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SUMMARY

The objective was to investigate whether there
is a positive association between frequencies of
HPRT™ T cell mutations and chromosome aberra-
tions among atomic bomb survivors at a given dose.
This would provide evidence regarding whether
individuals vary in their sensitivity to radiation. The
approach was to compare T cell mutant frequencies
(Mf) among survivors who have unusually high- and
low-chromosome aberration frequencies, in relation
Lo their radiation dose. Within each of four dose
groups (1-99, 100-199, 200-299, and 300+ rad)
equal numbers of survivors were sclected who
have unusually high and unusually low chromosome
aberration frequencies for the dose group. The total
numbers selected [rom each of the dose groups
were 8, 8, 8, and 16, respectively. Within each
dose group, the mean doses for the high- and
low-aberration subjects were very similar. The
difference between T cell Mf of the high- and low-
chromosome aberration groups was tested by a t-
test on the logarithms of the frequencies, stratifying
on dose groups. The Mf of the high-aberration
group was significantly higher than that of the low-
aberration group (p=0.01). However, at least part
of this positive associalion may be explained by
imprecision in the dose estimates. This is because
among survivors at the same estimated dose it
can be expected that those with high-aberration
frequencies may have higher true doses than those
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with low-aberration frequencies.  Presently not
enough is known about how to determine whether it
could entirely explain the positive association seen
between frequencies of mutation and chromosome
aberration among those at similar estimated doses.

INTRODUCTION

The most prominent late health effect of A-bomb
radiation has been shown to be an increase in
cancer mortality.! Persistent genetic damage caused
by A-bomb radiation on the somatic cells has also
been demonstrated by the elevated frequency of
lymphoeytes carrying chromosome aberrations in
the survivors.? In order to detect injuries of somatic
cell genes at the level of specific loci, Langlois
et al® measured the frequency of variant erythro-
cytes lacking the expression of glycophorin A and
reporied a similar increase of such variants in the
survivors. For the same purpose we have applied
the measurement of the frequency of hypoxanthine
phosphoribosyltransferase-deficient (HPRT™) mu-
tant T cells because the mutant nature can be further
characterized in this method by propagating the cells
in vitro. In the previous report,‘* we showed that
the frequency of mutant T cells increased as the
radiation dose or the frequency of lymphocytes with
chromosome aberrations increased. Furthermore, a
slightly higher correlation coefficient was observed
between Mf and chromosome aberration frequency
than that between MF and radiation dose.

Although there exists a clear dose response, a
considerable scatter in aberration frequencies for
individual donors was observed.® The reason for
this scatter remains to be resolved. The present
study was designed to further investigate the rela-
tionship between Mf and aberration frequency by
measuring MF of the survivors who showed outlying
values of aberration frequency. The results will
be mainly discussed in relation to the variability
of radiation sensitivity among individuals which
has been suggested by several in vitro experiments
(reviewed by Setlow®).

MATERIALS AND METHODS

Sampling sources were A-bomb survivors who
were participants in the RERF Adult Health Study
at Hiroshima, for whom tentative dose estimates
(T65D) were available, and for whom chromosome
aberration frequencies in peripheral blood lympho-
cytes had been previously measured. As shown in
Figure 1, the exposed subjects (exposed to 1 rad
or more) in this study were selected from those
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FIGURE 1 FREQUENCY OF LYMPHOCYTES WITH CHROMOSOME ABERRATIONS

AND T65D DOSES AMONG 40 EXPOSED SURVIVORS WHO WERE
SELECTED FOR THIS STUDY
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whose chromosome aberration frequency deviated
from the expected value calculated from the linear
fit between aberration frequency and T65D exposure
dose. One set of the subjects (high-aberration
group) was selected from those whose aberration
frequency was near the higher end of the distribution
and the other set (low-aberration group) from those
whose aberration frequency was near the lower end
of the distribution.

This sample seclection was based on four dose
groups: 1-99, 100-199, 200-299, and 300+ rad.
Usually four cases of the high or low-aberration
group were selected from each dose group except
for the 300+ rad group, from which eight cases of
each group were selected. Thus, in total, 40 exposed
cases were selected. The controls of this study were
the same as those that were used in the previous
study,* which were randomly selected from those
who were exposed distally to the bomb and whose
T65D estimates were less than 1 rad.
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The method for measuring the mutant T cell fre-
quency has been reported previously.” Bricfly, an
average of 1 cell or 10° fresh lymphocytes per
well were inoculated with feeder cells into the
wells without or with 2.5 pg/ml thioguanine (TG),
respectively.  The cells were cultured with the
medium containing phytohemagglutinin (PHA) and
interleukin 2 (IL2). After 15 days, the presence or
absence of the lymphocyte colonies was delermined
by observing each well by an inverted microscope
and by measuring [*H]-thymidine incorporation.
Cloning efficiency (CE) was calculated from the
proportion of colony-negative wells, assuming a
Poisson distribution of the cells with the ability to
form colonies. Mf was obtained by dividing the CE
of TG-selected cells by the CE of nonselected cells.

RESULTS

Of the 40 exposed survivors selected, peripheral
blood was obtained from 33 individuals. Seven
people declined to come to RERF. Results from
three cases whose CE of nonselected cells was less
than 0.25 were not included for data analysis to
avoid possible overestimation of MF, a procedure
also followed in the previous report.* These 10
persons who were not included in the present study
are indicated in Figure 1. The mean radiation
doses (T65D) for the persons analyzed in the high-
and low-aberration groups were 248 and 273 rad,
respectively. The significance test to compare the
MI between high- and low-aberration groups was
made in essence by a t-test stratilying on dose
groups.  Figure 2 gives a display of the data
which corresponds closely to the nature of the test.
The analysis was done using the logarithm of M,
since the variation within each of the nine groups
of Figure 2 (two groups in ecach dose catcgory
and the control group) is much more homogenous
on the log scale. Formally the test was done
as a two-way analysis of variance, with factors
dose group and aberrtion group, except that the
variance within the control group was also included
in the estimate of individual variation. The aim
of the test is to determine whether the consistently
higher logarithmic Mf means seen within each
dose group constitute a statistically significant result
when evidence is combined over the dose groups.
In this sense there is a significantly higher Mf in
the high-aberration group, compared to the low-
aberration group (p=0.01, two-sided test, 1=2.68 on
41 df). (The significance is more extreme if analysis
is done without using logarithms, but this is less
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FIGURE 2 MUTANT FREQUENCY OF CONTROLS (EXPOSED TO LESS THAN 1 rad)
AND TWO GROUPS OF EXPOSED SURVIVORS (EXPOSED TO 1 rad OR MORE)
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The logarithmic values of Mf are plotted based on the four dose groups. Mf of the high-aberration group
was significantly higher than that of the low-aberration group (p=0.014), which was tested by a
stratified t-test. Mf of the exposed survivors was significantly higher than that of controls. (p=0.0078}.
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estimate for the comparison of chromosome aber-
ration groups indicates that the Mf for the high-
aberration group is 66% higher than for the low-
aberration group.

The extent of the effect is greater than might be
inferred from inspection of Figure 2, because of
the loganithmic scale there.  Similarly, the Mf
dose response is greater than might be inferred by
inspection of Figure 2. The M of the entire exposed
group is very much significantly higher than that of
the control group (p=0.0078). The control group,
on which chromosome aberration data were not
available, plays no major role in the investigation
here, except for the combination of it with the other

SO MELEAREHE O MO & D A8 A

HUETEO MR REHIEREL D A1 350 7 (p=0.014)

A (p=0.0078).

BB O LSO 2128 T 2 — 7 —HEF RO 1L 8
BADE, RHEUETEO ME G IEE G H O MS

L D66% 0.

F2THMHEREERGALY, $OM»PsTES R
SN IEEEIE A s v AL, ME O EE
HEBETE 2R O MSf
A B REO ME &9 M ¢ £ @0 (p=0.0078),
MBI REERE O T — s 28T, SO
Tlog (Mf) 21 AFEBMBZEOMED DD
Fs el be THO RN Y e mE 4

H2ATRmT 260l kEu0.



RERF TR 19-88

data for estimation of experimental error in log(MTF).
The mean CE of nonselected cells in the controls,
low-aberration group, and high-aberration group
was 0.43, 0.49, and 0.43, respectively, indicating
that the significant difference between the mean Mfs
was not attributable to the lower CE in the high-
aberration group.

DISCUSSION

A significantly higher HPRT mutant T cell fre-
quency has been observed in the high-aberration
group than in the low-aberration group, adjusted
for estimated dose. Note that the estimated radi-
ation doses of the two groups were similar. The
relationship between radiation-induced chromosome
aberrations and gene mutations has been investi-
gated in several laboratories by in vitro radiation
experiments,  Evans and Vijayalaxmi® showed
similar dose-response curves for the production of
autoradiographically detected azaguanine-resistant
lymphocytes and the chromosome aberrations after
X-irradiation of peripheral blood lymphocytes. The
relationship was further investigated by the kary-
otypic analysis of the radiation-induced HPRT™
mutants. Thacker and Cox® reported that 5%-10%
of HPRT™ mutant diploid fibroblasts induced by
X-irradiation carried visible abnormalities of the X
chromosome. Vrieling et al'® studied the X ray-
induced HPRT™ CHO cells and showed that 3 of
19 mutants carried visible deletions of the long
arm of the X chromosome although they found that
many (12 of 19) mutants possessed large deletions
of the HPRT gene. More recently, Muir et al'!
analyzed 17 X ray-induced mutant human T cell
clones and found that only 1 clone carried an X
chromosome abnormality. These in vitro results
indicate that the HPRT™ mutants arise by HPRT
gene mutations rather than by gross changes of
chromosome structure in X-irradiated samples. This
is also supported by an in vivo study. We have ana-
lyzed 49 mutant T cell colonies obtained from eight
proximally exposed A-bomb survivors; structural
abnormalities of the long arm of X chromosome
were found in only 2 colonies. On the other
hand, approximately 50% of the colonies showed
abnormalily of the autosomes.!?

Based on the above argument, the resulls obtained
here may suggest that radiation sensitivity for the
induction of chromosome aberrations and gene
mutalions may vary among individuals. However,
it should be noted that at least part of this effect

Rl Tuwgu, of B, (CREHUETER OGS
BER I 51T 2 EMIRMEO Y CE L2 hdh
0.43, 0.49K U°0.43TH Y, FHIMI MO L 2
EREEERIBTAEVCEIL LA LOTH LY
ZEERT.

z B

HEE &AL & JiIE 4 A & RS I B T
BEEE A 12 AR 1@ HPRT 2 48 28 9% T ALIEHUE 4
Bosns. WO HEEBSHEATHRL TS

ZEINHERTNETH S, HGHIB R RS &
MEFRMEREDNFEIZDVTIE, B2 hr 0%
T, WMEENBHEBERFITHN TS
B OF Vijayalaxmi® (X, MM U > 2RO XS
iz, a—br3¥2 7374 —THhshiTHFY
T2 b voNERE Q@ IR R AT, [ A b BO
g & m T 2 & 2 L n 2O, B EissE
HPRT ™ AL HOBI SN IZ& > THEIZME e N T
V3. Thacker A U Cox® 1, X
7o HPRT ™ Z¥RZ 5 (A SHE S il lne 5 % ~10%
AN G X Qe R R A L S SN L
1% X #ak 5 HPRT ™ CHO Al & <<, 22h28 i
AN 1940 b 3 I A7 IR 4 X Qe ke I & AT T A
TEERL A, FERERAAD £ (19 121H)
HPRT i fz
L7, Muir 5" 305 O % TITHE O X &5 %6
FhHD

Evans

NiEg s R

Vrieling

ARk EZRHBHAHLZE B

PIREE L FTHIY 9 — 250 L,
—oOHIIXREOEEREETDH L.
PIAIF 2% 5 314,

. Ay B4 E S
Z 5 DA BN

X B #4250 5 HPRT ™~ 22K

TR, REENEOARNEEO2bTRE <,
LA, HPRTHMI{EFDEMRERII L > THLETS

EETRMETALOTH B, I ERNIIEC
Lo Th EFFE AT B, T84 L30T HT5E 5T HE 0 &
BHAD A OMOEMBERTMET 0= — % M
LA, 20RO 5030 — 20T O&XBE
W ORGSR PSS N,

0% 2 Bt R R el e 5 s

a3 =2—@

Lo ERECETCE, SEMSMAKERIE, R
O B R O RAE - R S OB SE 1 400 B B AR
BRMECMALA S S L ETBTELONE LA
Zu. Ldl, COEEHROLECE L—Hi



will be due to imprecision of estimated doses. That
is, among survivors al the same estimated dose
there is a range of true doses, and the separation of
these survivors according to unusually high and low
chromosome aberration rates will to some extent
imply higher true doses for the former group in
comparison to the latter. Another way of saying this
is that the dosimetry estimate of dose combined with
the chromosome aberration finding should provide
a somewhat beltler estimate of an individual’s true
dose than that based on the dosimetry sysiem alone.
It is difficult to estimate how much of the apparent
effect seen in Figure 2 may be due to this difficulty.

Radiation sensilivily among normal individuals has
been investigated by the colony-forming assay
using fibroblasts*®>~1® and T lymphocytes,!®~ 18 in
which the sensitivity to the killing effect of ionizing
radiations is tested. The sensitivity has been usually
represented as a Dy value, the dose necessary to
reduce the survival rate to 0.37. Wide range of
the distribution of the normal sensitivity among
lested individuals has been reported depending on
the study. Fibroblasts and T lymphocytes showed
a similar range of the distribution. However, these
results using cultured cells cannot simply be inter-
preted by a variability of the individual radiation
sensitivity. Whether different kinds of cells from
the same person show a similar sensitivity or not
has not been tested. Even fibroblasts obtained by
repeated biopsies from the same individual showed
some differences, although the differences gave a
somewhal narrower distribution than that for the
cell strains obtained from different individuals. If
such reactions of cell strains to the killing cffects of
ionizing radiations represent the radiation sensitivity
of individuals and the variability of the sensitivity
exists, it has been suggested that A-bomb radia-
tion could have eliminated those persons who are
unusually sensitive to radiation.%20 However, the
radiosensitivity of cells from the control population
was not different from that of the exposed survivor
population when skin fibroblasts were studied.?

Wide distribution of the induction of mutations at
the HPRT locus in T lymphocytes by < rays has also
been presented by Sanderson et al.?? Because only
the dose-response curve showing the mean +£SE at
several doses of 11 healthy individuals has been pro-
vided, precise estimation of the distribution is not
possible. Tt will need an extensive study including
repeated experiments using lymphocytes from the
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same individuals and experiments comparing the
results of different kinds of cells to conclude the
existence of the variability of radiation sensitivity
for the induction of specific locus mutations among
normal individuals.

On the other hand, it has been reported that the vari-
ability of the induction of chromosome aberrations
in T lymphocytes by ionizing radiations is small
among individuals, although differences of the in-
duction rate at the same doses between laboratories
have existed.2® Because a control study examining
X-irradiated cells provided by one experiment in
different laboratories showed very small variances
between laboratories,?® variability among normal
individuals of the induction rate of chromosome
aberrations by ionizing radiations must be small.

Some resolution might be provided for explaining
the tendency observed in this study if a direct
measurement of the radiation dose of each indi-
vidual is possible. Electron spin resonance (ESR)
spectroscopy can measure the long-lived CO3~ rad-
icals produced by radiation in carbonate-containing
malterials. ESR signals have been shown by in
vitro experiments®®26 1o increase linearly as the
radiation dose increases, and the fading of the signal
with lapse of time after irradiation is negligible.
Measurements of ESR signals of tooth enamel have
been conducted on some survivors.25 It has been
shown that the radiation dose estimated by this
method decreases with increasing distance from
the bomb and correlates with T65D. However, in
a few survivors, large differences between ESR
dose and T65D have been observed and the col-
lection of many more samples from the survivors is
continuing,

Although the results obtained here have not been
fully explained, the present study suggests the im-
portance of measuring multiple biological endpoints
in the same individual to evaluate the genetic effects
of environmental mutagens on somatic cells. Other
than the method used here, two additional valid
methods have been reported for detecting somatic
mulations in vivo; one detects the loss of MN
antigens on erythrocytes?” and the other detects
the loss of HLA Class I antigens on T celis.28
Spontaneous mutant frequencies measured by these
methods are of the order of 10~%—10~¢, which are
similar to the reported values for HPRT mutations.
Besides increasing the number of available methods
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for measuring in vivo mutant frequencies, it will
also be important to analyze the isolated mutants
at the molecular level as has been reported for
several mutagens in in vitro experiments.!®29-31
Molecular analysis of HPRT™ T cells obtained
from A-bomb survivors at the DNA level with
Southern blotting techniques is being conducted in
our laboratory.
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