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Abstract 

We have carried out experiments to study the possible induction of an adaptive response in cultured bovine and rabbit 
lymphocytes conditioned with subtoxic doses of hydrogen peroxide after stimulation and subsequently challenged with 1 Gy 
of X-rays. Peroxide treatment was given at different doses 48 h after the addition of PHA to stimulate the cells. A protective 
effect of pre-exposure to H202 against radiation damage detected as micronuclei in binucleated cells was evident for all the 
animals tested regardless the dose of H,O, used, although this effect was in general of greater magnitude in bovine than in 
rabbit cells. These results lend further support to our previous finding in human lymphocytes that DNA single strand breaks 
induced by H,O, (most likely due to the generation of hydroxyl radicals) is the most important lesion to trigger the adaptive 
response. 

1. Introduction 

Ionizing radiation, UV light, and a multitude of 
chemical agents cause damage to DNA. In living 
cells that have suffered such damage a variety of 
cellular responses are triggered. 

When cells are exposed to low doses of an agent 
that induces damage to DNA, they often become less 
sensitive to the effects of a higher dose administered 
subsequently, i.e., they exhibit the so-called Adap- 
tive Response (AR). 

Since it was first demonstrated [I] that bacteria 
exhibit an AR to alkylating agents via the induction 
of the DNA repair system, many attempts have been 
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made to demonstrate AR in eukaryotes [2-41, and 
particularly in mammalian cells [5- 121. The exis- 
tence of inducible DNA repair pathways in mam- 
malian cells could be of considerable significance in 
the evaluation of the mutagenic and carcinogenic 
potential of radiation and environmental chemicals. 

The existence of AR in mammalian cells has been 
reported for various alkylating agents [ 13,141 and in 
response to tritiated thymidine ([“H]TdR) or ionizing 
radiation [5,6,11,15-211. 

Hydrogen peroxide (HZ02) is cytotoxic to mam- 
malian cells due to the generation of oxidative free 
radicals [22-241. It has been shown to mimic ioniz- 
ing radiation to a certain extent, and has been found 
to produce almost exclusively single strand breaks 
(ssb) in DNA, contrasting with ionizing radiations 
[25] that also induce double strand breaks (dsb) and 
base damage. 
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We have reported the use of the cytokinesis block 
micronucleus method [26] to evaluate the AR as a 
good alternative to the single fixation method and 
scoring of chromosomal aberrations at metaphase for 
the study of the AR in human lymphocytes [9]. 
Using this method we also observed a significant 
decrease in the yield of micronuclei in binucleated 
cells conditioned with H202 or low-dose X-rays in 
G, phase [lo]. 

The present paper describes experiments on the 
AR in cultured bovine and rabbit lymphocytes when 
they are conditioned with different doses of H202 
24 h before exposure to a challenge dose with 1 Gy 
of X-rays. 

2. Material and methods 

2.1. Animals 

Two healthy cows of the same race and reared in 
the same farm and two adult male rabbits were used 
in the experiments. The animals were kept with ad 
libitum access to standard diet and drinking water. 

2.2. Cell culture 

Whole blood (0.5 ml) from the animals was added 
to 4.5 ml of RPM1 1640 medium containing 20% 
fetal calf serum, 2 mM L-glutamine, 100 U/ml 
penicillin, 100 pg/ml streptomycin and 2% phyto- 
hemagglutinin (PHA) to stimulate G, lymphocytes. 

2.3. Conditioning treatment 

Conditioning treatment consisted of a single 30 
min pulse with 5. 25, 50 or 75 FM H,O, for bovine 
lymphocytes and 25, 50 or 75 p,M for rabbit lym- 
phocytes, given 48 h after setting up the cultures. 
The cells were then centrifuged and the medium 
changed. The same manipulations, except the addi- 
tion of H20z. were carried out with the cells receiv- 
ing radiation alone. 

2.4. Challenge treatment and cytokinesis block 

Challenge treatment was at 24 h after condition- 
ing treatment. The cells were exposed to 1 Gy of 

CHALLENGE 
TREATMENT 
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g 
CONDITIONING 

TREATMENT 
WI 

/ / 
PHA H,O, 

48 h 0.5 h 23.5 h 

CYTOCHALASIN B 

24 h 

Scoring of micronuclei 
in binucleated cells 

Fig. I, Experimental procedure for conditioning pulse-treatment with H,O, given at different doses (5. 25, 50 or 7.5 (*M) before irradiation 
in previously stimulated bovine and rabbit lymphocytes. 
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X-rays from a Philips SL 75-20 linear accelerator, 8 
MeV, delivered at a dose rate of 2 Gy/min. 

Cytochalasin B (Cyt B, Sigma) was dissolved in 
dimethyl sulfoxide (DMSO) at a concentration of 2 
mg/ml, and stored at - 80°C. On the day of the use, 
the stock solution was diluted with PBS and added to 
the cell cultures at a final concentration of 6 p,g/ml 
to ensure an efficient inhibition of cytokinesis [27] 
immediately after the X-ray exposure. After recovery 
in Cyt B for 24 h, fixation was performed basically 
following a cytological procedure previously de- 
scribed [28] with several modifications. Cells ex- 
posed briefly to a 0.075 M KC1 pre-warmed solution 
were then fixed in freshly made ice-cold Camoy’s 
fixative (absolute methanol/acetic acid, 3 : 1) for 
several minutes. Subsequently, they were washed in 
PBS and finally fixed in a freshly made 
methanol/acetic solution (6 : I). Cytological prepara- 
tions were made by dropping cells onto wet slides 
and staining with Giemsa. 

Two thousand binucleated cells were scored blind 

for micronucleus frequency in each treatment by two 
different observers. A one-tailed t-test was used to 
determine if the number of micronuclei observed in 
cells conditioned before irradiation with 1 Gy of 
X-rays was significantly lower than the expected, 
i.e., if they showed the adaptive response. 

3. Results 

Previous experiments carried out in our laboratory 
[8-IO] showed that conditioning either stimulated or 
unstimulated (G,) human lymphocytes with low 
doses of Hz02 results in a protection against chro- 
mosome damage induced by X-rays delivered later 
on. 

As can be seen in Fig. 1, cells were pulse-treated 
for 30 min with different doses of H,O, (5, 25, 50, 
75 p,M) as a conditioning treatment 48 h after the 
addition of PHA to stimulate lymphocytes and irradi- 
ated 24 h later with 1 Gy of X-rays. After a recovery 

Table 1 
Adaptive response in bovine lymphocytes conditioned with different doses of H,O, 38 h after stimulation 

Animal Conditioning Challenge No. of micronuclei 

pretreatment (H?O,) treatment X-rays 

No. of cells 
scored 

(FM) (Gy) Observed Expected ’ 

A - 

5 

‘5 
50 

75 
- 

5 

25 

50 

75 

B - 
5 

25 

50 

5 

25 

50 

- 38 19 

- 33 16.5 

- IS9 19.5 

- II-I 57 

- 117 58.5 

I 278 139 

I 216 IO8 

I 319 159.5 

I 271 135.5 

I 209 104.5 

- I6 8 
- 23 Il.5 

25 12.5 
- 30 15 

I 290 I45 
I 178 89 

I 172 86 

I 187 93.5 

- 2000 

- 2ooo 

- 2ooo 

136.5 h 2000 

199.5 h 2000 

177 h 2000 

178.5 ’ 2ooo 

2ooo 

- 2000 

- 2ooo 

- 2000 

- 2000 

148.5 b 2000 
149.5 b 2000 

I52 h 2000 

ii Sum of the two individual treatments minus the control. 

h Observed frequency significantly lower than expected (P < 0.01) (one-taded t-test) 
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time of 24 h in Cyt B, micronuclei were scored in 
binucleated cells. An interesting feature observed 
was that bovine lymphocytes in general appeared as 
more sensitive to irradiation than human cells, and 
accordingly the dose of X-rays (1 Gy) was lower 
than that customarily used for human lymphocytes 
(1.5 Gy). 

Table I shows the frequencies of micronuclei in 
binucleated cells in bovine lymphocytes from two 
animals. As can be seen, the difference between the 
expected and observed values when they were condi- 
tioned with peroxide before challenging with X-rays 
(combined treatments) was always statistically sig- 
nificant, i.e., they showed the adaptive response in a 
similar way to that observed in our previous experi- 
ments with human cells [7-IO]. 

As can be seen in Table 2, when we carried out a 
similar experimental protocol using rabbit lympho- 
cytes they showed as more sensitive to X-rays than 
bovine lymphocytes but also showed the AR. These 
cells had for all doses of peroxide significantly fewer 
micronuclei than expected. In general, however, rab- 
bit lymphocytes showed a protection that was appar- 

ently of less magnitude than the response observed 
in bovine lymphocytes (Tables 1 and 2). 

4. Discussion 

The mechanism underlying the phenomenon of 
increased resistance to exposure to radiation is not 
yet fully understood. In yeast it has been reported [3] 
that DNA ssb, such as those induced by hydroxyl 
radicals, may be an important lesion that signals the 
induction of the recombinational repair system, which 
is believed to be the major mechanism that confers 
resistence to ionizing radiation in these cells. 

Different reports have shown the existence of an 
adaptive response not only in procaryotic cells [ 1,291 
but also in eucaryotic cells as have been reported for 
yeast [3], plant cells [2], Drosophila [4], chicken 
embryos [30] and different mammalian cells [5,7- 
12,18,20,3 1.321. 

X-ray damage is partly attributed to the produc- 
tion of free radicals that are also produced by H,O, 
[33]. Oxidation products of DNA bases are present 

Table 2 
Adaptive response in rabbit lymphocytes conditioned with different doses of Hz02 48 h after stimulation 

Animal Conditioning Challenge 
pretreatment (H,Oz) treatment X-rays 

(FM) (GY) 

No. of micronuclei 

Observed Expected ’ 

No. of cells 
scored 

A - 

25 
50 
75 
- 

25 

50 
75 

B 

25 
50 

75 
- 

25 
50 
75 

- 

9 4.5 - 2000 

9 4.5 - 2000 

9 4.5 - 2000 
13 6.5 - 2000 

556 278 - 2000 
443 221.5 278 h 2000 

301 150.5 278 h 2000 

386 243 280 h 2000 

- 12 6 - 2000 

- 6 3 - 2000 

IO 5 - 2000 
- IO 5 - 2000 

1 592 296 - 2000 

1 327 213.5 293 ’ 2000 
I 509 204.5 295 b 2000 

I 568 234 295 b 2000 

A Sum of the two individual treatments minus the control. 

b Observed frequency significantly lower than expected (P < 0.01) (one-tailed t-test). 
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within the mammalian cell at relatively high levels 
caused by endogenous oxidants [34], i.e., through a 
mechanism involving hydrogen peroxide. H,O, is 
well documented for its ability to induce almost 
exclusively DNA ssb [35] most likely due to the 
generation of hydroxyl radicals [36], although it can 
induce, to a minor extent, other types of damage 
such as double-strand breaks, base destruction, base 
liberation and cross-linking [37,38]. 

In this work we have found that conditioning 
bovine lymphocytes with H,O,, in agreement with 
our earlier results on AR in cycling or G, human 
lymphocytes 18-101, seems to protect them from 
radiation damage detected as micronuclei in binucle- 
ated cells. This protection seems to be of greater 
magnitude in one of the animals (animal B) with 
reductions in the yield of micronuclei that reaches 
values of about 40%. This is in agreement with 
different reports on the AR to radiation damage 
where interindividual differences have been observed 
[ 17,39,40]. 

With regards to the AR in rabbit lymphocytes, we 
have seen it in both animals in good agreement with 
that previously reported in cultured cells or in vivo 
with low doses of radiation instead of peroxide as 
conditioning treatment [ 18,201. In comparison with 
the bovine cells, rabbit lymphocytes showed a weaker 
AR. since this protection reached average values of 
only 26% reduction of the number of micronuclei. 

In conclusion, our results clearly show that the 
AR is induced by H,O, in both bovine and rabbit 
lymphocytes and the cells are protected against sub- 
sequent exposure to 1 Gy of X-rays. 

Although the molecular basis for this apparent 
protective effect of low doses of H,O, against ox- 
idative damage remains to be elucidated, it has been 
proposed that this enhanced resistance to ionizing 
radiation could result from the induction of an error- 
free repair pathway in response to certain signals. 
The abolition of the adaptation by the poly(ADP- 
riboselpolymerase inhibitor 3-aminobenzamide re- 
ported in human lymphocytes [ 151 and CHO cells 
[41] seems to support the involvement of DNA repair 
processes. 

Our results on the efficiency of a conditioning 
with HZOZ in stimulated bovine and rabbit lympho- 
cytes, in good agreement with our previous reports 
on the adaptive response induced by peroxide in 

stimulated or G, human lymphocytes [8-lo], seems 
to support the relative importance of ssb for the 
induction of a repair mechanism acting on subse- 
quent radiation damage. 

The use of the cytokinesis-block method in the 
present investigation to score micronuclei in binucle- 
ated cells, as compared with the scoring of chromo- 
somal aberrations at metaphase to study the possible 
adaptation in lymphocytes employed in previous in- 
vestigations [ 18,42,43], offers the advantage of being 
able to harvest the cells exposed to the challenge 
high dose of X-rays at different stages of the cell 
cycle and allows them to undergo any delay needed 
to repair before entering mitosis and showing up as 
binucleated cells. 

Acknowledgements 

We thank Prof. E. Tello for his support and 
encouragement and M.A. Ledesma for expert techni- 
cal assistance. One of the authors (M.J.F.) is the 
recipient of a fellowship from the Spanish Ministry 
of Education and Science. This work has been partly 
supported by Grants from me Commission of the 
European Communities (FI3P-CT92-0031) and DGI- 
CYT (PB93-0734 and CE93-0006), Spain. 

References 

Ill 

M 

[31 

141 

Samson, L. and J. Cairns (1977) A new pathway for DNA 

repair in Escherichia coli, Nature, 267, 281-283. 
Cot& F., I. Dominguez. S. Mateos, J. Pihero and J.C. 
Mateos (1990) Evidence for an adaptive response to radiation 

damage in plant cells conditioned with X-rays or incorpo- 
rated tritium, Int. J. Radiat. Biol., 57, 537-541. 

Boreham, D.R. and R.E.J. Mitchel (1991) DNA lesions that 
signal the induction of radioresistance and DNA repair in 

yeast, Radiat. Res., 128, 19-28. 
Schappi-Biichi, C. (1994) On the genetic background of the 
adaptive response to X-rays in Drosophila melanogaster, 

Int. I. Radiat. Biol., 65, 427-435. 
151 Olivieri, G., J. Bodycote and S. Wolff (1984) Adaptive 

response of human lymphocites to low concentrations of 

radioactive thymydine, Science, 223, 594-597. 

[6] Shadley, J.D. and S. Wolff (1987) Very low doses of X-rays 
can cause human lymphocytes to become less susceptible to 

ionizing radiation, Mutagenesis, 2, 95-96. 
[7] Wolff, S., J.K. Wiencke. V. Afzal, J. Youngblom and F. 

Co& (1989) The adaptive response of human lymphocytes 



14 M.J. Flows et al./Murarion Rrsearch 372 (IYY6) Y-15 

to very low doses of ionizing radiation: A case of induced 

chromosomal repair with the induction of specific proteins. 
in: K.F. Baverstock and J.W. Stather (Eds.1, Low Dose 
Radiation, Biological Bases of Risk Assessment, Taylor and 

Francis, London, pp. 446-454. 

[8] Cones, F., I. Dominguez, J. Piiiero and J.C. Mateos (19901 
Adaptive response in human lymphocytes conditioned with 
hydrogen peroxide before irradiation with X-rays, Mutagene- 

sis, 5, 555-557. 
[9] Dominguez, I., N. Panneerselvam, P. Escalza, A.T. Natarajan 

and F. Co& (1993) Adaptive response to radiation damage 

in human lymphocytes conditioned with hydrogen peroxide 
as measured by the cytokinesis-block micronucleus tech- 

nique, Mutation Res., 301, 135-141. 
[lo] Cot&, F., I. Dominguez, M.J. Flores, J. Piiiero and J.C. 

Mateos (1994) Differences in the adaptive response to radia- 

tion damage in G,) human lymphocytes conditioned with 
hydrogen peroxide or low-dose X-rays, Mutation Res., 3 11. 

157-163. 
[ 1 I] Rigaud, 0. and E. Moustacchi (1994) Radioadaptation to the 

mutagenic effect of ionizing radiation in human lympho- 

blasts: Molecular analysis of HPRT mutants, Cancer Res. 

(SuppI.), 54, 1924- 1928. 
[12] Wojewodzka, M., M. Walicka, B. Sochanowicz and I. Szu- 

miel (1994) Calcium antagonist, TMB-8. prevents the induc- 

tion of adaptive response by hydrogen peroxide or X-rays in 
human lymphocytes, Int. J. Radiat. Biol., 66, 99-109. 

[13] Samson, L. and J.L. Schwartz (1980) Evidence for an adap- 

tive DNA repair pathway in CHO and human skin fibroblast 
cell lines, Nature, 287, 861-863. 

[14] Kaina, B. (19821 Enhanced survival and reduced mutation 
and aberration frequencies in V79 Chinese hamster cells 
pre-exposed to low levels of methylating agents. Mutation 

Res., 93, 195-211. 
[15] Wiencke, J.K., V. Afzal, G. Olivieri and S. Wolff (19861 

Evidence that the [‘Hlthymidine-induced adaptive response 
of human lymphocytes exposed to subsequent doses of X-rays 
involves the induction of a chromosomal repair mechanism, 

Mutagenesis, 1, 375-380. 
[16] Wolff, S., V. Afzal, J.K. Wiencke, G. Olivieri and A. 

Michaeli (1988) Human lymphocytes exposed to low doses 
of ionizing radiations become refractory to high doses of 
radiation as well as to chemical mutagens that induce 

double-strand breaks in DNA, Int. J. Radiat. Biol., 53, 39-48. 

[I71 Sankaranarayanan, K., A.V. Duyn. M.J. Loos and A.T. 
Natarajan (1989) Adaptive response of human lymphocytes 

to low-level radiation from radioisotopes or X-rays, Mutation 
Res., 211, 7-12. 

[I81 Cai, L. and S.-Z. Liu (19901 Induction of cytogenetic adap- 
tive response of somatic and germ cells in vivo and in vitro 

by low-dose X-irradiation. Int. J. Radiat. Biol., 58. 187- 194. 

]19] Fan, S., G. Vijayalaxami, G. Mindek and W. Burkart (19901 
Adaptive response to 2 low doses of X-rays in human blood 

lymphocytes, Mutation Res., 243. 53-56. 
[20] Liu. S.Z., L. Cai and S.Q. Sun (1992) Induction of a 

cytogenetic adaptive response by exposure of rabbits to very 

low dose-rate y-radiation, Int. J. Radiat. Biol., 62, 187-190. 

[21] Farooqi, Z. and P.C. Kesavan (1993) Low-dose radiation-in- 
duced adaptive response in bone marrow cells of mice, 

Mutation Res., 302. 83-89. 
[22] Simon, R.H., C.H. Scoggin and D. Patterson (19811 Hydro- 

gen-peroxide causes fatal injury to human fibroblasts ex- 
posed to oxygen radical, J. Biol. Chem., 256. 7181-7186. 

[23] Mello Filho, A.C. and R. Meneghini (1985) Protection of 

mammalian cells by ophenantroline from lethal and DNA 
damaging effects produced by active oxygen species, 

Biochim. Biophys. Acta, 847, 82-89. 
[24] Cantoni, 0.. D. Murray and R.E. Meyn (19861 Effect of 

3-aminobenzamide on DNA strand break rejoining and cyto- 

toxicity in CHO cells treated with hydrogen-peroxide, 

Biochim. Biophys. Acta. 867, 135-143. 
[25] Ward, J.F., W.F. Blakely and E.I. Joner (19851 Mammalian 

cells are not killed by DNA single-strand breaks caused by 

hydroxyl radicals from hydrogen-peroxide. Radiat. Res., 103, 
383-392. 

[26] Fenech, M. and A.A. Morley (1985) Measurement of mi- 
cronuclei in lymphocytes, Mutation Res., 147, 29-36. 

[27] Littlefield. L.G., A.M. Sayer and E.L. Frome (19891 Com- 
parisons of dose-response parameters for radiation-induced 

acentric fragments and micronuclei observed in cytokinesis- 
arrested lymphocytes, Mutagenesis. 4, 265-270. 

[28] Lee, T.K., A.L. Wiley, Jr, J.A. Means and L. Biggs (1994) 

Preservation of cytoplasm in the human lymphocyte mi- 
cronucleus assay. Mutagenesis, 9, 559-562. 

[29] Demple, B. and J. Halbrook (1983) Inducible repair of 
oxidative DNA damage in Escherichia coli, Nature, 304, 

466-468. 
[30] Tempel, K. and S. Schleifer (1995) Adaptive response of the 

chicken embryo to low doses of X-irradiation, Radiat. Envi- 

ron. Biophys., 34, 177-183. 
[31] James. S.J.. SM. Enger and T. Makinodan (1991) DNA 

strand breaks and DNA repair response in lymphocytes after 

chronic in vivo exposure to very low doses of ionizing 
radiation in mice, Mutation Res., 249, 255-263. 

[32] Azzam, E.I., G.P. Raaphorst and R.E. Mitchel (1994) Radia- 
tion-induced adaptive response for protection against mi- 

cronucleus formation and neoplastic transformation in C3H 
lOTl/2 mouse embryo cells. Radiat. Res., 138, S28-S31. 

[33] Sobels, F.H. (1956) Organic peroxides and mutagenic effects 
in Drosophila. Nature, 177, 979-980. 

[34] Adelman, R., R.L. Saul and B.N. Ames (19881 Oxidative 
damage to DNA: Relation to species metabolic rates and life 
span. Proc. Nat]. Acad. Sci. USA, 85, 2706-2708. 

[35] Lava]. F. (1988) Pretreatment with oxygen species increases 

the resistance of mammalian cells to hydrogen peroxide and 
y-rays, Mutation Res., 201, 73-79. 

[36] Philips, B.J.. T.E.B. James and D. Anderson (1984) Genetic 

damage in CHO cells exposed to enzymatically generated 
active oxygen species, Mutation Res.. 126, 265-271. 

[37] Vuillaume, M. (1987) Reduced oxygen species, mutation, 

induction and cancer initiation, Mutation Res., 186. 43-72. 
[38] Meneghini, R. (1988) Genotoxicity of active oxygen species 

in mammalian cells, Mutation Rea., 195, 215-230. 

[39] Boai, A. and G. Olivieri (1989) Variability of the adaptive 



M.J. Flows et cd. /Mutation Resecrrch 372 (19%) Y-15 15 

response to ionizing radiations in humans. Mutation Res.. 

211. 13-17. 
[40] Schmid, E.. M. Bauchinger and U Nahrstedt (1989) Adaptive 

response after X-irradiation of human lymphocytes?. Muta- 

genesis. 4, 87-89. 
[41] Ikushima, T. (1987) Chromosomal responses to ionizing 

radiation reminiscent of an adaptive response in cultured 
hamster cells, Mutation Res.. 180, 2 15-22 1. 

[42] Shadley. J.D.. V. Afzal and S. Wolff (1987) Characterization 

of the adaptive response to ionizing radiation induced by low 
doses of X-rays to human lymphocytes, Radiat. Res.. I 11, 

Sl l-517. 
[43] Wang. Z.-Q., S. Saigusa and MS. Sasaki (1991) Adaptive 

response to chromosome damage in cultured human lympho- 
cytes primed with low doses of X-rays. Mutation Res., 246, 

I79- 186. 


