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As the measurement of chromosomal translocations in-
creasesin popularity for quantifying prior radiation exposure,
information on the possible decline of these *'stable” aberra-
tions over time is urgently needed. We report here informa-
tion about the persistence of radiation-induced chromosome
aberrations in vivo over the life span of a rodent. Female
C57BL /6 mice were given a single whole-body acute exposure
of 0,1, 2, 30or 4 Gy ¥Cs v rays at 8 weeks of age. Chro-
mosome aberrations were analyzed from peripheral blood
samples at various intervals between 1 day and 21 months
after exposure. Aberrations were detected by painting chro-
mosomes 2 and 8. Translocations decreased dramatically dur-
ing the first 3 months after irradiation, beyond which timethe
frequencies remained relatively constant out to 1 year, when
the effects of aging and clonal expansion became significant.
Both reciprocal and nonreciprocal transocations increased
with age in the unexposed control animals and wer e involved
in clones. As expected of unstable aberrations, dicentrics de-
creased rapidly after exposure and reached baseline levels
within 3 months. These resultsindicate that the persistence of
trandocations induced by ionizing radiation is complicated by
aging and clonal expansion and that these factors must be
consider ed when quantifying translocations at long times after
exposure. Theseresultshaveimplicationsfor biological dosim-
etry in human populations.  © 2000 by Radiation Research Society

INTRODUCTION

The Radiation Effects Research Foundation has analyzed
data from 1703 atomic bomb survivors from Hiroshimaand
Nagasaki in an attempt to derive the doses of radiation to
which these people were exposed (1). The success of this
endeavor and others attempting to estimate doses from in-
cidents where many years have passed since exposure, such
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as the Chernobyl nuclear reactor accident (2), is dependent
on knowledge concerning the persistence of translocations
over time.

Until recently, there was little information on the pos-
sible decline of stable aberrations over time. Fluorescence
in situ hybridization with whole-chromosome probes,
‘“chromosome painting”’, has increased the ease, speed and
sensitivity with which translocations can be detected in hu-
man cells (2-9) and has led to the use of animal models
(10-17) to evauate this question, which could not have
been approached previously.

The present work was designed to assess the stability of
radiation-induced chromosome aberrations in vivo over the
life span of a rodent, and it extends the results of our pre-
vious publication (16) in which we examined the persis-
tence of aberrations for 1 month after acute exposure. After
whole-body exposure to 0, 1, 2, 3 or 4 Gy ¥’Cs vy rays, the
persistence of reciprocal translocations, nonreciprocal trans-
locations and dicentrics was measured in peripheral blood
lymphocytes. Reciproca translocations and dicentrics are
both two-lesion events that are theorized to be induced at
equal frequencies (18). They are both characterized by two
color junctionsin painted cells. However, areciprocal trans-
location is a symmetrical interchange that is thought to be
stable because each resulting chromosome has only one
centromere and there is no visible loss of genetic material.
A dicentric, on the other hand, is an asymmetrical exchange
resulting in one chromosome with two centromeres and an
acentric fragment that lacks a centromere altogether. Cells
with dicentrics are known to be eliminated during cell di-
vision. Nonreciprocal translocations, in contrast to recip-
rocal translocations, appear as only one color junction in
painted cells. While some nonreciprocal translocations may
actually be reciprocal eventsin which one color junction is
too small to be visualized, our previous publication (16)
showed the difference in their persistence in rapidly divid-
ing bone marrow cells, suggesting that they are a separate
class of aberrations, possibly arising from the resolution of
chromatid exchanges (quadriradials). We found a signifi-
cant decrease in translocations during the first 3 months
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after irradiation, beyond which time the frequency re-
mained relatively constant. Both reciprocal and nonrecip-
rocal translocations were found to increase with age in the
unexposed control animals. As expected, dicentrics de-
creased rapidly after exposure and did not increase with
age in controls. Clonal expansion of cells bearing reciprocal
as well as nonreciprocal transocations was found to be a
confounding factor that contributed significantly to the var-
iation among exposed as well as unexposed mice. The find-
ings of this study illustrate several difficulties associated
with performing biological dosimetry at long times after
exposure, and these may have an impact on retrospective
dose estimation in humans.

MATERIALS AND METHODS
Animals and Radiation Exposure

Female C57BL/6 mice were received from Simonson (Gilroy, CA)
and Jackson Laboratory (Bar Harbor, ME) approximately 7 weeks after
birth and were quarantined for 1 week prior to exposure. The animals
were housed under conditions of controlled temperature (72°F) and hu-
midity (45%) and a 12-h light/dark cycle. Animals were fed pelleted
Purina rodent chow and given sterile drinking water ad libitum. At 8
weeks of age, the mice were given a single acute dose of O, 1, 2, 3 or 4
Gy W¥'Cs +y rays at a dose rate of approximately 80 cGy/min. The mice
were placed on a rotating turntable to ensure an even, whole-body ex-
posure. The animal experiments were approved by the Institutional An-
imal Care and Use Committee of Lawrence Livermore National Labo-
ratory.

Tissue Isolation, Cell Culture and Side Preparation

Peripheral blood was isolated from four anesthetized mice in each
dose group at 1, 8, 15 and 30 days, 2 months, 3 months, and every 3
months thereafter until 21 months postirradiation. The periphera blood
was isolated by cardiac puncture and cultured for 36 h as described pre-
viously (16) using 60 wg/ml lipopolysaccharide as a mitogen. Colcemid
(0.1 pg/ml) was added for the last 12 h of culture to collect metaphase
cells. Metaphase chromosome spreads were prepared according to stan-
dard protocols.

In animals exposed to 4 Gy, we were unable to obtain a sufficient
number of metaphase cells 1 day after exposure. Two repeated attempts
using different animals were unsuccessful in obtaining usable cells. This
was presumably due to radiation toxicity, manifested as severe cell cycle
delay.

Fluorescence In Stu Hybridization

Chromosome painting was performed as described previously (16)
using biotinylated whole-chromosome probes specific for chromosomes
2 and 8. Microscope slides with chromosomal material that proved dif-
ficult to hybridize were sometimes soaked in either 0.5% Tween 20 in
PBS for 5 min or 0.2 M HCI for 20 min prior to denaturation. Cells were
counterstained with propidium iodide and 4'-6-diamidino-2-phenylindole
(DAPI).

Microscopy and Scoring of Aberration

Zeiss Axioskop or Axiophot fluorescence microscopes equipped with
wide band-pass filters were used to visualize fluorescein-labeled chro-
mosomes counterstained with propidium iodide. A DAPI filter was used
to visualize centromere staining. Aberrations were scored by a single
observer and categorized using the PAINT system (8). All slides were
coded prior to scoring to minimize observer bias. Metaphase cells were
scored only if they met the following criteria: (1) The cells were well

Downloaded From: https://bioone.org/journals/Radiation-Research on 1/29/2019
Terms of Use: https://bioone.org/terms-of-use

spread and the hybridization signal was sufficient to detect exchanges;
(2) the centromeres of al chromosomes were readily identifiable under
DAPI illumination; and (3) the cells appeared complete and contained
the centromeres derived from the four painted chromosomes. Photographs
were taken of al abnormal cells. This allowed us to store complete in-
formation about each chromosome aberration for later analysis. Only
those aberrations involving painted chromosomes were counted in the
results.

Mouse chromosomes 2 and 8 together comprise 11.5% of the genome
(19); therefore, we detected approximately 20.5% of al simple inter-
changes (17), and approximately five painted metaphase cells yielded the
same amount of information as one G-banded cell. One hundred cell
equivalents (approximately 500 actual metaphase cells) were scored from
each tissue for each mouse where available.

Analysis of Clones

Clones were identified by comparing the color photographs of al cells
containing stable aberrations. Determination of clonality was made on the
basis of similar breakpoint locations or the presence of other identifying
characteristics such as unusual aberrations. To correct the frequency of
translocations for the presence of clones, each clone, regardiess of how
many cells it contained, was counted only once. This adjusted value re-
flects the origina (i.e. induced) aberration frequency since each clone, by
definition, originated as a single cell. Abnormal cells from every mouse
aged 3 to 21 months after exposure were analyzed for clones. Prior to 3
months, clones were not apparent, so they did not contribute significantly
to the trandlocation frequency.

Satistical Analysis

Estimating the equality of rates of translocations and dicentrics. The
equality of the rates of translocations and dicentrics was evaluated by x?
tests. The null hypothesis was that, for a given combination of dose and
aberration type (translocation or dicentric), the rate of translocations was
equa to the rate of dicentrics; i.e., the ratio of the rates was one. The
dternative hypothesis was that the ratio of the rate of translocations to
that of dicentrics was constant, but not necessarily one. Chi-square tests
were performed as described in ref. (20). Briefly, the 2 statistic for a test
is formed by treating the predicted values under the aternative as ** ob-
served”’ and testing goodness of fit to the predicted values under the null.
The degree of freedom for the test is 1, the difference between the number
of parameters estimated under the null and the aternative. The number
of predicted (or expected) events was computed as follows. For the hy-
pothesis where the rate ratio is 1, the number of expected events for a
given type of aberration, dose and outcome is just one-haf of the total
number of events for that given type of aberration and dose. For the
hypothesis where the rate ratio is some unknown value other than 1,
computing the expected number of events proceeds in two steps. First,
the rate ratio between translocations and dicentrics is estimated by divid-
ing the sum of trandocation events (n = 375) by the sum of dicentric
events (n = 336). Second, the expected number of events for each type
of aberration, dose and outcome combination is calculated by requiring
that (1) the total number of expected events for the type of aberration
and dose is equa to the total number of observed events, and (2) the
ratio of the two expected event counts is equal to the estimated rate ratio
(approximately 1.116).

Overdispersion. For Poisson random variables with mean ., the var-
iance V() is equal to p. A random variable of counts is said to be
overdispersed, or to exhibit extra-Poisson variation, when V() > . For
data in the form of counts, overdispersion is the norm rather than the
exception. Failing to account for overdispersion will produce standard
errors that are too small and P values that can be misleadingly ** signifi-
cant.” We performed tests for two common types of overdispersion:

V() = p (1 + cp) and V(n) = p (1 + o),

for some unknown constant ¢ > 0. The first test is sensitive to overdis-
persion where the variance increases roughly as the square of the mean,
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TABLE 1
Observed and Predicted Numbers of Translocations and Dicentrics 1 Day after Exposure of Mice to Acute
Whole-Body *"Cs vy Radiation

Predicted events with a common rate ratio

Observed events Rateratio = 1 Rate ratio # 1
Translocations Dicentrics Translocations Dicentrics Translocations Dicentrics
Nonreciprocal events
(one color junction)
1Gy 9 5 7.0 7.0 6.3 7.7
2 Gy 9 13 11.0 11.0 9.9 12.1
3 Gy 26 23 245 245 221 26.9
Reciprocal events
(two color junctions)
1Gy 14 15 14.5 14.5 131 159
2 Gy 22 24 23.0 23.0 20.7 253
3 Gy 42 69 55.52 55.52 50.0 61.0
Goodness of fit X2 = 8.74 (6 df) x2 = 6.11 (5 df)

= 0.19 P =0.30

a Expected values correspond to cells which contributed 3 or more to x2 for goodness of fit.

while the second is sensitive to overdispersion where the variance in-
creases in proportion to the mean. Estimating and accounting for nonlin-
ear mean—variance relationships V() is an ongoing area of statistical
research. The first type of overdispersion is related to negative binomial
models and is described in more detail in the Appendix. The second type
of overdispersion is more heuristic. However, the constant ¢ is easy to
estimate, and hence it is often used as a scale factor to provide more
realistic standard errors and P values for data which are ostensibly Pois-
son.

Estimating the background age effect. The background age effect was
estimated for each outcome by a Poisson generalized linear model with
an exponential age effect:

log b(t) = a, + ait,

where b(t) is the average background outcome frequency at time t. The
estimated background frequencies as a function of time were then used
in subsequent exponential fits.

Fitting persistence curves. The persistence of translocations over time
was analyzed by fitting exponential decay models to the data on trans-
locations using S-PLUS (21). These models describe curves that start out
at an initial high value and decay at some rate to a horizontal line (the
asymptote) as time increases. Various models were fitted for each data
set to determine if the initial values, decay rates, or asymptotes were the
same for various doses. Comparisons between models were performed
using likelihood ratio tests. See the Appendix for a more detailed de-
scription of the fitting procedures used.

RESULTS
Equality of Freguencies of Translocations and Dicentrics

Table 1 shows the results of testing whether or not trans-
locations and dicentrics observed in the peripheral blood 1
day after exposure have a common rate, as a function of
dose and number of junctions (i.e. reciprocal or nonrecip-
rocal for translocations, and presence or absence of a bi-
colored fragment for dicentrics). The aternative hypothesis
was that the two end points have a common rate ratio, but
that this ratio may not be one. The x2 goodness of fit shows
no significant deviation from Poisson for either hypothesis.
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Comparing the two models results in a x2 value of 2.69 on
1 degree of freedom (P = 0.10). Examination of Table 1
shows that the improvement in fit for the model where the
rate ratio # 1 is largely due to a better fit for cells with
reciprocal exchanges exposed to 3 Gy. In any event, the
improvement is not dramatic enough to produce a signifi-
cant result.

Table 2 shows similar results for the data at 8 days after
exposure. Here the comparison of the two models produces
a x? value of 2.14 on 1 degree of freedom (P = 0.14).
However, both models produce goodness-of-fit results that
indicate a poor fit to the assumptions of the model. The
counts of translocations and dicentrics for 2 Gy are far
apart, indicating that the rate ratio for 2 Gy may be different
from the rate ratios for the other exposures. By 15 days
after exposure, equality of the frequencies of translocations
and dicentrics no longer existed (data not shown).

Overdispersion

In the subset of observations between days 8 and 365,
we found some evidence suggesting overdispersion. For re-
ciprocal translocations, the overdispersion was not enough
to warrant using a negative binomial model (P > 0.05).
There was significant evidence of overdispersion for non-
reciprocal translocations (P < 10-5), so a negative binomial
model was employed for these data.

Background Age Effect

We observed an age effect in the unexposed (control)
mice which was particularly noticeable after 1 year. Recip-
rocal and nonreciprocal translocations were both found to
increase with age (Figs. 1 and 2, respectively). The fitted
equation for reciprocal translocations was

b(t) = exp(—8.07 + 1.85 X years),
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TABLE 2

Observed and Predicted Numbers of Translocations and Dicentrics 8 Days after Exposure of Mice to Acute
Whole-Body ¥"Cs y Radiation

Predicted events with a common rate ratio

Observed events Rate ratio = 1 Rate ratio # 1
Translocations Dicentrics Trandlocations Dicentrics Trandlocations Dicentrics
Nonreciprocal events
(one color junction)
1 Gy 3 4 35 35 37 33
2 Gy 10 2 6.0 6.0 6.3 5.7
3 Gy 39 56 47.5 47.5 50.1 44.9
4 Gy 95 70 825 825 87.0 78.0
Reciprocal events
(two color junctions)
1 Gy 8 6 7 7 7.3 6.6
2 Gy 21 6 13.52 13.52 14.22 12.82
3Gy 82 63 725 725 76.5 68.5
4 Gy 117 129 123.0 123.0 129.8 116.2
Goodness of fit X2 = 24.00 (8 df) x2 = 21.93 (7 df)
P = 0.0023 P = 0.0026

2 Expected values correspond to cells which contributed 3 or more to x2 for goodness of fit.
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FIG. 1. Persistence of reciprocal translocations in the peripheral blood lymphocytes of mice exposed to 1, 2, 3 or 4 Gy *"Cs vy rays. Solid lines
are the weighted |east-sguares regression fits to the data from 8 days to 1 year, and projected to the end of the study (21 months). Dotted lines are the
weighted |east-squares regression fits to data from the unexposed mice from all sampling times (data points not shown for control animals). Dashed
lines represent the sum of the solid and dotted lines.
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FIG. 2. Persistence of nonreciprocal translocations in the peripheral blood lymphocytes of mice exposed to 1, 2, 3 or 4 Gy ¥Cs «y rays. Solid
lines are the weighted |east-squares regression fits to the data from 8 days to 1 year, and projected to the end of the study (21 months). Dotted lines
are the weighted least-squares regression fits to data from the unexposed mice from all sampling times (data points not shown for control animals).

Dashed lines represent the sum of the solid and dotted lines.

TABLE 3
Coefficient Estimates and Standard Errors of the
“Best”” Exponential Fit to Reciprocal Translocation
Data from Day 8 through Day 365

Coefficient Value SE P value
A (Asymptote)
1Gy 0.0 X 103 29 X 103 1.00
2 Gy 6.8 X 103 19 X 103 410 X 104
3 Gy 13.0 X 103 1.3 X 103 <1.00 X 10
4 Gy 20.7 X 103 19 X 103 <1.00 X 101
B, (Initial)
1Gy 53 X 103 29 X 103 0.07
2 Gy 45 X 103 2.3 X 103 0.05
3 Gy 345 x 103 6.6 X 103 8.16 X 107
4 Gy 47.8 X 1073 6.8 X 103 1.29 X 10 1°
C, (Decay)
1Gy 16 17 0.35
2 Gy 31 37 0.40
3 Gy 15.2 4.0 2.27 X 104
4 Gy 9.2 24 250 X 104

Notes. Model was of the form A, + B, exp(—C; t), with al coefficients
constrained to be non-negative. Errors were assumed to be Poisson. Only
data from days 8 through 365 were used to estimate the coefficients. (See
the Materials and Methods for details.)
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while the fitted equation for nonreciprocal translocations
was

b(t) = exp(—8.63 + 1.91 X years).

The coefficients for reciprocal and nonreciprocal translo-
cations were not significantly different from each other. The
size of the residual deviance when compared to the degrees
of freedom indicates no appreciable overdispersion among
unexposed mice, even at later ages. We have described el se-
where the age effect in these and other unexposed mice
from our laboratory (22).

Persistence of Translocations

Tables 3 and 4 show the coefficients, standard errors,
and asymptotic P vaues for the best-fitting exponential de-
cay models for reciprocal and nonreciprocal translocations,
respectively. As explained in the Materials and Methods,
three increasingly less restricted models were fitted to the
data for dose >0 and days 8 through 365. A likelihood
ratio test comparing the three models indicated a signifi-
cantly better fit with each more complex model, as shown
in Tables 5 and 6 for reciprocal and nonreciprocal trans-
locations, respectively. Expanding the most restricted mod-
el to alow for different ratios of initial to asymptotic fre-
quencies produced a significantly better fit (P = 0.032).
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TABLE 4
Coefficient Estimates and Standard Errors of the
“Best” Exponential Fit to Nonreciprocal
Translocation Data from Day 8 through Day 365

Coefficient Value SE P value
A (Asymptote)

1 Gy 0.0 X 103 11 X 103 10

2 Gy 0.0 X 103 22 X 1073 1.0

3Gy 5.7 X 103 1.1 X 103 1.78 X 10-¢

4 Gy 83 x 103 13 X 103 8.66 X 109
B, (Initial)

1Gy 1.8 X 103 12 X 103 0.14

2 Gy 42 X 103 22 x 103 0.06

3Gy 17.6 X 103 55X 103 0.002

4 Gy 719 X 103 222 X 1072 0.002
C (Decay)

1Gy 21 2.7 0.43

2 Gy 17 18 0.34

3Gy 104 4.2 0.02

4 Gy 22.3 6.6 0.001
Dispersion

0 75 2.7 0.005

Notes. Model was of the form A, + B; exp(—C, t), with all coefficients
constrained to be non-negative. The errors in the outcome were assumed
to contain extra-Poisson variation, the extent of which is estimated by 6.
Only data from days 8 through 365 were used to estimate the coefficients.
(See the Materials and Methods for details.)

Expanding that model to allow for different decay constants
also produced a significantly better fit (P = 0.048). There-
fore, the most complex model, A, + B, exp(—Ct), pro-
duces the best fit for reciprocal and nonreciprocal translo-
cations, even after adjusting for the increased number of
parameters.

The asymptote estimates for reciprocal translocations are
significantly different from each other and increase with
dose, as expected (Table 3). The decay constants, on the
other hand, are not significant at 2 Gy and below, indicating
that we were unable to see a decrease in translocation fre-
guency over time at those doses. However, the decay con-
stants for 3 and 4 Gy were quite significantly different from
zero, but not significantly different from each other (differ-
ence of approximately 6 with a standard error of 4.7). Fig-
ure 1 shows the data from 8 days onward, on which is
superimposed the fitted background, decay curve, and their
sum.

The decrease in translocations induced by the higher

doses of radiation aong with the increase in aberrations
with age complicates the dose responsiveness, resulting in
a nearly complete loss of dependence on dose 1 year after
exposure. This is illustrated in Fig. 3, which shows a flat-
tening of the dose—response curves over time.

Nonreciprocal translocations showed more rapid loss of
translocations with time than reciprocal translocations (Te-
ble 4). As with reciprocal translocations, a likelihood ratio
test (Table 6) indicated that the most complex model pro-
duced a significantly better fit than the least complex mod-
el, but the intermediate model was indistinguishable from
the least complex model. Mice exposed to the highest doses
(3 and 4 Gy) showed a significant decrease in nonreciprocal
translocations in the first 3 months after exposure; beyond
this time the frequency was stable and very close to base-
line. As with reciprocal translocations, nonreciprocal trans-
locations induced by 2 Gy and below did not show signif-
icant decay. Figure 2 shows the data from 8 days onward,
on which is superimposed the fitted background, decay
curve, and their sum.

Dicentric chromosomes decreased by amost 50% after
2 weeks, and almost none remained after 90 days (data not
shown). No fits to these data were performed.

Clonal Expansion

We observed a number of clonal cellsin peripheral blood
lymphocytes (Fig. 4). Among mice exposed to 4 Gy, the
mean frequencies of aberrant cell clonesin peripheral blood
lymphocytes ranged from 3 to 29% of the total humber of
metaphase cells scored with the highest frequency observed
1 year postexposure. A dose-response relationship for
clones was evident until 21 months, when one unexposed
animal exhibited a clone comprising >40% of the cells
scored.

The presence of clones caused the mean frequency of
aberrations at various times to be elevated, further compli-
cating the dose response for translocations. To ameliorate
this effect, we corrected the data for the presence of clones.
It is obvious from comparing the data before and after cor-
rection that clonal expansion was responsible for a major
fraction of the translocation frequencies (Fig. 5). We found
that in mice exposed to 4 Gy, 32 to 70% of reciprocal
translocations and 19 to 93% of nonreciprocal transloca
tions were of clonal origin, with the highest value observed
1 year after exposure. One mouse exposed to 4 Gy exhib-
ited a clone 1 year after exposure that contained two non-

TABLE 5
Likelihood Ratio Tests for the Three Models, Reciprocal Translocations
2 X log Degrees of Likelihood

Model Residual df likelihood freedom ratio statistic P value
1A [1 + BCeY) 122 3675.6 N/A2 N/Az N/A2
2. A, + Bco 119 3684.4 3 8.79 0.032
3. A, + B, 116 3692.3 3 7.91 0.048

aNot applicable.
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TABLE 6
Likelihood Ratio Tests for the Three Models, Nonreciprocal Translocations
2 X log Degrees of Likelihood

Model Residual df likelihood freedom ratio statistic P value
1. A [1 + BCeY] 120 1198.9 N/A2 N/A2 N/A2
2. Ay + BSco 117 1203.9 3 5.04 0.17
3. A, + Bcd 114 1212.6 3 8.72 0.033

aNot applicable.

reciprocal translocations and an insertion (data not shown).
This clone constituted 257 (52%) of the 496 cells scored.
Two subclasses of this clone were identified, one with an-
other insertion and one with a reciprocal translocation in
addition to the two aberrations in the original clone. The
mouse bearing this clone appeared to be in good health with
no evidence of malignancy.

While clonal expansion was not observed in every
mouse, it was observed in a substantial number of animals,
and at the higher doses the frequency of clones was high
enough that correction was essential for obtaining a clear
picture of the overall stability of translocations. Since cor-
rection eliminates the high degree of variation at the data
points 90 days after exposure, a more accurate view of the
persistence of reciprocal translocations can be seen, and an
improved estimate of the percentage of the original trans-
locations that are lost in those first 3 months can be deter-
mined. After correcting for clones, we found that 63% of
reciprocal translocations and 79% of nonreciprocal trans-
locations induced by 3 Gy and 68% of reciprocal translo-
cations and 62% of nonreciprocal translocations induced by
4 Gy were lost over time. The remainder of these translo-
cations appear to be completely persistent and would likely
remain throughout the life span of the mice.

The dose-response cal cul ations were much more precise
after correction for clonal expansion. In fact, estimates for
standard errors were too unstable numerically to calculate

40

35
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20
15
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Reciprocal Translocations per 100
Cell Equivalents + SE

0 1 2 3 4
Dose (Gy)

FIG. 3. Dose—response curves for reciprocal translocations at 8 days,
2 months and 15 months postirradiation. Note the almost complete lack
of a dose response at 15 months due to the elevated translocation fre-
quency in controls and the decline in translocation frequencies in the
exposed animals. Some data points have been slightly offset on the hor-
izontal axis for clarity.
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with uncorrected data. The improvement due to correction
was quantified in two separate ways. First, the two over-
dispersion statistics, which measure two types of extra-
Poisson variation (see the Materials and Methods), were
calculated for both corrected and uncorrected data. For
Poisson data, the two statistics are each distributed as a x?
with 1 degree of freedom. For reciprocal translocations, the
overdispersion statistics for corrected data were 1.4 and 2.8
and were not significantly different from Poisson (P = 0.24
and 0.09, respectively). For uncorrected data, the statistics
were 2771 and 685 (P = 0 in both cases). In addition, for
both uncorrected and corrected data, observed means per
100 cell equivalents were calculated for the four nonzero
doses across the seven times 90 days and later (i.e. the
times when clonal expansion was corrected). Residual var-
iance was calculated based on a model assuming indepen-
dence of rows and columns. For the data on reciprocal and
nonreciprocal translocations, the ratios of the sum of
squared Pearson residuals before and after correction were
58 and 47, respectively, meaning that about 98% of the
residual variation in the uncorrected data can be attributed
to clones of abnormal cells. These results illustrate the im-
portance of recognizing and correcting for the presence of
extra-Poisson variation due to clonal aberrations at long
times after exposure.

DISCUSSION
Persistence of Translocations

Trandocation frequencies have been expected by many
investigators to remain stable over time, and severa studies
seem to have substantiated this hypothesis (3, 23-26).
However, in studies of the atomic bomb survivors (3, 23),
no initial cytogenetic measurements were made shortly af-
ter exposure. Therefore, an initial decline would have been
missed. The study of Lucas et al. (25) and the follow-up
study by Lloyd et al. (26) involved a very low dose (0.4
Gy) of radiation to a worker accidentally exposed to triti-
ated water. This study showed that the frequency of trans-
locations measured 11 years after the accident was not sig-
nificantly different from the frequency of dicentrics mea
sured within a few weeks of exposure. In contrast to these
findings, a study of Goiania accident victims, which in-
volved higher doses, showed that translocation frequencies
had decreased 1 year after exposure (27).

We previously reported (16) that the decrease in trans-
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FIG. 4. Percentage of periphera blood cellsin each animal with chro-
mosome aberrations that are clonal. Each symbol represents an individual
mouse at the indicated dose and time. Data are offset on the horizontal
axis by dose group for clarity.

location frequency in the peripheral blood of acutely ex-
posed mice seemed to correlate with the elimination of
heavily damaged cells that may have carried unstable
events. Similar to our study, Fernandez et al. (28) and
Tucker et al. (17) observed decreases in translocations in-
duced in vitro in human and rat peripheral blood lympho-
cytes, respectively. However, each group concluded that
this decrease could be due to cells carrying both stable and
unstable events only if cells containing translocations were
somehow more likely also to contain one or more unstable
events. Fernandez et al. (28) found no such correlation,
although they speculated that high-LET radiation or non-
uniform exposure to low-LET radiation could give this re-
sult. In our study, great care was taken to ensure uniform
radiation exposure. Matsumoto et al. (9) showed in human
peripheral blood lymphocytes acutely exposed to ¥7Cs y
rays in vitro that first-division cells carrying translocations
are more likely to have dicentrics than cells without trans-
locations. A significant reduction of translocations was ob-
served out to 7 days after exposure at al doses. Their data
also suggest that the loss of cells containing dicentrics
might be partially responsible for the decline in transloca
tions. Guerrero-Carbaja et al. (29) explained that theoret-
ically the distributions of translocations and dicentrics are
Poisson and independent in whole-body irradiation, but that
with partia-body irradiation, the distributions are linked
since they are confined to the fraction of irradiated cells.
They argued that there would logically be a decrease in
translocations in partial-body irradiation due to the presence
of dicentrics in the same cells, but due to the independent
distributions, whole-body irradiation should not give the
same result. This was demonstrated experimentally with
simulated whole- and partial-body irradiation in vitro; how-
ever, relatively few cells were scored. We have demonstrat-
ed that in vivo whole-body irradiation does result in an
initial decline in stable aberrations; however, this may not
be due to the presence of unstable aberrations in the same
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cells. Hande and Natargjan (30) recently reported a similar
decline in the frequency of translocations in splenocytesin
the first 112 days after whole-body exposure to X radiation.
They showed that the decline was still apparent when the
analysis was performed on cells with only one aberration,
suggesting that another mechanism besides the presence of
unstable aberrations was responsible.

Diminished persistence of cells with translocations might
be due to imbalances at the molecular level. Deletions of
up to 8 kb can result during the repair of double-strand
breaks (31), and chromosome painting does not offer the
resolution to detect this deleted material. Kodamaet al. (32)
estimated the minimum size for detection of translocated
segments by chromosome painting to be 11.1 Mb. It isaso
expected that some of the rearrangements which appear to
be translocations are actually more complex aberrations in
which blocks of chromatin are brought together in abnor-
mal combinations that make the cells containing them non-
viable. In addition, some radiation-induced damage affects
single genes that cannot be observed at the chromosomal
level. After significant amounts of cell death, the restoration
of the lymphocyte population from undamaged stem cells
will result in the dilution of abnormal cells (24). Our ob-
servations of clona expansion show that damaged stem
cells may aso be repopulating the peripheral blood, causing
an increase in aberration frequencies over time.

Chromosome aberration frequencies have previously
been shown to increase with age in “‘unexposed” human
populations (6, 33-39). Similar findings were recently re-
ported in mice (22), and these results were based in part
on the unexposed animals in the experiment described here.
Since clastogens and mutagens are part of our everyday
environment, including background radiation and chemicals
in food and drinking water and air, there really are no un-
exposed individuals. Furthermore, humans are known to re-
spond differently to certain chemicas due to genetic dif-
ferences. However, the experiment described here was de-
signed to minimize the effects of differencesin genetic and
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environmental factors. All of the animals were inbred
C57BL/6 females, housed in the same facility, fed the same
pelleted food, and given the same drinking water, so as to
be as uniform as possible. The increase in translocation
frequencies with age thus suggests the existence of inherent
biological processes, and this has been discussed in detail
elsewhere (22).

Clonal Expansion

There is a substantial amount of evidence for the pres-
ence of clones bearing radiation-induced chromosome re-
arrangements (40-49), yet some have concluded that trans-
location frequencies and subsequent dose estimates should
not be significantly influenced by the presence of these
clones (3, 50). Salassidis et al. (45) observed a clone which
comprised 5.5-9% of cells analyzed in one patient and
which contributed 16.5-23.5% of the total translocation fre-
quency. They concluded that correction for clona expan-
sion is mandatory if clona contribution makes the trans-
location frequency >3 standard deviations higher than the
corrected frequency. Numerous subjects with clones of ab-
normal cells have been observed in Chernobyl cleanup
workers (49) as well as in healthy, unexposed subjects (38,
46). In general, clones appear to be more prevalent in older
subjects, they are not always obvious to the casual observer,
and their frequency can vary tremendously (48). The results
of the present study support the conclusion that correction
for clonality is necessary in biodosimetry studies.

Clones in the peripheral blood could arise from expan-
sion of a mature lymphocyte as a result of immunological
stimulation, or by differentiation of stem cells bearing sta-
ble aberrations (44). In the present study, it is impossible
to speculate which, if either, of these phenomena occurred
or if the high frequency of clones is indicative of a pre-
malignant process. Kusunoki et al. (44) studied clonal ex-
pansion in one A-bomb survivor. One aberrant cell clone
comprised 3-8% of the peripheral blood lymphocytes. Be-
cause the frequency of clonal cells remained constant for
10 years, they concluded that positive selection due to a
selective growth advantage of a cell bearing a particular
translocation was unlikely. Furthermore, they suggest that
asingle stem cell of an adult is able to generate lymphocyte
progenies that amount to several percent of the total pop-
ulation. In our work, one clone was observed to account
for as many as 52% of the peripheral blood cells 1 year
after exposure, suggesting that mice may have substantialy
fewer stem cells than humans.

We observed considerable variability in the appearance
of clones. Perhaps thisis due to the fraction of lymphocytes
that have much longer life spans. Theoretically, in the ab-
sence of a selective growth advantage, we should not see
a change in translocation frequencies due to the normal
division/repopulation of stem cells. This is assuming that
division is random and occurs with equal frequency in all
stem cells. However, if the kinetics of all stem cells is not
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equal (i.e., some are active while others are inactive), then
increases or decreases in translocation frequencies are en-
tirely possible. Since we were able to sample each mouse
only once, we cannot determine the extent or the magnitude
of changes in the frequencies of clones of abnormal cells
over time.

Equality of Translocation and Dicentric Frequencies

As we reported previously (16), translocations and di-
centrics were induced at equal frequencies in periphera
blood lymphocytes. This is consistent with theoretical ex-
pectations and has been demonstrated experimentally (12,
14, 51, 52). There remains much debate, however, since
many studies have reported conflicting results (4, 5, 7, 10,
53, 54). Most of the studies reporting equality were per-
formed in mice. Hande et al. (14) theorized that the differ-
ence between the induction of equal frequencies of trans-
locations and dicentrics in humans and mice is due to the
fact that humans possess both metacentric and acrocentric
chromosomes, while only acrocentrics are found in mice.
Trandocations, unlike dicentrics, are not limited by the
number of centromeres in a cell, so the presence of more
chromosome arms increases the probability of formation of
translocations. This theory is supported in a study by Do-
minguez et al. (55), who showed that X rays induced more
translocations than dicentrics in Chinese hamster cells,
which possess metacentric chromosomes. Lucas et al. (56)
argued that equality of the frequencies of translocations and
dicentrics exists, but only rearrangements where there ap-
pears to be a single complete reciprocal exchange should
be included in the comparison.

Our results provide evidence for acommon rate ratio for
translocations and dicentrics at day 1, but not at day 8. The
lack of a common rate ratio at 8 days may be hypothesized
to be due to a loss of dicentrics that is dependent on dose
as well as time since exposure. At low doses there would
be little effect of the radiation on replenishment of the pe-
ripheral lymphocyte population by cell cycling because
there is little cell killing and the level of damage is low
enough to preclude large delays by the cell cycle control
checkpoint mechanisms. At high doses many cells will be
killed and surviving cells may experience long delays; thus
the disappearance rate for dicentrics may be slower, since
dicentrics are lost only when cells go through mitosis. At
intermediate doses, it is possible that replenishment of the
lymphocyte population through cell division is sufficiently
fast to allow for a marked loss of dicentrics 8 days after in
Vivo exposure.

Summary

We have provided quantitative information over the life-
time of a rodent on the stability of reciprocal and nonre-
ciprocal translocations induced in vivo by ionizing radia-
tion. The loss of nonpersistent translocations and the gain
of translocations either by clona expansion or by the aging
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process can lead to under- or overestimates of radiation
exposures. Age and clonal expansion have been shown to
be confounding factors which may have ramifications for
biological dosimetry in humans. By recognizing the loss of
translocations over time and the important role of clond
expansion and aging, retrospective biological dosimetry in
humans may be substantially improved.

APPENDIX
Curve-Fitting Methods and Overdispersion

Fitting Exponential Curves

A nested series of three exponential decay models was fitted to a
subset of the data for each outcome. Only data for dose >0 and time
between 8 and 365 days were used in the exponentia fits. Dose = 0 was
omitted because background was estimated separately using the data for
dose = 0, with the resulting estimated background used as constants in
subsequent exponential fits. The data beyond 1 year were omitted because
the background effect begins to dominate the fit after this time, interfering
with the accurate determination of the asymptote. The decay curves in
Figs. 1 and 2 represent extrapolations beyond 1 year based on the data
up to 1 year after exposure.

Each set of observations for a given dose d and time t was assumed
to be a random sample from either a Poisson distribution with mean
Nau Yq(t) or a negative binomial distribution with mean N, Y,(t) and un-
known shape parameter 6, where N, is the number of cells scored for
that dose-time combination for mouse k. [For a description of negative
binomial models, see ref. (21)]. The specific distribution used depended
on whether or not a significant amount of overdispersion was observed.
The data for reciprocal translocations were not significantly overdispersed
between days 8 and 365, so Poisson errors were used. On the other hand,
the nonreciprocal translocations were significantly overdispersed, so neg-
ative binomial errors were used to fit the data for nonreciprocal translo-
cations.

For purposes of model selection only, means were taken as

Yot) = b (1) + A [1 + B, exp(—C, 1)],

where Y,(t) is the average outcome for dose d (in grays) and time t (in
years). In this model, the previously estimated background at timet is
represented by b(t), the average initial value for dose d is A; (1 + By),
and the asymptote is A,. Hence the ratio of initial value to asymptote is
1 + B, irrespective of the value of the asymptote. The decay constant is
C,. Two nested sub-models were created. The first assumed that the decay
constant was the same across al doses (constant C), and the second
assumed that both the decay constant and ratio of initial to asymptotic
average vaues were the same across al doses (constant B and C). Note
that for reporting purposes (Tables 3 and 4), the model equation used is
the standard one:

Y (t) = b (t) + A, + B, exp(—Cq t).

The fits were performed by non-negatively constrained maximum
likelihood, using the niminb routine in S-PLUS (57). When possible,
standard deviations were estimated by inverting a finite-difference ap-
proximation to the Hessian using the vcov.niminb routine.

Accounting for Overdispersion

We accounted for detected overdispersion by fitting negative binomial
models to data where overdispersion was clearly present. Negative bi-
nomia fits produce the same estimates as Poisson models, but produce
more redlistic standard errors along with an estimate of the amount of
overdispersion. For negative binomia random variables, the mean vari-
ance relationship is given by
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V() = p (1+p/0),

where 6 is estimated by maximum likelihood. Smaller values of 6 cor-
respond to overdispersion that increases more like the square of the mean,
while an infinite 6 corresponds to Poisson variation.
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