
doi: 10.1098/rstb.1998.0253
, 895-902353 1998 Phil. Trans. R. Soc. Lond. B

 
Douglas J. Winton and Roger A. Brooks
 
differentiation in the intestinal crypt
Analysis of DNA damage and repair accompanying
 

Email alerting service
 hereright-hand corner of the article or click 

Receive free email alerts when new articles cite this article - sign up in the box at the top

 http://rstb.royalsocietypublishing.org/subscriptions go to: Phil. Trans. R. Soc. Lond. BTo subscribe to 

This journal is © 1998 The Royal Society

 rstb.royalsocietypublishing.orgDownloaded from 

http://rstb.royalsocietypublishing.org/cgi/alerts/ctalert?alertType=citedby&addAlert=cited_by&saveAlert=no&cited_by_criteria_resid=royptb;353/1370/895&return_type=article&return_url=http://rstb.royalsocietypublishing.org/content/353/1370/895.full.pdf
http://rstb.royalsocietypublishing.org/subscriptions
http://rstb.royalsocietypublishing.org/


Analysis of DNA damage and repair
accompanying differentiation in the
intestinal crypt

Douglas J. Winton and Roger A. Brooks
CRCHuman Cancer Genetics Research Group, Addenbrooke's Hospital, Box 238, Level 3 Lab Block, Hills Road, Cambridge CB2 2QQ , UK

The ability to process damaged DNA may vary between cells depending on their di¡erentiated status.
However, there is little in vivo data available and it is not intuitively obvious how the activity of speci¢c
repair pathways may vary between di¡erent subpopulations (e.g. stem cells and proliferative, committed
and di¡erentiated cells) of a particular tissue. To obtain such information for the intestinal epithelium, we
have developed an assay that detects di¡erences in the way di¡erent regions of the crypt (stem, prolifera-
tive and maturation zones) respond to DNA damage. The assay is a variant of the c̀omet' assay, which
detects DNA strand breaks by measuring the proportion of DNA migrating from individual cells, or in
this case intact isolated crypts, in an electrophoretic ¢eld. The method is quantitative, with the amount of
migrating DNA being proportional to the number of strand breaks. Isolated crypts are repair competent
and spatial di¡erences are apparent with some agents. The assay has the potential to characterize the
repair properties of cells at di¡erent stages of di¡erentiation within the crypt, determine the characteristics
that might predispose them to damage and may help in understanding the route of stem cell mutation.
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1. INTRODUCTION

It is unclear why cancers a¡ecting some tissues are more
common than others. This is best illustrated in
experimental animals where carcinogen treatment or a
speci¢c genetic de¢ciency can result in a tissue-speci¢c
pattern of tumour formation (Ito et al. 1991; Harvey et al.
1993, 1995; Hu et al. 1994; Jacks et al. 1994; Purdie et al.
1994).

The aetiology of cancer is multifactorial and some
factors may favour tissue-speci¢c carcinogenesis in an
identi¢able or calculable way by increasing the frequency
of somatic mutations. Examples of these would include
routes of absorption/excretion; pathways of metabolism
or direct exposure to environmental (or experimental)
genotoxins; or the number of steps associated with
neoplastic transformation. However, additional factors
are associated with complex tissue responsiveness after
injury, which makes any rationalization of outcome in
terms of cancer development di¤cult. Examples of these
include the presence and relative activities of individual
DNA repair pathways, induction of apoptoses and cell
cycle checkpoints. The balance between these processes
provides the major determinant of the frequency of
induced mutations after genotoxic injury.
For cellular mutations to have a role in the subsequent

development of neoplastic disease they need to occur in
long-lived proliferative or stem cells. In most renewing
tissues, stem cells are spatially separated from their di¡er-
entiated descendants (Potten et al. 1979). Therefore the
spatial pattern of occurrence of cellular events relevant to
mutation is important. It is partly for this reason that the

intestinal epithelium provides an ideal model for the study
of tissue responses after genotoxic injury. In intestinal
epithelium the di¡erentiated and functional cell compart-
ments are present as a simple columnar epithelium on
intestinal villi; they are physically separated from the
stem cells, which are situated towards the bottom part of
intestinal crypts.

2. IMPORTANCE OF DNA REPAIR

In mouse intestinal epithelium, somatic mutation assays
based on endogenous marker loci, such as Dlb-1 or G6PD,
or transgenic shuttle vectors can be used to estimate muta-
tional load. Using these assays, many direct-acting
genotoxins and carcinogens requiring metabolic activation
have been demonstrated to be potent intestinal mutagens.
The importance of DNA repair activities in determining
intestinal mutational load after exposure to genotoxins
has been demonstrated using the Dlb-1 assay. For
example, irradiation of mice at high and low dose rates
(1.8 and 0.1Gymin71) both induce Dlb-1mutant clones in
a dose-dependent manner (Winton et al. 1989). However,
at the lower rate of delivery there is a dose sparing e¡ect
such that fewer mutants are induced for each gray of dose
(7.7 versus 4 mutant clones per 105 crypts per gray for high
and low dose rate, respectively) (¢gure 1). Comparable
evidence for dose sparing with decreased dose rates come
from in vivo survival (clonogenicity) assays in which abla-
tion of most stem cells by large total doses of irradiation is
followed by the formation of microcolonies from regener-
ating surviving cells (Fu et al. 1975; Huczkowski & Trott
1984).
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Although mutation experiments can demonstrate DNA
repair, very little is known about the spatial or temporal
regulation of the di¡erent DNA repair pathways or how
these change during di¡erentiation.

3. SPATIAL ASPECTS OF CRYPT ORGANIZATION AND

FUNCTION

All four intestinal cell types (columnar, Paneth, mucous
and enteroendocrine) appear to have a common origin
from a stem cell zone in the crypt base, which contains a
population of undi¡erentiated cells. It is not known what
proportion of these undi¡erentiated, crypt base columnar
cells are stem cells. Only a small proportion of cell division
occurs in the stem cell region. Most is located across the
middle region (the proliferative zone) of the crypt as a
consequence of a series of rapid amplifying transit divi-
sions that originates with the daughters of stem cell
division. A maturation zone near the top of the crypt
contains no proliferative cells. Columnar, enteroendocrine
and mucous cells reach the villus by progression through
these zones as they migrate upwards with di¡erentiated
characteristics being gradually acquired as proliferative
capacity is lost (Al-Dewachi et al. 1975; Bjerknes & Cheng
1981a^e). Thus, with the exception of Paneth cells, which
are co-localized with the putative stem cell population,
cell position in the crypt base de¢nes the extent of progres-
sion along a di¡erentiative/proliferative gradient.
Within this gradient cells respond di¡erently to geno-

toxic insult. Apoptoses are induced by many genotoxic
agents and these clearly tend to occur towards the crypt
base either in the lower part of the proliferative zone or
in the stem cell zone (Clarke et al. 1994; Merritt et al.
1994). Analysis of the distribution of radiation-induced
apoptosis in p53-de¢cient and wild-type mice has demon-
strated that the p53-dependent apoptoses after irradiation
have a similar distribution and that this is correlated with
a restricted lower crypt pattern of induction of p53. The
determinants of survival over death in the lower crypt are

not known, but are likely to include DNA repair processes.
There are several di¡erent repair pathways including
nucleotide and base excision repair (NER, BER) and
mismatch repair (MMR); yet nothing is known about
their relative contributions to repair in intestinal crypts
or whether their activities are modulated along the di¡er-
entiative gradient of the crypt.
The route of exposure of the intestine to environmental

genotoxins may determine the frequency of induced muta-
tions and this in turn may depend on the spatial pattern of
induction of metabolizing enzymes. For example,
benzo(a)pyrene (B(a)P), which is a potent small-intestinal
mutagen, is three times more mutagenic to intestinal stem
cells when delivered by the intraperitoneal (i.p.) as
compared to the oral route. B(a)P requires metabolic acti-
vation to generate DNA-reactive species and the ¢rst step
in this activation is primarily mediated by a member of
the P450 family of enzymes, CYP1A1. This P450 enzyme
is not normally expressed but is inducible in a wide range
of tissues by several xenobiotics including B(a)P itself.
After oral or i.p. administration, CYP1A1 is induced in
intestinal villi or crypts, respectively. Thus, by using
CYP1A1 induction as an indicator of exposure to B(a)P, it
is clear that the crypt base population may be exposed to
higher levels of B(a)P than cells at higher positions in the
epithelium after i.p. treatment.

For these reasons the spatial pattern of DNA damage
and repair in intestinal crypts may be important factors
determining the risk of somatic mutation. Currently,
there is no method of measuring the level of damage or
rate of repair in di¡erent parts of intestinal crypts. We
have attempted to develop such a method based on detec-
tion of DNA strand breaks.

4. STRAND BREAKS AND DNA REPAIR

During DNA repair by various pathways, including
NER, BER and MMR, an important intermediate is a
single DNA strand break. For NER this occurs during
excision of a string of nucleotides containing a bulky
adducting species. During MMR it occurs in the de novo
(unmethylated) synthesized strand opposite the nearest
methylated d(GATC) site (Modrich & Lahue 1996),
whereas during BER it occurs subsequent to the action of
DNA glycosylase (which generate apurinic/apyrimidinic
sites) due to the action of an endonuclease.

Strand breaks arising during repair of the di¡erent
pathways are short lived. To use them to measure DNA
repair some method is needed to allow the cellular recog-
nition and removal of damage but to block repair at the
point of strand breakage. In this way, incomplete repair
sites accumulate with time to the point that they are
detectable. This is achievable for NER and BER using
partly speci¢c inhibitors. In NER, DNA polymerases a
and d are inhibited by aphidicolin (Wright et al. 1994),
whereas in BER, DNA polymerase b is inhibited by incor-
poration of dideoxynucleotides (Singhal et al. 1995). (At
present there is no speci¢c inhibitor of MMR.) Actual or
conditional (apurinic/apyrimidinic sites) strand breaks
can also be caused directly by many agents, e.g. hydrogen
peroxide.

Damage and repair can be discriminated by assaying
strand breaks under appropriate conditions. Further, the
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Figure 1. Dose sparing e¡ects in the induction of Dlb-1
mutants by gamma irradiation at high (1.8Gymin71) or
low (0.01 Gymin71) dose rates. Each data point is the
mean of six mice analysed for Dlb-1 mutants as described
previously (Winton et al. 1989). Lines were ¢tted by least
squares regression (correlation coe¤cient, 0.92 for both
plots). The slopes describe an induction rate at high and
low dose rates of 7.7 and 4.1 clones per 104 villi per gray,
respectively. This dose sparing is attributable to repair of
DNA damage at the lower dose rate.
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contribution of a particular repair pathway can be de¢ned
by the choice of damaging agent and/or inhibitor used.
For example, after UV irradiation of cells no direct
strand breaks are induced and these accumulate only in
the presence of aphidicolin during subsequent NER.

5. COMET ASSAY

An appropriate detection system must allow quanti¢ca-
tion of the response of di¡erent parts of intestinal crypts. A
sensitive and quantitative method is the single-cell gel
electrophoresis or c̀omet' assay, which detects both single
and double strand breaks. In the assay, strand breaks
allow DNA to leave the comet head (the lysed nucleus)
and migrate in an electrophoretic ¢eld to give rise to the
comet tail. The value of the method is twofold. First,
measurement of the relative amounts of DNA in the head
versus the tail allows damage to be quanti¢ed (Olive et al.
1990a). Second, the damage is attributable to an indivi-
dual cell. An important consequence of the latter is that
subsets of cells di¡ering in their responsiveness can be
identi¢ed (Olive et al. 1990b).

The single-cell comet assay measures DNA strand
breaks in individual cells that are either present as a
dispersed population in vivo (e.g. haemopoietic cells,
sperm) or obtained as such by enzymic digestion. In the
assay, cells are exposed to a test agent and can either be
allowed recovery times (during which they are incubated
with DNA polymerase inhibitors to allow accumulation of
strand breaks) or be processed for immediate detection of
DNA strand breaks. Subsequently the cells are immobi-
lized on a microscope slide in low melting point agarose,

lysed under alkaline conditions and then electrophoresed
and stained to visualize the DNA. Alkaline lysis permits
unwinding of DNA and strand breaks allow DNA to leave
the lysed nucleus (comet head) and migrate towards the
anode (to form the comet tail).

Various methods can be employed to measure the
relative amounts of DNA in the tail versus the head,
which is directly related to the number of strand breaks
(Gedik et al. 1992). Under the alkaline conditions of the
assay, alkaline labile sites as well as frank strand breaks
are detected.

6. CRYPT COMET ASSAY

The implications for modifying the single-cell assay for
application to intestinal crypts is that intact crypts have to
be isolated and processed for damage induction and repair
with minimal levels of DNA damage in control crypts.
After immobilization, alkaline lysis and electrophoresis,
migrating DNA has to be measured and attributed if
necessary to di¡erent regions of the crypt.

Intact murine crypts can be obtained by vascular perfu-
sion with chelating agents and sequential vibration of
intestinal segments (Bjerknes & Cheng 1981f ; Brooks &
Winton 1996) using the protocols indicated in ¢gure 2.

The assay was ¢rst validated with UV-C irradiation,
after which all strand breaks arise as a consequence of
damage processing during repair. Crypts are incubated in
aphidicolin to allow incomplete repair sites to accumulate.
These initial studies demonstrated that isolated crypts
could be maintained on ice for a period of several hours,
and at 37 8C for up to one hour, before signi¢cant
amounts of DNA migrated from control crypts on electro-
phoresis. Alkaline-lysed crypts and comets can be
recognized under epi£uorescence using 4',6-diamidino-2-
phenylindole (DAPI) to stain DNA. These have lost their
cellular morphology but the crypt base and top can be
identi¢ed. For each crypt the extent of comet formation
can be measured either by detailed image analysis of a
relatively few images or a grading system in which they
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Figure 2. Flow chart showing the procedures for (a) crypt
isolation, and (b) processing for the comet assay. HBSS/EDTA,
Hepes balanced salt solution/ethylenediaminetetraacetic acid.

Figure 3. Dose responsiveness in the amount of DNA
migrating from lysed crypts to form a comet tail after UV-C
irradiation and incubation at 37 8C for 30min in the presence
of aphidicolin. Comets were measured by image analysis to
give the percentage DNA in the tail (¢lled circles) or by visual
grading (open circles).
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are scored on a scale of 0^7. The advantage of the latter is
that all crypts aligned perpendicular to the electophoretic
¢eld can be scored. Using either method, dose responsive-
ness can be demonstrated in the amount of DNA
migrating from UV-C-irradiated crypts incubated with
aphidicolin for 30min (¢gure 3).

To allow analysis of zones of the crypt, approximating
stem, proliferative and maturation zone, some account
had to be taken of di¡erences in point of fracture of
crypts during isolation, which would tend to remove an
unknown amount of the maturation zone. To achieve this
we measured the length taken to comprise the stem cell
zone (cell positions 1^4 from the crypt base), the prolifera-
tive zone (positions 5^17) and maturation zone (positions
18^top) in sections stained with haemotoxylin and eosin.
These micrometer lengths were translated into pixel
values for 20 clearly intact isolated crypts (after alkaline
lysis and DAPI staining) using image analysis software.
These values were taken as absolute pixel values in subse-
quent analyses to determine the stem and proliferative
zones, with the maturation zone being taken as the length
remaining at the crypt top.

7. DAMAGE KINETICS

Appropriate damage kinetics after treatment with
di¡erent agents is necessary to validate the assay. For
example, two test agents, hydrogen peroxide and etopo-
side, cause crypt comet formation in a dose-responsive
manner as indicated by increasing amounts of DNA
migrating from the crypt (¢gure 4a,b). Hydrogen peroxide
induces frank strand breaks and alkaline labile sites via a
direct interaction between free radicals and DNA.
Hydrogen peroxide is damaging at 4 8C and there is a
direct relationship between the concentration of hydrogen
peroxide and the amount of damage (¢gure 4a). Etoposide
acts by binding topoisomerase II at the site of topoisome-
rase II-induced strand breaks and preventing release and
religation of DNA. Consequently, the e¡ect of etoposide is
saturable with time, as strand breaks occur in the presence
of the drug only until all topoisomerase II molecules are
arrested at the site of breaks (¢gure 4b). This occurs more
quickly at higher rather than lower drug doses.

8. COMET ASSAY AND ROUTES OF INTESTINAL

MUTAGENESIS

The human diet contains many potentially carcino-
genic substances including heterocyclic amines such as 2-
amino-1-methyl-6-phenylimidazo[4,5-b]pyridine (PhIP)
and polycyclic aromatic hydrocarbons such as B(a)P.
These require metabolic activation to generate reactive
species in order to damage DNA. Both chemicals are
potent small-intestinal mutagens as indicated by the Dlb-
1 assay (Brooks et al. 1994; D. J.Winton and R. A. Brooks,
unpublished data). One question that arises is whether
mutation arises via the local generation of damaging
metabolites by the crypt epithelium (and stem cell popula-
tion) themselves or whether it occurs by their delivery
from distant sites?

PhIP requires an initial activation step by CYP1A2, a
member of the cytochrome P450 family, to generate N-
OHPhIP, which is a weak direct-acting genotoxin.
However, the ultimate electrophilic species probably
results from esteri¢cation of N-OHPhIP by either sulpha-
tion or acetylation. The small-intestinal epithelium
contains signi¢cant amounts of acetyltransferase and
sulphotransferase enzymes (Timbrell 1992), although the
spatial distribution of these have not been described. We
have previously argued that stem cell mutation by PhIP
arises by delivery of reactive metabolites (notably N-
OHPhIP) from the liver via the circulation. This is partly
based on the cellular distribution of CYP1A2 in the mouse.
It is constitutively expressed in the liver where it is indu-
cible by b-naphtho£avone and 3-methylcholanthrene (but
not PhIP itself ) but is absent from the intestinal crypt
epithelium. (Some CYP1A2 is found on a few sporadically
distributed cells on the villus epithelium of the proximal
small intestine.)

A prediction arising from this interpretation is that a
product of liver metabolism is able to induce DNA
damage in intestinal crypts, which is testable using the
crypt comet assay. In preliminary experiments, we have
been able to demonstrate that the assay can detect
damage induced by N-OHPhIP in a dose-responsive
manner (¢gure 5a). In a second experiment, we incubated
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Figure 4. Dose responsiveness in the amount of DNA
migrating from lysed crypts (by visual grading) to form a
comet tail after treatment with (a) hydrogen peroxide (30min,
4 8C), error bars show s.e.m.; and (b) etoposide for 5min (¢lled
circles), 15min (open circles) and 30min (¢lled triangles) at
37 8C.
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crypts with PhIP and aphidicolin only or together with
liver microsomes isolated from mice induced for CYP1A2
by 3-methylcholanthrene. PhIP in the presence of micro-
somes showed a two- to threefold increase in comet
formation compared with control groups (table 1). These
experiments demonstrate that the crypt comet assay can

provide a functional test to detect the product of CYP1A2
metabolism (i.e. N-OHPhIP).This may be by direct inter-
action or following esteri¢cation by acetyltransferases or
sulphotransferases present in the crypt epithelium.
Further, reactive species can be generated from PhIP
entirely in vitro by providing appropriate liver metabolism
(and presumably CYP1A2) in the form of a liver micro-
some fraction. These results are in accord with a
mechanism of stem cell mutation by PhIP after delivery
of reactive metabolites from the liver.

The ¢rst step in the activation of B(a)P is commonly
thought to be mediated by CYP1A1. This enzyme is not
normally expressed but is inducible in responsive mouse
strains via the Ah locus by several xenobiotics including
B(a)P itself. After i.p. administration it is induced in the
crypt epithelium. However, in a comparison of B(a)P-
induced Dlb-1 mutation frequencies in Ahb responsive
mice with Ahd non-responsive mice (inducible or non-
inducible for CYP1A1 respectively) we were able to show
that around 45% of the mutagenic responsiveness
observed in responders could be induced in non-respon-
ders (and therefore in the absence of CYP1A1) at the
same treatment dose of B(a)P. This indicates that some
proportion of the mutations in responder mice may be
attributable to a route of activation that is independent of
CYP1A1.The activation of B(a)P involves two epoxidation
steps. The ¢rst, in which CYP1A1 is most strongly impli-
cated, generates a 7,8 epoxide that, after hydrolysis, forms
a 7,8 diol 9,10 epoxide. To investigate the involvement of
crypt epithelial CYP1A1 we ¢rst con¢rmed that the
diolepoxide (BPDE) is capable of inducing damage in the
crypt assay (¢gure 5b). In fact, BPDE caused extensive
damage when incubated directly with crypts, con¢rming
that this product of CYP1A1 metabolism is detectable in
the assay. Subsequently, we have incubated B(a)P (and
aphidicolin) with crypts isolated from uninduced mice or
mice treated with i.p. injections of b-naphtho£avone to
induce crypt expression of CYP1A1. This experiment
demonstrated a small dose-dependent increase in comet
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Figure 5. Dose responsiveness in the amount of DNA migrating
from lysed crypts (by image analysis) to form a comet tail after
treatment with (a) N-OHPhIP (30min at 37 8C), and (b) B(a)P
7,8 diol 9,10 epoxide (anti) BPDE (30min at 37 8C). The plateau
observed with BPDE is probably due to a maximal e¡ect in
the assay due to the bulk of DNA leaving the crypt on electro-
phoresis. Error bars show s.e.m.

Table 1. Comet formation from PhIP-treated crypts

treatmenta
total crypts
analysed

%DNA in
comet tailb s.d.

controlc 20 4.5 0.9
microsomesd 20 4.5 1.2
PhIPe 20 6.3 1.0
PhIP+microsomes 20 11.5 3.6

a Aphidicolin (30 mM) was included in all treatment groups.
bMean of four experiments.
c Solvent (DMSO) only.
d Isolated from livers of mice pre-induced with 3-methyl
cholanthrene (80mgkg71).

e Concentration, 450 mM.

Table 2. E¡ect of �-naphtho£avone induction of CYP1A1 on
formation of B(a)P-induced comets

(Mice were i.p. injected with either 80mgkg71 b-naphtho£avone
or corn oil, 48 h and 6h before isolation of crypts.)

dosea

(mM)
total crypts
analysed

%DNA in
comet tailb

controlc 0 10 4.4
12.5 10 5.9
25 10 7.7
50 10 7.6
100 10 8.4

b-NFd 0 20 4.1
12.5 15 5.6
25 15 6.9
50 15 8.1
100 25 8.6

aDose of B(a)P; 30 mMaphidicolin was incubated in all groups.
bMean of two and three experiments for control and b-naphtho-
£avone-induced groups, respectively.

c Received DMSO solvent only.
d b-naphtho£avone.
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formation in both cases but with no di¡erence between the
two groups (table 2). Taken together with the mutation
data this may indicate that CYP1A1 induced in the crypt
base does not contribute to the generation of reactive
electrophiles from B(a)P. Instead there may be a
CYP1A1-independent route for activation of B(a)P in the
crypt epithelium.

9. REPAIR USING THE COMET ASSAY

The repair competence of isolated crypts is demon-
strable by two di¡erent categories of experiment, i.e. by
the induction of strand breaks subsequent to damage or
their resolution. After UV-C and gamma irradiation an
equal distribution of DNA damage along the crypt can be
assumed. However, with UV-C irradiation, as described
previously, strand breaks occur with time in the presence
of aphidicolin (¢gure 6a). In mouse cells repair of UV
damage can take up to 24 h. Thus the experiments
described here show only the initial NER activity, with
the residual damage being unresolved over the time of

the experiment. No increase in comet formation over
control was observed in UV-irradiated crypts not subse-
quently incubated with aphidicolin. In contrast, after
gamma irradiation all damage is visualized in the earliest
time point and subsequent repair is identi¢ed by the
decrease in the proportion of DNA migrating with time
(¢gure 6b). Unlike UV-C, repair of damage after gamma
irradiation is allowed to go to completion by removal of
damaged bases, incorporation of nucleotides and ligation.

10. SPATIAL ASPECTS OF CRYPT RESPONSIVENESS

After UV-C irradiation and incubation with aphidi-
colin, all regions of the crypt contribute equally to form
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Figure 6. Demonstration of repair competence of isolated
crypts after damage: (a) UV-C irradiation (10 Jm72 incubated
at 37 8C with 30 mM aphidicolin), quanti¢cation by image
analysis, error bars show s.e.m.; (b) gamma irradiation (15Gy,
37 8C), quanti¢cation by visual grading. Two individual
experiments are shown: (a) incomplete repair sites accumulate
after UV-C irradiation in the presence of aphidicolin; (b) after
gamma irradiation, frank or conditional strand breaks are
rapidly repaired causing decreased amounts of DNA to
migrate.

Figure 7. Crypt comets induced by di¡erent genotoxic agents:
(a) UV-C (20 Jm72); (b) etoposide (68 mM); (c) hydrogen
peroxide (6.8 mM).
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the comet tail (¢gures 7 and 8). In the single-cell assay,
accumulation of strand breaks in the absence of aphidi-
colin is only observed in cells with low nucleotide pool
(Green et al. 1992). Consequently, with the caveat
regarding the proportion of UV-C damage repaired, cells
at all positions in the crypt appear to contain su¤cient
nucleotide pools for DNA repair synthesis over the time
of the experiment. Similarly, after gamma irradiation all
positions in the crypt appear equally repair competent.

Lower doses of hydrogen peroxide (below 6.8 mM)
induced comet formation preferentially from the lower
crypt (¢gures 7 and 8). At high concentrations all regions
of the crypt appeared to respond equally. This enhanced
responsiveness of the lower crypt may indicate a greater
bioavailibility of transition metal ions in this region,
which promotes radical production from hydrogen
peroxide. Alternatively there may be greater antioxidant
protection in the upper crypt, which is only overcome at
higher concentrations. This obviously requires further
study, particularly to determine which cell population in
the crypt base (Paneth cells or crypt base columnar cells)
are responsible for the e¡ect.

All doses of etoposide produced a positional e¡ect in
crypt comets (¢gures 7 and 8). An apparent double comet
tail was induced, one running parallel to the edge of the
crypt and another tapered tail extending from the lower
half of the crypt. The location of the apex of the latter
was estimated (with respect to cell position from the
crypt base) as extending from cell position 9, which falls
well within the proliferative compartment. This suggests
that there is a gradual change by cell position in the
amount of active topoisomerase II. Intriguingly, however,
this does not explain the tapered nature of the comet tail,
which would seem to require a qualitative di¡erence in the
pattern of strand breakage.

11. SUMMARY

The crypt comet assay has the ability to distinguish
spatial patterns of DNA damage and therefore to detect
di¡erences in the clearance of damage by DNA repair in
di¡erent regions of the crypt.

The assay is still in an early stage of its development and
two challenges for the future will be: (i) to prolong the
useful in vitro life of intestinal crypts; and (ii) to move
from observation of phenomena to an understanding of
the mechanistic basis for the spatial di¡erences being
observed.

The ¢rst of these may require relatively simple proce-
dural modi¢cations (e.g. inclusion of protein or serum in
all solutions). However, if the in vitro life is not extendable,
the assay will still be useful. For example, if complete
repair of UV-C damage cannot be followed in vitro should
be possible to follow repair induced in vivo (e.g. by B(a)P)
and monitor NER by taking a series of sampling windows
by isolating crypts from a cohort of treated animals with
time.

The second goal of understanding the mechanistic basis
for spatial di¡erences may, at least in part, be achieved by
development of the assay itself. In the single-cell assay,
comet tail formation from proliferative and non-prolifera-
tive cells can be distinguished by visualizing comets from
cells that have incorporated BrDU using a FITC-conju-
gated antibody. In preliminary experiments we have
identi¢ed individual FITC-labelled cells contributing to
UV-C-induced crypt comets after i.p. injection of BrDU
shortly before crypt isolation. Application of this metho-
dology should allow the cells contributing to the lower
crypt damage, observed at lower concentrations of
hydrogen peroxide, to be identi¢ed. (Paneth cells will
remain unlabelled in `£ash labelling' studies, while a
proportion of the crypt base columnar cells will incorpo-
rate BrDU).

The assay may also have an important role in deter-
mining if carcinogens that are intestinal mutagens
achieve their mutagenic e¡ect by a direct localized inter-
action with the crypt epithelium. Generation of strand
breaks on incubation of test compounds with crypts
would be a strong indicator of metabolism within crypt
cells. A problem here may be false negatives due to the
complexity of activation pathways. The crypt epithelium
may only be capable of a limited repertoire of metabo-
lizing steps such that they can generate only the initial
or ¢nal step in the generation of electrophilic reactive
species.
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Figure 8. Schematic representation of the percentage DNA in
the comet tail arising from the base, middle and top of crypts
for (a) UV-C, (b) etoposide, and (c) hydrogen peroxide
(6.8 mM). (b, c) Mean� s.e.m. of 11 images, (a) mean� s.e.m.
of seven images.
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In other respects the crypt assay can develop in directions
indicated by the single-cell assay. These include discrimina-
tion of double strand breaks by performing the assay under
neutral conditions, and recognition of repair by speci¢c
DNA lesions using puri¢ed DNA repair enzymes to induce
enzymic cleavage in permeabilized cells.

The spatial and temporal regulation of DNA repair
processes in complex tissues is much ignored and the intes-
tine provides a good model. The extended resources and
reagents that exist in the ¢eld of DNA repair and the quan-
ti¢cation of the spatial pattern of strand breaks in the crypt
comet assay provides a powerful method to explore determi-
nants of damage and modulation of repair processes
accompanying di¡erentiation in the intestinal crypt.

D.J.W. is supported by a programme grant from the Cancer
Research Campaign (CRC).
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