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INTRODUCTION

This guide was developed at the request of ASTM Subcommittee E47.09 on Biomarkers in order
to aid toxicologists, geneticists, biochemists, other researchers, and interested persons in the
understanding, performance, and analysis of the mammalian cell mutagenicity test that uses the
TK+/−-3.7.2C strain of L5178Y mouse lymphoma cells. In this rapidly changing area of toxicology, it
is not intended for this guide to replace, alter, or diminish the usefulness of presently available
protocols and procedures.

1. Scope

1.1 The purpose and scope of this guide is to present
background material and to establish criteria by which proto-
cols and procedures for conducting the L5178Y/TK+/−-3.7.2C
mouse lymphoma mutagenicity assay (commonly referred to as
the mouse lymphoma assay, (MLA)) can be properly under-
stood and evaluated. This guide is also intended to aid
researchers and others to gain a better understanding of the
critical elements involved with mammalian cell mutagenicity
testing. More specifically, this guide is intended to provide for
researchers the accomplishment of the following goals:

1.1.1 Provide an understanding of the critical procedures
(steps) in the performance of this mammalian cell mutagenicity
test.

1.1.2 Provide generalized criteria by which researchers can
evaluate if they are properly performing, utilizing, and inter-
preting this assay.

1.1.3 Provide criteria by which individuals responsible for
evaluating MLA data can determine if the experiments have
been properly performed and interpreted.

1.1.4 Provide a basis from which new procedures and
developments in testing procedures can be evaluated.

1.1.5 Provide an understanding of the types of genetic
damage (that is, gene and chromosome mutation) that may be
detected in this mammalian cell mutagenicity test.

2. Terminology

2.1 Definitions:

2.1.1 clastogen—any agent that is capable of inducing
chromosome breaks.

2.1.2 gene mutation—any heritable change whose physical
extent is restricted to the limits of a single gene.

2.1.3 mutagen—any physical or chemical agent capable of
inducing a mutation.

2.1.4 mutation—any heritable change in the genetic mate-
rial, not caused by genetic segregation or genetic recombina-
tion, and that is transmitted to daughter cells.

2.2 Definitions of Terms Specific to This Standard:
2.2.1 chromosome mutation—a mutation resulting from a

structural change to a chromosome involving the gain, loss, or
relocation of chromosome segments. Chromosome mutations
can be either intrachromosomal or interchromosomal.

2.2.2 relative suspension growth (RSG)—used to measure
the cytotoxicity of a given treatment based on the growth of
cells in suspension culture relative to the untreated or solvent
control(s). RSG is calculated according to the method of Clive
and Spector(1).2

2.2.3 relative total growth (RTG)—used as a means to
measure the relative toxicity to cells (survival) following
treatment in the mouse lymphoma assay. RTG is calculated
according to the method of Clive and Spector(1) and includes
RSG as well as the ability to form colonies in the clonal phase
of the assay.

2.3 Symbols:
2.3.1 BrUdR—5-bromo-28-deoxyuridine.
2.3.2 BUdR—bromouracil deoxyriboside.
2.3.3 CAS—chemical abstract service.
2.3.4 DMSO—dimethylsulfoxide.
2.3.5 MLA—mouse lymphoma assay.

1 This guide is under the jurisdiction of Committee F04on Medical and Surgical
Materials and Devices and is the direct responsibility of Subcommittee F04.16 on
Biocompatibility Test Methods.

Current edition approved Sept. 10, 2003. Published September 2003. Originally
approved in 1989. Last previous edition approved in 1997 as E 1280 – 97.

2 The boldface numbers in parentheses refer to the list of references at the end of
this guide.
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2.3.6 NADP—nicotinamide-adenine dinucleotide phos-
phate.

2.3.7 TFT—trifluorothymidine.
2.3.8 THMG—thymidine + hypoxanthine + methotrexate +

glycine.
2.3.9 VC—viable count(s).

3. Significance and Use

3.1 This guide is limited to procedures used solely for the
testing of substances to determine their mutagenicity and does
not apply to other methods and uses such as exploring
mechanisms of mutation.

3.2 Recent evidence suggests that this assay measures a dual
genetic end point; therefore, some discussion of the relation-
ships between mammalian cell mutagenicity testing results and
the results observed both in pure gene mutational assays and in
cytogenetic assays is necessary. However, it is not the intent of
this guide to discuss other relationships between this mamma-
lian cell mutagenicity testing results and the results observed in
other tests for mutagenicity and carcinogenicity.

4. Test Materials

4.1 Media—Fischer—(2) successfully adapted L5178Y
mouse leukemic cells to growth in suspension culture using
F10 (Gibco H-11) medium. In developing and validating the
L5178Y mouse lymphoma assay, Clive and associates(1)
routinely used Fischer’s medium; however, other laboratories
have recently validated the assay with RPMI 1640 medium
(3-5). Either medium can be used; however, it is important to
note several differences between them. The most important of
these is the large difference in phosphate concentration, a factor
which can affect the stringency of trifluorothymidine (TFT)
selection in RPMI medium(6) if proper precautions concern-
ing heat inactivation and quality of horse serum are not taken
(7); (see 4.1.4.1). Secondly, the effective concentrations of
cleansing medium components is dependent on the type of base
medium used (see 4.1.4.2). It is recommended that critical
components (for example, horse serum) be heat-inactivated
either separately or after combination. Fischer’s medium is
photosensitive in liquid formulations!

4.1.1 Base Medium—A base medium is generally prepared
from powdered formulation or is purchased as a 103 or 13
liquid. Some laboratories prepare 23 medium which can be
used for a variety of media preparations. Pluronic F683 must be
added to the base medium to facilitate growth in suspension
culture. Other supplements usually include antibiotics, sodium
pyruvate, and occasionally, glutamine. Refer to references in
4.1 for suggested concentrations.

4.1.2 Growth Medium—Growth medium is prepared by
supplementing the base medium with horse serum, usually
10 % by volume.

4.1.3 Cloning Medium—Cloning medium is growth me-
dium further supplemented with agar (Noble, purified, or

Baltimore Biological Laboratories (BBL); see Ref.(8)) and
often with additional serum. Each investigator should deter-
mine serum and agar concentrations that yield the best cloning
conditions in their laboratory. See references in 4.1 for agar and
serum concentrations as they vary between laboratories. Serum
concentration is often adjusted to 20 % in the cloning medium
since this concentration has been reported to provide the
highest cloning efficiency for L5178Y cells(9); however, this
optimum may vary among lots of horse serum and among
laboratories.

4.1.4 Selective Media—There are two types of selective
media routinely used in the MLA: cloning medium supple-
mented with TFT to permit quantitation and characterization of
TK−/− mutants; and THMG cleansing medium which keeps the
spontaneous TK−/− mutant frequency at a minimum, thereby
optimizing the assay sensitivity.

4.1.4.1 TFT Selection—Cloning medium supplemented
with TFT is used to arrest growth of TK+/− cells and to allow
clonal growth of TK−/− cells. The optimal concentration of TFT
may vary among laboratories, but is usually in the range of 1
to 5 µg/ml. Those laboratories utilizing RPMI 1640 medium
may find it necessary to use a TFT concentration at the higher
end of this range. Each laboratory should establish the efficacy
of their TFT selection by appropriate means. Differential lots of
horse serum vary in their ability to inactivate TFT, possibly
resulting from varying amounts of the enzyme thymidine
phosphorylase. This enzyme, in the presence of inorganic
phosphate, converts TFT to an inactive form. The approxi-
mately sixfold higher level of inorganic phosphate present in
RPMI 1640 medium (relative to Fischer’s medium) drives this
inactivation more rapidly in RPMI-based cloning medium if
the serum is improperly heat inactivated, thereby critically
decreasing TFT-selection stringency in the mutant selection
plates. This can be overridden by a combination of increased
TFT concentration, extra attention to the proper heat inactiva-
tion of the horse serum (that is, ensure that the serum reaches
56°C prior to initiating the 30 min incubation; Mayo, unpub-
lished data)(2, 11), and stringent screening of serum lots prior
to routine use in the assay.

NOTE 1—Historically, 5-bromo-28-deoxyuridine (BUdR; BrUdR) has
been utilized with this assay to select for TK−/− cells. TFT has been shown
to be a more effective selective agent, and the use of BUdR is discouraged
(10).

4.1.4.2 THMG Cleansing—Cleansing medium (growth me-
dium supplemented with THMG) is one method used to rid the
stock culture of spontaneously accumulated TK−/− mutants. It
is composed of: methotrexate (M), to block folate-dependent
thymidylate synthase production of thymidine monophosphate
(TMP), thus forcing the cells into dependency on the TK
salvage pathway of TMP synthesis; thymidine (T) and hypox-
anthine (H), to bypass the folate block in TK-competent cells;
and glycine (G) as a methyl group source. In TK−/− mutant
cells, the exogenous thymidine cannot be phoshorylated, and
these cells die from TMP deficiency. Following 24-h growth in
the cleansing medium, the stock culture is centrifuged and the
cells are washed free of unbound methotrexate and resus-
pended in growth medium supplemented with THG (that is,
THMG without methotrexate) for 1 to 3 days. This permits the

3 The sole source of supply of the apparatus known to the committee at this time
is BASF Wyandotte Corp., Wyandotte, MI 48192. If you are aware of alternative
suppliers, please provide this information to ASTM International Headquarters.
Your comments will receive careful consideration at a meeting of the responsible
technical committee,1 which you may attend.
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cells to fully recover from the remaining bound methotrexate
and resume synthesis of TMP and purines by the folate-
dependent pathways. Cells should be allowed to totally recover
from the metabolic stress of the cleansing procedure (about 2
to 3 days) before being used in a test.

4.1.4.3 While it has been suggested that the cleansing
procedure be performed on a weekly basis, some laboratories
may find a less frequent cleansing schedule acceptable, pro-
viding a low background mutation frequency is maintained.
Other alternatives include: freezing populations of freshly
cleansed cells and thawing them a few days prior to use; using
cultures grown for a very low inoculum (ca. 600 cells/culture;
however, this method suffers from potential genetic drift
problems which could alter this well-characterized cell line); or
maintaining an uncleansed population of cells and cleansing a
portion of these cells prior to use. In these cases the exposure
of TK+/− cells to methotrexate, which, in the absence of THG
is known to induce mutations, can be reduced to a minimum.
For specific concentrations of the ingredients and cell popula-
tions used in the cleansing step, refer to references in 4.1. It is
important to note for those laboratories utilizing RPMI 1640
medium, that slightly higher concentrations of THMG and
THG are required, as noted in the literature.

4.1.5 Quality Control of Media—The quality of culture
media is a common cause of problems with the MLA. A
number of factors are known to contribute to variations in
medium quality, the principal ones being water quality and
exposure of liquid Fischer’s medium to excessive light. An-
other identified source of assay problems is the lot and source
of agar(8) and the problem of the use of a dirty autoclave to
sterilize the agar. Serum requires particular precautions with
RPMI medium(7, 11); see 4.1.4.1. For these reasons, rigorous
methods for media quality control should be established for
each laboratory to address the ability to support: (1) suspension
growth of both low (#1000 cells/mL) and high (>13 106

cells/mL) cell inocula, (2) high cloning efficiencies under
nonselective conditions, (3) adequate recoveries of small and
large colony TK−/− mutants, and (4) appropriate diameters of
nonmutant and both classes of mutant colonies. Each of these
quantities should be consistent with published literature values.

4.2 Metabolic Activation System—The metabolic activation
system may take the form of either whole cells (for example,
cocultivated rat hepatocytes(12 and 13)) or cell homogenates
(for example, Aroclor-1254–induced rat liver S9(14); Aroclor-
1254–induced hamster or mouse S9(15)).

4.2.1 Sources—Preparations designed to provide metabolic
activation may be prepared from a variety of sources depend-
ing on the needs of a particular assay. Factors which may vary
include, for example, species, sex, tissue, age, method of
induction, and method of preparation.

4.2.2 Cofactor Mixes for Enzyme Preparations—should be
shown to support enzyme activity, as measured either directly
or by a biological effect. Commonly used cofactors include
NADP in conjunction with either sodium isocitrate or glucose-
6-phosphate(3, 5, 14-16).

4.2.3 Metabolic Activities—The metabolic activation sys-
tem to be used should be capable of converting appropriate
known promutagens to mutagens while causing little or no

toxicity or mutagenicity to the mouse lymphoma cells in the
solvent control culture(s).

5. Test Method

5.1 Test Principle—The mouse lymphoma assay utilizes a
strain (TK+/−-3.7.2C clonal line) of L5178Y mouse lymphoma
cells that has been made heterozygous at the TK locus(17).
These cells contain the TK enzyme and are sensitive to the
cytostatic and cytotoxic effects of appropriate concentrations of
TFT (10). Forward mutations to the single functional TK gene
can result in the loss of TK activity and thus the acquisition of
TFT-resistance. These mutant cells can be quantitated after an
appropriate expression period by cloning in a soft agar medium
supplemented with the selective agent, TFT(10, 18). A number
of protocols have been described(1, 14-19). The assay has
been adapted to detect a wide variety of mutagens including
those requiring exogenous metabolic activation.

5.2 Description of Test System:
5.2.1 Cell Line—The MLA uses the TK+/−-3.7.2C heterozy-

gote of L5178Y mouse lymphoma cells(17). This cell line has
been cytogenetically characterized by banded karyotype at the
230 to 300-band level of resolution(20 and 21). The chromo-
some 11 homologs, the known location of the TK gene in the
mouse (22), have been shown to possess a centromeric
heteromorphism that distinguishes the chromosomes 11a and
11b (small and large centromeres, respectively)(23). Through
banded karyotype analysis of a large number of TK−/− mutants,
this property has allowed the provisional mapping of the single
functional TK gene to the terminal two-band region of chro-
mosome 11b in this cell line(23). It is recommended that these
cells be obtained from D. Clive in order to minimize interlabo-
ratory variability.

5.2.2 Mutational End points—This cell line forms two
classes of TK-deficient (TFT-resistant) mutants based on the
criterion of colony size in soft agar cloning medium supple-
mented with a selective concentration of TFT. Both large and
small TFT-resistant colonies are totally and heritably TK-
deficient by direct enzyme assay(6, 14, 18, 24, 25). Further,
the majority of small colony TK-deficient (sTK−/−) mutants
possess chromosome 11b abnormalities ranging from two band
insertions or deletions up to whole chromosome translocations,
whereas most large colony TK-deficient (lTK−/−) mutants
appear karyotypically indistinguishable from the parental TK+/

−-3.7.2C cells at this same level of resolution(25-27). Thus, the
mouse lymphoma assay appears to detect genetic damage
ranging from single gene alterations to viable chromosomal
damage affecting the TK locus.

5.2.3 Storage—These cells should be properly stored in
liquid nitrogen according to published procedures(1, 3).

5.2.4 Integrity of the Test System—There are a number of
parameters that can be monitored to assess the integrity of the
test system. Each laboratory should establish quality control
criteria, consistent with the published literature, in order to
establish optimum quality of such variables as: water, media
components, horse serum, incubator conditions, TFT, agar,
plastic or glass cell containers, cell and colony counters, and so
forth. Monitoring the following factors is especially important
for the establishment of historical data and ranges in a
particular laboratory.
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5.2.4.1 Cell Growth Rates—Each laboratory should estab-
lish cell growth conditions so that stock cells are maintained in
exponential growth with a population doubling time of 106 2
h. Special attention should be given to the growth rate and
general appearance (including microscopic examination) of
cell populations following the THMG cleansing procedure. A
slight reduction in the growth rate at this time is not unusual
but major deviations from the normal range indicate subopti-
mal health of the cells, a problem with the cleansing medium,
or possible mycoplasma contamination.

5.2.4.2 Plating (Cloning) Effıciencies—Plating efficiency
may be a good indicator of the health and vigor of the cells at
the end of the expression period, but in general it probably is
a better indicator of how well the cloning process and
subsequent incubation were controlled. Ideally, absolute plat-
ing efficiencies (PE) of the solvent control cultures should be at
least 75 %, but lower efficiencies are acceptable providing the
results of the experiment are not compromised. Some factors
that may reduce cloning efficiency are: (1) temperature of the
cloning medium (CM); (2) viscosity of CM; (3) pH of CM; (4)
improper disaggregation of cell clumps prior to addition to
CM; (5) poor control of pH and temperature during the
incubation period; (6) insufficient duration of the incubation
period; (7) poor quality of medium components, especially
serum and agar(8); and (8) overgrowth of cells in suspension
culture prior to cloning. Assays with negative results would be
considered acceptable if the PE of the solvent control cultures
are at least 60 %. Assays with strong dose dependent responses
may be acceptable with lower cloning efficiencies (that is,
50–60 %), but should be judged on a case-by-case basis; a
repeat assay is strongly recommended in such instances. An
experiment with a solvent control PE below 50 % is unaccept-
able. An experiment with a solvent control PE exceeding
100 % is acceptable providing it does not jeopardize the proper
assessment of mutagenicity. Experiments consistently produc-
ing PE’s exceeding 100 % may indicate technical error asso-
ciated with cell or colony counting or the cloning procedure, or
both. A solvent control PE exceeding 150 % is unacceptable.

5.2.4.3 Spontaneous Mutant Frequency—The spontaneous
(background) mutant frequency may vary considerably among
laboratories and even within the same laboratory. Each labo-
ratory should use not only published ranges of response but
also its own historical data base with self-imposed limits for
determining an acceptable spontaneous mutant frequency. The
presence of the metabolic activation system may increase,
decrease, or leave unaffected the spontaneous mutant fre-
quency. TK+/− cells require appropriate periodic purging of
TK−/− cells (see 4.1.4.2) that are accumulating spontaneously
in the stock population. Such cleansing on a regular basis will
decrease the background mutant frequency and is required to
prevent inflated background mutant frequencies.

5.2.4.4 Positive and Negative Controls—Presently, there are
no mandatory reference substances for use as concurrent
positive or negative controls, or both. However, negative
controls are usually cultures treated with the solvent used to
solubilize and dilute the test compound. Only concentrations of
solvent that have no effect on cell growth, cell survival, and
mutant frequency should be used. Solvents commonly used in

the MLA are dimethylsulfoxide (DMSO), saline, water, serum-
free medium, ethanol, and, less frequently, acetone. These
solvents have no detectable effect when applied at concentra-
tions of 1 % or less. If higher concentrations or alternate
solvents are used, sufficient testing should be performed to
establish acceptable limits. If a substance is being tested under
metabolic activation conditions, the negative controls should
also be run under those same conditions. Select positive control
compounds for the purpose of detecting any compromise of
integrity of the test system. If the test compound is being
assessed in the presence and absence of an exogenous meta-
bolic activation system, then a direct-acting mutagen and one
requiring metabolic activation must be included in the assay as
positive controls. A data base for each positive control com-
pound sufficient to establish upper and lower response limits
for the dose(s) used should be established prior to using them
to evaluate an assay’s acceptability. Assays with negative
results having positive control responses below the acceptable
range must be repeated; negative assays having positive control
responses above the acceptable range should be carefully
evaluated before acceptance.

5.2.5 Metabolic Activation—Test compounds should be
tested both in the presence and absence of a suitable exogenous
mammalian-metabolic activation system to permit the detec-
tion of mutagenic metabolites. (An exception might be made
for testing under only one condition of metabolic activation if
the test compound is clearly positive under that condition.) The
metabolic activation system usually used in the MLA is
Aroclor-induced rat liver S9-plus cofactors. However, the
selection of the activating system should be flexible, allowing
the investigator to select the system that optimizes the metabo-
lism of the test compound. Therefore, the activation system
should be chosen on the basis of its potential for activating the
test compound, and should be monitored for its ability to
induce an acceptable response in the positive controls.

5.2.6 General Testing Procedure—Although there are a
variety of procedures that can or should be used, the following
provides a description of the test as generally performed.

NOTE 2—These cells are adapted to suspension growth and should be
grown with adequate agitation (to maintain normal cell doubling times)
except after pouring plates for the cloning phase.

5.2.6.1 Solubility Determination—Prior to the first MLA
experiment, the compound’s solubility in solvents of choice
should be determined. For DMSO and certain other nonaque-
ous solvents (5.2.4.4), a target stock concentration is 100 times
the highest concentration expected to be tested to provide a
final solvent concentration no greater than 1 %; lower mul-
tiples of the highest expected test concentration are sufficient
for saline, water (with due regard for nutrient dilution or
hypotonicity), or serum-free medium. In instances of low
solubility relative to cytotoxicity, a 1.03 stock solution can be
prepared in serum-free medium; this can be added to cells
pelletted from their growth medium in their individual tubes. In
addition, certain test conditions may require the extraction of
insoluble materials (that is, medical devices, or biomaterials)
with subsequent testing of leachates. However, the solvent
used for leaching the materials should adhere to the constraints
mentioned above for solvent type and concentration.
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5.2.6.2 Toxicity (Range-Finding) Test—A preliminary
range-finding test is usually conducted at concentrations span-
ning several orders of magnitude, both in the presence and
absence of an appropriate exogenous mammalian-metabolic
activation system. Toxicity in the range-finding test is usually
expressed as RSG or RTG. Final testing is conducted in the
presence and absence of mammalian metabolic activation at
several concentrations based on the results of the range-finding
test. These concentrations should include one that will produce
a RTG approaching 10 % that of solvent controls, where
possible, and necessary to demonstrate mutagenicity. The
highest concentration used will depend on the solubility and
toxicity of the test compound but generally should not exceed
5 to 10 mg/mL. Selection of the maximum treatment level
should be made on a compound-by-compound basis with
special attention to factors such as solubility, toxicity, osmo-
larity, trace contaminants, and pH of the test material, each of
which might contribute to the induction of a mutagenic effect
(28-30).

5.2.6.3 Treatment—Sufficient numbers of cells should be
treated to permit adequate statistical conclusions. Their treat-
ment should be for long enough time and to high enough
concentrations of test compound to permit adequate assessment
of mutagenic activity. Treatment of 63 106 cells with the
appropriate concentrations of test compound or substance is
typically for 4 h at37°C. Each series of treatments (that is, with
or without exogenous metabolic activation) consists of at least
duplicate solvent controls, appropriate positive control(s), and
culture(s) at each dose level. It is possible to obtain a false
positive result if the spontaneous mutant frequency is too low
for the number of cells treated. For example, a typical
nonmutagenized culture containing 63 106 cells could, when
treated to 10 % RSG, contain as few as 63 105 TK+/− cells if
cell killing were immediate. This would leave in such a treated
culture as few as 12–60 TK−/− mutants (corresponding to
spontaneous mutant frequencies of (20–100)3 10−6). A posi-
tive result could occasionally arise at the low end of this range
solely from stochastic effects. For this reason, sufficient cells
should be treated in each culture to avoid such stochastic
effects.

NOTE 3—Many laboratories prefer to dose in duplicate or triplicate.
Following treatment, the cells are washed free of compound or substance
by repeated centrifugations and resuspended in fresh culture medium at a
cell concentration, usually in the range of 2:33 105 cells/mL, that is
compatible with continued exponential growth.

5.2.6.4 Expression—Each treated and control culture is
typically maintained with sufficient agitation for around 2 days
at 37°C with daily cell counts and dilutions to maintain
exponential growth and to allow expression of any induced
TK−/− mutations(31). Expression periods of shorter or longer
duration may be optimal for certain compounds and should be
determined if optimal positive responses are required. Expres-
sion times significantly longer than 2 days may result in a
negative response even for mutagenic agents(14, 31).

5.2.6.5 Cloning—Following expression of induced TK−/−

mutants, appropriately selected cultures are cloned in soft agar
cloning medium to determine the number of viable cells (VC
plates; 300 to 600 cells per culture) and the number of mutants

in the presence of stringent selective concentrations of TFT
(TFT plates; (1.5–3.0)3 106 cells per culture). Cloned cells
are incubated at 5 % CO2, 37°C for 9 to 12 days to allow
colonial growth; the optimal conditions should be determined
for each laboratory.

5.2.6.6 Scoring and Sizing Colonies—After incubation,
each set of VC and TFT plates is scored for number of
colonies. In addition, the colonies on the TFT plates can be
electronically sized in order to determine the number of large
and small colony mutants.

6. Test Data

6.1 Treatment of Results:
6.1.1 Total Growth—Most mammalian cell mutagenicity

assays determine survival by cloning shortly after treatment.
One difficulty with this is that, for a few hours following
treatment by some compounds, some cells cannot survive
when sparsely distributed (as in a determination of plating
efficiency) but can survive under crowded tissue culture
conditions where, for example, metabolic cooperation effects
can occur; this results in a spuriously low estimation of
survival. Since mutants and mutant progenitors are carried in
mass culture, it makes more sense to measure viability under
the same conditions. To measure the cytotoxic effect of a given
treatment, a quantity called total growth is measured in the
MLA. This amounts to determining, for each cell entering into
the treatment, how many progeny are produced, relative to
solvent traded controls, by the time that the cells have
recovered from the treatment. Cells unable to divide a mini-
mum of approximately 10 times will not form detectable
colonies, resulting in a decrease in total growth. In addition,
viable cells with transiently suppressed growth rate will have a
somewhat decreased total growth due to slower growth in
suspension culture; these later may form detectable colonies.
Thus, total growth can serve as a sensitive indicator of relevant
chemical-biological interactions that plating efficiency deter-
minations would miss.

6.1.2 Gathering Data—All data should be collected in an
orderly fashion to facilitate a rapid and accurate assessment of
mutagenicity. Data should be well documented and should
include all pertinent information regarding (1) maintenance of
cell stock cultures; (2) preparation of all cell cultures for
testing; (3) cell counts and post-exposure manipulations (days
one and two); (4) suspension growth; (5) individual and mean
colony counts; (6) cloning efficiencies; (7) total survivals (or
total growths, both absolute and relative); (8) mutant frequen-
cies; (9) relative proportions of large and small mutant colonies
(optional but desirable); and (10) any other preferred mutation
indices or statistical procedure applied, or both. Depending on
the scope of the operation, a laboratory may automate certain
aspects of the assay. For example, the use of a Coulter particle
counter and electronic colony counter interfaced with a data
acquisition system adds to the timeliness and accuracy in the
collection and calculation of data.

6.1.2.1 Daily Growths—Monitoring daily growth verifies
that the solvent control cells yield normal growth rates. In
treated cultures, the presence and extent of cytotoxicity is
measured and compared to concurrent negative controls. While
many laboratories utilize a Coulter counter in assessing daily
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cell counts, others prefer a light microscope and hemacytom-
eter for cell counting; although this latter procedure is more
labor intensive and time consuming, when performed with
trypan blue stain a crude measure of cell viability can be
obtained.

6.1.2.2 Counting VC Plates—After a suitable incubation
period (see 5.2.6.5), the petri dishes are examined for artifac-
tual particles and colonies are counted. This can best be done
with an electronic colony counter for reasons of speed and
possible direct interface with a computer. With proper calibra-
tion, electronic colony counter compares favorably with
manual counting without the disadvantage of scorer fatigue.
Generally, VC plates do not require the sizing of colonies,
which are mostly uniformly large. The VC plates measure
cloning efficiency (CE) that should fall within certain limits
(see 5.2.6.5). The CE values may be responsible for the
rejection of one or more treatments within an experiment or
even the entire experiment; therefore, the proper counting and
reporting of VC plate counts is necessary.

6.1.2.3 Counting Mutant Colonies—There are similar ad-
vantages to using an electronic colony counter for counting
mutant colonies. Further, important information on the type of
genetic damage being induced can often be obtained by sizing
the mutant colonies in addition to simply counting them. It is
important to determine the limits of the particular colony
counter in counting the very smallest of the small colonies
(25). Most electronic counters do not count all colonies, and no
attempt is made to adjust for the varying number (by chemical
and dose) of very small colonies that occur on a plate.

6.1.2.4 Sizing Mutant Colonies—Two classes of TK-
deficient (TFT-resistant) mutants, based on colony size and
relating to the type of genetic damage induced, have been
identified in the MLA (see 5.2.2). Certain compounds such as
methyl methanesulfonate and hycanthone produce predomi-
nantly small colony mutants; a few compounds, such as ethyl
methanesulfonate, produce predominantly large colony mu-
tants. However, most compounds produce a bimodal popula-
tion of TK-deficient mutant colonies(14, 32). For these reasons
some laboratories may choose to quantitate the frequencies of
each of these two types of mutant colonies. It is important that
all colonies be scored in the assessment for mutagenicity
although, at present, separate enumeration of small- and
large-colony mutants is not universal.

6.1.3 Entering Data—Daily cell concentration determina-
tions and individual plate counts must be recorded in a
permanent manner. Total growth and mutant frequency should
be calculated for each treated and cloned culture, and concur-
rent control data should be added to the historical control data
base.

6.1.4 Plotting Data (optional)—When test data are clearly
negative, graphical representation does not usually provide
additional information and ordinarily need not be done (except
for the purpose of accumulating historical data, especially in
cases in which data acquisition and processing are fully
automated). Visualization of data in graphical form often aids

in their interpretation, so that manual or computer-directed
plotting of results is a useful step.

6.2 Statistical Evaluation—Many test results are clearly
negative or positive, and statistical analysis is not needed to
provide this answer. What is needed by investigators using the
test is a consistent and acceptable method for analyzing
experiments, especially those with questionable results. Many
laboratories use the “twofold” or “modified twofold” rule,
although this approach does not formally take into account the
differences and variability in spontaneous backgrounds among
various laboratories. Since most dose response curves in the
MLA are nonlinear, analysis of variance based on linear
models is inappropriate. Where there is doubt, investigators are
encouraged to incorporate the use of an established statistical
method into data analyses providing, of course, that the method
is appropriate for MLA data and the appropriate statistical
assumptions are met.

6.2.1 The majority of test data in the literature has not been
evaluated using formal statistics. In general, decision of
positive and negative are made on an ad hoc basis. A number
of reports in the literature rely either on statistical methods or
on the twofold rule. This rule states that if a doubling of mutant
frequency over an appropriate background(14) is seen (for
example, mutant frequencies in excess of 1203 10−6 for a
concurrent mean background mutant frequency of 603 10−6),
the chemical is considered mutagenic. The number of doses or
replicates is not a factor in this evaluation. The mutagenic and
cytotoxic responses should be reproducible and preferably dose
related. Generally a mutagenic response is more convincing if
more than one dose is positive by this criterion.

6.2.2 Recently, a number of statistical procedures have been
proposed for the MLA(4, 14, 33-36), but there is no consensus
as to which particular procedure(s) should be used for data
evaluation. It is clear, however, that regardless of the statistical
evaluation procedure used, the data evaluated must meet a
number of criteria, such as: it must be derived from a defined
protocol covering a range of doses both with and without
metabolic activation, the results should be reproducible, and
the anticipated carcinogenicity or noncarcinogenicity of the
chemical must not be a consideration in the evaluation.

6.3 Interpretation of Results—Before results can be inter-
preted, a number of experiments must be performed in each
laboratory so that quality control criteria can be defined. These
quality control criteria may include limits on the ranges of
suspension growth, mutant frequency, and cloning efficiency
for the solvent and positive controls, as well as toxicity limits
for the treated cultures. While general guidelines can be
obtained from the literature, these quality control criteria
should be determined for each individual laboratory and should
be consistent with literature values. Experiments with known
mutagens/carcinogens and nonmutagens/noncarcinogens
should be performed in each laboratory to establish response
criteria.

6.3.1 After quality control criteria have been applied to a set
of data, the results can be evaluated. The methods used must be
consistent from experiment to experiment and have a justifiable
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scientific basis. The reproducibility of a particular response
elicits confidence when analyzing results, especially for com-
pounds manifesting a weak mutagenic response. Such repro-
ducibility may be demonstrated by performing replicate ex-
periments and may be further substantiated by treating
replicate cultures. For clearly positive responses, replicate
experiments can often be obtained by cloning the appropriate
portions of the dose-ranging experiment and comparing those
limited results with the results of the subsequent mutagenicity
experiment.

6.3.2 An appropriate statistical approach may be helpful in
interpreting certain results. Compounds, mixtures, or prepara-
tions that produce mutagenic responses that meet the statistical
criteria for a positive response may be considered to be positive
under the particular experimental conditions. Statistical criteria
should include an analysis of individual doses as well as an
analysis of the trend of the dose response curve. Experiments
that are positive only after precipitation or under conditions of
high osmolarity, low pH, or other extreme condition should be
noted. If results show a response of marginal significance at
only one concentration, efforts should be made in a repeat trial
to select doses around that concentration.

6.3.3 Requirements for Declaring a Chemical or Test Mix-
ture Mutagenic—After the experiment has been subjected to
the quality control criteria, the data over an appropriate relative
total growth range(4, 14, 37)should be evaluated for doses
that are positive and for trends in the dose response. Statistical
methods or a twofold rule may be applied to the data; in all
instances, the appropriateness of the method should be consid-
ered. If, after applying these principles to the test data, the
compound cannot be evaluated as positive, then an evaluation
of questionable or negative mutagenicity should be applied to
the result.

6.3.4 Requirements for Declaring a Chemical or Test Mix-
ture Nonmutagenic—An experiment can be called negative
only if the quality control criteria set up by that laboratory are
strictly met. In particular, positive controls results must be
unambiguous (5.2.4.4). In addition, minimum upper dose
criteria must be met, based either on concentration or cytotox-
icity. Test concentrations should be spaced sufficiently close to
preclude missing mutagenic activity on a steep survival curve.
Only when these minimal conditions are met can a compound
be considered to be nonmutagenic under the experimental
conditions to which it was subjected. Experiments that meet
the quality control criteria but cannot be evaluated as positive
or negative should be considered questionable.

7. Test Report

7.1 General—The test report, whether for submission to a
journal or other forums for publication in the open literature or
for submission to a regulatory agency, should be as complete as
possible and should contain: (1) enough detail to insure the
reviewer that the test was performed according to accepted
procedures, and (2) sufficient data to allow verification of the
results. Certain critical elements that should be considered by
the investigator when preparing a report are set forth below.
Where the needs of the two types of report may differ, this is
noted.

7.2 Title—The title should be as complete as possible and
should accurately reflect the content of the report.

7.3 Test Agent—The name used to identify the test agent
should be as complete as possible and may include the
Chemical Abstract Service, (CAS) registry number, if avail-
able, and any commonly used synonyms. A representation of
the molecular structure may be given. The source and, if
appropriate, lot number of the test agent should be supplied.
Complete information as to purity should be given; if analysis
for purity has been performed, the method used may be
referenced. Analyses not performed by the author of the report
may also be referenced. A distinction should be made between
technical and reagent grade substances, if appropriate. Test
agents used as they were received from the supplier with no
further attempt at analysis or chemical identification should be
noted. Mixtures should be identified, and the percent compo-
sition of components should be given, if known or readily
available. The solvent used should be identified, and the
stability of the test agent both in the solvent and under
laboratory storage conditions should be given, if known. Any
special procedures used to enhance stability (for example,
storage in the cold or dark) should be noted. The physical
properties of the test agent may be described, and the physical
state tested may be given. The interval between receipt of the
chemical, preparation of stock solutions, and use in the assay
should be stated, and storage conditions during this time should
be noted. Any other information about the test agent which the
author feels would be relevant should be presented. Where the
information is not available or is deemed inappropriate by the
author, this should be noted, especially for reports that may be
presented to a regulatory agency for review and evaluation.

7.4 Test System—The test system should be well docu-
mented, and the cell source identified. Procedures used in
maintaining the efficacy of the test system, that is, screening for
mycoplasma contamination, mutant cleansing (THMG), en-
zyme analysis, karyotyping, etc should be clearly described in
the standard operating procedures. Any additional procedures
or modifications to the test system must be clearly outlined and
explained.

7.5 Procedures—When writing for submission to a journal
or other open literature publication, the author should bear in
mind that the aim of this section is to permit repetition of the
test conditions and to insure reproducibility of the reported
results. Methods should be reported as concisely as possible
with references to well-established procedures; such citations
should be to seminal papers, not to secondary sources. In
preparing a report for agency submission, the author should
bear in mind that the aim of this section is verification that the
test was performed according to acceptable standards; any
information relevant to this determination should be presented.
In particular, the procedures used should be detailed as
completely as possible. When a published guideline (for
example, Organization for Economic Cooperation and Devel-
opment (OECD) or Environmental Protection Agency (EPA))
is being followed, this should be clearly stated. Modifications
to the guidelines, to the stated protocol, or to any relevant
laboratory standard operating procedures (SOP) should be
documented, and the reasons for deviations should be clearly
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stated. Relevant SOPs (for example, for preparation of the
metabolic activation system) should be retained by the author
and a copy submitted upon request.

7.6 Experimental Design—This section should include the
number of concentrations tested, the rationale for dose selec-
tion, toxicity information, and information on factors that may
affect the results. The latter may include, but is not limited to,
solvent, pH deviations, duration of treatment, composition of
the media, artificial lighting conditions, and length of incuba-
tion of mutant and viable count plates. The number of
replicates, both within an experiment and of the entire experi-
ment, should be indicated. Positive and negative control data
should be presented; for submission to a regulatory agency the
historical range of mutant frequencies should be given. Details
of the metabolic activation system used should be presented.
This may include but is not limited to, supplier, biologic
source, enzyme inducers, method of preparation, storage con-
ditions, procedures followed during use, composition of the
cofactor mix. Again, the author should present any information
relevant to evaluation of the study design and interpretation of
the results.

7.7 Results—Primary data sufficient to verify the results
should be presented. If graphic presentations are included in a

test report, they should be accompanied by numeric data.
Transformed data should not be presented unless the method of
transformation is clearly defined and sufficient primary data is
presented to permit verification of the transformation. If the
data are to be submitted to a regulatory agency, RTGs as well
as VC and TFT plate counts should be presented for each
treated culture as well as for solvent and positive control
cultures.

7.8 Data Evaluation—The author should clearly state the
data evaluation criteria and should apply appropriate statistical
methodology where applicable.

7.9 Study Acceptability—For regulatory purposes, the crite-
ria for acceptability of a study should be clearly stated. Any
studies which are not acceptable by the author’s criteria should
be cited and the reason for rejection given.

7.10 Good Laboratory Practices (GLP)—The test report
should clearly state if GLPs (Good Laboratory Practices of the
FDA) or other quality assurance practices were followed. For
regulatory purposes, this should also include a statement of
quality assurance and audit procedures and any relevant
findings.

7.11 Conclusion—The author’s conclusion should be
clearly and concisely stated.

REFERENCES

(1) Clive, D., and Spector, J. F. S., “Laboratory Procedure for Assessing
Specific Locus Mutations at the TK Locus in Cultured L5178Y Mouse
Lymphoma Cells,”Mutation Research, Vol 31, 1975, pp. 17–29.

(2) Fischer, G. A.,Studies on the culture of leukemic cells in vitro.Annals
of the New York Academy of Science, Vol 76, 1958, pp. 673–680.

(3) Amacher, D. E., Paillet, S., and Ray, V. A., “Point Mutations at the
Thymidine Kinase Locus in L5178Y Mouse Lymphoma Cells. I.
Application to Genetic Toxicology Testing,”Mutation Research, Vol
64, 1979, pp. 391–406.

(4) Amacher, D. E., Paillet, S. C., Turner, G. N., Ray, V. A., and Salsburg,
D. S., “Point Mutations at the Thymidine Kinase Locus in L5178Y
Mouse Lymphoma Cells. II. Test Validation and Interpretation,”
Mutation Research, Vol 72, 1980, pp. 447–474.

(5) Oberly, T. J., Bewsey, B. J., and Probst, G. S., “An Evaluation of the
L5178Y TK+/− Mouse Lymphoma Forward Mutation Assay Using 42
Chemicals,”Mutation Research, Vol 125, 1984, pp. 291–306.

(6) Moore, M. M., and Howard, B. E., “Quantitation of Small Colony
Trifluorothymidine-Resistant Mutants of L5178Y/TK+/− Mouse Lym-
phoma Cells in RPMI-1640 Medium,”Mutation Research, Vol 104,
1982, pp. 287–294.

(7) Novak, J., and Myhr, B., “Colony Growth and Selection of TFT-
Resistant Mutants in Soft Agar Using L5178Y Mouse Lymphoma
Cells,” Environmental Mutagenesis, Vol 6, 1984, p. 455.

(8) Meyer, M., Brock, K., Lawrence, K., Casto, B., and Moore, M. M.,
“Evaluation of the Effect of Agar on the Results Obtained in the
L5178Y Mouse Lymphoma Assay,”Environmental Mutagenesis, Vol
8, 1986, pp. 727–740.

(9) Moore, M. M., Loud, K., and Templeton, R. K., “The Evaluation of the
Use of 10 % Rather than 20 % Horse Serum in the Cloning and
Selection of TK−/− Mutant of L5178Y/TK+/− Mouse Lymphoma
Cells,” Mutation Research, Vol 140, 1984, pp. 215–218.

(10) Moore-Brown, M., M., Clive, D., Howard, B. E., Batson, A. G., and
Johnson, K. O., “The Utilization of Trifluorothymidine (TFT) to

Select for Thymidine Kinase-Deficient (TK−/−) Mutants from
L5178Y/TK+/− Mouse Lymphoma Cells,”Mutation Research, Vol
85, 1981, pp. 363–378.

(11) Amacher, D. E., “The L5178Y TK Gene Mutation Assay System,”
Chemical Mutagens: Principles and Methods for Their Detection, Vol
9, Plenum Press, New York, 1984, pp. 183–212.

(12) Amacher, D. E., and Paillet, S. C., “The Activation of Procarcinogens
to Mutagens by Cultured Rat Hepatocytes in the L5178Y/TK
Mutation Assay,”Mutation Research, Vol 113, 1983, pp. 77–88.

(13) Brock, K. H., Moore, M. M., and Oglesby, L., “Development of an
Intact Hepatocyte Activation System for Routine Use With the Mouse
Lymphoma Assay,”Environmental Mutagenesis. Abstract 7, 1985, p.
65.

(14) Clive, D., Johnson, K. O., Spector, J. F. S., Batson, A. G., and Brown,
M. M. M., “Validation and Characterization of the L5178Y/TK+/−

Mouse Lymphoma Mutagen Assay System,”Mutation Research, Vol
59, 1979, pp. 61–108.

(15) Oberly, T. J., Piper, C., and McDonald, D. S., “Metabolic Activation
Capabilities of S9 Liver Fraction from Three Species in the L5178Y
Mouse Lymphoma Assay,”Mutation Research, Vol 105, 1982, pp.
439–444.

(16) Kirby, P., “Mouse Lymphoma Cell Assays,”Carcinogenesis and
Mutagenesis Testing, Humana Press, Clifton, NJ, 1984, pp. 207–226.

(17) Clive, D., Voytek, P., “Evidence for Chemically-Induced Structural
Gene Mutations at the Thymidine Kinase Locus in Cultured L5178Y
Mouse Lymphoma Cells,”Mutation Research, Vol 44, 1977, pp.
269–278.

(18) Oberly, T. J., Bewsey, B. J., and Probst, G. S., “Thymidine Kinase
Activity and Trifluorothymidine Resistance of Spontaneous and
Mutagen-Induced L5178Y Cells,”Environmental Mutagenesis, Vol
6, 1984, p. 454.

(19) Turner, N. T., Batson, A. G., and Clive, D., “Procedures for the
L5178Y/TK+/−→ TK−/− Mouse Lymphoma Assay,” In: Kilbey, B. J.,
et al eds.,Handbook of Mutagenicity Test Procedures.2nd ed.,
Elsevier, Amsterdam, 1984, pp. 239–268.

E 1280 – 97 (2003)

8



(20) Hozier, J., Sawyer, J., Moore, M., Howard, B., and Clive, D.
“Cytogenetic Analysis of the L5178Y/TK+/−→ TK−/− Mouse Lym-
phoma Mutagenesis Assay System,”Mutation Research, Vol 84,
1981, pp. 169–181.

(21) Sawyer, J., Moore, M. M., Clive, D., and Hozier, J., “Cytogenetic
Characterization of the L5178Y TK+/− 3.7.2C Mouse Lymphoma Cell
Line,” Mutation Research, Vol 147, 1985, pp. 243–253.

(22) Kozak, C. A., and Ruddle, F. H., “Assignment of the Genes for
Thymidine Kinase and Galactokinase toMus musculusChromosome
11 and the Preferential Segregation of This Chromosome in Chinese
Hamster/Mouse Somatic Cell Hybrids,”Somatic Cell Genetics, Vol
3, 1977, pp. 121–133.

(23) Hozier, J., Sawyer, J., Clive, D., and Moore, M., “Cytogenetic
Distinction Between the TK+ and TK− Chromosomes in the L5178Y/
TK+/− 3.7.2C Mouse Lymphoma Cell Line,’’Mutation Research, Vol
105, 1982, pp. 451–456.

(24) Clive, D., Batson, A. G., and Turner, N. T., “The Ability of
L5178Y/TK+/− Mouse Lymphoma Cells to Detect Single Gene and
Viable Chromosome Mutations: Evaluation and Relevance to Mu-
tagen and Carcinogen Screening,” in Williams, G. M., et al eds.,The
Predictive Value of In Vitro Short Term Screening Tests in Carcino-
genicity Evaluation, Elsevier/North Holland, Amsterdam, 1980, pp.
103–123.

(25) Moore, M. M., Clive, D., Hozier, J. C., Howard, B. E., Batson, A. G.,
Turner, N. T., and Sawyer, J., “Analysis of Trifluorothymidine-
Resistant (TFTr) Mutants of L5178Y/TK+/− Mouse Lymphoma
Cells,” Mutation Research, Vol 151, 1985, pp. 161–174.

(26) Krehl, R., Turner, N. T., Clive, D., Moore, M. M., Hozier, J., and
Sawyer, J., “Types of Cytogenetic Damage Detected in the Mouse
Lymphoma Assay by Banded Karyotype Analysis,”Environmental
Mutagenesis, Abstract 7, 1985, p. 33.

(27) Balzak, W. F., Stewart, B. E., Galperin, I., Allen, K. L., Rudd, C. J.,
Mitchell, A. D., and Caspary, W. J., “Chromosome Analysis of
Triflurothymidine-Resistant L5178Y Mouse Lymphoma Cell Colo-
nies,” Environmental Mutagenesis, Vol 8, 1986, pp. 229–240.

(28) Cifone, M. A., Fisher, J., and Myhr, B., “Evidence for pH Effects in
the L5178Y TK+/− Mouse Lymphoma Forward Mutation Assay,”
Environmental Mutagenesis, Vol 6, 1984, p. 423.

(29) Cifone, M. A., “Relationship Between Increases in the Mutant
Frequency in L5178Y TK+/− Mouse Lymphoma Cells at Low pH and
Metabolic Activation,” Environmental Mutagenesis, Abstract 7,
1985, p. 27.

(30) Galloway, S., Bean, C. L., Armstrong, R. A., Deasy, D., Kraynak, A.,
and Bradley, M. O., “False Positivein vitro Chromosome Aberration
Tests With Non-Mutagens at High Concentrations and Osmolalities,”
Environmental Mutagenesis, Vol 7, 1985, p. 48.

(31) Moore, M. M., and Clive, D., “The Quantitation of TK−/− and
HGPRT− Mutants of L5178Y/TK+/− Mouse Lymphoma Cells at
Varying Times Post-Treatment.”Environmental Mutagenesis, Vol 4,
1982, pp. 499–519.

(32) Moore, M. M., Clive, D., Howard, B. E., Batson, A. G., and Turner,
N. T., “In Situ Analysis of Trifluorothymidine-Resistant (TFTr)
Mutants of L5178Y/TK+/− Mouse Lymphoma Cells,”Mutation
Research, Vol 151, 1985, pp. 147–159.

(33) Clive, D., and Hajian, G., “Letter to the Editor,”Mutation Research,
Vol 89, 1981, pp. 250–253.

(34) Amacher, D. E., and Salsburg, D. S., “Letter to the Editor,”Mutation
Research, Vol 89, 1981, pp. 245–249.

(35) Clive, D., Hajian, G., and Moore, M. M., “Letter to the Editor,”
Mutation Research, Vol 89, 1981, pp. 241–244.

(36) Irr, J. D., and Snee, R. D., “A Statistical Method for Analysis of
Mouse Lymphoma L5178Y Cell TK Locus Forward Mutation Assay.
Comparison of Results Among Three Laboratories,”Mutation Re-
search, Vol 97, 1982, pp. 371–392.

(37) Myhr, B. Bowers, L., and Caspary, W. J., “Assays for the Induction
of Gene Mutations at the Thymidine Kinase Locus in L5178Y Mouse
Lymphoma Cells in Culture,” In: J. Ashby et al eds.,Progress in
Mutation Research, Vol 5, Elsevier Science Publishers, Amsterdam,
pp. 555–568.

ASTM International takes no position respecting the validity of any patent rights asserted in connection with any item mentioned
in this standard. Users of this standard are expressly advised that determination of the validity of any such patent rights, and the risk
of infringement of such rights, are entirely their own responsibility.

This standard is subject to revision at any time by the responsible technical committee and must be reviewed every five years and
if not revised, either reapproved or withdrawn. Your comments are invited either for revision of this standard or for additional standards
and should be addressed to ASTM International Headquarters. Your comments will receive careful consideration at a meeting of the
responsible technical committee, which you may attend. If you feel that your comments have not received a fair hearing you should
make your views known to the ASTM Committee on Standards, at the address shown below.

This standard is copyrighted by ASTM International, 100 Barr Harbor Drive, PO Box C700, West Conshohocken, PA 19428-2959,
United States. Individual reprints (single or multiple copies) of this standard may be obtained by contacting ASTM at the above
address or at 610-832-9585 (phone), 610-832-9555 (fax), or service@astm.org (e-mail); or through the ASTM website
(www.astm.org).

E 1280 – 97 (2003)

9


