p53 from Meth A cell extracts. Mice received
immunizations of Abl PAb-240, PAb-246, or R73. Their sera were then tested for the
presenceofAb3antibodiesspecificformutantp53byimmunoprecipitationfromMethA
cells, which only express p53 in a mutant conformation. Four representative individual
sera induced by immunization with each Abl antibody were compared with monoclonal
anti-p53 antibodies, PAb-240, PAb-246 and PAb-42l, in their ability to precipitate the
mutant p53 from Meth A cells. Only test sera from PAb-240-immunized mice and the
monoclonal antibodies PAb-240 and PAb-42l could precipitate mutant p53 (arrow).
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dependent survival or death, a subject of controversy in vitro (re
viewed in Ref. 5).

The majority of the observations of apoptotic cell death have been
made in an acute setting in vitro (<48 h), whereas descriptions of
pathology relating to morbidity and toxicology generally extend for
greater times and, of course, are made in vivo. Observations of
pathology in vivo attempt to make estimates of the retention or loss of
long-term functionality, either of a cell or an organ, and are based on
histological observations. The relationship between acute, quantitative
measurements of toxin-induced apoptosis and their sequelae, defined
as pathology, has not been determined systematically in vivo. Does the
expression of genes that modulate acute apoptotic cell deaths impact
significantly upon the course of this pathology, measured as changes
in tissue function? With respect to the gut, can a loss of crypt and
vihlus cellularity be accounted for by apoptosis alone?

These are relevant questions in the light of a growing controversy
regarding the impact that the expression of some genes controlling
apoptosis may have on long-term cellular fate and function of dying
cells. For example, although expression of bcl-2 has been shown in
many studies to acutely delay the onset of apoptosis in vitro (reviewed
in Ref. 6), its impact on long-term survival and maintenance of
continuing cellular function is less clear (7, 8). Aldridge et a!. (9)
reported that, after transfection of either c-myc or H-ras into 208F rat
fibroblasts, very significant changes in the kinetics of apoptosis were
observed after irradiation of the transfected cells, but absolutely no
effects were seen on long-term clonogenic survival, one measure of
the retention of cellular functionality. Similarly, comparison of the
response of primary fibroblasts derived from p53 â€”Iâ€”mice with
those from p53 +1+ mice showed no difference in clonogenic sur
vival after irradiation (10). On the other hand, short-term assays of
apoptosis in nonprohiferating thymocytes from p53 null animals
showed the loss of p53 to have a profound attenuating effect on acute
genotoxin-induced apoptosis (11, 12). Are these apparently contradic
tory results, in which changes in short-term viability may or may not
translate to changes in longer-term survival, a reflection of the dif
ferences in cell type and treatment, or are they reflective of the
different types of assay used to measure cell death? This question was
brought into sharp focus by the finding that loss of the cell cycle
checkpoint gene waf-lIcipl, encoding the p21 protein, from p53
wild-type human HCT1 16 colon carcinoma cells had no effect on
clonogenic survival in vitro after y irradiation, yet it significantly
changed the pattern of response from an inhibition of proliferation in
+1+ cells (a cell cycle checkpoint) to apoptosis in â€”Iâ€”cells (13, 14).

Surprisingly, increased radiation-induced toxicity was observed when
the â€”I---cells were xenografted in vivo and tumor growth was
measured (5, 13, 14). These experiments showed that data from in
vitro experiments must be interpreted with caution and that contextual

elements provided by the in vivo environment may be critical to the
proper functioning of these genes. We recently showed this with
respect to the function of the bcl-2 gene (7). Thus, where possible, the
influence of genes such as bcl-2, p.5.3, and waf-ilcipi on acute and
long-term toxin-induced cell death or the maintenance of cell function
should be established in vivo.

To establish whether there is a relationship between acute patterns
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The Relationships between p53-dependent Apoptosis, Inhibition of Proliferation,

and 5-Fluorouracil-induced Histopathology in Murine Intestinal Epithelia1
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ABSTRACT

The relationship between acute (<36 h) induction of apoptosis and
longer-term (>72 h) Intestinal histopathology was systematically Investi
gated in ri,'o using p53 wild-type (+1+) and null (-I-) mice. Adminis
tratlon of the enterotoxin 5-fluorouradil (5-FU) at either 40 or 400 mg/kg
to BDF1 mice induced an acute p53-dependent apoptosis In the crypts of
both small Intestine and midcolon. Although the amount of apoptosis was
of the same order of magnitude at its peak (24 h) at both doses, only 400
mg/kg 5-H.J brought about histopathological changes to the gut after 96 h,
quantified as losses of crypt and villas cellularity. Only after the admin
Istration of 4lN@mg/kg 5-FU were mitotic Index and DNA synthesis sig
nificantly suppressed In both small intestinal and midcolonic crypts at
24 h. Thiscorrelatedwitha prolonged,p53-dependentexpressionof
p2lwaf.UdPl.@ p53 null (â€”I--) mice, significant reductions in both 5-Ft

Induced apoptosis and Inhibition of cell cycle progression allowed reten
tloii oferypt Integrity % h after 5-PU. These results show that quantitative
me*sur@ ofacute apoptosis in vivomay not accurately predict subsequent
pathological dianges In the gut. Rather, p53-dependent inhibition of cell
cycle progression, together with cell loss by apoptosis, caused a loss of
crypt integrity. Importantly, the tissue toxicity of 5-PU was genetically
determined at a locus (p53) separate from that directly associated with
drug action.

INTRODUCTION

Insights into the mechanisms of genetically controlled cell deaths
have provoked considerable interest in how cell loss is modulated and
how it mightbe controlled(1). Thecontributionof cell deathto the
dynamics of a cell population, namely, the balance between cell
proliferation, differentiation, and loss, is important to normal tissue
homeostasis, as well as to a number of pathologies in which either
regulation is lost or death is induced in response to cellular damage.
Many studies are attempting to identify the key genes and their
functions that are responsible for modulating and enacting these
programmed ccli deaths. Programmed cell death is often considered to
be synonymous with its morphological descriptor, apoptosis, although
there are doubts as to whether all genetically controlled cell deaths
have the highly conserved appearance of apoptosis (2â€”4).In the study
described here, we have asked what contribution apoptosis makes to
tissue pathology and how dependent this pathology in the gut is upon
thefunctionof the tumorsuppressorp53. We haveusedtheentero
toxin 5-FIJ3 to stimulate cell death. Additionally, the association
between the level of expression of p53 and that of the cell cycle
checkpoint protein @2lwSfI/ciPlwas established and related to the
alternative outcomes of apoptosis and inhibition of proliferation. We
were able to observe how, in vivo, certain cells â€œchooseâ€•between p53
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p53-DEPENDENT APOPTO5I5 AND GUT TOXICITY IN VIVO

of apoptosis and subsequent pathology/toxicology and their depend
ence on p53 expression, we performed a quantitative and kinetic study
of apoptotic cell death and examined changes in proliferation induced
in murine small intestinal and colonic epithelia in vivo by a cytotoxin.
We then related these effects to longer-term pathological changes of
integrity observed in the gut. The topologically restricted patterns of
epithelial cell replication, differentiation, and apoptosis in the intes

tine promote it as a readily usable model (15). Because the loss of p53
in null (â€”/â€”)animals had a profound effect to reduce the acute yield

of apoptotic cells observed in the murine gut after 5-FU administra
tion (16), this toxin was used so that the hypothesis could be tested
that the acute death of intestinal epithelial cells by apoptosis subse
quently leads to the loss of crypt integrity. Profound pathological
effects on gut histology and function have been observed in both
mouse and man following 5-FU administration (17, 18). Because p53
does not function solely as a promoter of apoptosis following genomic
or other types of cellular damage but also induces a cell cycle
checkpoint, predominantly via transcription of waf-1/cipl (19), we
also measured changes in DNA synthesis and mitosis in vivo. Under
certain circumstances, this inhibition of progression through the cell
cycle imposed by expression of p2lwa@Pt may be prolonged, lead

ing to a state resembling cellular senescence (20).

Our results from these in vivo experiments raise questions regarding
the role that cell death with the morphology of apoptosis plays in the
outcome of toxin treatment. It is shown that, as a single determinant,
the overall amount of apoptosis does not predict a subsequent loss of
tissue integrity. Instead, a p53-dependent inhibition of proliferation,
probably modulated by p21w@@@t@I, superimposed upon cell loss by

apoptosis, appears to be the major cause of cell loss from intestinal

crypts. However, although apoptosis does not play a dominant role in
determining tissue toxicity, it is clear that p53 expression is a major
determinant of the pathological effects of 5-FU in vivo.

MATERIALS AND METHODS

Materials. 5-Ri was purchased from Roche (Welwyn Garden City, United
Kingdom), and ([3Hlmethyl)thymidine (6.7 Ci/mmol) W55 purchased from

DuPont NEN (Hounslow, United Kingdom).
Animals. Male BDFI (C57 BL X DBA/2) and p53 Wild-type (+1+) and

p53 null (â€”Iâ€”)mice (21) of both sexes were used. Mice were aged 10â€”12
weeks, and there were at least four mice in each experimental group. They
were housed under conventional animal house conditions with food and Water

ad libitum and a 12 h dark/light cycle (lights on at 6:00 am. and off at 6:00

p.m.).

Treatment and Sampling. 5-FU was administered by bolus i.p. injection
to 54 BDF1 mice on four schedules: (a) 40 mg/kg at 10:00 a.m. on day 0, (b)

400 mg/kg at 10:00 am. on day 0, (c) 40 mg/kg at 10:00 am. and again at 4:00
p.m. on day 0, and (d) 400 mg/kg at 10:00 am. and again at 4:00 on day 0. One
group of 10 mice for each treatment schedule was weighed at 10:00 am. daily,
and records of state of health and viability were kept. Four mice in each group
were killed by cervical dislocation at various time intervals after the last 5-FU
injection, ranging from 4.5 h to 14 days. Thirty mm prior to sacrifice, animals

received 925 kBq (25 pCi) oftritiated thymidine i.p. in 0.1 ml. A 15-cm length

of small intestine (starting 5 cm from the ileocaecal junction) and the middle
third of colon were dissected from each mouse and fixed in Carnoy's fixative.
Transverse 3-tim sections were prepared from paraffin-embedded tissue and
stained with H&E (22). Autoradiographs were prepared as described previ
ously (23).

p53 +1+ and p53 â€”Iâ€”mice received 400 mg/kg 5-FU at 10:00 am. and
4:00 p.m. Five mice of each genotype were weighed daily, and viability was
recorded. Groups of four mice were sacrificed at time intervals ranging from
I to 8 days after the second injection. Tissues were processed as for BDF1
mice.

Scoring. Apoptosis, mitosis, and labeling index were scored on a cell

positional basis in 50 half-crypts per mouse, as described previously (22â€”25).

Labeled cells were considered to contain three or more grains, as described
previously (23). Scoring was performed on mice sacrificed up to 72 h after
5-FU; time points of >72 h were not scored for these parameters because
histological crypt damage prevented accurate detection of the cell positional

incidence of these events. Data are presented as the mean and SD of the

apoptotic/mitotic/labeling cell index (calculated as the percentage of counted
cells that were apoptotic/mitoticÃ±abeled) for a group of four mice.

Measurements of the crypts and villi in each experimental group were
performed using a Zeiss AxioHOME microscope. For each mouse, the param
eters described below were measured in 10 separate small intestinal crypts and
villi and 10 midcolonic crypts. (The small intestinal measurements were made,

where possible, on a crypt and villus in continuity. This was most likely to
represent a true longitudinal section.) The number of cells in hemi-crypt

columns, height of crypt (sm), width of crypt at its midpoint (sm), area of
crypt Q.@m2),number of cells in hemi-villus, height of villus (@.tm2),width of
villus at its midpoint (sm), and area of villus (@m2)were all scored. Details of
villus measurements have been described previously (26). Data are presented
as means and SEa for each parameter in a group of three to four mice. At all

time points, each of the individual parameters were scored by the same
observer. The numbers of surviving crypts per circumference were measured
in the small intestine on days 3â€”5and in the large intestine on days 5â€”9,using
approaches described in detail elsewhere (27, 28).

Immunohistochemistry of p2l@â€•@1. Tissue was fixed in 4% formal
dehyde in PBS (pH 7.4), prior to dehydration in alcohols and embedding in
wax. Tissue sections were cut using a microtome at a 3-sm thickness. Rabbit
polyclonal@ IgG (Ab-5) was obtained from Oncogene Research
Products (PC55; through Amersham International, Little Chalfont, United
Kingdom). This is a polyclonal antibody made to amino acids 15â€”61of mouse
p2l@'@â€•. A biotin-conjugated goat antirabbit secondary antibody (Pierce
and Warriner, Chester, United Kingdom) was used with horseradish peroxi
dase-linked ABC reagents (Vector Laboratories, Peterborough, United King
dom) and 3',3'-diaminobenzidine as the immunodetection substrate, as de
scribed previously (29).

RESULTS

Whole Animal Toxicity of 5-FU. The administration of 400
mg/kg 5-Hi by a single- or double-dose schedule to BDF1 mice
resulted in significant mortality, so that, 8 days after two doses of 400
mg/kg 5-FU, all animals were dead; 50% of the animals were dead 12
days after a single dose of 400 mg/kg (Fig. la). Neither the single nor
the double dose of4O mg/kg 5-FU had any effect on survival (Fig. la)
or on body weight (Fig. lb), whereas both schedules of 400 mg/kg
brought about significant reductions in body weight 5 days after 5-FU
administration. The causes of mortality and morbidity after 5-FU
administration to mice have been detailed elsewhere and are complex,
involving hematopoietic toxicity, as well as toxicity to other rapidly
dividing tissues, such as the gut (18).

Inductionof Apoptosis.We havepreviouslyestablishedthe de
tailed kinetics of apoptosis in both the small intestine and midcolon of
BDF1 mice after administration of 40 mg/kg 5-Hi (16). 5-Hi at 40
mg/kg induced apoptosis with positional selectivity in the highly
proliferative transit zone of the small intestinal crypt and at the base
of the colonic crypt (16). Perhaps surprisingly, a 10-fold increase in
dose to 400 mg/kg did not significantly increase the amount of
apoptosis at 24 h (Fig. lc), which was established to be the time of
maximum apoptotic yield for both doses (Fig. 2, a and b, and Fig. 3a),
nor did it alter the cell positional incidence of apoptosis, numbering
cells along the crypt axis, reported by us previously (Ref. 16; Fig. 14
The increase of dose from 40 to 400 mg/kg also did not change the
kinetics of onset of apoptosis in either the small intestine or midcolon
over the first 24 h. This was a time of very significant apoptosis (Fig.
2, a and b, and Fig. 3a). The peak of apoptosis in the small intestine
was observed marginally before that of the midcolon. Basal rates of
apoptosis were reestablished more rapidly in the midcolon (after 36 h)
compared to the small intestine (after 48 h; Fig. 2, a and b). Com
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p53-DEPENDENT APOPTO5I5 AND GUT TOXICITY IN VIVO
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events observed over a 72-h period, it profoundly influenced the rate
of recovery of a suppression of both DNA synthesis and mitosis in
crypt epithelia from the small intestine and midcolon. Both single
and double doses of 400 mg/kg 5-PU suppressed DNA synthesis
and mitosis for up to 48 h in the small intestine and midcolon (Fig.
2, câ€”f).In contrast, although both single and double doses of 40
mg/kg 5-PU induced very significant apoptosis in both the small
intestine and colon (Fig. 3a), they had little or no effect on mitotic
index (Fig. 3b) and caused only a small and transient suppression
of DNA synthesis, measured by the [3H]thymidine labeling index
(Fig. 3c). These important differences between the effects of single
or repeated doses of 40 and 400 mg/kg 5-FU on labeling index and

):tris@I1 @ttlw kinctic'@ of apoptosis in small intestinal crypts over

a 72-li pcri@d.after administrationof 40 or 400 mg/kg 5-PU,
â€˜@l1()\@ed hal ap()pto@Iswas close to basal levels 48 h after 40 mg/kg

@-F[ (Fig. 3m. @@lÃ¬crea@after400 mg/kg 5-PU, apoptosis declined

iiore SIOWIV.\villi a prolonged tail extending to 72 h (Fig. 2a).
lntctzr@Ltin1 @ilh@ :tr@:t@ under the curves for the repeated doses of

either 4() or 40() iii@/k@5-PU (Figs. 2a and 3a) showed there to be
..â€”3ft@ 11@t)FCa1)t)J)t()@i@over 72 h at the higherdose of 400 mg/kg
5-

Inhibition of \Iitosis and Suppression of DNA Synthesis. Al

tlittiglÃ¬Jtl Increase ifl dose from 40 to 400 mg/kg, either administered
@flCCor twice. e:tu@cd only a modest increase in numbers of apoptotic
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Fig. 2. Apoptotic cell index percentage (a and b). mitotic cell index percentage (c and d). and [3H]thymidinelabeling index percentage (e andf) in small intestinal (a, c, and e) and
midcolonic (b, d, andf) crypts of BDFI mice following one ( â€¢)or two (@) injections of 400 mg/kg 5-Ri. Four animals were used at each time point, counting 50 half-crypts per
mouse, except at 78 h (a), where, because of loss of tissue integrity, 35 half-crypts were counted. Data points, means; bars, SD.
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Fig. 6. Immunohistochemistry of sections of BDFI mouse small
intestinal crypts (X400) stained with an antibody for p2l@'1â€•
various times after treatment with a single dose of 400 mg/kg 5-FU. a,
Oh;b,24h;c,48h;d,72h;e,120h;andf,168h.
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