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Abstract

In the studies reported here, the micronucleus assay, a common cytogenetic technique, was
used to examine the dose-responses in fibroblasts from three ungulate species (white-tailed
deer, woodland caribou, and Indian muntjac) exposed to high doses of ionizing radiation
(1-4 Gy of ®*Co gamma radiation). This assay was also used to examine the effects of exposure
to low doses (1-100 mGy) typical of what these species experience in a year from natural and
anthropogenic environmental sources. An adaptive response, defined as the induction of resist-
ance to a stressor by a prior exposure to a small “adapting” stress, was observed after
exposure to low doses. This work indicates that very small doses are protective for the end-
point examined. The same level of protection was seen at all adapting doses, including 1 radi-
ation track per cell, the lowest possible cellular dose. These results are consistent with other
studies in a wide variety of organisms that demonstrate a protective effect of low doses at both
cellular and whole-organism levels. This implies that environmental regulations predicated on
the idea that even the smallest dose of radiation carries a quantifiable risk of direct adverse
consequences to the exposed organism require further examination. Cytogenetic assays pro-
vide affordable and feasible biological effects-based alternatives that are more biologically rel-
evant than traditional contaminant concentration-based radioecological risk assessment.
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1. Introduction

Environmental releases of low levels of radionuclides associated with general
mining, nuclear power and weapons production, and the medical use of radio-
nuclides is a topic of continuing public concern. Human exposures from environ-
mental radionuclide releases can be minimized by limiting access to contaminated
areas; however, this is not feasible for non-human organisms, and resulting expo-
sures can be significantly higher than those from natural background sources.
Nevertheless, non-human exposures are typically characterized by doses and dose-
rates far below those expected to produce significant mortality.

It is well known from numerous studies using diverse biological endpoints in a
variety of organisms that for sparsely ionizing radiation, there is a reduction in the
deleterious effect of a given dose when the dose-rate is lowered or the dose is frac-
tionated (National Council on Radiation Protection and Measurements, 1980).
This reduction in harmful effects per unit dose generally applies over a range of
dose-rates between a few Gy h™! and a few mGy h™'. There often appears to be a
minimum dose-rate, below which further reductions in dose-rate result in no fur-
ther diminution of response per unit dose, i.e. a plateau is reached (Ulsh et al.,
2001). Yet much of the data on the effects of radiation on non-human organisms
are based on studies employing doses and dose-rates far higher than are typical for
environmental exposures, and use acute (within 30 or 60 days) individual mortality
as an endpoint.

Evidence of a radioadaptive response in a wide assortment of organisms suggests
that biological responses and environmental risks from very low dose and dose-rate
exposures (<100 mGy h™') are more complex than is commonly assumed. An
adaptive response is generally defined as the induction of resistance to a stressor by
a prior exposure to a relatively small “adapting” stress. Radioadaptive responses
have been observed in organisms ranging from yeast and other single-celled organ-
isms (Boreham and Mitchel, 1993), insects (Schappi-Buchi, 1994), and fish
(Kurihara et al., 1992), to humans (Broome et al., 2002), rabbits (Flores et al.,
1996), cows (Flores et al., 1996), and laboratory rodents (Azzam et al., 1994;
Wollff, 1996) at the chromosomal and cellular levels. Early research with a variety
of organisms (Luckey, 1980), and more recent studies with mice (Mitchel et al.,
1999) demonstrate that this is also true at the organismal level, though how this
might translate to the population, community, or higher levels of biological organi-
zation is less clear. It is also clear that this adaption phenomenon is not radiation-
specific, but rather is a specific example of a more general stress response
(Boreham et al., 1991). Cross-adaption has been observed between radiation and
metals (Cai and Cherian, 1996), chemicals (Fiores et al., 1996; Mitchel et al., 1990),
and hyperthermia (Boreham et al., 1997).
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In the studies reported here, a cytogenetic biomarker of radiation exposure was
used to examine chromosomal effects in three ungulate species, white-tailed deer
(Odocoileus virginianus), Indian muntjac (Muntiacus muntjac) and woodland cari-
bou (Rangifer tarandus caribou). Previous studies in caribou (Roed et al., 1991) and
plants (Grinikh and Shevchenko, 1992) exposed to Chernobyl fallout and in turtles
(Ulsh et al., 2000, 2001) have demonstrated the utility of cytogenetic techniques for
environmental biodosimetry. The biomarker employed in this study, the frequency
of micronuclei in exposed fibroblasts, is widely used in cells from humans and lab-
oratory rodents, and this assay has the advantages of sensitivity and modest cost
compared to whole-organism studies. Furthermore, this endpoint is more sensitive
than acute mortality, allowing an investigation of effects at environmentally
relevant doses and dose-rates. The frequency of micronuclei is used as a biomarker
of residual radiation damage and reflects the capacity of the cells to repair DNA
double strand breaks.

The goals of the experiments reported here were: (1) to investigate the utility of
the micronucleus assay for the detection of the effects of radiation exposure in non-
human species; (2) to determine the radiosensitivity of these species relative to that
of humans, and (3) to test whether an adaptive response was evident at envir-
onmentally relevant doses and dose-rates.

2. Materials and Methods
2.1. High dose-response experiments

White-tailed deer skin biopsies were obtained from deer supplied by local hun-
ters in the Chalk River, Ontario, Canada, area. Woodland caribou skin biopsies
were obtained from caribou near Detour Lake, north of Cochrane, Ontario. Sam-
ples were transported to Chalk River Laboratories, where cell cultures were estab-
lished (Miller et al., 1999; Miller, 2002). Indian muntjac fibroblasts were purchased
from the American Type Culture Collection (CCL 157, passage number unknown).
Fibroblasts were grown to confluence in T25 tissue culture flasks, then subcultured
into 10 cm? chambered slides at non-confluent cell density. Skin fibroblasts were
exposed to 0, 1, 2, or 4 Gy of ®°Co gamma radiation (0.278 Gy s~!, GammaCell
220, Atomic Energy of Canada Ltd) at 0 °C in phosphate buffered saline solution
(PBS). Following irradation, the PBS was replaced with 37 °C growth medium and
cells were incubated for 48 h in the presence of 2 pug ml~' cytochalasin B. Cells
were allowed approximately 48 h to attach prior to irradiation treatments. Immedi-
ately before irradiation, the chambered slides were completely filled with ice-cold
PBS. Skin fibroblasts were exposed to 0, 1, 2, or 4 Gy of ®*Co gamma radiation
(0.278 Gy s ')(GammaCell 220, Atomic Energy of Canada, Ltd). Following the
irradiation, the PBS was replaced with 3 ml 37 °C growth medium and cells were
incubated for approximately 48 hours in the presence of cytochalasin B (2 ug ml™"),
then fixed and stained using standard methods. Micronuclei were scored using
criteria modified from Fenech (1993). Each experiment had three replicate slides
per treatment and 500-1000 binucleate cells were scored per slide. The caribou
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experiment was repeated twice, the Indian muntjac experiment three times and
the white-tailed deer experiment once.

2.2. Low dose experiment

White-tailed deer skin fibroblasts were cultured in chambered slides, as described
previously (Miller et al., 1999; Miller, 2002). Prior to adapting irradiation, the
chambered slides were completely filled with 37 °C medium. Some samples received
0, 1, 10, or 100 mGy adapting doses delivered at low dose rate (5 mGy min’,
GammaBeam 150 °Co irradiator, Atomic Energy of Canada, Ltd) at 37 °C. Cul-
tures were then incubated for 3 or 6 hours at 37 °C. At the end of this incubation,
4 Gy challenge doses at high dose rate (0.278 Gy s~ ') were delivered as above and
the cultures were incubated and fixed also as described above. Some samples
received only the 4 Gy challenge dose. Three replicate cultures were prepared for
each treatment.

While the same protocols were used for the two experiments (with the exception
of adapting doses in some treatments), it should be noted that different cell lines
were used, and different cytochalasin B lots and concentrations were used between
the experiments. It is our experience that using different lots and/or concentrations
of cytochalasin B can affect the micronucleus frequency. The optimal concentration
of cytochalasin B was found to be 5 pg ml~' for the low dose experiment.

2.3. Statistics

Data was tested for significant differences between treatments with and without
adapting doses using a single-factor analysis of variance (ANOVA). The two 100
mGy adapted treatments (3- 6-h incubations before challenge) were compared to
each other and to the unadapted treatment using one-tailed T-tests. Both the
ANOVAs and t-tests were performed in Microsoft Excel 2000.

3. Results and Conclusions
3.1. High dose-response experiments

The micronucleus assay proved to be a sensitive and useful indicator of radiation
damage in the three species investigated. Indian muntjac cells had fewer binucleate
cells (BNCs) with micronuclei than woodland caribou cells and white-tailed deer
cells (p < 0.02) at all doses > 1 Gy (Fig. 1). Woodland caribou and white-tailed
deer cells showed no significant differences in their dose responses for micronucleus
formation induced by high radiation doses (p > 0.05) (Fig. 1), indicating that cari-
bou and white-tailed deer cells had similar resistance to gamma-radiation as
measured by this assay.

Woodland caribou are exposed to high, whole body doses of radiation because
of a bioaccumulation of natural radionuclides in their diet. Lichens (Cladonia spp.)
are the main source of food for caribou during winter and, as lichens have no
roots, they absorb radionuclides from the atmosphere along with other nutrients
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Fig. 1. Effect of gamma radiation on the frequency of micronucleus formation in woodland caribou,
Indian muntjac, and white-tailed deer skin fibroblasts. Data points indicate the frequency of binucleate
cells (BNCs) with micronuclei + standard error. There was no significant difference in the data for
woodland caribou and white-tailed deer cells (p > 0.05) but muntjac cells were significantly different
(» < 0.02).

(Holleman et al., 1979; Holm and Persson, 1979; Macdonald et al., 1996; Thomas,
1994). The radionuclides with the greatest impact on radiation doses are *'°Pb
(t1» = 22.6 y) and 210pq (12 =138.8 d). 219po accumulates in the liver and kidney
of caribou and is also found in bone as a decay product of >'°Pb absorbed by bone
(Holm and Persson, 1979; Macdonald et al., 1996; Thomas, 1994; Thomas et al.,
1994). When '°Po decays to 2°°Po, it emits high energy (5.4 MeV) alpha particles,
which can result in doses of radiation exceeding 500 mGy per year (weighting
factor = 10 for alpha radiation)(Macdonald et al., 1996; Thomas, 1994). Lead and
polonium do not accumulate evenly throughout the body, thus exposure to specific
tissues within target organs (e.g. liver, bone and kidney) may exceed 500 mGy y '
(Macdonald et al., 1996). Since the level of radiation resistance seen in white-tailed
deer is not different from caribou, the results suggest that the high background
experienced by caribou has not led to elevated resistance to acute radiation damage.
These results were compared to published human fibroblast data (Dolling et al.,
1998). The human cell response to high doses was similar to that of both caribou
and white-tailed deer, while Indian muntjac had lower induced micronucleus fre-
quencies. Earlier work with plants (Sparrow, 1964) had suggested that for cells
with similar total DNA contents, radiosensitivity increased with decreasing chro-
mosome number. All three ungulate species have total cellular DNA contents
similar to that of humans, but have very different chromosome numbers; Indian
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muntjac cells have only a few large chromosomes (2N = 7), while caribou and deer
cells have many smaller chromosomes (2N = 70). However, our work showed that
muntjac cells were more resistant, which does not support the postulated inverse
relationship between chromosome number and radiosensitivity. Our results indicate
that DNA organization in muntjac cells may be contributing to more proficient
DNA repair.

3.2. Low dose experiments

The results of the low dose experiments demonstrated that doses as low as | mGy
induce radioresistance in the white-tailed deer fibroblast cell line studied. The cells
that received adapting doses (1, 10, or 100 mGy at a low dose rate) 3 or 6 h prior
to a challenge dose of 4 Gy had significantly lower frequencies of cells containing
micronuclei than similarly treated unadapted cells (single factor ANOVA,
p =2.09 x 107°)(Fig. 2). There were no significant differences among any of the
adapted or unadapted controls (cells that received no challenge dose) (ANOVA,
p > 0.05). The pattern observed in Fig. 2 is remarkably similar to that observed
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Fig. 2. Frequency of binucleate cells (BNCs) containing micronuclei in white-tailed deer skin fibroblasts
exposed to low, adapting doses of gamma radiation. On the X-axis, the adapting dose (mGy) is listed
first, followed by the interval between adapting and challenge doses (h), followed by the challenge dose
(Gy). Bars are mean frequencies of BNCs containing micronuclei (500 BNCs per replicate, three repli-
cates per treatment except for the 100-6-0 and 100-3-4 treatments, which had two replicates each), and
error bars show 1 standard deviation.
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in human fibroblasts subjected to the same experimental protocol (Broome et al.,
2002).

The frequency of white-tailed deer BNCs with micronuclei in the unadapted cells
exposed to the 4 Gy challenge dose in the low dose experiment was approximately
one-third that observed in the white-tailed deer cells exposed to 4 Gy in the high
dose-response experiment.

The frequency of BNCs containing micronuclei 6 h after a 100 mGy adapting
dose was significantly higher than the frequency 3 h after the same adapting dose
(one tailed z-test, p = 0.04)(Fig. 2), though both were significantly lower than the
unadapted treatments (one tailed -test, p = 1.89 x 10~3 for 3 h vs. unadapted, p =
7.29 x 1073 for 6 h vs. unadapted). This suggests that the effect of the adapting
dose may decrease with time in cells held in culture. The duration of protective
effects of radioadaption in ungulates in vivo is unknown, but the effects in mice
in vivo have been shown to last for months (Mitchel et al., 1999; Mitchel et al., 2003).

When the impact of low doses on the environment is considered, it is important
to consider the influence of physics on the lowest dose that is possible in cells.
Ionizing radiations such as X- or gamma-radiation deposit energy in tracks (via
Compton scattering or photoelectrons), as the photons pass through a cell. The
lowest possible dose to a cell is therefore the dose deposited by a single photon.
For ®°Co-gamma radiation, 1 mGy corresponds to an average of one track per cell,
and is therefore the lowest possible dose to a cell (Bond et al., 1988). At doses less
than 1 mGy, not all cells receive a track of damage, but those that do still receive
1 mGy. The radioadaptive results presented here for deer cells include data at
1 mGy and therefore represent the response of these cells to the lowest dose physi-
cally possible. However, because of the random nature of radiation, exposures at
low doses are not uniform and at 1 mGy not all cells receive exactly one track of
radiation. Some cells will receive two tracks but about half of the cells will receive
no track, i.e. no dose. The data shows, however, that at 1 mGy all cells respond in
the same way as they do when all cells certainly receive multiple tracks of damage
at 10 or 100 mGy. This result indicates that cells that actually receive a track
(dose) of radiation, communicate that fact to other cells that do not receive any
dose. This phenomenon is termed the “bystander effect” and has been previously
observed in human fibroblasts at these doses (Broome et al., 2002; Mothersill and
Seymour, 2002). The existence of bystander effects at low doses is particularly sig-
nificant for environmentally relevant exposure levels. The presence of this response
indicates that at very low doses where not all cells in a multicellular organism actu-
ally receive a track of radiation (dose), the protective effect generated in the cells
actually hit by the radiation will be amplified by transmission to the surrounding
cells.

When the radioadaptive response to low doses in the deer cells (Fig. 2) was com-
pared to the radioadaptive response in normal human fibroblasts (Broome et al.,
2002) the response pattern was indistinguishable. That result suggests that mam-
mals as diverse as humans and ungulates respond in the same adaptive way to the
lowest possible doses of ionizing radiation.
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The results of these studies demonstrate that using cytogenetic biomarkers of
radiation exposure for environmental biodosimetry represents a useful method-
ology for conducting exposure assessments for organisms inhabiting radionuclide-
contaminated environments, and would provide genetically relevant measurement
endpoints for ecological risk assessments. These results also suggest that con-
sequences on organismal health from very low doses of radiation may not be nega-
tive, since exposures of this type seem to induce adaptive responses in exposed
organisms. While the adaptive response results presented here are from one experi-
ment in one species, they essentially replicate the observations reported for the
same experiment in human fibroblasts (Broome et al., 2002). Further research
might focus on differential adaptability of different populations or species of organ-
isms. It also seems clear that the assumption that any dose, even one radiation
track per cell, presenting ecological risks is not supported by this cellular evidence
and needs to receive further examination.
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