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CHAPTER I 

INTRODUCTION 

Background and Significance 

Some of the most radioactive regions on earth lie within the 30km Exclusion 

Zone, an area of limited human activity surrounding the Chomobyl Nuclear Power Plant. 

The environmental contamination resulting from the meltdown of Reactor 4, on 26 April 

1986, has created a natural laboratory in which scientists can explore the multi-

generational effects of massive radiation releases into the environment. Ionizing 

radiation has the potential to elicit a broad range of effects; but to date, most studies have 

focused on acute exposures. As a result, the effects of acute exposure to ionizing 

radiation have been well documented. However, direct evidence for genetic change 

induced by low or chronic doses of ionizing radiation is poorly documented and 

predictions of DNA damage at low doses are often extrapolated from data obtained at 

much higher acute exposures. The problem with making these extrapolations is that there 

are essentially no data to justify the practice of extending data from the effects of high 

doses to expected effects of low doses. It is likely that there is a threshold of radiation 

exposure, below which there is no observable effect. 

Acute exposure to ionizing radiation has been shown to cause breaks in 

chromosomes [1-4], elevated mutation rates in nuclear DNA [5], damage to cellular and 

organelle function [6] and variation in DNA content among cells. Evidence from 

controlled, acute doses of radiation suggests a linear relationship between the dose 

received by an organism and the degree of DNA damage or change. Additionally, some 
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authors consider there to be no lower limit, or threshold, to the DNA damage caused by 

ionizing radiation, suggesting that health risks associated with genetic rearrangements are 

present even at low dose and low rates of dose accumulation [7]. 

Previous studies of Clethrionomys glareolus (the bank vole), from the Red Forest 

region of the Chomobyl Exclusion Zone, document intemal and external dose rates of 

individuals that are orders of magnitude greater than any previously attributed to 

exposure to Chomobyl fallout [8]. Extensive micronucleus formation has been reported 

for mammals with radiocesium concentrations as low as 0.05 to 8 Becquerels/gram 

(Bq/g) in muscle tissue [2,3] and substantial chromosomal rearrangements have been 

reported in animals harboring an average of approximately 1000 Bq/g '^^Cesium [4]. 

Exposed humans, receiving undocumented radiation doses, have been shown to have 

mutation rates in minisatellite loci twice that of unexposed individuals [5,9]. However, 

recent studies of mammals from the most radioactive regions of the Chomobyl exclusion 

zone, with dose rates as high as 82,000 Bq/g '^'Cesium [8], have shown no evidence of 

chromosomal damage [10], or elevation in microsatellite variation [11]. 

My dissertation project was designed to use the micronucleus assay to examine 

the cytogenetic effects of exposure to chronic, low-dose levels of ionizing radiation in the 

native wildlife species and human populations currently exposed to environmental 

radiation contamination at Chomobyl. In contrast to previous studies reporting elevated 

chromosomal breaks from exposure to radioactive fallout from Chomobyl [2-4,12], the 

experimental design outlined for this project allowed the determination of direct 

correlations between levels of chromosomal damage and accumulated dose. 



Rationale for Using the Micronucleus Assay 

Micronuclei are formed either spontaneously (at a rate of ca. 2-5 per 1,000 cells in 

most species), or in response to exposure to mutagenic agents. The formation of 

micronuclei has been shown to be progressively elevated with increased doses of known 

mutagens. Frequencies of micronuclei are therefore, a widely accepted method of 

measuring the genotoxicity of various agents [13,14]. 

The bone marrow micronucleus (MN) assay was originally described by Schmid 

[13] as an altemative to laborious screening of chromosomal breaks in metaphase cells. 

MacGregor et al. [15] described a method of screening peripheral blood smears for 

micronucleated cells and reported sensitivity equal to the bone marrow test. Analysis of 

MN frequencies in peripheral blood has since proven to be a useful technique in 

determining time dependent sensitivity of the genotoxic action of various mutagens [16]. 

The MN assay also facilitates multiple sampling of individuals under chronic or acute 

exposure conditions and is reflective of the degree of clastogenesis in bone marrow 

erythroblasts during hemopoiesis. 

The application of acridine orange staining to the micronucleus test [17] further 

increased the sensitivity and accuracy of the assay. This nucleic acid specific stain 

differentially stains DNA and RNA. Newly formed polychromatic erythrocytes (PCEs), 

that contain RNA, fluoresce bright orange. In mammals, mature, hemoglobin filled 

erythrocytes do not fluoresce, and micronuclei are readily visualized as yellow 

fluorescing bodies within the PCEs. This method also greatly reduces the incidence of 

false positives in scoring when compared to traditional Giemsa staining [17]. 



Prior to conducting the experiments outlined for this project, I performed manual 

counts on peripheral blood smears of lab reared Mus musculus and found that my criteria 

for scoring micronucleated PCEs generated MN frequencies well within the range 

previously reported as spontaneous for MMJ' musculus [13,14]. For the experiments 

discussed in subsequent chapters of this dissertation, peripheral blood was sampled, 

stained with an acridine orange solution and MN frequencies were determined by manual 

cell counts and fluorescence microscopy. 

Rationale for Species Studied 

Rodents are abundant in most environments and are among the most 

radiosensitive class of organisms [18], which makes them appropriate bioindicators of 

exposure to toxicants. Previously reported spontaneous MN frequencies [13,14], as well 

as most dose response curves generated for mutagenic agents, have been determined 

using controlled dosing of laboratory strains of M. musculus [14,19]. Clethrionomys 

glareolus was chosen as a model system because they are abundant in the region and 

individuals of this species consistently demonstrated the highest concentrations of 

radionuclides in samplings from the Red Forest [8]. For comparison to the C. glareolus 

model system, some experiments were repeated on M. musculus in order to provide 

baseline data for comparison to the extensive literature on the mouse micronucleus test as 

a standard. 

A unique opportunity arose from the wildlife studies being conducted by 

American and Ukrainian researchers in the Chomobyl Exclusion Zone. Through the 

course of conducting their respective research projects, Ukrainian and American 
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researchers were being exposed to the radioactivity in the Exclusion Zone. With the 

cooperation of these individuals and the Ukrainian authorities, a study was conducted on 

humans exposed to the environment at Chomobyl. Blood samples were obtained from 

scientists conducting the research in the Exclusion Zone, workers from the Chomobyl 

Nuclear Power Plant and residents of a nearby town, Slavutych, Ukraine. 

Collaborative Efforts 

Working in the Chomobyl Exclusion Zone requires a team effort. Without 

collaboration and cooperation of members of the Chomobyl Research Team (each with 

their own areas of expertise) none of these projects would have been possible. The 

complexity of such studies requires securing funds for research, obtaining permits to 

work in restricted zones, extensive field work to collect specimens, exposure to one of the 

most radioactive environments in the world, hours of specimen preparation and 

cataloging of vital tissues and skins and skeletons, hours of laboratory work and 

sophisticated data analysis. Four manuscripts have resulted from this dissertation 

research. The status of each is presented in Table 1.1. Although I was solely responsible 

for the laboratory work, microscopy and data analyses, the collaborative efforts 

mentioned above and the contributions of members of the Chomobyl Research Team are 

reflected in the published author lines of these manuscripts. 

When I joined the Chomobyl Research Team in 1997, my initial project was to 

employ the micronucleus assay to examine chromosomal damage in bank voles, C. 

glareolus, inhabiting a highly radioactive region of the Red Forest. The results of that 



study would become Chapter II of my dissertation and lay the foundation for subsequent 

experiments, also employing the micronucleus assay, to test the following hypotheses: 

Ho 1. Clethrionomys glareolus is not expressing increased MN formation as a result of 

exposure to the most radioactive sites at Chomobyl - a test of the cytogenetic 

effects of exposure to the current radiation levels of the Chomobyl environment. 

Ho 2. As this is a species wide phenomenon, C. glareolus individuals from reference 

populations will not exhibit an elevated MN value when exposed to the 

radioactive environment at Chomobyl - a test for the selection for radioresistance 

in voles with a multi-generational history in the Chomobyl zone. 

Ho 3. The mammalian laboratory model system, Mus musculus, will be negatively 

affected (i.e., increased MN formation will be observed) when exposed to the 

Chomobyl environment - a test of the cytogenetic effects of exposure of naive 

mice to the Chomobyl environment and a test of the utility of this model system 

in environmental risk assessments. 

Ho 4. Human subjects, occupationally exposed to radiation in the Chomobyl Exclusion 

Zone, will not exhibit an increase in MN formation when compared to those never 

exposed to the radiation levels of the zone - a test of the cytogenetic effects of 

occupational exposure to the current contamination levels of the exclusion zone. 

Chapter II reports the findings of a study designed to address the question of 

radioresistance in C. glareolus. Previous reports in the literature and preliminary data 

from the initial experiment conducted, suggested that radioresistance may have 

developed in a population chronically exposed to the radioactive environment of the Red 

Forest. 



Chapter III includes the first of two studies where environmental enclosures were 

used to expose naive animals to Chomobyl radiation. Bank voles, inhabiting a clean 

region of Ukraine, were placed in the enclosures and monitored for 30 days to examine 

whether radioresistance was a species wide phenomenon. Blood samples and gamma 

radiation counts were obtained at regular intervals and the MN assay was used to analyze 

the cytogenetic effects of exposure to this environment. 

Chapter IV reports the results of the second enclosure experiment. In this study, 

two strains of the benchmark mammalian model system, M. musculus were placed in the 

enclosures and exposed to Chomobyl radiation. Once again, blood samples and gamma 

counts were obtained at regular intervals throughout the study period for analysis using 

the MN test. 

A study examining the human health effects of exposure to Chomobyl radiation is 

discussed in Chapter V. As mentioned previously, we were in a unique position to 

examine the cytogenetic effects of exposure to the Chomobyl environment in human 

subjects recently or chronically exposed to current radiation levels at Chomobyl. 

Included in this study were members of the Chomobyl Research Team, Ukrainian 

researchers. Liquidators of the Chomobyl accident and residents of Slavutych Ukraine. 

Chapter VI is a summary of the significant findings of this dissertation project and 

significant contributions to the scientific literature. Also discussed in this chapter are 

problems encountered during the studies, suggestions for improving experimental design, 

and proposed future investigations. 
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CHAPTER n 

FREQUENCIES OF MICRONUCLEI IN BANK VOLES FROM ZONES 

OF HIGH RADIATION AT CHORNOBYL, UKRAINE* 

Abstract 

A population of Clethrionomys glareolus (bank vole) from a highly radioactive 

area within the Chomobyl exclusion zone was sampled in June 1997 and June and 

October 1998. Intemal radiation doses from radiocesium were estimated to be as high as 

8 Rads/day. Total dose, which takes into account the internal dose from radiostrontium 

and the surrounding environment, was estimated to be 15-20 Rads/day. In contrast, 

individuals from a reference population, outside of the exclusion zone, registered 

negligible levels of contamination. We used the micronucleus test in a double-blind 

study to analyze blood samples from 58 individuals. We scored more than 600,000 

polychromatic erythrocytes (PCEs) but could not reject the null hypothesis that the 

frequency of micronucleated PCEs in voles exposed to radiation was equal to the 

frequency in unexposed voles. Results of our study stand in sharp contrast to earlier 

reports of increased frequencies of micronuclei in rodents exposed to fallout of the 

Chomobyl accident, but with orders of magnitude less radiation dose than those reported 

here. Radioresistance and experimental methods are possible explanations for 

differences in the results. 

* Reprinted with permission from Environmental Toxicology and Chemistry, 2000. Frequencies of 
micronuclei in bank voles from zones of high radiation at Chomobyl.Ukraine, by B.E. Rodgers and R. J. 
Baker, Volume 19 (6). Copyright Society of Environmental Toxicology and Chemistry (SETAC), 
Pensacola, FL, 2000. 
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Introduction 

Extensive chromosomal damage has been documented in organisms exposed to 

radioactive fallout from the meltdown of Reactor 4 at the Chomobyl Nuclear Power Plant 

on April 26, 1986. Cristaldi et al. [1] examined four populations of C. glareolus from 

Sweden in regions exposed to fallout from the plume of radiation as it passed over 

Europe and reported increased micronucleus (MN) frequencies. Goncharova and 

Ryabokon [2] documented substantial numbers of chromosomal breaks and 

rearrangements in C. glareolus from Belams, an area heavily contaminated from the 

Reactor 4 fallout. Ilyinskikh et al. [3] reported effects on human populations exposed to 

radiation pollution from an accident at a Siberian chemical plant as determined by 

analysis of blood samples for MN frequencies. Included in that study were individuals 

who were involved in cleanup activities at the Chomobyl Nuclear Power Plant after the 

accident. Though these individuals were exposed more than 8 years prior, they still 

exhibited increased MN counts. Detrimental effects reported in these studies were 

attributed to radiation exposure levels that resulted in doses orders of magnitude less than 

those received by native rodents in the 10km exclusion zone [4]. 

In contrast to these studies, Baker et al. [5] reported that levels of chromosomal 

abnormalities in mice living in the most highly contaminated areas around the Chomobyl 

Nuclear Power Plant were not significantly different from the frequencies of 

rearrangements in reference populations. Mice living near Reactor 4 receive chronic 

doses as high as 15 Rads/day [4] yet, of the more than 1,000 metaphase cells examined 

by Baker et al. [5], the only clear aberration observed was in a spread from one of the 

reference animals. These observations demonstrate a need to more thoroughly document 
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the frequencies of chromosomal damage in chronically exposed animals from the vicinity 

of the Chomobyl Nuclear Power Plant. 

The micronucleus test is a standard procedure [6-9] for documentation of 

clastogenesis. Micronuclei are cytoplasmic nuclear bodies formed by incomplete 

expulsion of complete chromosomes or chromosomal fragments from nuclei of daughter 

cells during cytokenesis. Presence of MN in bone marrow or peripheral blood is 

indicative of genotoxic damage resulting from exposure of stem cells to aneugenic or 

clastogenic agents. Because MN are caused by chromosomal aberrations, the MN test is 

considered a sensitive indicator of genotoxic risk of exposure to mutagenic agents 

[8,10,11]. Although the MN test was originally described as a quick screen for 

aneuploidy [6], current applications include screening new compounds for mutagenic 

effects, monitoring effects of radiation and chemotherapy in treatment of cancer [12], 

monitoring employees at risk of occupational exposure to mutagens [13], and accident 

assessment [3,14,15]. We employed the micronucleus test to provide greater resolution 

in understanding effects of chronic radiation exposure and to determine whether the 

observations of Baker et al. [5] underestimated the extent of chromosomal damage in 

exposed animals. Our null hypothesis was that the micronuclei frequencies in voles 

chronically exposed to ionizing radiation would not be elevated relative to frequencies in 

unexposed voles. 

Materials and Methods 

Two populations of the bank vole, Clethrionomys glareolus, were sampled in 

June 1997 and again in June and October 1998. Exposed animals came from a 
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population in one of the most highly contaminated regions within the 10 km exclusion 

zone, referred to as the Red Forest. Located approximately 1.5 km SW of Reactor 4 

(51°02'23.6"N, 30°05'49.0"E), the Red Forest was a mature Scotch pine forest prior to 

the meltdown of Reactor 4 in 1986. Approximately 400 hectares of pines were killed by 

the radiation contamination. Today, the Red Forest consists mainly of birch trees with an 

understory of small shmbs and grasses. Reference animals were obtained from a 

relatively uncontaminated population living in mature, Scotch pine forests surrounding 

Oranoe Field Station, approximately 35 km SE of Reactor 4 (51°02'N, 30°07'E). 

Specimens were captured in Sherman live traps baited with rolled oats. 

The animals were retumed live to the lab either in Chomobyl City or to the 

Oranoe Field Station where they were processed the day of capture. Animals were 

anesthetized with ketamine, weighed, and standard Museum measurements were 

recorded. Radioactivity of each animal was measured with a hand-held Geiger counter 

(Victoreen, Model 1490, Inovision, Yorba Linda, CA, USA) and recorded in counts per 

minute (cpm). A skeletal Muscle sample was dried for '^'Cs analysis and a femur was 

extracted for ^°Sr analysis. Voucher specimens were prepared and are housed, along with 

tissue samples, at the Museum of Texas Tech University. 

Microscope slides for the MN assay were made from 0.5 |j,l of peripheral blood 

mixed with the same volume of fetal bovine semm. Slides were stored at room 

temperature until their return to Texas Tech University where they were stored at -20°C 

until they were stained and scored. Slides were placed on a slide warmer at 60°C for 30 

min. then fixed in absolute methanol for 10 min. prior to staining. The method of 

Hayashi et al. [16] was used to stain slides in an Acridine Orange solution. 

14 



Slides were randomized, coded and scored blind by a single investigator (BER). 

Two slides per individual were examined on an Olympus Vanox epi-fluorescent 

microscope using dual band pass filters. A total of 5,000 polychromatic erythrocytes 

(PCEs) per slide was scored. Micronuclei were scored according to the criteria of 

Schmid [6], Hayashi et al. [16] and MacGregor et al. [17]. 

Chesser et al. [4] developed dose estimates from the concentration of radiocesium 

in Muscle tissue recorded in Becquerels per gram of Muscle tissue (Bq/g). Using data 

from Chesser et al. [4], we performed a linear regression analysis between cpm and Bq/g 

for C. glareolus. The resultant linear regression coefficient was: 

Bq/g = 0.77 * CPM - 943.79 

which explained 89% of the variation in Bq/g in C.glareolus specimens examined by 

Chesser et al. [4]. Because of the excellent fit of the linear regression, we concluded that 

we could provide a reasonable estimate of Bq/g from cpm. We then used estimates of 

concentration (Bq/g) from the linear regression to estimate dose rates in milHGray per 

day (mGy/d) as mGy/d = Bq/g * 7.26 x 10"̂  [4; Figure 2.1] 

Results 

Fourteen animals from the Red Forest and 4 animals from Oranoe were collected 

in June 1997. Radioactivity ranged from 67,000-155,000 cpm for animals from the Red 

Forest, and was not elevated above background (200 cpm) for those from Oranoe. Dose 

estimates for animals from the Red Forest ranged from 36.77-85.96 mGy/d (Table 1). 

A total of 167,147 PCEs was examined for C. glareolus in the exposed group and 34,532 

for those from the reference population. Frequency of micronucleated PCEs ranged from 
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0.43-1.86% for the exposed group and 0.34-1.76% for the reference population. 

Although the mean MN frequencies of dosed, 0.87% and reference, 0.78%, were elevated 

over values generally recognized as spontaneous for Mus musculus [6,18], frequencies 

were within ranges (0.54-1.83%) previously reported as spontaneous for C glareolus in 

laboratory studies [19] and the two groups were not significantly different when analyzed 

with Student's t test (t = 0.35, p > 0.05). We were unable to reject the null hypothesis 

with our 1997 samples. 

To further test the hypothesis that the frequency of micronucleated PCEs in voles 

exposed to radiation was not elevated relative to the frequency in unexposed voles, we 

felt that examination of a larger sample size, (especially for unexposed voles) and a 

broader range of exposure levels would be appropriate. In June and October of 1998, we 

resampled the Red Forest and Oranoe populations. Twenty C. glareolus from each 

population were examined. Radioactivity of specimens ranged from 2,000-134,000 cpm 

for animals from the Red Forest. Animals from the reference population registered only 

background. Corresponding dose estimates ranged from 0.43-74.22 mGy/d (Table 2.1) 

compared to an average dose estimate of 0.0014 mGy/d for individuals from the 

reference population [4]. A total of 195,761 PCEs from the exposed population and 

209,978 PCEs from the reference population was examined. Frequencies of MN ranged 

from 0.10 to 1.26% in the Red Forest sample and from 0.17 to 0.95 % for the reference 

samples (Table 2.1). Again, we were unable to document a difference in MN frequencies 

between Red Forest and reference samples ( t = 0.97, p > 0.05). Analysis of the combined 

data for 1997-1998 produced micronuclei frequencies of 0.64% for the Red Forest and 

0.66% for the reference samples. 
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Discussion 

Results of this study are congment with the conclusions of Baker et al. [5] that 

chromosomal damage is not significantly elevated in rodents experiencing massive doses 

of chronic radiation from Chomobyl. However, our results stand in sharp contrast to 

those of Cristaldi et al. [1] and Goncharova and Ryabokon [2] who also examined 

specimens of C. glareolus exposed to Chomobyl pollution. The animals included in our 

study were chronically exposed to radiation levels far greater those examined by prior 

investigators, yet Cristaldi et al. [1] and Goncharova and Ryabokon [2] report significant 

increases in chromosomal damage. Using the equation from Chesser et al. [4] for 

conversion of Bq/g to an estimate of absorbed dose of '^'Cs in small mammals, we 

estimated maximum dose for the population sampled by Cristaldi et al. [20] to be 3.6 x 

10'̂  mGy/d, compared to the maximum of 86 mGy/d in our study (Table 2.2). 

What is not obvious from our study is why, at doses 2.4 million times greater, we 

do not detect levels of chromosomal damage similar to those previously reported [1-

3,20]. Scientific investigations require, in addition to an analysis of the raw data, an 

analysis of methods and experimental design. A possible explaination for the discrepency 

between our results and those of previous investigators is that different methods for 

detecting MN were used. In our experimental design we attempted to reduce error, 

especially false positives, in several ways. We chose a nucleic acid-specific stain which 

allows examination of the most recently circulating cell populations. Also, the acridine 

orange stain facilitated distinguishing MN from artifact (i.e., other non-DNA particles 

which may stain similarly with Giemsa), thereby reducing the incidence of false positives 

[16]. We compared our determination of spontaneous frequency for a laboratory colony 
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of Mus musculus (0.12-0.20%) to the published data and determined that our scoring of 

MN PCEs generated frequencies that were well within the previously reported 

spontaneous ranges of 0.12 to 0.49 % [18]. Additionally, we examined a large number of 

cells per individual (10,000) which increased the statistical power of our analyses. We 

also attempted to eliminate investigator bias by double-blind scoring of the slides. 

Knowledge of whether blood samples examined came from the experimental or control 

group was withheld until all the scores had been tabulated and analyzed for each 

individual. This made the fact that some of the highest MN counts came from reference 

animals and the lowest from experimentals even more surprising. 

Altematively, voles from the vicinity of the Chomobyl Reactor 4 may have 

developed radioresistance. Cristaldi et al. [1,20] and Goncharova and Ryabokon [3] 

examined rodents that were either living at the time of the Chomobyl accident, or were 

the offspring of a few generations subsequent to initial exposure. We sampled a 

population that had been chronically exposed to massive doses of radiation for 13 years. 

Even so, we collected healthy, morphologically normal individuals at all stages of 

development (pregnant females, juveniles, sub-adults and scrotal males). It is possible 

that through the course of the approximately 30 generations and 13 years since the 

accident that this population has undergone intensive selection for mechanisms that allow 

them to not only survive, but thrive in this environment without significant chromosomal 

breaks resulting from exposure. 

Radioresistance in C. glareolus has been suggested previously [21,22]. These 

reports are based on life span after acute laboratory exposure to ^°Co. However, the 

animals studied were collected from regions of Belams which were contaminated by the 



radiation release from the Chomobyl disaster. The mean life span after acute radiation of 

this population increased 10 times between the 4* and lO"' generations. Based on their 

findings, the authors suggest that the natural populations experiencing chronic irradiation 

may also develop radioresistance. What is referred to as radioresistance, may be the 

observation of a two-stage response to exposure to ionizing radiation. Such responses 

have been also suggested in plants [23] and hypothesized in human tumor cells [24]. 

These investigators suggest that different repair mechanisms, constitutive and inducible, 

may operate at low and high doses of radiation, respectively. If such a response exists in 

C. glareolus, this could explain why our results with mice of extraordinary radiation 

doses are so strikingly different from previous studies [1-3,20]. Results of our study 

support the hypothesis that organisms may have developed means to circumvent genetic 

damage induced by high doses of ionizing radiation. Studies are underway to determine 

possible mechanisims organisms may develop to minimize genetic damage. Information 

gained through field studies such as this are invaluable in assessing the long-term, multi-

generational consequences and biological risks of chronic exposure to radiation 

contamination. 

19 



References 

1. Cristaldi M, leradi LA, Mascanzoni D and Mattel T. 1991. Environmental impact of 
the Chemobyl accident: mutagenesis in bank voles from Sweden. Int J Radiat Biol 
59:31-40. 

2. Goncharova RI and Ryabokon NI. 1995. Dynamics of cytogenic injuries in natural 
populations of bank vole in the Republic of Belams. Radiation Protection Dosimetry 
62(l/2):37-40. 

3. Ilyinskikh NN, Eremich AV, Ivanchik II, Ilyinskikh EN. 1996. Micronucleus test of 
erythrocytes and lymphocytes in the blood of the people living in the radiation 
pollution zone as a result of the accident at the Siberian chemical plant on April 6, 
1993. MutatRes 361:173-178. 

4. Chesser RK, Sugg DW, Smith MH, et al. 2000. Concentrations and dose rate estimates 
of ^^ -̂̂ ^^Cesium a 
Chem 19:305-312. 
of ^^'^' ^^^Cesium and ^°Strontium in small mammals at Chomobyl. Environ Toxicol 

5. Baker RJ, Hamilton MJ , Van Den Bussche RA et al. 1996. Small mammals from the 
most radioactive sites near the Chemobyl nuclear power plant. J Mammal 77:155-
170. 

6. Schmid W. 1975. The micronucleus test. MwtoriJes 31:9-15. 

7. Schmid W. 1976. The micronucleus test for cytogenic analysis. In Hollander A, ed. 
Chemical Mutagen, Vol 4. Plenum Press, New York, NY, USA. 

8. Maier P and Schmid W. 1976. Ten model mutagens evaluated by the micronucleus 
test. Mutat Res 40:325-338. 

9. MacGregor JT, Wher CM, Gould DH. 1980. Clastogen-induced micronuclei in 
peripheral blood erythrocytes: the basis of an improved micronucleus test. Environ 
Mutagen 2:509-514. 

10. Heddle JA, Cimino MC, Hayashi M, et al. 1991. Micronuclei as an index of 
cytogenetic damage: past, present and future. Environ Mol Mutagen 18:277-291. 

11. MacGregor JT, Tucker JD, Eastmond DA, Wyrobek AJ. 1995. Integration of 
cytogenetic assays with toxicology studies. Environ Mol Mutagen 25:328-337. 

12. Bhattathiri, VN, Bindu L, Remani B et al. 1996. Serial cytological assay of 
micronucleus induction: a new tool to predict human cancer radiosensitivity. 
Radiother Oncol 41:139-142. 

20 



13. Straume T, Lucas JN, Tucker JD et al. 1992. Biodosimetry for a radiation worker 
using multiple assays. Health Phys Soc 62:122-130. 

14. Ilyinskikh, NN, Eremich AV, Ivanachuk EN, Ilyinskikh EN. 1997. Micronucleus test 
of erythrocytes and lymphocytes in the blood of the Altai region residents living near 
the Semipalatinsk atomic proving ground. Mutat Res 392:223-228. 

15. Zotti-Martelli L, Migliore L, Panasiuk G, Barale R. 1999. Micronucleus frequency in 
Gomel (Belams) children affected and not affected by thyroid cancer. Mutat Res 
440:35-43. 

16. Hayashi M, Sofuni T, Ishidate M Jr. 1983. An application of Acridine Orange 
fluorescent staining to the micronucleus test. MutatRes 120:241-247. 

17. MacGregor JT, Heddle J A, Hite M et al. 1987. Guidelines for the conduct of 
micronucleus assays in mammalian bone marrow erythrocytes. Mutat Res 189:103-
112. 

18. Margolin BH and Risko KJ. 1987. The analysis of in vivo genotoxicity data: Case 
studies of the rat hepatocyte UDS and mouse bone micronucleus assays. In J. Ashby 
FJ, de Serres MD, Shelby BH, Margolin M, Ishidate Jr., and Becking GC ,eds. 
Evaluation of short-term tests for carcinogens, Report of the intemationa I 
programme on chemical safety's collaborative study on in vitro assays, Cambridge 
University Press, Cambridge. 

19. Abramsson-Zetterberg L, Grawe J, Zetterberg, G. 1997. Spontaneous and radiation-
induced micronuclei in erythrocytes from four species of wild rodents: a comparison 
with CBA mice. MutatRes 393:55-71. 

20. Cristaldi M , D'Arcangelo E, leradi LA, et al. 1990. '̂ ^Cs Determination and 
mutagenicity tests in wild Mus musculus domestics before and after the Chemobyl 
accident. Environ Pollut 64:1-9. 

21. n'enko, Al and Krapivko TP. 1994. Radioresistance of populations of bank voles 
Clethrionomys glareolus in radionuclide-contaminated areas. Dokl Akad Nauk SSSR 
336:714-718. 

22. Krapivko TP and Il'enko Al. 1988. First features of radioadaption in a population of 
red-backed voles {Clethrionomys glareolus) in a radiation biogeocenosis. Dokl Akad 
Nauk SSSR 302:1272-1274. 

23. Isaenkov SV, Sokolov NV, Sorochinsky BV. 1998. Genome changes in pine seeds 
after irridation. In Garab G, ed. Photosynthesis: Mechanisms and Effects, Vol 5, 
Kluwer Academic Publishers, Netheriands, pp 4101-4104. 

21 



24. Courdi AD, Mari S, Marcie S et al. 1995. Micronucleus induction in 10 human 
tumour cells after high-and low-dose radiation. Radiother Oncol 37:117-123. 

22 



7 0 
f V 

60 

^ • - ^ 

•o 
^ 50 
(3 
E 
"•^ 
0) 

tS 40 
CE 
0) 
w 
ft Q 30 

ri
ca

l 

9- 20 
E 
lU 

10 

• 
• 

• • 
• 

• 
. X 
• • 

• 
^ 

• • 

• 
• 

• • 

• ^ • ^-^ * r̂  = 0.89 
• 

• ^ • • 

> ' • 
• • 

• y/ 

\j T ^ ^ 1 1 1 r 1 1 1 ' i 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 T r 1 1 I 

0 10 20 30 40 50 60 70 

Estimated Dose Rate (mGy/d) 

1 
1 
i 

i 

i 

j 
i 

' 

' 
I 

1 
1 

j 
' ' 1 

80 

Figure 2.1. Graphical depiction of the relationship between the observed dose rate and 
estimated dose rates (in milHGrays per day) predicted from a linear regression of counts 
per minute and Becquerels per gram of Muscle tissue from Clethrionomys glareolus from 
the Red Forest at Chomobyl based on data from Chesser et al. [4]. The dash line 
represents the best linear fit to the data. 
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Table 2.1. Dose estimates and frequencies of micronucleated PCEs for Clethrionomys glareolus from the Red Forest and Oranoe. 

Locale 

Red Forest 
1997 
n=14 

Red Forest 
1998 
n=20 

CPM 

67000 
80000 
87000 
90000 
97000 
U2000 
117000 
119000 
135000 
144000 
147000 
152000 
155000 
155000 

2000 
3200 
4000 
4000 
8500 
11000 
11100 
11500 
17000 
19000 
22000 
30000 
42000 
43000 
62000 
73000 
80000 
87000 
95000 
134000 

1997-1998 Combined data 
Red Forest 
Oranoe 

•"Cs 
(Bq/g) 

50646.2 
60656.2 
66046.2 
68356.2 
73746.2 
85296.2 
89146.2 
90686.2 
103006 
109936 
112246 
116096 
118406 
118406 

596.2 
1520.2 
2136.2 
2136.2 
5601.2 
7526.2 
7603.2 
7911.2 
12146.2 
13686.2 
15996.2 
22156.2 
31396.2 
32166.2 
46796.2 
55266.2 
60656.2 
66046.2 
72206.2 
102236 

Estimated Dose 
(mGy/d) 

3(,.ll 
44.04 
47.95 
49.63 
53.54 
61.93 
64.72 
65.84 
74.78 
79.81 
81.49 
84.29 
85.96 
85.96 

1997 total 

0.43 
1.1 
1.55 
1.55 
4.07 
5.55 
5.52 
5.74 
8.82 
9.94 
11.61 
16.09 
22.79 
23.35 
33.97 
40.12 
44.04 
47.95 
52.42 
74.22 

1998 total 

PCEs 
Scored 

8061 
12580 
12580 
12420 
8252 
12461 
12696 
12588 
17084 
12628 
8437 
12616 
12390 
12354 

167147 

10249 
10261 
10204 
10582 
10310 
10680 
10448 
5400 
10244 
10727 
10816 
10438 
10607 
10587 
10634 
10639 
10417 
10592 
10356 
1570 

195761 

Percent 
MN 

0.66 
0.55 
0.67 
0.43 
0.52 
1.14 
1.02 
1.30 
1.86 
0.48 
0.83 
0.61 
0.86 
0.73 
0.87 

0.49 
0.36 
0.47 
0.11 
0.62 
0.30 
0.37 
0.44 
0.25 
0.10 
0.19 
0.27 
0.38 
0.43 
1.26 
0.39 
0.53 
0.48 
0.10 
1.15 
0.40 

PCEs scored Percent MN 
362908 
244510 

0.64 
0.66 

Locale 

Oranoe 
1997 
n=4 

Oranoe 
1998 
n=20 

CPM 

background 
background 
background 
background 

1997 total 

background 
background 
background 
background 
background 
background 
background 
background 
background 
background 
background 
background 
background 
background 
background 
background 
background 
background 
background 
background 
1998 total 

PCEs 
Scored 

4101 
12534 
5411 
12486 

34532 

10418 
10485 
10507 
10279 
10546 
10526 
10518 
10500 
10593 
10554 
10305 
11617 
10370 
10389 
10111 
10455 
10438 
10775 
10393 
10199 

209978 

Percent 
MN 

0.34 
0.67 
1.76 
0.62 

0.78 

0.66 
0.95 
0.49 
0.94 
0.51 
0.47 
0.50 
0.53 
0.24 
0.62 
0.34 
0.72 
0.34 
0.36 
0.82 
0.93 
0.25 
0.17 
0.56 
0.56 
0.55 

24 



o 
• a 

o 
a. 
X 

o 

B 

•3 

U 
.2 M 
•a "5-

2 '^ 

I 2 

l l 
B o 
.6 .2 

o. 
E o 
U 

2.
2 

U 

1 

>-. £i 

T 3 

C 

er
m

 

ii> 

Q 

00 t~-
m o 
o o 
d d 
II II 
ex o. 

Vi 00 
o t -
d r-̂  

88 
o o 

a B. 

u 

03 

O 
d 
V 

d d -̂  

m 
o 
d 
A 

— vc 

VO 
m 
o 
o 
o 
o 

VO 

>n 
o 
o 
d 

r^ 
OS 
0 0 
VO 

d 

o 
o 

C VO 

O ^ -
C --

c —• 
3 « 

88 
o o 
d d 

«J 
U5 

g o 
exo 

« c/3 

g 
u 
bo 

cd 
(A 

E 
O 
bo 

<d I M 

w o E Z 
•5 c 
60 ^ 

z z 

s s 
6 B 

o — 
0\ ON 

3 S 
o. o 
2 g 
u S 
B s 

.3 

c 
o 
o 

CS C9 

CA C/3 

cia o\ 

o 
cd CQ Wl 

c -c -g 
O U g 

o 

z z 

o o 
o o 

S <i 
cd &j 

o 
ON 
Ov 

r >^ 
13 -g 

2 ' ^ 

25 



CHAPTER m 

EXPERIMENTAL EXPOSURE OF NAIVE BANK VOLES, 

CLETHRIONOMYS GLAREOLUS, TO THE CHORNOBYL 

ENVIRONMENT: A TEST OF RADIORESISTANCE 

Abstract 

Previous studies have demonstrated no difference in micronucleus frequencies 

between wild rodents chronically exposed to the environmental radiation contamination 

of the Chomobyl exclusion zone and those inhabiting reference populations. The aim of 

the present study was to test the hypothesis that a population of bank voles, 

Clethrionomys glareolus, has developed radioresistance as a result of 14 years of chronic, 

low-dose radiation exposure. Naive voles were placed in environmental enclosures in the 

Red Forest region of the exclusion zone for 30 days. Blood samples were obtained at 

regular intervals and the micronucleus (MN) assay used to assess chromosomal damage. 

Additionally, radionuclide uptake was monitored throughout the study, and dose was 

documented for each individual as well as their offspring. Total dose for the voles 

experimentally exposed to this environment averaged 1,087 milHGray (mGy; 36.2 

mGy/d) for the 30-day study period. Our results indicate that exposure to radiation levels 

well above regulatory statutes did not result in an increase in the frequency of 

micronuclei. Furthermore, our results do not support the hypothesis that voles chronically 

exposed to these radiation levels have developed a genetic basis for radioresistance that is 

unique from that present in naive populations. 
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The use of C. glareolus as a sentinel species for environmental studies of 

radiation contamination and the question of whether the MN assay is an appropriate 

endpoint for studies of low-dose, chronic radiation exposure are also discussed. 

Introduction 

The environmental contamination resulting from the Chomobyl Nuclear Power 

Plant disaster (26 April 1986) offers a unique opportunity to examine in vivo biological 

effects of chronic, low-dose exposure to ionizing radiation. The effects of ionizing 

radiation at the chromosomal and molecular level have been well documented for acute 

laboratory exposures [1-4]. Radiation protection measures have been adopted based on 

the reports from laboratory investigations of low-dose radiation exposures, which suggest 

a linear, no-threshold, cumulative response. However, most "low-dose" laboratory 

exposures to radiation [3,5,6] are orders of magnitude greater than the environmental 

levels of the Chomobyl exclusion zone, one of the most radioactive environments in the 

world. 

Several studies challenge cumulative effects and linear no-threshold hypotheses, 

and have instead reported benefits to Fi and subsequent generations from exposure to low 

doses of ionizing radiation [7-9]. Induction of repair systems has been demonstrated in 

response to radiation doses as low as O.OlGy [8]. Stimulatory effects of exposure to low-

dose radiation have been shown to increase longevity, fertility and defense mechanisms 

against disease in mammals [7,10]. Endpoints used to assess adaptation to chronic doses 

include chromosome aberrations, DNA strand breaks, cell survival and micronucleus 

formation [8,11]. Adaptive response and radioresistance has been demonstrated in vitro 
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for mouse [12] and human [13-15] cultured cells and suggested in vivo for sentinel 

wildlife species, such as species of Clethrionomys [16,17]. 

Clethrionomys glareolus collected from the Red Forest region of Chomobyl has 

consistently demonstrated the highest concentration of radionuclides of any of the native 

species sampled from the exclusion zone. Voles in the Red Forest average '̂ ^Cs 

concentrations in Muscle of 25 kiloBecquerel per gram (KBq/g) for an average intemal 

dose rate of 18 mGy/d. Dose rates for all species of small mammals collected in the Red 

Forest average 10 mGy/d [18]. The maximum allowable dose for terrestrial vertebrates, 

according to Intemational Atomic Energy Agency (IAEA) statutes is 1 mGy/d [19], yet in 

previous studies, using chromosomal [20,21] and molecular endpoints [22], we have been 

unable to document a negative effect of chronic environmental exposure to these 

radiation levels either in individuals or in the population as a whole. 

The aim of this study was test the hypothesis that selective pressure from chronic 

exposure to ionizing radiation might have produced resident voles (i.e., voles living in 

close proximity to Reactor 4) that are radioresistant. In this case, radioresistance might 

involve the ability to efficiently repair DNA lesions resulting from both direct and 

indirect effects of radiation exposure. Fourteen years seems adequate for selection, given 

the short life span of voles [23]. Initial assumptions included in the experimental design 

were: (1) that the levels of contamination in the Chomobyl exclusion zone [18] are of the 

magnitude capable of eliciting a response; (2) that micronucleus (MN) formation is an 

appropriate endpoint of environmental exposure to ionizing radiation [24,25]; and (3) that 

if the Red Forest population of C. glareolus has adapted to repair the damage from 
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exposure, then one should observe an increase in the frequency of micronucleated 

erythrocytes in naive voles, when exposed to the Chomobyl environment. 

Materials and Methods 

Study Sites 

Nedanchichy, Ukraine, a village located ca. 45km NNE of Reactor 4, received 

minimal fallout from the Chomobyl accident [26]. C. glareolus from a forest west of 

Nedanchichy (UTM:36 336455 U5707606) was collected for transplant studies and 

introduction into environmental enclosures in the Chomobyl exclusion zone. Enclosures 

for the naive voles were placed in the Red Forest region of the exclusion zone ca. 1.5 km 

WSW of Reactor 4 of the Chomobyl Nuclear Power Plant (UTM:36 295545 U5697040). 

This experimental site was chosen because in previous studies of native species, rodents 

collected in the Red Forest have consistently demonstrated the highest concentrations of 

radiocesium and radiostrontium [18]. 

In May of 1999, enclosures, measuring Im x 0.67m x 0.67m, were constmcted 

from untreated red cedar and galvanized wire mesh and placed in the Red Forest. Hinged 

tops were fastened with bolts and wing nuts to allow access to the animals during 

periodic sampling. The enclosures were placed on a site excavated to a depth of ca. 30cm. 

After the enclosure was in place, the soil and vegetation removed from the placement site 

were retumed to the enclosure. Soil was seeded with alfalfa, and native mosses retumed 

to the enclosure, and watered to encourage growth of cover inside the enclosure prior to 

introduction of the study animals. Each enclosure was supplied with a water bottle and a 
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nest box. Eleven enclosures were placed in a 30m x 20m area of the Red Forest (UTM:36 

295545 U5697040). 

Sampling 

In July of 1999, Clethrionomys glareolus (N=l 1) was captured from a forest west 

of Nedanchichy using Sherman live traps (H.B. Sherman, Tallahassee, Fl, USA) baited 

with rolled oats. Animals were retumed to the lab where they were sexed, weighed, 

measured, and assigned a voucher number. A unique toe clip was given to each animal 

for further identification. At the time of the toe clip, a blood sample was obtained and the 

toe preserved in lysis buffer [27]. These samples were used to establish initial 

micronucleus frequencies for each individual. Whole-body counts were performed using 

a 3" Nal crystal (Canberra Industries, Meridian, CT, USA) enclosed in lead housing. 

Each vole was counted for 3-10 minutes. Although longer reading times would have 

provided more accurate estimates of initial radioactivity, efforts were made to reduce 

stress to the animal by limiting the time of confinement in the 4cm x 6cm cylindrical 

scintillation jar used for the count. Background assessments were made after every third 

count. The counting methods, calibration, and standardization were as described by 

Chesser et al. [18]. Data were recorded and analyzed using a Libretto laptop computer 

(Toshiba American Informations Systems, Japan.) and Gamma Vision software package 

(E&G Ortec, Oakridge, TN, USA). 

One male and one female were paired, placed into 5 separate cages in the lab, and 

monitored for overall health and compatibility for 24h. One female, determined to be 

pregnant by palpation, was housed separately for the 24h period. 
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On 22 July 1999, the pairs of voles and the pregnant female were introduced into 

six separate enclosures in the Red Forest. Food and water were supplied ad libitum. Mice 

were recaptured and retumed to the lab for sampling every 10 days. The pregnant female 

was left undisturbed in the enclosure for the duration of the study period (except for 

replenishing food and water). On the evening prior to sampling, Sherman live traps were 

set in the enclosures supplied with oats and a nestlett for bedding. Voles not caught in the 

traps were removed by excavating their burrow systems. All animals were retumed in 

live traps containing food and bedding to the lab facility at Chomobyl City where they 

were then placed in cages. Animals were monitored for overall health, whole-body counts 

and body mass were measured and a blood sample was taken. Animals were retumed to 

the enclosures the evening of the same day of their capture. 

Offspring were collected from four of the five enclosures during the course of the 

study. Newboms were removed from the enclosure at the time of discovery, retumed to 

the lab and euthanized as previously described by Baker et al. 1996 [20]. Whole-body 

counts and weights were recorded, blood samples were taken, and voucher numbers were 

assigned. One-half of the specimen was cryopreserved and one half was preserved in 

lysis buffer [27]. At the termination of the study, all animals were anesthetized and 

euthanized. Bone and Muscle samples were taken for radiocesium and radiostrontium 

analysis, respectively. The results of these analyses are reported in a separate study 

(Chesser et al., submitted to Environmental Toxicology and Chemistry). Voucher 

specimens and vital tissues are housed at the Museum of Texas Tech University 

(Lubbock, TX, USA). 
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Accumulated Dose Calculations 

The activity of ^°Sr from bone and soil samples and '"Cs from muscle samples 

were determined by the methods of Chesser et al. [18]. Uptake rates and accumulated 

dose rates in the enclosures through biotic and abiotic pathways are the subjects of a 

separate study and are detailed in Chesser et al. (submitted to Environmental Toxicology 

and Chemistry). 

Micronucleus Assay 

Blood smears were retumed to the laboratory at Texas Tech University and 

stored, stained, and scored as previously described [21]. Slides were randomized, coded, 

and a single investigator (BER) analyzed 5,000 polychromatic erythrocytes (PCEs) per 

individual per sampling period. 

Results 

Study Animals 

All voles survived the study period and appeared to be in good general health at 

the termination of the study. Offspring were bom to four of the five pairs of voles. In 

total, 21 young were bom in the enclosures. Radionuclide concentrations of mothers and 

their young are reported in Table 3.1. As the gestation period of C. glareolus is 21 days, 

young collected after 11 Aug. 1999 were most likely conceived in the enclosures (N= 

17). The fifth female was pregnant at the termination of the study. 
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The pregnant female placed alone in an enclosure was recaptured at the end of the 

study along with four young. The juveniles were fully furred and moving freely about the 

enclosure, but not fully weaned (one was nursing at the time of capture). 

'"Cs activity and concentrations for this mother (TK81530), and her offspring are 

included in Table 3.1. 

Dose Accumulation 

Empirical values for '^'Cs and °̂Sr activities and concentrations for the voles at 

initiation of the study and subsequent sampling periods are presented in Table 3.2. 

Variation in the sample size is due to an occasional inability to recapture an animal 

without subjecting it to undue stress or excessive disturbance to the enclosure. 

Intemal Dose 

The accumulation of '̂ ^Cs in C. glareolus averaged 1570 Becquerel per gram 

(Bq/g), corresponding to 98mGy accumulated dose from intramuscular '^'Cs at the end of 

the 30 day study period. Approximately 1.5 mGy/d of ^°Sr was incorporated during the 

enclosure captivity, resulting in an accumulated dose of 18.64 mGy from ^°Sr. Doses 

from intemally deposited '̂ ^Cs and ^°Sr during the enclosure study averaged 116.7 mGy. 

Extemal Dose 

Extemal dose rates were calculated as 18.1mGy/d from '^'Cs and 14.24 mGy/d 

^°Sr in the soil. Therefore the estimated accumulated extemal doses during the 30-day 

study period were 543.3 mGy from '"Cs and 427.2 mGy from ^°Sr. 
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Total Dose 

Total dose and contributions from '̂ ^Cs and °̂Sr are presented in Table 3.3. The 

total dose resulting from intemal and extemal sources of radiation was 1087 mGy over 30 

days of exposure to the Red Forest environment. 

Micronucleus Frequencies 

Mean MN frequencies for each sampling period and corresponding ^̂ Ĉs levels 

are presented in Table 3.2. The initial frequency of micronucleated PCEs (MNPCEs) 

ranged from 0 to 0.4% with a mean of 0.2%. Day 10 sample frequencies ranged from 

0.02 to 0.25 % with a mean of 0.1 %. After the initial decrease observed in the Day 10 

sample, frequencies of MN remained below initial frequencies for the duration of the 

study (Figure 3.1). The overall change in the number of MNPCEs from Day 10 to Day 

30 remained near zero. A negative correlation was observed between MN frequencies 

and dose throughout the study (Table 3.3). 

Discussion 

In this study, we made several assumptions. First, that the magnitude of exposure 

to ionizing radiation in individuals living in the Red Forest was sufficient to induce 

chromosomal damage. Second, we assumed that the micronucleus assay is an appropriate 

endpoint to document chromosomal breakage [24,25,28,29]. Finally, we assumed that if 

the Red Forest population of C. glareolus had adapted to repair the damage from 

exposure, then one should observe a higher frequency of micronucleated erythrocytes in 

naive voles when exposed to the Chomobyl environment. 
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Our results indicate that exposure to radiation levels well above regulatory 

statutes do not result in an increase in the frequency of micronucleated PCEs in naive 

voles. Furthermore, our results do not support the hypothesis that voles resident in the 

Red Forest are radioresistant relative to naive voles, at least in terms of micronucleus 

formation. We cannot reject the hypothesis that C. glareolus has a unique level of 

radioresistance inherent in the species. Additionally, data presented here raise questions 

of whether C. glareolus is an appropriate sentinel species for environmental studies of 

radiation contamination and whether the MN assay is an appropriately sensitive endpoint 

for studies of low-dose, chronic radiation exposure. 

Dose Rates 

The dose rates presented here and documented in the companion paper by Chesser 

et al. (in review. Environmental Toxicology and Chemistry) are far in excess of the 

Intemational Atomic Energy Agency (IAEA) statutes of 1 mGy/d, the upper limit for 

terrestrial vertebrates [19]. Reproductive inhibition in mammals has been reported at 1 

mGy/d [30]. Total dose for C. glareolus experimentally exposed to the environment at 

Chomobyl averaged 1,087 mGy (36.2 mGy/d) for the 30-day study period. If the impacts 

of radiation dose is cumulative, as is widely held, then detrimental effects from such 

doses would be expected because a vole living in the Red Forest would receive a total 

dose of more than 13,224 mGy/year. Although this annual dose exceeds the LD50/30 if 

administered acutely, no mortality was observed. However, the scientific literature 

indicates reproductive inhibition would be expected [30]. Instead, naive voles 

successfully bred and reproduced in this environment. A total of 21 progeny, 17 of which 
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were conceived while the voles were living in the Red Forest enclosures, were bom 

during the study to individuals newly introduced to radiation exposure. Previous studies 

have documented that resident C. glareolus successfully reproduce in the Red Forest and 

in fact, our field team [20,31,32] has collected fecund females of all rodent species. 

Micronucleus Assay 

Micronucleus formation has been widely used as an endpoint of genetic damage 

in environmental toxicology studies [28,29,32-34] and its sensitivity to low-dose 

radiation has been demonstrated in laboratory studies [8,12]. Therefore, we concluded 

that MN formation was an appropriate endpoint for this study. Even so, the fact that we 

were unable to document significantly higher MN frequencies in previous studies [21] or 

in animals experimentally exposed to the Red Forest environment, raises the question of 

the sensitivity of this endpoint in documenting the effects of chronic, low-dose 

environmental radiation exposure (at least in some species). Our experimental design did 

not allow us to take blood samples daily. Therefore, it is possible that there was a rapid 

but short-term cellular response to exposure, resulting in an increase in MN formation 

after 3-5 days of exposure. Given the typical time frame of erythroblast formation, 

shorter sampling periods, might have revealed this, but needed to balanced against the 

stress of daily disturbance which we tried to avoid especially in the eariy days of the 

study. The observed decrease in MN frequencies (Table 3.2) may be indicative of 

enhanced expression of a repair system in response to damage occurring in the early days 

of the study. However, we cannot support or refute this hypothesis with these data. 

Further, because the decrease in MN observed at 10 days is not statistically significant 
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from initial counts, we cannot reject the hypothesis that the variation over time is due to 

random sampling error. 

Radioresistance 

Radioresistance could be explained by two possible responses to chronic radiation 

exposure. First, multi-generational selective pressures on a population from chronic 

exposure to ionizing radiation for alleles that increase survival (fitness) could produce 

individuals with new genotypes that would have greater resistance to the effects of 

radiation. Altematively, individual response to an environmental toxicant by initiation of 

cellular feedback mechanisms or repair systems might also offer protection to 

individuals. These two potential responses are not necessarily mutually exclusive. In fact, 

it is the natural selection brought about by chronic exposure to a toxicant that ultimately 

enhances survival in a polluted environment. 

We find no evidence that, at dose levels encountered in our study, resident C. 

glareolus is better able to more effectively repair chromosome damage than are naive 

voles. If radioresistance is present in the residents in the Red Forest we would expect an 

elevation in MN frequencies in the introduced animals that would remain elevated 

through the life of the individual. There is no elevated MN count in naive mice 

introduced in the zone; therefore, we reject the hypothesis that naive mice will respond 

differently to this environment than individuals that are the progeny of populations with 

multi-generational exposure. The second hypothesis, that a normal MN count is the result 

of feedback activation of repair in response to low dose radiation cannot be eliminated by 

our data. 
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Radioresistance may be an inherent quality of C. glareolus. This possibility, and 

the subsequent value of this species as a sentinel in environmental studies of radiation 

contamination, should be reevaluated. The LD 50/30 for C. glareolus is 1100 rads [35], yet 

these animals received on average 108 rads (36.2 mGy/d) from exposure to one of the 

most radioactive environments in the world (Table 3.3). Even so, this species has been 

reported previously to demonstrate an increase in MN formation in response to much 

smaller radiation doses than those reported here [29]. Cristaldi and colleagues [29] admit 

that the '^' Cs levels reported for C.glareolus collected in Rome were too low to explain 

the increase in MN formation, yet the response was concluded to be a result of exposure 

to radioactive fallout from Chomobyl while heavy metal levels in soil were discounted as 

negligible. Interestingly, pollution from traffic emissions in Rome has been shown to be 

of sufficient levels to elevate heavy metal content in tissues of mice living in the city [36] 

and a corresponding increase in MN formation was observed. These studies should be 

reevaluated, considering both the possibility of a synergistic effect between additional 

heavy metal contamination and radioactive fallout [37] and whether the use of C. 

glareolus as a sentinel species in environments of low level radiation contamination is 

appropriate. 

Finally, what is obvious from this study, and others, is the need for 

comprehensive analysis of data from both chronic and acute exposures in field and 

laboratory studies, employing multiple endpoints, in order to reduce the likelihood of 

sounding "genetic false alarms" [38] on the biological effects of radiation exposure. 

Current studies by our research group are underway to examine species more closely 
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related to the benchmark species, Mus musculus and radiosensitive strains of laboratory 

mice (those with a lower LD50/30 than voles) to determine their utility in environmental 

toxicology studies of radiation contamination. 
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Figure 3.1 Micronucleus frequencies and dose in bank voles, C. glareolus experimentally 
exposed to the Chomobyl environment (a) Mean percent micronucleated (MN) 
polychromatic erythrocytes (PCEs) for each of the four sampling periods, (b) Graphical 
depiction of the relationship of mean percent micronucleated polychromatic erythrocytes 
(PCEs) and mean dose (mGy/d) for the four sampling periods as predicted by linear 
regression analysis. 
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Table 3.2. The mean number of polychromatic erythrocytes (PCEs), percent 
micronuclei and corresponding activity levels and concentrations of '̂ ^ Cesium 
(Cs) for bank voles held in enclosures in the Red Forest at Chomobyl.Values in 
parentheses are standard errors. 

Sampling Mean Mean % in'-nai 137̂ ,̂  Grams'"'Cs/ ppm "'Cs 
period PCEs MN Bq/g vole (ug/g) 

DayO 
(N=ll) 

Day 10 
(N-ll) 

Day 20 
(N=10) 

Day 30 
(N = 9) 

5256 

5046 

4166 

5033 

0.19 

(+/- 0.08) 

0.1 

(+/- 0.05) 

0.14 

(+/- 0.05) 

0.12 

(+/- 0.07) 

43.64 

(29.4) 

1079.85 

(276.6) 

1594.89 

(430.7) 

1570.56 

(339.9) 

5.46x10"'^ 

(3.68 X 10"'^) 

1.92x10" 

(1.23x10"") 

1.99x10""' 

(5.38 X 10"") 

1.96x10"'° 

(4.23 X 10"") 

5.46 X 10"̂  

(3.68 X 10"̂ ) 

1.91 X 10"̂  

(1.23x10"') 

1.99x10"" 

(5.38 x 10'^' 

1.96x10"' 

(4.23 X 10"') 
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Table 3.3. Estimated contributions of '^'Cesium (Cs) and ^°Strontiun 
internal and extemal dose in bank voles maintained in enclosures in th 
near Chomobyl for a 30-day period. Also shown is the correlation of ̂  
to the total dose. 90Strontium was calculated at the termination of the 
indicates undetectable amounts of 137Cs or no value calculated for 90 

Sampling 
period 

DayO 
(N=ll) 
Day 10 
(N=ll) 
Day 20 
(N=10) 
Day 30 
(N = 9) 

Total Dose 

External 
"'Cs (18.1) 

mGy/d 
~ 

181 

362 

543 

Internal 
"'Cs mGy/d 

~ 

~ 

~ 

98 

641mGy/d '^'Cs 
Combined Dose 

External 
'"Sr (14.24) 

mGy/d 
~ 

142 

285 

427 

Internal 
'"Sr 

mGy/d 
~ 

~ 

~ 

19 

446 mGy/d ^°Sr 
1087 mGy/d 
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CHAPTER IV 

SUB-CHRONIC EXPOSURE OF BALB AND C57BL STRAINS 

OF MUS MUSCULUS TO THE RADIOACTIVE ENVIRONMENT 

OF THE CHORNOBYL EXCLUSION ZONE 

Abstract 

Environmental contamination resulting from the Chomobyl disaster offers a 

unique opportunity to examine the in vivo biological effects of chronic, low-dose 

exposure to radiation. Laboratory studies of acute exposure to ionizing radiation have 

been used to estimate risk and potential human health effects by the extrapolation of 

laboratory data to situations of low-dose environmental radiation exposure. Few studies 

have explored the biological consequences of "low-dose" environmental radiation 

exposure in the Mus model system. In the present study, laboratory strains of Mus 

musculus (C57BL and BALB) were placed in environmental enclosures in the Red Forest 

region of the Chomobyl exclusion zone. Blood samples were obtained every 10 days and 

the micronucleus (MN) test was employed to assess the potential for cytogenetic damage 

from exposure to Chomobyl radiation. Radionuclide uptake was monitored throughout 

the study, and dose was documented for each individual as well as their offspring. Total 

dose for the mice experimentally exposed to this environment averaged 1629.05 

milliGray for C57BL (40 days) and 1162.16 milHGray for BALB (30 days). Although a 

higher MN frequency for both strains was observed in the day 10 sample, no statistically 

significant difference from initial frequencies was observed during the study. The 

experimental design employed here allows for the incorporation of other traditional 
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laboratory strains as well as newly engineered transgenic strains oiMus to serve as 

sentinels of environmental radiation contamination. 

Introduction 

The effects of acute exposure to ionizing radiation are well documented in inbred 

strains of the mammalian model, Mus musculus [1-3]. The biological effects of chronic, 

low-dose exposure to radiation in these animals are less well known. The contamination 

resulting from the Chomobyl disaster offers a unique opportunity to examine the in vivo 

biological effects of chronic, low-dose exposure to environmental radiation. Previous 

studies have reported that native rodent species (Clethrionomys glareolus. Apodemus sp., 

Microtus sp.) resident in the most radioactive regions near Chomobyl do not demonstrate 

statistically significant increases in levels of mitochondrial DNA heteroplasmy, 

micronuclei formation or chromosomal aberrations [4-6] when compared to the same 

species collected in regions of low contamination. Comparative data sets on strains of 

laboratory mice would be valuable in understanding the significance of these results 

toward the extrapolation to human health risks and the establishment of regulatory 

statutes. The present study was undertaken to assess the effect of exposure to the 

environmental radiation contamination in the Chomobyl exclusion zone on two 

radiosensitive strains of Mus musculus, BALB and C57BL [1,3,7]. 

The relationship between laboratory data and risk from exposure to ionizing 

radiation encountered in environmental settings has been controversial [8,9]. The 

scientific literature is replete with reports of the effects of ionizing radiation on laboratory 

strains of Mus musculus, as well as rodent and human cell lines. Health effects 
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documented in laboratory studies using acute exposure regimes have been used to 

estimate risk by extrapolating these results to situations involving low-dose 

environmental radiation exposure [10-12]. Nonetheless, regulatory agencies have relied 

on results of acute high dose studies to guide them in establishing exposure limits for 

workers and the general public. Additionally, data from laboratory studies of acute 

exposure have been used to assess the risk to humans and wildlife chronically exposed to 

environmental radiation contamination. However, the doses administered in laboratory 

experiments seldom reflect environmentally relevant levels of contamination. For 

example, the exclusion zone around the Chomobyl Nuclear Power Plant is one of the 

most radioactive environments in the world, yet the radiation levels there are orders of 

magnitude lower then those employed in acute "low dose" laboratory studies [13-15]. 

Attempts have been made to accurately estimate risk and monitor levels of 

environmental radiation contamination by using wildlife species as sentinels [6,16-21]. 

Although wildlife studies have contributed to our understanding of the ecological risk 

posed by the levels of radiation contamination in the Chomobyl region, their utility in 

assessing human health risk is minimized by several factors. Of great importance, is that 

a considerable amount of variation exists in the sensitivity of organisms to radiation. In 

humans, the LD50 is approximately 3.5-5.0 Sieverts (Sv; 1 Sv = 1 Gray [Gy]; [22]), 

whereas one of the most common rodent species in the exclusion zone, C. glareolus 

(bank vole), has an LD50/30 of more than twice that (11 Gy; [16]). Other voles common to 

the Chomobyl exclusion zone include species of Microtus which have an LD50/30 of more 

than 10 Gy [23]. Therefore, native species, although valuable in documenting 

radionuclide accumulation and distribution of'^Strontium (Sr) and '^^Cesium (Cs) in the 
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exclusion zone [20, 24, 25], may not be the most appropriate indicator of the risk of 

human exposure to the Chomobyl environment. Few studies have explored the biological 

consequences of low-dose continual environmental radiation exposure in the Mus model 

system even though the BALB (LD5o/3o= 5.5 Gy) and C57BL (LD5o/3o = 6.0 Gy) strains of 

M .musculus demonstrate a sensitivity to radiation [1,3,7] more similar to that of humans. 

In the present study, C57BL and BALB strains of Mus were used to assess the 

potential for cytogenetic damage from exposure to Chomobyl radiation. The sub-chronic 

(30-90 day) exposure regimen employed in this study exposed mice to ionizing radiation 

for a time period longer than the lifespan of a circulating mouse erythrocyte (28 days), 

thereby increasing the power of the mouse peripheral blood MN test [26]. The MN test is 

a standard procedure for documentation of clastogenesis [27-30]. Micronuclei are 

cytoplasmic nuclear bodies formed by incomplete expulsion of complete chromosomes or 

chromosomal fragments from nuclei of daughter cells during cytokenesis. Because MN 

are chromosomal aberrations or spindle fiber anomalies, elevated levels of MN in bone 

marrow or peripheral blood are accepted as a measure of genotoxic damage resulting 

from exposure of stem cells to aneugenic or clastogenic agents, such as ionizing radiation 

[26,29,31]. Micronuclei can be visualized in mouse polychromatic erythrocytes (PCEs) 

as early as 4 days and as late as 7-8 days post-exposure to a mutagen. In the present 

study, the MN test was employed to assess the effects of low dose radiation on two 

laboratory strains of M. musculus placed in environmental enclosures in the Red Forest 

region of the Chomobyl exclusion zone. 
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Materials and Methods 

Study Sites 

Enclosures to house laboratory strains of M. musculus were placed in the Red 

Forest ca. 1.5 km WSW of Reactor 4 of the Chomobyl Nuclear Power Plant (UTM:36 

295545 U5697040). This experimental site was chosen because in previous studies, 

rodents collected at this locality in the Red Forest consistently demonstrated the highest 

concentrations of '"Cs and ^°Sr [20]. 

In May of 1999, 11 enclosures, measuring Im x 0.67m x 0.67m, were constmcted 

from untreated cedar and galvanized wire mesh and placed in a 30m x 20m area of the 

Red Forest. Hinged tops were fastened with bolts and wing nuts to allow access to the 

animals during periodic sampling. The enclosures were placed on a site excavated to a 

depth of ca. 30cm. After an enclosure was in place, the soil and vegetation removed from 

the placement site were retumed to the enclosure. Soil and native vegetation was 

replaced, seeded with alfalfa, and watered to encourage growth of cover inside the 

enclosure prior to introduction of the study animals. Each enclosure was supplied with a 

water bottle and a nest box. 

Sampling 

Animal husbandry and handling conditions were in accordance with the Texas 

Tech University Animal Care and Use Committee guidelines and approved protocol. In 

July of 1999, laboratory strains of Mus musculus (C57BL, N=7; BALB, N=8) were 

purchased from a research breeding colony in the city of Chomobyl, Ukraine. These 

animals were sexed, weighed, measured, and assigned a voucher number. Prior to 
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introduction to the Red Forest, a unique toe clip was given to each animal for further 

identification. From the toe clip, a blood smear was prepared and used to establish the 

initial MN frequency for each individual. The toe was preserved in lysis buffer [32] and 

used for other DNA analyses. 

Intramuscular Cs content was measured by whole-body counts performed using 

a 3" Nal crystal (Canberra Industries, Meridian, CT, USA) enclosed in a lead shield. 

Each mouse was counted for 3-10 minutes. Although longer reading times would have 

provided more accurate estimates of initial, intemal radioactivity, efforts were made to 

reduce stress to the animal by limiting the time of confinement in a 4cm x 6cm 

cylindrical scintillation jar for the count. Background assessments were made after every 

third count. The counting methods, calibration and standardization are described by 

Chesser et al. [20]. Data were recorded and analyzed using a Libretto laptop computer 

(Toshiba American Informations Systems, Japan) and Gamma Vision software package 

(EG&G Ortec, Oak Ridge, TN, USA). One male and two female mice were placed into 

separate cages in the laboratory and monitored for overall health and compatibility for 

24h prior to introduction into the enclosures. 

On 14 July 1999, seven adult C57BL mice were introduced into five enclosures in 

the Red Forest. Eight adult BALB mice were introduced 10 days later. Food and water 

were supplied ad libitum. Mice were recaptured and retumed to the laboratory for 

sampling every 10 days. On the evening prior to sampling, Sherman live traps (H.B. 

Sherman, Tallahassee, FL, USA) were set in the enclosures. Mice not caught in the traps 

were removed while in their nest boxes or by excavating their burrow systems. All 

animals were retumed in live traps containing food and bedding to the lab facility at 
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Chomobyl City where they were then transferred to cages. Animals were monitored for 

overall health, whole-body counts and body mass were measured and a blood sample was 

taken. Animals were returned to the enclosures in the Red Forest the evening of the same 

day of their capture. 

Offspring were collected in two of the five enclosures (N=l 1) during the course 

of the study. Newboms were removed from the enclosure at the time of discovery, 

retumed to the lab, and euthanized as previously described by Baker et al. [5]. Whole-

body counts and weights were recorded, blood samples were taken and voucher numbers 

were assigned. One-half of the fetal specimen was cryopreserved and one-half was 

preserved in lysis buffer [32]. Upon termination of the study (30d for BALB; 40d for 

C57BL), all animals were anesthetized and euthanized. 

Bone and Muscle samples were taken for radiostrontium and radiocesium analysis, 

respectively. Voucher specimens and vital tissues are housed at the Museum of Texas 

Tech University (Lubbock, TX, USA). 

Accumulated Dose Calculations 

The activity of '°Sr from bone and soil samples and '^'Cs from muscle samples 

were determined by the methods of Chesser et al. [20]. Procedures necessary to 

determine uptake rates and accumulated dose rates in the enclosures are described in 

detail in Chesser et al. [24]. We followed these procedures where applicable for animals 

in this study. The primary interest for the present study was to calculate the dose caused 

by the uptake of radionuclides for the period after the mice were introduced into the 

enclosures and to relate that dose to percent MN induction. 
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Micronucleus Assay 

Blood smears were retumed to the laboratory at Texas Tech University and 

stored, stained, and scored as previously described [6]. Slides were randomized, and 

coded for blind analysis by a single investigator who analyzed 5,000 polychromatic 

erythrocytes (PCEs) per individual per sampling period. 

Results 

Study Animals 

All mice survived the study period and appeared to be in good general health at 

the termination of the study. With the exception of pregnant females, no weight 

fluctuations were observed in the mice during their captivity. In total, 11 young were 

bom in the enclosures. Radionuclide concentrations of mothers and their young are 

reported in Table 4.1. The gestation period of M. musculus is 21 days, so neonates 

collected after 4 August 1999 (C57BL) and 11 August 1999 (BALB), were likely 

conceived in the enclosures (N=l 1). In addition to the 11 progeny bom in the enclosures, 

4 of the 10 female mice were pregnant at the termination of the study. 

Dose Accumulation 

Accumulated dose estimates for ^̂ ^Cs and ^°Sr from intemal and extemal sources 

are presented in Table 4.2 and Figure 4.1a and 4.1b. Variation in the sample size is due 

to an inability to recapture an animal without subjecting it to undue stress or excessive 

disturbance to the enclosure. 
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Intemal Dose from '̂ ^Cs 

The number of unstable atoms of Cs is expected to approach a constant 

(asymptotic) value with time. Therefore, using the method of Chesser et al. [24] the 

asymptotic value for the number of unstable atoms of '̂ ^Cs per gram of tissue, A , 

was determined to be: 

A (C57BL) = 2 . 8 7 x 1 0 ' ' 

A (BALB) = 2.98 X lO ' l 

Uptake rate, u = AX,, (where; X = 0.9633 represents the daily loss rate by physical decay 

and biological processes), for each strain was: 

U(C57BL)=2.76xlO'' 

U (BALB) = 2.87 X 1 0 ' \ 

Dose accumulation, 9l(Cs), from intramuscular '̂ ^Cs (in milliGray [mGy]) were then 

calculated as follows: 

9t(cs) = u (2.14 X 10""t -(1.94 x 10-'°)(l-e"°°^^")). 

Therefore, intemal dose estimates from '^'Cs for the two strains of mice are: 

C57BL SR(Cs) = 183.57 mGy (40 days) 

BALB 9?(cs) = 131.26 mGy (30 days). 

Intemal Dose from ^°Sr 

Concentration values for ^°Sr were determined using the activity measured in 

Bq/g (the number of nuclear disintegrations per second per gram of tissue; Chesser et al., 

[24]). Activities for the two strains of mice were 1826 Bq/g for C57BL and 742.3 Bq/g 
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for BALB. Using the methods of Chesser et al. [24] the uptake rates measured in the 

number of unstable atoms per gram, u, was determined to be: 

U(C57BL) = 6 .05x10 '° 

u (BALB) = 2.94 X 10'°. 

The uptake rates can be used to calculate the accumulated intemal dose from ^°Sr (9̂ (Sr)) 

for any time period as below 

9̂ (Sr) = u (2.63 X 10-'') (e-°°03°3' + 0.00303t -1) 

where t denotes time in days. 

Therefore, at the end of the study period 

C57BL 9t(sr) = 112.28 mGy (40 days) 

BALB 9t(sr) = 30.99 mGy (30 days). 

Intemal dose rates for '"Cs and ^°Sr are presented in Table 4.2. The accumulated 

dose from intramuscular '̂ ^Cs for the study period averaged 183.57 mGy in C57BL and 

131.26 mGy in BALB. Approximately 112.28 mGy of °̂Sr in C57BL and 30.99 mGy 

^°Sr in BALB was incorporated during the enclosure captivity. Doses from intemally 

deposited '̂ ^Cs and ^°Sr during the enclosure study totaled 295.85 mGy for C57BL and 

162.26 for BALB mice. 

Extemal Dose 

Extemal dose rates, calculated from '̂ ^Cs and ^°Sr in the soil [24], are presented 

in Table 4.2. The accumulated extemal doses during the study period from '"Cs and ^°Sr 

were estimated at 999.9 mGy and 1333.2 mGy for 30 and 40 days, respectively. 
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Total Dose 

Total dose and the contributions from '^'Cs and ^°Sr are presented in Table 4.2 

and Figure 4.1c. The total dose resulting from intemal and extemal sources of radiation 

was 1629.05 mGy for C57BL and 1162.16 mGy for BALB during exposure to the Red 

Forest environment. 

Micronucleus Frequencies 

The initial frequency of micronucleated PCEs for C57BL averaged 0.29% 

(-I-/0.15) and 0.24 % (+/-0.25) for BALB mice. Frequencies for Day 10 samples averaged 

0.39% (-H/-0.16) for C57BL and 0.29% (+/-0.21) for BALB mice. Although a higher MN 

frequency for both strains was observed in the day 10 sample, no statistically significant 

fluctuation from initial frequencies was observed during the study (t-test„ p>0.05;Figure 

4.2). Mean MN frequencies for each sampling period and corresponding '^'Cs levels are 

presented in Table 4.2. 

Discussion 

We combined laboratory and field approaches by exposing two radiosensitive 

strains of Mus to the environmental radiation contamination resulting from the Chomobyl 

meltdown. The first question addressed was: Do these two laboratory strains of Mus 

respond differently when exposed to the Chomobyl environment than do the native 

resident species of the Red Forest that today are the product of multi-generational 

exposure? The answer to this question is not trivial when results from laboratory animals 
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and those from resident sentinel species are being used in environmental risk 

assessments. Because of intensive selective pressure, the resident populations of native 

wildlife species may currently be more radioresistant than these two laboratory strains of 

Mus [33]. As was observed for resident C. glareolus and naive C. glareolus transplants, 

[6,25], an elevated MN frequency was not observed here in transplanted Mus. Within the 

power of the MN test as employed, these results are in agreement with results obtained 

from native species where exposure to the current levels of radiation in this region of the 

Red Forest did not elevate the frequency of chromosomal breaks. 

Because data generated from studies of Mus are commonly used to estimate 

multiple risk factors in humans, predict potential disease states, or assess toxicity of 

various compounds, we wanted to assess the utility of using inbred strains of Mus as 

sentinels in situations where environmental contamination is a concem. Our results 

document that these two strains of Mus can survive and reproduce in environmental 

enclosures in the most radioactive area adjacent to Reactor 4 of the Chomobyl Nuclear 

Power Plant. The experimental design employed also could be used to explore the effects 

of exposure to other contaminated environments. Experiments of this design have the 

value of providing a reference point for better understanding relationships between 

laboratory and field studies when examining the effects of mutagens on the benchmark 

mammalian model, Mus musculus. 

Radiation sensitivity of organisms is highly variable. Mammals are the most 

radiosensitive group of organisms [34] and although mammal species vary in sensitivity 

as well, manmialian model systems are the most suitable tests to evaluate the potential for 

human health effects from exposure to ionizing radiation. The two strains of mice 
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examined in our study incorporated radionuclides at almost identical rates to each other 

and actually received consistently higher doses (although p>0.05) during their captivity 

than transplanted C. glareolus in a parallel study [25]. 

Differences in the uptake of °̂Sr between the two strains of Mus are likely caused 

by two factors. First, there are difficulties in the initial assumptions of the model in 

estimating asymptotic concentrations and therefore uptake rates for ^°Sr over a period as 

short as 30-40 days (as discussed in [24]). More than 750 days exposure may be 

necessary for ^°Sr levels to reach equilibrium in introduced mice. Therefore, error may be 

introduced when estimating uptake values over short time frames as in the enclosure 

studies. Second, there may be some currently unrecognizable difference between the two 

strains in their assimilation efficiencies of ^°Sr. Regardless, the experimental design 

employed here allows for the incorporation of other traditional laboratory strains as well 

as transgenic strains of Mus to serve as sentinels of environmental contamination 

including radioactivity. 

Historically, radiation effects have been investigated either in laboratory studies 

of inbred strains of Mus or environmental field studies of native mammal species. 

Laboratory studies using fractionated doses attempt to document effects from exposure 

other than acute, but large doses are still administered in these studies. Many 

investigators have attempted to simulate conditions of radiation contamination, such as 

nuclear accidents, by using unshielded '̂ ^Cs sources, '^'Cs tagged sand, and other 

methods [16,35]. Humans and wildlife occupying areas of naturally high radioactivity 

(also at levels above statutes) have been examined as well. In each case, no long-term 
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biological effect has been documented at levels well in excess of regulatory standards 

[35]. 

Our results indicate that exposure to radiation levels forty times greater than 

regulatory statutes does not result in an increase in the frequency of micronucleated PCEs 

in radiosensitive strains of Mus. The dose rates presented here and documented in 

Chesser et al. [24] are far in excess of the Intemational Atomic Energy Agency (IAEA) 

statutes of 1 mGy/d, the upper limit for terrestrial vertebrates [36]. If the impact of 

radiation dose is cumulative, as is widely held and employed in the establishment of 

regulatory statutes, then detrimental effects from such doses would be expected because a 

mouse exposed to the Red Forest environment would receive a total dose of more than 

14,016 mGy/year. Although this annual dose exceeds the LD50/30 if administered acutely, 

similar doses have been documented for free-ranging rodent species in the region with no 

observed increase in mortality [20]. Furthermore, the scientific literature indicates 

reproductive inhibition would be expected at these doses [35]. Instead, laboratory mice 

successfully bred and reproduced in this environment. Free-ranging resident species of 

the Red Forest, and naive C. glareolus relocated from reference sites, also have been 

reproductively successful while exposed to similar or greater doses of radiation [25]. 

Regulatory statutes are adopted not only to protect radiation workers and the 

general populous, but also to protect wildlife species and habitat from excessive exposure 

to ionizing radiation. However, a paradox exists in the use of data generated from 

laboratory studies to estimate risk in order to establish guidelines for exposure and 

remediation of environmental contamination. So-called "low dose" laboratory studies 

differ from chronic field exposures in several ways. Low dose laboratory reports typically 
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use doses higher than possible in a lifetime of exposure to any contaminated site in the 

world [10-12]. Radiation doses may be fractionated in laboratory studies, thereby 

differing from acute exposure, but such doses are not continual as in a radionuclide-

contaminated environment. Additionally, animals in radionuclide polluted environments 

are receiving dose from both intemal and extemal sources. The radionuclides present and 

their associated energies (alpha, beta, gamma) can vary greatly between contaminated 

environments. Therefore, if laboratory studies are to be used to estimate risk in natural 

environments of elevated radiation, or environments contaminated from anthropogenic 

sources, efforts should be made to investigate environmentally relevant levels of radiation 

and those doses should be administered in a fashion that closely mimics that experienced 

by organisms living in contaminated environments. 
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Figure 4.1 Graphical depiction of the dose estimates (mGy = milliGray) for C57BL and 
BALB strains of Mus musculus during exposure to the Red Forest environment near 
Chomobyl; (a) from ^°Strontium; (b) from '^'Cesium; (c) from combined intemal and 
extemal sources of radiation. The solid line represents C57BL and the dashed line 
represents BALB dose accumulation. 
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Figure 4.2 Histograms of the mean percent micronucleated (MN) polychromatic 
erythrocytes for BALB (a) and C57BL (b) strains of Afŵ  musculus placed in 
environmental enclosures in the Red Forest of the Chomobyl exclusion zone and sampled 
every 10 days. 
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137 

Table 1. Activity and Cesium (Cs) concentrations in Becquerels per gram (Bq/g) for BALB 
Mus musculus mothers and their offspring bom in environmental enclosures in the Red Forest 
region of the Chomobyl exclusion zone. Dose rates calculated for intramuscular concentrations 

137 

of Cs only. The TK numbers refer to catalogue numbers for The Museum, Texas Tech 
University. 

Mother's TK ^ , ^ Mother's Mother's Newborn Newborn ^ 
Enclosure# ,,^ ^ „ ,, r^,, „ 1̂7 Dose 

# "'Cs Bq/g Dose mGy/d TK # '"Cs Bq/g ^ ^ ^̂  

81597 7 73.77 0.054 
BALB 

81593 8 41.59 0.031 
BALB 

82520 
82521 
82522 
82523 
82524 
82525 
82526 
82527 
82528 
82529 
82530 

69.01 
67.68 
70.74 
64.97 
71.8 
38.55 
67.01 
64.24 
64.82 
58.91 
63.21 

0.05 
0.049 
0.051 
0.047 
0.052 
0.028 
0.049 
0.047 
0.047 
0.043 
0.046 
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CHAPTER V 

AN EXAMINATION OF CHROMOSOME DAMAGE IN RESIDENTS OF 

SLAVUTYCH, UKRAINE AND RADL\TION WORKERS AT CHORNOBYL 

Abstract 

In October of 1999, with the cooperation of the Ukrainian authorities and the 

Intemational Radioecology Laboratory in Slavutych, Ukraine, a study was conducted on 

the following four groups: (1) liquidators of the Chomobyl accident (directly involved in 

the accident cleanup), (2) Ukrainian scientists that have carried out research in the 30km 

Exclusion Zone, (3) U.S. scientists, who have worked in the Exclusion zone, and (4) 

residents of Slavutych, Ukraine, with no occupational exposure to the Chomobyl fallout. 

Documented radiation doses ranged from 25 to 280 mSv in the Liquidator group and 0.21 

to 1.75 mSv in the U.S. research group. Each subject was given a complete physical 

exam and a whole body count of gamma radiation levels. Each participant answered 

detailed questionnaires, pertaining to health and radiation exposure histories. Blood and 

urine samples were obtained for chemical analyses. Blood smears were examined for 

differential lymphocyte and micronucleus counts. Analysis of blood samples indicates no 

evidence of thyroid disease in any group. In Ukrainian subjects, white blood cell counts 

were lower and mean corpuscular volumes were higher than in the U.S. researchers, but 

there was no significant difference among groups. Micronucleus (MN) frequencies were 

significantly elevated (x^, /?<0.005) in all experimental groups when compared to the 

reference group from Slavutych. However, no correlations were observed between MN 

frequencies, smoking, alcohol consumption, age or gender. From this preliminary study, 
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we cannot unambiguously determine whether the observed increase in MN erythrocytes 

were the direct result of exposure to radiation, some unknown confounding factor, or a 

synergistic interaction between these. Further study of a larger cohort is needed to 

determine if these chromosomal aberrations are stable and tmly indicative of any long-

term health risk of exposure to the fallout from Chomobyl. 

Introduction 

Environmental contamination is a worldwide problem, which can severely reduce 

human health and quality of life. Of the types of contamination that impact living 

organisms, toxicants (such as ionizing radiation) that damage genetic material may affect 

the health of exposed individuals as well as future generations by way of increased 

genetic load, birth defects or reduced fertility. Our current knowledge of radiation 

exposure and the potential for human health effects are based predominately on studies of 

Hiroshima and Nagasaki survivors [1,2]. Regulatory statutes imposed by Intemational 

Commission on Radiological Protection (ICRP) are also based largely on these studies 

[3]. The large-scale, cohort study of Japanese survivors includes gender data, all age 

groups, a broad range of radiation dose, and is thereby considered by the ICRP as 

appropriate for estimating risk of exposure to ionizing radiation. However, questions 

have arisen as to whether the application of results from the Hiroshima and Nagasaki 

studies is appropriate when estimating risk from long-term exposure to low-dose, 

environmental radiation from naturally occurring sources or exposure to radioactive 

fallout from anthropogenic sources such as the Chomobyl Nuclear Power Plant (CNPP) 

accident [3-5]. 
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Undoubtedly, many maladies resulted from the initial high doses received by 

cleanup personnel (liquidators) and the exposed populous during the meltdown of 

Reactor 4 of the CNPP [6-8]. However, uncertainties remain in estimating the human 

health risk from long-term exposure to the current levels of contamination in the 

Chomobyl Exclusion Zone. Studies are needed to evaluate the effects of low-level, 

chronic exposure, describe the risk of genetic damage to long-term human health, and 

validate previous risk estimates [4] with sound scientific evidence. The tragedy of the 

Chomobyl accident has provided a unique opportunity to conduct such studies and 

thereby increase our knowledge of the human health effects of chronic radiation 

exposure. 

It is unlikely today that humans will experience the radiation levels that were 

present immediately after the CNPP accident or will receive doses comparable to those 

administered in laboratory animal studies (which result in relatively predictable effects). 

However, large numbers of people do live in areas with elevated background radiation [9] 

and mn the risk of ingesting radionuclide contaminated foods [10]. Currently, most 

exposure to radiation from the Chomobyl accident is chronic, low-level exposure to 

environmental contamination and or food sources. Results from high dose acute studies 

(with exposures of 0.2Gy and up; [11]) are often extrapolated to estimate risk of low-

level environmental exposures. However, "low" is not well defined and generally refers 

to occupational or diagnostic exposure levels (0.01-0.02 Gy) which fall within regulatory 

statutes [12]. Although cancer and other health effects have not been demonstrated in 

individuals exposed to "low" levels, risk of exposure is still considered to exist. 
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Studies designed to examine risk of human exposure to ionizing radiation are 

hindered by several factors. Of these, the greatest problem is in estimating radiation dose. 

Dosimetry records, when available, are often incomplete or inaccurate. In order to 

estimate radiation dose, investigators have had to rely on retrospective dosimetry, 

estimates from ground level contamination of the regions inhabited by subjects or 

anecdotal reports of exposure levels [13-15]. In addition to the problem of determining 

dose, diagnosis of latent effects is difficult due to confounding factors including genetic 

makeup, gender, age, diet, and smoking. Furthermore, studies examining human subjects 

exposed to Chomobyl fallout, have frequently been conducted on immigrants from 

Ukraine to other countries (e.g., U.S., Israel). Often these subjects were exposed for a 

short period following the accident, but have since been living in clean regions of 

Ukraine or in other countries [13-15]. Unique to our research is the inclusion of subjects 

recently or chronically exposed to the current contamination levels near the Chomobyl 

Nuclear Power Plant. 

A preferred method of monitoring genetic damage in human populations is the 

micronucleus (MN) assay [6,16]. Evidence of cytogenetic damage in the form of MN 

formation and damage to fragile sites near oncogenes has been documented more than 8 

years post exposure to ionizing radiation in adults [17,18]. Exposure to radiation in utero 

[17,18] as well as chronic exposure through food and environmental sources [10] has also 

resulted in cytogenetic damage, which has been documented using the MN assay. In the 

present study, peripheral blood samples were obtained from subjects exposed to 

Chomobyl radiation and the MN assay was employed to assess cytogenetic damage. 
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Herein we report the results of a preliminary study designed to investigate the 

effects of exposure to chronic, low-dose radiation on liquidators and researchers that have 

been living in Ukraine, consuming food from the region, and working in the Chomobyl 

exclusion zone (many of them sincel986). In addition to the MN assay, physical 

examinations and laboratory analyses were performed as recommended for clinicians 

caring for Chomobyl survivors [19]. 

Methods 

In October of 1999, with the cooperation of the Ukrainian authorities and 

assistance from the International Radioecology Laboratory in Slavutych, Ukraine, a study 

was conducted on the following four groups: 

1. Liquidators of the Chomobyl accident (directly involved in the accident cleanup) 

N=10 

> 25 Rad lifetime dose 

access to health and dosimetry records; 

2. Ukrainian scientists that have carried out research in the 30 km Exclusion Zone 

(having at least 5 years of research in the Chomobyl 10 km zone) 

N=10 

access to health and dosimetry records; 

3. American researchers who have worked in the 30 km Exclusion Zone (having worked 

in the 10 km exclusion zone for at least 1 week) 

N=7 

access to institutional dosimetry records; 
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4. Residents of the city of Slavutych (no occupational exposure to the Chomobyl fallout) 

N=ll 

Matched as closely as possible to experimental subjects in gender, age and 

smoking habits. 

Subjects were recmited and appointments arranged by Intemational Radioecology 

Laboratory (IRL) in Slavutych, Ukraine. The study was conducted in accordance with the 

guidelines for human research, following protocol approved by the Texas Tech 

University Health Sciences Center Intemal Review Board (IRB). Consent forms, health 

histories, and dose questionnaires approved by the IRB were translated into Russian by 

staff of the IRL and made available to Ukrainian subjects. An interpreter, provided by 

the IRL, was present at all times to ensure the terms of the consent were understood. Each 

participant answered detailed questionnaires pertaining to health history and radiation 

exposure history. 

Whole body counts of gamma radiation levels were conducted at the Chomobyl 

Nuclear Power Plant. A standard physical examination was conducted which included 

blood pressure, pulse, an examination of eyes, neck (paying close attention to the thyroid 

gland), heart, lungs, abdomen and extremities. Blood samples were drawn for thyroid 

studies, blood counts, and a complete metabolic panel (automated blood chemistry). 

Frozen semm was transported to the laboratory facilities of Texas Tech University Health 

Sciences Center (Lubbock, TX, USA) for blood chemical analyses. All subjects were 

assigned a unique identification number and all analyses were conducted blind. 

Microscope slides for automated white blood cell differential and manual 

micronucleus counts were made from a drop of peripheral blood, obtained from a lancet 
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finger stick. Slides were fixed in absolute methanol for 10 min. prior to staining. The 

method of Hayashi et al. [20] was used to stain slides in an Acridine Orange solution. 

Briefly, a solution of 45ml Sorenson's Buffer: 2 ml 0.01% Acridine Orange was mixed 

and the slides were stained for 2 minutes in this solution and then rinsed for 10 min. in 

three changes of buffer and air dried. Slides were randomized, coded and scored blind by 

a single investigator (BER). Two slides per individual were examined on an Olympus 

Vanox epi-fluorescent microscope using dual band pass filters. A total of 5,000 

erythrocytes per slide (10,000/subject) were assessed for the presence of micronuclei. 

Results 

Exposure Levels 

Documented exposure levels ranged from 25-280 mSv in the liquidator group and 

0.02 to 1.75 mSv in the U.S research group. No official dosimetry records were available 

for the Ukrainian research group. Results from whole body gamma counts indicate that 

some of the subjects in the reference group (N=4) had experienced some intemal 

radiation exposure (32-42 microCuries; |a.Ci), likely from ingesting contaminated food. 

In contrast, only one member of the liquidator group registered any gamma radiation 

activity (46 (xCi) from the whole body count. Five members of the Ukrainian research 

group had detectable gamma activity levels ranging from 21-156 |iCi. The highest whole 

body count (156 |j.Ci) was from a member of the Ukrainian research group, who admitted 

to consuming mushrooms picked inside the exclusion zone. The remainder of the 

subjects, registered no detectable activity during the whole body counts. 
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Physical Examinations 

The reference group (N=l 1) was comprised of 9 males and 2 females with a mean 

age of 42 years (range from 37-63 years of age). Two subjects reported coronary artery 

disease (CAD) by history. Blood pressure was elevated in 4 subjects at the time of their 

physical examinations. 

The Ukrainian research group (N=10) was comprised of 7 males and 3 females 

with a mean age of 44 years (range 33-66 years of age). One subject reported CAD by 

history. Blood pressure was elevated in 4 subjects at the time of examination. 

The Liquidator group was comprised of 9 males and 1 female with a mean age of 

50 (range 37-60 years of age). No history of CAD was noted in this group. Blood 

pressure was elevated in 4 of the subjects examined. 

The U.S. research group (N=7) was comprised of 5 males and 2 females with a 

mean age of 46 years (range of 33-58 years of age). No history of CAD was noted in this 

group and one subject had elevated blood pressure at the time of the physical 

examination. No evidence of tumors, enlarged thyroid glands, cataracts, or chronic 

disease states was found in any of the subjects examined. 

Analysis of Blood Samples 

A summary of the hematic variables analyzed is presented in Table 5.1. White 

blood cell counts were slightly lower in the Ukrainian subjects than is common in the 

United States, but no statistically significant differences were found between groups. 

Levels of mean corpuscular volume (MCV) were higher in the Ukrainian subjects, but the 

differences between groups were not statistically significant and levels were just outside 
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the normal range of 80.0-98.0FL. These results may be a reflection of applying U.S. 

standards to a different population or a reflection of dietary differences between the 

populations. Higher MCV levels can be indicative of B12 or folate deficiencies [21]. 

Thyroid stimulating hormone (TSH) levels were within normal reference levels [21] for 

all study groups. 

Cytogenetic Analysis 

Mean percent MN frequencies for the four study groups are presented in Table 

5.1. Micronucleus frequencies were significantly elevated (t-test, p<0.05) in all 

experimental groups when compared to the reference group from Slavutych (Figure 5.1.). 

Further analysis demonstrated highly significant elevations in MN counts in all groups 

when compared to the reference group (y^, p<0.005) and MN counts for the U.S. research 

group were significantly higher than the Ukrainian researchers (x^ =0.004). The highest 

frequencies were observed in those individuals most recently exposed to the exclusion 

zone around the CNPP (Table 5.1). No correlations were found between MN frequencies 

and smoking, alcohol consumption, age or gender (t-test, ANOVA, p>0.05). 

Discussion 

Humans are exposed daily to ionizing radiation from the decay of naturally 

occurring radioisotopes in rocks and soil and from cosmic radiation. Annual effective 

dose equivalents have been estimated at 2 mSv/year from these sources. Anthropogenic 

sources, including diagnostic medical devices and the proliferation of nuclear reactors, 

have increased the exposure levels of man by approximately 0.4 mSv annually [4]. 
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Occupational exposure may further increase annual dose and emergency situations can 

expose individuals to dangerously high levels of ionizing radiation. Exposure to ionizing 

radiation is known to produce the type of genetic damage that underlies the proliferation 

of cancers and genetic disease in man [4]. Even so, determining the human health 

consequences of various exposures is a difficult task. Studies of Hiroshima and Nagasaki 

survivors have made important contributions to the scientific literature and increased our 

understanding of the long-term effects of acute exposure to high levels of ionizing 

radiation [1]. The accident at CNPP has presented scientists with the additional challenge 

of documenting the long-term human health effects from exposure to the low-dose 

environmental radiation contamination from the meltdown of Reactor 4. 

Our data support previous studies detecting increased MN in liquidators several 

years post exposure. Damage to erythroid stem cells can occur from exposure to gamma 

radiation and these cells may survive in the bone marrow for decades prior to 

proliferation. Therefore, damage from radiation exposure may be expressed years later 

and observed in circulating erythrocytes as micronuclei [17,22]. Studies examining 

cytogenetic damage in individuals exposed to radiation contamination have documented 

increased levels of MN in peripheral blood 30 years post-exposure [22]. Chromosomal 

aberrations in lymphocytes cultured from peripheral blood have been documented 6-10 

years post-exposure to Chomobyl radiation with the highest occurrence of MN observed 

in the liquidator group. The MN assay has also been used to document recent exposure to 

ionizing radiation. Increased MN formation has been documented within 6 months post

exposure [17,22]. The highest mean MN count was observed here in individuals recently 

(within 6 months) exposed to the most radioactive regions of the Chomobyl Exclusion 

78 



zone. Our data support the conclusion that the peripheral blood MN assay is sensitive 

enough to detect chromosomal damage from recent exposure to ionizing radiation. 

Additionally, our data suggest a potential relationship between time since first 

exposure to radiation and the magnitude of dose in increasing MN formation. Relatively 

minor doses may elicit a response initially, but unless the magnitude of the dose is 

substantial, then, damage may dissipate with time for repair. Altematively, initial large 

doses and subsequent low-dose exposure may elicit a response that could surpass repair 

or free radical scavenging capabilities and increase long-term health risk. If so, low-dose 

chronic exposure is possibly not as damaging as intermittent high doses that surpass 

individuals ability to repair damage efficiently. Further studies of a larger cohort group 

with careful document of exposure times and levels are needed in order to develop 

models that examine the interaction between these variables. 

Our results from the MN assay support the hypothesis that residents of Slavutych 

are living in a relatively clean environment and experiencing minimal cytogenetic 

damage from exposure to the radiation levels of that city. However, the fact that some of 

the subjects included from Slavutych registered gamma radiation activity during the 

whole body counts suggests that some contamination of food may exist in the region. 

This is of concem because a previous study of Siberian residents consuming fish from a 

radionuclide contaminated river demonstrated reduced immune systems and increased 

circulation of oncogenic vimses thereby indirectly increasing cancer risks in that 

population [17]. 

We also considered the potential for interaction between smoking, age, gender, 

diet, health history and exposure levels in the potential for cytogenetic damage that could 
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be documented by the MN assay. We detected no correlation between any of these 

confounding factors and increased MN formation. Regardless, we cannot unambiguously 

conclude from this preliminary study whether the observed increases in MN erythrocytes 

are the direct result of exposure to ionizing radiation, some unknown confounding factor 

or a synergistic interaction between these. Further study is needed to determine if the 

documented chromosomal aberrations are tmly indicative of long-term health risk. 
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Figure 5.1. Micronucleus (MN) frequencies reported as mean percent per 10,000 
erythrocytes. The reference group is residents of Slavutych, Ukraine. The study groups 
have been occupationally exposed to Chomobyl radiation. R= reference population 
(N=l 1), UR = Ukrainian research group (N=10), L = Liquidators (N=10), US = U.S. 
research group (N=7). 
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Variable 

Age 

Erythrocytes analyzed 
# MN erythrocytes 
%MN 
Hemoglobin (13.0-17.3 g/dL) 
Hematocrit (30-52%) 
MCV (80.0-98.0FL) 
MCHC (31.5-36.5 g/dL) 
TSH (0.49-4.67 ulU/ml) 
Potassium (3.6-5.0 mmol/L) 
Calcium (8.4-10.2 mg/dL) 
WBC (4.0-11.0 k/uL) 
RBC (4.30-5.80 m/uL) 
Neutrophils (37-80%) 
Lymphocytes (20-45%) 
Monocytes (0-10%) 
Eosinophils (0-6%) 
Basophils (0-2%) 

Variable 

Age 

Erythrocytes analyzed 
# MN erythrocytes 
%MN 
Hemoglobin (13.0-17.3 g/dL) 
Hematocrit (30-52%) 
MCV (80.0-98.0 FL) 
MCHC (31.5-36.5 g/dL) 
TSH (0.49-4.67 ulU/ml) 
Potassium (3.6-5.0 mmol/L) 
Calcium (8.4-10.2 mg/dL) 
WBC (4.0-11.0 k/uL) 
RBC (4.30-5.80 m/uL) 
Neutrophils (37-80%) 
Lymphocytes (20-45%) 
Monocytes (0-10%) 
Eosinophils (0-6%) 
Basophils (0-2%) 

Mean 

42 
10480 

1.5 
0.018 

14 
48.9 

101.8 
30 

1.34 
4.78 
9.75 

4 
5 

53 
36 
7 
2 
1 

Slavutych Residents 
S.E. 

10 
228.3 

1.9 
0.015 

1 
3.43 
5.2 
1.3 

0.71 
0.59 
0.37 

2 
0 

11 
12 
4 
3 
1 

Min. 

23 
10147 

0 
0 

13 
44.6 
92.9 
28.5 
0.53 
4.1 
9.2 

2 
4.18 

37 
22 
0 
0 
0 

Ukrainian Researchers 
Mean 

44 
10683 

4 
0.037 

15 
48.7 

103.8 
30 

1.52 
5 

9.83 
4 
5 

57 
33 

7 
2 
0 

S.E. 

9 
294.2 

3.1 
0.029 

1 
2.07 

6.803 
1 

1.2 
0.49 
0.39 

1 
0 

10 
8.7 

3 
2 
0 

Min. 

33 
10319 

0 
0 

13.4 
52.2 
92.3 
29.1 
0.47 
4.3 

9 
2.9 

4.15 
46 
23 
2 
0 
0 

Max. 

63 
10968 

4 
0.038 

16.2 
55.4 

112.4 
33.5 
3.03 
5.9 

10.3 
6.9 
5.4 
68 
53 
17 
10 
2 

Max. 

66 
11050 

9 
0.085 

16.8 
4 

114.2 
32.4 
3.97 
5.6 

10.6 
5.3 

5.12 
69 
51 
11 
5 
1 

aiv ill paiciiuic^c: 

Mean 

50 
9798 

5.3 
0.055 

15 
51.8 

104.2 
30 

1.42 
4.83 
9.88 

5 
5 

57 
29 
10 
2 
0 

Mean 

46 
10161 

7.5 
0.072 

14 
43.2 
88.6 

33 
1.47 
4.22 
9.28 

6 
5 

60 
31 
6 
2 
1 

Liquidators 
S.E. 

8.4 
1722 

5.2 
0.051 

1 
2.84 
4.9 
1.2 

0.45 
0.41 
0.49 

2 
0 

15 
16 
4 
2 
0 

Min. 

37 
4983 

0 
0 

13.7 
46.9 
93.6 
28.2 
1.02 
4.2 
9.1 

2 
4.34 

39 
7 
4 
0 
0 

U.S. Researchers 
S.E. 

9.5 
934.8 

5.2 
0.049 

2 
4.73 
13.4 
1.8 

0.54 
0.18 
0.27 

1 
1 
5 

7.6 
4 
2 
1 

Min. 

33 
8349 

2 
0.024 

11.6 
36 

62.1 
30.3 
0.75 

4 
8.9 
3.3 

4.13 
54 
18 
3 
0 
0 

Max. 

60 
10603 

14 
0.147 

16.1 
55.3 

108.7 
31.7 
2.47 
5.5 

10.8 
9.1 

5.59 
77 
53 

16 
5 
1 

Max. 

58 
10090 

14 
0.131 

17.1 
49.5 
97.3 
35.1 
2.22 
4.5 
9.5 
7.1 
5.8 
67 
39 
14 
6 
2 
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CHAPTER VI 

CONCLUSIONS 

Introduction 

There are four chapters of this dissertation that were written as scientific papers. 

Each was designed to stand alone as a joumal article, yet the papers in concert address 

the problem of assessing the biological effects of living in the Chomobyl environment. In 

this chapter, I will review the hypotheses tested in each experiment and in conclusion, 

provide an overview of the results. 

Chapter Il-Cytogenetic Effects of Exposure to Chomobyl Radiation 

The study that became Chapter II of this dissertation was designed to examine the 

cytogenetic effects of exposure of the bank vole, Clethrionomys glareolus, to the 

radioactive fallout from the Chomobyl Nuclear Power Plant accident. Our null hypothesis 

was that the micronucleus frequencies in voles chronically exposed to ionizing radiation 

would not be elevated relative to frequencies in unexposed voles. We were unable to 

reject this hypothesis with the data generated. These results were intriguing because 

previous studies [1-3] reported significant increases in MN formation which were 

attributed to radiation exposure levels that were orders of magnitude less than those 

experienced by voles living in the Red Forest region of Chomobyl. One possible 

explanation for the results obtained in our study was that voles sampled from the Red 

Forest had developed radioresistance in response to multi-generational exposure to 

Chomobyl fallout. A second possibility is that the increased incidence of MN in previous 
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reports were due to exposure to contaminants other than radiation. Or perhaps, the 

methodology employed in previous studies allowed for a greater number of false 

positives. The nucleic-acid-specific stain and flourescent microscopy used in this study 

gives us no reason to reject the results due to methodology. 

Chapter III-A test of radiorestance 

The aim the subsequent study, reported in Chapter in was to examine whether 

bank voles currently inhabiting the Red Forest had developed radioresistance as a result 

of 14 years of chronic, low-dose radiation exposure. Radioresistance could be a species-

wide phenomenon, in which case we would not expect to observe an increased MN 

frequency in naive voles when exposed to the Red Forest environment. Voles collected 

from an uncontaminated environment were placed in environmental enclosures in the 

Red Forest to test the null hypothesis that naive voles would not exhibit increased MN 

formation when compared to resident voles from the Red Forest. Additionally, 

radionuclide uptake was monitored throughout the study, and dose was documented for 

each individual as well as their offspring. We were unable to reject the null hypothesis 

that naive and resident voles would react in the same way to this environment. Our results 

indicate that exposure to radiation levels (averaging 36.2 mGy/d; [4]) well above 

regulatory statutes of 1.0 mGy/d [5] did not result in an increase in the frequency of 

micronuclei in naive voles. Furthermore, these results do not support the hypothesis that 

voles chronically exposed to these radiation levels have developed a genetic basis for 

greater radioresistance that is unique from that present in naive populations. 
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Chapter IV-The Mammalian Model System, Mus musculus 

To further address the question of radioresistance, we chose the laboratory 

mammalian model system, Mus musculus. There were two reasons for this choice. First, 

Mus has been used as a model for a large volume of literature on the effects of radiation. 

Secondly, Cristaldi et al., [2] reported an increase in MN formation in wild populations of 

Mus in Rome. The first two manuscripts document that a native species at Chomobyl 

does not show an increased response in chromosomal breakage. The lab mouse, Mus was 

used to establish whether Mus responded differently to the Chomobyl than resident voles. 

Radiosensitive strains of MM.S (C57BL and BALB) were placed in the 

environmental enclosures in the Red Forest. Because these strains were known to be 

radiosensitive [6-8] and had been used in laboratory studies to document cytogenetic 

damage from exposure to ionizing radiation, our null hypothesis was that these mice 

would exhibit increased chromosome breaks from exposure to radiation in the Red 

Forest. Our results of reproductive success and no increase in chromosomal breaks are 

strikingly different from the published literature which need to be reevaluated in light of 

these data. The results of this experiment allowed us to reject this hypothesis. Within the 

power of the MN test as employed, these results are in agreement with results obtained 

from native species where exposure to the current levels of radiation in this region of the 

Red Forest did not elevate the frequency of chromosomal breaks [4]. 

Chapter V-Effects of HumanExposure to Chomobvl Radiation 

In order to carry out the experiments on C. glareolus and M. musculus, American 

and Ukrainian researchers were repeatedly exposed to one of the most radioactive 
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environments in the world. Even though we were unable to document any cytogenetic 

damage in the rodents studied, the question arose as to whether this exposure was having 

an effect on those of us conducting the research. This question, and the intriguing results 

from our wildlife studies, led to the study reported in Chapter V. Previous studies of 

humans exposed to Chomobyl fallout have reported elevated MN frequencies years post

exposure [9,10]. The results from previous studies led us to the hypothesis that humans 

occupationally exposed to the radiation levels of the Chomobyl exclusion zone would not 

exhibit and increase in MN formation when compared to residents of Slavutych, Ukraine. 

We were able to reject this hypothesis with data generated in this study. However, we 

were unable to unambiguously attribute the documented increases of MN to radiation 

exposure. 

Experimental Design 

Overall, the design of the experiments presented here allowed us to accurately test 

our hypotheses and to draw sound scientific conclusions from the data generated. 

However, some improvements could be incorporated in future studies. In the enclosure 

studies, our experimental design did not allow us to take blood samples daily. Therefore, 

it is possible that if there was a rapid but short-term cellular response to exposure, 

resulting in an increase in MN formation after 3-5 days of exposure, the response was 

missed with our design. However, more frequent sampling might have increased stress to 

the animals, and definitely would have increased the time required to analyze the 

samples. Recently, an automated flow cytometric MN assay [11] has been developed and 

is currently under validation testing. Should this method prove reliable, one could greatly 



increase the statistical power of the MN assay and eliminate the necessity of manual 

scoring of blood smears. 20,000 cells (PCEs) can be scored in 2 min. compared to 4 

hours for manual scoring of the same sample. Using this technique, we could sample 

animals more frequently, examine a greater number of cells and generate a more accurate 

dose-response curve for exposure to the radiation levels of the Red Forest. We plan to 

conduct this experiment in the summer of 2001. 

Finally, because inbred strains of Mus are optimized for laboratory studies, we 

were uncertain as to how these animals would respond to "nature". We kept our sample 

size to a minimum and the exposure to sub-chronic in hopes of keeping mortality to a 

minimum should these animals respond adversely to introduction to the enclosures. 

Rather than being challenged by life in the enclosures, these animals appeared to thrive in 

their new environment. The Mus placed in the environmental enclosures excavated 

extensive burrow systems and constmcted underground nest where they successfully bred 

and reared progeny. Therefore, with properly designed feeders, animals could be placed 

in these enclosures for longer periods of time (during spring, summer and fall months), 

allowing for more in-depth studies of chronic exposure to low-dose radiation or other 

environmental contaminants. 

Significant Contributions of this Research 

Information gained through field studies such as those reported here are 

invaluable in assessing the long-term, multi-generational consequences and biological 

risks of chronic exposure to radiation contamination. The experimental design employed 

in the enclosure studies allows for the incorporation of traditional laboratory strains as 
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well as transgenic strains of Mus to serve as sentinels of environmental contamination 

including radioactivity. Experiments of this design have the value of providing a 

reference point for better understanding relationships between laboratory and field studies 

when examining the effects of mutagens on the mammalian model, Mus musculus. 

Furthermore, our results indicate that exposure to radiation levels forty times 

greater than regulatory statutes does not result in an increase in the frequency of 

micronucleated PCEs in radiosensitive strains of Mus. The dose rates presented here and 

documented in Chesser et al. [12] are far in excess of the Intemational Atomic Energy 

Agency statutes of 1 mGy/d, the upper limit for terrestrial vertebrates [5]. If the impact 

of radiation dose is cumulative, as is widely held and employed in the establishment of 

regulatory statutes, then detrimental effects from such doses would be expected because a 

mouse exposed to the Red Forest environment would receive a total dose of more than 

14,016 mGy/year. If regulatory statutes are established for the protection of wildlife 

species, it is unclear as to why the limit was set at 1.0 mGy/d. If reproductive inhibition 

or an increased incidence of chromosomal breaks was the basis, then our results indicate 

no basis for the current limits imposed and strongly suggest a necessary reevaluation of 

the statutes. If established for other reasons, such as reducing the potential for harm to 

human inhabitants, a reevaluation of current limits may still be warranted. 

Finally, what is obvious from these data and those generated from studies of the 

Hiroshima and Nagasaki survivors [13], is the need for comprehensive analysis of data 

from both chronic and acute exposures in field and laboratory studies, employing 

multiple endpoints, in order to reduce the likelihood of sounding "genetic false alarms" 

[14] on the biological effects of radiation exposure. 

90 



References 

1. Cristaldi M, leradi LA, Mascanzoni D and Mattel T. 1991. Environmental impact of 
the Chemobyl accident: mutagenesis in bank voles from Sweden. Int J Radiat Biol 
59:31-40. 

2. Cristaldi M , D'Arcangelo E, leradi LA, et al. 1990. '̂ ^Cs Determination and 
mutagenicity tests in wild Mus musculus domestics before and after the Chemobyl 
accident. Environ Pollut 64:1-9. 

3. Goncharova RI and Ryabokon NI. 1995. Dynamics of cytogenic injuries in natural 
populations of bank vole in the Republic of Belams. Radiation Protection Dosimetry 
62(l/2):37-40. 

4. Rodgers BE, Wickliffe JK, Phillips CJ, Chesser RK, Baker RJ. Experimental 
exposure of naive bank voles, Clethrionomy glareolus, to the Chomobyl environment: 
A test of radioresistance. Environ Toxicol Chem, accepted pending revision. 

5. IAEA. 1992. Effects of ionizing radiation on aquatic organisms and ecosystems. 
Intemational Atomic Energy Agency, Vienna (Tech. Rep. Series 322). 

6. Maisin JR, Wambersie A, Gerber GB, Mattelin G, Lambiet-Collier M, DeCoster B, 
Gueulette J. 1991. Life-shortening and disease incidence in mice after exposure to X 
rays of high-energy neutrons. Radiat Res 128:S 117-S 123. 

7. Kinashi Y, Ono K, Mitsuyuki A. 1997. The micronucleus assay of lymphocytes is a 
useful predictive assay of the radiosensitivity of normal tissue: a study of three inbred 
strains of mice. Radiat Res 148:341-347. 

8. Mori N, Okumoto M, Yonezawa M, Nishikawa R, Takamori Y, Kozaburo E. 1994. 
Factors related to hemapioetic death in mice. J Radiat Res 35:1-10. 

9. Ilyinskikh, NN, AV Eremich, n Ivanchuk and EN Ilyinskikh. 1996. Micronucleus 
test of erythrocytes and lymphocytes in the blood of the people living in the radiation 
pollution zone as a result of the accident at the Siberian chemical plant on April 6, 
1993. Mutat Res 361:113-118. 

10. Ilyinskikh NN, IN Ilyinskikh and EN Ilyinskikh. 1999.Chromosome breakage at sites 
of oncogenes in a population accidentally exposed to radioactive chemical pollution. 
Mutagenesis 14(l):83-86. 

11. Dertinger SD, DK Torous, NE Hall, CR Tometsko, TA Gasiewicz. 1999. Malaria-
infected erythrocytes serve as biological standards to ensure reliable and consistent 
scoring of micronucleated erythrocytes by flow cytometry. Mutat Res 464:195-200. 

91 



12. Chesser RK, Rodgers, BE, Wickliffe JK, Gaschak S, Phillips CJ, Baker RJ. 
Accumulation of ^^Cesium and ^°Strontium from abiotic and biotic sources in 
rodents at Chomobyl. Environ Toxicol Chem, accepted pending revision. 

13. Kodaria M, Satoh C, Hiyama K, Toyama K. 1995. Lack of effects of atomic bomb 
radiation on genetic stability of tendem-repetitive elements in human germ cells. 
Am J Hum Genet 57:1275-1283. 

14. Neel JV. 1999. Two recent radiation-related false alarms: Leukemia in West 
Cumbria, England, and minisatellite mutations in Belams. Teratology 59:302-306. 

92 


