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Abstract

As part of the Fourth International Workshop on Genotoxicity Testing (IWGT), held 9–10 September 2005 in San Francisco,
California, an expert working group on the Comet assay was convened to review and discuss some of the procedures and methods
recommended in previous documents. Particular attention was directed at the in vivo rodent, alkaline (pH >13) version of the assay.
The aim was to review those protocol areas which were unclear or which required more detail in order to produce a standardized
protocol with maximum acceptability by international regulatory agencies. The areas covered were: number of dose levels required,
cell isolation techniques, measures of cytotoxicity, scoring of comets (i.e., manually or by image analysis), and the need for historical

negative/positive control data. It was decided that a single limit dose was not sufficient although the required number of dose levels
was not stipulated. The method of isolating cells was thought not to have a qualitative effect on the assay but more data were needed
before a conclusion could be drawn. Concurrent measures of cytotoxicity were required with histopathological examination of tissues
for necrosis or apoptosis as the “Gold Standard”. As for analysing the comets, the consensus was that image analysis was preferred
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ut not required. Finally, the minimal number of studies required to generate a historical positive or negative control database was
ot defined; rather the emphasis was placed on demonstrating the stability of the negative/positive control data. It was also agreed
hat a minimum reporting standard would be developed which would be consistent with OECD in vivo genotoxicity test method

uidelines.

2006 Elsevier B.V. All rights reserved.
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1. Introduction

The Comet assay, also referred to as the single
cell gel electrophoresis (SCG or SCGE) assay, is a
rapid, visual, and quantitative technique for measuring
DNA damage in eukaryote cells [1–7]. Under alkaline
(pH >13) conditions, the assay can detect single and
double-stranded breaks, incomplete repair sites, alkali
labile sites, and also possibly both DNA–protein and
DNA–DNA cross-links, in virtually any eukaryotic cell
population that can be obtained as a single cell suspen-
sion.

As the Comet assay has gained in popularity as a
standard laboratory technique for evaluating DNA dam-
age and/or repair, the question of how it can be applied
within the current regulatory strategy of genotoxicity
testing has become a matter of debate [8]. The pri-
mary focus of interest has been on the alkaline (pH
>13) version, as it is applied to in vivo genotoxicity
testing strategies [6,8–11]. This is especially important
now that acceptance of the in vivo Comet assay by
regulatory agencies in a number of countries is grow-
ing, with some already citing it as an acceptable sec-
ond test [12,13]. Part of the reason for this acceptance
has been the development of a standard protocol and
acceptance criteria for the assay through the IWGT
working parties [6] and international Comet assay work-
shops [10]. The purpose of this meeting was to review
the procedures and methods recommended in previous
guidance documents [6,10], with particular attention
being given to the in vivo rodent alkaline (pH >13)
assay.

Prior to the actual IWGT session, the members
of the working group were assigned to different sub-
groups with each subgroup responsible for reviewing
a particular topic. At the IWGT meeting, the sub-
groups presented their conclusions and recommenda-
tions to the complete working group for considera-
tion and discussion, with input from the audience.
This report provides an overview of the topics dis-

ussed and the consensus reached by the working group
ith regard to the in vivo rodent alkaline (pH >13)
omet assay (hereafter designated as the in vivo Comet
ssay).
Alkaline electrophoresis

2. Discussion topics and recommendations

2.1. Multiple dose levels versus limit dose

For this topic, the discussions focused on the number
of dose levels to be used in the in vivo Comet assay,
especially for cases where there is no evidence of animal
toxicity. For example, as stated in the Organisation for
Economic Development and Co-operation (OECD) test
guideline 474 (rodent bone marrow micronucleus test), a
chemical which shows no sign of toxicity up to the limit
dose of 2 g/kg need only be tested at that dose [14].

The consensus of the working group was that a single
dose level was not sufficient even for substances that
could be tested at the limit dose of 2 g/kg. The rea-
soning behind this consensus was that there were not
yet sufficient data to conclude that downturns in the
dose response curve (i.e., a bell shaped dose response
curve) would not occur for some substances due, for
example, to altered bioavailability at higher dose lev-
els. The ‘downturn phenomenon’, was also a matter of
discussion among the members of the IWGT in vivo
micronucleus (MN) group [15], where this phenomenon
has been shown to occur in some MN studies although
the underlying mechanism(s) have yet not been identi-
fied. In such cases, positive responses occurred at the
second highest dose level. Therefore, it was concluded
that the use of a single dose level could lead to problems
in data interpretation. There was also the feeling that pos-
itive responses at multiple dose levels could reinforce the
biological relevance of the result.

2.2. Cell isolation process

The background behind this discussion point was the
disparate in vivo rodent Comet assay data sets published
about ortho-phenyl phenol. When tested by Sasaki et
al. [16], ortho-phenyl phenol was positive in the mouse
using stomach, liver, kidneys, lung, urinary bladder as

target organs. However, when tested by Bomhard et al.
[17] in the same species, ortho-phenyl phenol was nega-
tive in the tissues investigated. One possible explanation
for the difference in results was how the tissues were pro-
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essed. In Sasaki et al. [16], isolated nuclei were used,
hereas in Bomhard et al. [17], isolated whole cells were
sed. Although there was much discussion on this sub-
ect along with data from two groups which showed that
he method of tissue processing (i.e., isolated cells ver-
us isolated nuclei) did not have a qualitative effect on
he comet response, it was decided that more data were
eeded before a conclusion could be made and that any
nternational validation study should consider both pro-
essing methods.

.3. Concurrent measures of cytotoxicity

Cell death is a process that leads to DNA degrada-
ion. Thus, all test methods that evaluate primary DNA
amage, including the Comet assay, have the potential
o detect agents that are cytotoxic rather than genotoxic.
owever, since DNA damage in the Comet assay is

ssessed at the level of the individual cell, it is possi-
le in some cases to identify dead or dying cells by their
pecific image. Under alkaline conditions, necrotic or
poptotic cells can result in comets with small or non-
xistent head and large diffuse tails [18] as observed in
n vitro studies following treatment with cytotoxic, non-
enotoxic compounds [19–21]. However, such images
ay not be uniquely diagnostic for apoptosis or necro-

is since they may also be detected after treatment with
igh doses of radiation or high concentrations of strong
utagens [22]. For the in vivo Comet assay, only lim-

ted data are available to establish whether cytotoxicity
esults in increased DNA migration in tissues of exper-
mental animals. It was discussed that migration levels
etected at the time of sampling are dependent on the
issue and the slope of the dose response for a partic-
lar tested compound. For some chemicals, despite the
resence of necrosis or apoptosis in target organs such
s kidneys [23], testes [24], and liver or duodenum [11],
n increase in DNA migration was not observed. In con-
rast, enhanced DNA migration was seen in cells isolated
rom the livers of mice dosed with carbon tetrachloride
nder conditions that also resulted in necrosis, as deter-
ined from a histopathological examination [25]. It is

lso possible that at cytotoxic doses, a decrease in DNA
igration may be detected due to the loss of heavily

amaged or dying cells during sample processing and/or
lectrophoresis.

There was consensus on the need to include mea-
ures of cytotoxicity and to address the possible effects of

ytotoxicity in comet data interpretation. The suggested
ethods included: a dye exclusion test for membrane

ntegrity and metabolic competency [26] and determin-
ng the frequency of cells with low molecular weight
search 627 (2007) 31–35 33

DNA using the neutral diffusion assay [6,27]. The “Gold
Standard” for assessing levels of necrosis and apopto-
sis when an in vivo Comet assay gave positive results
was concluded to be histopathology. It was pointed out
that there was a need to standardize ways to present
histopathological findings.

2.4. Image analysis (IA) or manual scoring

A variety of commercial and freeware IA systems
are available for assessing DNA migration in individual
cells. In addition, manual scoring can also be used to
determine the length of DNA migration, the percentage
of cells with and without migration, or the proportion
of comets that can be “binned” into various migration
categories (generally one of five, from undamaged to
maximally damaged depending upon the tail length)
[28]. However, a limitation of this categorization method
may be a potential inability to take into account the den-
sity or shape of tails which can include short but dense
tails and long but sparse tails depending on the effects
of compounds tested. With IA systems, the most com-
mon parameters analyzed are the percentage DNA in the
tail (% tail DNA), tail moment, and tail length and/or
image length (referring to nucleus plus migrated DNA).
The percentage DNA in the tail is generally defined as
the fraction of DNA in the tail divided by the amount of
DNA in the cell multiplied by 100, while the tail length
is the distance from the middle or the estimated perime-
ter of the comet head to the last visible signal in the
tail. There are several measures of tail moment. The one
most commonly used, called the Olive tail moment, is
the product of the amount of DNA in the tail and the
mean distance of migration in the tail [29]. It is impor-
tant to note that some parameters (e.g., tail moment) may
be calculated differently among IA systems and this can
lead to quantitative differences, which can be problem-
atic when comparing inter-laboratory data.

The consensus was that IA is preferred but not
required. Heavily damaged cells exhibiting a specific
microscopic image (commonly referred to as hedge-
hogs) consisting of small or non-existent head and large
and diffuse tails [18] potentially represent dead or dying
cells and may be excluded from data collection. How-
ever, determining their frequency may be useful for data
interpretation. If IA is used, then % tail DNA appeared
to be the most linearly related to dose and the easiest to
intuitively understand [30]. However, there was no con-

sensus that this IA measure of DNA migration must be
the only one used. If some measure of tail moment is
used, than % tail DNA and tail length data must be pro-
vided also. Data on the distribution of migration among
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cells should also be presented. This is accomplished by
sorting cells within “bins” based on the metric used to
evaluate DNA migration and presenting the data as the
percentage of cells within each bin.

2.5. Historical negative/positive control data

The minimal number of studies needed was not
defined but enough studies need to be conducted to
demonstrate the stability of the negative/positive con-
trol data. Criteria for determining the acceptability of
new studies, based on historical control data, should be
developed for each tissue by each laboratory. There was
discussion on the background responses for negative
controls and there was a consensus that negative con-
trols should exhibit measurable DNA migration. How-
ever, there was no consensus as to how much mean
DNA migration was needed among the control cells. It
was recognized that the ability to detect chemicals that
predominantly induce DNA cross-linking, damage that
reduces the ability of the DNA to migrate, depends on
the extent of average DNA migration in the control cells.
Investigators who are attempting to detect such chemi-
cals will need to demonstrate the adequacy of their in
vivo Comet assay protocol for this purpose.

2.6. Minimal reporting standards

It was agreed that to ensure that all studies can be inde-
pendently evaluated, a minimum reporting standard for
regulatory submissions and publications will be devel-
oped. This standard will be consistent with OECD in
vivo genetic toxicology test method guidelines. Previ-
ous publications have covered some aspects of protocol
design and reporting [10,31].

2.7. Conclusions

In recent years, the in vivo Comet assay has become
increasingly used for regulatory purposes and accep-
tance of the test method by regulatory agencies is grow-
ing (reviewed in [8]). However, several issues on study
design and on data analysis and assessment that required
further investigation remain and it was these issues that
were discussed by the IWGT working group. In addition
to guidance provided in previous published guidelines
[6,10], consensus among the participants of the working
group was reached with regards to the selection of the

number of dose levels, the need to include concurrent
measures of cytotoxicity in the studies, the adequacy
of manual scoring, and the need to develop historical
control data. Consensus was also reached on the need
search 627 (2007) 31–35

for an international validation study to stringently eval-
uate the reliability and accuracy of the in vivo Comet
assay (as well as in vitro versions). This validation study
would compare, among other protocol issues, test results
obtained using isolated nuclei versus isolated whole cells
from various tissues.
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