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ABSTRACT

The purpose of this program is to develop methods for providing estimates of radiation
exposure based on changes in the cells/tissues of exposed individuals. This work arises from
the need for independent measures of exposure of workers when standard dose measurements
are unavailable or questionable. The radiation-induced changes that we propose to measure
have been correlated with carcinogenesis. It follows that the methods used should also
provide indications of the likely biological consequences of radiation exposure for an
individual. The consequences of radiation exposure lie in the resolution of the radiation
effects at the cellular level. Accordingly, it is at the cellular level that our attention is
directed. More precisely, since the consequences of most concern, cancer induction and the
induction of inherited diseases, are the result of changes to the genetic material of cells (the
DNA), it is the measurement of effects on DNA that are being investigated as possible dose
meters. Individuals are unique in terms of their DNA and differ in their cellular capacities to
repair the damage from an ionizing radiation dose. Because of these features, not only do
biological dosimetry tools offer us a means of measuring a dose at the individual level but
may also provide us with a measure of the ultimate risk associated with a given exposure.

CELLULAR APOPTOSIS

When peripheral blood lymphocytes are exposed to ionizing radiation, some of them self-
destruct by a process called apoptosis (1). During this process the large DNA molecules
within the cell are cleaved into smaller pieces resulting in the death of the cell. Until
recently, detection of dead lymphocytes within a blood sample was a difficult task. Molecular
techniques are now available that can efficiently identify apoptotic lymphocytes. The purpose
of this work is to determine if radiation-induced apoptosis in lymphocytes can be developed
as a biological dosimeter.

We have used two assays to measure the frequency of apoptosis in irradiated cells. Both are
designed to detect the high level of DNA fragmentation that is one of the defined steps in the
programmed, cell death process. One involves the tagging of the ends of fragmented DNA
within the cell with a fluorescent marker (ApoTAG, ONCOR). Because of the high degree of
DNA fragmentation in apoptotic cells they are readily identifiable on subsequent UV-
microscopy. The second assay, the Fluorescence Assay of DNA Unwinding (FADU),
measures the reduction in binding of a fluorescent dye that accompanies the separation of
DNA strands under defined conditions (2). The greater the degree of DNA fragmentation, the
greater the unwinding that can take place from the broken ends and the greater the change in



fluorescence. Experimental results have shown that the apoptotic process in lymphocytes
irradiated in vitro, is a temporally consistent event. The maximum number of apoptotic cells
is reached 72 hours after exposure to the inducing dose of radiation. After this point the
number of apoptotic cells decreases. This offers an advantage in the application of this end-
point as a tool in biological dosimetry in that, if the induced response disappears quickly in
vivo, the system essentially resets itself to zero a short time after the exposure. This allows
for the measurement of an individual's background response to be completed even after an
over-exposure: the individual can act as his/her own control.

In a concerted effort to test these systems on lymphocytes irradiated in vitro, we conducted a
number of experiments using peripheral blood lymphocytes from several Atomic Radiation
Worker (ARW) donors. Isolated lymphocytes were irradiated in culture with 250 kVp X-rays
or 60Co y-rays, and the level of induced apoptosis, as indicated by the two methods, assessed.
The pooled results for the two assays following y-irradiation showed very large variation
(Figure 1). However, this variability was largely due to individual donor variation and not
experimental error. In repeated experiments over the test period, the results from individuals
were very reproducible (Figure 2). The lowest radiation dose detected was 0.05 Gy. The
comparison of the combined results indicates that there is no difference between 250 kVp X-
rays and y-rays for either of the assays (Figure 3). The results to date have shown that both
assays provide sensitive measurements of induced apoptosis down to relatively low doses and
that samples from different donors may show different levels of induced apoptosis. For any
one donor, however, the induction rate appears to be highly reproducible. In short, this end-
point shows great promise as a biological dosimeter.

THE MICRONUCLEUS ASSAY

When cellular DNA is insulted and damaged by ionizing radiation, the induction of apoptosis
is only one of a number of outcomes possible. In some cases, the induced damage is
effectively and completely repaired by the cell's efficient enzymatic repair systems and the
consequence and ultimately the risk to the exposed individual in terms of biological harm is
zero. Even in the event of apoptosis, the cells that die do not contribute to genetic harm and
so the risk of adverse health effects is also zero. Only when DNA repair is erroneous and/or
incomplete does the possibility of negative health effects exist. Micronuclei are formed
within a cell as a result of damage to the cell's genetic material, the DNA, that has gone
unrepaired. This lack of repair results in a fragment of DNA that is no longer physically
attached to the chromosome where it belongs (3). These broken pieces can be seen as
discrete nuclear bodies within the cellular cytoplasm following division of the original cell
into two daughter cells. As the level of damage increases with dose so too does the amount
of unrepaired damage, and, as a consequence, the measured micronucleus frequency. That
individuals vary in their cellular repair capacities is suggested by the variation in the
spontaneous and induced micronucleus frequencies seen in their cells. To apply this
cytogenetic tool with confidence to the measurement of a biologically relevant dose for a
given individual, following an accidental radiation overexposure, for example, it is important
to understand the variables that may contribute to and influence the overall micronucleus level
measured.



As with the measurement of induced apoptosis the cell system of choice for biological
dosimetry is that of peripheral blood lymphocytes. These cells, although easily obtained
through a simple blood donation, are part of a complex population that is divided into various
subgroups dependent on the role they play and their function within the body. In general,
lymphocytes fall into two broad classes, the B lymphocytes and T lymphocytes. There are
approximately 30% of the B type and 70% of the T type. However, this ratio is somewhat
individual-specific, and since both types have different functions within the body, the levels of
each may vary over time in response to such things as infections or allergenic agents. Each
of the B- and T subgroups are subdivided into function specific categories. Differences in the
relative sensitivities of B- and T-cells have also been reported (4,5).

Two ARW donors, from whom earlier micronucleus data were available, were identified from
our volunteer list. Total peripheral blood lymphocytes were isolated and commercially
available affinity columns were used to separate the T-cells and the more sensitive CD8 T-
lymphocyte subgroup from a total lymphocyte preparation. The identity of the separate cell
populations was confirmed using fluorescent, cell surface markers specific for each cell sub-
type. The cell recovery was estimated to be in the range 70%-90%. Once separated, the cells
were stimulated to divide in order to allow for micronucleus expression. The spontaneous and
induced micronucleus frequencies were evaluated using a previously published method (6).

Comparisons were made between the spontaneous and induced frequencies in the total
populations and in the subsets. With regard to spontaneous frequencies, there was more
variation in the measured frequencies between the two donors tested than was observed
between the different sub-groups analyzed for a given donor (Table 1). This suggests that
there are inherent differences between donors that are evident in all of the lymphocyte cell
populations analyzed. On average, the spontaneous micronucleus frequency measured for
donor 9 was twice that for donor 10. For doses at or below 1 Gy, there does not appear to be
much variation in the expressed micronucleus frequencies for the T-cell sub-populations
measured for each of two donors (Figure 4).

Samples from these same two donors were used in another series of experiments using a
separation procedure, based on the binding of sheep red blood cells, that allowed "pure" B-
cell preparations to be made (7). Spontaneous and induced micronucleus frequencies were
measured in the total cell population and compared to that in the isolated B- and T-cell sub-
populations. The spontaneous micronucleus frequencies for all cell groups tested were not
markedly different, as was the case for the T-cell populations tested (Table 1). However, for
a 1 Gy exposure, the induced micronucleus frequency in the B-cell subgroup was, on average,
twice that of the T-cell subgroup (Table 2). Although they make up a smaller fraction of the
total lymphocyte population than the T-cells, the B-cell micronucleus value was much closer
than the T-cell frequency to that measured in the total cell population. Based on this, it
would seem that the overall radiation-induced micronucleus frequency measured in peripheral
blood lymphocytes is disproportionately influenced by the B cell subset. It is not intuitively
obvious how this can be so. Indeed, this result suggests that there is a preferential loss of
micronucleus-carrying T-lymphocytes in the separation procedure. In light of these findings,
it might be useful to limit the measurement ol~ micronuclei to the more sensitive B



lymphocyte group of cells especially for doses below 1 Gy if this assay is to be used as a tool
in biological dosimetry.

CONCLUSION

We have identified two biological end-points that are readily measured in human peripheral
blood lymphocytes that lend themselves as tools in biological dosimetry. The measurement of
radiation-induced micronuclei has long been suggested as the biological indicator of choice for
the quantification of absorbed dose due to the ease of sample preparation. Also, the sample
from the exposed individual can be collected weeks or even months after the over-exposure
since lymphocytes may persist in the circulatory system for years. However, it becomes
difficult to assign a pre-exposure background frequency value to a given individual since these
induced genetic events persist for so long. The investigation of induced apoptosis as a
dosimetry tool has shown that it might provide a better alternative. It may offer the
advantage of allowing the exposed individual to act as his own control if the system resets to
zero, and because of this, a dose estimate can be arrived at faster. However, sample
collection must proceed soon after the suspected over-exposure since the induction is
maximized within three days.

In all likelihood, a series of biological end-points will need to be evaluated for a specific
individual exposure to radiation to correctly identify those individuals at greater risk in the
population and to predict possible adverse health effects.

This work is supported by the CANDU Owners Group.
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fable 1. Spontaneous micronucleus frequency in lymphocyte sub-groups

Total cells

T cells

T cell (CD8 sub-set)

B cells

Donor A

0.023

0.029

0.027

0.011

Donor B

0.011

0.007

0.012

0.008

Table 2. Induced micronucleus frequency in B and T sub-types using a 1 Gy exposure

Total cells

T cells

B cells

Donor A

0.111

0.058

0.088

Donor B

0.114

0.041

0.104
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Figure 1 Radiation dose response curve of apoptosis in human lymphocytes (pooled data
from several donors), measured using two methods, the commercial ApoTAG
kit and the FADU assay.

Figure 2 Dose response curves of DNA fragmentation, measured by the FADU
technique, in lymphocytes from two donors.
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;igure 3 Comparison of the induced levels of apoptosis as measured by 1'ADU (A) or
ApoTAG (B) following exposures to 250kVp X-rays (closed bars) or W)Co y-
ray (open bars).
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igure 4 Radiation dose response eurves for total lymphoeytes. isolated T- cells and T-
cells o\' the CD8 sub-type, in two donors.


