Environmental and Molecular Mutagenesis 35:206-221 (2000)

Single Cell Gel/Comet Assay: Guidelines for In Vitro and
In Vivo Genetic Toxicology Testing

R. R. Tice,'* E. Agurell,?> D. Anderson,® B. Burlinson,* A. Hartmann,’
H. Kobayqshi," Y. Miyc:mc::e,7 E. Roit::s,8 J.-C. Ryu,9 and Y. F. Sasaki'®

'Integrated Laboratory Systems, Research Triangle Park, North Carolina
2AB Astra, Safety Assessment, Sédertdlje, Sweden
3BIBRA International, Woodmansterne Rd, Carshalton, Surrey, United Kingdom
“Glaxo Wellcome, Park Road Ware, Hertfordshire, United Kingdom
>Novartis Pharma AG, Basel, Switzerland
®Safety and Analytical Research Center, Shiseido Co., Ltd, Yokohama, Japan
7 Toxicology Research Laboratories, Fujisawa Pharmaceutical Co., ltd., Osaka, Japan
8nstitute de Investigaciones Biomedicas UNAM, Ciudad Universitaria,
Mexico City, Mexico
?Korea Institute of Science and Technology, Toxicology Laboratory, Seoul, South Korea
"®Laboratory of Genotoxicity, Faculty of Chemical and Biological Engineering,
Hachinohe National College of Technology, Aomori, Japan

At the International Workshop on Genotoxicity
Test Procedures (IWGTP) held in Washington,
DC, March 25-26, 1999, an expert panel met to
develop guidelines for the use of the single-cell
gel (SCG)/Comet assay in genetic toxicology.
The expert panel reached a consensus that the
optimal version of the Comet assay for identifying
agents with genotoxic activity was the alkaline
(pH > 13) version of the assay developed by
Singh et al. [1988]. The pH > 13 version is
capable of detecting DNA single-strand breaks
(SSB), alkali-labile sites (ALS), DNA-DNA/DNA-
protein cross-linking, and SSB associated with
incomplete excision repair sites. Relative to other
genotoxicity tests, the advantages of the SCG
assay include its demonstrated sensitivity for de-
tecting low levels of DNA damage, the require-
ment for small numbers of cells per sample, its
flexibility, its low costs, its ease of application,
and the short time needed to complete a study.
The expert panel decided that no single version
of the alkaline (pH > 13) Comet assay was
clearly superior. However, critical technical steps
within the assay were discussed and guidelines
developed for preparing slides with agarose
gels, lysing cells to liberate DNA, exposing the
liberated DNA to alkali to produce single-
stranded DNA and to express ALS as SSB, elec-
trophoresing the DNA using pH > 13 alkaline
conditions, alkali neutralization, DNA staining,
comet visualization, and data collection. Based
on the current state of knowledge, the expert
panel developed guidelines for conducting in
vitro or in vivo Comet assays. The goal of the
expert panel was to identify minimal standards
for obtaining reproducible and reliable Comet

data deemed suitable for regulatory submission.
The expert panel used the current Organization
for Economic Co-operation and Development
(OECD) guidelines for in vitro and in vivo genetic
toxicological studies as guides during the devel-
opment of the corresponding in vitro and in vivo
SCG assay guidelines. Guideline topics consid-
ered included initial considerations, principles of
the test method, description of the test method,
procedure, results, data analysis and reporting.
Special consideration was given by the expert
panel to the potential adverse effect of DNA
degradation associated with cytotoxicity on the
interpretation of Comet assay results. The expert
panel also discussed related SCG methodologies
that might be useful in the interpretation of posi-
tive Comet data. The related methodologies dis-
cussed included: (1) the use of different pH con-
ditions during electrophoreses to discriminate
between DNA strand breaks and ALS; (2) the use
of repair enzymes or antibodies to detect specific
classes of DNA damage; (3) the use of a neutral
diffusion assay to identify apoptotic/necrotic
cells; and (4) the use of the acellular SCG assay
to evaluate the ability of a test substance to inter-
act directly with DNA. The alkaline (pH > 13)
Comet assay guidelines developed by the expert
panel represent a work in progress. Additional
information is needed before the assay can be
critically evaluated for its utility in genetic toxicol-
ogy. The information needed includes compre-
hensive data on the different sources of variabil-
ity (e.g., cell to cell, gel to gel, run to run, culture
to culture, animal to animal, experiment to exper-
iment) infrinsic to the alkaline (pH > 3) SCG assay,
the generation of a large database based on in vitro
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INTRODUCTION electrophoresed at a pH of12.3. Since the introduction of
the alkaline (pH> 13) Comet assay in 1988, the breadth of
A number of techniques for detecting DNA damage, aapplications and the number of investigators using this
opposed to the biological effects (e.g., micronuclei, mutéechnique have increased almost exponentially. Compared
tions, structural chromosomal aberrations) that result frowith other genotoxicity assays, the advantages of the tech-
DNA damage, have been used to identify substances witlgjue include: (1) its demonstrated sensitivity for detecting
genotoxic activity. Until recently, the most frequently usetbw levels of DNA damage; (2) the requirement for small
methods involved either the detection of DNA repair symumbers of cells per sample; (3) flexibility; (4) low costs;
thesis (so-called unscheduled DNA synthesis or UDS) (b) ease of application; (6) the ability to conduct studies
individual cells, or the detection of DNA SSB and ALS inusing relatively small amounts of a test substance; and (7)
pooled cell populations using the alkaline elution assay. Thige relatively short time period (a few days) needed to
UDS technique is based on the replication of DNA duringomplete an experiment. During the last decade, this assay
the excision repair of certain types of DNA lesions, aBas developed into a basic tool for use by investigators
demonstrated by the incorporation of tritiated thymidinaterested in research areas ranging from human and envi-
into the DNA repair sites. While providing information atronmental biomonitoring to DNA repair processes to ge-
the level of the individual cell, the technique is technicallyetic toxicology. General reviews on this technique that
cumbersome, requires the use of radioactivity, and is limité@ve been published include Tice et al. [1991], McKelvey-
in sensitivity. The alkaline elution assay ignores the criticdflartin et al. [1993], Tice [1995], Fairbairn et al. [1995],
importance of intercellular differences in DNA damage anéinderson et al. [1998], Rojas et al. [1999], and Speit and
requires relatively large numbers of cells. A more usefidartmann [1999]. Unless otherwise noted, information sup-
approach for assessing DNA damage is the single-cell gerting the conclusions of the expert panel can be found in
(SCG) or Comet assay. The terms “SCG” or “Comet” arthese reviews.
used interchangeable throughout this report; the term “com-Attractive uses of this assay in genetic toxicology in-
et” is used to identify the individual cell DNA migration clude: (1) as a potentially high-throughput screening assay;
patterns produced by this assay (Fig. 1). (2) in mechanistic studies to distinguish between genotox-
Ostling and Johanson [1984] were the first to developieity versus cytotoxicity induced chromosomal damage; (3)
microgel electrophoresis technique for detecting DNA danm mechanistic in vivo studies to distinguish between geno-
age at the level of the single cell. In their technique, celtexic versus non-genotoxic carcinogens; and (4) potentially,
embedded in agarose were placed on a microscope slide,deepart of a battery of in vitro/in vivo assays used for
cells were lysed by detergents and high salt, and the libeegulatory submissions. However, the SCG assay has yet to
ated DNA electrophoresed under neutral conditions. Celismdergo appropriate multilaboratory, international valida-
with an increased frequency of DNA double-strand brealt®n studies to demonstrate its interlaboratory and intralabo-
(DSB) displayed increased migration of DNA toward theatory reproducibility and reliability and the adequacy of its
anode. The migrating DNA was quantitated by staining witherformance against currently accepted methods [see IC-
ethidium bromide and by measuring the intensity of fluecVAM, 1997]. As a test for genotoxicity, the Comet assay
rescence at two fixed positions within the migration pattecan be used to identify possible human mutagens and car-
using a microscope photometer. The neutral conditions usgdogens [Anderson et al., 1998]. However, a perfect cor-
greatly limited the general utility of the assay. relation between chemicals positive in this test and carci-
Subsequently, Singh et al. [1988] introduced a microgabgenicity is not expected. The correlation would be
technique involving electrophoresis under alkaline (pH expected to depend on chemical class and on the mechanism
13) conditions for detecting DNA damage in single cells. Abf carcinogenicity involved.
this pH, increased DNA migration is associated with in- Based on the current state of knowledge, the expert panel
creased levels of frank SSB, SSB associated with incomeached a consensus as to the most appropriate methodology
plete excision repair sites, and ALS. Because almost &l use when applying this assay to an in vitro or in vivo
genotoxic agents induce orders of magnitude more S®Baluation of genotoxic activity. The expert panel identified
and/or ALS than DSB, this version of the assay offereithe minimal experimental and methodological standards
greatly increased sensitivity for identifying genotoximeeded to ensure that the results of Comet studies would be
agents. Two years later, Olive et al. (1990a) introducextcepted as valid by knowledgeable scientists and by reg-
another alkaline version of this assay in which DNA isilatory agencies. Due to the considerable variability in SCG
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these steps; however, the expert panel agreed on general
guidance.

Slide Preparation

The ultimate goal of slide preparation is to obtain uniform
gels sufficiently stable to survive through to data collection,
Fig. 1. Cell DNA migration pattern produced by the Single Cell Gel/as well as to ensure easily Vlsuahz_ed comets W_Ith minimal
Comet assay. background noise. A number of different techniques have

been used to prepare Comet slides. Generally, but not ex-

clusively, microscope slides are used, with each slide con-
methodology used by different scientists and because of tlagning one or two independent gels. Initially, fully frosted
lack of robust data for some technical aspects of the assaljdes were used most commonly because they offered
the expert panel erred on the side of caution in establishimgreased gel bonding and thus stability. However, within
these minimal conditions. In the future, it should be possibtae last few years, either conventional microscope slides
to better define these minimal standards using the resultgidfaude et al., 1996] or slides specifically modified to
appropriate multilaboratory, international validation studigacrease gel stability have been used increasingly. The num-
and based on greater information on chemical/product clab®r of agarose layers used per gel range from one to three.
specific responses. In the single-layer procedure, cells are suspended in low-

The first consensus decision of the expert panel was thaiglting point (LMP) agarose (generally at 37°C) and placed
in terms of a testing strategy for genetic toxicology, thdirectly on a slide. In the three-layer procedure, the cells
alkaline (pH > 13) version of the Comet assay is theontained in agarose are placed on a slide precoated with a
methodology of choice. Generally, DNA is denatured andyer of regular agarose. After adding the cell-containing
unwound at pH values above 12.0 because of the disruptiager, another layer of LMP agarose is added to fill in any
of hydrogen bonds between double-stranded DNA [Kohrgsidual holes in the second agarose layer and to increase
1991]. At pH conditions of 12.6 or higher, ALS (e.g.the distance between cells and the gel surface. In the two-
apurinic sites) are quickly transformed to strand breaksyer method, the top layer of LMP agarose in the three-
[Kohn, 1991]. A pH of> 13 would be expected to maxi-layer method is omitted. An appropriately sized coverslip is
mize the expression of ALS as SSB. Preference for thsed to flatten out each molten agarose layer, and the slides
pH > 13 Comet assay does not mean that positive datee often chilled during the process to enhance gelling of the
obtained using other versions of the assay are not acceptagarose. Precoated slides developed specifically for this
for identifying genotoxic agents. However, negative dat@ssay can be obtained commercially. One generally success-
may need to be considered with more caution. There was fub method for generating stable gels is to dip conventional
attempt to identify the optimal methods to use when usirmgicroscope slides (avoiding slides designated as super
the Comet assay for any other purpose (e.g., human babean) in molten regular agarose (generally 1%-1.5%), and
monitoring), although the guidelines established by the ethhen allowing the gel to dry at room temperature or by a
pert panel may be useful in developing relevant guidelindsrief exposure to 40°-50°C. Within a few days, the second

cell-containing layer of agarose (generally 0.5% to 1.0%) is
METHODOLOGY then addec_i, followed by a thirq layer of agarose at the same
concentration. The concentration of cells in agarose, as well

All methodological steps associated with the alkalinas the concentration of agarose, are important parameters
(pH > 13) SCG assay are equally important for obtaininfpr ensuring a successful analysis. The optimal number of
reproducible and reliable results. In general, best results agdls (at least for image analysis) is typically not more than
obtained if sample processing, solution preparation aadfew per visual field. Higher cell densities can result in a
usage, and equipment utilization and maintenance are cseignificant proportion of overlapping comets, especially at
ducted using the strict quality control (QC) criteria considhigh levels of DNA migration. Higher agarose concentra-
ered appropriate for techniques in molecular biology. Ont®ns can affect the extent of DNA migration, as well as the
a suspension of cells is obtained, the basic steps of the asaegessibility of the DNA to other manipulations (see section
(Fig. 2) include (1) preparation of microscope slides layerezh Related Methodologies).
with cells in agarose; (2) lysis of cells to liberate DNA; (3)
exposure to alkali (pH> 13) to obtain single-stranded DNA, | ..o
and to express ALS as SSB; (4) electrophoresis under
alkaline (pH> 13) conditions; (5) neutralization of alkali; After the agarose gel has solidified, the slides are placed,
(6) DNA staining and comet visualization; and (7) comegenerally for at least 1 hr, in a lysis solution consisting of
scoring. There is no single correct method for conductirtgh salts and detergents. The original lysing solution de-
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Fig. 2. Schematic representation of critical steps in the alkaline ¥p#3) Comet assay.

veloped by Singh et al. [1988] consisted of 100 mM ethyfrom the gel due to diffusion depends on the technical
enediaminetetraacetic acid (EDTA), 2.5 M sodium chlorideponditions used by an individual laboratory. At the end of
1% N-lauroylsarcosine, 10 mM Trizma base, adjusted to pHe lysing period, slides are incubated in alkali prior to
10.0, with 1% Triton X-100 added just prior to use. Subselectrophoresis. It is expected that rinsing the gels to remove
quently, Tice et al. [1991] added 10% dimethyl sulfoxideesidual detergents and salts prior to alkali unwinding would
(DMSO) to the lysing solution to prevent radical-inducetdhcrease assay reproducibility, but formal studies to evalu-
DNA damage associated with the iron released during lysate this possibility have not been conducted. Between lysis
from erythrocytes present in blood and tissue samples. Maed alkali unwinding, the liberated DNA can be incubated
recently, McKelvey-Martin et al. [1993] have reported thawith proteinase K (PK) to remove residual protein or probed
N-laurylsarcosine is not needed in the lysing solution (i.ewith DNA repair enzymes/antibodies to identify specific
that the inclusion of Triton X-100 is sufficient for cell lysis).classes of DNA damage (i.e., oxidative) (see section on
However, some cell types may require the presence of tRelated Methodologies).

second detergent for lysis to be complete. This may need to

be evaluated on a case by case basis. The lysing solution is

chilled prior to use, primarily to maintain the stability of theAlkali (pH > 13) Unwinding

agarose gel. The lysis duration used by different investiga-

tors varies considerable, from less than 1 hr to weeks if notPrior to electrophoresis, the slides are incubated in alka-
months. There is a minimal time needed to appropriatelipe (pH > 13) electrophoresis buffer to produce single-
liberate the DNA and this time might vary depending on thetranded DNA and to express ALS as SSB. The alkaline
cell type. The maximal time slides can be stored in lyssolution developed by Singh et al. [1988] consists of 1 mM
without resulting in an increased background frequency &DTA and 300 mM sodium hydroxide, pE+ 13.0. This
DNA damage or in the loss of low molecular weight DNAsolution is still used most frequently in Comet studies,
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because it maximizes the expression of ALS as SSB. Thien. The purpose behind having migration among the con-
length of time used for unwinding varies considerable bérol cells is to provide information suitable for an evaluation
tween studies and among investigators. In general, baseddrntralaboratory experiment-to-experiment variability.
the protocol of Singh et al. [1988], an incubation period of The extent of migration among control cells can also be
20 min is used. However, in gamma-irradiated human lyna- critical issue in situations where DNA-DNA or DNA-
phocytes, increasing the alkali unwinding duration from 2@rotein cross-linking is induced. DNA cross-linking can be
to 60 min greatly enhanced the extent of DNA migratiodetected by the Comet assay, as demonstrated by retardation
[Vijayalaxmi et al., 1992]. It was hypothesized that thisn the rate of DNA migration. DNA-DNA cross-linking,
enhancement was due to the presence of radiation-indusedh as that induced by mitomycin C [Pfuhler and Wolff,
ALS that were relatively resistant to pkt 13 alkali. For 1996], or DNA-protein cross-linking, such as that induced
most purposes, 20 min is considered sufficient for alkdby formaldehyde [Pfuhler and Wolff, 1996; Merk and Speit,
unwinding. Shorter unwinding times need to be demori998], can be detected in two ways. Control and treated
strated to be sufficient for the disruption of double-strandexlls can be exposed to a second genotoxic agent (e.g.,
DNA to single-stranded. One method for testing the ad@nizing radiation, methyl methanesulfonate), and the extent
quacy of the alkali-unwinding period would be to comparef DNA migration in the presence and absence of this
the extent of DNA migration in control and treated cellseference agent compared [Olive et al., 1992; Pfuhler and
under different unwinding conditions, keeping all otheWolff, 1996; Merk and Speit, 1998]. Alternatively, the
steps identical. presence of DNA cross-linking can be detected directly by
increasing the duration of electrophoresis to such an extent
that the DNA of control cells exhibit significant migration
(i.e., cross-linked DNA will migrate less than the DNA of
After alkali unwinding, the single-stranded DNA in thecontrol cells) [Tice et al., 1997].
gels is electrophoresed under alkaline conditions to produceConsideration was given by the expert panel to the po-
comets. The alkaline buffer used during electrophoresistential effects on assay variability of comet position in the
the same pH> 13 buffer used during alkali unwinding. Thegel, slide position in the gel box, and the scoring of slides
electrophoretic conditions developed by Singh et al. [1988]ectrophoresed at different times. There was general con-
were 25 V and 300 mA, with the DNA being electrophosensus among the expert panel that comets near the edges of
resed for 20 min. Due to large variability in the size othe gel should not be scored. However, conflicting data were
commercially available electrophoresis units, it is moravailable on the relative extent of assay variability associ-
accurate and useful to present the voltage in V/cm. Typicaied with gel box slide position or multiple electrophoresis
voltages for electrophoresis appear to range from about @uns. The expert panel decided that variability would be
to 1.0 V/cm, although lower and higher voltages have beeaduced by ensuring that coded replicate slides are scored
used. Similarly, studies conducted using different amperafyg each sample and that the coded slides are randomly
conditions and electrophoresis durations have been distributed in a gel box in a fully balanced design. A fully
ported. Electrophoresis has been conducted in a varietybaflanced design means that, to the extent possible, each
electrophoresis units, with recirculating units considereglectrophoresis run should contain one slide from each
more optimal. Similarly, electrophoresis has been cosample within an experiment. The expert panel also recog-
ducted at temperatures ranging from 5°C to room tempearized that the same electrophoresis unit and power supply
ature; the use of a lower temperature is thought to providaould be used throughout a study [Vrzoc and Petras, 1996].
increased reproducibility. Generally, the optimal voltage/
amperage and electrophoresis duration depends on the §Xyralization
tent of DNA migration desired for the control cells and the
range of responses being evaluated for among treated cellsAfter electrophoresis, the alkali in the gels are neutralized
The reported electrophoresis duration has generally randsdrinsing the slides with a suitable buffer (e.g., trizma at pH
from 5 to 40 min, depending on the type of cell being used5). The protocol of Singh et al. [1988] proposed three
and the purpose of the experiment. Singh et al. [1994] hasshes of trizma buffer for 5 min each. However, increased
stated that increased sensitivity is associated with the useioking may be useful in situations where a high background
a modified electrophoresis buffer containing, in addition tis seen during scoring [Rojas et al., 1999]. After neutraliza-
the standard ingredients, two radical scavengers (DMSIiOn, slides can be stained and comets scored, or the gel can
and 8-hydroxyquinoline), combined with the use of lowebe dried, the slides stored, and the comets scored when
voltage/amperage conditions and longer electrophores@nvenient. In the former case, slides should be scored
times. Optimal electrophoretic conditions must be definedithin a reasonable length of time (e.g., 24 hs) to avoid
by the investigator but a consensus among the expert paeetessive diffusion of the DNA in the gel. In the latter case,
was that the conditions used must be such that the DNKe agarose gels can be dehydrated by immersing the slides
from the control cells exhibit, on the average, some migraz absolute ethanol or methanol for a brief time (e.g., 5 min)

Electrophoresis
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[Gurugunta et al., 1996; Klaude et al., 1996] or by lettinGedik et al., 1992; Anderson et al., 1994; Kobayashi et al.,
the slides dry at room temperature. Treatment of the dri@d95]. By assigning a numerical value to each migration
slide with neutral buffered formalin for a few minutes maylass, the average extent of DNA migration among cells
help to stabilize dried gels during long-term storage (Ticgyithin a culture or animal can be calculated.
unpublished data). Dried slides, because they can be resThe metric most commonly used in Comet studies is the
cored at any time, offer an obvious advantage over slideesigth of DNA migration, presented generally in microns.
not dried. Migration length is generally believed to be related directly
to fragment size and would be expected to be proportional
to the level of SSB and ALS, and inversely proportional to
the extent of DNA cross-linking. This metric has been

The DNA-specific dye and the magnification used fomeasured using a variety of approaches, including by mi-
comet visualization depend largely on investigator-speciftcometer in the microscope eyepiece, by ruler on photo-
needs and presumably have little effect on assay sensitivifsaphic negatives/positives of cell images or on a camera
or reliability. The fluorescent dyes used most frequently argonitor, and by image analysis. The criteria used to identify
ethidium bromide [e.qg., §lling and Johanson, 1984; Singtthe trailing and leading edge of the migrating DNA seem to
et al., 1988], propidium iodide [e.g., Olive, 1989], 4,6be investigator- and/or software-program—specific. Further-
diamidino-2-phenylindole (DAPI) [e.g., Gedik et al., 1992]more, some investigators use the term tail length to describe
SYBR Green | [e.g., Tice et al., 1998], and YOYO-1 (benimage length while others apply the term to migrated DNA
zoxazolium-4-quinolinum oxazole vyellow homodimerpnly. A variant of this metric is to present the ratio of the
[e.g., Singh et al., 1994]. For some fluorescent dyes, arlgngth to width [Jostes et al., 1993] or width to length
fade can be used to greatly reduce the rate of signal quenffairbairn et al., 1993], with cells exhibiting no migration
ing [e.g., Tebbs et al., 1999], allowing the same slide to eaving a ratio of~ 1.
scored multiple times. Nonfluorescent techniques for visu-As the use of computerized image analysis systems to
alizing comets based on staining with silver nitrate haweollect comet data has increased, a metric based on the
also been reported [Kizilian et al., 1999]. Comet imagpercentage of migrated DNA [Olive et al., 1990b) has
magnification has generally varied from 2600 600<, become used more frequently. This metric assumes signal
with 200X to 400X being used most commonly. Selectiodinearity in quantifying the amount of DNA ranging over
as to which magnification is most appropriate depends amultiple orders of magnitude and that the efficiency of the
the type of cell being evaluated, the range of migraticftuorescent dye in staining migrated and nonmigrated DNA
responses to measure, and the constraints of the microscispequal. Neither assumption has been validated for all
and/or imaging system. imaging systems and dyes used.

The concept of tail moment{ a measure of tail lengtix
a measure of DNA in the tail) as a metric for DNA migra-
tion was introduced by Olive et al. (1990b). However, a

All slides, including those of the positive and negativeonsensus among investigators as to the most appropriate
controls, should be independently coded before microscopmanner in which to calculate tail moment has not been
analysis and scored without knowledge of the code. Tlobtained, and the use of this metric eliminates potentially
methods used for quantifying DNA migration by this assayseful information on the relationship between the length of
have varied almost as much as the number of scientistsgration and the percentage of migrated DNA.
using the technique. The most flexible approach for collect- Which metric of DNA migration is used will depend on
ing comet data involves the application of image analysike resources of the investigator and the experimental de-
techniques to individual cells, and several dedicated sofign. The expert panel did not consider any single metric to
ware programs are commercially available. Moreover, @ without usefulness. However, when using a derived
fully automated comet analysis imaging system has besrtetric such as tail moment, data on tail length and the
developed [Bocker et al., 1999]. However, methods npercentage of migrated DNA should be provided also.
based on image analysis systems are as useful. The simplest
method for collecting comet data is based on determinifgy viTRO TESTING
the proportion of cells with altered migration. However, this
approach is generally limited to electrophoretic conditions There is no limit to the in vitro experimental conditions
where the majority of control cells exhibit no or litle DNAthat can be used to demonstrate the ability a suspect agent to
migration and fails to provide information about the exteihduce DNA damage. Conditions under which suspect
of migration among more damaged cells. A more usefafgents can be adequately demonstrated to lack genotoxic
approach classifies comets into several categories (generaltyivity are more limited. The in vitro experimental condi-
four or five), based on the length of migration and/or thions to be employed using the Comet assay are, in princi-
perceived relative proportion of the DNA in the tail (e.g.ple, no different from those used for any other in vitro

DNA Staining and Comet Visualization

Comet Scoring
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genetic toxicological assay except that cell sampling woutblture Preparation

be at the end of the exposure period only. The consensus in

vitro guideline developed by the expert panel is based on theFor established cell lines, cells are propagated from stock
structure used for current OECD guidelines for in vitrgultures, and incubated in appropriate culture medium at
genetic toxicity testing. 37°C. Lymphocytes isolated from the whole blood of
healthy subjects are incubated in appropriate culture me-
dium at 37°C. Rodent hepatocytes are isolated using routine

Initial Considerations . . . .
procedures and incubated in appropriate culture medium at

Tests conducted in vitro generally require the use of a G
exogenous source of metabolic activation (e.g., hepatic S9
from an Aroclor 1254-induced male rat). This metabolic
activation system cannot mimic completely in vivo condiMetabolic Activation
tions. In conducting in vitro Comet studies, care should be
taken to avoid conditions that would lead to positive results Cells should be exposed to the test substance both in the
that do not reflect genotoxicity but arise from DNA damagpresence and absence of an appropriate metabolic activation
(i.e., DSB) associated with cytotoxicity [Williams et al.,system. The most commonly used system is a cofactor-
1974; Elia et al., 1994]. As the in vitro SCG assays can sipplemented postmitochondrial fraction (S9) prepared
conducted using microculture techniques, the system is &®m the livers of male rats treated with enzyme-inducing
pecially valuable when only limited amounts of the testigents such as Aroclor 1254 [Ames et al., 1975; Natarajan
substance are available. The Comet assay is capableetdl., 1976; Matsuoka et al., 1979; Maron and Ames, 1983],
detecting various kind of DNA damages with high sensitiver a mixture of phenobarbitone agdnaphthoflavone [Mat-
ity, if the method is optimized. Because this guideline onlgushima et al., 1976; Elliot et al., 1992; Galloway et al.,
describes the basic conditions of the assay, the metht@P4]. The postmitochondrial fraction is usually used at
should be adjusted scientifically at each laboratory to obtatoncentrations that range from 1% to 10% v/v in the final
valid and reproducible results. test medium. The metabolic activation system conditions
may depend upon the class of chemical being tested. In
some cases, it may be appropriate to utilize more than one
S9 concentration. The construction of genetically engi-
neered cell lines expressing specific activating enzymes
provides the potential for endogenous activation.

Any eukaryote cell can theoretically be used for geno-
toxicity testing in the Comet assay. However, for most
purposes, well-characterized cell lines or primary cells us&dst Substance/Preparation
generally in genetic toxicology testing for assessing other
types of genetic damage (e.g., chromosomal aberrationsSolid test substances should be dissolved or suspended in
micronuclei, mutations) are preferred. Standard cell linegpropriate solvents or vehicles and, if appropriate, diluted
include mouse lymphoma L5178Y, Chinese hamster ovagior to treatment of the cells. Liquid test substances may be
and Chinese hamster lung; standard primary cells includéided directly to the test systems and/or diluted prior to
human lymphocytes and rodent hepatocytes. No preferenggatment. Fresh preparations of the test substance should be
is given to the use of proliferating versus nonproliferatingmployed unless stability data demonstrate the acceptability
cells. However, nonproliferating cells may be less prone tf storage.
false-positive responses potentially associated with agents
that interfere with DNA synthesis by affecting cellular
metabolism. This issue has not been adequately resolvggy; conditions
The use of any cell line or cell type should be justified.

DESCRIPTION OF THE METHOD

Cell Types

The solvent/vehicle should not be suspected of chemical
Media and Culture Conditions reactivity with the test substance and should be compatible
with the survival of the cells and the S9 activity. If other
Appropriate culture media and incubation conditionthan well-known solvent/vehicles are used, their inclusion
(culture vessels, COconcentration, temperature, and-hushould be supported by data indicating their compatibility.
midity) should be used in maintaining cultures. Althouglit is recommended that wherever possible, the use of an
there are no data to support this requirement, establisteglieous solvent/vehicle be considered first. When testing
cell lines should be checked routinely for mycoplasmaater-unstable substances, the organic solvent used should
contamination and should not be used if contaminated. be free of water.
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Exposure Concentrations requires activation prior to inducing DNA damage. The
level of induced DNA migration should not be so obvious

_ The consensus decision of the expert panel was that C@}gt the scorer could easily identify the cultures treated with
in suspension or monolayer culture should be exposed to the positive control agent. Examples of positive control
test substance, with and without metabolic activation, forg,pstances to use in experiments without metabolic activa-
to 6 hr. The use of a different exposure duration should |gn, include methyl methanesulphonate (CAS no. 66-27-3),
justified whenever negative data are obtained. ethyl methanesulphonate (CAS no. 62-50-0), ethylnitro-
Because DNA damage is associated with cell death, itdgrea (CAS no. 759-73-9), or 4-nitroquinoline-N-oxide
critical that the highest dose tested not induce excessi(\@AS no. 56-57-5). Examples of positive control sub-
cytotoxicity and that cytotoxicity be evaluated concurrentlyiances to use in experiments with metabolic activation
with each Comet experiment. It may be useful to determingc|ude benzag)pyrene (CAS no. 50-32-8), 7,12-dimeth-
cytotoxicity in a preliminary range-finding experiment. Aylbenzanthracene (CAS no. 57-97-6), or cyclophosphamide
number of methods for measuring cytotoxicity have bee(\‘honohydrate) (CAS no. 50-18-0 [CAS no. 6055-19-2]).
used either at the end of the exposure period (€.g., exclusi§ther appropriate positive control substances may be used.
of a vital dye) or after a longer culture duration (e.g., Célfhe yse of chemical class-related positive control chemicals
counts, adenosine triphosphate [ATP] levels) [see Storersgfouid be considered, when available. Negative controls,
al., 1996 for a comparative study on cytotoxicity methodsgonsisting of solvent or vehicle alone in the treatment me-
When measuring viability at the end of the exposure periogiym, and treated in the same way as the treatment cultures,
a general approach has been to avoid the testing of dogggu|d be included. In addition, untreated controls should
that decrease viability, compared to the concurrent conttgko pe included in experiments where the solvent is not

cultures, by more than 30% (e.g., Anderson et al., 1990wn to be nongenotoxic or noncytotoxic.
Henderson et al., 1998]. The expert panel could not identify

the optimal method(s) to use in evaluating cytotoxicity.

However, the expert panel consensus was to require fROCEDURE

investigator to justify both dose selection and assay results .

in terms of cytotoxicity. Whether excessive changes in pifeatment with Test Substance
or osmolality can lead to a false positive Comet response, a
it does for chromosomal damage or mutations [Scott et aé
1991], has not been evaluated for this assay.

Each SCG experiment should include at least three a
lyzable concentrations. Where cytotoxicity occurs, the
concentrations should cover a range from the maximu
acceptable toxicity to little or no toxicity. For relatively
noncytotoxic compounds, the maximum concentration
should be 5ul/ml, 5 mg/ml, or 0.01 M, whichever is the Analysis
lowest. For relatively insoluble substances that are not toxic
at concentrations lower than the insoluble concentration, theUsing independently coded slides and without knowledge
highest dose used should be a concentration above the ligfithe code, at least 50 cells should be scored per culture
of solubility in the final culture medium at the end of thavith 25 cells scored per each of two replicate slides.
treatment period. In some cases (e.g., when toxicity occurs
only at higher than the lowest insoluble concentration), it i

. ; .~ /' Treatment of Results

advisable to test at more than one concentration with visible

precipitation. It may be useful to assess solubility at the The experimental unit of exposure for in vitro studies is

beginning and the end of the treatment, as solubility c3Re culture, and all statistical analyses should be based on

change during the course of exposure in the test system g individual culture response. The mean extent of DNA

to the presence of cells, S9, serum, etc. Insolubility can B@gration and an associated error term should be calculated

detected using the unaided eye. The precipitate should g9t each dose group, as well as for each culture within a

interfere with the successful completion of the study.  gpse group. Concurrent measures of cytotoxicity for all
cultures and dose groups, including the negative and posi-

Controls tive controls, should be included. The consensus of the
expert panel was that the results of each experiment should

Concurrent positive and negative (solvent or vehiclée verified in an independent experiment. Modification of
controls both with and without metabolic activation must bstudy parameters (e.g., spacing of the test concentrations) to
included in each experiment. When metabolic activation extend the range of conditions assessed should be consid-
used, the positive control chemical should be the one thered in designing the repeat experiment. In the future, with

The expert panel consensus was that at least duplicate

Ultures should be successfully tested at each concentration,

including the negative/solvent and positive control dose
oups. Gaseous or volatile substances should be tested by
propriate methods, such as in sealed culture vessels (e.g.,
rahn et al., 1982].
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increased experience with this assay, this need for indepenrelevant to the conduct of the study; and stability of the

dent verification of all results may be modified. test substance, if known.

e Solvent/vehicle: justification for choice of solvent/vehi-
cle; solubility and stability of the test substance in sol-
vent/vehicle, if known.

There are several criteria for determining a positive r®- Cells: type and source of cells; number of cell passages,
sult. These include a concentration-related increase or delf @pplicable; methods for maintenance of cell cultures, if
crease in DNA migration and a significant corresponding @pplicable; absence of mycoplasma, if applicable; sex of
increase or decrease in DNA migration at one or more doséhe blood donor(s), if applicable.
groups. Statistical methods should be used as an aid®inf est conditionsrationale for selection of test substance
evaluating the test results but should not be the only deter£oncentrations; number of cultures per dose group; cyto-
mining factor for identifying a positive response. There was toxicity data; solubility limitations; composition of me-
no consensus among the expert panel as to the most apprélia; CQ, concentration if applicable; volume of vehicle
priate statistical method(s) to use, other than an agreemer@nd test substance added; incubation temperature; incu-
that the analysis must be based on the individual culturebation duration; duration of treatment; cell density during
response. However, typical approaches include the use of #€atment; type and composition of metabolic activation
trend test for a dose-response relationship and a pairwis€ystem, including acceptability criteria; positive and neg-
comparison of each dose group against the concurrent con@tive controls; methods of slide preparation, including
trol to identify significant effects at individual doses. The @garose concentration; lysis conditions; alkali conditions
statistical test should be one-tailed if only an increase in@nd pH, alkali unwinding time; electrophoresis conditions
DNA migration or a decrease in DNA migration is being (PH. V/cm, mA); dye and staining procedure; criteria for
tested for. The statistical test should be two-tailed if either Scoring comets; number of comets analyzed per slide, per
an increase or a decrease in DNA migration could occur. culture, per dose group; methods for the measurements of

In the event that a positive Comet assay response idoxicity; and criteria for considering studies as positive,
obtained, it is critical that the investigator(s) assesses théegative or equivocal;
possibility that the increase in migration is not associate@dResults: concurrent toxicity; signs of precipitation; data
with genotoxicity. Information on the extent of cytotoxicity ©n PH and osmolality of the treatment medium, if deter-
associated with each positive dose group, the nature of thénined; definition for DNA migration parameters; dose-
dose-response curve, the intercellular distribution of comet'€Sponse relationship, where possible; statistical analyses;
response at each dose, and the presence or absence of D$BNcurrent negative (solvent/vehicle) and positive control
breaks in the treated cell population may be useful in thisdata; historical negative (solvent/vehicle) and positive
regard. Cytotoxicity is not an issue where cross-linking is control data, with ranges, means and standard deviations.
induced. In the event that a negative Comet assay respofsgiscussion of the results.
is obtained, it is critical that the investigator(s) assesses th&conclusion.
validity of the assay and the dose selection procedure.

Although most experiments will give clearly positive onN VIVO TESTING
negative results, in rare cases the data set will preclude
making a definite judgement about the activity of the test A highly significant contribution of the SCG assay to
substance. Reproducibility in independent experiments ggnetic toxicology is in its application to in vivo studies. As
considered the strongest evidence for a positive or negatR@ly @ small numbers of cells are required for analysis,
call. However, results may remain equivocal or questiofiferally any tissue or organ is amenable to investigation.
able regardless of the number of times the experiment §i§€ only requirement is that a sufficient number of single
repeated. Positive results from the in vitro SCG test indica€lls (or nuclei) are obtained for analysis and that no or
that the test substance induces DNA damage in cultur8inimal damage is induced during tissue processing. The
mammalian cells. Negative results indicate that, under tG8Nsensus in vivo guideline developed by the expert panel is
test conditions, the test substance does not induce DNpAsed on the structure used for current OECD guidelines for
damage in cultured mammalian cells. in vivo genetic toxicity testing.

Evaluation and Interpretation of Results

Test Report Initial Considerations

Itis not appropriate to use this test when there is evidence
at the test substance will not reach the target tissue. In
conducting in vivo Comet studies, care should be taken to
e Test substance: identification and CAS number, if knowayoid conditions that would lead to positive results that do
physical nature and purity; physicochemical propertie®t reflect genotoxicity but may arise from DNA damage

The test report must include but is not limited to th?h
following information:
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(i.e., DSB) associated with apoptosis or necrosis. TiTest Conditions

Comet assay is capable of detecting various kind of DNA ) )

damages with high sensitivity, if the method is optimized. The solvent/vehicle should not produce toxic effects at
Because this guideline only describes the basic conditiof¢ dose levels used, and should not be suspected of chem-

of the assay, the method should be adjusted scientificallyi¢dl reactivity with the test substance. If other than well-
each laboratory to obtain valid and reproducible results. known solvents/vehicles are used, their inclusion should be

supported with data indicating their compatibility. It is
recommended that wherever possible, the use of an aqueous
DESCRIPTION OF THE METHOD solvent/vehicle should be considered first.

Animal Species Controls
Mice or rats are preferred, although any other appropriatéconcyrrent negative (solvent/vehicle) and positive con-
mammalian species may be used, if justified. Commonfyyis should be included in each independently performed
used laboratory strains of healthy young adult an'm?g;art of the experiment. Except for treatment with the test
should be employed. At the commencement of the studyypstance, animals in the control group should be handled in
the weight variation of animals should be minimal and ngfy, jgentical manner to the animals in the treated groups. The
exceed 20% of the mean weight. positive control should be a substance known to produce
DNA migration when administered at exposure levels ex-
pected to give a detectable increase over background. The
dose(s) should be chosen such that the effects are definitive
%ut do not immediately reveal the identity of the coded slide

Housing and Feeding Conditions

Appropriate national and international regulations for tht the reader. It is accentable that the positive control ma
use and care of animals must be followed. The temperat%?ee administer.ed by a roEte different fror|31 the test substancye
in the experimental animal room should be°@2+ 3°C. y

Although the relative humidity should be at least 30% an[%nd sampled at only a single time, as long as all animals are
eated during the same time period. Negative controls,

preferably not exceed 70%, other than during room cleah- . . .
ing, the optimal range is 50% to 60%. Lighting should b reated with solvent or vehicle alone should be included for
arti;‘icial, the sequence being 12-hr Iiéht, 12-hr dark. F&/EY sampling time, unless acceptable variability in DNA

feeding, conventional laboratory diets may be used with igration among animals is demonstrated using historical

unlimited supply of drinking water. The choice of diet ma);:ontrol data. Untreated concurrent controls should also be

be influenced by the need to ensure a suitable admixture'{ d unles_s there are h'Stor'(.:al or publlshed_ control data
%r_nonstratmg that no deleterious or genotoxic effects are

a test substance when administered by this method. Depe .
ing on the experimental design and current laboratory sta{ﬂguced by the chosen solvent/vehicle.
dards, animals may be housed individually or caged in small

groups of the same gender. PROCEDURE

Number and Gender of Animals

Preparation of the Animals ) ) )
The expert panel had considerable discussion on the

Healthy young adult animals are randomly assigned fBinimal number of animals to test per sex per dose group
the control and treatment groups. Cages should be arran§&é sample time. Lacking appropriate interlaboratory and
in such a way that possible effects due to cage placement &&alaboratory data on the extent of animal-to-animal vari-
minimized. The animals are identified uniquely and kept iability, as a function of species, strain, sex, tissue, sample
their cages for at least 5 days prior to the start of the stuéi{ne. etc., that could be expected for this assay, the expert

to allow for acclimatization to the laboratory conditions. Panel consensus was that a minimum of four scorable ani-
mals of a single gender should be included in each dose

group at each sample time. In some situations (e.g., an
Test Substance Preparation intermediate dose group within a study), a minimum of
three scorable animals per gender per dose group might be
Solid test substances should be dissolved or suspendedansidered acceptable but should be justified. Where a sig-
appropriate solvents or vehicles and diluted, if appropriateificant historical database has been generated demonstrat-
prior to dosing of the animals. Liquid test substances may by that, under the experimental conditions used, minimal
dosed directly or diluted prior to dosing. Fresh preparatiomsimal-to-animal variability is present, only two animals
of the test substance should be employed unless stabilinay be needed for the concurrent negative and positive
data demonstrate the acceptability of storage. control groups. However, this needs to be justified and
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historical control data must then be used as one of t@elministration of Doses

criteria for considering a study acceptable and in identifying ) o
a positive response. The test substance is usually administered orally by ga-

If there are relevant data available from studies in th&9€ using a stomach tube or a suitable intubation cannula,
same species and using the same route of exposure ffaPy intraperitoneal injection. Other routes of exposure
demonstrate that there are no substantial differences M@y be used if justified. The maximum volume of liquid
toxicity between sexes, then testing in a single sex will JBat can be administered by gavage or injection at one time
sufficient. Currently, there does not appear to be an inher&hould be based on the weight of the test animal. Consistent
advantage in preferentially using males or females; choi®éth current relevant OECD guidelines, the maximum vol-
of which sex to use is left to the discretion of the investidMe used should not exceed 20 mi/kg body weight. The use
gator. Where human exposure to chemicals may be geno@rh'gher volumes must be Jqstlfled. Except for irritating or
specific, as for example with some pharmaceutical ager8/osive substances that will normally reveal exacerbated

the test should be performed with animals of the appropria‘i‘éfects with higher concentrations, variability in the test
sex. volume should be minimized by adjusting the concentration

to ensure a constant volume at all dose levels.

Treatment Schedule Target Tissue Selection

Test substances are generally administered as a singlén principle, the Comet assay can be applied to any tissue.
treatment. However, studies using multiple treatment prefowever, the consensus of the expert panel was that in the
tocols may be used also [e.g., Tice et al., 1997]. Thghsence of information on a known target tissue for the class
rationale for the treatment schedule should be ]UStlfled of chemicals being tested (e_g_’ bladder for some aromatic
amines), the most appropriate target tissue is liver, followed
by intestine when the liver is negative for genotoxicity. Both
tissues can be collected and processed at the same time, with

. . scoring being conducted in a sequential manner. Tissue
If a range-finding study is performed because there areno,. 7 = .
. - . . .~ selection is based on a recent analysis of the results of
suitable toxicity data available, it should be performedinthe” ~. L ’ .
. X . studies conducted in mice and rats with 163 rodent carcin-
same laboratory, using the same species, strain, sex, an

treatment regimen used in the main study. The highest d&3ENS and 30 rodent noncarcinogens [Sasaki et al., 2000].
. : 9 Y- ghe Eiodents were treated once orally at the maximum tolerated
is defined as the dose that produces signs of toxicity sug se and bladder, bone marrow, brain, colon, kidney, liver

that based on the same dosing regimen, higher dose Ie\iscfs ' ' ! ' ' ’

. ng, and stomach sampled at 3, 8, and 24 hr after treatment.
would be expected to produce mortality, unacceptable Slg.i]ﬁe sensitivity of the alkaline (pH+ 13) SCG assay for
of animal toxicity, or excessive cytotoxicity in the target

. g 0 . .
tissue by the end of the exposure period defined by t gtectmg carcinogens was 5.32@’ while the specificity of the
g est for detecting non-carcinogens was 83%. When data

protocol. In general, a minimum of two scorable doses . e » .
should be present in each experiment. The expert paggﬁlly&s was limited to Ames test-positive carcinogens,
' slensitivity was increased to 94%. Generally, the Comet

recommended that the lower dose should be approximaté " . ) C . .
PP %lsay-posmve carcinogens induced a significant increase in

o i ;
50% of the higher dose but that other dose spacing could RIA migration in cells at the tumor site and also at multiple

used if justified. Substances with specific biological activi- : i :
) . : nontumor sites. Among the Comet assay-positive carcino-
ties at low nontoxic doses (such as hormones and mitogens . » . .

s, 73% induced a positive response in at least liver,

may be exceptions to the dose-setting criteria and should Hg. . - oo
y P 9 wﬁlle 96% induced a positive response in liver and colon.

evaluated on a case-by-case basis. - . .
Y The remaining 4% of the Comet assay-positive carcinogens
were positive in stomach or bladder.

Dose Levels

Limit Dose

) ) o Sample Times
Consistent with current relevant OECD guidelines, the

limit dose for nontoxic substances is 2,000 mg/kg body In the in vivo data evaluated by Sasaki et al. [2000], 7%
weight for single or multiple treatments up to 14 consecwf the positive chemicals were uniquely positive at 3 hr, 3%
tive days and 1,000 mg/kg for treatments that exceed ®re uniquely positive at 8 hr, and 7% were uniquely
consecutive days. In the absence of animal- or tissue-spesitive at 24 hr only. Other in vivo kinetic Comet studies
cific toxicity, it may be acceptable to test only the limitusing oral and the intraperitoneal route of treatment are
dose. Expected human exposure levels may indicate tt@nsistent with these findings. Based on these data, the
need for a higher dose level to be used than these limitnsensus of the expert panel was that two sample times, at
doses. 3 to 6 hr and 22 to 26 hr, after a single acute treatment
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should be used. The expert panel recommended that dataAlaalysis

collected first from a single sample time, as a positve ] .
response at that sample time would preclude the need for th/Sing independently coded slides and without knowledge

second sample time. Which sample time should be test%f_dthe code, at least 100 cells should be .scored.per animal
first is left to the discretion of the investigator. However, t/ith 50 cells scored per each of two replicate slides.

avoid the unnecessary use of animals, the decision should be

based on the characteristics of the test substance andTgutment of Results

Comet data generated for similar compounds, when avail-

able. When the protocol involves multiple daily treatments, The experimental unit of exposure in in vivo studies is the
a single sample time of 3 to 6 hr after the last treatment @imal, and all statistical analyses should be based on indi-

appropriate. Other sampling times may be used if justifiedidual animal response data. The mean extent of DNA
migration and an associated error term should be calculated

for the dose group, as well as for each animal. Concurrent

Preparation of Single Cells from Solid Tissues measures of cytotoxicity for each animal in all dose groups,

) . _ .. including the solvent and positive control animals, should
Single cell suspensions can be obtained from solid tissyg resented. The consensus of the expert panel was that the

by incubation with collagenase or trypsin [e.g., PO0I-ZObelg 15 of each experiment, where not clearly negative or

et al.,, 1992; Betti et al., 1993], mincing with a pair of fing,itive should be verified in an independent experiment.

scissors for a few minutes [Tice et al., 1991], or by homogyqification of study parameters (e.g., spacing of the test
enization to release nuclei [Sasaki et al., 1997; Miyamae €§,contrations) to extend the range of conditions assessed

al., 1998]. During mincing or homogenization, EDTA canynq 4 e considered in designing the repeat experiment.
be added to the processing solution to chelate calcium/
magnesium and prevent endonuclease activation, and radi- ) )
cal scavengers (e.g., DMSO) can be added to prevent okyaluation and Interpretation of Results
dant-induced DNA damage [e.g., Tice et al., 1997]. The oo - .
: There are several criteria for determining a positive re-
consensus of the expert panel was that no single method foi . : .
L . . sult. These include a concentration-related increase or de-
obtaining single cells appeared clearly superior to any other . N L .
. e . Crease in DNA migration and a significant corresponding
method. Any cell dissociation method is acceptable so Ionrg'qc . S
. . N (rjease or decrease in DNA migration at one or more dose
as it can be demonstrated that the process is not associate

. : groups. Statistical methods should be used as an aid in
with inappropriate background levels of DNA damage. evaluating the test results but should not be the only deter-

mining factor for identifying a positive response. There was
Cytotoxicity no consensus among the expert panel as to the most appro-

priate statistical method(s) to use, other than that the anal-

A concurrent assessment of cytotoxicity in critically imysis should be based on the individual animal. However,

portant for data interpretation. An assessment of in vivgpical approaches include the use of a trend test for a
cytotoxicity has largely depended on simple dye exclusiatose-response relationship and a pairwise comparison of
techniques (e.g., trypan blue). However, this approach éach dose group against the concurrent control to identify
noninformative if mincing or homogenization is used taignificant effects at individual doses. The statistical test
provide single cells or nuclei. A dual dye viability assaghould be one-tailed if only an increase in DNA migration
based on a combination of 5-6 carboxyfluorescein diacetatea decrease in DNA migration is being tested for. The
and ethidium bromide [Strauss, 1991] has been used diatistical test should be two-tailed if either an increase or a
identify cells that are metabolically competent and/or havdecrease in DNA migration could occur.
a compromised cellular membrane. Two other approachedn the event that a positive Comet assay response is
have been used for evaluating concurrent cytotoxicity. lwbtained, it is critical that the investigator(s) assesses the
the studies conducted by Sasaki et al. [1997], histopathplessibility that the increase in migration is not associated
ogy was used to identify tissues with excessive necrosiswith genotoxicity. Information on the extent of cytotoxicity
apoptosis in experiments where a positive Comet assagsociated with each positive dose group, the nature of the
response was obtained. Tice et al. [1998] used a neutdalse response curve, the intercellular distribution of comet
diffusion assay [Vasquez and Tice, 1997a) to detect cellssponse at each dose, and the presence or absence of DSB
with low molecular weight DNA indicative of apoptosis orbreaks in the treated cell population may be useful in this
necrosis. Although validation studies have not been coregard. Cytotoxicity is not an issue where cross-linking is
ducted to identify acceptable cytotoxicity levels for in vivanduced.
Comet assays, cell viability in the target tissue that is below Although most experiments will give clearly positive or
70 to 80% of that in the control animals may be consideretkgative results, in rare cases the data set will preclude
excessive. making a definite judgement about the activity of the test
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substance. Reproducibility in independent experiments RELATED METHODOLOGIES
considered the strongest evidence for a positive or negative

call. However, results may remain equivocal or questio§4¢’eCific Classes of DNA Damage
able regardless of the number of times the experiment is

repeated. Positive results from the in vivo SCG test mdlcat%able the detection of specific classes of DNA damage. At

that the test substance induces DNA damage in vivo in ot ~ 13 the assav detects SSB. ALS. and DNA cross-
targe.t'tissue. Negative results indicate'that, under the tﬁ%ﬁng. T’he inductio); of increased ’Ievels' of SSB and ALS
'con'quns, the'test substance does not induce DNA dam%%gults in an increased ability of the DNA to migrate. In
in vivo in the tissues evaluated. contrast, the presence of DNA cross-linking reduces the
ability of the DNA to migrate. Reducing the pH during
alkali unwinding and electrophoresis to 12.1 appears to
Test Report eliminate the expression of ALS as SSB [Miyamae et al.,
1997]. Thus, the presence of increased migration atpH
) ) . 13 but its absence at pH 12.1 indicates the specific induction
Thg te;t reporti must include but is not limited to th%f ALS. Equal migration under the two electrophoretic
following information: conditions indicates the presence of strand breaks only. In
conducting this comparison, it is important that the molarity

e Test Substance: identification and CAS number, { we ingredients in the> 13 and 12.1 alkaline buffers

known; physical nature and purity; physicochemicglmain the same.
properties relevant to the conduct of the study; and sta-The induction of either DNA-DNA or DNA-protein
bility of the test substance, if known. ~ crosslinks reduces the ability of the DNA to migrate in the
e Solvent/Vehicle justification for choice of solvent/vehi- agarose gel, at any pH. These two types of cross-linking can
cle; solubility and stability of the test substance in sohe distinguished by incubating the lysed DNA in PK prior to
vent/vehicle, if known. electrophoresis. Exposure of cross-linked DNA to PK re-
e Testanimals: species/strain used; number, age, and sey@ées or eliminates DNA-protein cross-links, while having
animals; source, housing conditions, diet, etc.; individugb effect on the frequency of DNA-DNA cross-links [Merk
weight of the animals at the start of the test, includingnd Speit, 1998]. The complete or partial loss of DNA-
body weight range, mean and standard deviation for eagfotein cross-links allows the DNA to migrate at the same
group. rate or at a rate more similar to, respectively, the DNA from
e Test Conditions: details of the administration of the teshe control cells.
substance; rationale for route of administration; methodsTwo approaches have been developed to detect specific
for verifying that test agent reached the general circulgtasses of DNA adducts. Gedik et al. [1992] demonstrated
tion or target tissue, if applicable; conversion from diethat the induction and persistence of ultraviolet (UV) light-
drinking water test substance concentration (ppm) to tiduced pyrimidine dimers in HelLa cells could be moni-
actual dose (mg/kg body weight per day), if applicablgpred by incubating lysed DNA with a UV-specific endo-
details of food and water quality; detailed description afuclease. Similarly, the enzyme endonuclease Il can be
treatment and sampling schedules; methods for measuteed to detect oxidized pyrimidines (e.g., Collins et al.,
ment of toxicity; detailed methods of single cell preparat993], while the enzyme FPG can be used to detect 8-OH
tion; methods of slide preparation, including agarose coguanine and other damaged purines [e.g., Collins et al.,
centration; lysis conditions; alkali conditions and pH1996]. Immunofluorescence techniques can be used to de-
alkali unwinding time; electrophoresis conditions (pHtect specific types of DNA damage, as demonstrated by the
V/ecm, mA); staining procedure; criteria for scoring comdetection of UV-induced DNA damage in cultured cells
ets; number of comets analyzed per slide, per tissue, p&ing a lesion-specific antibody [Sauvaigo et al., 1998].
animaL per dose group; methods for the measurements Oﬁ—hese methods can be used to prOVide mechanistic infor-
toxicity; and criteria for considering studies as positivenation on the types of DNA damage induced by a test
negative or equivocal. substance or, in some situations, to eliminate the possibility
e Results: individual tissue, animal, and group mean valulf{t the observed increase in DNA migration is due to
for DNA migration; dose-response relationship, if availcytotoxicity.
able; statistical evaluation; signs of toxicity; concurrent
negative (solvent/vehicle) and positive control data; hi%poprosis/Necrosis
torical negative (solvent/vehicle) and positive control
data. Increased DNA migration accompanies the DNA frag-
e Discussion of the results. mentation associated with cytotoxicity arising through ne-
e Conclusion. crosis or apoptosis. Apoptosis results in the extensive for-

Several investigators have modified the SCG assay to
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mation of DSB [e.g., Carson et al., 1986; Marks and Forge independent of cytotoxicity. Theoretically, cells of any
1991]. Similarly, the DNA of necrotic cells also undergoetype can be used to generate DNA for this assay.
extensive degradation due to the induction of DSB [Wil-

liams et al.,, 1974; Elia et al., 1994]. Such cells can bl? L
detected using either neutral or alkaline electrophoretic cori2fure Directions
ditions [Olive et al., 1993; Vasquez and Tice, 1997a). Sev- The alkaline (pH>

i . 13) Comet assay guidelines devel-
eral investigators have concluded that based on the chargﬁéd by the expert panel represent a work in progress.

teristic appearance of the comets, apoptotic cells can 8gyera| kinds of information are needed before the assay
readily distinguished from necrotic cells in the alkaline SCGap, pe critically evaluated for its utility in genetic toxicol-
assay [Olive et al., 1993; Fairbaim et al., 1996; Kizilian &gy These include information on the different sources of
al., 1999]. Apoptotic cells were concluded to form cometg, japility (cell to cell, gel to gel, culture to culture, animal
with large fan-like tails and small heads (i.e., so-callegh gnima], experiment to experiment, etc.) intrinsic to the
hedgehogs), while necrotic cells were concluded to forg)yjine (pH> 13) SCG assay, the results of in vitro and in
comets with relatively large heads and narrow tails of varyy testing based on these guidelines, and the conclusions
ing lengths (i.e., comets indistinguishable from those resulf 5o nropriately designed multilaboratory international val-
ing from genotoxic damage). However, this characterizatiqfation studies. It is hoped that the guidelines provided in

may not be completely accurate. For example, comets s report will serve as the basis for further developments
ical of hedgehogs are induced by high doses of gamma this assay.

radiation under conditions where apoptosis is not possible

(i.e., the cells were processed immediately after irradiation)

(Tice, unpublished data). Furthermore, due to the very IOREFERENCES
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