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CHROMOSOME ABERRATIONS IN LEUKOCYTES OF OLDER SURVIVORS
OF THE ATOMIC BOMBS
HIROSHIMA AND NAGASAKI
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INTRODUCTION

In our first cytogenetic study of the survivors of the atomic
bombs of Hiroshima and Nagasaki,' complex chromo-
somal rearrangements were detected in 34 % of the heavily
exposed persons studied. Cells with these aberrations
comprised from 1% to 4% of the examined peripheral
leukocyte metaphases in affected persons. The 94 exposed
survivors and 94 matched controls included in that study
were all under 30 vears of age at the time of the bombs
(ATB). Complex abnormalities were found in 0.6 % of the
cells of the exposed, and in 0.01% of the cells of the
controls.

The present report gives our findings in a group of
survivors and controls who were over 30 vears of age in
1945. Both the frequencies and the predominant types of
aberrations differ from those found in the younger group.
Furthermore, the presence of what may be clones of cells
with stable aberrations supports the idea of in vivo cell
division of at least some cells of the pool of immunologi-
cally competent lymphocytes .

SUBJECTS AND METHODS

Selection of exposed survivors and controls was performed
at ABCC from the group of nearly 20,000 persons who
make up the ABCC-JNIH Adult Health Study.? These
persons are examined biennially in the ABCC clinics in
Hiroshima and Nagasaki. Exposed survivors were chosen
from among those who are estimated to have received
200rad or more of mixed gamma and neutron radiation
from the atomic bombs! These dose estimates take
individual shielding into account. Controls were all more
than 3000 m from the hypocenters ATB, and are estimated
to have had less than 1 rad exposure. Both controls and
exposed were 30 years of age or more ATB. Whenever
possible, for each exposed survivor, a control was selected
who was of the same sex and within 5 years of the same
age.
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After establishment of eligibility by age and exposure
classification, subjects were interviewed and a medical
history was taken. Subjects with a history of malignant
disease, of radiation therapy, or of radicisotope exposure
at any time were not included in the present study.
Similarly, subjects with a history of diagnostic X-irradiation
in the preceding 12 months were excluded. On physical
examination, evidence of a viral exanthem was also grounds
for exclusion.

In all instances, peripheral blood leukocytes were cultured
for 66 to 70 hours. Cultures were established, and slides
were prepared and interpreted without knowledge of the
exposure status of the subjects. Cells were selected under
low power (100 x) magnification, on the basis of the ap-
parent intactness of the cell and of the quality of chromo-
some spreading. All cells thus deemed suitable were
included in the study.

An attempt was made to examine 100 cells per subject.
The number of centric chromosomes per cell was used to
determine the chromosome number. The chromosomes
were then grouped directly under the microscope. A formal
karyotype was prepared on all cells with a definite or
suspected structural aberration, exclusive of single
chromatid or isochromatid gaps and breaks.

Aberrations were scored, and confirmed, by at least two
of the examiners. Single chromatid or isochromatid gaps
were scored separately from breaks. Dicentrics and rings
were scored as such. Fragments, whether minute or large
acentrics, were scored as separate aberrations, except
when they accompanied dicentries or rings, in which case
only the dicentric or ring was recorded. Translocations
were generally detected as elongated chromosomes.
Pericentric inversions were those chromosomes in which
the normal position of the centromere was obviously shifted.
Other abnormalities scored were deletions, chromatid
exchanges, and centromere breaks.

RESULTS

As seen in Table 1, atotal of 157 persons were examined
cytogenetically, with 22 matched pairs studied in Nagasaki,
and 55 pairs in Hiroshima. Data on three additional
controls have been included, even though the exposed
cases to whom they were matched subsequently proved to
be ineligible. An average of 88 cells per person was
examined, and, as in the previous study, ! no differences
in chromosome number were detected between control and
exposed persons. In addition, the frequency of polyploid
cells was well below 1% in both groups. Thus neither
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TABLE 1 CYTOGENETIC FINDINGS IN OLDER SURVIVORS OF THE ATOMIC BOMBS

F1l EREEEBRECSTAMBBREFANRAERE
T Hiroshima 8 MNagasaki £ Total
% H Controls Exposed  Controls Exposed  Controls Exposed
it i BE 233 of HEBE g 33 wf B EE B EF
Survivors FEEEH e 58 55 22 22 80 77
Total cells examined B EEHABIE ... 5374 4742 1814 2036 T188 6778
% cells with 46 chromosomes 46REHMIL O%....... 96.5 95.3 95.4 94.8 96.2 95.1
Survivors with one or more chromosome-type aberration
REGFEREERTHEBEY s 10 35 3 12 13 47
Cells with : Single chromatid gaps and breaks
Y . MRS e o T A6 CIZUE 145 168 66 44 211 212
Isochromatid gaps and breaks
e R R L Sl 1 44 29 31 10 75 39
Rings HARB B i 0 2 0 1 1] 3
Dicentrics _ Wk ik . 1 6 0 2 1 8
Fragments BeBAE TR s s 8* T 1 5 9 12
Translocations FEEE i 3 H4** 2 18 5 72
Pericentric inversions #{ . 3 7 0 4 3 11
Others (Includes deletions, chromatid ex-
changes, and centromere breaks.)
FOM (oMl REL RESELR, B 7 18 3 4 10 22
TR DA 2 & . ) vissiniiiseiiiummninserrsisieianss .
*Includes 10 fragments in 8 cells. #ills 8 H 0 1048 o B A IRRE A & 5 D
**Includes 55 translocations in 54 cells. #8Mu 541F 12 550 Dz B % & 10,
aneuploidy nor polyploidy appeared to be of value as a B o 7. LA T, RHE MR T RS BT

measure of residual radiation damage in peripheral
leukocytes.

Since the proportion of abnormal cells and abnormal
individuals did not differ significantly either between
sexes or between cities, the following results are presented
in terms of the combined data.

Of the 77 heavily exposed persons, 47 (61 %) had one or
more complex chromosomal abnormality (dicentric, ring,
fragment, translocation, or inversion). In contrast, 13
(16.3 %) of the 80 controls had similar aberrations. The
frequency of the aberrations in the 6778 cells of exposed
persons was 1.5%; in the 7188 cells of controls, 0.3%.
Whether viewed in terms of the proportion of affected
persons or the proportion of abnormal cells, the differences
between heavily exposed and control groups are statistically
highly significant.

Deletions were also detected occasionally in the cells of
the exposed (15 were found in 14 cells). None was seen
in the controls, though some of the minute fragments
seen in both the control and exposed groups might be
interpreted as interstitial deletions.

IS A E T A BT, 2R e s fa o bRk
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HEEESIL FI3L (16.3% ) it R FFE D 6 W 7k
WOMHE B O BEMREKETTE. > 5 1.5%
b, FHEBETETISES 0.3 %E AL, BEHR
OHBom 6, Tk, REBEEOLE» S LEEHEK
BB S B OB C I R EEEL AL A Z
EHTE S,
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The type of abnormality most frequently found in this study
was overwhelmingly the translocation. This finding contrasts
with the results of the earlier study in which the so-called
“unstable” abnormalities (dicentrics, rings, fragments)
predominated.

The frequency of complex aberrations was similar in
exposed persons in both Hiroshima and Nagasaki.
In Hiroshima, there were 77 aberrations among 4742 cells
(1.6%); in Nagasaki, 29 aberrations among 2036 cells
{1.4%). And Nagasaki survivors, like those in Hiroshima,
showed a predominance of translocations and inversions.

It should be noted that translocations, inversions, and
fragments occurred much more frequently in control persons
in this study, than in the study of vounger persons. Most
of these aberrations were seen in people over 65 years of
age. Also, the only dicentric seen among the cells of the
controls was found in an 80-year-old male.

AREL PO TEHEAFR MR LA RERREZFAM 5L
HBETHS. IHEEHBOMBOBMESR, 2V IF%
ERMOREFREY (ZHEFERRQF, RIRREH, e
R )PENE S TV BRELEDDOTHBMTHS.

BRI h g EREY 0 MBEEEL, BE - B
i CEROEmE R L2 RSFITITEE 47420
h77iE (1.6% ), Ru{H T132036{H F29E (1.4 %) @
BEASon. REOHBREFHT ISV TEL, LR
O\E LRI, SR L EMONBRIELE S5,
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TABLE 2 POSSIBLE CLONES OF CELLS WITH TRANSLOCATIONS
&2 EBEZGHEEHT MO -

Age Sex Estimated Dose Translocated b
(rad) Chromosome Examined Affected % Affected
G i He o AR R B M a1 Srf Rt RE ik REERO%
76 F & 207 56 5 8.9
54 M % 296 126 4 3.2
5 ERER ol s 300 A 39 3:3 T
53 M B 642 319 5 1.6

*This subject had two possible clones, one involving an A, the other an Ag. In eack inslance three cells with the seme translocation

were seen, among the 39 exemined metaphoses,

ZIORBRIRERLONIO - L HFET S, o BARER, BIRABAKIRENEB RS, BEHER
YO A, FhFhoro— - nEEE o IlodRFARS 6.

Of particular interest were the cells in four heavily irradi-
ated survivors which might represent clones of cells with
translocations. As seen in Table 2, groups of three or
more cells in each of four subjects carried what appeared
to be the same translocated chromosome. For example,
Figure 1 shows the cells of an exposed person in which
one D-group chromosome is, in each imstance, consistently
longer than any of the other D's. The ratios of the length
of the long arm of the affected chromosome to the length
of the long arm of the presumed homolog ranged in these
five cells from 1.8 to 2.2:1. In the first cell, the source
of the translocated material seemed to be an A; chromo-
some, while in the other four cells, the Az chromosomes

appeared to be intact.

For most of the translocations found in this study, the
origin of the translocated material could not be determined.
This has also been the case in the studies of the Bikini

PRIZER S B L IL, RIEMIRH 4 B ICR A R &
D EHEESE N AMREM (clone ) FEBHLNLIET
had. m2ioFLELYIZ, EROAHERERIZ,
A —oiE#ERaiksr 5% 5 B hbh s 3L Eodllak
HAFEELA, £EAE, SLEIRT RS, #RE
LA 6fs s oty nd DEEEHFD L
ity d v, ZhsofilnicdshsaREo
ko ERE, HAMEEES I BAFEORME 1 &
LTHh&®LTHASZE, 1.8 #6222 HfHEMELE. 1
oMl Tld, WECEST 2 RaRTA0LIIZED

A, o4 BT, AgaFIREFEOLENT D
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Figure 1 Possible clone of D-group (13-15) translocations in five leukocyle metaphases from a 53 vear old atomic bomb sur-
vivor whose eslimated dose was 642rad. In cell 45, The extra material on the affected D chromosome presumably
originated from one of the A group (1-3) chromosomes; in the other four cells, the origin of the translocated material

was not apparent.
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fishermen.” Further, of the three rings and nine dicentrics
found, seven were not accompanied by fragments, indicating
that the cells containing these aberrations were in at least
a second cell division since aberration induction.

Estimates of received dose among exposed persons range
from 204rad to 991 rad of mixed gamma and neutron
radiation. A preliminary evaluation of the present data
suggests that the average frequency of cells with complex
abnormalities increases approximately linearly over the
dose range observed. The frequency of these aberrations
is about 1% at 200rad, and the average increase is
nearly 0.5% per 100 rad.

DISCUSSION

It is now clear that many survivors, of all ages, exposed
to the gamma and neutron radiations of the atomic bombs
still have complex chromosome aberrations in their
peripheral blood cells. Moreover, it seems likely that they
will continue to have these aberrations throughout their lives.

The predominance of relatively stable aberrations, such as
translocations and pericentric inversions, in the 61% of
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affected, heavily exposed older survivors indicates that
the majority of persisting radiation-induced aberrations
resulted in no significant loss of genetic material. For
this reason, it is felt that the cells with these aberrations
are capable of surviving many cell divisions. The per-
sistence of these aberrations imposes a burden of presuma-
bly deleterious somatic mutations on the surviving exposed
populations of Hiroshima and Nagasaki.

The recent suggestion of an increased incidence of both
lung cancer and breast cancer®? among exposed survivors,
together with the previously documented leukemogenic
effect of ionizing radiation® raises the general question of
the relationship between persistent chromosomal abnor-
malities in an irradiated human population and somatic
cell disease. This question is currently of special pertinence
in relation to solid malignant neoplasms which may have a
long latent period. At the present time, we can draw no
conelusion as to the nature of this relationship. However,
in order to study the relative risks of various diseases in
irradiated persons with and without cytogenetic aberrations,
it seems necessary to continue to identify those survivors
who have chromosomal aberrations in their leukocytes,
as well as in cells of other tissues. %

The evidence of Buckton et al® that the yield of cells with
dicentrics, rings, and acentric fragments is higher in 2-day
cultures than in 3-day cultures has not been confirmed by
Ishihara and Kumatori® in their study of the Bikini
fishermen. Qur occasional finding of rings and dicentrics
without fragments supports the idea that the 3-day culture
consists of some cells which have divided more than once,
though it is not clear whether cell division has occurred
only in vitro, or both in vitro and in vivo. However, in
order to reduce the likelihood of loss of cells with these
aberrations during in vitro divisions, our future studies will

employ a 2-day, 44 to 48 hour culture time.!"

It has been shown that leukocytes may undergo one, two,
or even three in vitro divisions during 3 days of culture.!!
This means that single leukocytes from a peripheral blood
sample may be represented by one, two, or four metaphase
cells at the time of cell fixation. Thus a leukocyte with a
stable chromosomal rearrangement may have up to four

identical copies present at three days of culture.

In each of the four cases cited in Table 2, the absolute
number of cells with apparently the same structural
aberration is small (3to 5), but the percentages are
somewhat higher (2% to 9%). This suggests that, bad
more cells been available in these cultures, more cells
with similar aberrations would have been found. We can
simply indicate that in each of the cases, the aberrations
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are morphologically identical in the three, four, or five
affected cells. The arm ratios are the same, and the
length of the translocated chromosome bears a constant
ratio, from cell to cell, to the length of the presumed
homologous chromosome. When repeat blood samples are
obtained, the labeling patterns obtainable with tritiated
thymidine will be compared, assuming the possible trans-
location clones can be detected in a second sampling.
In any event, the two subjects with five morphologically
similar translocations are strongly suggestive of true clone
formation.

The appearance of clones of cytogenetically abnormal
lymphoeytes after exposure to an exogenous agent would
have clinical implications, particularly in terms of the
immune response. For example, Dameshek'® has suggested
that the continued production of red blood cell antibodies
in drug-induced hemolytic anemia, even after drug with-
drawal, might possibly be explained by the formation of
competent but aberrant immunocytes. Such genetically
altered cells might continue to function even in the absence
of the drug which induced their existence.

The higher proportion of aberrations of the exchange type
found in the older, heavily irradiated survivors was
accompanied by a higher proportion of these aberrations
in older controls. This finding supports the suggestion of
Jacobs et al'® that the frequency of chromosome-type
aberrations is normally higher in persons above 65 years
of age. It is not true, however, for the frequency of
chromatid-type abnormalities which, in our data, remained
relatively constant for all ages, as did the proportion of
aneuploid cells."*

While the older heavily exposed survivors had a predomi-
nance of translocations and inversions, the proportion of
cells with dicentrics, rings, and fragments was very
similar to that found in the younger group(0.48 % in those
under 30 years of age ATB, 0.34% in the older group).
Thus the major factor in the increased frequency of cyto-
genetic aberrations in older survivors was the increased
load of cells with stable aberrations. The possible clone
formers contributed partly to this phenomenon, but the
main difference was in the number of older persons with
multiple but distinct aberrations. Of the 47 older survivors
with complex aberrations, 25 had multiple abnormalities,
while 10 of the 33 younger survivors with these aberrations
had more than one.

It is difficult to explain the increased proportion of cells
with translocations and inversions found in older survivors.
If there were initially the same proportions of these cells
in the older and younger survivors, then we would have
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to conclude that the aberrant lymphocytes have, for some
reason, had a shorter survival time in those exposed at
younger ages. Alternatively, it is possible that the older
survivors had a higher proportion of cells with stable
aberrations formed ATB. If this were so, then the
demonstrated difference after 2(} years in the proportions
of these cells would be due to an increased radiation
sensitivity of the chromosomes in cells of older survivors.

The usefulness of chromosome aberrations as a biologic
dosimeter after an acute exposure is becoming increasingly

5 However, since we are studying aberrations

clear.
which were presumably induced over 20 years ago, we did
not expect any clear-cut patterns of dose response to
emerge. Nevertheless, the apparent increase with increased
dose in the frequency of complex aberrations is intriguing
and a thorough analysis of all the data accumulated to
date is being undertaken in an attempt to describe the

relationship in more detail.

SUMMARY

Seventy seven heavily exposed survivors of the atgmic
bombs, and 80 control individuals, were studied cyto-
genetically. All were over 30 years of age ATB. Complex
aberrations were found in 61% of the heavily exposed
survivors, and in 16% of the controls. The percentage
of these abnormalities in cells of the exposed was 1.5,
and in cells of the control group, 0.3. Translocations
and pericentric inversions predominated, unlike the findings
in the younger, previously studied survivors. In addition,
what may be clones of translocations were noted in four
heavily irradiated persons.
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