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VIVO IP LOW DOSbS Oh IONIZING RADIATION

SUMMARY
C57b1/6 mice were whole body irradiated with 50 mGy/day
("adapting dose") on four consecutive days and their spleens
removed on the 1st, 3rd, 7th, 12th, 19th, and 26th day after the
last irradiation. In vitro UV-1ight-induced UDS and MMC-induced
SCEs were scored in lymphocytes, UV-light and MMC being the
"challenging agents" yielding higher UDS values and lower fre-
quencies of induced SCEs than in cells of nonadapted animals. On
day 12 this effect could only be seen in half, on day 19 and 26
in none of the performed experiments. The results support those
published by Tuschl und Liu in showing that it is possible to
induce the adaptive response in vivo.

KEYWORDS
Adaptive response, sister-chromatid exchange, unscheduled DNA
synthesis, mouse lymphocytes, low dose radiation.

HINWEISE AUF EINEN INDUZIERTEN REPAIR IN C58BL-MÄUSEN NACH
NIEDEREN DOSEN IONISIERNDER STRAHLUNG

ZUSAMMENFASSUNG
C58B1-Mäuse wurden einer Ganzkörperbestrahlung von 50 mGy/Tag
("konditionierende" Dosis) an 4 aufeinanderfolgenden Tagen
unterzogen und die Milz der Tiere am 1., 3., 7., 12., 19. und
26. Tag nach der letzten in vivo Behandlung excidiert. In vitro
UV-induzierte UDS und MMC-induzierte SCEs wurden in den
Lymphozyten bestimmt. In den vorbestrahlten Tieren war die UV-
induzierte UDS deutlich höher als in den Kontrolltieren, während
die Anzahl der MMC induzierten SCEs vermindert war. Dieser
Effekt der Vorbestrahlung konnte bis zum 12. Tag nach der
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letzten in vivo applizierten Ganzkörperdosis beobachtet werden
und scheint ein deutlicher Hinweis auf einen induzierbaren
Reparaturprozeß zu sein.

SCHLÜSSELWORTE
umprogrammierte DNA Synthese, Schwesterchromatidaustausche,
induzierte DNA-Reparatur, Maus-Lymphozyten, niedere Strahlen-
dosen.
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INDICATIONS OF AN ADAPTIVE RESPONSE IN C57BL MICE
PRE-EXPOSED IN VIVO TO LOW DOSES OF IONIZING RADIATION

INTRODUCTION
Since the discovery of the adaptive response (AR) in E.coli
(Samson and Cairns, 1977) a lot of work has been put into
tracing a similar phenomenon in eucaryotic cells. Most of the
experiments were carried out using alkylating agents as adapting
and challenging doses (for an excellent review see Frosina and
Abbondandolo, 1985; Friedberg, 1985). Evaluating the UV-light-
induced UDS and MMC-induced SCEs Tuschl et al. (1980, 1983)
reported that lymphocytes of persons occupationally exposed to
low levels of ionizing radiation showed an enhanced repair
capacity. Liu et al. (1987) also observed an augmented UV-light-
induced UDS in lymphocytes of mice pre-exposed to gamma-
radiation. Most of research on the induction of the AR by
ionizing radiation has been, however, performed with in vitro
test systems, mainly using human lymphocytes (Olivieri et al.,
1984; Sanderson and Morley, 1986; Wiencke et al., 1986,;
Shadley and Wolff, 1987a; Shadley et al., 1987b; Wolff et al.,
1988a, 1988b; Vijayalaxmi and Burkart, 1989a, 1989b) but also
transformed cells (Ikushima, 1987). One of the most recent
findings is that the human population exhibits a heterogeneity
in the AR not only after adaptation to ionizing radiation (Bosi
and Olivierei, 1989; Sankaranarayanan et al., 1989) but also to
alkylating agents (Morimoto et al., 1986).
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From the point of view of radiation risk assessment it is
necessary to perform studies on the in vivo induction of the AR.
We have, therefore, conducted a series of experiments to compare
the UV-1 ight-induced UDS and MMC-induced SCEs in spleen lympho-
cytes of mice pre-exposed to a series of low gamma-radiation
doses with those of sham exposed animals. Experiments were
performed on different days after the application of the last
adapting dose. The results show that an in vivo pre-exposure
leads to an increased repair capacity of lymphocytes, an effect
which remains stable for approximately 12 days.

MATERIALS AND METHODS
Male C57B1/6 mice (6-8 weeks old) were purchased from the
Himberg (Austria) breeding laboratories. After one week
quarantine, half of them were whole-body irradiated in a 60-Co-
chamber (50 mGy/day; dose rate 1.25 mGy/min) on four consecutive
days. On the 1st, 3rd, 7th, 12th, 19th, and 26th day after the
last irradiation spleens were removed from the irradiated and
control animals and the lymphocytes isolated by pressing through
a tissue sieve. After washing two times in PBS, the cells from
each spleen were either:

1. cooled to 0°C and half of them UV irradiated (15 W germicidal
lamp at 254 nm, incident dose rate 1J/m2, for 20 sec), the
other half kept unirradiated but treated in the same manner
for evaluation of spontaneous UDS. After UV-irradiation cell
suspensions were incubated at 37°C for 90 min in the presence
of [_3H]thymidine (NEN, 370 kBq/ml; spec.act. 2960 GBq/mM),
the uptake of which was stopped by addition of ice-cold PBS
containing 300 ug/ml 2'-deoxythymidine, washed several times
in PBS, fixed in ice-cold methanol-acetic acid (3:1) and
dropped onto slides. Autoradiograms were prepared with Kodak
NTB3 liquid emulsion, exposed for 14 days at 4°C, developed
and stained with Giemsa.

2. resuspended in 1 ml of modified complete medium (Erexson et
al., 1983) (8 ml RPMI 1640 with L-glutamine, 2 ml HiFCS,
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100 JJ 1 pen-strept, 2.92 mg additional L-glutamine, 47.6 mg
HEPES, 10 units heparin, 83 ug Con-A (Sigma Type I V ) ,
0.25 IJ 1 mercaptoethanol) and 7 x 1 0 6 cells from each
suspension inoculated in 10 ml (50 ml flasks) of complete
medium containing 10~7 M MMC and incubated in the dark in a
5% CO2 atmosphere at 37°C. Aliquot cultures were set up
without MMC for the evaluation of spontaneous SCEs. After
24 h BrdU (2 ug/ml) was added and 4 h prior to harvesting
Colcemid (15 Ml/ml, GIBCO 043-5210) was introduced. Cultures
were harvested at 44 h by the technique described by Erexson
et al. (1983) and stained by a modification of the technique
described by Goto et al. (1978). The modification included
irradiation of slides with a single BLB at room temperature
for 30 min and incubation in 2 x SSC at 60°C for 60 min.

150 cells/animal were scored for the UDS analysis, the amount
of grains per cell, the percentage of labeled cells and the
percentage of S-phases being evaluated; all cells containing
more than 5 grains were considered as labeled. Per culture,
20 well spread second division metaphases were analyzed for
the SCE frequency. All evaluations were done in a double
blind manner.

The statistical analysis was performed using one sided t-test
for the SCEs and two sided t-test for the UDS (Müller and
Kick, 1 9 8 5 ) .

RESULTS AND DISCUSSION
When animals had been pre-irradiated, UV-induced UDS was
significantly higher on day 1, 3 and 7 (exception: A3/3 and
A7/2) post irradiation, compared with sham-irradiated controls
(tab. 1 ) . 12 days after irradiation only half of the irradiated
animals still showed an augmented response, and later on no
differences were observed. For each experiment on UDS a histo-
gram (showing frequency of labeled cells) was drawn (fig. 1 ) . It
clearly illustrates a shift in favour of more intensly labeled
cells within pre-irradiated animals. In general, no significant
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differences in the percentage of labeled cells were found
between pre-irradiated and control mice (tab. 1 ) . In addition to
UDS, the number of replicating cells was determined in both
groups of animals (tab. 2 ) : no significant differences in the
number of S-phases could be observed between both groups.

The frequency of SCEs induced by MMC resembles the results ob-
served after UV in vitro irradiation of cells (tab. 3 ) . Lympho-
cytes of animals that had been pre-irradiated with ionizing
radiation show a significantly reduced rate of MMC-induced SCEs.
This effect lasts for seven days after irradiation. Half of the
experiments performed 12 days after the last pre-irradiation,
and none of the experiments performed 19 and 26 days after the
last pre-irradiation produced significant differences between
adapted and non-adapted mice. The reduced rate of induced SCEs
cannot be correlated with differences in cell cycle (tab. 4 ) ;
the examination of 1 s t , 2ncl and 3rci mitoses in cultures of
lymphocytes .obtained 3 days after the last pre-irradiation did
not establish such a correlation, since no differences were
observed between pre-irradiated and control animals. Thus the
reduced rate of SCEs is not a consequence of differential cell
development rates. SCEs per se are no indicator of DNA damage
produced by ionizing radiation (Latt, 1981), but it is more or
less generally agreed that they arise at damaged sites of DNA,
despite the uncertainty as to their genesis. Thus the frequency
of SCEs observed after MMC treatment of cells may well reflect
the number of damaged sites which have not been repaired by
cellular DNA repair mechanisms.

Both results, an augmentation of UV-induced UDS and a reduction
of MMC-produced SCEs in lymphocytes of whole-body pre-irradiated
animals, point to an AR, as it has already been claimed by the
in vitro studies of several authors (Olivieri et al., 1984;
Sanderson and Morley, 1986); Wiencke et al., 1986; Shadley and
Wolff, 1987a; Shadley et al., 1987b; Wolff et al., 1988a, 1988b;
Vijayalaxmi and Burkart, 1989a, 1989b; Sankaranarayanan et al.,
1989).
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Very interesting is the fact that the observed AR shows cross
resistance to MMC and UV light. In an in vitro experiment only
Wolff et al. (1988a) as to our knowledge reported on a similar
positive cross resistance to MMC. Cells adapted to alkylating
agents have until now failed to show cross resistance to either
MMC (Kaina, 1983; Morimoto et al., 1986) or UV light (Samson and
Cairns, 1980; Kaina, 1983). Lymphocytes adapted to low concen-
trations of bleomycin become resistant to chromosome damage
produced by X-rays (Vijayalaxmi and Burkart, 1989a, 1989b) and
Wolff et al. (1988a) present evidence that lymphocytes adapted
to low doses of ( 3H)thymidine or X-rays show decreases of
bleomycin-induced chromatid and isochromatid deletions. But all
three mutagens induce a similar kind of lesion (DNA strand
breaks) and this resistance and cross-resistance may be due to
the induction of the same repair mechanism.

The results of the present investigations and former in vivo
studies on a human population exposed to low levels of ionizing
radiation (Tuschl et al., 1980, 1983; Pohl-RUling et al., 1983)
indicate that factors involved in AR may be very complex. In
cells treated with low doses of alkylating agents, DNA
glycosylase and methyltransferase could be induced, making the
cells more efficient in repair of lesions produced by the
challenging dose (Evensen and Seeberg, 1982; Waldstein et al.,
1982). Several authors postulated a role for poly(ADP-ribose)-
polymerase in the AR (Shadley and Wolff, 1987a) since AR could
be eliminated by inhibitors of poly(ADP-ribose)polymerase.

Considering the heterogeneity in the AR expression in the human
population (Morimoto et al., 1986; Bosi and Olivierei, 1989;
Sankaranarayanan et al., 1989) the present study presents
evidence that the same is true for mice (see results exp. A3/3.
A7/2 and A19/1 , tab. 1 ) .

An alternative interpretation of the results could be that the
observed enhanced repair capacity is caused by the repopulation
of the lymphocyte pool towards more radioresistant cells.
Although Wiencke et al. (1986) were able to prove that the AR
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observed by them was not due to a shift within the cellular
pool, the adapting dose of experiments presented here was
applied in vivo in which case it is much more difficult to
exclude such possibility. The evaluation of the lymphocyte
count, however, did not show changes in the number of spleen
lymphocytes, and there was also no difference in the amount of
S-phases of the pre-exposed and control animals (tab. 2 ) . The
pre-irradiation did not cause an increase of spontaneous UDS, as
evaluated in autoradiograms of non-UV-irradiated samples, or an
increase in spontaneously occurring SCEs (8.2 •+ 1 per c e l l ) .
Studies on lymphocytic subpopulations (T subsets, B cells and NK
cells) revealed effects only at doses >100 cGy 60-Co whole-body-
irradiation of C57B1 mice (Tuschl et al., in pre p . ) .

Shadley et al. (1987b) suggested that the AR ceases after the
3rd mitosis of adapted cells, due to a dilution of the repair
system as the cells divide over subsequent cell cycles. The
present study indicates an AR duration of 12 days; the latter
fact is unlikely to be attributable to cell division, since
spleen cells of mice showed a maximum of only 2% of S-phase
(tab. 2 ) . The fact that the above mentioned authors could not
observe AR in unstimulated cells led them to the conclusion that
"adaptation (...) requires mitogenic stimulation". Negative
results obtained by Moquet et al. (1986) could be explained on
the basis of the same assumption. Sanderson and Morley (1986)
however provide evidence that it is possible to adapt lympho-
cytes in G o to a dose as low as 0.1 cGy (1uCi [^HJ thymidine for
6 hours). In the present study the adaptive dose was also
applied in G o since the majority of spleenic lymphocytes are in
the resting phase of the cell cycle.

In conclusion, the results of this study show that chronic in
vivo irradiation of mouse lymphocytes with low doses of
l^-radiation causes an increase in the cellular repair capacity
which lasts for approximaterly 12 days and manifests itself as
higher in vitro UV-light-induced UDS rates and lower in vitro
MMC-induced SCE frequencies.
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Table 1:

UV-light-induced UDS in lymphocytes of mice pre-exposed (adapted) in vivo
to 4 x 5 cGy l^-rays and controls (sham exposed).

Day after Exp.No. Percentage of mean of grains t-test no of animals
pre- labelled cells per cell pre-
exposure pre- controls pre- controls exposed controls

exposed exposed

1 A1/1 81.1+ 5.2 75 +5.4 20.9+1.7 19.8+2.2 p<0.02* 5 5
A1/2 82.4+3.8 78 77.9 20.2+2.4 17.7+2.4 p<0.001* 5 5

3 A3/1 65.8+22.3 54.8+17.7 12.4+2.3 10.2+2.5 p<0.004* 4 5
A3/2 58.8+10.8 46.6+11.4 9.371.3 8.2+1.5 p<0.0008* 5 5
A3/3 60.77 4.9 53.77 7.6 9.570.9 9.270.6 p<0.09 3 3
A3/4 85.77 1.4 80.57 6.3 18.571.6 17.372 p<0.02* 5 5
A3/5 72.9+8.5 70.37 8.2 16.9+1.7 15.4+2.2 p<0.04* 5 5

7 A7/1 89.2+ 3.4 84.5+ 2 18 +2 16.1+3.2 p<0.05* 4 4
A7/2 69.5+ 6.4 73.9+ 5.8 11.570.9 11.170.4 p>0.3 5 5
A7/3 72.2+ 7.9 72.4+13.7 15.572.3 11.970.8 p<0.003* 5 5
A7/4 83.47 3.6 80.87 4.1 20.1+3 16.9+3.1 p<0.003* 5 5

12 A12/1 84 + 2.4 81.3+ 5.2 23.9+3.3 21.7+3.9 p<0.03* 5 5
A12/2 36 7 5.2 35.87 4.9 9.870.6 9.470.6 p>0.4 4 4
A12/3 77.57 3.8 71.67 7 15.271.114.272.4 p<0.05* 4 5
A12/4 80.8+4.3 80.8+2.3 16.6+2.116.8+2.8 p>0.3 4 4

19 A19/1 40.8+ 7.4 47.2+15.6 8 +0.2 9.4+1.1 p<0.04* 4 4
A19/2 89.17 1.6 83.57 3.8 19.871.118.973.8 p>0.1 5 5
A19/3 77.3710.6 75.37 6.3 16.272.3 17.4+5.3 p>0.4 4 5

26 A26/1 84.4+ 3.4 82.6+ 7.1 17.2+2 16.3+2.8 p>0.4 3 5
A26/2 78.17 6.8 80.47 3.5 22.372.4 21.173.3 p>0.4 5 5

The treatment schedule ist described in materials and methods.

*: results significant
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Table 2:

Percentage of replicating cells (S-phases) of pre-exposed and
control animals determined autoradiographically. Cells with more
than 60 grains/cell were classified as S-phases. (Practically
all S-phases could be easily detected by their intense label).
The values represent mean rates of results from all experiments
performed on the same day post p-irradiation. Statistical
analysis was performed with a two-tailed t-test.

Day after
pre-exposure

1

3

7

12

19

26

pre-exposed

0.7 H

0.8 H

0.9 H

1.9 H

1.4 H

0.9 H

r 0.5

h 0.7

h 0.6

h 1.2

L 1-4
h 0.6

contro

0.6 +

1 +

0.9 +

1.9 +

1.7 +

0.7 +

Is

0.3

0.7

0.7

1.5

1.1

0.5

P

>0.4

>0.08

>0.4

>0.2

>0.3

>0.4
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Table 3:

MMC-induced
vivo to 4 x

SCEs in
5 cGy

lymphocytes of
j/-radiation and

mice pre-exposed (adapted) in
controls (sham exposed).

Day after
pre-

exposure

3

7

12

19

26

exp.
no

B3/1
B3/2
B3/3
B3/4
B3/5

B7/1
B7/2
B7/3
B7/4

B12/1
B12/2
.B12/3
B12/4

B19/1
B19/2
B19/3

B26/1
B26/2
B26/3
B26/4

mean SCE
pre-

exposed

29.4+0.7
32.1+1.4
39.1+3.8
45.8+1
42.8+0.9

35 +3
34.8+0.4
46.4+0.8
44.971.5

36.2+1.6
36.5+1.7
37.6+3.6
42.9+1.4

39.4+0.3
44.1+2.9
34.1+1.2

36.9+0.9
50.8+1.9
44.2+0.7
41.3+1

per eel 1

controls

35.8+1.8
35.2+1
41.5+2.1
47.5+0.4
45.8+3.4

40 +2.6
36.4+1 .2
47.8+1.6
46 +1.2

38 +0.3
40.9+1.8
39.8+0.4
43.6+1.2

38.9+0.7
44.5+1.2
33.5+1.8

36.3+1.3
51.6+1.8
44.1+0.9
41 +1.6

t-test

p<0.0001*
p<0.0001*
p<0.02*
p<0.02*
p<0.03*

p<0.0001*
p<0.01*
p<0.04*
p<0.04*

p>0.07
p<0.0001*
p<0.004*
p>0.3

p>0.4
p>0.3
p>0.4

p>0.4
p>0.1
p>0.4
p>0.3

no of
pre-
exp.

2
4
5
4
4

3
4
4
4

2
3
4
5

3
4
4

5
4
5
3

animals

controls

2
4
5
4
4

3
4
4
4

2
3
5
5

3
4
4

5
4
5
3

The treatment schedule is described in materials and methods.

* results significant
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Table 4:

Cell cycle kinetics of experiments performed on 3 r d day post
^-irradiation at 44 h culture time. 100 metaphases per animals
have been scored. The values represent mean rates of one
experiment.

Experi
ment

B3/1

B3/2

B3/3

B3/4

B3/5

I

22.7+3

30.6+3

17.6+4

24 +2

19.8+5

.8

.8

.2

pre-exposed
II

61.3+5.1

51.2+4.9

55.3+6.2

61.8+5

58.3+3.3

III

16. +3

18.2+6.1

27.1+3.5

14.3+2.8

21.9+2.9

I

22.2+4.2

28.3+4.3

19.6+2.2

25.8+2.6

18.3+4.2

controls
II

58.1+1.9

47.4+3.2

55.7+5.8

60.2+5.3

59.4+3.8

III

18.7+4.9

19.1+3.3

26.7+5.1

14.7+3.2

22.3+6



Figure 1; Frequencies of labeld cells of pre-exposed ( B , full line) and
control (o, dotted line) animals of the experiment A1/2. All
experiments which yielded significant results, performed an
days 1/ 3, 7 and 12 post w-irradiation, revealed similar curve
patterns.
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