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UDS AND SCE IN LYMPHOCYTES OF PERSONS OCCUPATIONALLY EXPOSED
TO LOW LEVELS OF IONIZING RADIATION

ABSTRACT

Unscheduled DNA synthesis induced by "in vitro" UV-irradiation

was investigated in lymphocytes of persons occupationally ex-

posed to low doses of ionizing radiation (maximum registered

radiation dose: 98 mrad/month). For radiation exposures

>14 mrad/month, above background level, increased rates of UDS

after in vitro UV-irradiation of lymphocytes were found. The

bromodeoxyuridine differential chromatid labeling technique

was applied to the examination of spontaneous and Mytomycin C

induced sister chromatid exchanges in the same population. No

statistically significant difference could be determined in

spontaneously occurring SCEs, while MMC induced SCEs were

significantly reduced in persone exposed to radiation doses

>1 4 mrad/month, thus indicating increased repair capability

for DNA lesions inflicted by a second insult after protracted

low dose irradiation.

KEY WORDS

DNA repair, sister chromatid exchange, ICRP critical group,

low dose.

UDS AND SCEs BEI PERSONEN, DIE BERUFLICH EINER EXPOSITION
GEGENÜBER NIEDEREN DOSEN IONISIERENDER STRAHLUNG AUSGESETZT SIND

ZUSAMMENFASSUNG

Die unprogrammierte DNA Synthese (= UDS) nach "in vitro" UV-

Bestrahlung wurde in den Lymphozyten von Personen untersucht,

die beruflich niederen Dosen ionisierender Strahlung ausgesetzt

sind (maximale registrierte Dosis: 98 mrad/Monat). Für Strahlen-

expositionen größer als 14 mrad/Monat (über der durchschnitt-

lichen Umweltbelastung) wurden erhöhte UDS Raten registriert.

Für die Bestimmung von Schwesterchromatidaustauschen (= SCEs)

wurde die differentielle Färbung von Chromatiden nach Brom-

desoxyuridineinbau herangezogen, wobei sowohl spontane als auch
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Mitomycin C (= MMC) induzierte SCEs bestimmt wurden. Während

für spontane SCEs keine Abhängigkeit von der Strahlenexposition

der Probanden nachgewiesen werden konnte, waren die MMC in-

duzierten SCEs nach Expositionen über 14 mrad/Monat signifikant

vermindert. Die vorliegenden Ergebnisse deuten darauf hin, daß

durch chronische Exposition gegenüber niederen Dosen ionisierender

Strahlunq eine Steigerung der Fähigkeit zur Reparatur von DNA

Schäden, die durch eine Sekundärnoxe (UV, MMC) hervorgerufen

wurden, möglich ist.

SCHLÜSSELWÖRTER

ünprogrammierte DNA Synthese, SCE, Lymphozyten, niedere Strahlen-

dosen.



UDS AND SCE IN LYMPHOCYTES OF PERSONS OCCUPATIONALLY

EXPOSED TO LOW LEVELS OF IONIZING RADIATION

1• INTRODUCTION

Previous investigations of a population potentially receiv-

ing elevated background levels of chronic low dose exposure
222to high LET radiation by inhalation of Rn and its

daughters revealed an enhanced repair capacity for DNA damage

inflicted by a second insult (1). The aim of the present

study was to ascertain whether this enhanced DNA repair

ability was due to the ambient radioactivity or to the

elevated temperature and humidity the test persons had been

exposed to in the previous investigations (1). In addition

to the determination of unscheduled DNA synthesis (= UDS),

i.e. DNA repair replication occurring in non-S-phase cells,

the frequency of sister chromatid exchanges (SCEs) were

examined in peripheral lymphocytes of test persons. It has

been demonstrated, that SCEs are sensitive and reproducible

indicators of DNA damage induced by a wide variety of

chemical and physical agents (2, 3, 4).

Of special importance for the present study was the induc-

tion of SCEs by the alkylating agent Mitomycin C. Firstly,

to clarify whether increase in 3H-thymidine uptake observed

in lymphocytes of exposed persons was really due to in-

creased DNA repair, and secondly, to demonstrate that this

enhancement of repair capability applies to different kinds

of DNA repair, independent of the kind of the damaging

agent.
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2. METHODS

2.1. Test persons:Appropriate test persons were employees of the

Austrian Research Centre Seibersdorf, exposed to low levels

of gamma radiation. 35 volunteers were allocated for the

experiment, all of them involved in scientific research,

most of them being technical assistants of the institutes

Astra Reactor, Chemistry, Biology and Agriculture. All test-

persons were carefully screened for illness, alcohol con-

sumption, and smoking habits. Only non-smokers, non-alco-

holics and healthy persons were tested. Their average ages

were: group A 25 years, group B 31 years. Sex was unevenly

distributed among the groups with varying radiation doses,

but a statistical analysis did not reveal any sex-linked

specificity of UDS or SCEs. The radiation exposure of the

test persons was registered by thermoluminescence dosimetry;

the experimentators of the present study did not know the

values of exposure until the evaluation of UDS and SCEs

had been finished.

2.2. Determination of UDS: All experiments were carried out on

Monday mornings, to avoid any immediate, foregoing (/-ir-

radiation of test persons (Saturday and Sunday - free days).

Thus only UV-induced DNA repair synthesis was measured.

After sterile collection of 50 ml venous blood, lymphocytes

were separated by Ficoll-urografin centrifugation. Conta-

mination of monocytes within the mononuclear cell population

was evaluated in cell smears stained with Giemsa's and

found to be <2%. After twice washing in phosphate buffered

saline (= PBS) cell suspensions of 10 cells/ml were cooled

at 4°C and irradiated by a 15 W germicidal lamp at 254 nm

and an incident dose rate of 1 J/m2 sec for 20 sec. Imme-

diately after irradiation cells were transferred to

Medium 199 TC containing lO^Ci/ml 3H-thymidine (NEN Chemi-

cals, spec.activity 80 Ci/mM) and incubated at 37°C for 90

minutes. Unirradiated samples treated in the same way

served as controls for the evaluation of background and

replicative DNA synthesis.
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After 90 min incubation 3H-thymidine uptake was stopped by

addition of excess cold thymidine, cells washed several

times and fixed in ice-cold methanol-acetic acid (3:1).

2.3. Preparation and evaluation of autoradiograms: After several

replacements of fixative, cells were dropped onto gelatinized

slides. Autoradiograms were prepared by Kodak NTB 3 Liquid

Emulsion, and exposed at 4°C for 13 days. After development,

the slides were stained with Giemsa's.

Before measuring UDS in autoradiograms of UV-irradiated

cells, unirradiated samples were evaluated for determination

of naturally occurring repair, which was found to lie beneath

the threshold of this autoradiographic method. The frequency

of S-phase cells in unirradiated samples was found to vary

from 0.1 to 0.3% of the total lymphocytic cell population,

thus being of no significance for the determination of UDS

in autoradiograms. Background of the autoradiograms was less

than 1 grain/cell. All cells containing more than 2 grains

were considered as labeled, cells with 1 or no grain as un-

labeled. In fact, UV-irradiated cells contained either more

than 5 grains per cell, or were unlabeled.

One hundred cells were scored on each slide, the relative

reflexion of silver grains per labeled cell was determined

photometrically by a Zeiss microscope photometer 01K.

2.4. Determination of SCEs:

Blood cultures: Whole blood cultures were prepared with

10 ml Gibco RPMI 16 40 Medium, containing 20% FCS, 0.1 ml

Penicillin-Streptomycin (10.000E, 10ug/ml, Gibco) 0.1 ml

PHA (Wellcome), 10[j.mol/l Bromodeoxyuridine, and 0,6 ml whole
— 8 — 7

blood. For evaluation of induced SCEs, 10 resp. 10 mol/1

Mitomycin C was used. After incubation of 70 h, 0.1 ml

Colcemid (Gibco, 10ug/ml) was added. Two hours later cells

were centrifuged, treated hypotonically with 0.075 mol/1

KCl and fixed in 3:1 methanol - acetic acid.
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Südes were stained by a modifyed fluorescence-Giemsa tech-

nique (5): 0.5ng/ml Hoechst 33258 (20 min), irradiation by

254 nm UV for 30 min, 30 min treatment in 2xSSC at 60°C, and

5% Giemsa pH 6.8.

On each slide at least 20 well spread 2 cycle mitoses,

containing at least 44 chromosomes, were scored.

Cell cycle kinetics were determined by examination of the

different staining properties of a minimum of 100 metaphases.

Values are expressed as the percentage of cells which have

undergone 1 (both chromatids intensely stained), 2 (one chro-

matid stained intensely) and 3 (both chromatids stained

dimly, only few dark chromosomal fragments or chromatids)

DNA replicative cycles.

3. RESULTS

The first statistical analysis was performed after a grouping

into three exposure groups: 4-8, 8-14 and >14 mrad/month.

Since no significant difference between group 4-8 and 8-14

was found, for further evaluation only two groups were formed:

4-14 and >14 mrad/month, respectively. Student's test

(Table 1) revealed a highly significant difference in UDS

measured in the first phase of DNA repair by UV-induced
3H-TdR uptake of peripheral lymphocytes. This increase of
3H-TdR incorporation was only due to real unscheduled syn-

thesis induced by UV-irradiation, since neither increased

uptake of thymidine could be demonstrated in unirradiated

samples, nor was there any change in the pool-size of the

free nucleotide (1). Non UV-irradiated control cells did not

show any enhanced replicative synthesis, the number of S-phases

was about the same in all cell smears, and there was no in-

dication of increased 3H-uptake by any repair mechanism due

to in vivo exposure of test persons.

The number of spontaneously occurring SCEs did not show any

dependence on radition exposure of test persons (Table 2).
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Table 1; UV-induced UDS in peripheral lymphocytes of persons ex-
posed to varying low doses of ionizing radiation (UDS = rel.
reflexion of silver grains/cell).

Exposure group

4-14 mrad/month

no of persons tested

x ~=~38.7

s.d. = 8.1

= 23

Exposure group

>14 mrad/month

no of persons tested

x = 49.0

s.d. = 8.3

= 12

t-test = error probability for 2 tailed test<0.1%
(highly significant)

Table 2: Spontaneoulsy occurring SCEs in lymphocytes of
exposed to varying low doses of ionizing radiation.

persons

no

X

s.

of metaphases scored

(SCE/metaphase)

d.

Exposur
4-14 mrad/month

538

6.82

2.89

•e groups
> 1 4 mr-ad/month

428

6.86

2.81

Nonparamteric H-test according to Kruskal (6) , error pro-
bability 77%, differences not significant.

For induction of SCEs by MMC, two different MMC concentrations

were used for various test persons. In both concentrations a

reduced rate of SCEs was demonstrated in lymphocytes from

persons exposed to doses )> 14 mrad/month (Table 3 and 4). In

addition to UDS and SCEs cell replication kinetics was exa-

mined by the observation of the number of cells in 1st, 2nd

and 3rd mitosis 72h after PHA-stimulation (Table 5). Chronic

low dose radiation exposure seems to influence the cell cycle

kinetics, since a significant decrease in the number of 3rd

mitosis was found in persons exposed to radiation doses

>14 mrad/month.
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Table 3:MMC induced SCEs in lymphocytes of persons exposed
to varying low doses of ionizing radiation (MMC = 1 0 M).

no

X

s.

of metaphases scored

(SCE/metaphase)

d.

Exposure
4-14 mrad/month

229

23,54

5.87

groups
>14 mrad/month

65

18,58

3,08

H-test error probability <0.01%, highly significant.

Table 4: MMC induced SCEs in lymphocytes of persons exposed
to various low doses of ionizing radiation (MMC = 10 M ) .

no

X

s.

of metaphases scored

(SCE/metaphase)

d o

Exposure
4-14 mrad/month

178

33.09

6,83

groups
>14 mrad/month

339

28.51

6.18

H-test error probability <0.01%, highly significant.

Table 5; Percentage of cells in 3rd mitosis after stimulation
by PHA.

Exposure groups
4-14 mrad

54
60
47
42
45
52
44
37

>14 mrad

33
21
23
40
46
41
49
51
29
24

U-test according to Wilcoxon, Mann and Whitney:
error probability for two tailed test <£2%, diff. significant.
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4. DISCUSSION

The present study indicates that chronic low dose radiation

exposure exerts a pronounced influence on the capacity of

cells to carry out DNA repair processes induced by a second

inflict, e.g. UV-irradiation or alkylation by MMC. These re-

sults further ascertain observations obtained at the gallery
222

of Badgastein, where the inhalation of Rn and its daughters

also induced enhanced repair capacities in lymphocytes of ex-

posed persons (1). This enhancement could be due to an in-

duction of de novo synthesis of repair enzymes. Such an in-

duction is known to occur in SOS-repair of bacteria (7, 8).

But the existence of inducible DNA repair in mammalian cells

is still a matter of discussion (for review see 9). Enzyme

induction has already been discussed in connection with the

life extending effect of radiation in insects (10), and

mammals (11) or combined UV- and X-irradiation of human

skin (12; for review see 13). Since the discovery of inducible

DNA repair in prokaryotes there has been considerable

speculation about the existence of analogous processes in

mammalian cells. Recent studies (14, 15) postulate the

mechanism of "adaptation" by error free inducible repair

(i.e. an enhancement in the resistence of bacteria to ';he

lethal and mutagenic effects of alkylating agents by a pre-

treatment with the same or another methylating substance)

to occur in mammalian cells. A comparable phenomenon was

observed in split dose experiments: mammalian cells pre-

treated with low doses of UV or ionizing radiation (16, 17)

survive better than cells exposed to a single total dose

and show enhanced recovery of replicative DNA synthesis.

Besides de novo synthesis of repair enzymes, an alteration

of poly (ADP-ribose) synthesis could contribute to the observed

changes of UDS. ADP-ribosylation and binding of poly(ADP-

ribose) (= PAR) to proteins has an important regulatory

effect on cell metabolism. Modifications of chromatin

structure by binding of PAR are involved in replicative

DNA synthesis, DNA repair and processes of differentiation

(18). PAR binds to H-B-histon, thereby leading to a loosening
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of the nucleosomal core region. Investigations of NAD-in-

corporation after UV-irradiation of lymphocytes of persons
22?exposed to "Rn revealed a reduced PAR-activity during the

first 30 min after UV-irradiation. After this initial period

PAR polymerase activity significantly raised above control

values (19).

PAR is not only a cofactor necessary for DNA repair pro-

cesses, but also inhibits DNA polymerase/., which is respon-

sible for replicative DNA synthesis (20). The present study

showed both an increase of DNA repair incorporation and a retar-

dation of the replication cycle - both effects could be

attributed to enhanced PAR polymerase activity. The retar-

dation of the cell cycle kinetics very well agrees with our

previous investigations on replicative DNA synthesis after

low dose irradiation (1): BND cellulose separation of DNA

demonstrated reduced rates of 3H-TdR incorporation by re-

plicative DNA synthesis, both into single-strand containing

and native double stranded DNA.

An. objection against a true enhancement of DNA repair capa-

city by continuous low dose radiation could be the fact,

that peripheral lymphocytes consist of various cell populations

with different radiosensitivity (21). A shift within the cell

population in favour of more radioresistant cell types with

greater repair capability could stimulate the observed

effects of increased 3H-thymidine incorporation, since B

cells are thought to have increased repair capacity compared

with T cells, according to a higher DNA precursor pool (22).

This objection does not apply for the study of MMC induced

SCEs. Since PHA was used for lymphocyte stimulation, only

T cells could be evaluated. The reduced rate of MMC induced

SCEs can only be attributed to an increased repair of MMC

induced lesions in T cells of exposed persons.

The kind of lesion produced by MMC is still a matter of

discussion. MMC is able to form DNA-DNA crosslinks, but
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recent studies demonstrate that only 1 out of 5-10 MMC

molecules leads to an interstrand linkage, while the majority

reacts with only one DNA strand (23) and the site of alkylation

by MMC may be the 0 position of guanine (24, 25). Increased

repair of such lesions could of course result in reduced

numbers of MMC induced SCEs.

In contrast to the observed reduction in the number of MMC-

induced SCEs, repeated low dose irradiation did not signi-

cantly alter the frequency of spontaneous SCEs. According to

Painter's model of SCE production (26), the origin of SCEs

is wholly independent of DNA repair processes, but depends

on the average rate of DNA-fork replication displacement.

Ionizing radiation leads to an inhibition of replicon in-

itiation and therefore causes only few or no SCEs, while

agents that block chain elongation, e.g. MMC, cause a large

number of SCEs. An immediate pretreatment with ionizing

radiation which delays the onset of cluster replication

should therefore decrease the frequency of SCEs induced by

an agent that retards the progression of the replication fork.

Since we did not exert any immediate foregoing irradiation,

the present effects observed with MMC rather seem to be

attributable to increased repair processes eliminating

MMC induced DNA lesions than to immediate influences of the

radioactive ambient on DNA replication. Comprising the

present study we may conclude that repu •. ;ed dosis of

ionizing radiation lead to a slight retardation of cell

replication kinetics, and to a pronounced enhancement of

repair capability for DNA lesions as demonstrated by UDS

after UV-irradiation and SCE frequency after MMC treatment

of lymphocytes. The stimulation of repair capacity may be

either due to de novo synthesis of repair enzymes or to a

chromatin modification by PAR-glycohydrolase and PAR-

polymerase, enabling repair enzymes to act immediately after

damage also in those parts of heterochromatin which are

normally in a condensed state.
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