
cells from each transformed line was 
estimated from titration experiments in 
which graded doses of each cell line were 
tested for growth in normal mice. The 
appropriate dose of cells was suspended 
in 0.1 ml of Hanks balanced salt solution 
and injected subcutaneously. 

Recipient animals were specific patho- 
gen-free female mice of the inbred strain 
C3HIHeN(MTV-), obtained from the 
Frederick Cancer Research Facility. Im- 
munosuppression of one group of ani- 
mals was achieved by thymectomy at 4 
weeks of age, followed by the adminis- 
tration of 450 R of whole-body x-radia- 
tion 24 hours before the inoculation of 
transformed cells. Mice in a second 
group were shaved weekly and exposed 
to UV radiation from Westinghouse 
FS40 sunlamps at an average cosine- 
corrected incident dose rate of 4 .Tim2-sec 
for 1 hour three times per week, begin- 
ning at 8 weeks of age. Approximately 80 
percent of the radiation emitted by these 
lamps is composed of wavelengths be- 
tween 280 and 340 nm. The mice were 
irradiated for a minimum of 12 weeks 
before being used in the experiments. A 
third (control) group of mice, from the 
same age-matched pool of mice as the 
UV-irradiated animals, was not treated. 
After being injected with the trans- 
formed cells, the animals were examined 
weekly for tumor formation at the injec- 
tion site for 6 to 9 months or until they 
died. 

Injection of 1 x lo8 cells of the parent 
10T 112 line did not produce tumors in 
any of the recipient mice, whereas all the 
lines transformed in vitro produced tu- 
mors (Table 11. At a minimum tumori- 
genic dose, all these cell lines grew in a 
larger proportion of immunosuppressed 
than untreated mice, implying that all the 
lines exhibited some degree of antigenic- 
ity. However, only the cell lines pro- 
duced by transformation in vitro by UV 
radiation also grew more efficiently in 
the UV-irradiated mice. 

To ascertain whether the preferential 
development in UV-irradiated mice of 
cells transformed in vitro by UV radia- 
tion is attributable to suppressor lym- 
phocytes, a cell transfer study was per- 
formed. C3H mice that had been lethally 
x-irradiated (850 R) were reconstituted 
24 hours later with 5 x 10' spleen and 
lymph node cells from normal or UV- 
irradiated donors, or with a mixture of 
these populations. These animals were 
challenged subcutaneously 24 hours later 
with cells from a fibrosarcoma induced 
in a C3H mouse by repeated sunlamp 
irradiation (UV-2240), with 254-nm UV 
radiation-transformed 10T 112 cells 
(TU2), or with MCA-transformed 10T 

112 cells (MCAS). Lymphoid cells from 
the UV-irradiated donors could not me- 
diate the rejection of either UV radia- 
tion-induced tumor, and they reduced 
the ability of normal lymphoid cells to 
effect rejection (Table 2). In contrast, the 
MCA-transformed 10T 112 cell line grew 
similarly in the three groups of mice, 
indicating that its growth was unaffected 
by the presence of the UV radiation- 
induced suppressor lymphocytes. The 
experiment was repeated by using a dif- 
ferent 10T 112 cell line transformed in 
vitro with UV radiation (TU3), with the 
same results. 

These findings indicate that cells 
transformed in vitro by UV radiation 
have an antigenic determinant that is the 
same as, or similar to, one that is other- 
wise found only in skin cancers induced 
in vivo by UV radiation and that is 
recognized by the antigen-specific, UV 
radiation-induced suppressor lympho- 
cytes. Thus, this antigenic determinant is 
related in some way to the action of the 
carcinogen and is not a unique property 
of the particular cells transformed in 
vivo by UV radiation. It is not known 
whether this determinant is associated 
with the transformation event itself or 
whether it results from some heritable 
effect of UV radiation on the target cells. 
Nonetheless, it is interesting that this 
same change is produced in cells after 
exposure to either the shorter UV wave- 
length (254 nm) or to wavelengths in the 
mid-UV range (280 to 320 nm). One 

vitro transformation by 254-nm radiation 
is its relevance to the induction of skin 
cancers in mice by repeated exposure to 
mid-UV radiation. Our finding that both 
a single exposure of fibroblasts to 254- 
nm radiation in vitro and repeated irra- 
diation of mouse skin with mid-UV 
wavelengths induce the same antigenic 
determinant supports the validity of the 
in vitro transformation system as a mod- 
el for UV radiation carcinogenesis. 
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Adaptive Response of Human Lymphocytes to Low 
Concentrations of Radioactive Thymidine 

Abstract. When human lymphocytes were cultured with [3H]thymidine, which acts 
as a source of low-level chronic radiation, and then exposed to 150 rad of x-rays at 5 ,  
7, 9 ,  or 11 hours before fixation, the yield of chromatid aberrations was less than the 
sum of the yields of aberrations induced by [3H]thymidine and x-rays separately. 
Often fewer aberrations were found after exposure to radiation from both sources 
than were found after exposure to x-rays alone. At the same fixation times, 
nonradioactive thymidine did not affect the yield of x-ray-induced aberrations. The 
same phenomenon occurred at earlierfixation times, after exposure to 30 or 40 rad of 
x-rays and [3flthymidine. This response is analogous to the adaptive response to 
alkylating agents whereby prior treatment with small doses for a long period reduces 
the damage occurring from large doses of similar agents given for a short time. 

Low doses of radiation have frequent- 
ly been reported to affect the response of 
cells to subsequent doses (I), but this 
phenomenon is still a matter of contro- 
versy [for example, see (2)]. Incorpo- 
ration of [3H]thymidine ([3H]dThd) into 
chromosomes causes various kinds of 
genetic damage, including chromatid ab- 
errations (3),  which also can be induced 

by x-rays. To study the interaction of 
low chronic doses of radiation with sub- 
sequent higher acute doses in the pro- 
duction of chromatid aberrations, we 
carried out experiments in which human 
peripheral lymphocytes in culture were 
first labeled with t3H]dThd and then ex- 
posed to x-rays 3 to 11 hours before 
fixation. Radiation from incorporated 
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isotopes seems to evoke a response that 
is reminiscent of the adaptive response 
found for alkylating agents (4); that is, 
low levels of chronic radiation can trig- 
ger or induce increased repair of radia- 
tion-induced chromosome breaks. 

Heparinized whole blood was ob- 
tained by venipuncture from healthy 
male adults. Microcultures containing 
0.5 ml of blood in 5 ml of RPMI 1640 
medium containing 10 percent fetal calf 
serum, 200 mM glutamine, and 2 percent 
phytohemagglutinin M (Gibco) were es- 
tablished. The medium also contained 
penicillin (100 I. U.lml) and streptomycin 
(100 pgiml). Because RPMI 1640 medi- 
um does not contain thymidine, under 
our standard conditions the only thymi- 
dine present was the small amount in the 
whole blood and in the fetal calf serum 
(5) .  

Either [3H]d~hd  (0.01 to 0.1 pCi/ml; 
specific activity, 6.7 Ciiml) or nonradio- 
active thymidine was added to the ex- 
perimental cultures 4 to 6 hours after the 

cultures were established. Some cultures 
also contained 5-bromodeoxyuridine 
(BrdUrd) (20 pM final concentration) so 
that the number of times a cell divided in 
culture could be determined in harle- 
quin-stained preparations (6). On the 
second or third day of culture the cells 
were irradiated with 300-kilovolt peak 
(kVp) x-rays (General Electric Maxitron; 
half-value layer, 2 mm of Cu, 150 rad- 
lmin) (Tables 1 to 3), or 180-kVp x-rays 
(Gilardoni Tl20016; 4 mm of A1 added 
filtration, 120 radlmin) (Table 4). De- 
pending on the experiment, cells were 
fixed from 3 to 11 hours after irradiation. 
Two or 3 hours before fixation, 0.1 ml 
of Colcemid (final concentration, 
2 x 10-~h4) was added to each culture. 
Fixation was performed according to 
standard cytologic procedures; that is, 
the cells were exposed to a hypotonic 
solution and then fixed in a mixture of 
methanol and acetic acid (3:1), and the 
slides were stained with Giemsa. In the 
experiments with BrdUrd, the slides 

were stained by a modification of the 
fluorescence-plus-Giemsa method (3, so 
that only cells in their first division in 
culture were scored [see (8)] .  In some 
experiments, autoradiographs of cells 
exposed to [3H]d~hd  were prepared by 
dipping the slides into Ilford L4 emul- 
sion. 

The first experiments were carried out 
to see whether exposure of lymphocytes 
to continuous low doses of radiation 
from incorporated radioisotopes would 
affect the cells' response to subsequent 
doses of x-rays. When cells that had 
incorporated [3H]dThd were fixed 7 
hours after receiving 150 rad of x-radia- 
tion. the vield of chromatid and isochro- 
matid deletions was significantly less 
than the sum of the numbers of aberra- 
tions induced by [ 3 ~ ] d ~ h d  and x-rays 
administered separately (Table 1). In 
fact, in these three experiments, com- 
bined exposure to [3H]d~hd  and x-rays 
caused even fewer aberrations than were 
induced by x-rays alone. 

Table 1. Effects of continuous treatment with [ 3 ~ ] d T h d  on the frequency of chromatid aberrations obtained in human lymphocytes treated with 
150 rad of x-rays 46 hours after stimulation and fixed 7 hours later. Cultures were harvested after 2 hours of exposure to Colcemid. In experiment 
3, 20 pM BrdUrd was added 8 hours after stimulation. One hundred cells (first-division metaphases in experiment 3) were scored for each point. 

Treatment 
Chromatid and Expected Proportion of metaphases 

Gaps isochromatid Chromatid in each division 

deletions number deletions Of exchanges First Second and third 
---- - 

Experiment 1 
None 
[3H]dThd (0.01 pCilml) 
[3H]dThd (0.1 pCilml) 
150 rad 
[3H]dThd (0.01 pCi1ml) + 150 rad 
[3H]dThd (0.1 pCilml) + 150 rad 

Experiment 2 
None 
[3H]dThd (0.1 pCilml) 
150 rad 
[3H]dThd (0.1 pCilml) + 150 rad 

Experiment 3 (BrdUrd added) 
None 
[3H]dThd (0.1 pCiIml) 5 7 0 4 1 59 
150 rad 6 3 3 1 86 14 
[ 3 ~ ] d ~ h d  (0.1 pCi1ml) + 150 rad 9 20" 38 2 78 22 

*Difference from the expected frequency (the sum of the yields induced by x-rays alone, induced by [3H]dThd alone, and the control value) at P < 0.01 (Student's r- 
test). 

Table 2. Effects of continuous treatment with [3H]dThd on the frequency of chromatid aberrations obtained in human lymphocytes treated with 
40 rad of x-rays 50 hours after stimulation and fixed 3 hours later. Cultures were harvested after 3 hours of exposure to Colcemid; 20 pM BrdUrd 
was added 8 hours after stimulation. One hundred first-division metaphases were scored for each point. 

Treatment 
Chromatid and Expected Proportion of metaphases 

Gaps isochromatid Chromatid in each division 

deletions number of exchanges deletions First Second and third 

None 3 
[3H]dThd (0.01 pCiIml) 4 1 
[3H]dThd (0.1 pCilml) 10 11 
40 rad 9 58 
[)H]dThd (0.01 pCi1ml) + 40 rad 10 37t 
[3H]dThd (0.1 pCilml) + 40 rad 16 34" 

*Difference from the expected frequency (the sum of the ylelds induced by x-rays alone, induced by [3H]dThd alone, and the control value) at P < 0.01 (Student's t -  
test). tP < 0.05. 
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Because the number of aberrations 
decreases as  cells containing the aberra- 
tions divide (9),  an experiment was car- 
ried out to  see if the decline in aberration 
number might be an artifact caused by 

reflection of a differential sensitivity of 
the cells in different parts of the G2 phase 
of the cell cycle (10). When combined 
treatments were given, cell progression 
to metaphase, the stage at  which aberra- 

rays led to  fewer aberrations than would 
be expected in cells fixed only 3 hours 
after irradiation. As with the cells ex- 
posed to 150 rad of x-rays and fixed 7 
hours later, this effect occurred even 
when the amount of t3H]dThd was re- 
duced by a factor of 10. In addition, 
experiments carried out in the presence 
of BrdUrd showed that, although 40 rad 
of x-rays did not affect the proliferation 
of cells (Table 2), when x-rays and 0.1 
yCiiml of [ 3 H ] d ~ h d  were combined, 

the scoring of cells that had divided more 
than once (Table 1). In this experiment 
the cells were exposed to 20 y M  BrdUrd 
as well as  [3H]dThd so that we could 
restrict the scoring of aberrations to  cells 
that were dividing for the first time in 

tions are scored, was slower than the 
progression in cells that had been treated 
only with x-rays. This led to  compari- 
sons between cell populations of differ- 
ing sensitivity. That a difference in cell- 
stage sensitivity might also occur in hu- 

culture. The results show that the ob- man lymphocyte cultures was suggested 
in experiments in which the cells were 
fixed only 3 hours after irradiation (Table 
2). In this instance. a dose of 40 rad 

served decline in aberration number was 
not caused by the loss of aberrations 

more of the cells in the culture were in 
their first division and concomitantly 
fewer had divided two or three times. 

That differential stage sensitivity does 
not account for the decline in aberration 
numbers, however, is shown in experi- 

through cell division. 
In previous experiments with plant 

cells, combined exposures to  far-red 
induced more chromatid aberrations 
than were found after a dose of 150 rad in 
cells fixed at later times (11). 

The data in Table 2 also show that 
exposure to t3H]dThd plus 40 rad of x- 

light and x-rays showed that the number 
of chromatid aberrations found at any 
given time after irradiation was merely a 

ments in which the cells were succes- 
sively fixed at  5, 7, 9, or 11 hours after x- 
ray treatment (Table 3). Although in this 
set of experiments the yield of chromatid 
breaks after combined treatment was not 
smaller than that after x-rays alone (as it 

Table 3. Effects of continuous treatment with [3H]dThd on the frequency of chromatid 
aberrations obtained in human lymphocytes treated with 150 rad of x-rays 46 hours after 
stimulation and fixed 5 to 1 1  hours later. One hundred cells were scored for each point. 

was in the ex~er iments  shown in Table 
Fixa- Chro- Ex- 

tion matid pected Chro- 
and num- 

Treatment time Gaps isochro- ber matid 
after matid of ex- 

irradi- dele- dele- changes ation tions tions 

I),  at all doses the observed yields were 
smaller than would be expected from the 
sum of the yields induced by x-rays and 
[ 3 ~ ] d ~ h d  separately. Furthermore, al- 
though 150 rad by itself delayed cell 
proliferation in cultures (Table I),  as  
found by Purrott et al. (12) after irradia- 
tion during the G I  stage, the additional 
presence of [3H]dThd did not cause a 
further slowing of the cell cycle (Table 
1). These results show that, unlike the 
situation that prevails after far-red light 

None 5 
[3H]dThd (0.1 pCilml) 5 
150 rad 5 
[3H]dThd (0.1 p,Cilml) + 150 rad 5 

150 rad 7 
[3H]dThd (0.1 p,Cilml) + 150 rad 7 

150 rad 9 
[3H]dThd (0.1 p,Ci/ml) + 150 rad 9 
None 1 1  
[3H]dThd (0.1 p,Ci/ml) 1 1  
150 rad 1 1  
[3H]dThd (0.1 p,Ci/ml) + 150 rad 1 1  

and x-ray exposure in plants, the decline 
in chromatid breaks in human lympho- 
cytes is not a mere reflection of stage 
sensitivity coupled with a differential de- 
lay in the progression of irradiated cells 
to  metaphase. 

Because RPMI 1640 medium contains 
no thymidine, control experiments were 
performed with small amounts of nonra- 

*Difference from the expected frequency (the sum of the yields induced by x-rays alone, the mean y~eld 
induced by [3H]dThd alone, and the control value) at P < 0.01 (Student's t-test). t P  < 0.05. 

Table 4 .  Effects of continuous treatment with ['HIdThd or dThd on the frequency of chromatid 
aberrations obtained in human lymphocytes with 150 rad of x-rays 48 hours after stimulation 
and fixed 6 hours later. Two hundred cells were scored for each point except where indicated 
otherwise. 

dioactive thymidine at approximately the 
same concentrations as those found in 
the radioisotope mixture, which are 

Chromatid Expected Chro- 
and iso- number matid 

Gaps chromatid of ex- 
deletions deletions changes 

close to  the physiologic concentrations 
of the nucleotide (13). These concentra- 
tions do not induce aberrations (14) (Ta- 
ble 4). The results showed that nonradio- 
active thymidine did not affect the re- 
sponse to  x-rays in cells exposed to 150 
rad and fixed 6 hours later (Table 4). 

Since the cells were grown in medium 
that was deficient in thymidine, it 
seemed possible that perturbations in the 
nucleotide pools, which have profound 
effects [for review see (15)], could have 
influenced the results. Inhibition of thy- 
midylate synthetase by 5-fluorodeoxyur- 

Treatment 

Experiment 1 
None* 
dThd (1.5 x 10-7M)" 
[3H]dThd (0.1 p,Ci/ml) 
150 rad 
dThd (1.5 x lO-'M) + 150 rad 
dThd (1.5 x 10-'M) + 150 rad 
[3H]dThd (0.1 pCiIml) + 150 rad 

Experiment 2 
None* 
dThd (1.5 x 10-8M) 
150 rad 
dThd (1.5 x 10-'M) + 150 rad 

idine can lead to broken chromatids (16), 
and growth of cells in medium lacking 
folic acid and thymidine can produce 

*One hundred cells were scored. +Difference from the expected frequency (the sum of the yields induced 
by x-rays alone, the mean yield induced by ['HIdThd alone, and the control value) at P < 0.05 (one-tailed 
Student's t-test). 
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involved in repair, is increased by DNA 6. R. Tice, E.  L. Schneider, J. M. Rary, Exp. Cell 
Res. 102, 232 (1976). strand breaks the type produced 7. P. Perry and S. Wolff, Nature (London) 251, 156 

micronuclei that are the result of broken 
chromosomes (17). That the present re- 
sults are not attributable to perturbations 
in nucleotide pools, however, can be 
deduced from the fact that only the ra- 
dioactive form of thymidine led to the 
effect, even though both radioactive and 
nonradioactive thymidine were present 
at the same concentration. Furthermore, 
the labeling patterns of the chromosomes 
in the autoradiographs prepared from 
cells cultured in the presence of 
[3H]d~hd  indicated that the [ 3 ~ ] d ~ h d  
was completely used in the first cell 
cycle, so that in all cases the second 
cycle was passed in the absence of exog- 
enous thymidine, and all of the cells 
should have been subjected to the same 
imbalances. Thus, the phenomenon is 
most likely caused by the radiation from 
the tritium. 

The major effect observed in this study 
[see also (It?)] was that radiation from 
incorporated isotopes seems to trigger a 
response that is analogous to the adap- 
tive response to alkylating agents report- 
ed by Samson and Schwartz (4). In their 
experiments, cells chronically exposed 
to small doses of an alkylating agent 
were resistant to subsequent exposures 
to large acute doses of the same chemi- 
cal. The response was not related to 
differences in cell cycling. In the present 
experiments, in which cells were given 
150 rad of x-rays after exposure to 
chronic radiation from an incorporated 
radioisotope, the response was similar to 
the adaptive response, but now it oc- 
curred for ionizing radiation-induced 
chromatid aberrations in human lympho- 
cytes. The results are consistent with the 
concept that exposure to low levels of 
chronic radiation can trigger or induce 
increased repair of radiation-induced 
chromosome breaks. 

This putative radiation-stimulated re- 
pair is reminiscent of the SOS repair 
frequently reported to be induced in bac- 
terial systems (19), although SOS repair 
leads to more, not fewer, mutations. 
Furthermore, because hydrogen perox- 
ide and ionizing radiation yield similar 
reactive species, Demple and Halbrook 
(20) tested the effect of prior treatment 
with Hz02  on the resistance of Esche- 
richia coli to x-rays. They concluded 
that peroxide induces the repair of le- 
sions induced by peroxide itself and by 
ionizing radiation. In Drosophila melan- 
ogaster, x-rays themselves have been 
reported to induce DNA repair and thus 
reduce mitotic recombination (21). 

Perhaps of more specific interest are 
reports that the activity of the enzyme 
poly(ADP-ribose) polymerase (ADP, 
adenosine diphosphate), which has been 

(1974). chronic radiation from incorporated 8. K. Morirnoto and S. Wolff, ibid. 288,604 (1980). 
[ 3 ~ ] d ~ h d  (22). However, whether the 9. A. V. Carrano and J. A. Heddle, J .  Theor. Biol. 

38, 289 (1973). induction of this enzyme is to the 10, S,  Wolff and H,  E, Luippold, Photochem, Pho- 
adaptive response observed in the pres- tobiol. 4,439 (1965). 

ent experiments is unknown. 11. G. Olivieri and A. Micheli, Mutat. Res. 122, 64 
(1983). 

GREGORIO OLIVIERI 12. R.  J. Purrott, N.  Vulpis, D. C. Lloyd, ibid. 69, 
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Identification of an Erythrocyte Component 
Carrying the Duffy Blood Group Fya Antigen 

Abstract. The erythrocyte component carrying the D u f i  blood group antigen Fya 
has been identified as a 35- to 43-kilodalton protein. The protein is degraded by 
proteases, chymotrypsin, and Pronase, which destroy its antigenicity on intact 
erythrocytes. Its unusual property of aggregating on being boiled in 5 percent 
sodium dodecyl sulfate with 5 percent 2-mercaptoethanol distinguishes it from other 
erythrocyte membrane proteins described to date. 

The Duffy blood group system con- 
sists of four major phenotypes, 
Fy(a+ b-), Fy(a- b+),  Fy(a+ b+),  
and Fy(a- b-) (1). The system is de- 
fined by two antisera, anti-Fya and anti- 
~ y ~ ;  Duffy negative erythrocytes, 
Fy(a- b-), are not agglutinated by ei- 
ther antiserum. With rare exceptions, 
the Duffy negative phenotype occurs 
only in blacks. Blacks with Duffy nega- 
tive erythrocytes cannot be infected by 
the human malaria parasite Plasmodium 
vivax (2). Duffy negative human erythro- 
cytes are resistant to invasion in vitro by 
a monkey malaria parasite, Plasmodium 
knowlesi, that can invade Duffy positive 
human erythrocytes (3).  Anti-Fya and 
anti-Fyb sera block invasion of 
Fy(a+ b-) and Fy(a- b+) erythro- 
cytes, respectively (3 ,4) .  These observa- 
tions suggest that molecules containing 
the Duffy determinants are involved in 
the invasion process by these malarias. 

Data on the molecular nature of the 
Duffy antigens are limited and inconclu- 
sive (5). In the present study we com- 

bined the high resolution of sodium do- 
decyl sulfate-polyacrylamide gel electro- 
phoresis (SDS-PAGE) with protein blot- 
ting or electroelution in order to identify 
an erythrocyte membrane component 
that carries Fya determinants. The com- 
ponent, which has an apparent molecular 
weight of 35,000 to 43,000, appears to be 
different from previously described 
erythrocyte components. 

Erythrocyte ghosts were prepared 
from Fy(a+ b-), Fy(a- b+) ,  and 
Fy(a- b-) erythrocytes and extracted 
in 5 percent (weight to volume) SDS and 
5 percent (by volume) 2-mercapto- 
ethanol. Components of each extract 
were separated by SDS-PAGE and elec- 
trophoretically transferred onto nitrocel- 
lulose paper, which was then reacted 
with human serum containing anti-Fya 
specificity (6, 7). Iodine-125-labeled pro- 
tein A (Amersham) was used as a probe 
to locate antigen-antibody complexes on 
the paper. 

Anti-Fya reacted specifically with an 
erythrocyte membrane component mi- 
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