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INTRODUCTION

Since the observation by Moorhead et al (1) in 1960 that peripheral

lymphocytes could be stimulated by phytohemagglutinin (pha) to enter the

cell cycle and observed at metaphase, there has been an enormous amount of

data obtained on the induction of chromosome alterations by radiation and

chemical agents with this lymphocyte assay system. It has generally been

regarded as a simple and informative assay for human peculation monitoring,

as an aid to providing information on potential clastogenic (or mutagenic)

exposures. As will be suggested below this view should be regarded with

great caution with regard to chemical exposures, particularly in contrast

to radiation exposures. It is premature to assume that information on the

level of exposure or subsequent adverse health effects can be ascertained

or determined from measures of chromosome alteration frequencies or sister

chromatid exchange frequency in mitogenically stimulated human peripheral

lymphocytes.

This chapter will address the issue of the utility of the

lymphocyte assay, with reference to the underlying mechanisms of induction

of chromosome alterations, and also will discuss possible ways of

increasing the sensitivity of the assay in order to make it more useful for

population monitoring. The application of the lymphocyte assay for

detecting gene mutations is discussed by Dr. R. J. Albertini in a chapter

in this volume.

It will be apparent that there has not been an attempt to provide a

complete review of the available literature, citing the many studies on the

analysis of lymphocytes from a few to many individuals presumed to have

been exposed to clastogenic and/or mutagenic agents. Examples are only



given to indicate the potential utility and the associated pitfalls and

problems of the lymphocyte assay.

THE LYMPHOCYTE ASSAY

a. Methods of Culture

The techniques for culturing peripheral lymphocytes have been

described many times, and in general it is reasonable to state that any

culture conditions that provide adequate analysable metaphases are

acceptable (2). However, it is important to add that each laboratory using

the assay should determine the rate of progression of mitogenically

stimulated cells through the first and subsequent cell cycles with their

specific culture conditions, using blood samples from several individuals.

This can be done by growing the cells in the presence of bromodeoxyuridine

(BrdU), sampling cells over a range of times (for example, every 2 h. from

46 h. to 60 h. after mitogenic stimulation), and staining the fixed

preparations by a technique for obtaining differentially stained chromatids

(for example, Goto et al., 3). In this way the cells that had replicated

their DNA once in the presence of BrdU will contain evenly stained

chromatids; those that had replicated twice in BrdU will contain

differentially stained chromatids, one light blue and one dark blue whsn

Giemsa stain is used; cells that progress through three or more cell cycles

in BrdU will contain some differentially stained chromosomes and some

evenly, but lightly stained, chromosomes. For studies of chromosome

aberrations, it is important to analyse cells in their first metaphase

after mitogenic stimulation, and so a fixation time should be chosen when a

high proportion of analysable cells are in this first division. It is

generally not feasible to use a fixation time when all the cells are in



their first division because this requires a very early fixation

(approximately U2 h. after stimulation, when the number of mitotic cells is

too low), and so a compromise time is selected when about 90? of the cells

are in their first division (usually 4̂8 h.). Of course, there is a

considerable variation from individual to individual in the percentage of

cells in their first or subsequent division even at ^8 h., and so it is

good practice to check the proportions in parallel cultures containing

BrdU, such that the possible effects of analysing different proportions of

first division cells from different samples upon aberration frequencies can

be ascertained. It is also possible to analyse chromosome aberrations from

cultures grown with BrdU, where the preparations have been differentially

stained - cells showing no differentiation, and clearly M2 cells can then

be analysed. However, there is still some disagreement about the possible

confounding effects of BrdU upon aberration frequency, and so no consensus

has been reached on the appropriateness of this method.

For the analysis of sister chromatid exchanges (SCE) it is

necessary to analyse cells in their second mitotic division (M2) after

stimulation and growth in BrdU, so that differentially stained chromatids

can be obtained. Since only clearly identified M2 cells will be analysed,

the fixation time chosen should simply be one at which a high proportion of

M2 cells are obtained (usually from 56-72 h. depending upon culture

conditions). Each laboratory should establish a fixation time for their

own particular set of culture conditions.

The only other technical feature of the lymphocyte assay that bears

comment here is on the use of tissue culture media containing a low

concentration of folic acid. It has been noted that growth of human



lymphocytes in such media (notably TC199) can result in the appearance of

specific chromosome breaks at so-called fragile sites (4) or in an increase

in aberrations at possible fragile sites (5). It is recommended for

population monitoring studies that low folate medium be avoided, although,

it is also clear that additional cultures with low folate medium could

provide additional or different types of information.

b. Chromosome aberrations

It is not necessary to provide a complete classification of

chromosome aberration types in this chapter as these are readily available

(for example 2, 6). The only point of emphasis is the relationship between

the aberration type and the cell cycle stage at the time of formation.

Chromosome-type aberrations are formed in G., ie_ prior to DNA replication,

and chromatid-type aberrations are formed during or after DNA replication,

in the S or G,, stages. Thus, the specific types of aberrations can

indicate the stage of their formation, although not necessarily the time of

exposure. The different aberration types also have different consequences

with regard to the induction of cell lethality, and transmission to

subsequent cell generations. Such considerations will be of great

importance when considering the possible adverse health effects from

exposure to chemical and physical clastogens. For these reasons, the types

of chromosome aberrations observed should be recorded as completely as

possible, and not included in a general category of "aberrant metaphases".

c. Radiation induced aberrations and estimates of exposure

For a variety of reasons, it is sensible to discuss the utility of

the lymphocyte assay for estimating exposure to ionizing radiation



separately from cases of chemical exposure. It was in some ways fortunate,

but in retrospect perhaps also unfortunate, that all the original studies

of the analysis of chromosome aberrations in the lymphocytes of exposed or

possibly exposed persons were for situations where exposure was to

radiation. The fact that in these cases estimates of exposure could be

made with some accuracy has often led to the assumption that similar

exposure-estimating procedures could be applied to persons, groups or

populations exposed environmentally or occupationally to chemical agents.

A clear note of caution in accepting this assumption is made here, and will

be discussed further.

Radiation and a small number of chemical agents (egs.,

streptonigrin, bleomycin, neocarzinostatin, cytosine arabinoside, and 8-

methoxycaffeine) are able to produce aberrations in all stages of the cell

cycle; chromosome-type aberrations in G« an<3 chromatid-type aberrations in

S and G

The peripheral lymphocytes, a sub-population of which is

mitogenically stimulated when blood samples are placed in culture, are

essentially non-cycling, and are in the G stage of the cell cycle, the

term usually applied to a non-cycling G.. cell. Thus, following radiation

exposure, chromosome-type aberrations will be induced in these non-cycling,

G lymphocytes, and can be observed at the first metaphase following

mitogenio stimulation in culture. The fact that the aberration can be

produced in G cells means that their frequency can be directly related to

the dose received (1c. aberration frequency is proportional to dose). In

addition, it has been shown for many species that the frequency of

aberrations induced in. vitro is the same as the frequency induced by the



same dose delivered in vivo (7,8,9). This means that a standard dose

response curve, for any particular radiation type, can be obtained for in

vitro exposures, and can then be used for estimating doses received by

individuals as a result of radiation accidents, and medical or

environmental exposures. The frequency of aberrations (usually di.centrics)

is measured in cultured blood samples from exposed individuals, and then

converted into a dose estimate from the standard dose response curve.

There is an extensive literature on the use of the lymphocyte assay as a

biological dosimeter for many different radiations (see for example 10 and

11). Of course, there are still some limitations to the utility of the

assay. These include time of blood sampling after exposure, partial body

exposures, non-homogeneous exposures. There are ways to partially

circumvent these problems, but these will not be discussed here.

It will also be apparent that the lymphocyte assay is amenable to

estimating doses following cnronic radiation exposures (12). This again is

possible because the aberrations are induced in G cells, and their

frequency will be directly related to exposure. Cells containing radiation

induced aberrations will gradually be lost from the peripheral lymphocyte

pool, as will normal cells, as a result of lymphocyte turnover. However,

the cells repopulating the peripheral pool will be derived largely from

normal precursor cells, and net from those containing aberrations. The

majority of chromosome-type aberrations are cell lethal as the result of

loss of acentric fragments at division, or because of a mechanical

interference of the aberration with division. Thus, during long chronic

exposures (months or years) the aberration frequency w i ^ not be additive

with time (or dose), but will reach some equilibrium where new aberrations



are formed and some existing ones are lost from the sampled population.

A similar argument holds for determining the maximum sampling time

after acute exposures that can be used in order to measure the maximum

aberration frequency or true induced frequency. The lymphocyte turnover

will result in loss of cells from the peripheral pool, both normal and

abnormal, and repopulation largely by normal precursor cells. It appears

that the aberration frequency stays constant for about 6 weeks after

exposure (13).

Samples have been taken many years after exposure, for example with

radiation-treated ankylosing spondilitis patients (14) and persons exposed

to the atomic bomb in Hiroshima and Nagasaki (15). The fact that some

portion of lymphocytes are very long-lived (in excess of 20 years, 14 and

15) means that radiation-induced aberrations can still be observed in cells

present as peripheral lymphocytes at the time of exposure. If it is

assumed that the aberration frequency declines exponentially with time an

approximate estimate of the dose received can be made. However, emphasis

is made on the word approximate.

The lymphocyte assay is clearly very applicable to the estimation

of radiation exposures, and has been used extensively. The aberration

frequency is directly proportional to dose, making this possible.

d. Chemical-induced aberrations and estimates cf exposure

Based upon the success of the lymphocyte assay for estimating

radiation exposures, it seemed appropriate to many to analyse chromosome

aberrations in blood samples from individuals occupationally exposed to

chemical agents or mixtures (mrny examples can be found in reference 16),



and attempt to determine whether there had been an exposure to a clastogen,

and to relate aberration frequencies to the possible exposure level. At

this point in time this is an overly-optimistic approach. However, current

and future research can realistically improve the assay to make it more

reliable and applicable, and make the results more readily interpretable.

The present low sensitivity of the assay for measuring the

frequency of chromosome aberrations following chemical exposure is due to

the mechanism of induction of aberrations by chemical agents. This

mechanism of induction will also result in induced aberration frequencies

being only indirectly related to exposure dose, in contrast to radiation-

induced aberrations.

Chromosome aberrations induced by chemical treatments are produced

during the S-phase irrespective of the cell cycle stage treated. Thus, all

aberrations will be of the chromatid-type. It has been assumed that

aberrations induced by most chemicals are the result of an S-phase

dependent mechanism - either DNA replication itself or a post-replication

phenomenon. However, this is an oversimplification. It has been shown

from experiments in this and other laboratories (17, 18) that under

specific conditions chromosome-type aberrations can be induced in G1 or G

cells by what are usually considered to be S-phase dependent chemicals. It

is, therefore, more appropriate to consider that the probability of

producing aberrations in G^ or G2 cells following chemical treatments is

normally low, and that the probability is considerably increased when

treated cells pass through the S-phase, giving the apparent S-phase

dependence.
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As discussed above, peripheral lymphocytes are in a non-cycling G..

stage of the cell cycle, and so chemically-induced DNA damage will not

generally be converted into chromosome aberrations until the cells are

stimulated to re-enter the cell cycle in vitro, and undergo DNA

replication. Since repair of DNA damage can take place in G cells and

during the long first in vitro G1 stage, the aberration frequency will not

necessarily be proportional to the amount of induced DNA damage but rather

to the amount of DNA damage remaining at the time of DNA replication. It

is clear that the amount of DNA damage present at the time of replication

that has the potential to be converted into chromosome aberrations will be

dependent upon several factors including: 1) the dose received 2) the

induced amounts of those particular DNA damage*3 that can result in

chromosome aberrations (a value that can vary from agent to agent) 3) the

amount of DNA repair in G cells before sampling (ie_ time between exposure

and sampling) H) the amount of repair in G cells from mitogenic

stimulation to the first in vitro S-phase. Many of these will, of course,

be further subject to individual to individual variation. The outcome is

that for most chemical agents only some proportion of induced DNA damage

can be converted into aberration at the time of replication. These DNA

repair factors all work to reduce the sensitivity of the lymphocyte assay

for measuring exposure, and also clearly will result in the aberration

frequency being at best indirectly prcportional to exposure.

This reduced sensitivity and indirect relationship between

aberration frequency and exposure allow for the following conclusions when

the lymphocyte assay is used for population monitoring. If an increase in

chromosome aberrations is observed in the potentially exposed group when
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compared to a "matched" control, and the only suspected variable is

exposure or non-exposure to the agent under investigation, it is reasonable

to conclude that there had been an exposure to a clastogenic agent, but no

exposure level can be estimated. In addition, at this time no estimate of

subsequent adverse health effects (genetic or somatic) can be made. If

there is no difference in aberration frequency between the possibly exposed

group and "matched" control it is not possible to rule out an exposure,

although from some previous experiences it might be feasible to provide a

maximum likely exposure.

There are many other facets of population monitoring in cases of

chemical exposures, particularly regarding population selection, chronic

exposures and risk estination, and these are discussed further in Reference

19.

The situation is certainly not an impossible one to overcome, at

least in theory, and future research will, I think, prove optimists

correct. In later sections of this chapter some approaches we are taking

to improve the sensitivity of the assay and interpretation of the data are

described.

e. Sister chromatid exchanges (SCE)

If cells are grown for two rounds of replication in the presence of

a thymidine analog, usually bromodeoxyuridine (BrdU), it is possible using

specific staining procedures to obtain chromosomes with differentially

stained chromatids. In such differentially stained prepartions it is also

possible to observe exchanges between the sister chromatids (SCE). SCE are

induced as a consequence of the technique itself, due to the misreplication

of the thymidine analog (20), and their frequency is consequently
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influenced by analog concentration (or % incorporation into DNA); in

general, the higher the concentration in the medium the higher the SCE

frequency over a range giving 0 to 10055 incorporation in DNA (21). The SCE

frequency can also be increased over background levels by a wide range of

chemical agents (eg. 22, 23). In many cases a significant increase in SCE

can be shown at concentrations of chemicals about two orders of magnitude

less than those required to induce significant increases in chromosome

aberrations. This does not necessarily imply a different mechanism of

induction of the two events, although ore has often been suggested, but

perhaps rather the probability of producing an SCE as the result of an

error of replication is higher than the same misreplication event resulting

in an aberration.

SCE are not induced to any great extent by radiation treatment of

cells in any ttage of the cell cy?le. There is no increase in SCE in

lymphocytes irradiated in GQ because the rather rapid repair of radiation-

induced DNA damage means that little or no unrepaired damage is present

when cells reach the S-phase - the stage when SCE are formed. Thus the

analysis of chromosome aberrations in lymphocytes is considerably

preferable to analysis of SCE in cases of radiation exposure.

In the case of chemical exposures it appears that the analysis of

SCF provides a more sensitive assay for attempting to determine if persons

have been exposed to an agent capable of producing chromosomal changes.

However, it should be added that at this time no adverse health effects

have been associated with increases in SCE. Therefore, it is preferable to

analyse both chromosome aberrations and SCE from each blood sample.
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This greater sensitivity of the SCE assay is possibly due to the

fact that DNA damage induced in C cells and remaining unrepaired until

replication has a higher probability of resulting in an SCE than a

chromosome aberration. However, the SCE assay with human lymphocytes

exposed .in vivo is still subject to most of the problems discussed for

chromosomal aberrations above. Since SCE are produced at the time of DNA

replication, and the exposures will be to non-cycling G cells, the

frequency of SCE will be influenced by the repair of induced DNA damage

between exposure and sampling in G Q cells, and repair during the first in

vitro G1 phase. For chronic exposures there will be an equilibrium between

repair of induced DNA damage and and the induction of damage, thus allowing

the assay to be utilised for cases of chronic exposure, with the condition

that the sensitivity of the assay will be fairly low. There are many

reports of increases in SCE in the lymphocytes of persons exposed to

clastogenic or mutagenic agents (23), indicating that there are situations

where the assay can be applied to provide information on whether or not a

particular group has been exposed. The absence of an increase in SCE

cannot be interpreted as indicating an absence of exposure. The same

requirements hold for including "matched" control samples in parallel with

those from possibly exposed persons, as described for chromosome aberration

analysis. There are many extrinsic and intrinsic factors that can

influence SCE frequency, and so control matching becomes difficult. There

are also likely to be as yet unidentified factors that can perhaps increase

or decrease the SCE frequency, and so analysis and interpretation of the

results from population monitoring studies have to be very carefully

considered, and conclusions should necessarily be cautious.
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There is little information available to indicate whether or not

the increases in SCE frequency can be associated with exposure level. Of

course, because of the confounding factors, such as repair of induced DNA

damage, the frequency of SCE will only be indirectly proportional to

exposure. One of the major problems to obtaining such relationships is

that the information on in vivo exposure itself is very limited. In two

cases, where some reasonable estimate of exposure can be determined there

is some semblance of a linear relationship between increases in SCE and

increases in exposure: these cases are cigarette smoking and ethylene oxide

exposure {2k, 25). More information on exposure levels and frequency of

SCE is needed before it can be determined just how reliable the SCE assay

is for determining exposure, even in a relative way.

f. Studies related to increasing the sensitivity of the lymphocyte assay

Two studies carried out recently in this laboratory as part of our

attempts to determine the mechanism of induction of chromosome aberrations

and SCE have some potential for producing an increased sensitivity of the

lymphocyte assay.

In a series of experiments it has been shown that cytosine

arabinoside (ara-C) can inhibit DNA repair resynthesis, and on reversing

this inhibition with deoxycytidine, the ara-C inhibited repairing regions

are able to interact to produce chromosome aberrations (17, 26, 27). Very

large increases in chromosome aberration frequency can be obtained by

incubating lymphocytes with ara-C after X-irradiation or chemical

treatment. These studies have led to several conclusions concerning the

mechanism of induction of chromosome aberrations, but these will not be

discussed here, because they are perhaps incidental. The important point
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is the increased sensitivity to aberration induction when cells are

incubated with ara-C after radiation or chemical treatments. With X-rays,

the increases in aberrations in GQ- or G..-treated cells are for chromosome-

type aberrations, the type of aberrations normally induced by X-rays in

cells treated at these cycle stages. It is possible to enhance the

sensitivity, ie_ produce more aberrations at any particular dose, by

incubating radiation exposed blood samples with ara-C. This would allow

for less cells having to be analysed in the case of low doses or chronic

exposures. However, the rapid repair of radiation-induced DNA damage makes

this approach somewhat impractical.

In the case of chemical exposures, ara-C incubation of lymphocytes

treated with, for example, methyl methanesulfonate or 4-nitroquinoline-N-

oxide in G,, results in a significant frequency of chromosome-type

(dicentric) aberrations. These agents, as discussed above (d), normally

only induce chromatid-type aberrations, and then only at very low

frequencies in G1-treated cells. By incubating blood samples, from

possibly exposed persons, with ara-C, it is possible that the repair of DNA

damage unrepaired at the time of sampling can be inhibited by ara-C, and

subsequently converted into chromosome-type aberrations. This will not

only increase the sensitivity of the assay, but will result in tLe

production of chromosome-type aberrations that are mo-e easily and

accurately analysed than chromatid-type aberrations, are present at low

background frequencies, and their frequencies appear to be less influenced

by extrinsic factors. This approach is currently being studied.

The second series of studies that might be adapted to improve the

sensitivity of the lymphocyte assay involve the induction of SCE. It has
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been shown that differential staining of chromatids can be obtained by

growing cells for two rounds of replication in chlorodeoxyuridine (CldU)

instead of the more usual BrdU (28). However, the frequency of SCE is

about 5 times as high with CldU compared to BrdU, for equivalent

substitution in the DN/. SCE are, in the absence of any additional

treatment, induced by the misreplication of analog-containing DNA, such

that more errors in replication resulting in SCE occur for DNA containing

CldU than BrdU. Following chemical treatments, it is possible that SCE are

formed from misreplication of damaged DNA bases or from misreplication of

BrdU incorporated drying repair resynthesis, orior to DNA replication. The

thymidine analog is normal added immediately after treatment, or, in the

case of in. vivo exposure, at the time the lymphocyte cultures are set up.

The approach proposed is to incubate cells in CldU through the ft. st in

y.itro G f during the time when DNA damage remaining in sampled lyt phocytes

is being repaired, and then allow them to replicate in BrdU, so that the

"background" SCE frer-?ency will be kept low. The intention is to enhance

the SCE frequency induced by a chemical exposure and not the "background"

frequency, thus making the assay more sensitive for detecting chemical

exposures. Along the same lines, there are ways of further enhancing the

sensitivity, but preliminary results do not yet indicate their feasibility.

There are certainly many other ways of improving or changing the

lymphocyte assay such that it is of greater utility for detecting genotoxic

exposures. In the future it should be possible to use the analysis of

chromosome aberrations and SCE as one of a set of assays that could be used

to estimate the level of exposure. It is too premature to predict the

usefulness or application of the lymphocyte assay for determining estimates
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of subsequent genetic and/or somatic risks to exposed persons and their

offspring, in the case of chemical exposures.



18

REFERENCES

1. Moorehead, P.S., P.C. Nowell, W.J. Mellman, D.M. Battips, and D.A.

Hungerford, Chromosome preparations of leukocytes from human

peripheral blood, Exptl. Cell Research 20: 613-616, 1960.

2. Bloom, Arthur D. Ed. "Guidelines for Studies of Human Populations

Exposed to Mutagenic and Reproductive Hazards", March of Dimes Birth

Defects Foundation, New York, pp. 1-35, 1981.

3. Goto, K., S. Madea, Y. Kano, and T. Sugeyama, Factors involved in

differential Gienisa staining of sister chromatids, Chromosoma 66:

351-359, 1978.

l\. Jacky, P.B., B, Beck, and G.R. Sutherland, Fragile sites in

chromosomes: Possible model for the study of spontaneous chromosome

breakage, Science 220: 69-70, 1983.

5. Reidy, J.A., X. Zhou and A.T.L. Chen, Folic acid and chromosome

breakage. I. Implications for genotoxicity studies, Mutation Res.

122: 217-221, 1983.

6. Savage, J.R.K., Classification and relationship of induced

chromosome structural changes, J. Med. Genet. 12: 103-122, 1975.

7. Brewen, J.G. and N. Gengozian, Radiation-induced human chromosome

aberrations. II. Human in vitro irradiation compared to in vitro

and in. vivo irradiation of marmoset leukocytes, Mutation Res. 13:

383-391, 1971.



19

8. Preston, R.J., J.G. Brewen and K.P. Jones, Radiation-induced

chromosome aberrations in Chinese hamster leucocytes. A comparison

of in vivo and in vitro exposures. Int. J. Radiat. Biol. 21: 397-

450, 1972.

9. Clemenger, J.F.P. and D. Scott, A comparison of chromosome

aberrations yields ir> rabbit blood lymphocytes irradiated Ac vitrof

and in vivo. Int. J. Radiat. Biol. 24: 487-496, 1973-

10. Bender, M.A., P.C. Gooch, Somatic chromosome aberrations induced by

human whole-body irradiation: The "Recuplex" criticality accident,

Radiation Res. 29: t'68-582, 1966.

11. Lloyd, D.C., R.J- Purrott, J.S. Prosser, G.W. Dolphin, P.A. Tipper,

E.J. Reeder, CM. White, S.J. Cooper, and B.D. Stephenson, The study

of chromosome aberration yield in human lymphocytes as an indicator

of radiation dose. VI. A review of cases investiagated, 1975,

NRPG-R41, National Radiological Protection Board, Harwell, 1976.

12. Evans, H.J., K.E. Buckton, G.E. Hamilton and A. Carothers, Radiation-

induced chromosome aberrations in nuclear dockyard workers, Nature 277:

531-534, 1979.

13. Brewen, J.G., R.J. Preston and L.G. Littlefield, Padiation-induced

humav chromosome aberration yields following an accidental whole-body

exposure to 6oCo 0-rays, Radiation Res. 4 9: 647-656, 1972.



20

14. Buckton, K.E., G.E. Hamilton, L. Paton, and A.D. Langlands, Chromosome

aberrations in ankylosing spondilitis patients, In "Mutagen-Indueed

Chromosome Damage in Man" (H.J. Evans and D.C. Lloyd, eds.) Edinburgh

University Press, Edinburgh, pp. 142-150, 1978.

15. Awa, A.A., T. Sofumi, T. Honda, M. Iton, S. Nerishi, and M. Otake,

Relationship between the radiation dose and chromosome aberrations in

atomic bomb surivors of Hiroshima and Nagasaki, J. Radiat. Res. (Tokyo)

19: 126-140, 1978.

16. Office of Technology Assessemnt, U.S. Congress, "The Role of Genetic

Testing in the Prevention of Occupational Disease" OTA-BA-194, U.S.

Government Printing Office, Washington, D.C., April 1983.

17. Preston, R.J. and P.C. Gooch, The induction of chromosome-type aberrations

in G by methyl methanesulfonate and 4-nitroquinoline-N-oxide, and

the non-requirement of an S-phase for their production, Mutation Res.

83: 395-402, 1981.

18. Evans, H.J. and Vijayal?^oni, Storage enhances chromosome damage after

exposure of human leukocytes to mitomycin C, Nature 284: 370-372, 1980.

19. Preston, R.J., Cytogenetic abnormalities as an indicator of mutagenic

exposure, In "Single-Cell Mutation Monitoring Systems" (A. Ansari and

F. J. de Serres, edr>.) Plenum Publishing Corporation, New York, in press.



21

20. O'Neill, J.P., M.W. Heartlein, and R.J. Preston, Sister-ehromatid

exchanges and gene mutations are induced by the replication of

5-bromo- and 5-ehloro-deoxyuridine substituted DNA, Mutation Res. 109:

259-270, 1983.

21. Heartlein, M.W., J.P. O'Neill, and R.J. Preston, SCE induction is

proportional to substitution in DNA for thymidine by CldU and BrdU,

Mutation Res. 107s 103-109, 1983-

22. Perry, P. and H.J, Evans, Cytological detection of mutagen-carcinogen

exposure by sister-chromatid exchange, Nature 258: 121-125, 1975.

23. Latt, S.A., J.W. /lien, S.E. Bloom, A.V. Carrano, E. Falke, D. Kram,

E. Schneider, R.R. Sohreck, R. Tice, B. Whitfield, and S. Wolff,

Sister chromatid exchanges, Mutation Res. 8": 17-62, 1981.

24. Evans, H.J. Effect on chromosomes of carcinogenic rays and chemicals.

In "Chromosome Mutation and Neoplasia" (J. German, ed.) Alan R. Liss,

Inc., New York, pp. 253-279, 1983.

25. Jones, J.P., Chromosome changes in employers exposed to ethylene oxide,

In "Ethylene Oxide Worker Safety Issues" (J.F. Jorkasky, ed.) HIMA

Report No. 82-2, Health Industry Manufacturers Association, Washington,

D.C., pp. 5-25, 1982.

26. Preston, R.J., The effect of cytosine arabinoside on the frequency of

x-ray-induced chromosome aberrations in normal human lymphocytes,

Mutation Res. 69: 71-79, 1980.



22

27. Preston, R.J. The use of inhibitors of DNA repair in the study of the

mechnisms of induction of chromosome aberrations, Cytogenet. Cell

Genet. 33: 20-26, 1982.

28. Pal, B.C., R.B. Cumming, M.r. Walton, and R.J. Preston, Environmental

pollutant 5-chlorouracil is incorporated in mouse liver and testes

DNA, Mutation Res. 91: 395-401, 1981.


