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FOREWORD

The Second Workshop on Tritium Radiobiology and Health
Physics (Exchanges SA-53 in the US-Japan Fusion Cooperation
Program) was held from October 30 to November 1 , 1984, at
the National Institute of Radiological Sciences,NIRS, in
Chiba wunder the sponsorship of Science and- Technology Agency
in Tokyo and Department of Energy in Washington.

It 1is the pleasure of the executive committee to issue
the proceedings which contains full papers presented at the
meeting here in time. We would like éo express our sincere
thanks to all the participants for their active contribution
to the workshop and to staffs of STA and NIRS for their
collaborations in carrying out the meeting successfully.
Special thanks are due to Dr. Gerald Goldstein in US DOE for
his assistance in planning the Workshop.

We missed Dr. Roger A.Pedersen who unfortunately could
not attend the meeting. It was with a deep sorrow that we
were informed of the sudden death of Dr. S.L.Commerford R
Brookhaven National Laboratory, who had been carrying out
pioneering works in tritium metabolism.

We must acknowledge all the participants from US who
have kindly assisted 1in editing many papers of Japanese
participants. Dr. James D. Regan from Oak Ridge National
Laboratory, who had been staying at NIRS on a grant from STA
also helped us in preparing the manuscripts. Several friends
from European Communities and Canada expressed their interest
in the meeting.

Finally we would 1like to thank Mr. M.Wada,STA, Dr.T.
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Kumatori,Director-General and Dr. T.Terasima,deputy Director
-General, NIRS, and Dr. G.D.Duda,US DOE, for their remarks at
the meeting.

March 1, 1985

Hiromichi MATSUDAIRA,editor in chief
Takeo YAMAGUCHI
Hisami ETOH and

All Members of Division of Biology
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Opening address

Mr. Masatake Wada
Good morning Gentlemen,

It is our great pléasure to have an opportunity to hold
this Workshop with many participants including six
specialists from the United States of America. We'd like to
express our sincere welcome to all participants.

And now, as you know, nuclear fusion is a very
promising energy resource which may contribute greatly to
the welfare of human beings in the future. Japan is
actively promoting research and development on nuclear
fusion, aiming at putting it into practical use;

The energy breakeven plasma condition is expected to be
achieved in the latter half of 1980°‘s. For this purpose,
JT-60, a tokamak-type energy breakeven plasma testing
device, is now under construction in JAERI, aiming its
completion in next April. |

The development of practical fusion energy is a common,
long—-term goal of human beings, and it is in our mutual
interest to pursue this géal as effectively as possible.

I understand that the study of tritium‘radiobiology and
health physics is one of the most important research item
for the safety and public acceptance of Fusion Power
Reactors, so I hope this Workshop will be a significant step
and contribute to the cooperation on Fusion Research and

Development between the United States and Japan.
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Finally, I would like to express our sincere gratitude
to the key persons', Dr. Goldstein, Dr. Matsudaira and the
staff of National Institute of Radiological Sciences who

have made a great effort in preparing for this Workshop.

Thank vyou.



Welcome speech

Dr. Toshiyuki Kumatori
Mr. Chairman, Ladies and Gentlemen,

It is my great pléasure and honour to welcome all of
you to this "Workshop on Tritium Radiobiclogy and Health
Physics". This is the second in a series and held under the
auspice of the governments of the United States and Japan,
as a Cooperation Program in Nuclear Fusion.

At the time of the first workshop in 1981, I briefly
described the background and necessities for promotioh of
tritium research in our country. During the past three
years, the situation remained largely unchanged. However,
there is a slow but steady progress achieved in fusion
research in general. For example, at the Japan Atomic
Energy Research Institute in Tokaimura, researches for
production and handling of quantities of tritium have been
initiated in 1983. A huge facility for fusion experiments
has been established there quite recently with many people
working under national and international cooperation
programs.

The same may apply to tritium radiobiblogy and health
physics. Thanks to the supports of Ministry of Education,
and Science and Technology Agency and to the enthusiasm of
workers concerned, facilities have been set up in late 1970s
in a number of institutions including our own.

Collaborative or projected researches have been under way



since early 1980s.

Unlike the achievements on Oak Ridge, Brookhaven,
Lawrence Livermore, Mol in Belgium and other institutions,
the work carried out in our country until now are certainly
small in scale, but I hope, fundamental important researches
will be expanded in due course.

Last but not least, may I express my hearty welcome
especially to participants from the United States, Dr.
Dobson, Dr. Carsten, Dr. Murphy, now our old friends, and
Dr. Duda, Dr. Lee and Dr. Travis, our new friends, who have
come to Chiba in spite of their heavy schedule.

I said at last meeting that tritium research was in an
embryonic stage. But I am confident that, with the heip of
US participants, two and a half days discussions be
concentrated on certain subjects to give birth to a healthy
child.

We are now in one of the best seasons of the year. I
sincerely hope you would enjoy with the help of Japanese
attendants our culture and beautiful scenery during your
stay here in Japan. This may promote mutual understanding
and deepen the friendship between the United States &znd

Japan.

Thank you for your attention.
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Uptake and Metabolism of Tritium Gas and

Vapor in the Rat

Y.Ichimasa and Y.Akita

Department of Biology
Faculty of Science
Ibaraki University
Mito-shi, 310, Japan

ABSTRACT

Rats were kept in a metabolic cage through which air containing
tritiated water vapor was passed at a constant rate, Tritium
acitivty in blood and urine increased in proportion to that in
air to which the rats were exposed and the absorption rate of
tritiated water (the ratio of tritium activity in blood or urine
to that in air) was constant at various humiditiess, When the
rats were exposed to continuous inhalation of tritiated water
vapor (10,1 pCi/cm3 air) tritium activity in wurine increased
progressively with time and attained to about 45 nCi/ml after 72
hours, Tritium activities in various tissues were determined

after exposing the rats to tritiated water vapor for various

periods,



The +tritium gas inhalation apparatus was constructed, which
consisted of a tritium gas supply system, an exposure chamber
system and a tritium removal system, Rats were kept for 140 min
in the metabolic cage of the apparatus through which air
containing tritium gas of 10 nCi/cm3 air was circulated, The
tritium activity of the expired water vapor increased almost
linearly with exposure time after 20 min of lag time and the

total amount of tritiated water was 0546 nCi/ml after 140 hours,

INTRODUCTION

Tritium 1is the radioactive isotope of hydrogen, It is
stated that tritium gas is not significantly absorbed into the
body whereas tritiated water is absorbed and rapidly distributed
throughout the bodyl). This 1is Dbased essentially on the
experiments by Pinson and Langhamz), They reported that
equivalent amount of tritium appeares in the body fluids of rats
after exposure when the activity of tritium gas in the ambient
alir was about 1500 times that of tritiated water vapor, Since
then, no reports have been published on the absorption of tritium
gas in the body,.

The present study was undertaken +to confirm the results
reported by Pinson and Langham, We designed two experimental
apparatus for exposing rats to tritium gas and tritiated water
under defined conditions. The rates of uptake of tritium in

rat following tritium gas inhalation were compared with those

following exposure to tritiated water vapor,



MATERIALS AND METHODS

Animal

Wister strain male rats (9 to 11 week-o0ld) were used, They
were fed standard diet and given water ad 1libitum and were
maintained in a room or mietabolic cage with controlled air and
temperature,

Tritium gas and tritiated water

Tritium gas with a specific activity of 200 mCi/cm3 was diluted
to an appropriate concentration with dried air. Tritium gas
diluted with air (10 nCi/cmB) was introduced into a microcombustion
tube where tritium gas was converted to tritiated water by means
of 05 % Pt-aluminium pellet (Nippon Engelhard Co.) at 350 °C,.
Tritiated water was absorbed in silica gel. This silica gel
was used as a source of tritiated water vapor supply.

Analysis of tritium activity in body fluids and tissues

Rats were killed at various time intervals after tritium
inhalation and tissue and blood samples were collected. A part of
each tissue or blood sample was weighed and immediately analysed
for total tritium activity. Another part of each sample was
thoroughly lyophilized for analysis of tissue-bound tritium
activitys Tritium activity was determined by a liquid
scintillation spectrometer after combustion in an oxidizer (Model
306 Automatic Tri-~Carb Sample Oxidizer, Packard Instrument Co.).

Exposure of rats to tritiated water vapor

Rats were exposed to tritiated water vapor in the one-way
inhalation apparatus illustrated in Fig. 1. Air was pumped
through the inlet tube into gas flow meter and to a dried silica

gel bottle and then a =60°C cold trap. The dried air from the
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Fig. 1. Experimental apparatus for exposing rats to tritiated

water (HTO).

cold trap was introduced into the bottle filled with silica gel
containing tritiated water and humidified with tritiated water
vapor released from the silica gel. The radioactive air was then
introduced into the metabolic cage connected through a -60 °C
cold trap to a bottle filled with dried silica gel. To prevent
evaporation of tritiated water, an overlay of liquid paraffin was
used 1in each collector(a water drip collector, wurine collector
and fecal collector). Absolute humidity and tritium activity in
the air was calculated by measuring weight and radiocactivity of
the trapped water collected by the cold traps.

Exposure of rats to tritium gas

The apparatus used for total body exposure was a closed system
in which the gas was continuously circulated around the respiring
animal while a constant tritium level and normal atmospheric
pressure were maintained (Fig., 2) The exposure was started by
introducing tritium gas from the bulb (A) into the metabolic
cage, The gas was then driven by circulating air through a =60

°%C cold trap to remove any trace of tritiated water, The air
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Fig. 2. Experimental apparatus for exposing rats to inhalation

of tritium gas (HT).
containing tritium gas was then pumped by an air-tight
circulating diaphragm pump through successively three gas washing
bottles each filled with 10 % ethylene glycol, 10 % NaOH solution
and distilled water, (to absorb HTO, 002 and to wash the air)
respectively, The air was then introduced into a tritium monitor
(Model MGR-108C, Aloka Co,) for recording tritium concentration
in the circulating airs The ambient pressure was maintained at
a constant level, while the animal was breathing, by introducing
carbon dioxide and oxygen into the system, Just before the end
of exposure 78 cm3 of atmosphere was collected through a gas
sampler and passed over Hopcalite II (Nakarai Chemicals Co.,) at
600 °C, Then, the metabolic cage was flushed out with fresh air
for 15 min so that the recording device indicated no significant

amount of tritium remaining. The exhausted air containing

tritium gas was passed over 0,5 % Pt—alminium pellet at 350 to
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Amount of vapor {mg/kg-silica gel/min)

convert all the +tritium to tritiated water which was then

absorbed by silica gel, After that the rats were removed and

sacrificeds.

RESULTS

1. Tritium intake by rats exposed to tritiated water vapor

To administer a constant amount of tritiated water vapor to
rats for a 1long period, a tritiated water vapor inhalation
apparatus was designed (Fig. 1) The amount of tritiated water
vapor in the air in the apparatus was changed by keeping the
silica gel bottle, which contained tritiated water, at various
temperature, As shown in Fig. 3, the amount of tritiated water
vapor 1in the air was dependent on the incubation temperature of
the silica gel and was almost constant for periods of 140 or 220
hours if temperature of the silica gel was kept constant,

Figure 4 shows the time required to get a constant humidity in
the inhalation apparatus when rats previously kept under

different humidities were transferred into the metabolic cage of
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the apparatus where a constant flow (3000 cm3/min) of air
contéining tritiated water was maintained, As shown in Fig. 4,
when a rat previously kept under 70 % humidity was transferred to
the metabolic cage of 20 % humidity, it took at 1east 60 min to
get a constant humidity. So, it is important that rats be kept
under the same humidity as the experiment for more than one hour
before use,

Figure 5 shows the changes in the tritium activity in blood
and urine as a function of the activity in air. Rats were
exposed to tritiated water vapor for 2 hours at 23°C, Flow rate

of air was 3000 cm3/min. A period of two hours was found enough
essentiélm'equilibriu@ was established between the ambient air
and fluid of the ratB). The tritium activity in blood and
urine (Y) tended to be a linear function of that in the air (X)
and could be fitted to folowing equations:

Y (nCi/ml) = 0,0842X (pCi/cm>) + 0,1354, for blood with a
correlation coeficient of 0,982, and

Y (nCi/ml) = 0,0609X (pCi/cmB) + 0,0816, for urine with a

correlation coefficient of 0,938,

Tritium activity in urine (nCi/ml)
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Fig. 6. Total amount of tritium in rat as

vapor (4-6 mg H,0/1000 em® air) for 2 hours at 23°C,
. a function of tritium activity in air.
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Fig. 6 shows the changes in the total amount of tritium activity
in the body of rat as a function of the concentration in the air,
The total tritium activity in rats (A) was calculated from the
dilution volume (63 % of the body weight) and the body weight
using the following formula:

A = tritium activity in blood (nCi/ml) x body weight x 0,63
The dilution Vélume was determined by measuring the changes in
the tritium activity in venous blood from 30 min to 3 hours after
intraperitoneal injection of tritiated water, As shown in Fig,
6, the total ¢tritium activity in the body o¢f a rat was
proportional to the tritium activity in the air,

The changes in the relative tritium activity in blood and
urine expressed in absorption rate as a function of humidity in
air are shown in Fig, 7. The absorption rate of tritiated
water, 1i.es, the ratio of the activity in blood (nCi/g) or urine
(nCi/ml) to that in air (nCi/cmB), was almost independent on the
absolute humidity in air and was 106 + 12 for blood and 69 £ 12
for urine after 2 hour exposure, respectively, The ratio for

blood was 55 % higher than that for urine, These results show

that when rats were exposed to tritiated water vapor im this
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Absorption rate = Tritium activity in blood (pCi/g) or urine (pCi/ml)

Tritium activity in air (pCi/em’)
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one-way system uptake of tritium by rats was quantitative and
dependent on the amount of tritiated water in air.

Figure 8 shows the changes of tritium activity in urine as a
function of exposure time. Rats were exposed to tritiated water
vapor (10.1 pCi/cm3 air) for periods up to 140 hours. The
tritium activity in urine progressively increased with time and
attained to a level of about 45 nCi/ml after 72 hours. Pinson

2)

and Langham have reported a value of 120 nCi/ml urine when rats
were exposed to tritiated water vapor (26 pCi/cm3 air) for 72
hours. The absorption rates of tritiated water vapor calculated

from the data by Pinson and Langham agree well with those

calculated from the present data .
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Fig. 8. Tritium activity in urine during exposure to tritiated
water vapor (10.1 pCi/cm3 air) and comparison of our results with
those obtained by Pinson and Langham (1957). Absolute humidity,
8 mg/1000 cm3 air. ® , tritium activity in urine; ©,absorption
rate of HTO; a,absorption rate of HTO (data by Pinson and
2)

Langham™‘, normalized to present experimental conditions).
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Figure 9 shows the tritium activity in blood and various
tissues at different times after commencement of continuous exposure
to titiated water vapor. During the first 3 hours the tritium
activity in the lung tended to be somewhat higher than that in
the other tissues testéd but no significant differences were
detected among the latter tissues. After 35 hours on, however,
tritium activity in adipose tissue did not rise much and remained
at about one-tenth of that of liver or lung at 140 hours.
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2. Tritium uptake in rats exposed to tritium gas

Rats were kept for 140 min in the metabolic cage of the tritium

v
.

gas inhalation apparatus (Fig. 2} through which air containing
tritium gas (10 nCi/cm3) was circulated. The expired water
vapor was measured for tritium actiivty. As shown in Fig. 10,
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the tritium activity of the expired water vapor increased almost
linearly with exposure time after 20 min of lag and the total

amount of +tritium in expired water attained a value of 0,46

nCi/ml after 140 hours,
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Fig. 10. Tritium activity (as HTO) in ethylene glycol (E.G.)
during inhalation of air containing 10 nCi/cm3 of tritium gas.

Tritium activity in E.G. represents that in expired water vapor.

Table 1 summarizes the rate of incorporation of tritium in
blood of rats after exposure to tritiumlgas in comparison with
tritiated water vapor, The rate of incorporation from tritium
gas was one-half of that from tritiated water even whén the
specific activity of tritium gas in the air was 1000 times that
of tritiated water, this means that tritium gas is taken up as

much as 2000 times less than tritiated water vapor by the rat,

Table 1, Intake of tritium from tritiated water vapor and

tritium gas into rat blood

Tritium Inhalation time Tritium activity Tritium activity
in air in rat blood
(min) (pCi/em’) (nCi/g)
HTO vapor 140 10,1 1.37
HT gas 137 10000 0,72
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DISCUSSION

Aune et g&;é) developed a filter with silica gel to remove
tritiated water vapor from the effluent air of a glove box, We
found that silica gel containing a considerable amount of
tritiated water released tritiated water vapor continuously for a
long period of time and the amount of tritiated water vapor was
dependent on the dncubation temperature of the silica gel,
This prompted us to use the silica gel as a source of tritiated
water vapor supply in the experimental apparatus designed for
exposing rats to tritiated water (Fig. 1)«

As shown in Fig.7, the tritium activity in urine was lower than
that in blood after 2 hour exposure to tritiated water vapor,
The rats had been forced to urinate just before the experiments.
Therefore, the possibility of dilution of urinary tritium by
urine remaining in the urinary bladder could be excluded. At
later period of exposure the rate of incorporation of the tritium
into urine increased, often to a level slightly higher than that
in blood (Fige 9) and after 385 hours the tritium activity in
urine was almost the same as that in blood (data not shown),
Pietrzak-Flies et ﬁéié) made similar observations: the ‘tritium
activity in wurine of rabbits given tritium in drinking water
daily was the same level as that in blood after 336 hours,

When rats were exposed continuously to tritiated water wvapor
(10,1 pCi/cm3 air) in the inhalation apparatus of one-way system
under a constant flow of air (3000 cms/min) and relative humidity
of 40 %, the tritium activity in urine increased with time after
exposure and attained a level of 45 nCi/ml after 72 hours (Fig,

8)« Pinson and Langhamz) have reported a value of 120 nCi/ml
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urine/72 hours when rats were exposed to tritiated water vapor
(26 pCi/cm3 air) in a closed system of approximately 30 liters in
volume under water saturated atmosphere, Both data are in good
agreement with each other, This also supports our results in
that the rate of incorporation of tritium into body fluids was
dependent on the total tritium activity, not on the humidity of
the air (Figs 7)s The tritium activity in unit volume urine was
about 6.4 % of that of tritiated water in the air after 140 hours
of exposure, The shape of uptake curve suggests that after very
long periods of exposure, the tritium level in urine approaches
that in the air,

When rats were exposed to tritium gas, there was a lag time of
20 minutes before tritium activity appeared 4in the expired
water vapor (Fig, 10), This may represent the time during which
the inspired tritium gas is transferred to the intestine, and
oxidized by bacteria6’7) to tritiated water, which, in turn,

circulared and expired,

Tritium activity in blood of rat after exposure to tritium gas
was about one—half of that resulting from exposure to tritiated
water vapor even when the specific activity of tritium gas was
1000 times that of tritiated water. Considering the relation of
tritium activity in blood to that in the ambient air (Fig. 3),
one can say that equivalent amount of tritium appears in blood
when the activity of tritium gas in air is 2000 times that of

tritiated water vapor.
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Abstract

Studies on tritium metabolism and dosimetry were carried out in two
aspects in newborn mice which received tritium during their suckling stage.

First, a computer simulation was done to estimate the dose-modifying
factor due to - Tocalization of the DNA-bound tritium to cell nucleus.

The results suggested that a factor of about between 2 and 6 should be
multiplied to the dose calculated for an assumed homogeneous distribution of
tritium in the whole cell. .

Second, suckling mice received tritium orally from their mothers which
were supplied with tritiated water. The offsprings were sacrificed at
various stages after weaning and the contributions of various molecular
components to the total remaining tritium in the several organs were
determined. Tritium was most strongly retained by 1ipid and protein
components. At 31 weeks after birth, the highest concentration of remaining
tritium was found in the brain where tritium is predominantly retained by

the 1ipid component. By using the metabolic data, the contribution of the
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organically bound tritium to the accumulated dose was estimated %o be 15 -
40 % varying among various organs ; the largest value was found for brain.
This result suggests that the absorbed dose due to the organically bound

tritium is of significance for assessment of biological effects of tritium
intake if an adequate Tocalization factor is taken into consideration for

each molecular component.

Introduction

Increasing need for finding a new energy source as a substitute for
fossil fuels urges development of nuclear fusion reactors for practical
use. One of problems in the development of the fusion reactor s the
assessment of environmental influence of tritium released from fusion
power plants during routine operation or accident (1).

Several spects of the toxicity of the various chemical forms tritium
have been studied. One is the estimation of the hazards of tritium exposure
in fetal and neonatal animals (2-7). In most organs tritium is excreted
rapidly as free water component (8,9). However, in rapidly proliferating
organs, the incorporated tritium is fixed in part as organically bound
tritium.

In a previous study (9) in which pregnant mice were supplied with 3H-
thymidine containing water, it was found that tritium is strongly retained
by the organs, 1ike lung, kidney and brain with 1ittle or low proliferating
activity after birth. In that experiment, more than 80 % of the totail
tritium incorporated was found to be converted to the acid-soluble component
through metabolic process in the mothers and embryos. On the other hand,
it was noticed that tritium is strongly retained in the lipid component of
the brain. This high organ-specifity of dose accumulation for DNA-bound
tritium is due possibly to organ-specific turnover rate of DNA. These
findings stimulated us to carry out further experiments using tritiated
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water as an initial tritium source which is supplied to mother mice in
lactation.

To evaluate the extent of biological hazards from a given internal
exposure to tritium B-rays, establishment of proper dosimetry is pre-
requisite for the estimation of the accumulated dose in various organs.

For tritium existing as the free-water in the cell the dosimetry is rather
simple compared with that of organically bound tritium. For the free-water
tritium, a homogeneous distribution may generally be assumed. The ICRP
recommendations, however, consider in some cases local heterogeneous
distribution,in particular of organically bound tritium (10). The localization
of tritium in the cells or organs of young animals which received tritiated
water is then of significance for estimation of the dose accumulated in
critical intracellular substructures. Contribution to the total dose of

the organically bound tritium after intake of tritiated water has been
estimated to be of the order of 10 % (11). The present work was aimed at
re-evaluating this value in suckling mice by taking into account heterogeneous

distribution of tritium in the cells.

Materials and methods

Animals. Conventional DDY mice originally obtained from Awadzu Jikkendoubutsu
Co., Osaka and colony-bred in our laboratory were used. The animals
administered with tritiated water or other tritium compounds were kept in an
isolated cabinet system designed for breeding tritium-given small animals.
Eight week-01d mice were mated for 1 day. After mating, female mice were
isolated individually. At noon of the day of delivery, the drinking water
for the mother mice was changed to tritium containing water. Tritium
administration continued until 3 weeks after delivery. Tritium concentration

in drinking water was 370 kBg/ml throughout the experiments.
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Determination of tritium retention rate. At various ages, the male

offsprings were sacrificed and tritium contents in various organs and tissue
fractions such as acid-soluble, 1ipid, RNA, DNA and protein fractions were

determined. The details were described in a previous paper (9).

Determination of average nucleus diameter. The average nucleus diameter

wasdetermined by photographing the cell nuclei after staining with a DNA-
specific fluorescent dye DAPI (4',6'-diamidino-2-phenylindole) (12) in an
isotonic solution under a Nikon fluorescence microscope.  The lengths of
the major and minor axes of the cell nuclei were determined from the
photographs_and the mean length of the both axes of individual nucleus was
used as the average diameter. The detail of this method was reported

previously (13).
Results

The absorbed dose to cell nucleus from DNA-bound tritium is a function
of the average nucleus diameter, DNA content of cell nucleus and specific
activity of nuclear DNA. The average absorbed dose per disintegration in a
cell nucleus was calculated by using a formula given by Tdgder and Sheuermann
(14). The dose rate in a model nucleus was obtained by Monte Carlo
simulation of tritium distribution in a cell nucleus. Such calculation
enabled us to estimate the extent of dose reduction due to the escape of
tritium beta-rays from the edge of cell nucleus under vafious conditions.
Fig.1 shows the calculated doses for various shapes of cell nuclei of the
same volume under the assumption that cell nuclei are ellipsoidal and contain
the same amount of DNA-bound tritium. For each curve the volume of a model
nucleus was fixed and the ratio of the length of the major axis over the

minor ( denoted as A and B respectively ) was varied. From microscopic
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observations, the value of A/B was found to be about between 1 and 5 ; the
largest value was found for heart cells. As seen in Table 1, the average
diameter of cell nucleus in the examined organs exceeds 5 micrometers. Thus
it is suggested from Fig.1 that the dose modification due to the variation
of the nucleus shape is less than 5 % of the dose for the spherical nucleus.
A slight modification is necessary for the shape of cell nucleus only in an
extreme case that the value of A/B deviates considerably from the unity.

The dependence of accumulated dose on the diameter of cell nucieus was
postulated under the assumption that all cells contain the same quantity of
nuciear DNA as spherical cell nuclei do. In most organs examined, the shape

of cell nucleus was ellipsoidal and actually could be treated as spherical.
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Fig.1 Average absorbed dose per disintegration in model cell nuclei

with various shapes. The shape of the cell nuclei is assumed
to be spheroidal.  The values given on the righthand side of
the curves are diameters of the cell nucleus at the extreme case

that the cell nucleus is spherical.
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Table 1. Average diameter and average DNA content of cell nuceleus

in various organs of mouse

Organ Average diameter of cell nucleus Average DNA content of cell nucleus
( gm) (pg.nuc?eus'])

spleen 5.6 + 0.8 9.4+ 1.5

kidney 6.8+ 1.3 6.0+ 0.3

brain 8.5+ 2.2 7.0+ 1.3

1ntes£1ne 8.7 1.1 (7.0)

liver 8.1+ 1.4 M9 2.1

heart (8.0) (7.0)

lung (8.0) (7.0)

The values in the parentheses are those assumed for qualitative discussion.

The extent of the reduction of the energy deposition in cell nucleus due
to the energy loss in cytoplasm was about 30 and 20 %4 for spleen and intestine
respectively. This "edge effect” was taken into consideration for the
calculation of the curves in Fig.2 which depicts changes in the calculated
absorbed dose per disintegration of DNA~bound tritium in a cell nucleus
as a function of its diameter. The figure shows that the absorbed dose
due to DNA-bound tritium increases with a decreasing mean nucleus diameter.

For instance, the absorbed dose in the spleen nucleus is abqut three times
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Fig.2 Average absorbed dose per disintegration of DNA-bound tritium

and that for tritium when distributed homogeneously in the cell

nucleus.
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higher than that in the intestine.

The above result was applied for demonstrating the organ-specificity
of dose accumulation due to DNA-bound tritium in the newborn mice that
received 3H-thymid1ne transplacentally. Table 2 shows that the accumulated
dose in various types of cell nuclei for the period from birth to 4 weeks.
For comparison, the accumulated dose was calculated under an assumption that
DNA-bound tritium distributes homogeneously in the cells. In this case,
values of the dose modifying factor resulting from the tritium localization
were about between 2 and 6 ; the smallest was found for the intestine while

3

Table 2. Accumulated dose in cell nuclei of newborn mice born to mother mice supplied with “H-thymidine

during pregnancy

Organ Average absorbed dose Average total Accumulated dose for Localization
(mGy) disintegrations 4 weeks after birth (mGy) factorb‘
(dis./ng DNA) DNA-bound Homogeneousa
Spleen 6.07 31.2 1.78 0.55 3.2
Tiver 2.26 43.8 1.18 0.23 5.1
intestine 1.86 39.8 0.52¢ 0.34 1.5¢
lung 2.33° 67.5 1.10° 0.58 1.9¢
kidney 3.64 39.8 0.87 0.29 3.0
heart 2.33¢ 109.9 1.79¢ 0.44 4.9¢
brain 1.98 48.9 0.68 0.1 6.2

a Homogeneous distribution was assumed for the DNA-bound tritium in whole organ.
b The ratio of the accumulated dose for DNA-bound tritium of that calculated for the assumed homogeneous
distribution.

< Calculated by using the values given in Table 1 for the assumed average diameter and/or DNA content of cell nucleus.

the largest was for the brain.

Plot against time of total tritium activity per gram tissue in various
organs of the mice which .obtained. tritium from their mothers during
suckling stage exhibited retention curves with two major exponential
components (Fig.3). The biological hal-Tlives corresponding to the two
components can be roughly estimated from these curves (Table 4). With

exception for the case of brain, the value of biological half-1ife for the
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first component was between 2.4 and 2.9 days. In most cases with exception
for heart, the second component had half-lives between 110 and 160 days. To
clarify to which molecular species the two major components of tritium
retention can be attributed, the percent contributions of various molecular
components to the total tritium activity were calculated (Fig.4). Fig.5

shows an example of tritium retention curves for individual molecular
component, for the brain. Similar curves were obtained for the acid soluble
fraction of other organs. It is clear from Figs.4 and 5 that the acid soluble
component is the rate limiting factor of tritium retention at the initial
stage of animal growth. Our previous results showed that the tritium
activity in the acid-soluble component exists predominantly as free water (9).
Thus the value of the biological half-1ife for the first component of tritium
retention can be regarded as that for the free water component of remaining

tritium.

kBg /organ
T

01+
001+
0 5 10 15 20 25 30
Weeks after Birth
Fig.3 Total remaining tritium activity per gram tissue.
(o), spleen ; { ® ), liver ; ( & ), intestine ;
(o), lung; ( & ), kidney ; ( ® ), heart 5 ( ® ), brain.
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Among the five molecular components examined here, only the acid-soluble
component contained tritium activity = for which the percent contribution
decreased with further animal growth after the tritium source was removed.

At 3 weeks after birth, the patterns of tritium distribution to various
molecular components in various organs were similar each other while they
tended to be organ-specific after a long-term experiment. In the liver the

DNA component became the major determining factor of remaining tritium activity
while in the brain, the 1ipid component. It is noted from Fig.3 that tritium
is most strongly retained in the brain. This is due to the high tritium

retention in the 1ipid component of the brain of the newborn mice. At the
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3-week stage, 5 - 12 % of the total tritium activity found in the various
organs was due to the tritium in the 1ipid co'mponent. On the other hand,
the percent contribution of the lipid component varied considerably among
different organs. For example, in the Tiver, kidney and brain, the lipid

component contributed up to 15, 13 and 67% of the total tritium activity,
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Fig.5 Tritium retention curves for various molecular components in the
brain. ( 0 ), acid soluble component ; ( ® ), lipid ;
(&), RHA; (4 ), DNA 5 ( 0 ), protein ;5 ( 8 ), total
tritium activity.
respectively.

In a long-term exposure to an internal tritium source, the molecular
components which dominate residual tritium activity are determining factors

of dose accumulation. This is shown in Table 3. The contribution of
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various molecular components to the total accumulated dose was calculated by
using the metabolic data with a method similar to that given in a previous
report (13). Table 3 also shows the dose due to DNA-bound tritium when the
tritium localization factors are taken into account for various organs. Under
an assumed homogeneous distribution of tritium, the residual tritium in RNA
component is unimportant in determining the dose due to organically bound
tritium.  The values of percent contribution of the 1ipid component in various
organs are between 5.9 and 27.4 ; the Towest value was found for the spleen

and the highest for the brain. The percent contribution of the protein
component was also organ-specific ; the Towest (3.0 %) was seen for the

intestine and the highest (9.7 %) for the brain.

Table 3. Contribution of varfous molecular components to the accumulated dose for the period
between 3 and 31 weeks after birth, Dose unit in mGy.

Organ Acid soluble? Lipid® RiA onal onaP protein® Total?
spleen 6.16 0.43 0.09 0.21 0.66 0.43 7.3
Tiver 6.01 0.78 0.07 0.05 0.27 0.29 7.19
intestine 6.53 0.96 0.07 0.09 0.13 0,24 7.88
Tung 5.79 0.56 0.12 0.17 0.31 0.57 7.21
kidney 5.92 0.64 0.05 o.n 0.33 0.34 7.06
heart 5.79 0.52 0.07 0.08 0.37 0.54 7.01
brain 5.91 2,72 0.05 0.08 0,52 0.97 9.92

a Homogeneous distribution was assumed for tritfum in whole organ

b Localization of the ONA-bound tritium to cell nucleus was taken into consideration.

Table 4 Biological half-1ife of tritium in newborn mouse
Organ First component Second component
(days) (days)
spleen 2.8 118
Tiver 2.6 159
intestine 2.4 148
Tung 2.8 124
kidney 2.6 -
heart 2.9 54
brain 3.3 130
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Discussion

The computer simulation can be applied for organically bound tritium if
the information is available on the microscopic distribution of molecular
components such as protein and Tipid. Tritium in the compohents of high
turnover rate will be rather quickly removed from an organ compared with that
bound to the molecular components of Tow turnover rate. Tritium in the
protein and lipid molecules of the cytoskelton or nuclear skelton probably
represents the latter. At Tong times after exposure, organically bound
tritium observed will be on such stable subcellular structures. To estimate
the accumulated dose for a given subcellular compartment, the average track
tength of tritium beta-rays in the target must be determined experimentally.

As found for the DNA-bound tritium, the dose wmodifying factors for other

molecular components will be organ-specific reflecting the variety of
subcellular structures. In the case of DNA-bound tritium, the process to
obtain a localization factor is rather simplified since the distribution

of tritium is restricted to cell nucleus. To find the above modifying factors
for other molecular components such as protein and lipid.determination of
the subcellular distribution pattern of these molecules in the cell and
organ is needed. The present work showed that the organically bound tritium
is strongly retained in the mouse brain where tritium is bound to the lipid
component. The distribution pattern for the lipig component enabled us to
calculate the dose modifying factor for the lipid-bound tritium in brain.

A work on this Tine is now in progress.

The present work revealed that the slow component of total tritium
retention curve can be interpreted by low turnover rates of Tipid-,DNA- and
protein-bound tritium. The largest contribution to the total tritium activity
in the spleen,the Tiver and the Tung was found for the lipid component (44%),

the DNA (51%) and the protein component (37%), respectively. Thus for each

30



organ there were molecular components critical for dose accumulation.

In our experiments, tritium was given to suckling mice with organs still
in growth. This may have given differences of tritium metabolism from adult,
resulting in the difference of the critical molecular components as well.
Among the organically bound tritium components, DNA-bound tritium exhibifed
a high steadiness against total activity per organ in a long-term experiment
compared with other components. For instance, in the brain and liver,
essentially no decrease was found in DNA~bound tritium activity for the period
between 7 and 31 weeks after birth. It is noteworthy that such high
steadiness of the content of DNA-bound tritium in organ was found alsc for
the intestine; the tritium activity per whole organ at 7 weeks was 69 = 21
Bq/organ at at 31 weeks, 49 + 18 Bq/organ. The biological haif-1life of the

slow component of tritium retention for intestinal DNA is then roughly
estimated at 332 days.

The biphasic tritium retention curve for DNA-bound tritium was reported
also for pregnant mice given 3H—thymidine (16) ; a sizable part of the DNA,
particularly in neonatal mice persited with a sTow or no turnover . From
an experiment using mice administered with tritiated water during the period
between 4 and 8 weeks after birth, other authors reported that the biclogical
half-1ife of DNA-bound tritium in the brain was 593 days with 95 % confidence
Timits of 376 to 1406 days (17). These findings and the present results as
well indicate that DNA-bound tritium is highly stable compared with other
organically bound tritium. At present, it is unclear whether the highly
stable DNA-bound tritium exists only in newborn or young animals.

Two explanations are possible for the biphasic tritium retention curve
of DNA-bound tritium pér organ. One is the existence of cell populations
with different tritium retention rates. The other is the lower efficiency
of reutilization of DNA in cell renewal in the initial stage of animal growth

compared to the later one. Further experiments are needed to solve the
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problem.

The high steadiness of DNA-bound tritium in organs is important in the
estimation of committed absorbed dose due to tritium intake in young mammals
including human juveniles. Table 3 shows the absorbed dose accumulated for
the period between removal of the tritium source and 31 weeks after birth.
The committed dose equivalent (HX) in a particular organ can be defined in
analogy with the human case as the total dose equivalent to which that organ
would be committed during the x weeks after intake of tritium (15). When
tritium was given to suckling mice, the contribution of DNA-bound tritium to
the committed dose equivalent would become greater if the period of dose
accumulation is extended to the 1ife span of the animals.

With regards to practical radiation protection a modifying factor should

be considered for microdistribution of tritium in organs or tissues(10). Our

results gave the organ-specific values of about between 2 and 6 as the dose
modifying factor for DNA-bound tritium in newborn mice. The modifying factors
could be applied for the case of a long-term exposure to tritium to determine
the committed dose equivalent if essentially no differences exist in the
nuclear size and DNA content per cell nucleus between young and aged mice for
various organs. By using the values of biological half-1ife and tritium
content of each molecular component, the contribution of each component to

the total committed dose equivalent could be evaluated. Such data as well as
the information on the microdistribution of tritium in the cell will serve

for evaluating possible biological effects of tritium intake by animals

including man.
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ABSTRACT

In our laboratory, attention has been focused on the
study of tritium metabolism in plants, in particular the
incorporation of tritium into some important edible plants.

The soybean plants were given tritiated water by
a single irrigation in the plant culture chamber. Samples
of plant tissues were collected and combusted in a Packard
Sample Oxidizer and their radioactivity was subsequently
determined. The highest incorporation of tritium was
found in the bean, followed by the root. This distribution
was quite similar to that found in other species of plant.

Other experiments demonstrated the importance of the
time of administration of the tritium and the time of

harvest on the distribution of tritium in the leaf, pod
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and seed. Similar findings were also obtained in rice and
wheat.

Rats were given a single ingestion of tritiated wheat
and rice. Tritium distribution in the tissues was examined
and compared to that following administration of tritiated
water. Tissue retention was higher after administration
of tritiated food than after tritiated water. Differences
in tritium activity among the various tissues were
considerable. One major reason for this is the difference
in the distribution of organically bound tritium among

the tissues examined.

INTRODUCTION

Tritium released from nuclear facilities inté the
environment is generally converted to tritiated water (HTO) .
In‘this form, tritium enters readily into living matter
including important edible plants. Tritiated water is
partly incorporated into organic molecules by metabolic
(1,2 ) or photosynthetic processes (3,4,5). Therefore,
human exposure to tritium may occur not only from HTO but
also from tritiated organic compounds taken as food.

Some investigators (6 - 10) have reported that
ingestion of tritiated food leads to a higher tritium
retention in the tissue constituents of animals than that
following HTO administration.Kirchmann et al (8,11),
moreover, observed that the rate of tritium incorporation
depends on the kind of tritiated food administered.
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In the present study, edible plants including rice
and wheat were given tritiated water by a singile irrigation
in the plant culture chamber. The distribution of tritium
" among the tissues of plant was subsequently determined.
The results showed a definite but complex pattern of tritium
distribution in accordaﬂce with the period of growth during
which the tritium was given and the time of the harvest
of the plants.

Then, tritiated wheat and rice were administered to
the rat by a single ingestion and tissue retention of

tritium was examined in comparison with that following HTO.

MATERIALS AND METHODS

Plant Experiments

The water weed, Ceratopteris pterioides was grown in
water containing HTO at a concentration of 8 mCi/l under
conditions of natural lighting for 3 and 28 days at room
temperature.

Soybean, Glycine max L. Merr. cv. Hakucho, wheat,
Triticum vulgare Vill. cv. Norin 26, and rice, Oriza
sativa L. cv. Koshihikari were grown in a 1/50 m? plastic
Wagner's pot. They were irrigated with water and nutrient
solution consisting of Peters Fertilizer (W.R Grace & Co.).
A metabolic chamber was used for administration of tritium
to the edible plants. The chamber was closed tightly and
tritiated water was usually given in a single irrigation
at indicated doses. The plants were cultivated under
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natural conditions of light, temperature and humidity.

The plant éamples were collected at various periods of
culture and separated into water and dried materials with
a freezing technique. Dried samples were combusted in an
oxidizer (Mocdel 306 Tri-Carb Packard Instrument Co.) and
the radiocactivity in the combustion water was determined
subsequently in a Beckman L$-7500 ligquid scintillation
counter. Results were expressed in Ci per g of tissue water
or dried material.

Animal Experiments

Male Wistar strain rats aged 4-5 months and weighing
about 390 g were used. The wheat and rice were grown under
the conditions described above and harvested in ripening
season and freeze-~dried. The HTO (6.0 FCi/g body weight),
tritiated wheat (2.0 nCi/g body weight) and rice (4.0 nCi/g
body weight)were given to the rat in a single ingestion
using stomach tube. After the ingestion, the animals were
killed at 24 hrs. and various tissue samples were obtained.

A part of each tissue was weighed immediately and
total tritium activity in wet tissue was determined.
Another part was lyophilized with ligquid nitrogen for
analysis of non-volatile tritium activity in dry tissue.
Lyophilization was repeated twice by adding distilled water
to remove water-form tritium. Tritium activity was
determined as described above.

Volatile tritium activity was calculated by substracting

non-volatile tritium activity from total tritium activity
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of the same sample. The volatile tritium, therefore,
refers to tritium in tissue water, namely tritiated water.
All data were expressed as relative conceritration which

was calculated as follow :

activity per g sample weight
relative concentration = X 100
activity administered per
g bocy weight

Relative concentration of volatile tritium for each tissue
was calculated using the water content of each tissue which

had been reported in our previous publication (12-13}.

RESULTS

Tritium metabolism in the plant

Fig. 1. shows typical changes in the distribution of
tritium during a continuous administration of tritiated
water to water weed. Tritiated water became equilibrated
very quickly with free water of the tissue reaching
a plateau by 1 hour, while that incorporated into dried

matter increased slowly.

100 4

Tissue Water

Concentration of Tritium

3 Ory Tissue

T
0 5 15 24 / / 96
Time hr.

FIG. 1. Distribution of tritium activity
in Ceratopteris pterioides
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Table 1. shows tritium concentration in free water and
in dried matter, that is, in the non-volatile fraction of
soybean leaves. Tritiated water was given as a single
administration at 48 days after sowing. Leaf samples were
collected after 24 hours. The concentration in free water
is nearly constant among different leaves taken from the
bottom to the top of the plant. The concentration in the
dried matter is from about 2 to 11 percent of that found
in free water and varied according to the position of
leaves, higher in the upper leaves.

TABLE 1. TABLE 2.

TRITIUM ACTIVITY in SOYBEAN LEAVES TRITIUM ACTIVITY in DRIED TISSUES of
(pCi/mg) SOYBEAN (pCi/mg)

Leaf Tritium Activity Tritium Activity

No. in Free Water in Dried Tissue Tissues Trittum Activity

1310 21.4 Root 1500

1240 441 Stem 900
1320 93.6
1250 134

1260 132 Pod 700

Leaf 600

o U B W N

Seed 1900

administration, 20 mCi/pot, 48 days after

sowing. sampling, 24 hours later. administration, 250 mCi/pot, 85 days after

sowing. sampling, about 2 weeks later.

Table 2. shows the tritium concentration, in this
case non-volatile tritium, in dried tissues of soybean.
Tritiated water was administered in a single irrigation
at 85 days after sowing and tissue samples were collected
at the natural harvedt time, that is about 2 weeks after
administration. Tritium activity is highest in the seed,
followed by the root. The lowest was found in the leaf.

Table 3. shows influences of time of administration
and stage of growth of soybean plants on the concentration
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of non-volatile tritium in soybean. Tritium concentrations
in the pod and seed varied considerably with time of the
administration. Administration at the biginning of August,
that is the time of ripening of soybean, followed by
harvest 2 or 3 weeks later, was the most effective means in

obtaining soybean seeds of high radiocactivity.

TABLE 3. UPTAKE of TRITIUM in SOYBEAN
DRIED TISSUES  (pCi/mg)

No. POD SEED

1-4 31.4 9.186
1-5 291 7.73

2-1 10.9 10.5
2-2 12.3 65.9

MAY JUN JULy MIGUST
21 ! I 21 | 1 21 1 1)\ 2)1 31
1

SOWING (50) (100)

= -A- .'L" 4
T -4 1-5
TRITIUM EXP ey
v OsuRE 2-1  2-2 2-3
*
HARVEST Eal

Table 4. shows changes in the uptake and distribution
of non-volatile tritium in wheat grains as a function of
time after flowering and administration. Tritium concen-
tration in wheat fruit was highest when tritiated water
was administered at two weeks after flowering, the period
where growth of the fruit is very rapid.

Table 5. shows the distribution of non-volatile tritium,
in different tissues of the rice. Tritiated water was
given at about two weeks after flowering and samples were

collected about 50 days later, at the natural time of
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harvest. The fruit portion of the rice grain contained
the highest radiocactivity which was about ten times that
found in stems and leaves.

The samples of wheat fruit and rice tritiated underx
the optimum conditions given in Tables 4 and 5 were used
in the animal experiments which will be described below.

TABLE 4. TABLE 5.

DISTRIBUTION of TRITIUM ACTIVITY DISTRIBUTION of TRITIUM in Oryza sativa L.
in WHEAT GRAINS {(pCi/mg)
(pCi/mg)

Tissues Tritium Activity

Days Fruit Shell
Rice 3760

1 250 932 Shell 710

15 912 73 Stem 340

25 195 13 Leaf 390
37 99 10

500 mCi/500 ml/pot administered at 2 weeks

HTO 10 mCi/300 ml/pot after flowering and samples harvested
50 days later.

Tritium metabolism in the rat

Table 6. summarizes data of tritium distribution in
rat tissues at 24 hours after a single ingestion of HTO,

tritiated leucine and tritiated glucose. The results were

expressed in relative concentration (see, MATERIALS &
METHODS) . Considerable differences can be seen in the
values of non-volatile tritium between tritiated water and
tritiated leucine. The results of tritiated glucose were
intermediate of these two. The values for volatile tritium
did not wvary much among the tissues examined except for
fat tissue nor between the compounds administered.

Table 7. gives similar data at 24 hours after a single
ingestion of HTO, tritiated wheat and tritiated rice. The
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TABLE 6.

DISTRIBUTION of TRITIUM in RAT TISSUES
at 24 HOURS AFTER INGESTION of TRITIATED COMPOUNDS

Relative concentration

Tissue Tritiated water Tritiated leucine Tritiated glucose

Non- : Non~- Non-
Volatile | volatile | Volatile | volatile | Volatile | volatile

Liver 104 10 59 297 92 40

Kidney 101 6.7 62 381 104 28

Testis 92 5.5 42 187 108 28

Spleen 99 7.3 45 223 104 34

Brain . 97 4.8 52 96 91 37

S. intestine 101 8.2 - - -- -~

Fat tissue 23 0.3 15 5.3 31 8.6

radioactivity per g sample weight
Relative concentration = X 100

radioactivity administered per g body weight

data for HTO were taken from Table 6. The concentration

of volatile tritium found among the tissues examined after

tritiated wheat and rice ingestion were not significantly

different from each other, being at levels similar +to those
TABLE 7.

DISTRIBUTION of TRITIUM in RAT TISSUES
at 24 HOURS AFTER INGESTION of TRITIATED WATER and FO00DS

Relative concentration
Tissue Tritiated water Tritiated wheat Tritiated rice
Non=- Non~ Non-
Volatile | volatile | Volatile | volatile | Volatile | volatile
Liver 104 10 80 ' 310 106 129
Kidney 101 6.7 74 204 99 107
Testis 92 5.5 69 173 108 69
Spleen 99 7.3 69 212 108 123
Brain 97 4.8 84 108 13 64
S. intestine 101 8.2 65 257 83 246
Muscle 103 4.3 85 100 115 43
Fat tissue 23 : 0.3 13 26 73 40

radioactivity s.w./g
RC = X 100
radicactivity administered b.w./g
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found after HTO ingestion. On the other hand, the concen-
trations of tritium in dry tissues, i.e., non-volatile
tritium, were appreciably different among the tissues
examined. Moreover, the concentrations were higher by

a factor of 10-30 than those found after tritiated water

ingestion.
DISCUSSION

When tritiated water is given to a plant, it is taken
up into the tissues and distributed homogenously as free
water. A portion is incorporated into the organic matter
via metabolism and constitutes organically bound tritium

of the tissue.

As shown in Fig. 1, the concentration of tritium in
free water of water weed remained almost constant until
the end of continuous administration. On the contrary,
the concentration of tritium in dry matter increased very
slowly during the experimental period. The maximum tritium
concentration in tissue water never attained the tritium
concentration level of administration water. The reason
for this is not well understood.  Similar results were
reported by Shibabe who examined the uptake of D50 in
rice plant (14} .

By comparing the results of tritium incorporation
into several tissues of soybean after a single administration
of tritiated water, it is possible to assess accurately
the differences in tritium incorporation into different
tissues of the plant. The highest incorporation of tritium
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occurred in the bean, followed by the root. The results
were quite similar to those reported by Cline (15).

The tritium concentration in free water in the leaves
of soybean of 24 hours after administration was found to
be fairly constant irrespective of their position, where-
as, the concentration iﬁ dried tissue was higher in upper
leaves.

The tritium concentration in leaf, pod and seed of
soybean showed a complex but definite pattern reflecting
the times of administration and harvest. This may reflect
the differences of metabolism in the tissues during the
life cycle of the plant. The same may apply to the case
of rice and wheat. Considerable differences of tritium
incorporation were found, depending on the times of
administration, between the fruit and shell of wheat grains,
and rice and shell of rice grains.

Tritium concentration in wheat fruit was highest when
tritiated water was administered at 2 weeks after flowering,
the period where érowth of the fruit is very rapid.

A concentration of about 4000 pCi/mg was obtained
after administration of a large amount of tritiated water,
that is 500 mCi/500 ml/pot. Fruits of rice grain with
this concentration of tritium, however, when administered
to the rat by a single ingestion enabled us to study the
tissue retention only for the initial five days. Larger
amounts of tritiated water are neceésary tc prepare rice

with a higher concentration of tritium, to be able to
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follow the tissue retention for longer periods of time.

Several investigators have performeicomparative
study of tritium metabolism after chromic ingestion of
tritiated water and some tritiated foods. Pietrzak-Flis
(7) showed that the incorporation of tritium into organic
components of tissues is higher in rabbits given tritiated
alfalfa than those given tritiated water. The greatest
difference was found in the bone marrow whexr the incorpo-
ration from tritiated alfalfa was as much as 9 times higher
than that from tritiated water.

Also, Rochalska (6) showed that tritium concentrations
in dry tissues of rats given organically-bound tritium
were significantly higher than those given tritiated

~water. The ratio of tritium concentration in dried tissues
after tritiated meat and tritiated water ranged from 17 in
the small intestine to 3 in the brain.

The concentrations of non-volatile tritium in rat
tissues differed from each other depending on the types of
tritiated foods or compounds.

Tritium incorporation into Qrganic constituents of
tissues of rats after a single'ingestion of tritiated
leucine and tritiated glucose was higher than after
ingestion of tritiated water. The absorbed dose was
calculated for unit intake of each compound for various
tissues. Doses after tritiated leucine were about three
times higher than those after tritiated water. The contri-

bution of the non-volatile fraction to the total dose was
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about eighty percent after tritiated leucine, whereas that
after tritiated water was less than ten percent.

The tritium incorporation into organic constituents
of tissues of rats at 24 hours after a single ingestion of
tritiated wheat and rice was as much as 10-30 times higher
than after ingestion of'tritiated water. Similar results
were obtained at 3 and 5 days after the administration.
Results with tritiated wheat resembled more those with
tritiated leucine, whereas those with tritiated rice,

more closely resembled those with tritiated glucose.
CONCLUSION

The incorporation of tritium into animal tissue,
particularly into organic molecules, was found to be
considerably high when it was given as tritiated foods.
The uptake of tritiated water into the edible portion of
certain plants was, however, confined to a specific
period of the growth, indicating the importance of thé
time of tritium release into the environment in the

assessment of human exporure.
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Abstract

The classic methodology for estimating dose to man from environmental
tritium ignores the fact that organically bound tritium in foodstuffs may be
directly assimilated in the bound compartment of tissues without previous
oxidation. We propose a four-compartment model consisting of a free body
water compartment, two organic compartments, and a small, rapidly metabolizing
compartment. The utility of this model lies in the ability to input organic-
cally bound tritium in foodstuffs directly into the organic compartments of
the model. We found that organically bound tritium in foodstuffs can increase
cumutative total body dose by a factor of 1.7-4.5 times the free body water
dose alone, depending on the bound-to-loose ratio of tritium in the diet.
Model predictions are compared with empirical measurements of tritium in

human urine and tissue samples, and appear to be in close agreement."

Operated by Martin Marietta Energy Systems, Inc. with the
U.S. Department of Energy under Contract DE-AC05-840R21400
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INTRODUCTION

Tritium, the heaviest and only radiocactive isotope of hydrogen, is produced
naturally as a result of cosmic ray interactions in the stratosphere. Signifi-
cant quantities of tritium are also released to the environment through nuclear
weapons testings, nuclear power reactors, fuel reprocessing plants, and consumer
products. Once released to the atmosphere, tritium is oxidized to
tritiated water (3H0H), enters the global hydrological cycle, and is widely
dispersed throughout the environment. Transfer to man is by inhalation, skin
absorption, or ingestion of food or drinking water. Once in the human body,
tritium mixes rapidly with extracellular and intracellular tissue water, with
a fraction replacing hydrogen bound in organic molecules of tissue. Loose tri-
tium is defined as that which can be removed from plant or animal tissue by
mild distillation techniques or Tyophilization. Bound tritium is that which
remains after this process and which may be removed by combustion. Bound tri-
tium is composed of both stable tritium (that which is primarily attached to
carbon and is usually only released during enzyme-mediated reactions) and labile
tritium (that which is attached to oxygen, sulfur, nitrogen or phosphorus and
will readily exchange with tritium in tfssue water).

Various models have been proposed to describe the kinetics of tritium in
the human body. The most widely accepted of these is Bennett's three-compartment
model (1) which has been adapted by the National Council on Radiation Protection
(NCRP) (2). The NCRP model is presented in Figure 1. This model assumes that
all ingested tritium, whether organically bound or free, enters directly
into the free body water compartment. On the basis of predictions made
by this model, the NCRP (2) indicates that organically bound tritium in
the body may be adequately accounted for by multiplying the free body

water dose by a factor of 1.2.

A11 tritium models currently in use ignore the fact that organically bound
tritium in foodstuffs may be directly assimilated in the bound compartments of

body tissue without previous oxidation. We have developed a fourcompartment
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INTAKE
333 gHd~ !

Figure 1.

model of hydrogen metabolism in the body (see Figure 2) which allows for input

of organically bound tritium directly into organic compartments representing

tissue solids (3).

accounting for metabolism of organically bound tritium in foodstuffs can increase

cumulative dose estimates by as much as a factor of four to five over doses

NATIONAL COUNCIL ON RADIATION PROTECTION AND
MEASUREMENTS THREE-COMPARTMENT MODEL OF
HYDROGEN IN THE 8ODY
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National Council of Radiation Protection and Measurements

Three-Compartment Model of Hydrogen in the Body.

estimated for free body water alone.

INTAKE
314 gHd™"

FOUR-COMPARTMENT MODEL OF HYDROGEN METABOLISM

Predictions made with this model indicate that properly

Figure 2. Four-Compartment Model of Hydrogen Metabolism.

While our model structure is similar to previous models (we have four
compartments compared to two or three), the primary difference Ties in the ability
to input organically bound tritium directly into the compartments representing

tissue solids, rather than into the free body water compartment.
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(transfer rates and compartmenf masses) were selected so that the response to a
pulse of tritiated water input directly into the water compartment (compartment A)
would duplicate the tritium retention data reported by Snyder et al. (4) and
Sanders and Reinig (5) (see Figure 3). The purpose of this paper is to discuss
the dosimetric implications of our four-compartment model and to present a pre-
liminary validation using measurements of background Tevels of loose and bound
tritium in Italian subjects and their diets.

URINARY EXCRETION OF TRITIUM IN MAN
100 T T T

""""" SNYDER et al. (1968}
4-COMPARTMENT MODEL

\ — - -~ SANDERS AND REINIG
10 _\ (1968) 1

PERCENT RETENTION IN URINE

0.001 |
o 100 200 300 400

Figure 3. Urinary excretion of Tritium in Man. The two Doted Lines are
empirical tritium retention data and the solid 1ine is the

4-compartment model retention curve.

DOSIMETRY

Our primary purpose in developing a compartmental model of hydrogen meta-
bolism was to obtain better indications of the dosimetric éonsequences of human
exposure to organically bound tritium. To answer this question, we input a
single tritium pulse of 1 FCi/kg into both Bennett's model and our four-
compartment model. In Bennett's model, the entire intake was input into the
body water compartment, whereas in the four-compartment model, the intake was
divided proportionately into compartments A, B, and C, based on the fraction of
daily hydrogen intake values (A=0.908; B=0.014; and C=0.078). Using Bennett's
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model, cumulative total body dose in/u01 days/kg after 2000 days is 20.33. As
should be the case, this dose is approximately 1.2 times the dose from the free
body water compartment alone (16.49/uCi days/kg). Our four-compartment model,
which allows for input of organically bound tritium directly into the compart-
ments representing tissue solids, yields a cumulative dose after 2000 days of
29.5/uCi days/kg, a factor of 1.7 times the dose contributed by the free body
water compartment.

In estimating body burdens, the ratio (R) of total bound to total loose
tritium (including drinking water) ingested daily by an individual is an impor-
tant quantity. Under conditions where tritium is uniformly dispersed in the
environment (equilibrium condiiions), tritium has the same specific activity in
both the bound and loose compartments (i.e., the bound to loose ratio which
is defined as the ratio of the specific activity in the bound compartment to
that in the loose compartment, is 1). However, under equilibrium conditions
the R value for total ingested tritium is low (R=0.15) since the average
human diet is composed of much more loose than bound hydrogen {and consequently
tritium). In order to determine the effect of the parameter R on dose
estimations, we repeated cur dose calculation again using a single pulse
input of 1/pCi/kg and varying the bound-to-Toose ratioc in foodstuffs.

Figure 4 shows the ratio of cumulative total body dose to free body
water dose after 2000 days (as predicted by the four-compartment model)
as a function of the ratio R. Bennett's model estimates are included
for comparison. The figure shows that for a hypothetical diet in which
the total intake of bound tritium is ten times larger than the total
intake of loose tritium (R=10), cumulative total body dose after 2000
days would be a factor of 4.5 times higher than the dose contributed by
the free body water along.

In summary, under conditions of a unit bound-to-loose tritium ratio in
individual foods items, Bennett's model predicts a cumulative dose to the body
after 2000 days that is 1.2 times the free body water dose, whereas our model

predicts a cumulative dose 1.7 times the body water dose. Under the dietary
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Figure 4. Ratio of Cumulative Total Body Dose to Free Body Water Dose
(after 2000 days) as a Function of the Ratio R of Total

Bound to Loose Tritium Intake in the Diet.

conditions described by Bogen (6), the four-compartment model predicts a
cumulative dose two times that predicted for the free body water compartment.

For higher bound-to-loose ratics in the diet (up to R=10), the cumulative gose
could be up to 4.5 times that of the free body water compartment, while Bennett's
model still predicts a ratio of 1.2. The difference here lies in the capability
to input organically bound tritium directly into the organic compartments of

the four-compartment model.
VALIDATION OF FREE BODY WATER COMPARTMENT

Belloni et al.] summarized the findinas of a study on background tritium

content in the Italian diet and its transfer to man. Daily dietary intake and

1. Belloni, P., Clemente, G. F., Di Pietro, S., and Quaggin, S. (1979).

Data Preliminari Sullo Studio del Trasferimento di Bassi Livelli

di Tritio Dall' Ambiente A11' Uomo, Comitato Nazional Energia

Nucleare Technical Report, RT/PROT(79)5, Rome.
2. Beltoni, P., Clemente, G. F., Di Pietro, S., Quaggia, S., and

Santaroni, G. P. (1981). Livelli di Contaminazione da Tritio in

Diete ed Alimente Italiani, Comitato Nazional Energia Nucleare

Technical Report, RT/PROT(80)35, Rome.
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excretion of tritium were measured for seven healthy subjects. Bound and loose
concentrations were reported for foodstuffs and blood, and loose concentrations
were reported for urine for each subject. Bound to loose tritium ratios measured
in individual food items of the Italian diet ranged from 2.3 for flour to 48.1
for meat.2 These measurements are contrary to the commonly held assumption that
bound-to-loose ratios in food items under background conditions should be one
(2,7). Bogen et al.(8) have also measured bound to loose ratios in food items in
a New York diet and found them to range from 1.2 - 5.6.

The ratio (R) of dietary tritium in the seven Italian diets was found to
range from 0.5 - 8.9. Tritium concentrations in urine were found to average
3.6 times tritium concentrations in the loose fraction of the diet (with a
range of 0.7 - 9.0). Again, these measurements are contrary to the commonly
held belief that urine concentrations will be similar to the tritium concentration
in the loose fraction of the diet. These higher concentrations of tritium in
urine result from long-term retention of bound tritium in the body and its
subsequent release into the body water compartment. Using data on the dietary
intake of tritium for the seven subjects, we will first validate the free body
water compartment of our model by comparing model predictions with reported
concentration of tritium in the urine of each subject.

Daily intake of loose tritium for each of the seven subjects was based on
estimated tritium concentrations in surface water (400 pCi/L), while daily intake
of bound tritium was obtained by multiplying total intake of loose tritium by
the measured value of R for each subject (Table 1). For example, ﬁo obtain the
daily intake of loose tritium (IL) for subject 1 {see Table 1), one multiplies
the total daily intake of water (3.94 L/d) by surface water concentration
(400 pCi/L). The daily intake of bound tritium (IB) for subject 1 is obtained
by multiplying IL by R=3.4. Tritium inputs into compartments A, B, and C of
the four-compariment model are IL + 0.3 IB’ and 0.11 IB’ and 0.59 IB’ respect-
fively {3). Model predictions were used to estimate the concentration of
tritium in the body water compartment of each of the seven subjects. The concen-
tration of tritium in urine is assumed similar to that of the body water3. Table

2 lists the measured concentration in urine for each of the seven subjects, and
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the values predicted by our four-compartment model and the NCRP model (2). It
can be seen that the predictions of both models are very close to the measured

values for all subjects except 4 and 5.

Teble 1., Estimated perameters for Iteliesn diet study

Body water® Urine® Total water?

Subject Weight®  compartment excreted intake RE.€
(kg) - (L) (L/¢) (L/4)
i 95 57 1.8 3.94 3.4
2 52 31 0.471 1,03 3.1
3 73 44 0.783 1.71 7.3
4 50 30 0.800 1.75 8.9
5 82 49 0.805 1.76 0.5
6 68 41 0.920 2.01 1.2
7 60 36 0.444 0.972 7.2

8from footmote 1.
bestimeted from Reference Mam (9) water balance data.
€R = the ratio of total bound to total Jloose tritium

(including drinking water) ingested daily.

Table 2. Comparison of measured to predicted
wrine comcentration for seven Italien svbjects

Urine conceantration

(pCi/ml)
Subject  Measured Four-Compartment NCRP Model
values? model prediction prediction®
1 1.4 1.4 1.4
2 0.7 0.6 0.6
3 1.8 1.5 1.5
4 0.7 2.7 2.7
5 1.9 0.3 0.3
6 0.5 0.5 0.5
7 0.9 1.0 1

8from footnote 1.
YBased oz computer runs uwsing model in Ref, 3.

CBased on computer runs mwsing model im Ref. 2.
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VALIDATION OF ORGANIC COMPARTMENTS

Recently, Belloni et a1.4 have presented a summary of data on tritium content
of the diet and human tissues from a sample of the Italian population (see Table
3). Using the daily intake of loose and bound tritium from Tabie 3 as input into
our four-compartment model, we predict equilibrium loose and bound body burdens
for the average Italian subject as 56,500 pCi and 90,900 pCi, respectively.

This compares with the Belloni et al. estimate of 62,100 pCi and 93,960 pCi,
respectively (see Table 3). A comparison between predicted and reported fresh
tissue concentrations is given in Table 4. The close agreement of our model
predictions with reported values indicates that our ‘four-compartment model
accurately represents the metabolism of tritium in the organic compartments of

the human body (10).

Teble 3. Averege tritium comcestration i diet snd tissne
ssmples of Itelian population®

Body soft tissue weight 59,000 g

38 uripery coscentration : 1,500 pCi/L
Total loose tritium deily imtske (Ip) 1,472 pCi/d
Tota] bound tritiom deily intsake (Ip) 2,714 pCi/d

Average tissue concestration of loose tritiom® 1,053 pCi/g
Average tissme concentration of bound teitiom® 1,593 pCi/g
Loose tritimm body burden (Ip) 62,100 pCi

Bound tritium body burden (IB) $3,960 pCi

2from footmote 4.

bpessured ss fresh tissue.

3. MWoodard, H. Q. (1970). The Biological Effects of Tritium, HASL-229,

Health and Safety Laboratory, U.S. Atomic Energy Commission, New

York, New York.

4, Belloni, P., Brener, F., Clemente, G. F., Di Pietro, S., and
Ingrao, 6. Tritium metabolism in the human body, Proceedings
Seminar on the Environmental Transfer to Man of Radionuclides
Released from Nuclear Installations, Brussels, Belgium, October

17-21, 1983 (in press).
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The NCRP Model (2) as it now stands (inputting both loose and bound tritium
into the free body water compartment) will not reproduce the concentration of
tritjum in the bound compartments as reported in the Italian study (see Table
4). These data support our claim that by not properly accounting for organically
bound tritium in food, the NCRP methodology can underestimate cumulative dose from
tritium by as much as a factor of 4-5, depending on the bound-to-loose ratio of
tritium in the diet (3).

Table 4. Comparison of measured to predicted tritium
concentrations in tissue

Measureg Four—CanpartmenE NCRP Model

Values Model Prediction Prediction
Bound tritium 1.59 pCi/g 1.54 pCi/g 0.15 pCi/g
Urine concentration 1.50 pCi/mL 1.60 pCi/mL 1.60 pCi/mL

2from footnote 4.
bBased on computer runs using model in Ref. 3.

Based on computer runs using model in Ref. 2.

CONCLUSION

Under conditions of exposure to tritiated water, organically bound tritium
in the human body contributes 1ittle to cumulative dose. To account for this
metabolic incorporation of loose tritium into human tissues, it is currently
suggested that cumulative dose estimates be multiplied by a factor of 1.2. How-
ever, if exposure is through tritium bound in food, the cumulative dose from
organically bound tritium in the body may be large, and must be considered
separately. Application of the four-compartment model to tritium dosimetry predicts
a cumulative dose varying from 1.7 - 4.5 times the dose preaicted for the free
body water compartment along (see Figure 4), depending on bound-to-loose ratios
of tritium in the diet.

Given the potential importance of tritium in both fission and fusion nuclear
field cycles, we stress the need for further research on uptake of organically
bound tritium. This research should emphasize both human metabolism and
microdosimetry of organically bound tritium.
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NIRS-M-52, pp 62 - 63 ,1985

Microdosimetry of Tritium Beta Particles

A.Ito

Cyclotron Laboratory

Institute of Medical Science

University of Tokyo

Shirokane-dai, Minato-ku, Tokyo 108, Japan

Tritium B particles have special features of low
energy and hence very short range, that makes the radio-
biological  effectiveness of tritium different from those
of other standard radiations. Two different microdosimetric
problems were studied to clarify the physical characteristics
of tritium B particles.

First, the microscopic distribution of dose in the cell
was calculated. The distribution patterns of the tritium
were classified into (1) point, (2) insider, (3) surface,

(4) outsider, and (5) uniform. The absorbed dose in cell
nuclei for each case was calculated by the Monte Carlo method
using simulated tritium B tracks. It was evident that the
higher the concentration of tritium in the nuclei ( model(l),
(2) or (3)), the higher the dose. In the case of tritiated
water (HTO), the concentration of HTO in cell nuclei is
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uncertain. To evaluate the concentration of HTO, special
soft X-ray beams having the same electron energy as tritium
were devised that gave an uniform dose distribution over
the whole cell.

Second, to study the LET effect of tritium B particles
in low dose irradiation,'a model calculation was presented.
The physical probability of double strand breaks in DNA,
due to the neighboring ionization events along a single

track, was calculated and compared with standard radiations.
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NIRS-M~-52, pp 64 - 74, 1985

Tritium Effects on DNA . Tritium Concentration

Dependency of RBE in Aqueous Solution

T.Kada, Y.Sadaie and T. Inoue

Laboratories of Molecular Genetics and Mutagenesis
National Institute of Genetics
1111 Yada, Mishima-shi 411 , Japan

Summary

In evaluation of the genetic effects of pg-irradiation
from tritium, the simplest and one of most essential basal
data may be the knowledge of the in vitro sensitivities of
DNA. Tritiated water was added at different concentrations
to 1x SSC buffer solutions containing purified DNA which
was isolated from B. subtilis cells of 168 thy (wild as to
arginine biosynthesis) and kept at 4°C. After different
periods, the transforming activities (Arg+) were determined.
The inactivation efficiencies of g-irradiation from tritiated
water increased more than 1000 times by lowering the concent-
ration of B-ray source. Such an increase leveled off at a
concentration of 0.001 pCi/ml. On the other hand, the number
of apurinic sites was determined by means of AP-specific

endonuclease of B. subtilis in colicin El plasmid DNA which
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was exposed either to 3H R-rays or 137Cs y-rays. In acute

irradiation conditions, an RBE of 0.79 was found for
production of the AP sites for tritium. Implications of these

results were discussed.

Introduction

In order to evaluate the genetic effects of tritium,
studies on the in vitro sensitivities of DNA are obviously
essential. Among the systems in which biological effects
of radiations are assessed without any interaction with proteins
and other biological molecules, the transforming system of
B, subtilis may be most sensitive. Deproteinized and purified
DNA dissolved in standard SSC (x1l) buffer solution is quite
stable at 4°C at least for several months. This situation
enabled us to study effects of tritium F*irradiation of extremely
low levels. We previously carried out these experiments using

o 1
tritiated glycerol( ) and later obtained similar results with

tritiated water.(2_4)

Material and methods

Transforming DNA free of detectable protein and RNA was

purified by the phenol method(s) from B. subtilis 168 thy.

DNA (5 pg/ml) was dissolved in 1lx SSC buffer (0.15 M NacCl,
0.015 M Na3 citrate) containing tritiated water of different
concentrations and kept at 4°C . After different periods,
samples of 0.1 ml were taken , dialyzed against large

émounts of isotope-free 1x SSC buffer to eliminate the radio-
activity. The irradiated DNA was then mixed with competent
culture (1 ml) of B. subtilis H17 (arg trp) and the radiation-
induced inactivation of the Arg+ marker was studied. The

detailed methods of preparation of competent cells and media
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as well as procedures of transformation experiemtns were .

(6)

described.

The absorbed dose of tritium g-rays was calculated
with the total energy dissipated by the B-rays in 1 ml
(gram) of water. Because the average energy of tritium

B-rays is 0.0057 Mev,(7)

HTO of 1 PCi/ml dissipates an
energy of 1.2 erg in 1 ml of water per 1 hr. The DNA
solutions used in the present experiments were considered
essentially as water for calculation of the absorbed dose.
We adopted 0.012 rad for 1 PCi/ml/hr.

To determine the number of AP sites per molecule in B-
or y-irradiated DNA, 14Cvlabeled covalently closed circular
molecules of colicin El were irradiated in a buffer consisting
of 100 mM NaCl/10 mM KP, pH 7.0 at a concentration of 400
Pg/ml. For B-ray irradiation, tritiated water was added to
the DNA solution at a final concentration of 196 PCi/ml or

439 PCi/ml and incubated at 0°C for appropriate times. The

absorbed dose was calculated according to the assumption

as described above that 1 pCi/ml of HIO delivers 1.2
erg/g/hr, i.e., 0.012 rad/hr. Gamma-irradiation was
137

performed with a Cs source at a dose rate of 100 rad/min.

After the irradiation, 30 ml aliquots of the sample were
incubated with or without 17 units of AP endonuclease(B)
for 10 min at 37°C and the total mixture was subjected to
neutral sucrose gradient analysis. Radioactivities of tritium
and 14C were determined with a Beckman LS 9000 liquid scintil-
lation spectrometer with the aid of toluene triton scintillation

mixture. The number of disintegrations per minute was measured

by a computer program installed to the machine.
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Results
1) Concentration dependency of DNA inactivation by tritiated

water

Results of inactivation of the transforming DNA by
tritiated water are shown in Fig. 1 (a-d). 1In Figure la,
we plotted residual activities of the Arg+ marker of DNA
treated with two different concentrations of tritiated water,
namely 10 yci/ml and 1 pCi/ml. To get the same dose, treatment
with the 1 Pci/ml solution may require theoretically a period 10
times longer than that with the 10 pCi/ml solution. However,
we see in this figure that the transforming DNA was inactivated
much more efficiently in the 1 pCi/ml solution than in the
10 PCi/ml solution. Similar observations were made when
the tritiated water sources were diluted as shown in Figs. 1lb-d.
The doses for 37 % surVi?al (D37) obtained at different
tritium concentrations are summarized in Figure 2. As shown
in this figure, the efficiencies of B~irradiation from HTO
increased more than 1,000 times by lowering concentration
of the B-ray source. Such an increase leveled off at a
concentration of 0.001 pCi/ml. Since the dose reducing
the Arg+ transforming activity to 37 % level was about

1.7 kR (data not shown) in the case of y-rays from 137C

S,

1 R of y-rays corresponds to 844pCi/ml X hr of tritium
R-rays with an absorbed dose of 0.108 rad at a concentration
of 100 PCi/ml. The same dose of y-rays however corresponds

also to 0.058 Pci/ml x hr, that is an absorbed dose of

0.000696 rad at concentration of 0.01 PCi/ml.

The above results obtained with tritiated water were
very similar to the previous ones obtained with tritiated

1
glycerol,( ) except that the shapes of inactivation curves
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Fig. l,a-d. Inactivation of transforming DNA of B. subtilis
by beta-irradiation from tritiated water. The trans-

forming DNA (5 }Jg/ml) was dissolved in 1lx SSC buffer

: 3 :
containing "H-water of different concentrations and kept

at 4°C for irradiation at different dose rates (given

in parentheses).

P& O &

0 —

B 10 pCi/ml (0.12 rad/hr)

O 1 pCi/ml (0.012 rad/hr)

@ 0.1 pci/ml (0.0012 rad/hr)
A 0.0l pci/ml (0.00012 rad/hr)

O 0.001 pci/ml (0.000012 rad/hr)

See the text for details of determining the residual

transforming capacity of the Arg* marker.
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Fig. 2. Relationship between the dose of beta-irradiation

giving 37 % residual Arg’ activities of the transforming
DNA and the concentration of tritiated glycerol (pCi/ml)

for irradiation.

are somewhat different. In any way, the relationship between
the dose of B-irradiation giving 37 % residual Arg+ activities
of transforming DNA and the concentration of tritium was

similar both for tritiated water and tritiated water.

2) Quantitative comparison of production of apurinic sites
by 3H—B—irradiation and 137Cs-—b/—irradiation

In addition to strand scissions, ionizing radiation
introduces apurinic sites (AF sites) in DNA. AP sites may
have both lethal and mutagenic effects unless they are not
correctly repaired in the cells. In order to quantitate
biological effects of tritium we compared the number of AP
sites in tritium-treated DNA with those in gamma-irradiated
DNA by using purified apurinic endonuclease of B. subtilis.

The enzyme was purified from cell-free extract of

B. subtilis to a near homogeneity by successive chromatographies
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on DEAE-cellulose, phospho-cellulose and second DEAE—cellulose.(

The final preparation was purified about 1000-fold and contained

no activity toward DNA without AP sites. The substrate DNA

14
of C-labeled colicin El1 DNA which has a covalently closed

J

circular duplex structure, was made as described previously.
To assess the number of AP sites, the irradiated DNA was
digested with the apurinic endonculease and subjected to

neutral sucrose density gradient analysis as described

(A) (B) ®

t.\lo of Strand Breaks/Molecule

0 01 0.2 0 01 0.2
Dose (kR)

Fig. 3. Quantitative comparison of production of apurinic-
sties. Details of experiments are described in the text.
The number of strand breaks per DNA molecule was plotted

against the absorbed doses of radiations: A; beta-

irradiation from 31{, and B; gamma-irradiation from 137(:5.
@-————@ With AP endonuclease
A Without the enzyme
e Difference of the +APendo and ~-APendc
. a ) (9) )
by Sakakibara and Tomizawa. The average number of nicks

per molecule was calculated from the relative radioactivity
under the peaks of the covalently closed circular and open
circular molecules in the sedimentation profiles.

The results are summarized in Fig. 3 where the number
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of DNA strand-scissions per molecule with or without the

enzyme treatment was plotted against radiation doses of beta-
or gamma-rays. The differences between enzyme treated and
non—-treated samples were calculated and shown as dashed

lines which indicate the net number of AP sites in the DNA
molecules. From this figure, we can estimate that the dose

of beta-irradiation producing one AP site per molecule is

0.24 kR whereas that of gamma-irradiation is 0.19 kR. Therefore,
an RBE is calculated to be 0.79 for production of ap sites

under these conditions.

Discussion

Since very similar results were obtained both with

tritiated glycerol and water, B-irradiation from tritium is
itself considered to result in a highly efficient inactivation
of transforming DNA. We checked, in certain experiments,
the amount of incorporated tritium in DNA and found that it
is always too small to explain the corresponding efficient
activites. Therefore, we plan to examine different probable
characteristics in actions of external B-irradiation of DNA
in agueous solution. The following points are discussed:

1) Since a series of dilutions of tritiated water did not
diminish the inactivating activities on transforming DNA,
the simplest explanation may be that beta-radiation-produced
radicals in water were "uselessly" wasted by recombination
with each other. It was only at a concentration of

0.001 pCi/ml that the inactivation was most efficient, that
is,»more than 1000 times;that of the 10 Pci/ml solution for

example.
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2) With every 1/10 dilution of tritiated water, we had to

treat the DNA for a period longer by a factor of 10.

Therefore, we have to examine if the present observation

might relate to the time factor.

(a) Perhaps beta-irradiation of tritium produces radicals

of a long life or a stable reactive chemical species (including
H202) then treatment with 10 unit doses for one day is equivalent
to treatment with one unit dose for 10 days. This situation

is schematically shown in Fig. 4. Two rectangular spaces are
put equal by supposing that radicals produced at the first

moment are stable in the course of treatment.

Period

Doses

Fig. 4. ;:I:eme of administration with stable radicals at two
different concentrations for different periods.

(b} The above notion of the time factor including stability
of radicals may be replaced by chain radical reactions in
producing a constantly reactive chemical species in agueous
solution initiated by irradiation followed by progressive
fixation of damages in DNA. In the last hypothesis, we suppose
that the fixation of damage in DNA requires a long time

which is a function of the period for treatment at 4°C.
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We don't know at the present step what are the exact
mechanisms involved. Recent preliminary experiments showed
that the observed efficient inactivation of DNA depends on
the concentration of buffer ingredients as well as that of
the target DNA molecules. For example, at a x10 concentration
of SSC, the transforming DNA is very resistant compared to
the case using x1 SSC. In addition, the lesion primarily
produced by tritium irradiation seems to be unstable with
respect to the precipitation and washing procedure. These
situations force us to imagine that the DNA lesions responsible
for inactivation of the transforming capacity are strictly
dependent on the conformation of DNA. For example, a lesion
consisting of partial melting of DNA may be nicked by the |
host nuclease in the early step of transformation. This
and other possibilities should be examined in the future.

It is probable that such changes may be restricted to naked
DNA in vitro but probably not to organized DNA in vivo in

the chromosome.
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Radiobiological Effects of Tritiated Water
on Yeast. High Incidence of Division Anomaly

of Yeast Cells in HTO Containing Growth Medium
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ABSTRACT.

We found division anomaly of yeast cells when incubated in
HTO containing liquid growth medium over a period of several
division cycles. This anomaly appeared as a beads-like structure
consisting of several compartments, each being of about cell
size. Each of these compartments has a nucleus but the septum
to the next compartment seems to be lacking. The dose required to
produce this anomaly was surprisingly small as calculated per one
new compartment formation, namely, order of a few krad in terms

of B~particle dose (D50 of non-dividing cells is about 30 krad).
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INTRODUCTION

»Possible effects of long-term exposure to tritium
released into the environment from fusion reactor facilities
is one of the recent concerns. Thus, instead of treating the
cells with HTO for a period as short as possbile under
non-dividing conditions (1) as usually done in most of the
irradiation experiments, HTO was given in the present studies
under conditions which allow cell growth during the treatment.
We report here abnormalities of the cell division occurred

not only at doses much less than D in non-dividing cells

50

but also in a manner quite unique to the dividing conditions.

Details will be published elsewhere.

MATERIALS AND METHODS

Cell strain and culture. A diploid Saccharomyces cerevisiae

strain D61M, provided by Dr.F.K.Zimmérmann, was used throughout.
Exponentially growing cells were harvested from 13 hr YEP
(Bacto yeast extract 1%,Bactopeptone 2%) medium with 2%

glucose and pH 5.0

HTO treatment under culture. HTO was added to cell suspension

in minimal synthetic medium. The cells were then incubated at
30°C in a thermoregulated box (SHD-I,Iuchi,Tokyo} for indicated
periods up to 23 hr. The final concentrations of HTO used

for 5 experimental series were 10.6, 14.2, 29.5, 45.5 and

98.3 mCi/ml, respectively. HTO (2 Ci ampule) was purchased

from Amersham International,England. In some experiments, cells
were treated with HTO in distilled water. In this case an equal

amount of the cell suspension (4 x 107/ml) and HTO solution
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of predetermined concentration were mixed and the mixture

held at 10°C.
RESULTS AND DISCUSSION

The colony forming ability was assayed with samples taken
at times during the culture designed for 16- and 20-hr treatment.
Each sample had been exposed to a defined concentration of HTO
for either 16 or 20 hr. The results are shown in Fig. 1.
In the control, the cells were cultured under the identical
conditions but in the absence of HTO. For comparison, a
conventional dose-survival curve of cells held in distilled water
containing HTO is also shown. As can be seen from the figure;
the "survival curves" under growing conditions, though their
nature is quite different from the conventional ones, were

shifted considerably to the left:The cells were three times

more sensitive under this culture than =~ non-dividing condition.

100
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f-particle dose(krad)

Fig. 1. "Survival curves" of yeast cells treated with HTO
in growth medium. Each point was obtained after
fixed culture times, 16 (A) and 20 {O) hr, with
appropriate HTO concentrations. Dotted curve is the
conventional survival curve obtained with the cells

treated with HTO in distilled water.
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When the samples taken at times during HTO treatment were
observed under a light microscope, we found a strange change
with very high frequency where several "cells" formed a linear
beads~-like structure. This occurred in the samples treated
with HTO above 45.5 mCi/ml for 16 hr. Each compartment of the
beads~like structure is constricted in a size of the cell,
as 1f it is almost separated. The compartment was more round
and larger than the normal cells. The number of the compartments
in this structure was 4-6, somewhat less than the expected
division number in 16 hr. It can be seen that each compartment
is connected through a narrow channel as if the septum formation
at the final stage of cytokinesis failed (2). If each compartment
was counted as one, the total counts obtained at times during
incubation were almost the same as those of the control where
divided cells are singly separated.

Yeast cells have been reported to form so-called giant
cells after X-irradiation with a heavy dose around 100 krad
(3,4). In this case, the irradiated cells continue to grow
without DNA replication nor apparent constriction. The beads-
like structure characterized by several consecutive constrictions
without separation is quite different from the radiation-induced
giant cells. The B-ray dose for the occurrence of the beads-
like structure, calculated under the assumption that 1mCi/ml
of HTO is equivalent to 8.57 rad/min (1) in a water-rich
system like cells, is at most 10 krad for 16 hr. Since the
number oflcompartments in the beads-like structure had doubled
every 2 to 3 hr, each compartment .would receive only a fraction
of 10 krad. It should be pointed out a few krad of radiation
for yeast cells is equiﬁalent to 10 rad or so for human cells.

In other series of experiments we have noticed severe
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toxic effects of HTO sample from a 7 month-old ampule. They
seemed to be due to some radiation products probably accumulated
in the HTO sample. Unexpectedly we found that yeast cells which
had been treated fof‘l6 hr at 30 mCi/ml of HTO were severely
deformed and their colony forming ability dropped to 0.01 %.
The calculated B-particule-dose was about 4 krad, a dose which
normally did not affect the cell survival. Observations under

a microscope with a Nomarsky-type interference optics (BHS-N,
Olympus,Tokyo) showed that the surface of the cells was no
longer smooth as in a healthy cell. Vacuoles were not visible.
Later tests showed that these changes occur following treatment
for less than 1.5 hr.

These morphological changes of yeast cells induced by
unknown toxic product(s) are reminiscent of those in near-Uv
irradiated cells (5) where cell membrane damage by oxy-radicals
seemed to produce the shrinkage and eventual death of the cell.
Gamma~-ray irradiation did not induce such a change even at
very high doses. It is recommended to have enough information
about the quality of HTO ampuled in factory or to find a

suitable technique to check it prior to use in the experiments.
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Abstract

Tritium decay can induce mutations by: (1) 1ionizing radiation and/or
(2) trgnsmutation of 3H to 3He with associated energy of excitation and
recoil., JIonizing radiation from tritium decay at the different incorporation
positions in DNA is assumed to be equivalent throughout the nucleus;
therefore, the differences in mutation frequency gér tritium decay at
different incorporation sites in DNA result from excitation, recoil, and
transmutation of 3H to 3He. In previous work, we have detected local or site
specific effects of tritium deca? by comparing the frequency of sex-linked

recessive lethal (SLRL) mutations induced by tritium decay in specific DNA

sites of Drosophila melanogaster sperm cells. We have found a site specific

effect when tritium decay occurred at the 5 position of cytosine, 8 position
of purine or 6 position of pyrimidine. These differences in the site

specific mutagenesis can be described only as quantitative differences in
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induced mutation frequency because SLRL mutations can be induced by any known
mechanism of mutagenesis. Current research is focusing on detecting
differences in mutational mechanism by analyzing mutant genes at the

molecular level using labeled probes of the locus alcohol dehydrogenase (Adh)

to determine molecular changes in DNA of the mutants. We are comparing null
mutants induced by x-rays, the alkylating agent N-ethyl-N-nitrosourea (ENU)
and decay of tritium incorporated into specific sites of DNA. Current
observations are that mutants induced by x-ravs have an unusually high
frequency of multiple breaks in DNA in relatively short distances near the
locus. Most of the X~ray induced mutants were induced through a mechanism of
multiple chain breaks in DNA.

Introduction: tritium decay can induce primary lesions in DNA through
1) transmutation of tritium to helium—3 with the associated chemical effects
of change in nuclear charge and energy of excitation, 2) recoil of the
tritium nuclide, and 3) beta radiation. To determine the frequency at which
the primary DNA lesions, resulting from tritium beta decay, become converted
into transmissible mutations it is desirable to partition the total mutation
frequency into the frequencies that result from the various causes of primary
DNA lesions. Recoil of the helium nucl&de following tritium decay is not
- sufficient to break the nuclide out of the surrounding chemical structure.
Therefore, the consequence of recoil, energy of excitation, and change in
charge of the nuclide are localized to the region of the molecule in which
the tritium decay occurs. Consequently, I will describe the combination of
transmutation and energy of recoil as a local effect on the DNA molecule; in
contrast, the beta particle has a range in water of 0.56u (1), sufficient to
cause primary lesions in DNA through radiation damage to other DNA molecules
in the same nucleus.

In previous work (2 & 3) with 32

P, we were able to separate the effect
of beta radiation from the local effects in sperm cells of Drosophila

Melanogaster because the thin diameter of the cylindrical Drosophila sperm
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32

cell (0.4p) results in most of the ionization from ~“P beta decay occurring

32

outside the cell; therefore, by storing Drosophila sperm cells with P

incorporated into their DNA for a period of three weeks we were able to
accumulate the local effects of 32? beta decay without a rise inm the mutation

frequency resulting from beta radiation.

Local Effect of Tritium Decay: It is not possible to separate the local

32

effect of tritium decay from beta radiation as we did in ““P because a

significant amount of the energy from beta radiation resulting from beta
decay of tritium will be deposited in the nuclease in which the tritium decay
occurs. To separate the local effects of tritium decay from beta radiation
we have compared the mutation frequency per decay of tritium incorporated
into the different non—exchangeable hydrogen positions of pyrimidine and
purine DNA precursors. Beta radiation effects per decay should be equivélent
because the mean range of the beta particles from tritium in matter of unit
density is 0.56u (1) which is sufficiently long so that radiation from
different points of origin in the nucleus should cancel out in the comparison
of tritium decay at different sites of incorporation. Therefore, the net
observed difference in thé comparison will result from the local effect of
decay at a unique incorporation site. The number of tritium disintegra§ions
which have occurred over some time interval can be calculated using the
measured level of incorporation at time zero and the decay constant of
tritium, Since sensitivity to beta-radiation changes witﬁ time as germ cells
pass through successive stages in development, it is necessary to hold the
stage of germ cell development constant while permitting the accumulation of
tritium decay products. To accomplish this we have stored treated
spermatozoa in the receptacles of inseminated females. The tritium labeled

spermatozoa are allowed to fertilize eggs of Drosophila melanogaster and

pro-mutagenic lesions are either repaired or converted into mutations which
can be analyzed using the Drosophila test systems for mutations. For

comparative effects of disintegrations at specific sites the mutation

83



frequency per tritium decay is determined.
A1l of the seven non—exchangeable hydrogen positions on the purines and
pyrimidines - 5 and 6 of cytosine, 5-methyl and 6 of thymine, 2 of adenine

and 8 of adenine and guanine - have been studied for local position-specific

effects in prokaryotes. Dr. Stanley Person and co-workers have summarized
their findings that transmutation of tritium in the 5-position of cytosine,
the 6-position of thymine and the 2-position of adenine produced mutations
over the frequency that could be attributed to beta radiation (4). When
reverse mutation or suppressors of the UAG codon were used for mutation
detection, 5-labeled cytosine was far more mutagenic than 6-labeled cytosine
or thymine (5 & 6). Decay at the 6-position of the pyrimidine produced
increases in DNA crosslinkage and single-strand breakage (6). 8-3H—guanosine
(also incorporated as 8—3H—adenosine) gave no higher frequency of local
effects than that observed with 3H—methyl-thymine (4).

We have used the work in prokaryotes as a guideline in designing our
tests and establishing expectations for the Drosophila germ cell mutagenicity
studies, although we are somewhat limited in our ability to make direct
comparisons with previous work by the (sometimes not altogether clear)
differences in sensitivity of the various test systems to different types of
genetic damage. It is entirely possible that tritium decay in one position
of a nucleotide base may lead primarily to depurination of DNA while decay in
another position may cause only transitions; further more, tritium decay in
either position may give similar mutation frequencies in the broad spectrum
sex~linked recessive lethal test in Drosophila (7). Our previously published
methods (8 & 9) have been used to label immature premeiotic gonial cells in
male Drosophila by allowing second instar male larvae to feed on media
containing the following tritium labeled DNA precursors: (BH-methyl)
thymidine, (5—38) deoxycytidine, (8~3H) deoxyguanosine, (5—3H) uridine, and
(6—3H) uridine. Due to biochemical actions in vivo, tritium from labeled

guanosine may also be incorporated as (8~3H) adenine. Tritium induced as
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5~labeled uridine appears in the DNA only as (5—3H) cytosine, while that from
6-labeled uridine appears in DNA as both (6—3H) cytosine and (6—3H)
thymidine.

Upon emergence as adults the males were allowed to mate, thus
transferring the labeled spermatozoa to unlabeled females. A sample of eggs
was taken immediately from the newly inseminated females and is referred to
as having been derived from the non-stored sperm. A second sample of eggs
was taken after storage at 25°C of the inseminated females on media that
inhibits egg laying (2 & 3). Genetic tests for mutations were conducted on
each of the samples using the same test stocks and procedures described in a
previous publication (9). The difference between the mutation frequencies
from eggs taken before storage and those taken following storage is a measure
of the increase in mutation frequency which is due to events which took ﬁlace
during the storage period. This procedure gives us a defined germ cell stage
(mature sperm) with a known structure in which we can measure the genetic
effects of tritium decay.

The number of tritium disintegrations responsible for the increased
genetic damage during storage was determined by first measuring the amount of
tritium incorporated per cell, by methods used previously in our studies of
the transmutation effects of 32P (2 & 8). Briefly, this method consists of
dissecting the seminal receptacles from inseminated females, stretching and
staining on a microscope slide and microscopically counting the sperm cells
in the receptacles. Receptacles containing some 3000 cells are washed from
the microscope slide onto a glass filter with cold trichloroacetic acid to
remove any lower molecular weight material and are digested by the method of
Mahin and Lofberg (10) in a sealed scintillation vial. To prevent loss of
tritiated water the contents of the vial are frozen before opening the vial

to add scintillation fluor. Counts per minute corrected to disintegrations
per minute (9) and divided by the number of cells per vial give us the number

3

of disintegrations per minute per cell, and from the known decay rate of “H
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the number of 3H disintegrations during the storage period is computed. The
mutation frequency per decay is determined by subtracting the mutation
frequency before storage (each frequency having been corrected for the
appropriate control frequency) and dividing by the number of tritium decays
per sperm cell that would have occurred during the time of storage.

All tests were conducted at 25°C except for F, and subsequent

3H—dC and 8-3H~dG experiments which are maintained at

generations of the 5~
28°C. Positive and negative controls with ethyl methanesulfonate and 1%
sucrose showed no increase in mutation detection resulted from incubating the
second and later filial generations at 28°C rather than 25°C. Lethals were
v;rified by retesting through two successive generations.

We find that tritium introduced in the larval stage on any of the DNA
precursors tested is mutagenic. The increase over control of frequencies of
loss of sex—chromatin (significant for 5 of the 6 compounds) and sex-linked
recessive lethals (significant for all® compounds) observed in the
non-stored genetic samples results from the combined effects of
beta—-radiation (both incorporated in germ cell DNA and in surrounding
tissues) and position specific tritium decay throughout the maturation of the
germ cells. While the finding that internal exposure to tritium is mutagenic
is not surprising, it is important to keep in mind the intrinsic mutagenicity
of tritium regardless of its specific-site effectiveness.

Results with the sex—linked recessive lethal test (SLRL) for mutations
showed a significant storage effects for all but (5—3H)dC; in the latter case
an increase was observed, but the storage population was too small to yield

significant numbers of mutations. The storage increase in sex—linked

recessive lethal frequencies to number of disintegration of tritium

3y-ar.

incorporated at specific sites in the DNA was normalized to one for
These estimates are listed in Table 1. The differences between estimates for

any two compounds represent the differences in their positions” specific

decay effects; their radiation effecfs per disintegration are presumed to be
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equivalent.
The compounds are listed in Table 1 in order of increasing mutation
frequency per disintegration. Features worthy of note are the following:
1)tritium incorporated at the 5-position of cytosine gives a higher frequency
per tritium disintegration than methyl-labeled thymidine or generally
labeled deoxycytidine with 70% of the label in the deoxyribose moiety.

2)Equal mutagenic effect was observed whether the tritium was introduced as
(5~3H) deoxycytidine or (5—3H) uridine. This is as we would expect since
with both precursors the tritium in the stored sperm cell is incorporated
into only the cytosine moiety of DNA. Conversion of the 5-labeled uridine
to thymidine results in loss of the tritium, and the apparent lack of
uridine label is consistent with the amount of RNA in spermatozoa and the
rapid turnover of tritium in the RNA pool during the 10 days between |
labeling gonia and sampling the mature sperm.

3)The most mutagenic positions of disintegration appear to be the 8 of
guanine (adenine) and the 6 of cytosine (thymine), i.e., those beta to the
glycosidic bond. We would speculate that disintegration at these positions
leads to loss of the purine or pyrimidine base. Mutations would be induced

during repair at such sites.

TaBLE |

TREATMENT COMPOUND FORM OF 3H INCORPORATION SLRL PER TRITIUM DISINTEGRATION

1IN DNA (x107%)®
3 3

Deoxycytidine (G-"H) (G~3H)dC 0.64

(G-"H)dT
3 3

Deoxythymidine (Me-"H) - (Me-"H)dT 1.45

Deoxycytidine (5—3H) (S—BH)dC 3.18

Uridine (5-H) (5->wydac 3.08

Deoxyguanosine (8-3H) (8—§H)dG 4,49
(8~"H)dA

3 3

Uridine (6-"H) (6—3H)dC 5.30

(6-"H)dT

®Sex-linked recessive lethal frequencies before and after storage were corrected for their
appropriate control frequencies and the differences between them was divided by the number of
tritium disintegrations during storage.
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Molecular Comparison of Altered DNA From Induced Mutants: The above

SLRL test provides a means of quantitatively determining that there is a
local effect observed as an increase in total mutation frequency if tritium

decay occurs at specific sites of DNA; however, the SLRL test is incapable of

distinguishing the type of lesion produced by different agents because a

sex—linked recessive lethal can be induced by virtually every kind of DNA
lesion. To determine the characteristic of the DNA lesion that resulted in a
mutation, we are using the methods of recombinant DNA techniques to
characterize the mutant alleles. Our approach is to characterize mutants
produced by x—ray as characteristic of those induced by ionizing radiation,
recognizing that the linear energy transfer of tritium beta decay is higher
than that of x-ray. As a contrast to ionizing radiation, we are studying
mutants induced by N-ethyl-N-nitrosourea (ENU). The results of our studies
of mutants induced by x-~rays are complete (11) and tests are in progress to
permit comparisons among null mutants induced by x-rays, the alkylating agent

N-ethyl-N-nitrosourea (ENU) and decay of tritium incorporated into specific

sites of Drosophila melanogaster DNA.

The isolation of Adh negative mutants is based on their ability to

survive exposure to l-penten—-3-o0l, while flies that are positive for the ADH
enzyme convert the secondary alcohol to a lethal ketome (12 & 13). Genetic

complementation tests are performed using deletions with known breakpoints
extending to both sides of the Adh locus (14, 15, 16 & 17). Large deletions
are quickly screened from the rest of the mutants and are not further

characterized at present. Mutants which do not fall into this category are

maintained in stock over known deletions at this locus.

The initial analysis of the mutants is for the presence or absence of
the ADH enzyme which is accomplished by using a modification of the 0 Farrell
(18) two-dimensional electrophoresis technique. This method is capable of

identifying a mutant protein of a single base change or small intragenic

deletions which produce a protein within 10%Z of the normal length. If ADH

88



protein is detected, alterations in the amino acid sequence can be
determined.

The presence of the Adh mRNA is determined by the dot blot technique

(19). If no RNA is present, the mutation may be transcriptional. Mutants
are then subjected to DNA restriction endonuclease Southern blot analysis (20
& 21). Hybridizations are done-by using 32p-1abeled genomic clones of Adh
(sAC1-4.8kb and sAF2-11.8kb) (22) and 32p_cpNa (23) for the 3° half of the
gene. The sACl genomic clone includes approximately 2 kilobases on either
side of the Adh structural gene which, with its two introms, is only 1
kilobase in length (24); the sAF2 clone contains approximately 5.4kb on
either side of the Adh gene. If DNA and RNA are present with no alterations
detected, the ADH deficiency could be classified as a tramslational mutant.
0f 31 Adh negative mutants induced by x-ray and two spontaneous muténts
made available to us for this study, Aaron (25). By classical genetic
mapping 23 are classified as deletions. The 10 remaining negative mutants
are neither large deletions nor do they show any cytological aberrations of
salivary gland chromosome bands. However, the genetic complementation tests

and salivary gland chromosome analysis are at least an order of magnitude
lower in sensitivity than the techniques used here. Three o% these mutants
have been lost. We have analyzed the remaining 7 mutants for molecular
changes in DNA (11). In summary, mutants nLA73, 74, 80 (3000 rads), mutant
nLA2 (1000 rads), mutants nLA248, and 249 (500 rads) and nLA319 (spountaneous)
all hybridize with the sACl and 37 half cDNA probes in a RNA dot blot. Only
two mutants, nLA80 and nLA249, produce any detectable ADH protein as
determined by the two-dimensional electrophoresis technique. The in vitro
translation results are inconclusive at the present.

Restriction mapping and Southern blotting experiments have revealed some
alterations in the DNA of these mutants. Digestion with Hhal and probing
with the sACl clone gives normal restriction patterns form mutants 73, 74,

80, 249, 319, and 405, while mutant 2 has an additional bp band. Mutant 248
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has an additional 450 bp band when digested with Hhal. Using the larger sAF2
probe and digesting with the same enzyme shows mutant 74 is missing a 1200 bp
band fragment and has a new 900 bp fragment. This could be the result of a
300 bp deletion internal to two Hhal sites, but must be outside the region
covered by the sACl probe since these alterations are not seen when using the
smaller sACl probe. Mutant 319 (spontaneous) has a pattern similar to that
of mutant 74. It is missing the same 1200 bp fragment and has the extra 900
bp fragment, but has also additionally 620 and 800 bp fragments. Double

digestion with Hpal and Hinfl and probing with sAF2 again reveals the extra

1600 bp fragment for mutant 2. This extra fragment is also seen when the
shorter sACl probe is used. This extra Adh DNA must be inserted somewhere
within the region maintained either by the gngB balancer chromosome or the
deletion 64j. The DNA must have originated from the 4.8 kb region since it
hybridizes with the sACl probe. However, mutant 319 which again shows the
missing and additional fragments when probed with sAF2 after Hpal / HinfI
digestion appears normal when probed with sACl. The alterations for this
mutant are outside the 4.8 kb (sACl) region, but within the 11.8 kb (sAF2)
region. The fragments of 643, 893, and 399 bp span the region from the
promoter past the 3’ end of the Adh gene. These appear normal in all the
mutants analyzed with Hpal / HinfI digestion, at least within the limits of
detection. Mutants 74 and 80 are missing a 1400 pb fragment after digestion
with Hpal / HinfI. Mutant 248 has all the expected bands, but also

additional bands of 520 and 310 bp. The mutant 248 has recently been

sequenced in Michael Ashburner”s laboratory, and from personal communication

with Dr. Ashburner we have learned that 248 has a 250 base pair duplication

within the structural gene that would give a near normal banding pattern for
the three bands associated with the Adh locus plus an additiomal small band
as seen in our Southern blot experiments,

If the 23 mutants previously shown to be deletions are added to the 5
mutants showing an abnormal endonuclease Southern blot, at least (28/33) 85%

of the mutants are associated with multiple DNA chain breaks.
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INTRODUCTION

In an assessment of mutagenic potency of tritium, low dose and/or
low dose rate study is obviously important but very few such studies
were carried out mainly because of the difficulty of handling tritium
water which evaporates and contaminates experimental facilities or
researchers. In Tokyo University, a "tritium safety clean cabinet' was
recently developed which contain$tritium trapping system and it became
possible to handle as much as 1 Ci of tritium water per experiment.
Present study was aimed to clarify dose rate effects of tritium B-rays
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for mutagenesis in cultured mammalian cells at doses mainly below 2 Gy
and to compare the results with those obtained after gamma-ray irradi-

ation.

MATERIALS AND METHODS.

Cells and Media. Mouse lymphoma L5178Y cells were cultured in

Fischer's medium containing 107 horse serum (denoted as FML0). For

colony formation, cells were plated in agar-containing medium (0.18-0.20%)
with 157 serum. In order to keep the control mutation frequency to be
constantly low, a clonal cell population stored in liquid nitrogen was
‘used for each experiment.

Tritium water treatment. Acute exposure was undertaken by

treatment of cells in ice-water bath to prevent possible repairs during
irradiation. 40 microliters of tritiated water(5Ci/ml, 185 GBq/ml, Amersham)
was taken by a microsyringe and was added to 25 ml of FMLO to make tritium
medium of 8 mCi/ml. Logarithmically growing cells were collected by

centrifugation at a density of 6x107 cells/ml and 0.2 ml each (1.2x107 cells)

was added to a screw capped glass centrifuge tube containing 2.2 ml of
the tritium medium (final tritium concentration was 7.3 mCi/ml). After
treatment of 30, 60, 90 and 120 min. in ice-water bath, cells were
washed 6 times by centrifugation (1500 rpm x 1 min). The control sample
consisted of cells washed immediatedly after addition to tritium medium.
For chronic exposure, 100 mCi of tritiated water was added to 10ml
of distilled water. After sterilization by filtration, tritium medium
was prepared to give final tritium concentration of 0.25 mCi/ml. 1x107
cells were suspended in 100 ml of the tritium medium and were divided
in two 50 ml on day 1. After incubation of cells in air tight culture
bottles at 37°C for every 24 hours, more than 5x106 cells for each
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duplicate were suspended in 50 ml of freshly prepared tritium medium
for further treatment until day 5. The rest of the cells were washed

as described above and was used for determination of surviving fraction
and mutation frequency.

Determination of surviving fraction and mutation frequency.

Immediately afterlirradiation, a portion of the population was plated

for determination ;f surviving fraction. The rest of the irradiated cells
were kept on logarithmic growth by taking more than 1x107 cells in 100

ml of FM10 every day for each sample. Six days after the finish of
irradiation, mutation frequency was determined for 6—thioguanine resis-—
tance (6-TG ). 8x:106 cells per point were suspended in 200 ml of selective
medium with melted agar and 50 ml each was placed in a culture bottle

for 100 ml. At the same time, about 800 cells were plated in 100ml of
non-selective medium for determination of plating efficiency of the
population. Final 6-TG concentration was 5 microgram/ml. In order to

enumerate resulting colonies after 2 weeks' incubation at 37°C, colony-

containing medium was poured into 90mm culture dishes carefully not to
introduce air bubbles and colonies were counted by an automated colony
counter (Nakamura and Okada,1981). Each set of experiment consisted of
duplicated samples including one control and four irradiated groups and
experiments were repeated three times for each dose rate.

All the procedures until cell washing were carried out in a
safety clean cabinet containing inner box and tritium trapping systém.
developed by us in Radioisotope Center, University of Tokyo. The super-
natant of the first wash was measured after appropriate dilutions. The
absorbed doses were calculated by the radioactivity assuming water
content of the cells to be 70% (Dobson andVKwan,1976).(e.g.,cells in
tritium water of 1 mCi/ml receive 0.14 cGy/min).
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RESULTS and DISCUSSION

The dose-response curves were almost linear for both irradiatiom
conditions as shown in Fig.1. The slopes were 2.8x10—S and 1.9x10"5
induced mutant per survivor per Gy for acute (30-120 min in ice bath)
and chronic (1-4 days at 37°C) exposures respectively.

In order to obtain tritium RBE in mutagénesis, the results were
compared with those obtained after gamma-ray irradiations of different
dose rates(Nakamura and Okada,1982). The comparisons may be realized
by two ways, either to compare the doses required to induce certain
amount of mutations (e.g., IXIO_S mutant per survivor) or to compare
the initial slopes of each dose-response curves. The results are shown

in Table 1. For acute exposures, RBE value is close to 1.5 by either

method of comparison. For chronic exposures, however, RBE value

INDUCED 6-TG' (x1078%)

DOSE (Gy)

Figure 1. Dose~response curves of 6-thioguanine resistant
mutations after acute (A330 - 120 min in ice bath) and chroaic
(@:1 - 4 days at 37°C) exposures to tritiated water.

(3137°C % 2hr, O ; 37°C x 48 hr)
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largely depends on the method, namely 2.4 for the doses required

to give lxlO—S mutants per survivor and 4.8 for the initial slopes.
This difference is due to the curvilinear nature of chromic gamma-ray
dose-response. Although the dose rates of THO and gamma-rays used for
the calculations are not identical,iit should be mentioned that the
THO dose rate is lower than that of gamma-rays and hence RBE values
thus obtained would be slightly on the side of underestimation but

not on that of overestimation. The increase of RBE value with decreasing
the dose~rate is mainly attributable to the refractoriness of dose-
rate dependency of tritium beta-rays. This is clearly shown in Fig.2.
The mutagenic effects of gamma-rays decrease steadily with decreasing
the dose-rate while very slight decrease for tritium. The present
study demonstrates importance of low dose-rate studies to estimate

biological hazard of tritium B-rays.
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bath and all the other points at 37°C.
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Table 1. Calculation of tritium B-ray RBE of mutations under acute and

chronic exposure conditions.

Dose_gequired to induce Initial slope of dos
1x10 ~ mutant frequency response curves(x10 ' /rad)
Exposures
Acute gamma 52 1.8
) RBE 1.5 ) RBE 1.6
Acute THO 35 2.9
Chronic gamma 126 0.4
) RBE 2.4 ) RBE 4.8
Chronic THO 53 1.9
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INTRODUCTION

In our previous report, we obtained RBE values of
tritium 3-rays, 1.5 for cell killing and 1.8 for mutation
induction based on the dose-response relationships in cultur-
ed mouse leukemia cells after irradiation at 37°C under the
condition of cell growth(1l).

In this paper, mutation induction following exposure to
tritiated water was studied and compared to that following
T-ray exposure. Combined effects of deuterium oxide and some
other agents with these radiations were also examined to look
for qualitative differences if any of tritium exposure rela-
tive to ¥Y-rays. Since,Ueno et al.recently found that the pres-
ence of deuterium oxide (Do0) and 3-aminobenzamide (3AB), an
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inhibitor of poly(ADP-ribose) synthetase, during exposure

inhibits the dose-rate effects of 7-rays when cell killing

was used as an end point(2,3).

MATHERIALS AND METHODS

Details have been described already (1). Outline and some

modifications are given below.

Cell culture. Mouse leukemia L5178Y cells were cultured

in suspension in Fischer's medium supplemented with 10% horse
serum at 37°C. Cells in the logarithmic phase of growth were

used.

Gamma irradiation. Cells were irradiated at different

distances from a °°Co source to give dose rates of approxi-
mately 0.05Gy/hr to 0.4Gy/hr. Irradiation was carried out for
a fixed period of 20 hr at 37°C. The cell concentrations at
the start of exposure were l~3XlO§/ml. For acute irradiation
the cells were irradiated at room temperature with another
**Cco source at a dose rate of 0.3Gy/min.

Treatment with HTO. Cells were treated with different

concentrations of HTO (approximately 0.25mCi/ml ~2.5mCi/ml)to
give dose rates 0.025Gy/hr to 0.25Gy/hr for a fixed time of
20 hr in a tightly capped tube at 37°C. The cell concentra-
tions used were the same as in ¥-ray-experiments. The dose
rates were estimated by counting radioactivity of the culture
medium and using the equation given in ref. 1. After exposure
to HTO, cells were washed four times with fresh medium before
assay.
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Cell survival and mutation. After exposure to 7-rays or

HTO, cells were suspended in fresh media. Samples were
taken and plating efficiency was determined. After 6 days in
culture for mutation expreésion, the mutation fregquency to
6~thioguanine resiétance~was measured as described.

Drug treatments. Inhibitors at indicated concentrations

were present for the duration of exposure to ¥-rays or HTO.
For acute irradiation experiments,; inhibitors were added into
the medium just before to 3 hr after irradiation.

RESULTS

Deuterium oxide and gamma-rays. Figure 1 shows changes

in the surviving fraction as a function of dose after
exposure to 7V-rays 1in the presence or absence of D,0. A
large difference was found in the surviving fraction between
acute and chronic irradiation. D20 at a concentration of

45%(v/v) enhanced cell killing induced by 7-irradiation. The
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Fig. 1. Changes in the surviving fraction as a function of
total dose after acute or chronic 7¥-irradiation in the

presence or absence of 45% D,0.

103



survival of cells after chronic irradiation in the presence
of D,0 became close to that found after acute irradiation
done in its absence.

Figure 2 shows changes in the mutation frequency as a
function of total dose after exposure to ¥-rays. A large
difference was also found in mutation induction between acute
and chronic irradiation. D,0 enhanced mutation fregquency both

for acute and chronic -y-irradiation.
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Fig. 2. Changes in the frequency of mutation induction as a
function of total dose after acute or chronic Y-irradiation

in the presence or absence of 45% D,0.

Figure 3 shows the correlation of mutation versus
surviving fraction, when the mutation frequency was plotted
against the logérithm of surviving fraction. The data was
taken from Fig.l and Fig.2. Thé presence of 45% D,0 caused no
change in the sur&ival~mutation correlation from that found
after y-rays alone.This indicates that D0 enhanced both muta-
tion induction and cell killing of y-rays to a similar degree.

Deuterium oxide and HTQ. Figure 4 shows changes in the
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surviving fraction as a function of total dose after exposure
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Fig. 3. Survival-mutation correlation after
chronic Y-ray irradiation in the presence or

absence of 45% D,0. Data was taken from Fig.l
and Fig.2.

to HTO for 20 hr. D,0 enhanced cell killing induced after
exposure to HTO to an extent similar to that after [-rays.

Figure 5 shows changes in the induced mutation frequency
after HTO treatment. The frequency of 6-thioguanine resistant
cells increased 1linearly with total dose. D,0 enhanced
mutation’induced after exposure to HTO.

Figure 6 shows survival-mutation correlation for tritium
p-ray irradiation. 1In the case of HTO, we obtained the same
relationship irrespective of the presence or absence of D;O0.
The slope of the survival-mutation curve with HTO was ,
however, steeper than that obtained with 7-rays.

Other inhibitors and gamma-rays. Aphidicolin, an inhibit-
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Fig. 5. Changes in the frequency of mutation exposure to HTO in the presence or absence of

induction as a function of total dose after 45% D,0. Data was taken from Fig.4 and Fig.S5.

exposure to HTO in the presence or absence

of 45% D,0.
or of DNA polymerasecl, did not affect the mutation frequency,
although it suppressed cell growth when present for 20 hours
during 7vy-irradiation at a concentration of 0.2ug/ml(data not
shown) .

Figure 7 shows changes in the mutation frequency after
chronic or acute y-irradiation in the presence or absence of
3AB. 3AB when given at 10 mM enhanced both cell killing and
mutation induced .by 7-rays. The enhancement of mutation
induction by 3AB was, however, less than that by D,0.

The effect of combined treatment of tritium with these

inhibitors is under examination.

106



A acute
18 A acute+10mM 3AB

1
o chronic ol

16f & chronice 10mM 3AB l

n i

o /

8 14f /

= /

x / I/

0N

‘s

/
-
.
\
\
Ot

6TG" CELLS
o) o)
—
J ~
b »d
— ~
\ \
\
\
\
L O\
\
\\\\;
t
Lo Sy S

0 2 3 4 5 6 7 ¢t
TOTAL DOSE (Gy)

Fig. 7. Changes in the frequency of mutation induction as a
function of total dose after acute or chronic Y-irradiation

in the presence or absence of 10 mM 3AB.

DISCUSSION

Mutation induction by high LET radiation has been the
subject of some experimental investigations: heavy ioﬁé‘(4),
neutrons (5), and o particles(6-8). The results indicated
that RBE values of high~-LET radiations are higher when
estimated by mutation induction than by cell killing, al-
though,; contradictory findings were also reported(8). This
may be due to variations of cell lines, radiation sources and
other experimental systems. Results in Fig. 6 support our
previous report that RBE value of tritium [4-rays estimated by
mutation induction is higher than that by cell killing.

Deuterium oxide suppressed the dose rate effects of
7-rays(2,3). D,0 at a concentration of 45% showed almost no

107



toxic effects on unirradiated cells. At higher concentrations
or with longer treatment times, deuterium oxide was very
toxic(3) . But we comfirmed that Dy0 alone did not induce
thioguanine-resistant mutant even at toxic concentrations
(data not shown). In summary, our present experiments have
shown that deuterium oxide enhances both cell killing and
mutations induced by 7—rays and HTO, but dose not change the

survival-mutation correlation of these radiations.
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ABSTRACT

Effects of deuterium oxide (D20) on cell proliferation and
survival were studied in cultured mammalian L5178Y cells under
growing conditions after acute and low dose-rate irradiation at
about 0.1 to 0.4 Gy/hr of gamma-rays. Cell survival increased
with decreasing dose-rates (dose-rate effect). The presence
of DZO at 45% during irradiation at low dose-rates suppressed
almost totally the increase in cell survival. Action of wvarious
inhibitors on the dose-rate effects was studied in relation to
that of D20. Among the inhibitors tested, 3-aminobenzamide,
theobromine and theophylline, inhibitors of poly (ADP-ribose)
synthetase, were found to be éffective in eliminating the dose-

rate effects, while aphidicolin, 2',3'-dideoxythymidine and
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R-arabinofuranosyladenine, inhibitors of DNA polymerase(s),
were found to be not effective. The D20 did not inhibit the
radiation-induced increase in poly{ADP-ribose) synthesis as

14C—NAD into the acid in-

measured by the incorporation of
soluble fraction, contrary to 3-aminobenzamide .. Growth of
irradiated and unirradiated cells was inhibited by DZO at 45%
but not by 3-aminobenzamide at 10 mM, except for treatments

longer than 30 hr. Possible mechanisms underlying the inhibi-

tion are discussed.

INTRODUCTION

The effect of tritium on living cells has been considered to
involve mainly effects due to beta rays. However, |
isotope effects, transmutation effects and intradmolecular
position effects might play some roles in tritium toxicity.
In the course of studies on the responses of cells to tritiated
water, we became interested in isotope effects of deuterium
(mass of 2) within deuterium oxide (DZO); Also, relatively low
toxicity of tritium prompted us to study the characteristics
of damage after low dose-rate exposure.

In general, for sparsely ionizing radiations such as X and vy
rays, when the dose-rate is lowered and the exposure time is
extended, the biological effect, for example cell killing, of
a given dose ‘is reduced. The dose-rate effects are considered
"to involve among others the repair of sublethal damage taking
place during the exposure (1). On the other -hand, above -
a certain concentration, D,0 has been reported to enhance
the  killing effect of acute X-rays, possibly by interfering
with repair from sublethal damage (2).
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Purpose of the present study was to investigate a combined effect

of D,0 with low dose-rate y-rays on cultured mammalian cells.
Here, we report that the presence of D50 during low dose-rate

exposure totally inhibits the dose-rate effects of vy rays (3).

To understand the inhibitory action of D,0, effects of various

inhibitors on the dose-rate effects and cell proliferation were

studied in relation to those of D,0. From these results,

possible mechanisms underlying the inhibition are discussed.

MATERIALS AND METHODS

These procedures have been described (4). Brief descriptions

are given below.

Cell culture. Mouse lymphocytic leukemia L5178Y cells were

cultured in suspension in Fischer's medium supplemented with, 10%
horse serum at 37°C. Cells in the logarithmic phase of growth

were used.

Gamma irradiation and treatment with inhibitors. The cells

were irradiated continuously in a 25-ml plastic culture-flask

with a 60

Co y-ray source (50 Ci) in a thermoregulated water bath
at 37°C at different distances to give dose-rates of approximately
0.1 to 0.4 Gy/hr for periods from 4.5 to nearly 50 hr. For acute
irradiation, the cells were irradiated at room temperature with
another 60Co source (3000 Ci) at a dose-rate of 0.3 Gy/min.
Inhibitors were added at indicated concentrations from just

before to 3 hr after acute irradiation or present during the

whole period for low dose-rate irradiation.
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Cell survival. At various times after commencement of

irradiation, samples were taken and cell survival was determined
by using the colony forming technique. The plating efficiencies
were 80 - 90 % for unirradiated and untreated controls, 70

- 80 % for unirradiated cells treated with 10 mM 3-aminobenzamide,
and 40 - 60 % for unirradiated cells treated with 45 % D20.

These were determined in every experiment and corrected in

calculating the surviving fraction.

Poly (ADP-ribose) synthesis. Permeabilization of cells

and assay of poly(ADP-ribose) synthetase activity were carried
out essentially according to Edwards and Taylor (5). Irra-
diated cells were permeabilized in the permeabilizing buffer
at pH 7.8 and then incubated for 15 min at 30°C in a reaction
mixture containing 0.1 pci (3.7 kBg) of 14C--NAD. After the

incubation, radioactivity of the acid insoluble fraction was

measured in a liquid scintillation spectrometer.

Assay of NAD. After washing the irradiated and unirra-
6

diated cells (1 X 10  cells/tube) by centrifugation, 1.5

ml of ice-cold 10 % perchloric acid was added to each tube.
After 30 min at 2°C, the solution was centrifuged and the pH
of the supernatant was adjusted to 7.5 by adding 0.33 M
K2HP04—KH2PO4 containing 1 M KOH. The KClO4 pfecipitate

was removed by centrifugation. The NAD content of the
neutralized acid-soluble fraction was measured by using an

“alchohol dehydrogenase enzymatic cycling method according to

Jacobson and Jacobson (6).
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RESULTS

Figure 1 shows the changes in the surviving £fraction of the

cells as a function of the time of exposure to D,0 administered

2
at various concentrations. Effect of D20 on cell survival
could be detected at 55 % and above. The killing effect of DZO
increased with increasing concentrations of D,O. At 45 g

2

DZO—concentration or below, the effect was almost marginal.

Therefore, a concentration of 45 %-D20 was chosen for the present

experiments.

Figure 2 shows the effect of D,O on the dose-rate effect of y-rays.

2

DZO was added to the culture medium and the cells were irradiated

continuously at indicated dose-rates at 37°C. As can be seen

in this figure, marked dose-rate effects have been found in the
D;0
! 9 o o— 20%
\‘_ L
A ® e— 45°%
\A\
A~ 55%
o1} \
zZ
=t
—
(@]
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Fig. 1. Changes in the surviving fraction of cells as a function
of time of exposure to D,0 administered at 20 % (O), 45% (@), 55 %

(A), 70 8 (A) and 90 % (O).
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survival of the cells (broken lines). When DZO at 45 % was
present during the exposure to low dose-rate Yy rays, the dose-rate
effects were almost totally suppressed. The dose-survival curves
for irradiations at various low dose-rates were almost super-
imposable on those obtained after an acute irradiation. The

presence of D,O for a period from just before to 3 hr after the

2

acute irradiation slightly enhanced the killing effect of y rays.
To understand the inhibitory action of DZO on the dose-rate
effect, the effects of various inhibitors on cell survival after

low dose~rate irradiation were studied. Figure 3 summarizes

1
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Fig. 2. Changes in the surviving fraction és a function of
total dose of y-rays administered at approximately 0.1 (@ ),
0.2 (&), 0.4 (&) and 18 ( O ) Gy/hr in the pre-~
sence of 45 % Dzo. The results of irradiation in the absence

of D,0 were depicted as broken lines, 0.12 ( 1), 0.24 ( 2),

2
0.48 ( 3 ) and 18.0 ( 4 ) Gy/hr. Lines were drawn by regression

analysis according to the linear-quadratic relationship.

the results for these inhibitors. In these experiments, the

irradiation was done for a fixed period of time, i.e., for 20 hr,
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at different dose rates. The inhibitors used were 3-aminobenzamide
(3AB), theophylline and theobromine, inhibitors of poly (ADP-ribose)
synthetase (7,8), and aphidicolin (9), 2',3'-dideoxythymidine (10)
and B-arabinofuranosyladenine (11), inhibitors of DNA polymerase(s).
These were tested -for survival at different concentrations.

The figure depicts results at indicated concentrations which were

not found to be too toxic for unirradiated cells. The curve for vy

DOSE RATE (Gy/hr)
0 01 02 03 04 05

1 T T T T T
A Control ]
A 3AB
e TB
v TP
01k o D0 .
= a AC
2 x i
§ 0o ddT
vV B-araA
y
2
=
~ - .
.tsé 0.01
D R
A N
0.001— N

TOTAL DOSE (Gy)
Fig. 3. Changes in the surviving fraction as a function of
total dose and dose-rate after irradiation for 20 hr with low
dose-rate y-rays in the presence of various inhibitors. Cells
were irradiated in the culture medium containing none ( & ),
10 mM 3AB ( A ), 1 mM theobromine ( @ ), 5 mM theophylline ( ¥ ),
(0.2 ug per ml) aphidicolin ( @), 2 mM dideoxythymidine (O ),
12 uyM B-arabinofuranosyladenine { ¥ ), 45% D2O (0O), 45 ¢ 020 + 10 mM

3AB (@) or 45 % D,0 + 1 mM theobromine ( (@ ). Each point represents

mean of more than two experiments each performed in duplicate.
Lines were drawn by regression analysis according to the linear

quadratic relationship.
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ray alone showed a marked curvature, indicating the dose-rate
effects. Inhibitors of DNA polymerase(s) were found to be
ineffective in eliminating the dose-rate effects. On the contrary,
inhibitors of poly(ADP-ribose) synthetase were found to be very
effective in abolishing the dose-rate effects. The extent of the
inhibition was similar to -that found with D,0. Combination of 3AB

2

or theobromine with D,0 further enhanced the killing effect of low

2
dose~rate Y rays. 3AB was used for further study on the dose-

rate effects. As can be seen in figure 4, the results quite

similar to those for DZO were oObtained. B
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Fig. 4. Changes in the surviving fraction as a function of
total dose of y-rays administered at approximately 0.1 ( ¢ ),
0.2 (A, 0.4 (A& and 18 ( O ) Gy/hr in the presence
of 10 mM 3-aminobenzamide. The results of irradiation in the
absence of inhibitor were depicted as broken lines, 0.12 ( 1 ),
0.24 (12), 0.48 ( 3 ) and 18.0 ( 4 ) Gy/hr. Lines were drawn
by regression analysis according to the linear-guadratic

relationship.
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To ascertain whether DZO inhibits an activity of poly(ADP~rib§se)
synthetase or not, incorporation of 14C—-NAD [a precursor of
poly (ADP-ribose)] into the acid insoluble fraction of cells was
determined. The results are shown in Table I. A dose-dependent

14

increase in the incorporation of C~-NAD into the acid-insoluble

fraction of irradiated cells was completely inhibited by the
presence of 3AB. However, the addition of D,0 at 45 % did not
affect the radiation-induced increase of poly (ADP-ribose) synthetase
activity. Figure 5 shows the changes in the cellular level of NAD
as a function of time after 10 Gy of y rays. Gamma-irradiation
induced a transient decrease in the cellular NAD within 30 min,
followed by a recovery. The presence of 3AB totally prevented
the radiation-induced NAD drop. However, DZO had no influence
on it.

Since D,0 is known to inhibit cell divisiqn, possibly by
affecting mitotic apparatus, the effects of D,0
and 3AB on the growth of irradiated or unirradiated cells
were determined. Figure 6 shows the chanées in the number of

TABLE I. Effects of Deuterium Oxide (D,0) and 3-Aminobenzamide

(3AB) on Gamma-Ray Induced Increase of Poly(ADP-ribose) Synthesis in

Permeable L5178Y Cells

Acide-insoluble radioactiﬁity after incubation

with 'c-nap

(dpm/ug of protein)

Inhibitor Dose in Gy

0 25 50 75
None 26.1 + 1.5 52.9 + 5.6 66.3 + 10.7 95.5 + 14.4
D,0(45%) 25.5 + 1.7 45.3 + 4.2 61.9 + 2.9  92.8 + 10.9
3AB(10mM) 0.9 + 0.1 0.4 + 0.2 0.6 + 0.1 0.4 + 0.1

* Standard deviation
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Fig. 5. Changes in the cellular level of NAD as a function
of incubation time after 10 Gy of y~irradiation in the absence

(@) or presence of 45 § D20 (O ) or 10 mM 3aB (A ).

cells when irradiated continuously in the presence or absence
of inhibitors. Irradiation at an increasing dose?rate
resulted in an increasing inhibition of the rate of
cell growth for the initial 20-30 hr. After this period,
the cell number reached a plateau at higher dose-rates (broken
lines). The presence of D20 at 45 % markedly affected the growth
of wunirradiated cells but did not enhance the inhibit-

ion resulting from y ray exposure (left figure, solid lines).

On the other hand, the presence of 3AB at 10 mM affected only

marginally the cell growth of both irradiated and unirradiated

cells for the initial period, although somé inhibition of cell

proliferation was seen even in unirradiated cells after treat-

ment for more than 30 hr (right figure, solid lines).
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Fig. 6. Effects of deuterium oxide and 3AB on the growth of
cells irradiated continuously at 37°C at dose~rates of approximately
0.1 {(® ), 0.2 ( A) and 0.4 ( A ) Gy/hr. Unirradiated cells
(O ) served as control. (a) Irradiation in the absence (~---)
or presence ( ) of 45 % DZO' (b) Irradiation in the absence
(--=-=~) or presence ({ ) of 10 mM 3AB.
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Effects of B-arabinofuranosyladenine on the growth of

unirradiated cells (a) and the survival following low dose-rate

y-rays (b).
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Figure 7 shows the effects of B-arabinofuranosyladenine (B-araA),

an inhibitor of DNA polymerase @ and 8 , on the growth of un-
irradiated cells (left figure) and the survival after irradiation
(right figure). B-aradA at 12 uM totally inhibited cell growth
but did not affect radiation-induced cell killing. The same
results were obtained in experiments using aphidicolin, an
inhibitor of DNA polymerase ao.

Figure 8 shows a summary of the experimental results presented
here. It can be seen that there is no correlation between the
elimination of dose-rate effects and the inhibition of cell
growth. This result indicates that inhibition of cell pro-
liferation during irradiation is not a major factor in eliminat-

ing the dose-rate effects.

SUMMARY OF EXPERIMENTAL RESULTS

Inhibitors Elimination of- Inhibition
dose-rate ettects ot growth

020 :45% +

3-Aminobenzamide:10mM + IR
Aphidicolin:0.2ug /ml T —I—

B-Arabinofuranosyl-
adenine: 12 uM

Fig. 8. Summary of the effects of various inhibitors on the

dose~rate effects and cell growth.

DISCUSSION

Deuterium oxide and inhibitors of poly (ADP-ribose) synthetase
were very effective in inhibiting the dose-rate effects of Y~rays.
Recent studies have implicated poly (ADP-ribose) in the repair

of DNA damage following treatment with alkylating agents and
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ionizing radiation (12,13,14,15). The results presented here
support the inference that poly{(ADP-ribose) synthesis may'be
involved in the repair of lethal damage following exposure to
low dose-rate y-rays. |

More recently, inhibitors of poly(ADP-ribose) synthesis
have been reported to enhance X-ray-induced killing of log-
phase Chinese hamster cells by inhibiting the repair of potential-
1ly lethal damage. Thé repair of sublethal damage was not inhibited.
A partial difference in the action of poly(ADP-ribose) synthetase
inhibitors and that of hypertonic buffer or Dzo was also indicated
(16,17) . The contribution of repair from sublethal versus potential-
1ly lethal damage in the dose-rate effects of low-LET radiations
therefore needs further study.

The present paper has shown that DZO did not interfere with
radiation-induced increase of poly(app-ribose) synthesis although
3AB completely inhibited it. The action of D,0 may be not
common and more complex than that of 3AB. There have been many
reports concerning the mechanisms underlying the action of
D20: Prolongation of the life times of the activated oxygen
species (18,19), stabilization of macromolecules and membranes
(20,21), inhibition of histone synthesis (22), inhibition of cell
proliferation (23,24), induction of increased frequency of
chromosomal breakage (25) .

Finally, as far as we have examined, the effects of DZO on
L5178Y cells have been detectable at 20% in concentration or above.

2 1

In D,0 at 20 %, the relative number of “H and "H atoms is 1 over 4.

2
On the other hand, in tritiated water at 1 mCi/ml, the relative

number of 3H and lH atoms is calculated to be 1 over 3.13 X 106.
Such tremendous difference clearly indicates that the isotope

effect of tritium is overwhelmed by radiation effects.
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ABSTRACT

The transformation frequency in GHE cells has been
found to increase significantly with increasing doses bfb
X-rays up to 100 rad and to reach a plateau at doses over
- 200 rad. Thié enabled us to assess transformational effects
of relatively low doses of tritiated water.

The transformation frequency in cells treated with HTO
at ice-cold temperature was higher than that in cells treated
at 37° C and eventually reached the same level as that found
in cells irradiated with X-rays at a dose-rate of 75 rad/min.
These results suggest that DNA repair taking place in cells
during HTO treatment reduces the extent of DNA damage leading
to malignant transformation.
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INTRODUCTION

The studies of transformational effects of ionizing
radiation at low doses are necessary particularly as a basis
to estimate the cancer risk in exposed human population.

On the other hand, with drastic expansion of nuclear industry
and fusion research in near future, increased chances of
exposure to low levels of radionuclides such as tritiated
water (HTO), an ultimate form of tritium in the environment,
may be expected. The biological effects of HTO such as cell
killing and mutation induction have been reported recently (1).
However, transformational effects of HTO in vertebrate cells

have not been fully examined yet. Normal embryonic cells

derived from golden hamster and established mouse cell line
of C3H 10T1/2 have been frequently used as guantitative
system for determining transformational effects of ionizing
radiation and environmental mutagens. Of these , golden
hamster embryo (GHE) cells at very early passage have been
shown especially suitable for the quantitative assessment
of transformational effects of X-rays at doses lower than
100 rad (2).

In this preliminary study, the GHE cells either irradiated
with various doses of X-rays or treated with HTO for various
intervals were inoculated into plastic dishes and incubated
in C02~ incubator at 37°C for 11 days. The resulted colonies
were examined under a dissecting microscope and morphologically
altered colonies classified according to the modification of

Borek's criteria (3) were counted.

The transformation frequencies in cells treated with HTO
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at 37° C were lower than those in cells irradiated with X~-rays
at a dose rate of 75 rad/min. However, the cells exposed to

HTO in ice showed the same level of transformation frequencies
as did the cells irradiated at 75 rad/min of X-rays. These
results suggested that DNA repair acting in the cells during
HTO treatment at 37° C reduced transformation frequencies below
the level which was expected from HTO treatment of the cells

in ice-cold condition.

MATERIALS AND METHODS

Cell culture. Golden hamster embryo (GHE) cells

were cultured in Dulbecco's modified Eagle medium (DMEM,
Nissui Seiyaku Co., Tokyo) supplemented with 10 % fetal
bovine serum (M.A. Bioproducts Co., Walkersville, Md),
penicillin G (100 units/ml) and kanamycin sulfate (100 ug/ml).
The methods for obtaining GHE cells were essentially the same
as those described previouslyk(z). Briefly, whole golden
hamster embryos at 13 to 1l4th day of gestation were minced
with scissors and treated with 0.5 % trypsin solution fd
disaggregate the cell clumps. After centrifugation, cell
pellet was suséended into the medium and inoculated into

75 cm2 plastic flasks at a high cell density. The cells
incubated for 3 days were trypsinized and stored in liquid
nitrogen. All experiments were performed with the primary or
secondary culture initiated from this frozen stock.

X-Irradiation. The cells were irradiated with X-rays

generated from Shimazu Shin-Ai-Go (182 kVp, 15 mA, 0.9 mm Cu +
0.5 mm Al filter) at a dose-rate of 75 rad/min. The exposure
doses were measured using a Victoreen condenser chamber
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(Victoreen Instruments Co., Cléveland, Ohio). The absorbed
doses were calculated with conversion factor presented in
ref (4) for relevant half value layer of X-rays. The cells
exponentially growing in a 25 cm2 plastic flask at 37° ¢
were irradiated with X-rays at room temperature.

HTO treatment. Exponentially growing GHE cells in

a 25 cm2 plastic flask were treated with 4 ml of culture
medium containing HTO at a concentration of 10 mCi/ml for

various times up to 150 min at 37° ¢. on every experiment,

HTO-containing culture medium was collected immediately

before and at the end of the exposure, and the radioactivities
were determined using a liquid scintillation counter. The
radioactivity contained in the medium after treatment tended

to be lowér than that in the initial culture medium, although
the amount of lost activity is not correlated with the length
of exposure time ( This decrease could result from the dilution
by the cold medium remained in the flask). Therefore, we used
the radiocactivity of HTO-containing medium collected at the

end of exposure to calculate the dose of B-rays from HTO.

If the average energy of tritium B-rays is 5.69 keV and
the distribution of HTO in the cells is uniforg, then the dose
rate in rad/min is geven by |

mCi/ml medium at the end of exposure x d.202 x 0.7
where 0.202 is the conversion factor and 0.7 is the assumed
water content of the cells instead of 0.8 adopted in ref(l).

To determine the effects of low dose-rate radiation, the
cells were also treated with 10 mCi/ml of HTO for vairous times
in ice-cold condition. After treatment with HTO-containing

medium, cells were washed five times with 10 ml of fresh medium.
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Culture flasks were refed and placed in a 37° C incubator or
in an ice-cold water bath over the time of the longest exposure.

Transformation assay. This has been described in

detail (2). GHE cells cultured for 2 days were irradiated with
5000 rad of X-rays (182 kVp, 15 mA, no filter) and inoculated
into 60 mm plastic dishes in 4 ml of complete medium at a

density of 2.5 x 103 cells/ml (feeder cell inoculation).

After incubation overnight, 1 ml of cell suspension

containing 400 X-irradiated or HTO-treated cells were added

to each dish (target cell inoculation)} and incubated in a
humidified COZ—incubator at 37° ¢ for 11 days. Then, the dishes
were rinsed with phosphate-buffered saline, and the cells

were fixed with ethanol and stained with 3 % Giemsa solution.
The morphology of colonies was carefully examined under a
dissecting microscope. The colonies showing malignant
characteristics such as piling-up, criss-cross of the cells

and high cell density were discriminately counted as previously
described (2). Transformation frequency was determined by
dividing the number of malignant colonies by the total number
of colonies counted. More than 5,000 colonies were counted for

each dose group per experiment.
RESULTS AND DISCUSSION

Typical results obtained from the cells treated with HTO
at 37° ¢ for various times are shown in Table 1. In this series
of experiments, the doses of HTO/f-rays given to the cells

differed slightly from experiment to experiment, since the



doses of B-rays from HTO were determined from the radioactivity
contained in the medium at the end of the exposure as mentioned
in MATERIALS AND METHODS. Furthermore, spontaneous trans-
formation frequencies in untreated or unirradiated cells
slightly differed in every experiment, probably due to culture
conditions employed. We, therefore, pooled all the data

from more than 7 independent experiments and calculated the

transformation frequencies.

Transformation of golden hamster embryo cells following irradiation with HTO B-rays.

Exposure to No. of No. of colonies SurvlvingZ) No., of 39
8.51 mCi/ml Dose) colonies per dish fraction transformed Transformation
HTO (min) (rad) counted ( Mean = SE ) (Mean = SE ) colonies frequency
0 0 6,248 79.1 0.7 1.0 1 1,60 X 1074

10 12.0 6,251 78,1 ¢ 0.9 0.99 = 0,01 2 3,20 X 107"

20 20,1 6,304 78,8 =+ 0,8 1.00 + 0,01 2 3,17 X 1074

40 48,1 5,786 74,2 £ 0,7 0.94 = 0,01 3 5,18 X 107"

150 180.5 5,263 65,8 + 0,8 0.8% = 0,01 3 5,70 X 107"

1) Dose rate in rad/min = mCi/ml medium at the end of exposure X 0,202 X 0.7
Number of colonies per dish treated
2) Surviving fraction = Fumber of colonies per dish untreated
Number of transformed colonies
3) Tronsformation freqency = Wymber of colonles counted

The surviving fraction of GHE cells irradiated with
X-rays decreased exponentially with doses from 100 to 400
rad, although no significant decrease was observed in
surviving fraction of cells irradiated with less than 100 rad
{shoulder region in the survival curve) as shown in Figure 1.
The survival curve for cells treated with HTO in ice-cold
condition appeared similar to that for cells irradiated with
X-rays at a dose rate of 75 rad/min. However, considerable
increase was noticed in the surviving fréctipn of cells treated
with HTO at 370 C compared to that of cells treated in ice-

cold condition.
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Figure 1. Induction of transformation in golden hamster embryo
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- cells irradiated with X~rays or treated with HTO.

On the other hand, transformation frequency in X—irradiated
cells increased with increasing doses up to 200 rad and
decreased thereafter. The transformation frequencies in cells
treated with HTO at 37° C eventually reached its maximal
value when incubated for 40 min. However, transformation
frequency in cells treated with HTO in ice-cold condition
increased with increasing times of treatment up to 150 min
{corresponding to a total dose of 232.4 rad of B-rays) and
reached to almost the same level as that found in X-irradiated
cells. It is noteworthy that both the cells irradiated acutely

with X-rays and the cells treated with HTO in ice gave almost
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the same transformation frequencies, although the results

under the latter condition are still preliminary.

Remarkable differences found in the transformation frequencies
between cells treated with HTO at 37° C and at ice-cold
temperature suggest that DNA repair might play a role in
reducing the amount of DNA damage leading to transformation
of GHE cells.

Finally, apprecibale increase in transformation
frequencies was observed even when total doses of less than
100 rad of ¥X- or B-rays were given. Thus, the GHE cell system
was revealed to be highly sensitive to detect the transfor-
mational effects of low doses of ionizing radiation. Further
experiments on dose-rate effects of X-irradiation at 37° ¢
and at ice-cold temperature are necessary to obtain RBE of
tritium in terms of malignant cell transformation. The
experiments along this line are now under way in our

laboratory.
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ABSTRACT

Cultured cells in confluency were irradiated with either
B-rays from HTO oxr 6OCo Y-rays. The duration of exposure was
20 hr throughout the experiments. The total dose was varied
by changing the dose-rate. Temperature during the 20 hr was
either 4°C or 37°C. Dose~response relationships were investi-
gated for colony-forming ability and transformation frequency.

The dose-survival and dose-transformation curves for y-ir-
radiation at 4°C were nearly the same as those obtained after a
single acute X-irradiation (0.5 Gy/min). When y-irradiation

was administered at 37°C, both the lethality and transformation

—-induction were lower than those after the corresponding doses

This work was supported by a grant for project research on
biological effects of tritium from the Science and Technology
Agency, Japan
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at 4°C, indicating the existence of repair from sublethal and
subtransformational damages during irradiation at 37°cC. The
same effect of temperature was observed in the case of HTO ex-
posure. The effect per Gy, however, was higher for the B-rays
in comparison with that for the y-rays in both the responses:
Resulting relative biological effectivenesses (RBE's) of tritium
B-rays were 1.58 (4°C-irradiation) or 1.56 (37°C) at DO for
lethality, and 1.5-1.8 (4°C) or 1.4-1.8 (37°C) for cell trans-

formation within a dose range of 0 to 6 Gy.

INTRODUCTION

To predict either the severity or the probability of the
deleterious effects on health resulting from irradiation, the
International Commission on Radiological Protection (ICRP) has
introduced a quantity, called dose equivalent, that correlates
particularly with the delayed stochastic effects (1). Then
the quality factor (Q) should be based on the relative biological
effectiveness (RBE) either for carcinogenesis or for mutation
~induction by the radiation in question. The RBE values of
tritium compared with X- or y-radiation have been reported to
lie between 1 and 2 for the mutation-induction in bacteria (2),
yeast (3), silkworm (4), mice (5) and L5178Y cells (6, 7). On
the other hand, there have been no available data on the RBE
value of tritium for the carcinogenesis. Thus we attempted
to obtain it using the mouse 10T1/2 cells as an experimental

system for the detection of malignant transformation in vitro.
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MATERIALS AND METHODS

The cell line used was C3H 10T1/2 kindly provided by
Dr. C. Heidelberger. The cells were grown in Eagle's basal medium
(BME; GIBCO Labo., NY, U.S5.A.) supplemented with 10% heat-in-
activated fetal calf serum (Granite Diagnostics, NC, U.S.A.),
3,3",5-triiodo~L-thyronine (1 x 10~8M; Sigma, MO, U.S.A.),
insulin (100 pIU/ml; Sigma), penicillin (100 U/ml) and strepto-
mycin (100 pg/ml). Radiation was always administered to 1lth
day cultures in the plateau phase of growth. The detailed pro-
cedures for survival and transformation assays were the same
as those described elsewhere (8), except that the pre-irradi-
ation cultures were initiated with 6.5 x 104 cells per culture
flask of 25 cm2 of growth area (No. 3013, Falcon, CA, U.S.A.).
Since the guality of serum markedly influenced the frequency of
radiation-induced transformation (8), the same batch of fetal
calf serum (Lot No. 10093) was used throughout the experiments,
at least in the pre-irradiation culture and for the first 10
days of assay culture. Newborn calf serum (Flow Labo., N.S.W.,
Australia; Lot No. 29121824 throughout the experiments) was used
thereafter in place of fetal calf serum and the assay culture
was continued until 8 weeks with weékly renewal of the medium.

Typing of transformed foci was carried out by making
reference to the description of Reznikoff et al. (9). Since
the soft agar colonies were produced exclusively by type III
clones (10), only the type II1 foci were scored as transformed
foci. The tumorigenicity of the clones was also evidenced by
their malignant growth after inoculation into syngeneic mice

in an immunosuppressed condition (10).
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The frequency of transformation was calculated by applying
the formula of Pocisson distribution to the results and expressed
as the ratio of the number of transformed foci to the number of
surviving colonies.

Low-dose~rate y-irradiation was done with a 60Co source
(50 Ci) in a thermoregulated water bath at either 4°C or 37°C
at different water—-distances to give a required dose-rate (7).

HTO-treatment was carried out by adding a required amount
of HTO (5 Ci/ml; Radiochemical Centre, Amersham, U.K.) into a
tightly sealed culture flask which was then maintained at
either 4°C of 37°C during the irradiation period. At the end
of irradiation the cells was washed well with a fresh BME and
trypsinized for survival or transformation assay. The dose
-rate of HTO-exposure was calculated according to the equation
(11) :

rad/hr = (mCi/ml medium) x 12.14 x 0.8 ,

where 12.14 is the conversion factor and 0.8 the water con-

tent of the cells.

The duration of irradiation period was 20 hr throughout
the experiments and the total accumulated dose was varied by

changing the dose-rate.

RESULTS

Effect of Temperature during the Irradiation Period on Cell

Killing
The effect of varying the temperature during the irradi-
ation period on the dose-survival relationship is shown in Fig.

1 for y-irradiation and Fig. 2 for HTO-exposure.
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The temperature of 37°C was expected to allow the cells
to repair sublethal damage during the 20-hr irradiation period,
while the temperature of 4°C was not. This expectation was
born out by the facts that the dose~survival curve for 4°C was
nearly the same as that obtained after a single acute X-irradi-
ation (8) and that the survival after the irradiation at 37 °C
markedly increased in comparison with the survival after the
corresponding doses at 4°C (Fig. 1).

The same effect of temperature was observed in the case
of HTO-exposure indicating again the existence of repair from

sublethal damage during the B-irradiation at 37°C.
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Fig. 1. Dose-survival curves for 60CO
Y-rays in 10T1/2 cells. The cells A \\:m
in confluency were kept at either 4 0.001
or 37°C during the irradiation period
(20 hr). The result for a single
acute X-irradiation (0.5 Gy/min) is Fig. 2. Dose-survival curves for tritium
also indicated for comparison. g-rays in 10T1/2 cells. The cells in

confluency were kept at either 4 or 37°C

during the irradiation period (20 hr).

Tritium and Gamma Radiation Compared in Cell Killing

Dose-survival relationships were compared between y-irra-
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diation and HTO-exposure in Figs. 3 and 4. Resulting RBE

values at D0 of tritium in comparison with y-radiation were
nearly the same between the two temperature conditions: 1.58
for irradiation at 4°C (Fig. 3) and 1.56 for irradiation at

37°C (Fig. 4).
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Fig. 4. RBE of tritium f-rays for
OOOJ‘ B cell killing in comparison with
60Co Y-rays. The 10T1l/2 cells
Fig. 3. RBE of tritium B—rayssfor cell weré kept at 37°C during the ir-

. : 0
killing in comparison with Co y-rays. radiation period (20 hr).
The 10T1/2 cells in confluency were
kept at 4°C during the irradiation

period (20 hr).

Effect of Temperature during the Irradaition Period on Trans-

formation Induction

The effect of varying the temperature during the irradi-
ation period on radiation-induced transformation was quite simi-
lar to that observed in cell killing. The dose-transformation
frequency curve for y-irradiation at 4°C was again nearly the
same as that obtained after a single acute X-irradiation using
the same batch éf fetal calf serum (Terasima et al., unpublished).
The frequency reduced markedly after irradiation at 37°C in

141



comparison with the frequency after corresponding doses at 4°C

(Fig. 5) .

case of HTO-exposure (Fig. 6).

The same effect of temperature was observed in the

The results suggest the exist-

ence of repair from subtransformational damage during the y-

and B-—-irradiation at 37°C.
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for Co y-rays in 10T1/2 cells. The cells

in confluency were kept at either 4 or 37°C
The
result for a single acute X-irradiation is

during the irradiation period (20 hr).

also indicated for comparison.
Transformation frequency was expressed

as the ratic of the number of transformed

foci to the number of surviving colonies

in Figs. 5-8.
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Fig. 6. Dose~transformation induction
curves for tritium B-rays in 10T1/2

cells. The cells in confluency were
kept at either 4 or 37°C during the

irradiation period (20 hr).

Tritium and Gamma Radiation Compared in Transformation Induction

Dose-transformation frequency relationships were compared

between y-irradiation and HTO-exposure in Figs. 7 and 8.

shown in the figures,

As

the RBE value of tritium in comparison

with y-radiation was dose-~dependent: The lower the dose, the

smaller the RBE value, irrespective of the temperature during

the irradiation period.

Resulting RBE values of tritium for

cell transformation were 1.5-1.8 in the irradiation at 4°C
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(Fig. 7) and 1.4-1.8 in the irradaition at 37°C (Fig. 8) within

the dose range examined.
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Fig. 7. RBE values of tritium B-rays for Fig. 8. RBE values of tritium B-rays for
transformation induction in comparison transformation induction in comparison
with 60Co Y-rays. The 10T1/2 cells with 60(:0 Y-rays. The 10T1/2 cells in
in confluency were kept at 4°C during confluency were kept at 37°C during the
the irradiation period (20 hr). irradiation period (20 hr).

DISCUSSION

In ICRP publication 9, paragraph 17, the Commission re-
commended a value of 1.7 as the appropriate quality facto; for
g, B+, and e radiations with maximum energies <0.03 MeV (12).
The value of 1.7 was based on the RBE value obtained for tri-

tium B-rays (5.7 keV) in comparison with 60

Co y-rays in LD50(30)
of CF1l mouse (13). Later, however, the Commission decided to
issue an amendment to this recommendation and adopted a quality
factor of unity for these types of radiations (14).

More recent studies have shown that tritium B-rays may
have RBE values greater than 1 for various types of biological
effects (7). Thus the value of quality factor for tritium
B-rays should be re-examined particularly for its delayed

stochastic effects.
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The present experiments indicated that the RBE value for
cell killing of the 10T1/2 cells in confluency was 1.6 irre-
spective of the temperature during irradiation. This wvalue
corresponds well with those previously reported by many authors
for cell killing (7). The RBE values obtained here for in
vitro transformation of the 10T1/2 cells in confluency were
also very close to those obtained for mutation-induction (2~7)f

The repair from subtransformational damage in the 10T1/2
cells in the growing phase was evidenced by a dose-fractionation
experiment with X-rays (15). In the case of exposure with

’fission neutrons, the repair was much smaller in extent than
that in X-irradiation (15). The result of the present experi-
ment strongly suggested that the transformational damage induced
by tritium B-rays, as well as 60Co vy-rays, could be effectively
repaired at 37°C during a low-dose-rate irradiation.

If the total dose of X-~rays was lower than 1 Gy, the fre-
quehcy of neoplastic transformation of mammalian cells in cul-
ture was reported to increase, rather than decrease, by splitting
the dose into fractional doses within several hours (16-18) or
by lowering the dose-rate (19). A clear-cut explanation for
these paradoxical dose-rate effects is still lacking.’ We are
now attempting to examine the effect of temperature during either
B- or y-irradiation with low dose-rates on the transformation
frequency after a total dose lower than 1 Gy.

Low RBE values of tritium B-rays found at low doses were

unexpected. This point also needs further study.
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Summary

A technique for microculture of lymphocytes from whole
blood of the central mudminnow, U. 1limi for chromosome
preparations is described.

From within one hour after initiation, blood cultures were
exposed at 20 °C to various concentrations (5-100 pCi/ml) of
tritiated water for 90 hours for chromosome aberration
analysis, and for 144 hours for sister chromatid exchange
analysis in the presense of 5-bromodeoxyuridine at 10 Pg/ml.

To estimate RBE of 3H f-rays relative to 137Cs ¥-rays for
chromosome aberration induction, blood cultures were irradi-
ated at various dose rates (6.4-23.8 rad/day) of 137cs f;rays
for 90 hours at 20°C.

Almost all the chromosome aberrations observed were of
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chromatid-type. The dose-response relationships for aberra-
tion vyield were calculated to be ¥=0.0610 + 0.0019X for 3H
p-rays and Y = 0.0719 + 0.0010X for 137cs §-rays using a
least-squares method. From slopes of these two regression
lines, an RBE value of 3y @-rays relative to 137cs (?rays was
estimated to be 1.9 for chromosome aberration induction.

- The control level of sister chromatid exchanges in U. limi
lymphocytes is 2.7 SCEs/cell, being lower than thét of human
lymphocytes. In this study, tritiated water does not signif-

icantly "increase the incidence of SCEs in lymphocytes of U.

limi.

Introduction

Since the aquatic environment is becoming more and more
polluted with wastes, the availability of fish as a test
organism is greatly increasing. In contrast with mammalian
systems, however, little progress has been made in using fish
systems to study chromosome damage induced by iogizing
radiations or other environmental agents. Only a few studies
have been reported in which modern cytogenetic techniques
were used (1-5).

The lymphocyte culture technique for human chromosome
preparations established by Moorhead et al.(6) was success-
fully applied to fish chromosome methodology by Labat et
al.(7) for the first time. Since‘then, several'investigators
have succeeded in culturing fish lymphocytes by slightly
modifying this technique (8-12).

All species used, however, are not suitable for cytogenet-
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ic study - because their complement consists of a large number
of small chromosomes and their lymphocytes have a low mitotic
activity. Kligerman t 1.(1) proposed using the central

mudminnow, Umbra 1limi,  as a model animal for the study of

chromosome aberrations in fish. U. limi has a low number of
large meta- or submetacentric chromosomes (2n=22)(1,13).

In our previous report(i14), we described a microculture
technique of lymphocytes from whole blood of U. limi. In the
present report, effects of tritiated water (HTO) on U. limi
lymphocytes are presented with gross chromosome aberrations
in M1 cells and sister chromatid exchanges (SCEs) in M2 cells
as criteria. In addition, relative biological effectiveness
{RBE) of 3y @-rays relative to 137cs Birays is estimated for

gross chromosome aberration induction.

Materials and Methods

Sampling of blood

Procurement and maintenance of the central mudminnows,
Umbra limi were described elsewhere (14).

Two groups of twelve individuals were established and used
alternately. They ranged from 12 to 14 cm in body length.
About 0.1 ml of blood at a time was withdrawn from the sinus
venosus of the unanesthetized fish into a 1 ml sterilized
syringe (Telmo Disposable Syringe, 26Gx1/2) coated with
heparin solution. Blood samples were repeatedly taken from
the same fish at intervals of 2 weeks without undue harm.

Culture conditions and chromosome preparations

The whole blood from twelve individuals was pooled and
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added to the culture medium without any pretreatment. The
culture medium was composed of 80 % TC-199 supplemented with
20 % foetal calf serum, streptomycin (100 Pg/ml) and penicil-
lin (100 IU/ml). The ratio of whole blood to the culture
medium was about one to 50. Before inoculation, phytohemag-
glutinin (PHA-M, Difco) was added to the medium at the
concentration of 0.02 ml/ml as an initiator of mitosis.
Colcemid (0.3 Pg/ml) was added to the culture flask about 12
h before hypotonic treatment (0.075 M KCl1 at 30°C) and
methanol-acetic acid (3:1) fixation. After air drying, the
slides were stained with 5 % Giemsa in Sorensen's phophate
buffer (pH 6.8) for chromosome aberration analysis.

For SCE analysis, 5-bromodeoxyuridine (BudR) (10 Pg/ml)
was added to the blood culture medium aforementioned and
colcemid treatment was shortened to 6 hours before harvesting,
The slides, which were prepared in the same way as above,
were stained by modifying the FPG technique of Perry and
Wolff(15) for sister chromatid differentiation (SCD).
Treatment with tritiated water

Within one hour after initiation, blood cultures were
exposed at 20°C to various concentrations (5-100 pCi/ml) of
HTO for 90 hours for chromosome aberration analysis, and for
144 hours for SCE analysis in the presence of BudR at 10
pg/ml.

Irradiation with 137cs erays

To estimate RBE of 3H B-rays relative to 137¢cs ¥-rays for
chromosome aberration induction, blood cutures were irradi-

ated at various dose rates (6.4-23.8 rad/day) of 137¢cs Klrays
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for 22 hours a day at 20°C. The cultures were harvested 90
hours after the Dbegininng of irradiation, and chromosocme
aberrations were scored.

Scoring of chromosome aberrations and SCEs

Well-defined metaphase spreads with 20 or more centromeres
were selected for both analyses. Ring chromosomes, which are
difficult to tell whethér they have a centromere and also
infrequent, were excluded from chromosome aberration scoring

in this study.

Results

1) Treatment with HTO

The frequencies of chromosome aberrations induced in U.
1limi lymphocytes exposed to HTO are shown in Table 1. Almost
all the chromosome aberrations observed were of chromatid-
type (about 97 %), as was the case with‘human lymphocytes(16}.
As for dicentrics, which were the only chromosome-type
aberrations scored in this study, one was observed for 10 and
25 PCi/ml group each, and two for 50 and 100 pCi/ml group
each. Frequencies of chromosome aberrations were increased
with increésing doses. The dose-response relationship was
calculated to be Y = 0.0610 + 0.019X using a least-squares
method (Fig. 1).

Frequencies of SCE were increased with increasing doses up
to 25 pCi/ml, but the level of SCEs at 50 pCi/ml was lower
than those at 25 pCi/ml or less (Table 2). At 100 PCi/ml M2

cells were rarely observed.



Table 1. Frequency of Chromosome Aberrations Induced in U. limi Lymphocytes Exposed to HT(

HT0 Conc. Estimated Cells Aberrant

hr e aberrati Aberrations

CucCi/m) Dose(rad) Examined Cells(%) CG* CB ICG ICB CE D /eell %S.E
0 0 259 13( 5.0) 0 5 0 8 0 0 0.050+0.014
5 4.4 239 10( 4.2) 2 ¢ 0 4 0 0 0.042:£0.013
10 8.7 182 15( 8.2) 2 5 0 8 0 1 0.023x0.023
25 21.9 454 47(10.4) 0 19 0 3 1 1 0.118£0.016
50 43.7 345 49(14.2) 125 0 2 0 2 0.16210.022
100 87.4 105 18(17.1) 1 8 0 9 0 2 0.210:0.045

Abbreviations:
CGiChromatid gap. CB:Chromatid break. ICG)isochromatid gap. ICB:isochromatid break. CE:Chromatid exchange. D:Dicentrics

3H B-rays
0.2F v =0.0610 + 0.0019 X

137

Chromosome aberrations/cell

Cs y-rays
0.1 Y = 0.0719 + 0.0010 X
q
[ 2
@
O - It
0 50 100

Dose ( rad)
Fig. 1. 34 B-ray and 137cs ¥-ray dose-effect relationships

for chromosome aberration induction in U. limi lymphocytes

Table 2. Freguency of SCE in U. limi Lymphocytes Exposed
to HTO for 6 days

DG B B B S
0 0 30 81 2.7010.30
5 7.0 23 0 '3.0410.36
10 14.0 30 165 3.50+0.34
25 35.0 15 K] 4.9310.57
50 69.9 8 [e] 4.1710.48
100+

% No M2 cells were observed.
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2) Irradiation with 137¢cg f;rays

The results obtained are shown in Table 3. The control
level of chromosome aberrations was higher than that of HTO
experiments, but the difference Dbetween the two was not
statistically significant. As was the case with HTO treated
lymphocytes, all the chromosome aberrations observed were of
chromatid-type. No dicentrics were encountered up to a total
dose of 91 rad. The dose-response relationship obtained using
a least-squares method i.e.,¥ = 0.0719 + 0.0010X, is shown in

Fig. 1 together with that for HTO treated cells.

Table 3. Frequency of Chromosome Aberrations in U. limi Lymphocytes Induced by Exposure to "’Csy rays for 90 hours

Dose Rate Dose Cells Aberrant

Q i dberrations
(rad/day) (rad) Examined Cells(%) CG* CB ICG  ICB CE

/eell +S.E

0
0 0 207 13( 6.2) 5 3 1 5 0 0 . 0.068:£0.018
6.4 24.4 178 16¢ 9.0) L1 1 6 0 0 0.1074:0.024
11.0 42.0 128 11( 8.6) 2 4 1 7T 0 0 0.109:+0.029
23.8 90.9 145 18(12.4) 3 10 0o 11 0 0 0.1660.034

* Apbreviations: ’ )
CGiChromatid gap, CB:Chromatid break, [CG:isochromatid gap. ICB:isochromatid break, CE:Chromatid exchange, D:Dicentrics

Discussion

As shown in our preliminary study of cellular kinetics of
stimulated U. limi lymphocytes, all the cells arrested at 90
hours after culture initiation at 20°C were in their first
division{14). About 75 % of the cells fixed at 144 hours
after initiation were at their second mitosis.

To our knowledge, there have beén no‘reports of chromosome
aberration vyields in fish 1lymphocytes induced by HTO.
Dose-response relationships of U. limi (present experiments)
and human (Hori and Nakai(16)) lymphocytes were shown in Fig.
2. It may be concluded from this figure that gf‘}iﬂi'lympho—
cytes are less sensitive than human lymphocytes to 34 g-rays.

The control 1levels of chromosome aberrations obtained in
the two experiments were not significantly different. An RBE
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value of 3H B-rays relative to l37Cs f-rays was estimated to
be 1.9 for chromosome aberration induction under the present
experimental conditions. This value is rather high when

compared to a value of 1.2 reported for human lymphocytes by

. 3 .
Bocian et al.(17) as an RBE of "H @—rays relative to 180 KV
X-rays.

2}
1 -
Human lymphocytes
(Hori & Nakai, 1978)
_ 051
o
3]
N
c ®
o
2
o
® oif
a
© u.
g 0.05} lymphocytes
(o]
o
5
o
£
g
=
O
0.01 N 3 N ' . s
0.1 0.5 b 5 10 50 100
Dose (rad)
Fig. 2. Comparison between chromosome aberration yields
induced in human (16) and U. limi (present experiments)

lymphocytes exposed to trititaed water

~The control value for SCEs in this study was 2.7/céll.
Kligerman and Bloom reported values of 2.4-2.6 SCEs/cell for
tissues of U. limi administered i.p. with 500 pg/g BudR and
sacrificed 5 to 6 days later(18). A control level of 14.4
SCEs/cell was observed in cultured ovary cells of U. limi
{Unpublished data). So, the present value is very close to
that of Kligerman and Bloom_in vivo.

The increase of SCE in HTO treated U. limi lymphocytes was
not marked compared to that of gross chromosome aberrations.
It is known that SCE is not a sensitive means for detecting
damage induced by X-rays in cultured mammalian cells(19). It
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can be said that SCE analysis is also not effective for

3

detecting damage in fish lymphocytes irradiated with H

@—rays.

As pointed out earlier, the agquatic environment is becom-
ing more and more polluted with various kinds of wastes.
Under such circumstances, there is increasing interest in the
development of aguatic test systems. In addition to fishes,

the mussel, Mytilus edulis(20)} and the polycheate, Neanthes

arenaceodentata(21) have already been used as test organisms

for enviromnmental monitoring. Along with these in vivo

systems, the present in vitro system is expected to become
more and more important for detecting effects of water-borne
pollutants including radiocactive substances. In this connec-
tion, studies have been undertaken on chromosomal aberrations

following irradiation done before the addition of mitogen

with this system.
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ABSTRACT

The ability of tritium to induce sister chromatid
exchanges (SCEs) and to affect cellular proliferatioﬁ
kinetics has been investigated in the bone marrow cells of
mice maintained on water containing 3.0 uCi/ml of tritium
in the form of tritiated water (HTO). At intervals ranging
from 28 to 261'days after beginning of treatment, the
frequency of SCEs and the cell generation time were measured
in HTO-ingesting animals and age-matched controls by the
bromodeoxyuridine labelling method. The SCE levels in
3.0 uCi/ml HTO-ingesting mice were always higher than those
in age-matched control groups. The frequency of induced
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SCEs increased linearly with the ingestion time. These
results are of particular interest since ilonizing radiation
is generally not considered to be an efficient inducer of

- SCEs.
INTRODUCTION

Nuclear fusion could be one of the most promising
energy sources in the future. However, this technology
may lead to a concentration of tritium in the biosphere
several orders of magnitude larger than it is today. It
is desirable, therefore, to elucidate the various bioclogical
effects of tritium before the first fusion power station
is built (1).

Tritium has been considered to be a nuclide with one
of the lowest radiotoxicities because it emits a low energy
beta particle (Emean = 5.7 KeV) that has a limited range
in tissue (6 x 107 cm). The ICRP has defined a Q@ factor
of 1,00 for tritium (2). Several papers, however, have
reported RBE values for tritium beta particles significantly
higher than 1.00 in various biological systems (3,4).
Evaluation of both somatic and genetic effects of tritiéted
water (HTO) is important for the assessment of potential
hazard from environmental tritium to man since tritium is
present mainly. in the environment in the form of water which
easily enters into cells or itissues resulting in internal
radiation ex;bosure° In addition, tritium from HTO would be
incorporated into any hydrogen position in metabolically
active macro-molecules including DNA, which is the most

sensitive target for various radiobiological effects,
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through metabolic pathways (5). The study reported here was
undertaken to evaluate the ability of HTO to induce sister
chromatid exchanges (SCEs) and to affect cellular proliferation
kinetics.

The SCE assay is a sensitive method for measuring
the effects of agents that damage chromosomal DNA. Induction
of SCEs has been correlated to mutagenesis (6) and neoplastic
cell transformation (7). ‘

To mimic the in vivo exposure condition, we have
examined bone marrow cell chromosomes of mice maintained on
water containing 3.0 pCi/ml (100 times the recommended MPC)

of tritium in the form of HTO.

MATERTALS AND METHODS

Y

Random-bred male mice of the Hale-Stoner-Brookhaven
strain were used for this study. First-litter animals were
removed from the mother mice at 4 weeks of age and randomly
divided into two groups. One group was maintained on tép
water and the other on drinking water containing 3.0 uCi/ml
of HTO (New England Nuclear). Animals were kept at a
population density no greater than one animal per 97 cm2
on corn-cob bedding, which was changed weekly. Food and
water were provided ad libitum. The foods consisted of
Purina Laboratory Chow no. 5001(Ralston Purima Company,
St Louis, Missouri), a dry pellet food which adds little
to the water intake of the animals., The details of tritium
metabolism in mice maintained on this regimen have been

previously described by Commerford et al. (8);, All animals,
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exposed and control, were maintained in the same room on a 12
hour light : dark cycle at approximately 25 oC, 50 percent
relative humidity and with 20 air exchanges per hour.

At selected intervals from 28 to 261 days after first
being given HTO, HTO-ingesting and age-matched control
mice were placed in restrainers and infused continuously
for 24 to 26 hrs through the tail vein with 5-bromo-2°-
deoxyuridine (BrdUrd, Sigma) using an infusion device that
had a flow rate of approximately 50 mg/Kg body-weight (b.w.)
per hour required for SCE visualization (9). Two hours |
before the termination of the infusion, colchicine (Lilly)
was injected intravenously at a concentration of 2 mg/kg |
b.w. Animals were sacrificed by cervical dislocation,
femurs were removed and the bone marrow cells were collected
from one femur of each animal. The cells were treated with
KC1 (75mM), fixed in methanol : acetic acid (3 : 1) and
dropped on wet slides. Differential staining was done by
a modification of the fluorescence-plus-Giemsa technique (10).
Slides were stained in 33258 Hoechst solution (50 ug/ml)
for 20 min, rinsed with distilled water, illuminated for
20 min with black light while bathed in phosphate-citrate
buffer (pH 7.0), and stained with 4 % Giemsa {(Harleco)
for 5 min.

The incidence of SCEs was determined in 25 to 50
second-division‘metaphases having the diploid number of
chromosomés (2n = 40) from each animal. Statistically
significant differences bétween groups of animals were
determined by Student’s i test. To assess cellular pro-
liferation kinetics by the use of harlequine technique,
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the proportion of cells that had replicated for one, two
or three cycies in a BrdUrd environment was determined in
100 metaphase cells per animal. The average cell cycle
time (T) was calculated according to the equation :

T(hr) = the duration of infusion (hr)/(1xA + 2xB + 3xC),

where A, 3 and C are the proportion of the first-, second-

and third-division cells, respectively (11).

RESULTS

Fig., 1 shows an example of a harlequine metaphaée
cell obtained in a femoral bone marrow of a HTO-drinking
mouse, having 6 SCEs. The results of the determination of
the SCE frequencies on HTO animals are given in Table 1.
The SCE levels in bone marrow cells of mice maintained on
3.0 pCi/ml HTDAfor 28 to 261 days were always higher than
those in age-matched control groups. In mice drinking
HTO, the number of SCEs per cell ranged from 2.01 to 4.03,
while the average frejuency varied from 1.71 to 2.81 in .
unexposed control animals. ’Statistically significant
elevation (1.0 %) of SCE levels above those in controls
were seen on 81, 163, 192, 247 and 261 days after the
start of continuous ingestion of HTO, and at the 5% level
on 72, 86, 227 days. A gradual increase in SCEs relative
to controls was observed as a function of the duration of
HTO ingestion in mice maintained on HTO, as shown in Fig., 2.
Interestingly, the SCE levels of animals maintained on HTO
did not rise Qith age in absolute value but only when
compared to control animals in which a gradual decrease
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in SCEs was observed as a function of age.

Fig. 1. A harlequine metaphase cell obtained in the bone
marrow of a HTO-drinking mouse, 6 SCEs can be

counted in the plate.

Table 1. Sister chromatid exchanges in bone ‘marrow cells of BNL/H-S male

mice maintained on 3.0 HCi/wl of tritiated water,

Duration .
of : Control (HHO) - HTO A(HTO-HHO)
ingestion Ho. No, No, No. K .
(day) animals cells SCE/cell+SEAR animals cells SCE/cel1+SEA® SCE/cell+d t-value
28 3 150 2,63 + .26 3 150 2,95 + .35 W32+ .47 .733
72 4 100 2.80 + .13 4 100 3.25 4 .12 W45 % 17 2,565
81 4 100 2,72 + .19 4 100 4.03 + .28 1.31 + .26 3.922%%*
86 4 100 2,40 + .27 4 100 3.1+ .11 I+ .28 2,403
123 4 200 2,53 + .16 4 200 2.94 + .23 AL+ 2] - 1.496
129 3 150 1.71 + .05 3 150 2,29 + .28 .58 + .12 1.996
136 2 100 1,92 + .32 4 200 2,01 + .19 .09 + .35 L6546
163 4 200 2,14 + .23 ° 3 150 3.30 + ,26 1.16 + ,29 7.227%%
186 8 400 2,23 + .18 6 300 2,35 + .15 A2+ ,20 J494
192 3 150 2,60 + ,27 3 150 3.77 » .07 1.17 = .27 7,221%%*
227 4 200 2,81 + .11 4 200 3,60 + .25 279 0+ .17 2,849%
247 4 200 1.97 * .17 . 200 3.34 _ .04 1.37 4 .06 7,926%%
254 4 200 2,10 + ,20 3 150 3,49 + .43 1.39 + ,38 1,279
261 3 150 1.95 + .12 coh 200 2,67 + .14 W72 4,13 5.542%%

4 Standard error of mean among animals.
* p < ,05, ¥ p < .01
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Fig., 2. Frequency of sister chromatid exchanges (SCEs)- in
bone marrow cells of BNL-E/S male mice maintained on
3.0 uCi/ml of tritiated water (HTO). Squares,
controix circles, HTO group.
Using a one-way analysis of variance and covariance,

the probability that the mean of all the control data is

not different from that of the exposed animals is { 0.0001.

The probability that a line regressed through the control
data does not have a different slope than one through the
exposed data is 0.175.

The frequency distribution of SCEs per cell is shown
in Fig. 3, where the HTO ingestion duration is divided
into six fractions (I to VI). There is no significant
sign of bimodality in the SCE frequency distribution
at any age. »

The effects of HTO ingestion on cell proliferation is

shown in Pig. 4. The continuous intake of 3.0 uCi/ml HTO
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Fig. 3. Relative frequency distribution of SCEs per cell
in male mice maintained on 3.0 pCi/ml of tritiated
water for: I, 28, 72, 81 and 86 days; II, 123, 129
and 136 days; IIT, 163 days; IV, 186 and 192 days;
V, 227 days; and VI, 247 and 261 days, Numbers are

total numbers of cells scored,

caused no significant retardation of proliferation of murine
bone marrow cells. The probability that the mean of the
control data does not differ from the mean of exposed data
is 0.674, The probability that lines regressed through the
control and exposed data have slopes that are not different

is 0.686,
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Pig. 4. Average cell generation times in hours of bone
marrow cells of BNL/H-S male mice maintained on
3.0 uCi/ml of tritiated water. Squares, control;

circles, HTO group.

DISCUSSION-.

The SCE levels are clearly elevated in femoral bone
marrow cells of mice maintained on 3,0 uCi/ml of HTO and
the frequency of induced SCEs increases linearly with the
ingestion time. HTO groups showed an SCE level as much as
1.7 times higher than that of the age-matched control groups.
These results are of particular interest since tritium
has not been found to be an efficient inducer of SCEs,
as are other external ionizing radiations, as compared
to chemical mutagens such as alkylating agents that induce
large SCE response at low dose levels (12, 13). Previous

studies have indicated that exposure to ionizing radiations
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from external sources induce SCEs in cultured mammalian cells
(12, 14-22) and murine bone marrow cells (23, 24). Also,
the endogenous radiation from tritium incorporated into
chromosomes or cell nuclei as 3H«thymidine, 3H«-uridine or
3H—lysine inducing SCEs in cultured cells (25-27). It
has been shown that both internal tritium and external
ionizing radiation do not induce a remarkable increase
in the number of SCEs in cells when treated at low doses,
and at high doses, this induction appears to reach at
limited saturation level. However, none of the studies
referred to above examined the effect of tritium ingested
as tritiated water or examined the induction of SCEs in
animals exposed chronically in vivo to ionizing radiation,
and so direct comparisons with the results reported in this
paper are difficult to make. Nevertheless, we show here
that lonizing radiation from ingested HTO is capable of
inducing significant numbers of SCEs at very low doses,
Mice which ingest 3.0 uCi/ml of tritium in their drinking
water have been measured o reach an equilibrium value of
1.7 nCi/ml of tritium in their bone marrow by 17 days.,
At equilibium,the radiation dose received by each cell
nucleus due to chronic exposure to tritium beta rays has
been calculated to be 4.9 mGy/day according to the equation:
1.0 uCi/ml = 2.9 mGy/day (8). On this basis a dose of
only 0,98 Gy would accumulate over 200 days of ingestion
of 3.0 mCi/ml of HTO. The results presented here indicate
that such a low dose of low energy (Em = 0,018 MeV)

ax
beta rays can result in the induction of SCEs in murine
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bone marrow cells., It may be that chronic exposure to
HTO causes SCE-producing lesions in chromosomal DNA that
somehow persist even in the DNA of rapidly dividing cells,
or SCEs may result from lesions in the DNA of cells '
that wers non-cycling until soon beforxre the time of SCE ahalysis,
or there mayvbe some, unknown, secondary effects of HTO
on the cell renewal system of bone marrow.

Several reports have appeared describing somatic and
genetic effects of long term HTO ingestion in animals.
In mice continuously maintained for 330 days on 3.0,pCi/hl
of HTO in the same regimen as used in this study, the
frequency of chromosomal aberrations in the regenerating
liver increased significantly over the control values
{28), When the accumulated dose reached 0.77 Gy after
about 23 weeks of HTO ingestion, the number of bone marrow
haemopoietic stem cells decreased significantly (29).
Dominant lethal mutations in mice maintained on 3.0 uCi/ml of
HTO showed a slight but significant increase in mutation‘>
rate (30). However, there is no a priori reason to assume
that a common molecular mechanism exists for the induction
of SCEs, chromosomal aberrations, dominant lethal mutations
and haematclogical effects (31). Elevated SCE levels
in mice maintained on HTO may, also, not be mechanically
related to the effects of tritiated water on cellular
proliferation, since no difference in average cell generation
time was seen between HTO and control groups .

Our experiments, however, suggest that the SCE assay
is useful for monitoring cytogenotoxicity of internal

exposure to relatively low level chronic tritium radiation,
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ABSTRACT

Human lymphocytes at Go were exposed in vitro to HTO (f) to
obtain the dose-response relationship between exposure and the
dicentric and ring (D+R) frequency, (2) to see the dose-rate effect on
the chromosome aberration frequency, and (3) to investigate the
enhancing effect of the combined treatment with metabolic inhibitors on
the HTO-induced chromosome aberrations. The dose-response curve
obtained was shown to be fitted by a power model:

Y = 0.205 x'-29,

or a linear quadratic model:

3 6 2

Y = 1.5-10 0 X + 1.9-10° X%,
where X is HTO exposure in rad and Y is the D+R frequency. When
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lymphocytes were exposed to HTO at 3 different dose rates, it was
found that exposure at 0.042 Gy/h produced a 30% smaller number of
D+R chromosomes than exposure at 0.5 Gy/h. In cultures exposed to
2-Gy HTO B-rays along with wvarious metabolic inhibitors such as
cytosine arabinoside (ara-C), 3-aminobenzamide (3-AB), hydroxyurea
(HU), fluorodeoxyuridine (FUdR), caffeine, and cycloheximide (CHX),
a remarkably enhanced ratio of D+R frequencies was observed when
cells were combinedly exposed to ara-C, varying from 2 to 5 among

lymphocytes from different blood donors. Caffeine, FUdR or 3-AB also

enhanced HTO-induced chromosome aberrations by 20-50% whereas HU

and CHX appear not to affect the HTO-induced D+R frequency.

INTRODUCTION

The concentration of tritium in our environment, once increased
due to H-bomb weapon tests, has been decreasing since mid 1960s. In
the future, however, reprocessing plants of the used nuclear reactor
fuel and nuclear fusion reactors will release quantities of tritium into
our environment. It is thus necessary to develop a human monitoring
system to protect members of public against exposure to this

radionuclide.

It has widely been shown that lymbhocytes from persons exposed
to radiation, or those irradiated in yj}_r:g_ at GO show a dose-dependent
increase in chromosomal aberrations when cultured for 2 - 3 days (see
refs. 1 and 2). A lot of experiments have been carried out to obtain
precise dose-response relationships for various radiaticn qualities such
as X-rays, gamma-rays, alpha-particles and neutrons, and the
dose-response curve has been shown to be used for estimating the
absorbed dose by the persons accidentally exposed to radiation (3).
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There is however little information available for the dose-response

relationship with g-rays emitted from tritiated water (HTO}.

As the first step to develop such a cytogenetic monitoring system
for human exposure to HTO, experiments have been done on human
lymphocytes in vitro (1) to obtain the dose-response relationship

between HTO exposure and the dicentric and ring (D+R) frequency, (2)

to see the dose-rate effect on the induced aberration frequency, and

(3) to investigate the combined effect of various metabolic inhibitors.

MATERIALS AND METHODS

Lymphocyte culture and slide preparation. Heparinized peripheral

blood samples were drawn from healthy adults. Whole blood (0.3 ml)
was added to 4.7 ml of RPMI medium 1640 (GIBCO) containing 15% fetal
bovine serum {GIBCO) and 3% phytohemagglutinin (PHA)}-M (Difco).
The cultures were incubated at 37°C for 52 h in complete darkness. At
24th-h after the initiation of the culture, colcemid (final concentration,
2 x ?0'7 M) was added to the each culture, and air-dried chromosome
preparations were made as previously described (4). With this culture

method exclusively first division cells were sampled.

HTO-treatment. For treatment with HTO, whole blood was

suspended in serum-free culture medium containing HTO at the
appropriate concentration at 37 °C, giving doses ranging from 0.25 Gy
to 5.6 Gy at various dose-rates before PHA-stimulation. The HTO
B-ray dose was evaluated by measuring radioactivity of the treating
medium by a liquid scintillation counter. To terminate the treatment,
cells were centrifuged at 1500 rpm for 5 min and washed five times
with pre-warmed phsphate-buffered saline (PBS). The cells were then
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resuspended in complete culture medium containing 3% PHA to initiate

the culture.

y-irradiation. For y-irradiation, whole% blood in serum-free culture
medium was exposed to 137(35~y—rays at 37°C at a dose-rate 0.5 Gy/h,

except otherwise stated. The cells were washed three to five times

immediately after the irradiation, and pre-warmed complete medium

containing 3% PHA was added to initiate the culture.

Chemical treatment. For the cultures treated with metabolic

inhibitors, caffeine, cytosine arabinoside (ara-C),
5-fluoro-2'-deoxyuridine (FUdR), cycloheximide (CHX), hydroxyurea
(HU) were first dissolved in distilled water, 3-aminobenzamide (3-AB)
in dimethylsulphoxide, and after necessary dilutions with PBS aliquots
of these freshly made solutions were added to each culture to give
appropriate final concentrations during exposure to HTO B-rays of
y-rays. The cells were washed three or five times immediately after the
irradiation, and pre-warmed complete medium containing 3% PHA was

added to initiate the culture.

Scoring. One hundred and fifty cells were scored per point per

person blindly on coded slides.

RESULTS AND DISCUSSION

(1) Optimal culture method

Although 2-day cultures of PHA-stimulated human lymphocytes
have been used to get dose-response curves between radiation exposure
and induced chromosomal abrrations, | previously showed that even
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2-day cultures have a considerable percentage of 2nd-division cells
(Fig. 1; 5-7). The frequency of dicentric and ring chromosomes
decreased by 50% through each division (8-11). To get correct
dose-response relationships, therefore, it is necessary to score the
chromosomal aberrations exclusively on 1st-division cells. In  the
following experiments, Colcemid was added at the 24th-h after the
PHA-stimulation to collect exclusively 1st-division cells in the resultant
cultures. I have also noted that the lymphocyte cultures added
colcemid at 24th-h have higher frequencies of dicentric and ring
chromosomes than those added at the beginning of the cultures when

exposed to y-rays (data not shown).
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Fig. 1 Percentages of ist (X1), nd (XZ)' and 3rd or subsequent

(X3+) division cells in cultures fixed at different times after

stimulation of cultures.

(2) Chromosome aberrations (dicentric and ring chromosomes) in human

lymphocytes exposed to HTO in G0

The frequency of dicentric and ring chromosomes, which are a
good indicator of radiation exposure, has been used as an indicator of
radiation-induced chromosomal aberrations throughout the following
experiments. When cells exposed to various concentrations of HTO were

examined, the results obtained could be fitted to a power model:

Y = 0.205 x'-2°
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or to a linear quadratic model:
Y = 1.5-1073 X + 1.9.107% x2,
where X is HTO exposure in rad on the assumption that treatment with
10 mCi/ml HTO for 1 h results in an absorbed dose of 1 Gy, and Y is
the dicentric and ring frequency per cell (Fig. 2).
The dose-response curves obtained with the other radiations are

also examined (data not shown).
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Fig. 2 Dose-response relationship between HTO B8-ray dose and

dicentric and ring frequency.

(3) Dose-rate effect

Human lymphocytes in GO were exposed to HTO B-rays at 3

different dose rates. The data show that exposure at a dose-rate of
Table 1

Dose-rate Effect on the HTO-induced Dicentrics and Rings

Dose-rate (Gy/h)

0.500 0.083 0.042
a b
D + R/c 0.18 = 0.02 0.20 £ 0.03 0.12 £ 0.02
Ratio 1.00 1.13 0.67

3 Dicentrics plus rings per cell.
Mean * S.E. of 300 cells.
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0.042 Gy/h produced about 30% smaller numbers of dicentrics and rings

compared with those produced at 0.500 Gy/h (Table 1).

(4) Effects of metabolic inhibitors on the HTO-induced choromosome

aberrations

Human lymphocytes were treated with HTO along with wvarious
metabolic inhibitors (Caffeine; FUdR; CHX: 3-AB; HU; and Ara-C) for
4 h immediately before PHA-stimulation of culture. A remarkably
enhanced ratio of dicentric and ring frequencies was observed in cells
treated with ara-C; ara-C treatment resulted in 4 times higher

frequency of dicentrics and rings compared to that in cells exposed to

Table 2

Effects of Metabolic Inhibitors on the
Frequency of the Chromosome
Aberrations Induced by HTO B8-ray or
y-ray Exposure.

Inhibitor Enhancement Ratio
HTO y-ray

Caffeine

500 ug/ml 1.37 1.67

FUdR

10 ng/mi 1.54 1.33

CHX

10 ug/mi 1.01 1.08

3AB

10 mM 1.18 1.25

HU

5 mM 1.00 1.17

Ara-C

50 uM 4,20 1.95

Enhancement ratio:

(D + R}
(D + R)

HTO + ara-C
+ (D + R)

HTO ara-C
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HTO only (Table 2). Caffeine and FUdR also enhanced HTO-induced
chromosome aberrations by 30-50%. 3-Aminobenzamide, a
poly (ADP-ribose) polymerase inhibitor, produced about 20% higher
frequencies of dicentric and ring chromosomes when compared with
those produced by HTO exposure only. The other inhibitors, CHX, a
protein synthesis inhibitor, and HU, a DNA synthesis inhibitor,
produced a!mos:t no effects on the chromosome aberrations induced by
HTO B-rays.

When enhancement ratios were calculated for lymphocytes from 10
blood donors, it was shown that they varied from 2 to 5. It also
appeared that lymphocytes that had relatively higher frequencies of
dicentric and ring chromosomes had conversely lower frequencies of

those aberrations when exposed to HTO along with ara-C.
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ABSTRACT

Since the early work of Russell and Montgomery (1965), it is
well known that preimplantation mouse embryos have the highest
radiosensitivity and then the radiosensitivity varies depending
on the developmental stage as well as the cell cycle. Such
sensitivity changes in the zygote stage were not thus far
examined because of technical difficulties. We established a
complete culture system from the eggs fertilized in vitro to the
expanded blastocyst with high efficiency by using ICR and BC3F,
mice (Radait. Res., 92, 359, 1982). Using this system, we
examined radiosensitivity changes of mouse zygote stage (fertili-
zation to the 1st cleavage) and found that the early pronuclear

zygotes had the highest sensitivity to radiation including HTO

This work was supported by a special grant for Tritium
Research from the Science and Technology Agency and in
part by a Grant-in-Aid from the Ministry of Education,
Science and Culture, Japan

182



B-rays and sperm was rather resistant (Proc. 1st Workshop on
Tritium Radiobiol. & Health Pysics, NIRS-M-41, 68, 1982, J.
Radiat. Res., 23, 450, 1982). In the present study, we expanded
the same series of experiments to UV sensitivity including sperm
immediately before insemination which can be examined exclusively
. by the in vitro fertilization method. In contrast to radiosensi-
tivity, UV—sensitivity‘ of sperm and the pronuclear zygotes fell
in almost the same range(LD-50, half-lethal fluence: about 2.6

J/m?).

INTRODUCTION

Early mammalian embryos at preimplantation stages of develop-
ment can now be cultured successfully in the chemically defined
media. Consequently, it 1is now possible to assess embryotoxic
potential of ionizing radiation and chemical agents without any
influence of the maternal.reproductive tract. We established a
complete culture system for cultivating mouse eggs fertilized in
vitro to the expanded blastocyst stage with high efficiency (1,
2). The in vitro fertilization and the subsequent culture
techniques enable us to irradiate mature germ cells immediately
before fertilization or zygotes at a precise time after fertiliza-
tion.

Using this system, we examined the sensitivity of cultured
mouse embryos to HTO g particles. The embryos at earlier
developmental stages were found to be more sensitive, and the
pronuclear zygotes had the highest sensitivity. RBE for HTO B
radiation relative to $9Co y-rays was determined to be 1 to
1.7 (1). Further, we measured the radiosensitivity of mouse
ngotes fertilized in vitro to X-rays as a function of time from

fertilization +to the first cleavage. The dose of X-rays (LD-50)
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required to prevent development of 50 % of the zygotes to the

blastocyst stage in vitro varied markedly depending on the time
of irradiation from about 40 to 400 R. The zygotes in early
pronuclear stage (4-6 hr after insemination) had the highest
radiosensitivity (2).

In the present study, we extended the same series of
experiments to UV sensitivity including sperm immediately before
insemination which can be examined exclusively by the in vitro

fertilization method.

MATERIALS AND METHODS

Animals

Female BC3F: (CS?BL/CBH) and male ICR mice were used
throughout the experiments. All animals were maintained on a
light schedule of 07:00 to 19:00 and were given food and water ad

libitum.

In vitro fertilization and embryo culture

Fertilization of the mouse eggs in vitro and subsequent
culture of the zygotes were carried out as described previously
(1). Briefly, ten to 15 week o0ld females were hormonally
superovulated with 8 IU of pregnaﬁt mares' serum gonadotrophin
(PMSG) followed 48 hr later by 8 IU of human chorionic gonadotro-
phin (hCG). Fifteen hours after hCG administration the mice were
sacrificed and tubal eggs were ogtained. Sperm had been obtained
from cauda epididymis of '3 to 4 month old ICR male mouse and
capacitated by incubation with fertilization medium (1) at 37°C
for 1 to 1.5 hr. Sperm suspension was added to the medium

containing eggs to give a final sperm concentration of 50 to 150
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sperms/ul. At 3 to 5 hr after insemination, the fertilized eggs,
which were confirmed by the extrusion of the 2nd polar bodies,
were washed twice and transfered to the cultured medium (1).
Efficiency of blastocyst formation of the normal zygotes was more

than 95 %.

UV-irradiation of the in vitro fertilized zygotes at various

times during zygote stage

The zygofes were collected, washed twice to remove surround-
ing cumulus and pooled in the culture medium without bovine serum
albumin (BSA). Aliquots of 20 to 30 =zygotes were put into
separate wells of spot dishes (15 mm diameter) and UV-irradiated
from above with 0 to 12 J/m?. The wells contained 0.2 ml of‘the
BSA-depleted culture medium and the maximum depth of the medium

was 1.5 mm. The UV absorption of the medium at 254 nm is

negligible. For UV-irradiation sperm collected from cauda epididy-
mis was suspended with the medium free of BSA having the maximum
depth less than 1 mm, and irradiated. Immediately after the
irradiation, sperm or the zygotes were transferred to the normal
medium containing BSA. The UV source . for irradiation was a
HITACHI GL 15 germicidal lamp, and its 254 ﬁm—light intensity at
the position of the spot dish for sperm or zygote irradiation was
measured by an UVX-Radiometer equipped with UVX-25 sensor (Ultra

Violet Product, Inc., CA. USA).

Estimation of half lethal UV fluence (LD~50)

The killing action of UV on the zygotes in various phases of
the cell cycle was investigated using the end-point of blastocyst
formation in vitro and quantitated by that fluence causing 50 %

lethality, LD-~50. The action of UV on sperm immediately before
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insemination was investigated also using the end-point of blasto-
cyst formation after fertilization with normal eggs. They were
analyzed by probit tranformation on a computor to estimate the
LD-50 and its 95 % confidence limits and standard error for each

series of experiments.

RESULTS

UV-Sensitivity variation within the zygote stage

The half lethal UV fluence (LD-50) values were determined
for sperm and zygotes at wvarious stages (4 to 12 hr after
insemination) from insemination to the first cleavage as shown in
Fig. 1. In Fig. 2, the LD-50 values of various zygote groups were
plotted against the time of irradiation after insemination. The
UV sensitivity varied markedly depending on the times of
irradiation.

The zygotes fertilized with UV-irradiated sperm have rela-
tively lower LD-50 value, in contrast to the zygotes fertilized
with X-irradiated sperm, which showed higher LD-50 value (2).
The UV sensitivity reached maximum (LD-50 is 1.4 J/m?) 4 hr after
insemination which corresponds to the stage at the beginning of
pronuclear formation. Thereafter, the sensitivity decreased pro-
gressively through the completion of the pronuclear formation (12
hr after insemination) to minimum at 12 hr after insemination
(LD-50; 10.7 J/m?). The sensitivity increased again with progres-
sion of the development to the first cleavage. These results
indicate that the zygotes were the most sensitive to UV at the
beginning of pronuclear formation and the most resistant at the
end of the pronuclear stage. This pattern is exactly similar to
the pattern for X-irradiated zygotes (2), and is in contrast to

the pattern for UV-irradiated somatic cells (3).
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A: Sperm was irradiated with various UV doses indicated on
abscissa and then fertilized with the normal eggs. Blastocyst
formation of the eggs was examined after 3 days' culture.

B to E: The zygotes were irradiated with UV light at the time
after insemination indicated at wupper-right portion of the
figures. The regression lines were drawn by a computer-programmed

calculation.
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ed with UV 1light at the times indicated on abcissa and then

allowed to develop in vitro to blastocyst stage. The half lethal

fluence (LD-50) values were determined as shown in Figs. 1A to 1E,
(pata for 14 hr =zygotes were not shown in Fig, 1). Bars
represent 95 % confidence limits. The first chromosome formation
and cleavage division begin at about 15 and 17 hr respectively

after insemination.

Early developmental arrest of the UV-irradiated zygotes

Fig. 3A shows the normal expanded blastocyst developed from
the in vitro fertilized zygotes. When the zygotes were exposed to
UV light, their immediate response was a delay in cleavage, which
was severe in the embryos exposed at the early pronuclear stage.
Then severely damaged embryos became arrested at the stage
earlier than blastocyst stage, degenerated and exhibited abnormal
features shown 1in Fig, 3B, As can be seen in the figures,
however, there is a striking difference in the arrested pictures
between UV-irradiated (Fig. 3B} and HTO B irradiated (Fig. 3C)
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embryos. When the zygotes were exposed to HTO g particles or
X-rays, a few embryos died during the cleavage period, but the
majority wusually continued to develop for several divisions
before becoming arrested at the morula stage (1) (Fig. 3¢). In
the case of UV-irradiated embryos, however, considerable number
of the damaged emb;yos were arrested at earlier cleavage stage

such as 2-cell (indicated by arrow b in Fig. 3B) or l-cell (arrow

c) stage.

Fig. 3. Normal expanded blastocysts (A) developed from the

zygotes' fertilized in_vitro; abnormal development of the
embryos irradiated with UV light at zygote stage (B); abnormal
embryos treated with HTO from pronuclear stage (C). Almost all
abnormal embryos were arrested at the morula stage when the
embryos were treated w}th HTO from the zygote stage. 1In contrast
to Fig. 3C, different abnormal pictures of the embryos can be
noticed in Fig. 3B, such as the embryos indicated by arrows b and

¢ near one of the embryos arrested at the morula stage (arrow a).
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DISCUSSION

The effect of X irradiation on preimplantation mammalian
embryos depends both on the dose of X irradiation and on the
developmental stage of the embryos. The radiosensitivity was
determined to be the highest at the zygote stage. With continued
development radiosensitivity decreased. An identical sensitivity
pattern was obtained after X irradiation in vitro and subsequent
in vitro «culture of various stages of preimplantation mouse
embryos including zygotes fertilized in vitro (1, 2). UV sensi-
tivity of the preimplantation embryos can be examined exclusively
by in vitro culture techniques. There has been thus far no
investigation to examine UV sensitivity of the zygotes using
blastocyst formation as an end point because of technical
difficulties (4).

The present study is the first successful attempt to
determine the half lethal UV fluence (LD-50) for the zygotes at
the various phases from insemination to the first cleavage, and
confirmed the highest UV sensitivity of the zygotes among the
preimplantation embryos. As compared to the reported LD-50 values
for the cultured mouse embryos; 2-cell embryos 9 J/m*, 4~ and
8-cell embryos 10 J/mz, and morulae 14 J/m2 (5), the LD-50 value

of 1.4 J/m? for the early pronuclear zygotes reported here is

extremely low, indicating the extremely high sensitiviﬁy of the
pronculear zygotes.

The present study reveals furthermore that UV sensitivity of
zygotes varies markedly depending on the time of irradiation, and
pattern of the sensitivity change 1is exactly similar to the
effect of X-rays. The result is in contrast to the different
responses of sométic cells to UV-light and X-rays (3). Somatic

cells are resistant to UV light in G,, sensitive through S and
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most sensitive in the middle of DNA synthesis; sensitivity then
decreases 1in G, (3). Pronuclear DNA synthesis begins about 5 hr
after pronuclear formation, which 1is approximately 7 to 9 hr
following sperm penetration, and the S period is about 4 hr (5).
If the =zygotes used in the present study have the similar cell
cycle pattern, Fig. 2 suggests that the zygotes are most
sensitive 1in late G,, and most resistant in late S to UV light.
Investigation of cell cycle progression of the zygotes under the
conditions wused 1is needed to discuss further the sensitivity
change in connection with the cell cycle.

Another interesting finding of the present study is the
differential picture of the dead embryos between UV and ionizing
radiations (Figs. 3B and 3C). The embryos which fail to survive

after UV irradiation tended to stop proliferating during earlier

cleavage stages such as the 2- or l-cell stage as shown in Fig.
3B, whereas the X- or HTO B-irradiated zygotes can divide more
than two times and so embryos which fail to survive stop prolifer-
ating mostly at the morula stage (Fig. 3C). After UV irradiation-
of the 2-cell mouse embryos, there was no indication that a ma-
jority of embryos which fail to survive stop proliferating
during any particular early stage (7). Further quantitative
analysis of cell division number is required to confirm the dif-
ferential mode of death between UV irradiated and X~irradiated

zygotes.
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ABSTRACT

The induction of chromosome aberrations in mouse eggs at
the pronuclear stage with exposure to HTO B- and 60Co Y-rays
was examined by using an in vitro fertilization technique. -The
eggs at pronuclear stage were exposed to B-rays in chemically
defined medium containing HTO for 2 hr at 3to5 hr after
insemination. The eggs at the same stage were exposed to chronic
y-rays from 60Co during the same period. The frequencies of
chromosome aberrations increased linearly with dose and the
dose-response relationships for frequencies of chromosome
aberrations per egg fitted well to a linear equation in both
cases. The chromosome aberrations were mainly chromosome-type,
and the majority of aberrations were fragments. RBE values of

6OCo y=-rays and X~-rays were 1.8 and 1.5,

HTO B-rays relative to
respectively.
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INTRODUCTION

Ever since the early work of Russell and Montgomery (1)
on the differences in radiation sensitivity during early
zygote stages of the mouse, a number of studies have shown
that the radiosensitiﬁity varies depending on the pre-implantation
stages of the mouse embryo (2,3,4,5). In these studies, the
embryos collected from pregnant females were irradiated and
cultured in vitro to the blastocyst stage. Such sensitivity
changes in the zygote stage at the time of exposure to X-rays
was not determined precisely. Yamada et al. (6,7) established
an efficient culture system to allow eggs to be fertilized
in vitro and grown to the expanded blastocyst stage. With this
system, we recently examined the radiosensitivity of mouse germ
cells just before fertilization, that is, sperm and ova, and
zygotes during the period just after fertilization in vitro by
observing the retardation of blastocyst formation and chromosome
aberration induction at first cleavage metaphases. We found
that zygotes at the early pronuclear stage (4 - 6 hr after
insemination) had the highest radiosensitivity while mature
sperm was relatively radioresistant (7,8,9,10). However,
unlike such studies on sensitivity to acute irradiation, there
have been few investigations on the response of cultured mouse

embryos to chronic radiation, such as tritium B-particles.

The cytological analysis of first cleavage metaphase of
fertilized eggs permits direct analysis of transmittable genetic
damage which occurrs in germ cells or DNA lesions induced in
early stage after fertilization. 1In the present study, we
investigated the sensitivity of fertilized eggs at the pronuclear
stage, which is the most sensitive stage to X-rays, to HTO

B—particles as measured by cytological analysis of first cleavage
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metaphase. Parallel experiments were done with 60Co y~rays to

estimate RBE of HTO g-particles relative to 60Co Yy-rays.

MATERIALS AND METHODS

Animals

BCBFI[(C57BL/GJ X C3H/He)F1] female and RFM male mice were
used throughout the experiments. All animals were maintained on
a light schedule of 12:00 to 24:00 hr, and were given food and

water ad lib.

In vitro Fertilization and Embryo Culture

Fertilization of mouse eggs in vitro and subsequent cultures
of the zygotes were carried out as described in detail previously
(6) . Two-to four-month-old females were superovulated by
intraperitoneal injection of 7.5 IU pregnant mares' serum
gonadotropin (PMSG) at 23:00 followed by 7.5 IU human chorionic
gonadtropin (hCG) 48 hr later. Fifteen hours after hCG
administration mice were sacrificed and tubal eggs were
obtained. Sperm had been obtained from the cauda epididymié of
three-to five-month-old RFM male mice and capacitated by
incubation with fertilization medium at 37°C for 1.5 hr. After
capacitation, the sperm suspension was added to the medium
containing‘eggs to give a final sperm concentration of 200 sperms
/mm3° At 5 hr after insemination, the fertilized eggs, which
extruded the 2nd polar bodies, were washed twice and transferred

to the culture medium.

HTO B-Particle Exposure

This was accomplished by the addition of the HTO-containing
medium to the culture microdrops at 3to 5 hr after insemination
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to give a final concentration of 500, 1000, 1500 and 2000 uCi/ml.
The level of HTO in the culture medium was. determined with a
ligquid scintillation counter. The doses in rad corresponding to
given tritium levels were computed on the assumption that the
mouse embryo contains about 70% water. From tritium in their
medium at 1 pCi/ml, the embryos received a dose of 0.7 x 0.291 =
0.204 rad/day (11). Hence the dose rate corresponding to the
nominal tritium levels used in this study (500 to 2000 pCi/ml)

were 4.25 to 17 rad/hr.

60Co y—Ray Exposure

Chronic y-ray exposure at 3 to5 hr after insemination was
carried out as follows. The incubator in which the embryos were
being cultured was placed in the field of a 6OCo source
(approximately 50 €i ) at a distance giving embryo doses in rad
corresponding to the tritium levels given above. Dose rates
at the microdroplet for the cultures were det