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Abstract;

The mechanism of induction of cell killing by Auger pheno-

mena in DNA is still little understood. In this paper, the oxygen

effect on cell killing and strand-breaks from decay of DNA bound

•f ̂  c
I 'is reported for asynchronous populations of human kidney -

T cells and compared with effects of H incorporated in DNA.

T cells were unifilarly labeled with I- and H-iodo-

deoxyuridine and H-thymidine during one cell cycle of 28 hours

duration. The tritium atom was "located in position 6 of the

pyrimidine ring. Biological endpoints of the investigations

were clone formation and DNA strand breaks both of the single

(SSB) and double (DSB) kind under aerobic and hypoxic conditions

analysed by sucrose gradient centrifugation. For studies of

survival, decays were accumulated at 4 C for 5 days. For strand

break measurements, decays were accumulated slightly above O0C

for time periods ranging from 1 to 2 weeks.

For measurements of survival with tritium the concentrations

of the DNA precursor in the nutrient medium of the cells ranged

from O.1 to O. 3 uCi/ml leading to specific cell activities

between 25O and 7OO disintegrations per day per cell (d/d/c) .
125 —3

The respective data for I were 1-8x1O uCi/ml (5-9O d/d/c).

The concentrations for measurements of SSBs induced by either
•i iy*
H or 3I ranged from O.I to 25 JiCi per ml (3O,OOO d/d/c); for

DSBs-, 1-2x1 05 d/d/c were applied.

For dose accumulations in the anoxic state petri dishes

containing the cells were gassed with a mixture of 95% pure

nitrogen (less than 3 ppm oxygen) and 5% C0~> The final partial

pressure of oxygen in the gas phase on top of the cell medium

was smaller than 5 ppm.
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For cell survival in the aerobic state the following data

were obtained: 60Co : DQ = 17O rad,
 3H-TdR : DQ = 1,75O decays,

•> 125
H-IUdR : D = 1,6OO decays, 1-OdR : D = 85 decays. In the

hypoxic state, the following data were measured : Co : D =

37O rad, 3H-TdR : DQ = 4,7OO decays,
 3H-IDdR : DQ = 3,55O decays,

1251-UdR : D =85 decays. For SSB-induction the following data

were measured in the aerobic state : Co : 4,5 per 1OO eV ab-
3 125

sorbed energy, H-TdR : O.71 per decay, 1-UdR : 1.42 per

decay. In the hypoxic state : Co : 1.O per 1OO eV absorbed

energy, H-TdR : O.44 per decay, 1-UdR : 1.2 per decay.

Furthermore, the following data were obtained for DSB-induction :
•t 125

aerobic O.17 per decay for "3H-TdR and 1.12 for 1-UdR. Hypoxic :
o 125

O.O44 DSBs per decay for H-TdR and O.SO for 3I-UdR. The re-

sulting oxygen enhancement ratios will be given in the text in

table III.

Introduction

The effects of ionizing radiations for cell surviving are

generally greater by about a factor of 3 in well oxygenated than

in hypoxic cells. For single strand breaks (SSB) in mammalian

cells, OER values between 2.9 and 4.9 were measured (5,6,1O,

12,14,19). For double strand breaks (DSBs), values around 3.5

were found (2,1O,14). Measurements of oxygen enhancement ratios

with tritium incorporated in DNA were confined so far to studies

of survival (11).

It was the purpose of the present communication to investi-

gate the oxygen effect for cell survival after incorporation

of H-TdR, 3H-IUdR and of 125I-UdR and for SSBs and DSBs

induced by 5I and 3H-TdR in cultured human kidney cells. In

the case of H, it is not only the emission of ,"-particles (mean

energy 5.7 keV) which is expected to cause cell killing and
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to induce both SSBs and DSBs but also the nuclear transformation

from He. Of 125-1 the following data are taken from D.E. Charl-

ton et al. (4).

Decays of 125-1 is followed by the emission of Auger and
•

internal conversion electrons. High ionization density causes

high biological effects with severe damage to the DNA. Between

1 and 56 - in the mean 21 - electrons of energies between 11 eV

and 34.6 keV are emitted by I decay. Non-ionogenic effects

are chemical transmutation, atomic excitation, charge cascade

(charge transfer) and are related to the number of disintegra-

tions per unit mass and hence to specific activity and- not to

absorbed dose. By the decay of Ia neutral tellurium-atom is

produced with an inner shell vacancy. It is excited and this

energy is released by photon and electron emission in less than

10~ sec. The nucleus is now at the 35.4 keV excited level of

—9tellurium which has a half life of 1.6x1O sec. The total energy

released in a single decay lays between 36.2 and 67.2 keV. In

some cases all of the energy released is carried by the electron.

The minimum total electron energy is 4O eV. De-excitation of the

atom takes place'by radiative transitions. Auger electrons and

Coster-Kronig electrons. For the condensed phase, the total

energy carried by the electrons varies from O.73 to 67.2 keV.

The neutralisation of the positive charges produces a mi-

gration of positive charges along the DNA molecule and its sheath.

As each of the 21 charges represents an ionization density of

abbout 15 eV, this effectively leads to an additional energy of

3OO eV deposited in the site the charge-cascade energy being

300 eV.
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Materials and Methods;

Human kidney T-cells were obtained from the Organization

for Health Research TNO, Rijswijk. The cells were cultured as

monolayers in 75 cm2 glass T-flasks, in Basal Medium Eagle

(Flow-Laboratories, Bonn) containing 1O% newborn calf serum,

1% glutamine and 1% antibiotics (5O units/ml Penicillin and

SO g per ml streptomycin (Seromed, Munich)). The flasks con-

taining 1-1.5x1O cells were maintained at 37°C in a humidified

atmosphere of 95% air and 5% CO2. Under these conditions the

cells exhibited a generation time of 26 to 28 hours.

For unifilar labeling of the cells, the radioactive DNA-

precursor ( H-TdR, New England Nuclear, Dreieich, W. Germany,

with the tritium atom in position 6 of the pyrimidine ring)

was added to 3 days old cultures for one cell cycle. H-IUdR

and 1-UdR was obtained from Amersham-Buchler, Braunschweig,

and added to the cell cultures in the same way. In addition to

the DNA-precursors 1O~6 M cold TdR or 1O~7 cold IUdR and 1O~5 M

deoxycytidine (Serva, Heidelberg) were put into the medium.

After exposure of the cell cultures to the radioactive precur-

sors and treatment with a O.25% solution of trypsin the number

of cells per ml was determined in a Coulter electronic cell counter.

The radioactivity of the cells was determined in a Packard TriCarb
' U

•or gamma scintillation spectrometer respectively. Fqr survival

studies, in the non frozen state, cells were exposed to decays

at 4°C for 5 days. For strand break measurements, O-1°C was

used up to two weeks. In the deep frozen state, cells were

exposed at -196° for time periods ranging from 1 to 30 days.



- 5 -

Results:

From the data in fig. 1 an OER of 4.5 was obtained for

single strand breaks induced by Co gamma rays. This results

from 4.5 SSBs per 1OO eV absorbed energy induced in air at

O-1 C and from 1.O SSBs induced in nitrogen atmosphere under

otherwise identical conditions.

From fig. 2 an OER of 1.62 is obtained from the regression

lines of H-TdR resulting from O.71 SSBs per decay in air and

from 0.44 SSBs in nitrogen respectively. For DSBs an OER of

3.9 was obtained from a number of O.17 DSBs per decay in air

and O.O44 DSBs per decay in nitrogen atmosphere (data not shown

in the graph).

From fig. 3 an OER of 1.2 is obtained from the regression

125
lines of 1-UdR resulting from 1.4 SSBs per decay in air and

from 1.2 SSBs in nitrogen respectively. For DSBs an OER of

1.4 was obtained from 1.12 breaks per decay in air and O.8

decays in nitrogen. The data for DSBs are again not shown in

the graph.

From fig. 4 an oxygen enhancement ratio of 2.2 was obtained

for survival after Co gamma irradiation. This data results from

a D in air of 17O rad and one in nitrogen atmosphere of 37O rad.

Fig. 5 shows survival curves of cultured human kidney cells

after exposure to H-TdR incorporated in DNA. The D in air at

40C is 1,75O decays, the DQ in nitrogen atmosphere is 4,7OO decays.

Thus, the oxygen enhancement ratio is 2.8. It will be inter-

esting to add to the curves the survival of the cells in air

at -196°C. The respective experiments are presently under way

and their results will be reported in a future communication.
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In fig. 6 the respective data are given for survival of

cultured human kidney cells after exposure to H-IUdR. An OER of

2.2 was determined. This results from a DQ of 1,6OO decays in

air at 4°C and from a D of 3,55O decays in nitrogen atmosphere.

The D,7 in air at -196°C is practically identical with the DQ

in nitrogen at 4°C.

Fig. 7 shows survivals of the kidney cells after exposure

to 1-UdR in air at -196°C and 4°C, and in nitrogen atmosphere

at 4°C. All data points are practically located on one exponential

with a D37 of 85 decays. This means that the oxygen effect of

these cells after incorporation of 1-UdR is virtually 1.O.

Table I shows the data of single and double strand breaks

leading to the oxygen enhancement ratios searched for. it should

be noted that the number of SSBs induced in air at -196°C is

smaller than SSBs induced in nitrogen at O°.

Table II shows the oxygen enhancement ratios obtained from

survival. Apart from 1-UdR the OER-values range from 2.1 to
125

2.9. The value of 1 for 1-UdR indicates the strong radio-

biological impact of this isotope when incorporated in DNA.

The effect is independent of the presence or absence of oxygen.

Table III finally represents a compilation of sll the oxygen
S

enhancement ratios obtained in the experiments under discussion.

Discussion:

The regression lines in fig. 1 demonstrate the difference

in single strand break efficiencies for Co gamma rays at 0-1°C

under aerobic and hypoxic conditions. From the slopes of the
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lines an OER of 4.5 was obtained. This value appears high.

However, it is still within the range for electromagnetic radiat-

ions and fast electrons quoted in the literature (6,12,13,14,15,16,

19). Fig. 4 shows the respective survival curves. The OER obtained

from 'the D values appears low. The value is 2.2. However, it

compares well with the data obtained with H-IUdR shown in this

paper as well as with the data measured by Raju & Jett (17) who

found an oxygen enhancement ratio for human kidney cells of 2.5.

The regression lines shown in fig. 2 for SSBs induced in

cultured human kidney cells by H-TdR give an OER of 1.6 for

cells exposed at 4°c. The slope of cells exposed in air at -196°C

is considerably smaller than the slope of cells exposed in air

at O0C. This seems to indicate that there is no contribution

to speak of of free radicals in the deep frozen state - as

one should expect. It is presumably the transmutation effect

which renders the OER so low. Saturation effects and waste

of enerqy may also play a certain part in this phenomenon. Based

on the numbers of the OER it can be concluded that the contri-

bution of the transmutation effect to the induction of SSBs is

45-5O%. This has been extensively discussed in another commu-

nication (24).

Our results of 3.9 for DSB induction by H-TdR incorpo-

rated in DNA falls again within the range quoted in the literature

for 'electromagnetic radiations and fast electrons.

The oxygen effect of survival of cultured human kidney

cells exposed to H-TdR has been shown in fig. 5. The D in

nitrogen atmosphere is 4.7OO decays. The D in air is 1,65O

decays. Thus, the OER is 2.8. Exposure of the cells in air at

-196° ha.fi not been completed to date and will be shown in

future communications.
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The oxygen effect of cultured human kidney cells exposed

to H-IUdR has been shown in fig. 6. Only survival was.measured.

The OER is 2.2 resulting from a DQ of 1,6OO H-decays in air

at 4°C and of 3,550 decays in nitrogen atmosphere. Both curves

show-slight shoulders. No shoulder has been observed for the

curve in air at -196°C. The D,7 of this curve is virtually the

same as the D of the exposure in nitrogen at 4 C. The measured

OER appears rather low but is in perfect agreement with the data

obtained with Co gamma rays.

With tritium, Koch & Burki (11) studied before the OER of

survival of V79 cells. These authors found an OER of 3.2 for

H-TdR, and of 4.8 for H-IUdR. The discrepancy between these

data and our own value for H-IUdR cannot easily be explained.

There is, however, reason to assume that the effect is at least

partly due to the different strains of cells used. Our data for

survival obtained with Co gamma radiation point in the same

direction.

The data obtained with I iododeoxyuridine represent

an interesting point. The oxygen enhancement ratio for SSBs is

1.2 - for DSBs it is slightly higher (1.4). The surprising

result is the one of the survival (fig. 7). All data points

at -196 C, at 4 in air and at 4° in nitrogen atmosphere are

practically located on the same curve. This means that, according

to our findings, 125-iododeoxyuridine incorporated in human

kidney T-cells does not show any oxygen effect for survival.

This indicates that, in our experiments, the presence or absence

of oxygen in the environment of the cells was virtually of no
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importance for the severeness of the imparted biological

damage.

Probably, the high radiobiological effectiveness is caused

by the emission of the high number of low energy electrons causing

a high density of ionization in the immediate neighbourhood of

the decay (4). And this, in turn, makes the emission similar to

the effects caused by high LET radiations.

Conclusion:

60,The oxygen enhancement ratio was measured for Co gamma

rays, 3H-TdR, 3H-IUdR and 125I-UdR. For SSBs, the ratios ranged

from 1.2 to 4.5. For DSBs, values between 1.4 and 3.9 were

measured. For survival, the ratios ranged from 1.O to 2.8.

Table III gives a compilation of the OER-values obtained. There

are some data which appear of specific interest. One is a very

low oxygen enhancement ratio for SSBs induced by H-thymidine

incorporated in DNA. The other one is the low OER displayed by

Co gamma rays and by H-IUdR in the survival curves. The data

on H-IUdR may have something to do with a difference in toxicity

of these DNA precursor in oxigenated and hypoxic cells. Of the

data shown from l-iododeoxyuridine the low values of the

oxygen effect of SSB and DSB induction seem worthwhile mention-

ing. Of specific interest seems to be the OER of 1 for survival

125
for cultured human kidney cells after incorporation of I-

iododeoxyuridine. It will require further studies for a reeva-

luation of the value of 1.O.
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Summary;

Oxygen enhancement ratios were measured both by survival

of cultured human kidney cells and by determination of both DNA-

single and double strand breaks. Radictoxic agents were Co
• 3

gamma radiation, H-thymidine, labeled on position 6 of the

pyrimidine ring, furthermore H-iododeoxyuridine and I-iodo-

deoxyuridine. A wide range of OERs was measured. The most con-

spicuous results are the OER for SSBs induced by H-TdR which

amounts to only about 1.6. This is considered to be an effect

of the transmutation from H to He. Furthermore, for both SSB-

125and DSB induction by 1-IUdR OER values of only slightly above

1 were found. Finally, for survival of cultured human kidney

125cells after incorporation of 1-UdR an OER-value of virtually

1 was found. This was true, for all three types of exposure:

in air at -196°C, in air at 4°C and in nitrogen atmosphere at

40C. In all three cases the D3- of the survival curves - no

shoulder in the curves were observed - was 85 decays per cell.
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Figure Captions;

Fig. 1: Regression lines of single strand breaks after irradiation

of cultured human kidney cells with Co gamma rays at

O-1°C. The slopes of the lines gave 4.5 SSBs/1OO eV ab-

sorbed energy for aerobic conditions and 1.O SSB/1OO eV

in nitrogen atmosphere. This means that the oxygen enhance-

ment ratio was 4.5.

Fig. 2: Regression lines of single strand breaks induced by H-

TdR in cultured human kidney cells. At O°C, O.71 SSBs per

decay were measured in air and O.44 SSBs per decay in nitro-

gen atmosphere. This means that the oxygen enhancement ratio

was 1.6. The low value is considered to be due to the
o

impact of the transmutation effect. At -196 C, O.39 SSBs

per decay were measured in air. The low value demonstrates

the reduced influence of free radicals at this low tempe-

rature .

Fig. 3: Regression lines of single strand breaks induced in culturec
1 OC /fc

human kidney cells by 1-UdR. At OC, 1.4 SSBs per decay

were measured in air and 1.2 SSBs per decay in nitrogen

atmosphere. This means that the oxygen enhancement ratio

was 1.2. At -196°C, O.95 SSBs per decay were measured in

air. The reduced value demonstrates the reduced impact of

free radicals at this low temperature.

Fig.'4: Oxygen effect of survival of cultured human kidney cells

exposed to Co gamma rays. At O0C, a O of 170 rad was

measured in air and 37O rad in nitrogen atmosphere. Thus,

the oxygen enhancement ratio was 2.2
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Flg. 5: Oxygen affect in cultured human kidney cells exposed to

H-TdR. At 4°C, a D of 1.75O decays was measured in air

and 4,7OO decays in nitrogen atmosphere. This means that

the oxygen enhancement ratio was 2.8.

•

Fig. 6: In fig. 6 the respective data are given for survival of cul-

tured human kidney cells after exposure to H-IUdR. An

OER of 2.2 was determined. This results from 1,6OO decays

D in air at 4°C and from a D of 3,550 decays at 4°C

in nitrogen atmosphere. The in air at -196°C ~±s prac-

tically identical with the D in nitrogen at 4 C. This

may indicate that there is practically no impact of free

radicals on the survival curve at -196°C.

Fig. 7: Oxygen effect in cultured human kidney cells exposed to

125IUdR. In air at -196°C, at 4°C and in nitrogen atmos-

phere at 4°C a D3- was found of 85 decays. This means

that an oxygen enhancement ratio of 1.O was measured.

Captions for Tables;

Table It Oxygen enhancement ratios based on DNA single and double

strand breaks induced by Co gamma rays, and H-TdR and

1251-UdR incorporated in DNA of cultured human kidney

cells.

Table II: Oxygen enhancement ratios based on survival of cultured

human kidney cells after exposure to Co gamma rays,
3*H-IUdR and l-UdR incorporated in DNA.

Table III: Oxygen enhancement ratios: compilation of data obtained

from DNA strand breaks and survival of cultured human

kidney cells after exposure of the cells to Co gamma

rays, 3H-TdR, 3H-IUdR and 125I-UdR.
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