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CHAPTER I 

INTRODUCTION 

1.1 Background and Significance 

Since the discovery of ionizing radiation (ca 1900), this natural and anthropogenic 

agent has been hailed as a tool for improving human health and lessening our petroleum 

energy demands. Conversely, ionizing radiation has been, and still is, feared as an agent 

of environmental and human destruction. It is precisely the energetic and destructive 

properties of ionizmg radiation that foster this paradox. To date, the majority of research 

concerning the negative impacts of radiation on DNA has focused on acute, relatively 

high dose studies (for a recent laboratory example of "low dose" see [1]). These studies 

have documented that ionizing radiation causes genetic mutations primarily through 

indirect (e.g., oxygen radical formation) but also direct interactions. In fact, some studies 

suggest there may be complex mechanisms (e.g., damaged repair capabilities) responsible 

for inherited mutations in repetitive elements [2-3]. There have been comparatively few 

studies on the molecular effects of sub-acute to chronic, relatively low dose exposure to 

ionizing radiation. While the mechanistic understanding and nature of genetic impacts 

resulting from acute, high dose studies is invaluable, they are incapable of accurately 

simulating continous, low dose exposures to radiation such as can be found in Chomobyl. 

The relative paucity of chronic, low dose rate research has resulted in a virtual absence of 

data regarding those levels of exposure which are environmentally relevant. This is 

largely because the negative genetic effects associated with ionizing radiation are thought 



to be independent of dose rate or dose interval. In fact, the current model used to 

evaluate radiation risk is based on a cumulative, non-threshold dose-response. Although 

the validity of cumulative dose-effects has been questioned since the 1950's as well as 

the non-threshold concept [4-8], this conservative, simplistic model remains the principal 

basis for predicting genetic effects resulting from radiation exposure. As high to low 

dose extrapolations (of any potential toxicant) continue to be questioned, it becomes 

exceedingly important to understand the effects of both low dose and chronic exposure to 

provide the most accurate and precise, experimentally-supported estimate(s) of risk [5,7]. 

The accident at the Chomobyl Nuclear Power Plant (CNPP) which occurred 16 

years ago (April 26, 1986) provides an opportunity in which to study the molecular 

genetic effects of relatively high levels of subacute-chronic, continuous environmental 

radioactive exposure [9-10]. A considerable body of research has been conducted on 

humans, wildlife, and experimentally-enclosed mammalian model systems (e.g., Mus 

domesticus) exposed to Chomobyl radiation but resolution of the genomic effects 

remains unsettled [3,11-29]. Several mammalian species inhabit and appear to thrive in 

the highly radioactive areas surrounding the CNPP, however human activity remains 

severely restricted [30-32]. In addition, the long-lived radioisotopes "^Cs and '°Sr are 

biological analogs of K and Ca, respectively, and are incorporated into the native and 

experimentally-enclosed biota. Comparative research on mternal burden in small 

mammals indicates that several species are themselves radioactive, and one species of 



rodent in particular, the bank vole {Clethrionomys glareolus), is the most 

environmentally radioactive mammal yet documented [33]. 

Deleterious genetic effects have been unequivocally linked to exposure to 

ionizing radiation [34]. Following the pioneering and Nobel prize winning research on 

radiation-induced mutations in animals (Drosophila) and plants (maize) conducted by 

MuUer [35] and Stadler [36] respectively, studies have focused on resolving the nature of 

genetic changes on an increasingly finer scale [13-29,37-42]. Detrimental effects in 

humans also have been attributed to the Chomobyl accident. For example, Baverstock et 

al. [11] and Kazakov et al. [12] found significant increases in the frequencies of thyroid 

cancer in children from northern Ukraine and southern Belarus. The scientific 

community is in agreement with their findings especially considering the high levels of 

radioiodine, a relatively short-lived radioisotope, released by the explosion coupled with 

diets deficient in iodine characteristic of the people Uving in these regions. 

At present, we have the ability to detect single base pair changes in an 

individual's DNA prior to the induction of genetic disease. There also are a number of 

techniques in addition to DNA sequencing which offer the ability to screen several 

kilobases of genetic material at a time. A summary of these techniques and their 

limitations is provided by [43-45]. The relative ease with which the genetic material can 

now be screened for mutations provides the technical basis for current research and this 

dissertation. 



In addition to powerful techniques for visualizing molecular genetic alterations, 

the ability to estimate dose, dose rate and exposure has been reaUzed in radiation biology 

and radioecology. Chesser et al. [33,46] have refined instantaneous body burden and 

dose reconstruction models such that intramuscular radiocesium and skeletal 

radio strontium activity can be used to estimate internal dose and dose rate. 

This dissertation is concerned both with native mammalian residents in the 

Chomobyl environment and those which could be termed transient (e.g., experimentally-

enclosed Mus domesticus). Using these as model systems for estimating human mutation 

risk not only provides a unique opportunity to understand the effects of relatively long-

term, continuous exposure to radiation, it also presents a unique set of safety-related 

issues. 

1.2 Experimental Justification-Endpoints 

Rigorous experimental design, which includes appropriate model systems, 

informative biomarkers, accurate exposure estimation, and bhnd collection of data, is 

critical when estimating potential health risks which contaminants may pose [47]. This is 

especially true because of the highly charged atmosphere which often influences the 

issues and decision-making process designed to assess and mitigate any potential risks. 

My dissertation experiments were conducted in the manner outlined above. Furthermore, 

all samples used in this dissertation, includmg tissues and DNA samples, have been 

archived in a permanent, accredited collection (Museum of Texas Tech University) for 

future study and analysis. This significance of this action is that any experiment that 1 
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have conducted can be replicated. This is especially pertinent in light of the extreme 

dichotomy that exists in the results and conclusions drawn from the many studies 

conducted with respect to Chomobyl. Previous research can be categorized into 2 major 

areas of conclusions. One category suggests, at present, no significant biological effect 

results from exposure to the Choraobyl environment [17-19,21-22,24-27,29-32]. The 

second category suggests that significantly elevated mutation frequencies and rates are 

induced by exposure to Chomobyl [3,13-16,20,23,28]. It should be noted that some of 

these studies document radiosensitivities, especially in humans, several orders of 

magnitude higher than previous studies document [48]. If the DNA and tissues from 

each of these studies had been archived, then using the above experimental criteria it 

would be possible to repUcate each experiment in order to verify each study and better 

understand the source and significance of these 2 opposing extremes surrounding the 

Chomobyl accident. 

Finally, some statements on the authorline that can be found on each chapter are 

merited. Working at Chomobyl is not easy. From departing Texas Tech University to 

retuming with our samples, the entire excursion is logistically difficult. I feel that while I 

am responsible for the material in this dissertation, specifically the generation and 

analysis of data, it is a team approach (experimental design, material transport, field 

sampling, financial support, etc.) that is ultimately responsible for the finished product. 

The authorline reflects the contribution as well as the pohtical reality at Chomobyl. 



Below, I describe the general nature of each experiment prior to a complete 

treatment in the following chapters. Three of the studies rely on the well-characterized 

protein-coding mitochondrial cytochrome b gene. Two of these studies are designed to 

estimate the germline and somatic intraindividual variation (i.e., heteroplasmy) in this 

redundant genetic system. The third study involves using the cytochrome b gene (i.e., 

museological analog) to identify voucher specimens, which pose a human health risk, to 

the level of species. The fourth study, which has 2 major components, is designed to 

investigate the somatic mutagenecity of the Chomobyl environment in the transgenic Big 

Blue® mouse. This goal of this study is to estimate the somatic mutation frequency and 

nature of the mutational spectra in a well-studied (laboratory exposures) whole organism 

mutation model. Using both native and laboratory mammalian models, may also allow 

for discerning different, and possibly opposing, effects on a variable genetic background 

and an isogenic genetic background. 

1.2.1 Mitochondrial DNA Heteroplasmv 

A considerable amount of data exists conceming the sequence organization and 

functional role of the genes of the mitochondrial DNA molecule [49-53]. This is 

especially true of the cytochrome b gene [54-55]. This relatively simple molecule is 

arguably the most well understood genetic system available for use in environmental 

science, systematics, and population genetics. The benefits of examining mtDNA from 

an environmental exposure perspective have been outhned in Baker et al. [56]. For 

example, the mtDNA genome is governed by most known repair mechanisms but is 
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deficient in some excision pathways characteristic of nuclear genome mamtenance [57], 

MtDNA is also a redundant cellular component usually found in multiple copies (> 10 -̂

10"*) per cell. This latter attribute has fostered a substantial amount of research 

concerning the presence of mutant mtDNA copies within ceUs, tissues, and individuals. 

This condition, known as "heteroplasmy", has been implicated in hereditary neuropathies 

and musculo-skeletal disease states [58-60]. For example, a single point mutation in the 

cytochrome b gene resulting in an amino acid substitution has been associated with the 

progression of an exercise intolerance [61]. I refer the reader to the following website for 

detailed, interactive information regarding the mitochondrial genome and diseases 

associated with mitochondrial mutations and malfunction: 

http://www.gen.emory.edu/mitomap.html. Finally, recent theoretical predictions for 

germline origins of heteroplasmy and probabilistic fate of mtDNA variants (both 

germline and somatic) have been developed [62-63]. This will facilitate the empirical 

findmgs and an understanding of the origin of potential heteroplasmic variants (i.e., 

germline vs. somatic). 

1.2.1.1 MtDNA Heteroplasmy in a Native Species {Clethrionomys glareolus) 

A recent investigation by Baker et al. [18] found a radioactive female vole 

{Microtus arvalis) and her offspring from Chomobyl had more mutations in the 

cytochrome b gene of their liver tissue, and thus an increased level of heteroplasmy, 

when compared to a relatively unexposed female and her offspring (the increase was not 

statistically significant). I wUl examine mtDNA heteroplasmy using the cytochrome b 
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gene in another species of vole, Clethrionomys glareolus, and 2 strauis (C57BL/6 and 

BALB/c) of experimentally- enclosed Mus musculus domesticus exposed to the 

radioactive Chomobyl environment to determine sublethal genotoxicity associated with 

environmental irradiation. The native species of vole is considered the most radioactive 

mammal yet collected [33]. In addition, population genetic research suggests this species 

is resident within the environment thus representing a natural population. Cytogenetic 

research indicates no chromosomal damage is occurring in this species which usually 

results from acute, high doses of radiation and that residents within the contaminated 

areas have not acquired a recent selective advantage through increased radioresistance 

[22,27]. Therefore, this species models a natural human population with a variable 

genetic background. 

1.2.1.2 MtDNA Heteroplasmy in the Laboratory Model 
{Mus musculus domesticus) 

Recent studies document that the laboratory mouse, Mus musculus domesticus, 

can successfully be maintamed m the Chomobyl environment [24,46]. In contrast to the 

native species, strains of laboratory Mus present an isogenic background which should 

largely control for interindividual genetic variation. The strains selected model more 

closely the radio sensitivity of humans which is substantially less than the native bank 

vole [64]. Recent dosimetric and cytogenetic studies on experimentally-enclosed Mus 

within the Chomobyl environment indicate relatively high cumulative doses of radiation 

are incurred but no cytogenetic damage is revealed following 90 days exposure [24,46]. 
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However, these cytogenetic analyses do not allow for an examination at the DNA 

sequence level. Therefore, these 2 mammalian models allow us to investigate the 

subacute-chronic molecular effects resulting from continuous exposure to environmental 

radiation from different genetic perspectives. Appropriate reference animals or tissues 

will be used where possible. 

1.2.2 Transgenic Mus-The Big Blue® System and Somatic Mutagenesis 

The ability to create transgenic rodents has greatly facilitated the fields of 

developmental and medical genetics and mutation research. One transgenic strain in 

particular known as the Big Blue® Mutagenesis Assay System (Stratagene Corp., La 

Jolla, C A) was developed specifically to test the somatic mutagenecity of virtually any 

agent [^-66]. The Big Blue® hemizygous C57BL/6 mouse has 40 tandem copies/cell of 

a lambda {X) shuttle vector (each -45 kb in length) stably integrated on chromosome 4 

near the brown coat color locus. The a portion of the lac operon resides in this vector 

while the remaining portion of the lac operon is found in the host strain of Escherichia 

coli. The specific mutation target within each shuttle vector is approximately 1 kb in 

length and is a gene encoding a lad repressor (Figure 1.1). In the "native" state, the 

wildtype repressor inactivates transcription of the lacZ gene (i.e., the a portion of the 

enzyme (3-galactosidase). Recall that P-galactosidase is an enzyme which cleaves 5-

bromo-4-chloro-3-indolyl-(3-D-galactopyranoside (a chromogenic galactoside analog 

better known as "X-Gal") forming a blue color. When the packaged phage with a 



functional lad repressor (i.e., lacZis repressed), infects the appropriate bacterial host 

(i.e., a strain with the p portion of p-galactosidase) grown in the presence of X-Gal, the 

viral plaque presents as white/clear. If the lad gene is mutated, for example, following 

exposure to a mutagen, the lacZ gene is not repressed. When the lad repressor is not 

functional (i.e., lacZ is not repressed) and the appropriate bacterial strain is infected, X-

Gal is cleaved and a blue plaque results. This simple blue/white color assay has been 

widely used in mutagenecity studies investigating over 50 chemical and physical agents 

including ionizing radiation [40,67]. This body of research has documented the 

sensitivity of the transgene to known mutagens. The lad assay will be used to assess 

somatic mutations, both the frequency and specific nature of mutations, as research 

indicates this assay is more efficient at detecting point mutations than other selection 

assays [68]. Male and female C57BL/6 Big Blue® hemizygous adults will be housed in 

environmental enclosures in radioactive and relatively non-radioactive areas for 90 days 

to determine the somatic, chronic mutagenecity of the Chomobyl environment using the 

transgene as a mutation marker. 
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1080 base pairs 
..M Lx 

45 kilo base pairs 

Figure 1.1. Sequence organization of the X shuttle vector (transgene) on chromosome 4 
in the C57BL/6 Big Blue® mutagenesis mouse. The location and relative length (1080 
base pairs) of the lad mutagenesis target gene is shown in pale gray. There are 40 copies 
of the transgene per cell per animal. 

1.2.3 Molecular Identification of Voucher Specimens 
Using the Cytochrome b Gene 

The preceding studies deal with the molecular genetic consequences of 

encountering the Chomobyl environment. This chapter is concerned with developing 

molecular methods to produce accurate biological data on the biodiversity of and species 

collected in the Chomobyl region while reducing potential health risks resulting from 

contaminated specimens. 

Native specimens collected from contaminated sites represent a unique source of 

information from which the deleterious effects of pollutants can be characterized. 

Obviously, proper identification (ie., taxonomic classification) is paramount to any 
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study, current or future, documenting effects in order for those studies to fully contribute 

to an understanding of environmental risk. Interestingly, accumulation and concentration 

of these poUutants can make the specimens themselves a potential health hazard. This is 

especially true of specimens collected from the Chomobyl environment. As mentioned 

previously, internal deposition of radiocesium and radiostrontium in small mammals 

(Classes Insectivora [shrews, moles, etc.] and Rodentia [mice, voles, etc.]) collected from 

the Chomobyl environment results in the most radioactive fauna yet documented [33]. In 

fact, the levels of radioactivity in specimens belonging to the genera Sorex, Neomys, 

Apodemus, Clethrionomys, Microtus, Sicista, and Muscardinus are considered a 

radiological health risk by current U.S. standards. This suggests that simply handling the 

specimens themselves may pose a health risk to collectors and curators. While many of 

the species belonging to these genera are relatively easy to identify, some species, 

particularly shrews, are quite difficult because of their morphological uniformity. 

Specimens of shrews also have relatively high internal burdens of radiation [33]. 

Therefore, I chose to evaluate the efficacy of the cytochrome b gene, a documented 

molecular species' marker [69-71], in identifying individual shrew specimens to the level 

of species. This approach, if effective, would serve to substantially reduce radiation 

exposure that museum personnel would likely encounter usmg the lengthy morphological 

approach to species' identification. 
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CHAPTER II 

ASSESSING THE GENOTOXICITY OF CHRONIC, ENVIRONMENTAL 

IRRADIATION USING MITOCHONDRIAL DNA HETEROPLASMY 

IN THE BANK VOLE {CLETHRIONOMYS GLAREOLUS) AT CHORNOBYL 

2.1 Abstract 

This study was designed to investigate if chronic exposure to Chomobyl radiation 

poses a molecular genetic risk to mammals by examining a relatively rapidly evolving 

genetic system, mitochondrial DNA (mtDNA) in bank voles {Clethrionomys glareolus). 

There were more mtDNA mutations (-19%) and an increase in mtDNA heteroplasmy 

(-5%) in the cytochrome b gene of an exposed mother/embryo set when compared to a 

relatively unexposed mother/embryo set, although this increase was not statistically 

significant {p>0.05). Our results, though from a small sample size, in conjunction with 

previous molecular genetic research on small mammals from Choraobyl, suggest that 

chronic exposure to environmental ionizing radiation does not increase the number of 

nucleotide substitutions as predicted by studies using acute or subacute exposures. Thus, 

cumulative models of radiation risk would not appear to follow simple linear functions 

derived from high doses and dose rates. The equivocal nature of research regarding the 

effects of the Choraobyl accident indicates future research is warranted such that models 

of chronic, environmental exposure can be developed and/or refined. Though additional 

study is required to properly validate mtDNA heteroplasmy as a useful effect biomarker, 
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these data do not indicate a significant risk to mtDNA exists in native rodents chronically 

exposed to both internal and external radiation. 

2.2 Introduction 

Following the accident at the Chomobyl Nuclear Power Plant (CNPP) in 1986, 

numerous studies have been conducted with the basic goal of documenting the biological 

impacts associated with environmental exposure to ionizing radiation [1-7], While 

research has demonstrated til effects attributable to short-hved isotopes such as "'iodine 

[4, 7], data on the latent effects of long-lived isotopes such as "^Cesium (Cs) and 

^°Strontium (Sr) are thus far indeterminate. For example, research on repetitive DNA 

elements (i.e., mini- and microsateUites) in both plants and animals has suggested either 

an increased germline mutation rate [5-6, 8-9] or an absence of an increased germline 

mutation rate [10]. Unfortunately, studies indicating genetic effects presumably resulting 

from radiation at Choraobyl have not documented individual exposure rendering 

ecological and human health risk difficult to assess. Furthermore, studies investigating 

mini- and micro satellite mutation rates following exposure to ionizing radiation resulting 

from atomic bomb explosions at Hiroshima and Nagasaki have not found increases in 

mutation rates [11-12]. This paradox indicates that a simple model of dose-response 

cannot be mvoked in assessing risk from exposure to ionizing radiation and/or 

experimental design must be robust to unknown sources of variation influencing 

conclusions drawn from studies. 
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Research effectively documenting individual exposure and dose with respect to 

the Choraobyl environment [13], has not found statistically significant evidence of 

clastogenic lesions, elevated mutation rates, elevated levels of mitochondrial DNA 

(mtDNA) heteroplasmy, or population level effects in wildlife [10, 14-16]. Therefore, 

resolving the potential mutagenicity of the radioactive environment at Choraobyl remains 

a critical issue with respect to assessing the genetic risk to humans and wildlife. 

This study was designed to assess genetic mutations resulting from chronic 

exposure to environmental radiation in a relatively rapid evolving protein-coding gene. 

We chose to examine mutations in the mitochondrial DNA (mtDNA) cytochrome b (cyt 

b) gene and estimate substitution frequencies and heteroplasmy (i.e., the presence of both 

wild- and mutant mtDNA genotypes within an individual [17]) in the mtDNA. 

Mitochondrial DNA is an appropriate system in which to study genetic mutations because 

of its relatively high mutation rate [18], its implication, including the cyt b gene [19-20], 

in a number of genetic disorders including cancer [21-23], and the multiplicity of the 

mtDNA within each cell [18, 24]. The latter, in theory, allows the retention of mutant 

haplotypes below a threshold (upwards of 70% mutant [20]) at which oxidative 

phosphorylation is affected. In addition, the relative simplicity of the structure of the cyt 

b gene (a single exon of-1140 base pairs) and the well-characterized DNA sequence of 

the cyt b gene in numerous organisms make this gene particularly useful. Finally, the 

theoretical framework from which to assign the origin (i.e., germline or somatic) of 
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mtDNA variants has been derived allowing for both transgenerational and individual 

genetic risk to be estimated [25]. 

An analytical approach has recently been developed which is designed to detect 

differences in the number of mtDNA substitutions and the level of heteroplasmy between 

individuals [14]. This approach was applied in a study investigating mtDNA 

heteroplasmy in a radioactively exposed female grassland vole, Microtus arvalis, and her 

embryos and an unexposed female and her embryos. Baker and coworkers [14] found a 

nonsignificant increase in the number of nucleotide substitutions in the cyt b gene of the 

exposed individuals. In a comparative study of intemal exposure incurred by small 

mammal species living in the Choraobyl environment, Chesser and coworkers [13] 

determined the bank vole, Clethrionomys glareolus, received a substantially higher 

internal, chronic dose than did M. arvalis. Bank voles inhabiting the most radioactive 

areas are experiencing an intramuscular radiocesium activity and dose rate up to 

164,952.8 Becquerels (Bq)/gram (g) and 119.8 milliGray (mGy)/day (d) respectively and 

an external dose rate of 54 mGy/d [13]. This is considerably higher than the maximum 

observed internal radiocesium activity and dose rate documented in M. arvalis of 2,626.2 

Bq/g of muscle tissue and 1.9 mGy/d respectively [13]. We make the assumption that 

exteraal exposure and dose rate are approximately equal among species because both are 

collected from the same location [1]. The average activity (16,482.9 Bq/g) and dose rate 

(12.0 mGy/d) exhibited by C. glareolus inhabitmg the Choraobyl region is well above 

current regulatory limits (1 mGy/d) set for human and wildHfe exposure [26]. If one 
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assumes a cumulative, linear model relating dose and effect, as do the existing 

regulations, the annual dose experienced by these voles far exceeds that documented to 

cause lethality in this species, laboratory mice {Mus), and humans [26]. Finally, the bank 

vole is well-studied and distributed throughout Europe and western Asia and as such may 

be useful as a sentinel in future environmental studies [27-29]. Therefore, we beheve that 

the bank vole is an appropriate model system in which to investigate mutation 

frequencies using the mtDNA heteroplasmy approach. Our experimental approach is 

designed to test if there is a significant increase in the frequency of mtDNA nucleotide 

substitutions and heteroplasmy between the experimental (exposed) and the reference 

(relatively unexposed) mother/embryo set. 

2.3 Materials and Methods 

2.3.1 Experimental Design 

This study foUows the experimental design, including the use of hver tissue as the 

source of DNA, and terminology of [14] with the exceptions detailed below. These 

authors [14] reported nucleotide site substitutions and mtDNA heteroplasmy in another 

Arvicoline species, Microtus arvalis, by examining cytochrome b gene clones generated 

using the polymerase chain reaction (PCR). They analyzed 1 exposed mother/embryo set 

(n=6), 1 reference mother/embryo set (n=6), and a technical set (n=6) to estimate 

procedural error. This study differs in terminology and the model system selected for 

investigating mtDNA heteroplasmy in the following manner: First, individuals (;7=7) in 

the exposed mother/embryo set are grouped and termed experimental series, individuals 
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{n-1) in the unexposed mother/embryo set are grouped and termed reference series, and 

unique clones (n=7) used to estimate procedural error are grouped and termed technical 

series. Second, experimental and reference mother/embryo sets were specimens of the 

bank vole, C. glareolus, rather than M. arvalis. The experimental female (Texas Tech 

University [TTU]/Natural Science Research Laboratory [NSRL]-TK74138) was captured 

alive in the radioactively contaminated Red Forest approximately 1.5 km west of the 

Choraobyl Nuclear Power Plant (UTM 36295545 N5697040). This female's 

intramuscular radiocesium activity was estimated to be 73,083.3 Bq/g with an estimated 

dose rate of 53.1 mGy/day [13]. The reference female C. glareolus (TTU/NSRL-

TK74342) was captured aHve in a relatively uncontaminated area known as The Shop 

(UTM 36297452 N5663689). This female's intramuscular radiocesium activity was 

estimated to be 427 Bq/g with an estimated dose rate of 0.3 mGy/day [13]. Third, each 

female had six embryos instead of five as m [14], and aU twelve (sis from each female) 

were used in these analyses. Fourth, 20 molecules/individual, homologous to the cyt b 

gene in [14], were screened for site heteroplasmy instead of 10 molecules/individual M. 

arvalis. AU PCR, cloning, and sequencing reactions follow [14]. AU putative mutations 

were verified on both DNA strands. 

2.3.2 Genome Assignment 

A phylogenetic approach was initially used to determine if cloned molecules 

appeared to originate in the mitochondrial or nuclear genome (i.e., behaved as 

pseudogenes). Mitochondrial pseudogenes including cyt b pseudogenes presumably 
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translocated to the nuclear DNA have been documented [30-31]. MtDNA pseudogenes 

serve to confound analyses relying on estimating nucleotide substitutions in actual 

mtDNA gene copies because pseudogenes have presumably lost electron transport 

function and are no longer subject to the evolutionary constraints required of the 

functional gene. Furthermore, nucleotide substitutions in pseudogenes are regulated by 

nuclear DNA replication and repair processes. To estimate the phylogenetic affiliations 

among cloned molecules within an individual, we used the mdividual's direct (i.e., 

wildtype) cyt b DNA sequence, two additional C. glareolus (one from Finland, one from 

Wales), several additional species of Clethrionomys (C. gapperi, C rutilis, C. rufocanus), 

species within the closely related genus Eothenomys, and two species of Microtus (DNA 

sequences of species of Clethrionomys were provided by J. Cook [University of Alaska; 

Fairbanks, AK, USA]; species of Eothenomys and Microtus were obtained from 

GenBank (National Center for Biotechnology Information; Bethesda, MD, USA). A 

cloned molecule falling outside of the monophyletic C. glareolus clade (monophyly 

reflected in Parsimony, Maximum Likelihood, and Distance-based analyses) was 

suspected of being nuclear in origin and removed from subsequent analyses. 

2.3.3 Statistical Procedure, Significance, and Genetic Endpoints 

Both parametric (PROC FREQ; Likelihood Ratio Chi-Square [%̂ ] for frequency 

data) and non-parametric (PROC NPARIWAY; Kruskal-Wallis Test [y^ approximation]) 

statistical procedures were used to test for significant differences between experimental, 

reference, and technical groups using the SAS® version 6.03 program [32]. A one-tailed 
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statistical approach was used because significant increases in the frequency of mutations 

foUowmg exposure to radiation are well-documented, while significant decreases in the 

frequency of mutations (e.g., adaptive response) have been documented in few studies 

limited to the analysis of cell populations in vitro. We estimated genetic endpoints 

examined in [14] including the number of unique variants (nucleotide substitutions), 

transition and transversion substitutions, and multiple substitutions per clone. In 

addition, we estimated the proportion of heteroplasmy, nucleotide insertion/deletions, 

nucleotide diversity, codon position bias, and mutational bias in each series. Nucleotide 

diversity is the probability that any two randomly chosen homologous nucleotides are 

different [33]. Proportion of heteroplasmy is simply defined as the percentage of clones 

with a mutation. The exact nature of each nucleotide substitution was characterized in 

each series. For example, mutations were further subdivided from non-specific 

transitions and transversions into specific A—>G transitions and A—>T or A-^C 

transversions. This was done for each substitution to determine if any possible 

mutational bias existed in the three series. Statistical significance was assessed using an 

alpha level of/J<0.05. 

2.4 Results 

2.4.1 Frequency of Mutations. Transitions/Transversions, 
Multiple Mutations 

Body burden and dose rate estimates for the two female bank voles used in this 

study indicate the exposed female encountered significantly more radioactivity than the 
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reference female. The exposed female's mtramuscular radiocesium activity was 

approximately 170x that of the reference female. Eight cyt b clones (4 from the 

experimental series, 4 from the reference series, 0 from the technical series) were 

removed prior to mutation analysis because they failed to meet our criterion regarding 

functional gene copies. A total of 139 clones were used from the experimental series, 

132 clones were used from the reference series, and 134 clones were used from the 

technical series to generate the molecular estimates. To facilitate comparison with [14], 

values observed in this study for the endpoints estimated in their study are presented in 

Table 2.1. Approximately 19% more mutations were observed in the experimental series 

than in the reference series. However, this difference was not statistically significant 

(X^=2.78, p>0.09). Both experunental (x^=6.56, p<0.02) and reference (x^=4.50, p<0.03) 

series had significantly more mutations than the technical series. Both transition and 

transversion substitutions (Table 2.1) were observed in each series in contrast to the 

transversion bias reported in [14]. The ratio of transition to transversion substitutions did 

not differ significantly between any of the three series (experunental vs. reference 

[X^=0.25, j3>0.61]; experimental vs. technical [x^=0.04,p>0.84]; reference vs. technical 

[X^=0.38, p>0.53]). The number of clones with multiple substitutions in the experimental 

(22.3%) and the reference (22.0%) series was essentially equal and not significantly 

different (x^=1.43,/7>0.83). Both experimental (x^=18.94,p<0.01) and reference 

(X^=11.93,;7<0.02) series had significantly more clones with multiple substitutions than 

the technical series (13.7%). 
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2.4.2 Nucleotide Diversity. Proportion of Heteroplasmy. 
and Mutational Spectra 

Additional endpomts estunated in this study are presented in Tables 2.2 and 

Figure 2.1. Nucleotide diversity was significantly higher in the experunental series 

(0.005; x^=5.59, p<0.02) in comparison to the technical series (0.003). Nucleotide 

diversity was not significantly elevated in comparisons between the experimental and 

reference series (0.004; x^=l-80,p>0.17)) or between the reference and technical series 

(X =3.43, p>0.06). The proportion of heteroplasmy was not significantly different 

between the experimental (59.7%) and reference (54.5%) series (x^=1.36,p>0.24). 

However, both experimental (x^=7.65,;7<0.01) and reference (x^=6.63,j[7<0.02) series 

had a significantly higher proportion of heteroplasmy than the technical series (32.8%). 

No significant differences were found between the three series with respect to mutational 

bias (Figure 2.1; experimental vs. reference [x^=7.60, ;?<0.57]; experimental vs. technical 

[X^=5.26,;7>0.72]; reference vs. technical [x^=3.56,/?>0.89]). 

2.4.3 DNA Sequence Deposition 

The complete cyt b gene sequence for each adult bank vole was deposited 

(Accession numbers AF318584-TK74138 and AF318585-TK74342) in GenBank 

(National Center for Biotechnology Information, Bethesda, MD, USA). This sequence 

represents that which was generated using the direct PCR and cycle sequencing 

procedure outlined in [14] and served as the wildtype sequence representing the standard 

for aU mutation/heteroplasmic comparisons. The cyt b sequence for the two adult bank 
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voles differed by a C/T (cytosine/thymine, TK74138/TK74342) transition at position 592 

of the gene (codon position 1), a T/A (thymine/adenine) transversion at position 915 

(codon position 3), and a G/A (guanine/adenine) transition at position 963 (codon 

position 3). No direction is implied by the presentation of the DNA sequence differences, 

and the predicted amino acid sequences from both of the DNA sequences are identical. 

All embryos shared their respective dam's cyt b gene sequence. 

2.5 Discussion 

2.5.1 Rationale for Investigating Protein-Coding DNA Mutations 

Genetic mutations resulting from exposure to ionizing radiation are believed to 

lead to an increased risk of cancer and mortality [34]. If mutations in the genome impact 

organisms in the manner suggested by these effects, then one primary means would be by 

altering the DNA base pair sequence in protein-coding regions of genes. The majority of 

genetic research concerning environmental radiation has focused on chromosomal 

aberrations, DNA mutations in heterochromatin, or mini- and microsateUites that are not 

located in protein-coding DNA regions [5-6, 9-10, 16, 35]. Comparatively few studies 

have investigated the impact of environmental radiation on protein-coding DNA 

sequences [14, 36]. In fact, most investigations of nucleotide substitutions in protein-

coding DNA foUowing exposure to environmental mutagens, including non-radioactive 

contaminants, have focused on specific substitutions in cancerous tissues [37-38]. This 

research is valuable from a molecular mechanistic standpoint. However, in the absence 

of cancerous lesions, as is the case with the rodents examined from the Chomobyl region, 
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direct comparisons between studies are difficult. A need exists to further develop genetic 

biomarkers foUowing exposure to environmental mutagens, including the detection of 

point mutations in protein-coding loci [39]. Investigating mutation rates and frequencies 

in both germline and somatic tissues when organisms are exposed to environmental 

mutagens should include protein-coding genes [40]. However, problems arise in the 

technical aspects used to resolve each point mutation and in documenting statistically 

relevant changes in the mutation rate of protein-coding genes [41-42]. 

2.5.2 Protem-Coding Gene Mutations and Their Detection 

Studies on protein-coding genes often do not directly examine the entire DNA 

sequence of the gene but rely instead on other methods. The largest study examining 

non-clinical radiation exposure in humans reUed on aUozyme loci and variations in 

electrophoretic mobility to discern effects on protein-coding genes [43]. However, 

electrophoretic mobility may not differentiate aU nucleotide sequence variants [44]. 

Other methods used to detect point mutations resulting from xenobiotic insult include 

chemical or enzymatic cleavage of nucleic acid hybrids. Salmonella testers, and lad 

transgene expression. The first two methods are often used to identify specific nucleotide 

mismatches, while the latter may be used to identify certain types of mutations (i.e., 

missense, nonsense mutations) [42, 45-46]. These approaches allow for rapid 

quantification of certain nucleotide substitutions in DNA sequences, especially in 

heterozygote conditions, but are not sensitive to aU nucleotide substitutions (e.g., those 

mutations which are at or near the ends of amplified genes, or those mutations which do 
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not change the amino acid sequence of the gene) or conditions where the proportion of 

mutant gene copies falls below 30% of the wUd type gene copy. In addition, mutagenic 

investigations of transgenes, though valuable from a strict mutagenesis perspective, target 

foreign genes not considered functionaUy important to the study organism. 

We have employed a more sensitive approach to mutation detection. Using 

nucleotide sequencing, we can examine all nucleotide substitutions in a protein-coding 

DNA sequence, the mtDNA cyt b gene. This gene is present in multiple copies per cell 

and has a relatively high inherent rate of evolution when compared to other mitochondrial 

and nuclear protein-coding genes. Cyt b should theoretically provide a sensitive measure 

of increased mutation pressure resulting from chronic irradiation, if such a pressure 

exists. Though [2-3] retracted their original conclusions that the Chomobyl environment 

increased the mtDNA mutation rate in two species of Microtus by 1 to 2 orders of 

magnitude, they did observe an increase (p>0.05) in cyt fe gene variation in the 

populations inhabiting the Chomobyl environment. 

2.5.3 Radiation-Induced Cytochrome b Gene Mutations-
Sensitivity to Chronic Irradiation? 

It is weU documented that ionizing radiation causes genetic mutations including 

nucleotide substitutions [47-48]. ft is also weU documented that the rodents inhabiting 

the Chomobyl region are chronically exposed to high levels of environmental radiation 

[13]. Therefore, if ionizing radiation induces nucleotide substitutions in a dose-

dependent manner, an alternative to the nuU hypothesis states there will be significantly 
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more cyt b gene nucleotide substitutions in clones from the experunental series in 

comparison to the reference series. Using M. arvalis. Baker and coworkers [14] found 

more cyt b mutations in the exposed mother/embryo set, although not statisticaUy 

significant {p>0.05). A power test of these data (results not shown) revealed that a 

doubUng of the number of base pairs examined in the Microtus dataset would have 

yielded a significantly elevated mutation frequency had the number of mutations 

observed remained constant. Therefore, we doubled the number of clones and hence base 

pairs examined. The other substantial change in our experimental design from [14] was 

that we chose a different rodent model system to increase the level of exposure to 

radiation by 2.3x that of [14]. We assumed that if Clethrionomys and Microtus 

experience the same risk of mutation per unit of absorbed energy and/or radioactivity 

then these two refinements increased the probability of detecting a significantly increased 

mutation frequency. This is especially pertinent considering the currently applied, 

though debated, linear, no-threshold dose-response model of genetic impacts resulting 

from exposure to ionizing irradiation (see [49] for a discussion of threshold concepts). 

2.5.4 Cytochrome b Gene Mutations and the Choraobyl Environment: 
Interpretation. Expectations, and Dose-Response 

Although there were more nucleotide substitutions (26 [~ 4 on average per individual 

examined]) in the clones from the exposed mother/embryo set, this elevated frequency 

was not StatisticaUy significant. Clones from the experimental series had 19% more 

nucleotide substitutions than clones in the reference series and 94% more nucleotide 
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substitutions than clones in the technical series. In contrast, clones from the biological 

experimental series in the Microtus dataset had 50% more nucleotide substitutions than 

clones from the biological control series and 150% more nucleotide substitutions than 

clones from the technical control series [14]. The interaal radiocesium activity in the 

experimental female Clethrionomys in this study was calculated to be 2.3x that of the 

exposed female Microtus examined in [14]. Therefore, either a simple dose-response 

relationship cannot be invoked with respect to mtDNA nucleotide substitutions in these 

two species, and/or the two species differ in their response to chronic exposure to 

ionizing radiation. 

International standards regulating exposure to radiation assume 1) a simple, 

linear, non-threshold response to radiation and that dose is cumulative (e.g., acute and 

chronic exposure do not differ) and 2) rodent species are likely to respond in an 

equivalent fashion to ionizing radiation [26]. Our results suggest that there are inherent 

differences between chronic, low-dose irradiation and acute irradiation. There may also 

be differences among species' sensitivity to chronic irradiation, but these too serve to 

indicate that natural variation in response to chronic, low-dose irradiation must be 

assessed prior to invoking the current risk assessment model. Considerably more 

technical error (laboratory-induced substitutions) was observed in this study (1/709 for C. 

glareolus, 1/3333 for M. arvalis) though in both datasets technical error was significantly 

lower (jt7<0.05) than the biological mutation frequency in both experimental and reference 

(biological control) series. Thus, the approach developed by Baker and coworkers [14] 
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reveals considerable biological signal in these two species of rodent. In both species, 

exposed mother/embryo sets exhibit more nucleotide substitutions (1/395 for C. 

glareolus, 1/1852 for M. arvalis) in the cyt b gene than the reference mother/embryo sets 

(1/469 for C. glareolus, 1/2273 in M. arvalis). This trend may indicate an increased 

mutation pressure in the mtDNA genome of these two species resulting from the 

Chomobyl environment. However, this point lacks statistical support. As in [14], a 

power test (0.99) of these data, assuming the observed trend continued, revealed that 

doubling the number of clones analyzed would result in a significantly (p<0.05) elevated 

level of cytochrome b gene heteroplasmy. However, additional empirical data (i.e., more 

clones and more mother/embryo sets) need to be examined to confirm this technique, 

statistically validate this potential trend, and characterize the nature of increased 

heteroplasmy as a population phenomenon. Moreover, the role of DNA repair wiU need 

to be addressed as recent research indicates that mitochondrial DNA is governed by most 

known repair systems [23, 50], This includes base excision repair (BER) which is 

presumably responsible for the repair of the nucleotide damage this study is designed to 

detect (i.e., misrepaired altered bases). It is possible that DNA damage is occurring in the 

cyt b gene of exposed anunals, but repair capabilities are simply restoring the wUdtype 

state. This has not yet been investigated. Finally, this approach requires laboratory 

validation to further its possible field appUcation as an effect biomarker. A laboratory 

study, preferably on isogenic Mus domesticus matched in age-class, in which radiation 

doses are tightly controUed wUl allow for a robust analysis of dose-response in the 
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possible induction of mtDNA (cyt b) substitutions, insertions/deletions, and levels of 

heteroplasmy. 

2.5.5 Summary 

Resolution to the question of "What are the genetic consequences associated with 

exposure to the Chomobyl environment?" remains unclear. The rodent model systems 

M. arvalis and C. glareolus suggest no significant risk to the mtDNA cyt b gene exists in 

voles chronically exposed to high levels of environmental radiation. Additional research 

on these native model systems in conjunction with environmental studies conducted on 

mammalian model systems (e.g., Mus musculus) should help elucidate the extent to 

which the Choraobyl environment poses a significant wildlife and human genetic risk. 

These studies wUl assist in understanding what impact chronic, environmental exposure 

to ionizing radiation, dose, and dose rate may have on the genetic material. 
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Table 2.1, Number of mtDNA cytochrome b nucleotide site substitutions, 
transition/transversion substitution ratio, and the percentage of clones observed to have 
multiple substitutions in each series. The experunental series is represented by 1 exposed 
mother/embryo set (n=7) coUected from the radioactively contaminated Red Forest 
region near Choraobyl (UTM 36295545 N5697040). The reference series is represented 
by 1 unexposed mother/embryo set (n=7) coUected from the relatively uncontaminated 
Shop region near Choraobyl (UTM 36297452 N5663689), The technical series is 
represented by unique cjt b clones (n=7) used for estimating procedural error. Values in 
parentheses are taken from Baker et al. [14] and presented for comparison. 

Series Site substitutions* TS/TV* Multiple Substitutions (% 

clones with 2 or more) 

Experimental (n=7) 138 (15) 

Reference (n=7) 112(10) 

Technical (n=7) 71(6) 

100/25(11/4) 22.3% (0.03%) 

90/19 (10/0) 22.0% (0%) 

52/14 (6/0) 13.7% (0%) 

*includes insertion/deletion mutations 

*TS=transition, TV=transversion; does not include insertion/deletion mutations 
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Table 2.2. Nucleotide diversity, the number of nucleotide substitutions across codon 
position, and the proportion of heteroplasmy observed in each series. The experimental 
series is represented by 1 exposed mother/embryo set («=7) coUected from the 
radioactively contaminated Red Forest region near Chomobyl (UTM 36295545 
N5697040). The reference series is represented by 1 relatively unexposed 
mother/embryo set {n=l) coUected from the relatively uncontaminated Shop region near 
Chomobyl (UTM 36297452 N5663689). The technical series is represented by unique 
cyt b clones (n=7) used for estimating procedural error. 

Series Nucleotide Diversity Codon Position Proportion of 

(1:2:3) Heteroplasmy 

Experimental (n=7) 

Reference (n=7) 

Technical (n=7) 

0.005 

0.004 

0.003 

47:34:44 

47:27:35 

29:15:22 

59.7% 

54.5% 

32.8% 
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Figure 2.1 Mutational spectra for experunental (black), reference (gray), and technical 
series (white). Nucleotide pairs along the abscissa represent the presumed wUdtype 
nucleotide foUowed by mutant nucleotide. WUdtype status assigned by direct sequencing 
of the genomicaUy amplified gene. Note that this portion of the cyt b gene has an 
uiherent bias towards A-adenine (30.5%), C-cytosine (28.3%), and T-thymine (28.5%) 
[percentages derived from the direct sequences of the bank vole]. AC implies an A to C 
transversion in which A represents the wUdtype state and C represents the mutant state. 
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CHAPTER m 

MITOCHONDRIAL DNA HETEROPLASMY IN 

LABORATORY MICE EXPERIMENTALLY ENCLOSED 

IN THE RADIOACTIVE CHORNOBYL ENVIRONMENT 

3.1 Abstract 

Mitochondrial DNA heteroplasmy using the protein-coding cytochrome b gene 

was assessed in laboratory mice (C57BL/6 and BALB/c) experimentaUy-enclosed in the 

Chomobyl environment. Subacute to subchronic (30-40 days) exposure resulted in a 

cumulative radiation dose (internal and external) of 1.2-1.6 Gy (-0.04 Gy/day). 

Individuals were sampled, toe-cUpped, once prior to introduction to the enclosures and 

once foUowing removal from the enclosures. Nucleotide variation (site heteroplasmy) in 

306 preexposure cytochrome b gene copies (122,400 base pairs) was compared to 

variation in 354 postexposure gene copies (141,600 base pairs). Five mutant copies 

(0.76%) comprised of single nucleotide substitutions were observed. Four were detected 

in the preexposure samples and 1 was detected in the postexposure samples. Differences 

in the frequency of mutant gene copies and the frequency of nucleotide substitutions 

between preexposure and postexposure samples were not significant. This suggests that 

this type of exposure (i.e., low dose rate) does not pose a significant mutation risk to the 

mtDNA cytochrome b gene in digit tissue. Furthermore, this study indicates no 

significant radiation risk to analogous human tissues exists when occupational exposures 

involve low dose rates such as these. FinaUy, simple, linear, cumulative models of 
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genetic risk which are currently used to estimate radiation-mduced effects are hkely 

mappropriate for low dose rate exposures and therefore, need to be critically reevaluated. 

3.2 Introduction 

The primary laboratory model system for mammals, Mus domesticus, has proven 

invaluable in demonstrating the in vivo effects of both physical and chemical xenobiotics 

in controUed laboratory experiments. This includes ionizmg radiation [1]. This system 

has rarely been deployed in semi-controUed environmental studies [2,3]. This is rather 

surprising considering the wealth of baseline data coUected on the laboratory mouse. 

Data derived from laboratory studies should aUow a more direct assessment of risk and 

thorough understanding of observed effects from environmental exposures. The number 

of useful strains, including the myriad substrains (i.e,, knockouts, transgenics), exhibiting 

varying sensitivities should provide environmental scientists with powerful tools with 

which to address the toxicity of environmental contaminants. 

The Choraobyl environment, indisputably one of the most radioactively 

contaminated environments ever documented, has not demonstrated a simple, predictable 

effect. For example, mammalian surveys do not support the perception of a faunal desert 

[4-6], Several genetic studies have been conducted on humans and non-human 

mammaUan species associated with the Chomobyl environment. Presently, these studies 

indicate the genetic unpacts presumably attributable to exposure to Chomobyl radiation 

range from virtuaUy none [2,7-14] to significantly elevated mutation rates and formation 

of micronucleated red blood ceUs [15-22]. These latter studies mclude human exposures 
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to environmental radiation levels, similar to those found in the Chomobyl region, in other 

areas of the former Soviet Union [19,21]. ft should be noted that individual dosimetry 

has been performed in only those studies fmding no significant effects [23]. WhUe 

assessment of genetic risk in studies investigating high, acute doses of radiation is 

straightforward, assessment of genetic risk at relatively low doses and dose rates remains 

difficult. Furthermore, simply extrapolating risk downward from high, acute dose models 

is likely invalid and remains contentious [24-27], 

The goal of this study was to place the standard laboratory mammalian model in 

the Chomobyl environment and examine the effects of subchronic [28-29], continuous 

irradiation on a relatively rapidly evolving genetic system, mitochondrial DNA 

(mtDNA). Previous studies investigatmg intraindividual mtDNA variation (i.e., 

heteroplasmy) in native rodents, Microtus arvalis and Clethrionomys glareolus, have 

suggested a possible increase in the relative number of mutant cytochrome b genes 

present in the Uver tissue of females and offspring exposed to the Choraobyl environment 

[8,14]. While these suggested increases were not statisticaUy significant, small sample 

sizes in both studies may have contributed to a lack of statistical power in resolving 

potential significance. In addition, theoretical expectations of heteroplasmy m the 

absence of somatic insult provides a model from which empirical data can be used to 

infer the origin of mtDNA variants [30]. Therefore, we chose to expose laboratory 

strains of Mus musculus, C57BL/6 and BALB/c, to the Chomobyl environment for 30-40 

days. These strains are considerably more radiosensitive than the wUd rodent species 
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investigated thus far. Absorbed doses (external and internal) of radiation accumulated 

during this period should approach 1.2 to 1.6 Gray (Gy) [31], Exposure to radiation 

levels such as these has been demonstrated to cause female sterUity in laboratory Mus and 

is approximately 1/2 to 1/3 the LDSOso for the strains we used m this study [32], 

We chose to sample individuals prior to their introduction to the Chomobyl 

enclosures and compare levels of mtDNA heteroplasmy with the same tissue type 

foUowing subacute-subchronic exposure. This approach provides a unique measure of 

internal control. Furthermore, we chose digit tissue (toes) as this tissue (fingers) 

represents that which is most often exposed in human activities, especially in scientific 

experiments conducted in the laboratory. Current radiation safety standards minimize 

risk primarily through shielding and dosimetry. Shielding is cumbersome and is usually 

appUed to critical tissues (e.g., reproductive organs, eyes) while hands and arms are more 

frequently exposed. In addition, these tissues are in close contact with the radioactive 

soU in the Choraobyl environment, and energy from both y-photons and {i-particles wUl 

lUcely impact these tissues. This provides justification for sampling digits for risk 

estimation to humans. Finally, our nuU hypothesis is there wUl be no significant 

difference in the level of heteroplasmy between pre- and post-introduction samples. Our 

alternative hypothesis is there wUl be a significant increase in the level of heteroplasmy 

in the post-introduction samples when compared to the pre-introduction samples. 
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3.3 Materials and Methnd.s 

3.3.1 Experimental Enclosure of Laboratory A/t/.y 

Adult specimens of C57BL/6 and BALB/c strains of Mus domesticus were 

maintained in environmental enclosures m the Red Forest region approximately 2 

kUometers southwest (UTM [Universal Transverse Mercator]: 36 295545 N [Northing] 

5697040) of the Chomobyl Nuclear Power Plant [2]. Twelve C57BL/6 individuals (5 

males, 7 females) were housed in enclosures for 37-40 days (subchronic exposure) [28-

29]. Ten BALB/c individuals (2 males, 8 females) were housed in these enclosures for 

30 days (subacute exposure) [28-29]. Enclosures and husbandry, approved under Animal 

Care and Use Committee (ACUC) 01052X, are outlined in detaU in [2]. A single toe was 

cUpped prior to introduction to the enclosures (preexposure) and another toe was chpped 

foUowing removal from the enclosures (postexposure). These samples serve as the 

genetic source for this study. External dose rates and accumulated dose were measured 

using thermoluminescent dosimeters. Internal radioactivity was measured in each 

individual using whole body counts prior to and following the exposure period [31]. 

FoUowing whole body counts, each individual was sacrificed and tissues (toe, Uver, heart, 

kidney, muscle, femur) were removed and either placed in lysis buffer [33] or archived in 

a -80°C freezer (Texas Tech University, Natural Sciences Research Laboratory). 
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3.3.2 DNA Isolation and Gene Amplification 

Mitochondrial DNA was isolated from toes stored in lysis buffer foUowmg the 

technique used by Peppers and Bradley [34]. MtDNA was isolated from the nuclear 

DNA to avoid potential problems associated with genes translocated to the nuclear 

compartment which could serve to confound estimates of heteroplasmy [35]. The entire 

cytochrome b gene was amplified using the polymerase chain reaction (PCR) and the 

primers L14096MM:y (5'-ACA GCA TTC AAC TGC GAC CAA TG-3') and H15304MMi 

(5'-TTC ATT TCA GGT TTA CAA GAC CAG AG-3'). These primers were designed 

from the published Mus musculus mtDNA sequence [36]. The numbers in the primer 

names denote the nucleotide position of the most 3' base in each primer and the 

corresponding numbered position in the published mouse mtDNA sequence [36]. The 

proofreading, thermostable polymerase, Pfu DNA polymerase (Promega Corp., Madison 

WI) was used in the PCR to reduce enzyme-induced error observed in previous studies 

[8,14]. The thermal cycling parameters foUowed the polymerase vendor's suggestions 

(Promega Corp.). FuU length amplicons were verified using agarose gel electrophoresis 

and then purified using the Qiagen PCR purification procedure (QIAGEN Corp., 

Valencia CA). FoUowing purification, amplicons, were Ugated mto a T/A vector, 

transformed, and cultured using the Promega pGEM-T Easy System according to the 

manufacturer's suggestions (Promega Corp.) 
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3.3.3 Mutation Detection 

The Mutation Screener™ Kit (Ambion Inc., Austin TX) was used to screen the 

first 400 base pairs (bp) of each cytochrome b clone (-50 clones/individual toe sample) 

for nucleotide substitutions. This approach uses 2 RNases to digest mismatches 

(wUdtype x mutant) in transcribed duplex RNA foUowed by visuaHzation of possible 

cleavage patteras m 2.5% agarose [37], This method has been primarUy applied to detect 

nucleotide substitutions comprising a heterozygote (50% aUele 1, 50% aUele 2) condition 

in single-copy nuclear genes. Therefore, for this study, "heterozygotes" (50% of each 

mtDNA nucleotide state) had to essentially be created. 

First, each individual's predominant (wUdtype) sequence for this region of 

cytochrome b was obtained using the ABI Big Dye Terminator Chemistry (Applied 

Biosystems Inc, Foster City CA) and 2 interaal primers LGL765 [38] and H15149 [39] 

on an ABB 10 Prism Genetic Analyzer (ABI), A clone with a sequence identical to the 

wUdtype was then used to artificially create potential "heterozygotes" with unknown 

cytochrome b clones (ie,, clones whose DNA sequence had not yet been determined). 

Modified primers (LGL765 and HI 5149) synthesized with T7 phage promoters were 

used to ampUfy aU clones prior to hybridization of potential heterozygotes. Individual 

clones were picked and swirled in sterUized water (100 .̂1). Amplification of clones 

foUows [14] with a single exception; PCR primers were used at a final concentration of 

0.7 |J.M rather than 0.5 |iM. Duplex hybridization, transcription, and RNase digestion 
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reactions were performed accordmg to the manufacturer's recommendations (Ambion 

Inc.). 

Both positive and negative controls were used for each set of hybridization, 

transcription, and digestion reactions. The positive control consisted of hybridizing 

clones differing by 2 known nucleotide substitutions. The negative control consisted of a 

clone hybridized back to itself. Digestion products were visuaUzed foUowing 

electrophoresis through 2.5% agarose (Ambion Inc.). The DNA sequence for unknown 

clones in digestion products exhibiting a cleavage pattern were obtained as above. 

FinaUy, a randomly chosen subset of clones {n=3\) was selected for DNA sequence 

analysis to determine possible loss of resolution using agarose electrophoresis and/or 

mutations occurring near the ends of this 400 bp of DNA. 

3.3.4 Statistical Analysis 

A Fisher's Exact Test (one-taUed) was used to test for significant differences 

between pre- and postexposure samples [14]. SpecificaUy, differences between the 

frequency of mutant clones and nucleotide substitutions in the preexposure and 

postexposure samples were analyzed. A critical value of p<0.05 was used as the level of 

significance. The SAS ver. 6.04 program was used to perform the statistical tests (SAS 

Institute, Gary NC) [40]. 
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3.4 Results 

3.4.1 DNA Isolation and Cleavage Analv.sis 

High molecular weight mtDNA was isolated from 5 C57BL/6 specimens and 3 

BALB/c specimens. A total of 660 cytochrome b clones, each 400 bp in length, was 

analyzed for RNA duplex mismatches using the RNase cleavage assay. This is 

equivalent to scanning 264,000 bp for mutations. There were 306 clones (n= 122,400 bp) 

screened for mutations from the preexposure samples and 354 clones (n=141,600 bp) 

screened for mutations from the postexposure samples. A total of 652 clones did not 

appear to indicate any cleavage pattera in comparison with negative controls. Eight 

clones (5 preexposure, 3 postexposure) suggested a cleavage pattem in the analysis gels. 

This indicates a potential mutant clone was hybridized to the known wUdtype clone. An 

example of both positive and negative RNase cleavage controls and 2 mutant clones 

exhibiting different cleavage patteras is provided in Figure 3.1. 

3.4.2 Molecular Analysis and Mutant Characterization 

Each specimen's predominant cytochrome b DNA sequence (400 bp) was 

identical to the pubUshed Mus musculus cyt b DNA sequence [36]. The cytochrome b 

DNA sequence of aU clones randomly chosen to assess technical inaccuracy was identical 

to the published Mus musculus cytochrome b DNA sequence [36] and thus did not 

indicate any appreciable number of mutant clones went undetected. 

Three potentiaUy mutant clones (1 preexposure, 2 postexposure) had ambiguous 

cleavage patterns, but sequence data from these clones faUed to substantiate a mutation. 
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These 3 clones were subsequently designated as nonmutant. The remaining 5 suspected 

mutant clones each had a single nucleotide substitution, and the position of this 

substitution corresponded to the cleavage fragment lengths observed in the analysis gels 

(Table 3.1). Four of the mutant clones were derived from preexposure samples, while the 

remaining mutant clone was derived from the postexposure samples. Within the 

preexposure samples, 3 mutations were transversion substitutions (G-guanine to T-

thymine, T to A-adenine, C-cytosine to A), 1 mutation was a transition substitution (A to 

G), and 2 of these substitutions resulted in a putative amino acid replacement (W-

tryptophan to L-leucine, M-methionine to K-lysine). The single postexposure 

substitution was a transversion substitution (A to C) and resulted in a putative amino acid 

replacement (N-asparagine to H-histidine). 

3.4.3 Statistical Analysis 

While more nucleotide substitutions were observed in the preexposure samples, 

no significant differences in mtDNA mutation frequency were observed between pre- and 

postexposure samples. The frequency of mutant clones in the postexposure samples was 

not significanfly different {p<0.l9) from the preexposure samples. In addition, the 

frequency of nucleotide substitutions in the postexposure samples was not significantly 

different (p<0.19) from the preexposure samples. 
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3.4.4 Radiation Do.se Rate and Accumulated Dose 

The resulting absorbed dose partitioned into both intemal and exteraal radiation 

sources for these specimens has been reported in [31]. In brief, specimens of C57BL/6 

Mus received an absorbed radiation dose of approximately 1,600 milliGray (mGy). 

Specimens of BALB/c Mus received an absorbed radiation dose of approximately 1,100 

mGy. The specimens of C57BL/6 were enclosed for a period 10 days longer than the 

BALB/c specimens. 

3.4.5 Suggestions for Methodological Improvements 

Knowledge gained from this study can provide unprovements to the current 

methodology with respect to future non-lethal sampling studies. We were unable to 

isolate an adequate mtDNA sample from 1 preexposure sample from the C57BL/6 

specimens and 1 postexposure sample from the BALB/c specimens included in these 

analyses. In addition, a low yield of mtDNA was isolated from most of the BALB/c 

specimens. Complete ceUular lysis in a large volume (1 toe/ 5.00 ml lysis buffer) prior to 

mtDNA isolation is likely responsible for both low yield and inadequate samples of 

mtDNA. AdditionaUy, toe samples from BALB/c specimens were stored in lysis buffer 

for a longer period (-3 months) prior to mtDNA isolation. Intralaboratory experiments 

(unpubUshed) in which toe samples were placed in smaller volumes of lysis buffer (1 toe 

in 0.5 ml or 1.00 ml) consistently yielded adequate mtDNA samples even after 2-3 

months of benchtop storage. Storage in a large volume (5.00 ml) of lysis buffer is 

therefore not recommended for future studies unless the toe sample is removed for 
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mtDNA isolation relatively quickly (< 1 month storage) thus circumventing complete 

lysis and "irreversible" dUution. 

3.5 Discus.sion 

3.5.1 MtDNA Heteronlasmv—Species and Tis.sue Considerations 

This study found no significant increase hi the frequency of mtDNA variants in 

the postexposure samples in comparison to the preexposure samples. These results are 

consistent with those investigating mtDNA heteroplasmy using the cytochrome b gene in 

species of rodent native to the Chomobyl region [8,14], While the two previous studies 

concluded that there was no statistically significant increase in mtDNA heteroplasmy in 

either species chronicaUy exposed to environmental radiation, both reported more 

cytochrome b gene mutations in the exposed specimens. In addition, relatively smaU 

sample sizes m both studies may have masked tmly significant increases in mtDNA 

heteroplasmy (ie,, failure to reject Ho; Type I error; [41]), Clethrionomys glareolus, in 

particular, is considered to be relatively radioresistant (LD5O30 =1,100 Gy) especially 

when compared to the laboratory strains of MM* employed in this study [42], 

Furthermore, Uver tissue used in the previous studies is internally shielded from external 

[5-particles and does not accumulate appreciable burdens of either radiocesium or 

radiostrontium. These observations imply that strains of Mus (C57BL/6 and BALB/c), 

which model the substantiaUy higher radiosensitivity (~2 x C. glareolus) observed in 

humans, may yield more conclusive results especially when examining a tissue likely 

impacted by both external [i-particles and y-photons. It should be noted here that the 
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radius of toes is substantiaUy smaller than that of the Uver so theoretically, energy 

deposition within the Uver compartment resulting from y-photons, aU else being equal, is 

more probable. However, the energy attributable to P-particles and y-photons in the 

radioactive Chomobyl soU should stUl impact the digit tissue. Extending these 

implications to human exposures, digit (finger) tissue is often the least shielded and thus 

most at risk in many occupational (e,g., research laboratory) situations. To the extent 

these conditions are analogous, we conclude there is no detectable genetic risk resulting 

from this type of exposure, 

3,5,2 Screening for Mutations-Technical Considerations 

Is it possible that the technique employed herein to detect mtDNA variants faUed 

to resolve significant differences between the pre- and postexposure samples? It has been 

empfricaUy determined that the RNase cleavage assay (NIRCA) is 80%-90% effective in 

resolving aU mismatches [37], Those mismatches which are not usuaUy detected are 

often near the ends of the portion of DNA being screened. We observed no "undetected" 

mutations in the subset of cytochrome b clones chosen for inaccuracy analysis. This 

subset comprises 5% of the total number of clones screened for mismatches. If the error 

rate m our study were 10 to 20%, then the total number of mutant clones, both detected 

and undetected, should approach 6-7 (an increase of only 1-2 mutant clones). An unusual 

bias m mismatch detection would have to be invoked to resuh in a significant and 

"undetected" difference in the number of mutant clones in either series of samples. This 

bias would also have to apply to our sequenced subset. In any event, the reported error 
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rate as appUed to our results would not serve to inflate the number of "undetected" 

mutant clones sufficiently to influence the significance of the statistical analysis. Though 

difficulties in detecting mutations have been noted, we conclude this mutation detection 

method adequately resolved the levels of and nature of heteroplasmic variants in our 

samples [43-45], 

3.5.3 Acute versus Non-Acute Exposure-
Tune to Redefine Models of Radiation Risk 

This study indicates that chronic exposure to environmental radiation at 

Chomobyl does not pose a significantly increased risk to the mitochondrial DNA in digit 

tissue. Though we did not attempt to estimate risk to protein-codmg genes in the nuclear 

genome, this study fiirther suggests that this genetic component, which is governed by a 

more complex and efficient repair machinery [46], may not incur a significantly elevated 

mutational risk from dose rates estimated herein. This observation is consistent with a 

recent study which found no nucleotide variation in the tumor suppressor gene, ^'53, in 

native voles exposed to the Chomobyl environment [47]. Furthermore, a recent study 

investigating translocation frequencies in mice exposed to equal gamma radiation doses 

('"Cs) administered either acutely, subchronically, or chronically found that laboratory 

mice exposed to acute doses of 1.8-3.6 Gy exhibited significant increases in the 

frequency of translocations. Those subjects experiencing subchronic and chronic doses of 

1.8-3.6 Gy did not exhibit a significant mcrease in the frequency of translocations and 

had frequencies similar to unexposed controls [48]. In conjunction with previous studies, 
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this indicates that cumulative dose models of radiatton effect are inappropriate for 

estimating risk and that dose rate is lUcely a major variable which has largely been 

ignored [2,7-8,10,12-14,24-25,48-49], 

3.5.4 Mutation Resolution and Biological Significance 

It is possible that mutations are occurring in the digit tissue, and possibly other 

tissues, and current Umits of resolution simply cannot detect them [43-45]. However, if 

the Umits of resolution are inadequate and response is a simple function of dose, this calls 

into question the results of studies documenting molecular effects in organisms, including 

rodents, exposed to substantially lower levels of radiation than those documented here 

[15-22]. An additional pomt that should be made is that most studies documenting 

effects attributable to Chomobyl often measure changes in genetic elements whose 

function, if any, is unknown and whose mutation mechanism is poorly characterized [50-

52]. In addition, those studies, which suggest genomic instability (e.g., damaged repair 

capabilities) is the cause for the increase m the mutation rate, do not find mutation rate 

increases in related markers with simUar spontaneous mutability [18], This is difficult to 

reconcUe with biological significance. If these studies indicating significanfly elevated 

mutation rates are accurate, then it seems these impacts cannot simply be extrapolated to 

the entire genome. This is especially pertinent in light of the observations of previous 

studies on protein-coding genes which have not documented any mutagenic effect 

[8,14,47], In any case, the majority of both field and laboratory research , including this 
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study, does not support the mcreased genetic risk from low dose rate irradiation 

suggested by other researchers [15-21], 

3.5.5 Summary 

This study indicates that digit tissue exposed in a non-acute fashion (i.e., 

subacute-chronic) to low dose rates such as those exhibited by the Choraobyl 

environment is not subject to a significant mtDNA mutation risk. The further suggests 

that human finger tissue exposed occupationally to low dose rates of radioisotopes with 

similar energies are not subject to a significant mtDNA mutation risk. This study also 

demonstrates the potential the primary laboratory model system for mammals {Mus 

musculus domesticus) provides as a tool with which researchers can more effectively 

understand and relate environmental concerns to human risk. This includes radiation 

risk. The current model of radiation risk (cumulative, linear/quadratic, non-threshold) 

obviously needs to be rigorously reevaluated [49]. Experimental designs employing 

native species with a variable genetic background, species with an isogenic background, 

and sensitive assays designed to aid an understanding of mutational mechanisms and 

biological significance are the only means by which low dose rate and environmental 

radiation risk can be properly evaluated. 
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Table 3.1. Cytochrome b clones from Mus domesticus strams documented to contain a 
nucleotide substitution. Clone identification numbers correspond to archived voucher 
specimens (Natural Science Research Laboratory, Texas Tech University). Clones 
subscripted "Pre" represent preexposure samples whUe those subscripted "Post" represent 
postexposure samples. "WT" indicates the presumed wUdtype nucleotide state and 
"Mut" uidicates the inferred mutant nucleotide state. A = adenine, C= cytosine, G = 
guanine, and T = thymine. The nucleotide position of each mutation is given and 
indicates the sequential distance from the first codon position of the start codon, 
Synonomous substitutions are designated by "S", and nonsynonomous substitutions are 
designated by "N". The amino acid replacement is provided where appropriate. 

Clone 

TK81381pre 

TK81384POS, 

TK81589p,e 

TK81591pre 

TK81592p,e 

Strain 

C57BL/6 

C57BL/6 

BALB/c 

BALB/c 

BALB/c 

Nucleotide 

WTa 

G 

A 

T 

A 

C 

Mutb 

T 

C 

A 

G 

A 

Position 

92 

340 

11 

153 

105 

S/N 

N 

N 

N 

S 

S 

Amino Acidc 

WT Mut 

W L 

N H 

M K 

— 

— 

^WT = wUdtype 

''Mut = mutant 

•̂ single letter lUPAC designations 
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Figure 3,1, Agarose gel (2,5%, TBE buffer) showing RNase cleavage patteras of 
mismatcii duplexes. Lane 1 (-I-) is a positive control comprised of 2 sequences known to 
differ by 2 nucleotide substitutions. Lanes 2 and 4 (-) are negative controls comprised of 
a wUdtype clone hybridized to itself. Lanes 3 and 5 are wUdtype (WT) x mutant (Mut-
unknown) clone hybridizations. Note the cleavage pattem exhibited in lanes 3 and 5 
compared with lanes 2 and 4. 1Kb = a standard molecular length marker (Invitrogen 
Corp., Carlsbad CA). 
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CHAPTER IV 

SOMATIC MUTATIONS IN BIG BLUE® MICE EXPOSED 

TO CHORNOBYL RADIATION: TRANSGENES 

IN THE RED FOREST 

4.1 Abstract 

Somatic mutation frequencies were assessed in Big Blue® transgenic mice 

chronically irradiated in the Chomobyl environment. Mice were housed in small 

enclosures (1 m x 0.67 m x 0.67 m) m the radioactive Red Forest {n=5) and in an 

uncontaminated reference area (n=3) for 90 days. Individuals in the Red Forest received 

a cumulative radiation dose of approximately 3.0 Gray (Gy, 300 rads). Laboratory 

studies in which Big Blue mice are acutely irradiated with 1-3 Gy of y-rays indicate 

significant uicreases (3-5 fold) in the transgene mutation frequency. An average of 

50,000 plaques (i.e., lad gene copies) per individual were scored. No significant 

difference {p>0.13) in the mutation frequency of the /ac/transgene was evident when 

exposed animals (3.11 x 10"̂ ) were compared to unexposed reference animals (4.44 x 10' 

). Furthermore, both exposed and unexposed animals exhibited mutation frequencies 

which were similar to the spontaneous mutation frequencies determined for hver tissue in 

this Big Blue® substrain (4.5 x 10'̂ ). In addition, no bias in the mutation spectrum was 

evident when exposed mice were compared to unexposed mice and when both groups in 

this study were compared to the spontaneous spectram reported for this strain and tissue. 

These results suggest that chronic exposure to the Chomobyl environment does not 
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mduce a simple, dose-response genetic effect. Furthermore, these data indicate that dose 

and effect are not independent of the rate at which dose is accumulated and that 

linear/quadratic cumulative dose models of genetic risk are in need of revision. 

4.2 Introduction 

Transgenic organisms provide a unique opportunity with which to investigate 

mutagenic events [1-7]. In addition, these systems, which have relatively high 

spontaneous mutation rates, should aUow for modeling of genetic risk designed to 

address exceptionally sensitive human groups. One model in particular, developed by 

Kohler et al. [2], the Big Blue® transgenic mouse, has been used to evaluate several 

chemical and physical genotoxicants [5, please refer to the URL 

http://web.uvic.ca/biology/bigblue/ mamtained by Johan de Boer for an exhaustive lad 

transgenic database]. This body of research has documented the sensitivity of this in vivo 

model system to controUed laboratory exposures [7]. 

Recently, Rodgers et al. [8] and Chesser et al. [9] successfuUy demonstrated the 

ability to maintain laboratory strains (C57BL/6 and BALB/c) of Mus musculus 

domesticus in environmental enclosures in the radioactive Chomobyl region. This 

permits researchers to investigate the potential genotoxicity resulting from chronic, 

environmentaUy-relevant exposures using standard, transgenic, and knockout laboratory 

Mus [10]. To investigate the somatic mutagenecity of the Chomobyl environment. Big 

Blue® hemizygous mice (C57BL/6) were experimentaUy enclosed in the radioactive Red 

Forest for 90 days (chronic exposure) [11-12]. Genetic studies using a variety of 
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endpoints have not resolved the debate as to whether ultralow dose-rate irradiation, such 

as that resulting from the Choraobyl accident (AprU 26, 1986), produces in any 

biologically significant impact [8,10,13-23]. ft has been suggested that genetic effects 

resulting from low dose-rates, such as those documented to occur in the Choraobyl 

envirorunent, are unprobable, and those studies documenting increased genetic mutations 

mdicate radiosensitivities several orders of magnitude higher than previously documented 

foUowing radiation exposure [24-26]. 

The Big Blue® system has demonstrated mutation sensitivities to fairly low doses 

of radiation [27-28]. Winegar et al. [27] documented a significant increase in the 

mutation frequency (4 to 5-fold) of the transgene in spleen tissue after mice were acutely-

irradiated with 1-3 Gray (Gy) of "^Cs y rays. Likewise, Hoyes et al. [28] documented a 

4.5-fold increase in the transgene mutation frequency in liver tissue foUowing acute 

irradiation with 1 Gy of y rays (̂ °Co). Chesser et al. [9] determined that mice enclosed in 

the Red Forest for 90 days should receive a cumulative dose (primarUy exteraal) of 

approximately 3.0 Gy ("^Cs, ^°Sr). Therefore, if admmistered dose is the primary 

variable determining genetic effects rather than a variable associated with the rate of the 

administered dose, the Big Blue® mice enclosed in the Choraobyl environment should 

exhibit a significant increase in the transgenic mutant frequency, when compared to 

unexposed reference mice, that is of similar magnftude as that documented in Winegar et 

al [27] and Hoyes et al. [28]. 
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To verUy the observed mutant plaques, the DNA sequences for potential mutants 

should be characterized. This should also provide initial msights into potential adaptive 

responses which may result from such low dose-rate exposures [29-30]. Oxidative stress 

is known to cause specific DNA base lesions which alter the spectrum of observed 

mutations [31-32]. Ionizing radiation causes such oxidative stress through the formation 

of oxygen radicals. These oxygen radicals are highly reactive and have been shown to 

cause primarily G:C to T: A transversion substitutions thus altering the mutational spectra. 

Furthermore, it is possible that no significant increase in the mutation frequency of the 

transgene wUl be observed because of increased repair (i.e., transcriptional response) 

activities, but the mutational spectrum may stUl be altered because of a disproportionate 

number of free radical interactions at specific DNA bases. 

Therefore, this study is designed to assess the somatic mutagenecity of chronic 

exposure to low dose-rate environmental irradiation. The nuU hypotheses are that there 

wUl be no significant deference between exposed and unexposed individuals in the 

mutation frequency or the mutational spectra of the transgene. The alteraative 

hypotheses are that there wUl be a significant mcrease m the mutation frequency and/or a 

significant difference m the mutational spectra of the transgene between exposed and 

unexposed individuals. 
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4.3 Materials and Methods 

4.3.1 Animal Husbandry 

Ten Big Blue® C57BL/6 hemizygous mice (5 females, 5 males) were purchased 

from Stratagene Corporation (LaJoUa, CA) and transported to Ukraine. Mice were kept 

in standard laboratory cages (International Radioecology Laboratory [IRL], Slavutych, 

Ukrame), for 5 days to aUow for accUmation. Six mice (3 females, 3 males) were placed 

in 2 enclosures in the Red Forest which is approximately 2 kUometers southwest (UTM 

[Universal Transverse Mercator]: 36 295545 N [Northmg] 5697040) of the Chomobyl 

Nuclear Power Plant (CNPP) [8-9]. Four mice (2 females, 2 male) were placed in a 

reference enclosure in an uncontaminated site in Slavutych, Ukraine (~ 60 kUometers east 

of CNPP). Dimensions of and materials used in environmental enclosures can be found 

in Rodgers et al [8] and Chesser et al. [9]. Mice were fed sterUized laboratory chow 

(Ziegler Feed, Taconic Laboratories, Germantown, NY) and suppUed with clean water ad 

libitum. FoUowing 90 days within the enclosures, individuals were removed, taken to the 

IRL, and subjected to whole body counts to estimate internal radioactivity [9]. 

Individuals were then immediately sacrificed, tissues (Uver, heart, kidney, spleen, lung, 

bram, muscle, bone, intestme, testes, female reproductive tract) were removed, and flash 

frozen in Uquid nitrogen. Tissues were returaed to Texas Tech University (TTU) in a 

liquid nitrogen dewar shipper and unmediately transferred to a -80°C freezer for 

permanent storage (Natural Science Research Laboratory [NSRL], TTU Museum). AU 
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animal handUng procedures foUowed those outUned m Animal Care and Use Committee 

(ACUC) 01052X. 

4.3.2 DNA Lsolation and Big Blue® M.u.tion Fregup.nrY Ac.y 

Genomic DNA was isolated from Uver tissue using a standard phenol:chtoroform 

procedure [33]. Verification of high molecular weight genomic DNA was achieved using 

horizomal agarose (Invitrogen Corp., Carlsbad CA) gel (1% m Tris-EDTA-acetic acid) 

electrophoresis. The procedures outUned in the Big Blue® Transgenic Rodem 

Mutagenesis Assay System instraction manual revision #027002 were foUowed. 

Genomic DNA was packaged using the Transpack® Packaging Extract according to the 

manufacturer's recommendations (Stratagene Corp.), Titering and plating of 

experinsntal packagmg reactions was performed according to the manufacturer's 

recommendations (Stratagene Corp,), A minimum number of 50,000 plaques per 

individual was desired for mutation analysis, 

4.3.3 Mutant Plaque Verification and DNA Sequencing 

Smgle letter designations for nucleotides and amino acids follow lUPAC 

guidelmes. The complete DNA sequence from each lad transgene from aU observed 

mutant (blue) plaques was determined to characterize the nature of each mutation. 

Mutant plaques were cored using a sterUized wide bore pipet and placed in 100 |Lil of 

SterUized water. This suspension was then denatured at 100°C for 10 minutes and 

vortexed briefly m a manner similar to Stiegler and StUlwell [3]. The /ac/transgene was 
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then directly amplified usmg the polymerase chain reaction (PCR) with the pruners 

(Integrated DNA Technologies [IDT], CoralvUle lA) /ac/-FOR (5'-GTA TTA CCG CCA 

TGC ATA CTA G-3') and /ac/-REV (5'-CGT / ^ T CAT GGT CAT AGC TGT T-3'). 

Specifically, 3 l̂l of the X suspension were used in a 50 |il PCR consisting of 0.2 mM 

each dNTP (Perkin Ehner Biosystems, Foster City CA), 3 mM MgCl2 (Promega Corp, 

Madison WI), Ix Taq DNA polymerase buffer (Promega Corp.), 0.5 mM each PCR 

primer, 1.5 U of Taq DNA polymerase (Promega Corp.), and sterUized, reverse-osmosed 

water. Column-purified amplicons (Qiagen Corp., Valencia CA) were then cycle-

sequenced usmg the ABI Big Dye® Terminator chemistry (Applied Biosystems [ABI], 

Foster City CA) with each of the foUowing primers (IDT): /ac/120F (5'-TAT GCC GGT 

GTC TCT TAT CAG-3'), /ac/131F (5'-TTA TCA GAC CGT TTC CCG-3'), /ac/279F 

(5'-TTG CCA CCT CCA GTC TG-3'), /ac/323F (5'-TTG TCG CGG CGA TTA AAT 

CTC G), Zflc/881R (5'-TGT CTT CGG TAT CGT CGT ATC), /ac/975R (5'-CCT GAG 

AG A GTT GCA GCA AG-3'). The numbers in each of the primer names correspond to 

their respective nucleotide position (3') in the lad gene relative to nucleotide position -

38 (http://web.uvic.ca/biology/bigblue/). Primers suffixed with an "F' anneal to the 

antisense strand and are used to generate the sense DNA sequence whUe pruners suffixed 

with an "R" anneal to the sense strand and are used to generate the antisense DNA 

sequence. Fluorescent sequence chromatograms were generated usmg a rapid sequencing 

protocol on an /^I310 Prism™ Genetic Analyzer (ABI). DNA sequence chromatograms 

were proofed and aUgned with an accessioned (GenBank, National Center for 
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Biotechnology Information, Bethesda MD) wildtype, lad gene (AF031088). Four 

control (clear) plaques (2 from the provided control template [Stratagene Corp.], 2 from 

mouse samples generated m this study) were also sequenced to verify this approach. 

Sequences for the lad gene from each control and mutant plaque were compared and 

tranlated in the MEGA ver. 2.1 software program [34]. Finally, all documented mutants 

were compared to the database of known lad mutants mamtained by Johan de Boer, and 

these data were accessioned to this catalog. 

4.3.4 Statistical Analysis 

The Cochran-Arnutage test (provided by Johan de Boer, University of Victoria, 

British Columbia, Canada) and a Fisher's Exact Test (FET) [35] were used to test for 

significant differences in the mutation frequency between experimental (exposed) and 

reference (unexposed) groups. A Fisher's Exact Test was used to test for significant 

differences between the mutational spectram of each group. Mutational spectra observed 

in this study were statisticaUy compared to the spontaneous mutation spectrum estimated 

for Uver tissue m this Big Blue® substrain by de Boer et al. [36]. Differences were 

considered significant at an a of 0.05. 

4.4 Results 

Mice were maintamed in the enclosures for 90 days (5 mice [2 males, 3 females] 

in the Red Forest; 3 mice [1 male, 2 females] in the reference area). A smgle male from 

each group (exposure and reference) was not found. These individuals likely died m the 
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enctosures and were either consumed by the remaining individuals or simply decayed in 

situ. The mice housed in the Red Forest received a cumulative radiation dose of 

approximately 3.0 Gy (interaal and exteraal) as measured using the technique of Chesser 

et al. 2001 [9]. The mice housed in the reference enclosure did not receive a detectable 

radiation dose above natural background as measured using the technique of Chesser et 

al. 2001 [9]. 

An average of 51,700 (± 5,820; standard deviation [sd]) plaques were scored for 

each uidividual (n=8). This comprises an approximate total of 413,600 /ac/transgenes 

(10,340 chromosomes) screened for mutations. Furthermore, this comprises an 

approximate total of 446,688,000 (447 megabases) nucleotides examined. 

4.4.1 Mutation Frequency 

A total of 19 putative mutant plaques were observed. Four (3 from the exposed 

mice, 1 from the unexposed mice) of these presented as possible ex vivo mutations 

(pinpoint) and were subsequently reclassified as nonmutants through sequence analysis. 

Eight verified mutant plaques were observed in the animals («=5) chronicaUy exposed to 

the Choraobyl environment which results in a mutation frequency of 3.11 x 10'̂  (± 1.19 x 

10"̂ ; standard error [SE]). Seven verified mutant plaques were observed m animals (n=3) 

from the uncontammated, reference enclosure which results in a mutation frequency of 

4.44 X 10"̂  (± 1.84 X 10'̂ ). The estimated transgene mutation frequencies are presented 

in Figure 4.1. The difference between the two mutation frequencies was not significantly 

different (Cochran-Armitage (ZGS) = -0.64,p>0.1; FET,/?=1.00). 
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4.4.2 Mutational Spectra 

Each nucleotide substitution is presented in Table 4,1, AU nucleotide 

substitutions observed in this study have been reported previously and have been 

accessioned in the lad. Big Blue® mutation database 

[http://web.uyic,ca/biology/bigbIue/]. The mutational spectrum from each group did not 

differ significantly (FET, p>0.68). Furthermore, the mutational spectra from the 2 groups 

in this study did not differ significantly from the spontaneous spectram observed in de 

Boer et al. [36] (FET, p>0.\9). 

Four G:C to A:T transitions, 2 A:T to G:C transitions, 2 G:C to T:A transversions, 

and 1 A:T to T: A tranversion were observed in the mutational spectrum of the mice 

chronically exposed to the Choraobyl envfronment. Two G:C to A:T transitions, 2 A:T 

to G:C transitions, and 4 G:C to T:A tranversions were observed in the mutational 

spectram of the unexposed, reference mice. In both groups (i.e., exposure and reference), 

a single doublet mutation (tandem, 2 base pair substitution) was observed [37]. Buettner 

et al. [37] suggest these 2 mutational events may not be independent, therefore for 

analysis of somatic mutation frequencies, tandem mutations were treated as a single 

mutational event. However, both nucleotide substitutions in each doublet are reported in 

Table 4.1 and used for mutational spectra comparisons. 

Every nucleotide substitution observed in both groups resulted in an mferred 

amino acid substitution (Table 4.1) with two exceptions. In both cases where tandem 

nucleotide substitutions occurred, one of the substitutions was silent (i.e., this substitution 
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did not contribute to an mferred ammo acid substitution). One amino acid substitution in 

each group resulted m a premature termination codon. In the exposure group, a K was 

altered to a termination codon. In the reference group, an E was altered to a termination 

codon. The remaining amino acid substitutions mferred in the exposure group were a V 

to an F, V to an L, R to an H, 2 of an L to a P, and a T to an M. The remaining amino 

acid substitutions inferred m the reference group were a G to a V, R to a C, R to an I, R to 

an H, and an L to a P. 

No micro deletions or microinsertions were observed ui either series. 

4.5 Discussion 

4.5.1 Chronic. Low Dose-Rate frradiation and Transgenic 
(lacD Mutation Frequencies 

The Big Blue® Mutation System has been widely used to study genotoxicity 

associated with chemical and physical toxicants. In controUed laboratory exposures, this 

in vivo mutation detection system has demonstrated a clear response to known mutagens 

including ionizing radiation [27-28]. Acute y-radiation doses of 1-3 Gy have induced 

significantly elevated mutation frequencies, 3 to 5-fold higher, in the transgene of 

exposed animals when compared to unexposed controls [27-28]. The issue with respect 

to radiation risk, especiaUy that which results from environmentaUy relevant exposures, 

is whether or not equivalent mcreases in the transgene mutation frequency wUI occur 

foUowing chronic, low dose-rate irradiation. Cumulative dose-response models indicate 

such an increase is mathematicaUy expected, and a sunUar response wiU be observed if 1-
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3 Gy is administered either acutely or chronically. Rodgers et al. [8] and Chesser et al. 

[9] documented that the external dose-rate in the Red Forest region in Chomobyl, where 

these Big Blue® mice were enclosed, is approximately 33 mGy/day. Thus, the absorbed 

cumulative dose over the course of 90 days exposure (Le., chronic [11-12]) wUl be 

approximately 2,970 mGy (-3 Gy, 300 Rads). The accumulated dose may even be 

sUghtly higher because of smaU amounts of intemal deposition of both '"Cs and °̂Sr [9]. 

Therefore, if the cumulative dose-response model is accurate, the Big Blue® mice 

chronically exposed to the Choraobyl environment should exhibit a significantly elevated 

mutation frequency .when compared to the unexposed reference mice, and the magnitude 

of difference between the frequencies should approach that observed in Winegar et al. 

[27] and Hoyes et al. [28]. The results of such an exposure, as experimentaUy tested by 

this study, do not support the cumulative dose-response model. Not only did mice 

exposed to the Chomobyl environment not present with a significantly elevated mutation 

frequency in the transgene, both exposed and unexposed mice had mutation frequencies 

smular to those in studies documentmg the spontaneous mutation frequency (- 4.3 x 10' 

[± 0.85 X 10"̂ ]) of the transgene m liver tissue [38]. 

4.5.2 Oxygen Radical Stress and Mutational Spectra 

Oxidative cellular stress, such as that caused by ionizmg radiation, is known to 

mduce specific DNA base lesions. A predominant form of modified nucleotide foUowmg 

exposure to free radicals is 8-Oxo-deoxyguanosine (8-oxodG) [32,39]. This lesion is 

highly mutagenic and often results in a G:C to T:A transversion [31]. Thus, exposure to 
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genotoxicants, such as ionizmg radiation which mduces oxidative stress, may increase the 

number of observed mutations and alter the spectrum of observed mutations in 

comparison to the spontaneous/natural mutation frequency and spectrum. This assumes 

that no compensatory mechanism (e.g., enhanced repair) or lack of a compensatory 

mechanism (e.g., repair deficiency) is acting to maintain or bias the spontaneous mutation 

frequency or spectrum. For example, it is possible that no signUicant mcrease in the 

frequency of mutations wUl be observed even when the DNA is under oxidative stress 

because transcriptional responses stimulated by such oxidative tension are altered such 

that radicals are more efficiently scavenged and/or damaged bases are more efficiently 

repaired. However, the mutational spectram may stUl be altered under such conditions, 

even in the absence of a significantly increased mutation frequency, because of the 

disproportionate number of radical interactions at specific DNA bases (e.g., guanine). 

This was not evident in the Big Blue® mice chronicaUy exposed to the Chomobyl 

environment. In fact, there was not a significant difference between the mutational 

spectra of the exposed and unexposed mice and neither of these groups dUfered 

significantly from the spontaneous mutational spectrum reported by de Boer et al. [36]. 

4.5.3 Summary 

The results of this study indicate that chronic, continuous exposure to 3 Gy of y-

radiation in the Choraobyl environment does mduce mutations in the same manner as 

does acute exposure to 3 Gy of y-radiation in the laboratory. This is consistent with 

previous research investigating the cyto- and molecular genotoxicity of the Choraobyl 
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environment (8,10,15,19-22). Furthermore, these data do not support cumulative dose-

response models and downward extrapolations of genetic effects from acute, high dose 

exposures [24-25,40]. In fact, a threshold may mdeed exist, when dose-rate is taken into 

account, at which mutations simply are not induced [41]. The mutational resolution 

offered by examining 450 Mbases supports this possibiUty. Additional study using 

geneticaUy sensitive systems such as the Big Blue® Mutation Assay are necessary to 

further refme low dose-rate, chronic irradiation risk models. Moreover, with the recent 

advances in gene expression technologies, it is now possible to examine transcriptional 

responses to low dose-rate and low dose exposures and incorporate these as biomarkers 

of exposure. In the absence of induced mutations, this latter approach may prove 

uniquely sensitive to sUght alterations in the homeostatic cellular environment. 
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Figure 4.1. Somatic mutation frequencies observed in the lad transgene of C57BL/6 
hemizygous Big Blue® mice. Mice (n=5) belonging to the "Exposed" group were 
chronically exposed to the Choraobyl environment and accrued a cumulative absorbed 
radiation dose of approximately 3.0 Gray (Gy, 300 Rads). Mice {n=3) belonging to the 
"Reference" group were maintained in an uncontaminated reference enclosure for a 
duration equivalent to the exposed mice. Statistical bars are standard error bars. The 
difference between the mice in the "Exposed" and "Reference" groups is not statistically 
significant (p>0.1). 
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Table 4,1, Spectrum of mutations observed in Big Blue® mice from this study. Each 
uidividual in this study was assigned a unique accession number (TK), "PN" denotes 
plaque number, "WT" denotes wUdtype nucleotide state, "MUT" denotes mutant 
nucleotide state, 'TS/TV" denotes transition (TS) or transversion (TV), and "Pos" 
denotes the nucleotide position within the lad gene according to the lad mutation 
database maintained by Johan de Boer (http://web.uyic,ca/biology/bigblue/). An asterisk 
indicates tandem mutations. 

Individual 

TK84325 

TK84325 

TK84328 

TK84328 

TK84328 

TK84328 

TK84329 

TK84330 

TK84330 

TK84356 

TK84356 

TK84356 

TK84356 

TK84356 

PN 

2 

2 

1 

2 

3 

4 

la 

1 

2 

1 

3 

4 

5 

5 

Group 

Exposed 

Exposed 

Exposed 

Exposed 

Exposed 

Exposed 

Exposed 

Exposed 

Exposed 

Reference 

Reference 

Reference 

Reference 

Reference 

WT 

T:A 

G:C 

G:C 

G:C 

G:C 

C:G 

C:G 

A:G 

T:A 

G:C 

C:G 

G:C 

G.C 

G:C 

MUT 

C:G 

A:T 

T:A 

T:A 

A:T 

T:A 

T:A 

T:C 

C:G 

T:A 

T:A 

T:A 

T:A 

T:A 

TS/TV 

TS 

TS 

TV 

TV 

TS 

TS 

TS 

TV 

TS 

TV 

TS 

TV 

TV 

TV 

Pos 

620* 

621* 

115 

139 

179 

242 

41 

349 

161 

587 

178 

1004 

132* 

133* 

90 

http://web.uyic,ca/biology/bigblue/


Table 4.1 Continued 
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CHAPTER V 

IDENTIFICATION OF VOUCHER SPECIMENS 

INVOLVING RISK: SHREWS FROM CHORNOBYL, UKRAINE 

5.1 Abstract 

In some instances, coUecting, preparing, and identifying voucher specimens poses 

a risk to researchers. Shrews coUected from radioactive areas near Choraobyl pose such 

a risk. Because protracted morphological analyses increase risk, we sequenced 272 bp of 

the cytochrome b gene to evaluate its effectiveness in identifying shrew specimens to 

species which if effective, would reduce personnel radiation exposure. Specimens were 

intially identified as belonging to either Sorex araneus, S. minutus, or Neomys fodiens. 

Molecular analysis including published sequence data confirmed these initial 

assignments. We conclude identifying specimens in this manner is justified based on the 

reduction of possible risk, 

5,2 Introduction 

Proper identification to the level of species is required in cataloging the world's 

biodiversity and biocomplexity. This includes studies where specimens pose a risk to the 

scientists coUecting, preparing, and identifying them, A human health risk may exist 

when specknens are coUected from sites contammated with physical and/or chemical 

poUutants or where the specimens may serve as a vector for human diseases. 

We have coUected specimens of shrews from radioactive environments near the 

former Choraobyl Nuclear Power Plant, Average levels of radiation, °̂Sr and "^Cs, in 
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the skins and skeletons of these specimens make them radiological hazards according to 

present U, S, A, safety standards. Therefore, analyzing individual specmiens usmg a 

meticulous museological approach (i.e,, traditional morphological analysis) would Ukely 

increase the radiation risk to personnel identifying specimens to species. Furthermore, 

the family Soricidae is one of the most widely distributed and diverse mammaUan 

famiUes with 23 genera and 312 species, and many species of shrews are not weU defined 

from a morphological standpoint, which makes specific identification problematic [1,2], 

Thus, we have substituted a molecular analog and propose its use as a novel 

methodology for the relatively lengthy, standard morphological analyses in an effort to 

minimize radiation or xenobiotic exposure. During our initial coUecting of samples, 3 

species were identified. These were Sorex araneus, S. minutus, and Neomys fodiens. We 

sequenced a portion of the mitochondrial DNA (mtDNA) cytochrome b (cyt b) gene to 

provide insight into each specimen's phylogenetic affmity and compared haplotypes to 

published data to characterize specimens in a comparative fashion (GenBank; National 

Center for Biotechnology Information; Bethesda, MD, USA), ft was critical to this 

approach that the region of DNA chosen exhibits a level of variation suitable for 

detecting congeneric relationships among species. The cyt b gene has previously 

demonstrated such utUity in numerous mammalian groups [2-5], In fact, powerful and 

inexpensive PCR-based methodologies usmg the cyt b gene have recently been 

developed allowing for the successful identification of morphologically simUar 

specimens betonging to the rodent genus, Apodemus [6], However, at least 2 problems 
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associated with binary identification of species make a sequence-based approach 

appealing. While, absence of PCR product may be a function of species affinity, it may 

also be because of technical failure or an as yet undiscovered molecular polymorphism. 

Furthermore, binary data do not readily allow for quantitative and phylogenetic 

comparisons with both published and unpubUshed datasets. Sequence data overcome 

some of these shortcomings albeit at an increased cost. In addition, "universal" primer 

pairs are readUy available and generally require Uttle fine-tuning. Therefore, our 

approach reUes on analyzing sequence data and comparing our results with pubUshed 

data to determme if a rapid, safe molecular approach can be used to distinguish species 

which are systematically problematic, 

5,3 Materials and Methods 

Genomic DNA was isolated from liver tissue of 126 specimens usmg standard 

procedures [7], A Packard Biosciences gamma counter caUbrated using a standard 

^"Cesium source was used to measure residual radioactivity m isolated DNA which was 

found to be below minimal limits estabUshed by radiation safety standards. 

The cytochrome b gene was amplified usmg the polymerase cham reaction (PCR) 

and the prmiers, L14724 (5'-CGAAGCTTGATATGAAAAACCATCGTT G-3') and 

H15915 (5'-AAACTGCAGCCCCTCAGAATGATATTTGTCCTCA-3') [8-9], Both 

DNA strands were cycle-sequenced for a subset of apparent morphological variants 

(«=28) with two interaal primers, LGL765 (5'-

GAAAAACCAYCGTTGTWATTCAACT-3'; [10]) and H15149 (5'-
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AAACTGCAGCCCCTCAGAATGATATTTGTCCTCA-3';Irwmcfa/. [08]), The 

remaining coUection of shrews (n=98) was cycle-sequenced m one direction using the 

primer LGL765, 

The minimum evolution method was used to generate phylograms based on 

Tamura-Nei estimates of genetic distance using MEGA version 2,1 [11-12], 

We also included pubUshed DNA sequences for 7 species of Soricid, including 

Sorex araneus, S. minutus, and Neomys fodiens, obtained from GenBank (NCBl) for 

comparison. 

5.4 Results 

The minimum evolution phylograms are presented m Figures 5.1 and 5.2. Values 

along the branches represent bootstrap support [13]. Average divergence values within 

clades are presented on Figures 5.1 and 5.2. 

5.4.1 Ukrainian Samples 

Two hundred seventy-two base pairs of cyt b (90 codons) were obtained for 28 

specimens. Fifteen unique haplotypes were observed with distance values ranging from 

0.0% to 24.7%. 

Figure 5.1 comprises only those specunens coUected near Choraobyl, Ukrame 

(subscripted UA). Three apparent phylogroups were formed with high bootstrap support 

(>95%). The average amount of genetic variatton within phylogroups is presemed m 

Figure 5.1. 
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5.4.2 All Samples 

Two hundred seventy-two base pairs of cyt b (90 codons) were obtained for 35 

specimens. These mclude samples from Ukrame and specimens of Â. fodiens (n=l), S. 

minutus (77=1), S. araneus (n=l), S. samniti {n=\), S. tundrensi {n=\), S corona {n=\), 

and S. granarius {n=2) from GenBank. Seventeen unique haplotypes were observed with 

distance values rangmg from 0.0% to 24.6%. Figure 5.2 includes aU specmiens analyzed. 

The three phylogroups identified in Figure 5.1 were again formed (subscripted ALL). 

The average amount of genetic variation within phylogroups is presented in Figure 5.2. 

The GenBank specimens of S. granarius feU within phylogroup AALL (condensed tree not 

presented), however the intraphylogroup estimate of genetic divergence presented (Figure 

5.2) excludes these 2 specimens. The remainder of the species were intermediate 

between phylogroup AALL and BALL. 

Each unique cyt b gene DNA sequence was accessioned m GenBank, according 

to its molecular taxonomic assignment. Accession numbers are AF445032 to AF445037 

for S. araneus, AF445038 to AF445041 for S. minutus, and AF445028 to AF445031 for 

N. fodiens. 

Finally, a minimum of 240 bp of Ught strand DNA sequence data was obtained 

for each of the remaining shrew specimens in the coUection (n=98). Taxonomic affinities 

based on genetic analyses conducted as above indicated that aU of these specimens were 

most closely related to S. araneus (phylogroup A in both Figures 5.1 and 5.2; data not 

shown). 
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5.5 Discussion 

In the field, investigators identified at least 3 different species of shrew in the 

Choraobyl environment. Additionally, variation m pelage color, size of pmnae, and 

extent of hair present on the taU suggested the possibility of more than 3 species of 

shrews. However, orUy 3 major subdivisions could be substantiated m the genetic 

analyses, and these corresponded to the 3 species identified on the basis of exteraal 

morphology. Variation in the exteraal morphological characters mentioned above was 

not concomitant with any increased level of genetic variation in the cyt b gene. Based on 

the genetic examination of our specimens and comparisons with published data, we 

conclude that only 3 species of shrews {S. araneus, S. minutus, and N. fodiens) are 

present in our Choraobyl coUection. In both Figures 5.1 and 5.2, phylogroup A 

comprises specimens we classify as S. araneus, phylogroup B comprises specimens we 

classify as S. minutus, and phylogroup C comprises specimens we classify as N fodiens. 

These specific assignments are consistent with published data. In total, we have 

cataloged 5 specunens of N. fodiens, 6 specimens of 5. minutus, and 115 specimens of 5. 

araneus usmg this molecular approach. 

In this case, it was justified to examine aU coUected specimens of shrews because 

of the perceived and potential risk in handUng them in the classical, curatorial manner. 

However, our study documents that it may be economically feasible to use this approach 

to identU'y levels of genetic variability and taxonomic affmity for other samples of 

individuals. Based on current costs incurred m obtaining a single DNA sequence usmg 
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fluorescent technology, a reasonable estunate of this cost is approxunately $9.00 U. S. 

doUars (<$0.03/bp). This figure is an estimate of the cost of the consummable materials 

alone and does not include salaries, wages, or purchase of the essential hardware and 

software (i.e., thermal cycler, fluorescent detection system, computer hardware and 

software). FoUowing molecular assignment, a subset of a field sample can provide 

baseline morphological characteristics to assign taxonomic designations to the remaining 

specimens in the coUection. 
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Figure 5.1. Neighbor-joining phylogram depicting genetic (cytochrome b) relationships 
among shrew specimens coUected from Chomobyl. Identification numbers denote 
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CHAPTER VI 

SUMMARY AND CONCLUSIONS 

This dissertation was designed to evaluate the molecular mutagenecity of 

subacute to chronic environmental irradiation at Choraobyl. The environment tested was 

the area affected by the Chomobyl accident (April 26, 1986). The levels of 

environmental radiation exhibited by the Chomobyl environment are among the highest 

ever documented for an ecosystem. Exposure to this contamination is unique and usually 

involves both continuous exteraal and internal dose. This is quite different from most 

occupational and incidental exposures in which exposure is external and discontinous 

(i.e., acute or fractionated). The genetic tools chosen to estimate potential mutagenic 

effects resulting from exposure to Choraobyl are sensitive, biologicaUy relevant, and weU 

understood. In stark contrast to the body of research unplicatmg Choraobyl exposure as 

mutagenic, the studies in this dissertation incorporate accurate estimates of both external 

and interaal dose on an mdividual basis [1-2]. This is a critical component U reUable 

estimates of genetic risk are to be reaUzed. Furthermore, the current approach to 

estknatmg radiation risk states that effect is independent of the rate at which the dose is 

admmistered (i.e., cumulative effects model), and no threshold exists below which 

deleterious effects are not manifested. Neither of these two assumptions has been 

empkicaUy determmed and strong arguments have been made agamst both [3-8]. Herein, 

I wUl revisit each study reiterating the nuU and alternative hypothesis for each and 
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summarizing the results. These subsecttons wiU then be foUowed by an overaU synthesis 

and concluding remarks. 

6.1 Chapter II-MtDNA Heteroolasmv in a Native SpecJp.s. 
the Bank Vole {Clethrionomys dareolus) 

This study was a logical extension of a previous study investigating mtDNA 

heteroplasmy m another native species of vole, the grassland vole {Microtus arvalis) [9]. 

The study by Baker et al. [9] provided the experunental foundation for my study, and 

their results suggested a possible increase (non-significant with their sample size) in the 

level of mtDNA heteroplasmy and unique mutational spectrum in the cytochrome b gene 

of an exposed mother/embryo set. Because the bank vole encounters a significantly 

higher intemal burden of radioactivity (2-3x) than the grassland vole [1], it was 

hypothesized that this was an appropriate model system for additional study. This is 

especially relevant if the Unear effects model is valid, assuming both species respond to 

irradiation similarly. Therefore, the nuU hypothesis, for the study of heteroplasmy in the 

bank vole, was that no significant increase in mtDNA heteroplasmy would be associated 

with exposure. The alteraative hypothesis was that a significant increase in mtDNA 

heteroplasmy would result from environmental irradiation. The results of this study did 

not indicate an mtDNA impact as the levels of heteroplasmy in the cĵ tochrome b gene in 

the exposed mother/embryo set did not differ significantly from the unexposed 

mother/embryo set. In fact, the magnitude of the difference between mother/embryo sets 

was less than that observed in Baker et al [9]. This is not consistent with the predictions 
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of the linear, cumulative effects risk model. However, there are limitations to this study 

that should be noted. Induction of mtDNA heteroplasmy in a controUed dose-response 

study has not been demonstrated. Proper vaUdation wUl be necessary for mtDNA 

heteroplasmy to be employed as an effective biomarker [10]. Features of mtDNA 

making it a desirable genetic system are 1) mtDNA sequence organization and gene 

function is weU-characterized, 2) mtDNA has a relatively high mutation rate when 

compared to nuclear protein-encoding genes, 3) mtDNA is a redundant, mtraceUular 

genetic system, and 4) mtDNA heteroplasmy is impUcated in human diseases even 

though levels can be tolerated at fairly high levels (-70% mutant) [11-17]. ft may be 

possible that the 2 species differ in their response to irradiation. This has not been 

adequately tested for these 2 species or for the vast majority of native sentinel organisms 

currenfly employed in ecotoxicological research. However, my study does not indicate a 

significant risk to the mtDNA exists foUowing chronic irradiation in the Choraobyl 

environment. 

6.2 Chapter III-MtDNA Heteroplasmy in a Laboratory 
Mammalian Model. Mus musculus domesticus 

This next study was designed to further evaluate the mitochondrial mutagenecity 

of the Chomobyl environment usmg a relatively radiosensitive mammalian model. 

MUiok et al. [18] determined the LD50/30 (ie., the dose at which 50% of the exposed 

individuals die withm 30 days of treatment) for C. glareolus was over 11 Gray (Gy). 

This is substantiaUy higher than the LD50/30 for most M. m. domesticus strams (3-6 Gy). 
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Therefore, the goal of this study was to assess mtDNA heteroplasmy in a mammahan 

model exhibiting a radiosensitivity close to that of humans (-3.5 Gy). FacUitating 

environmental exposure to radiation, Rodgers et al. [19] and Chesser et al. [2] 

demonstrated that laboratory strains of M. m. domesticus can successfully be maintained 

in environmental enclosures in the highly radioactive Red Forest near the Choraobyl 

Nuclear Power Plant (CNPP). Therefore, 2 strains of M. m. domesticus (C57BL/6 and 

BALB/c) were enclosed in the Red Forest for 30-40 days (subacute-subchronic 

exposure). This duration of exposure resulted in an accumulated dose of 1.2-1.5 Gy [2]. 

In laboratory studies, an acute dose of 1.2-1.5 Gy has been shown to cause genetic 

mutations [20-24]. To provide a unique intraindividual control sample, we chose to 

nonlethaUy sample individuals prior to exposure. These same individuals were then 

sampled after the appropriate exposure period. In addition, the tissue chosen, digit tissue, 

was selected to model human finger tissue which is the least shielded and therefore most 

exposed during occupational exposures. The null hypothesis was that mtDNA 

heteroplasmy between pre- and postexposure samples would not differ signficantly. The 

alternative hypothesis was that postexposure samples would exhibit a significant increase 

in the level of heteroplasmy in comparison with the preexposure samples. No significant 

difference was observed between pre- and postexposure samples. This study is congruent 

with previous studies investigating mtDNA heteroplasmy and suggests that the 

Chomobyl environment and chronic, low dose-rate irradiation does not pose a signUicant 

genetic risk. Furthermore, cumulative dose-response relationships were agam unapparent 
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casting additional doubt on the abUity of this model to accurately estimate radiation, 

genetic risk. 

6.3 Chapter YV-Bi^ Blue® in the Red Forest: Somatic 
Mutations and Chronic Irradiation 

This chapter is the last study mvestigating the mutagenecity of chronic, low dose-

rate irradiation resulting from exposure to the Chomobyl environment. The transgenic 

mutation model system. Big Blue®, has been shown to be an extremely sensititive in vivo 

approach to documenting the mutagenecity of numerous chemical and physical 

mutagens. This includes ionizing radiation [20,23]. Laboratory studies exposing Big 

Blue® mice acutely to 1-3 Gy of y-radiation document a 3.5 to 5-fold increase in the 

transgene mutation frequency when compared to controls receiving no radiation [20,23]. 

With an external dose-rate of 33 mGy/day in the Red Forest, Big Blue® mice enclosed 

for a period of 90 days received a cumulative dose of ~3 Gy. This study therefore 

addressed the cumulative dose-response approach usmg a well-validated genetic system. 

In addition, research on chemical mutagen, benzo[a]pyrene [25] and dimethyhiitrosamine 

(DMN) [26], exposure in Big Blue® mice has demonstrated not only an increase in the 

mutation frequency but also a bias in the spectrum of nucleotide substitutions when 

compared to unexposed controls consistent with preferential interactions with specific 

DNA targets. Oxygen radical stress has been shown to preferentially interact with the 

nucleotide base guanine, subsequentiy shifting the mutational spectrum towards G:C to 

T: A transversions. I investigated the somatic mutation frequency and mutational 
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spectrum m Big Blue® chronicaUy exposed to low dose-rate radiation in the Choraobyl 

envkonment. The data coUected in this study are in 2 forms: somatic mutation 

frequencies and DNA sequences accounting for each observed mutation. This permits 

the testmg of 2 hypotheses. With respect to the somatic mutation frequency, the null 

hypothesis is that there wUl be no significant difference between the exposed and 

reference mice. The alteraative hypothesis is that there wUI be a significant increase in 

the somatic mutation frequency m the exposed mice when compared to the reference 

mice. With respect to the mutational spectra, the nuU hypothesis is that there wUl be no 

significant difference between the mutational spectra of exposed and reference mice, and 

both of these groups wUl not differ significantly from the estimated spontaneous mutation 

frequency [27]. The alteraative hypothesis is that there wUl be a significant difference in 

the mutational spectrum of the exposed mice when compared to the reference mice and 

the mutational spectrum of the exposed mice wUl differ from the spontaneous mutation 

frequency while the mutational spectram of the reference mice wUl not. As in my 

previous studies, the results of this experiment indicate that chronic, low dose-rate 

irradiation, such as that demonstrated by the Choraobyl environment, is not mutagenic in 

the same manner as acutely administered radiation dose. After exposed mice had 

accumulated a dose of -3 Gy (y-radiation), no significant difference m the transgenic 

mutation frequency (3.11 x 10'̂  exposed; 4.44 x 10'̂  reference, 4.3 x 10"̂  spontaneous 

[28]) was apparent. Furthermore, the mutational spectram of the exposed group was not 

significantly different from the mutational spectrum of the reference group and neither 
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group's mutational spectrum differed significantly from the spontaneous mutational 

spectrum for this substrain [27]. If the cumulative dose-response model were correct. Big 

Blue® mice exposed to the Chomobyl environment (observed mutant frequency of 3.33 

X 10"̂ ) encountering a dose of -3 Gy should exhibit a transgenic mutation frequency 5-

fold higher (expected mutant frequency of 22.2 x 10"̂ ) than unexposed reference mice 

(observed mutant frequency of 4.44 x 10"̂ ). This was not observed. In addition, if 

oxygen radical stress shifts the mutational spectrum towards G:C to T:A transversions, 

more of these mutations should be present in the exposed mice if they are subject to more 

oxidative stress when compared to the reference mice. Again, this was not observed. 

6.4 Chapter V-Molecular Identification of Specunens 
Which Pose a Radiological Risk 

The last chapter differs somewhat from the previous chapters in this dissertation 

by addressing radiation risk associated with handling specimens coUected from the 

radioactive areas near the CNPP. In particular, this mvolves species of shrews which 

generaUy requfre lengthy morphological analysis to properly assign specific taxonomy. 

Chesser et al. [1] documented that shrews exhibit an average interaal radtocesium activity 

of approximately 632.3 Becquerels (Bq)/gram (g) muscle tissue. According to Turner 

[29], each specimen treated as a pomt source, assummg an average of 5 grams of total 

muscle mass per specimen, would yield an estunated dose-rate of -4.4x10"^ mrem/hour at 

a distance of 0.25 m. Assummg unshielded museum personnel performing standard 

morphotogical analyses spend an 8 hour day identifying these specimens (-10 per day), 
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they would incur an annual dose of approximately 9.1 mrem. Current regulatory statutes 

mandate a maximum annual, occupational total effective dose equivalent (TEDE) of 5 

rems (Texas Regulations for Control of Radiatton). Further contributing to the annual 

dose estimated above wUl be the actual coUecting of specimens. Assuming these same 

personnel are mvolved with coUecting specmiens an extra 600 mrem may be added to the 

above for a total annual dose of 0.61 rem. For shrews, this is weU below occupational 

lunits. However, some species of rodent such as the bank vole, and possibly other 

species of rodent or small caraivore, exhibit substantially higher levels of radioactivity 

(average of 5,062.2 Bq/g) and are much larger (-20 g). The annual estimated dose from 

examinmg specimens such as these wiU approach 15 mrem. If one assumes that only the 

most radioactive specimens wUl be coUected and analyzed (73,090 Bq/g), then the annual 

dose from examining such specimens approaches 210 mrem. To minimize this fraction 

of the total aUowable dose, we developed and applied a molecular analog of the 

museological approach. A standard genomic DNA isolation used in this procedure 

usuaUy involves approximately 0.1 g of Uver tissue which is not a repository for "^Cs, 

therefore radioactive exposure is virtually nonexistent. In addition, the portion of the 

DNA isolation procedure where personnel are exposed to this tissue lasts for 

approximately 1 hour (note: this time period can be extended to multiple samples [10-20] 

processed at the same time). Gamma analysis has demonstrated that DNA isolated from 

radioactive Choraobyl specimens is essentially free of residual radioactivity. Therefore, 

using current molecular methodologies (i.e., technical and analytical), we examined the 
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effectiveness of the mtDNA cytochrome b gene m property identUymg specmiens of 

shrews to the tovel of species. Three species were suspected in the total coUectton of 

shrews, Sorex araneus, S. minutus, and Neomys fodiens. Specifically, we used a short 

portion (-270 base pairs) of this gene's DNA sequence from aU shrew specimens in 

conjunction with homologous, pubUshed DNA sequences from properly identUied shrew 

species to assess this methodology and assign taxonomy to the shrew specimens coUected 

at Chomobyl. This piece of DNA has the advantage of being easUy obtained from 

virtuaUy any mammal with a set of universal primers and has been shown to be extremely 

useful in identifying mammal species [30-32]. Other methods have been developed 

which are more cost-effective in terms of both time and money [33]. However, these 

approaches usually involve a binary (i.e., presence/absence of amplified product-primer 

mismatch), quaUtative approach. These 2 features are a disadvantage when technical 

faUure (i.e., absence due to laboratory error) results or when quantitative analyses (ie., 

quantifying genetic variation) are required. Therefore, we appUed a DNA sequence-

based approach to assign taxonomy and defme the bounds of genetic variation withm 

species of shrews coUected from Choraobyl. In aU cases, each specimen was 

unequivocally assigned to an existing species. In addition, these existing species were 

comprised of only S. araneus, S. minutus, and N. fodiens as suspected in the initial field 

assignments. Average pairwise genetic variation was low within each species suggesting 

no cryptic species were present in the collection of shrews from Choraobyl. Therefore, 
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this molecular approach proved to be accurate and relatively rapid and served to reduce 

any potential radiological risk these specimens may pose. 

6.5 Summarv-SignUicance of Contributions of this 
Dissertation 

The purpose of my dissertation was to address the consequences associated with 

exposure to the Choraobyl environment using molecular genetic techniques The results 

and conclusions of my work could be extended to analogous situations where chronic, 

low dose-rate irradiation is a concern. Current radiation risk estimators are based on a 

Unear, non-threshold, cumulative dose-response model. One of the unplications of this 

model is that genetic effects can be extrapolated as a simple linear function of dose. In 

conjunction with the non-threshold aspect, this impUes that effects are expected at any 

level of dose including doses which have not been empirically admmistered. This is a 

violation of theoretical statistics. Another unpUcation of this model, with respect to the 

cumulative dose-response aspect, is that similar effects wUl be evident irrespective of the 

rate at which dose is admmistered. This model is extremely usefiil in predicting effects 

resulting from acute, high dose exposures. This is because these are exactly the types of 

exposures from which this model was developed. In contrast, this model has been 

ineffective at predicting effects resulting from exposures such as those experienced at 

Chomobyl 

To Ulustrate some of the mconsistencies associated with both low dose-rate and 

cumulative dose extrapolatton, I discuss two relevant examples. With respect to Unear 

112 



effects m humans resulting from chrome exposure, consider the following example. The 

average annual dose rate in humans (see the foUowing URL to catoulate your personal 

annual dose: http://www,epa.gov/radiation/students/calculate,html) is considered to be 

around 360 mrem/year where 1 rem=lRad (Radiation absorbed dose)=0.01Gy. Thus, the 

average armual dose per annum in the United States is approxunately 0.0036 Gy (3.6 

mGy = 360 mrem). These values are obtamed from the National CouncU on Radiation 

Protection and Measures (NCRP) Report No. 93 [34]. Of some interest here, I point out 

that, according to annual dose calculators, one incurs a 3-fold increase in radiation 

exposure if Uving within 50 miles of a coal-fued power plant when compared to Uving 

within 50 mUes of a nuclear power plant. Now retuming to the human example, it has 

been documented that certain regions in the world have substantially more naturaUy 

occurring radioactive material (NORM) than others. In some of these regions, the 

increase in the annual dose rate in the areas with naturaUy higher levels of radioactivity is 

approximately 3.61x (13 mGy/year) the U.S. annual population average from above. 

Assuming that tune to fu-st parturition in these areas is 15 years, the cumulative radiation 

dose accraed duruig this time wUl be 195 mGy. Assuming that average Ufespan in these 

areas is 65 years, the cumulative radiation dose accraed during this time wUl be 845 

mGy, a value approachmg a dose of 1 Gy which is suggested by Sankaranarayanan and 

Chakraborty [35] to cause a doubUng of observed effects. This increase above the 

cumulative accraed doses for persons livmg in the U,S. (54 mGy m 15 years) and (234 

mGy in 65 years) should resuk in a detectable increase in the number of hereditary 
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genetic diseases, birth defects, and incidences of somatic disease (i,e,, cancer) weU above 

the rates documented in the U,S, This fact has not been borae out by epidemiological 

analysis and in contrast, for example, the mcidence of most cancers in the U,S, is above 

the mteraational average. Now consider the cumulative dose-response aspect with 

respect to the bank vole {Clethrionomys glareolus) at Choraobyl, The LD50/30 for an 

acute radiation dose administered to the bank vole as determmed by Mihok et al, [18] is 

approximately 11 Gy. The cumulative dose-response approach suggests that any dose of 

11 Gy whether administered instantaneously or for example, over the course of a year 

wUl result in 50% lethaUty in 30 days postadministration. Bank voles residing ui the 

radioactive Red Forest at Choraobyl incur a daUy external dose rate of approximately 33 

mGy/day, Therefore, the annual exteraal cumulative dose experienced by this species 

wUl be 12,05 Gy, This exceeds the LD50/30 for this species. The unweighted average 

internal radioactive burden (radiocesium only) in the Red Forest for this species is 

approximately 13,811 Bq/g which results m an average daUy dose rate of 10.02 mGy/day 

[1]. Over the course of a year, the average bank vole wUI experience a cumulative 

interaal dose of 3.66 Gy. Thus, the total cumulative dose for a bank vole in the Red 

Forest wUl be 15.71 Gy. This is 1.5x the LD50/30 for this species indicating that foUowmg 

273 days m the Red Forest 50% of the bank voles should expire simply because of 

exposure to chronic, environmental radiation. Population genetic data and an ongoing 

mark-recapture study (data quaUtatively examined) clearly do not support these unusuaUy 

high levels of expected attrition [9,36]. These 2 exercises obviously mdtoate that there 
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are inherent differences between acute and chronic doses and that the model derived from 

one kmd of exposure, m this case acute exposure, cannot sunply be used to predict effects 

resultmg from the other kind of exposure (i.e., chronic). 

My studies were designed to address concerns associated with the Unear, 

cumulative dose-response risk model. Ffrst, the studies on mtDNA heteroplasmy suggest 

Imearity and cumulative dose-response are both Ukely inappropriate. Individuals with 

substantially higher exposures to ionizing radiation simply do not exhibit an increase in 

the magnitude of effects which would be predicted by a Unear dose-response approach. 

The exposed bank vole samples used in the heteroplasmy study received a chronic 

radiation dose 2-3x higher than that received by the exposed grassland vole samples used 

in Baker et al. [9]. However, when levels of heteroplasmy in both studies are adjusted for 

technical inaccuracy, the bank vole did not exhibit a level of mtDNA heteroplasmy 2-3x 

that of the grassland vole. In fact, the exposed bank vole samples exhibited a 23% 

decrease in the adjusted level of heteroplasmy when compared to the heteroplasmy levels 

in the exposed grassland vole samples. This clearly does not foUow a Unear, cumulative 

dose-effect hypothesis. Furthermore, the exposed vole samples used in this study 

experienced a cumulative dose which was >50x that of the unexposed vole samples. The 

observed increase in heteroplasmy of the exposed bank vole samples was only 1.2x that 

of the unexposed bank vole samples, and this increase was not significant. These 

observations do not foUow from simple linear, cumulative dose-effect predictions 
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suggesting that chrome low dose-rate irradiatton does induce effects foUowing a simpto 

linear, cumulative function. 

Additionally, relatively radiosensitive organisms [37] do not exhibit effects 

consistent with a Unear, cumulative dose-response approach. The mtDNA heteroplasmy 

study on experUnentaUy-enclosed Mus musculus domesticus again demonstrates this 

observation. Mice enclosed in the Red Forest received a cumulative radiation dose of 1.2 

to 1.6 Gy. It should be noted that acute doses of approximately 1 Gy have been shown to 

induce sterUity in laboratory mice [38]. In addition, a dose of 1 Gy has been suggested as 

an effects doubling dose by Sankaranayanan and Chrakraborty [35]. Not only did these 

mice remain reproductively active throughout their duration of enclosure, there was no 

significant increase in the level of mtDNA heteroplasmy in the exposed samples when 

compared to the unexposed samples. There was certainly not a doubling of genetic 

effect, in this case, levels mitochondrial heteroplasmy, however whether or not mtDNA 

heteroplasmy would yield such an effect has not yet been vahdated [10]. Acute effects 

studies investigating the mutagenecity of similar doses of radiation document genetic 

impacts in several genetic systems. The lack of genetic impacts to the mtDNA in this 

study are consistent with those from previous research investigating mtDNA 

heteroplasmy and exposure to the Choraobyl environment. 

The study on the transgenic Big Blue® system suggests the cumulative dose-

response model is not appropriate for estimatmg genetic risk from chronic, low dose-rate 

exposure to ionizuig radiation. The effect, a signUicant increase in the transgene 
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mutation frequency, observed following acute irradiation of Big Blue® mice (3 Gy) was 

not observed m Big Blue® mice receivmg an equivalent chronic dose in the Choraobyl 

envkonment [20,23]. The cumulative dose-response approach would predict the same 

magnitude of effect, a 5-fold increase, in the exposed mice when compared to the 

unexposed reference mice [20,23]. Instead a nonsignificant decrease in the transgene 

mutation frequency of exposed mice was apparent when compared to unexposed 

reference mice. Both groups had mutation frequencies which were similar to the 

estunated spontaneous mutation frequency reported for this transgenic mouse [28]. 

Exposed mice also exhibited a mutational spectrum consistent with individuals 

encountering no genotoxin [27]. 

My studies clearly indicate that dose-rates such as those exhibited by the 

Chomobyl envkonment do not increase the genetic (mutational) risk in the manner that 

acute, high dose models would predict in organisms standardly used to model such risk. 

There is an obvious need to develop appropriate experiments and models with which to 

estimate both genetic and biological risk resulting from chronic, low dose-rate irradiation. 

The experimental design outUned in the introduction to this dissertation can address the 

paradoxical conclusions thus far obtained concerning the Chomobyl envkonment. The 

key to this design is the archival of samples which aUows for the repUcation of any prior 

studies [39]. In this manner, we can begin to understand the source and biological 

significance of those studies documenting genetic impacts resulting from low dose-
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irradiation which themselves contrast with effects predicted by presently employed risk 

models. 

So why are acute dose-effects not apparent foUowing the administration of 

equivalent, envkonmentaUy-relevant, chronic doses? Clearly, the rate at which dose is 

admiiustered is a major factor in determming observed effects. One possibility is that 

mutagenesis foUowing low dose-rate irradiation occurs at such a low frequency that 

current molecular techniques are incapable of resolving these events. If this is the case, 

genome-wide nucleotide scanning approaches might be the only molecular tool capable 

of providing the necessary level of resolution. At present, these types of analyses are 

extremely expensive and essentiaUy unavailable. Another method, which would also 

provide a clear measure of biological significance, would be to perform inbreeding 

studies on chronically (and acutely) exposed animals to estimate the increase in the 

genetic load in populations having a multigenerational history of exposure. Appropriate 

experimental design using this approach would unequivocaUy resolve the genetic risk 

associated with chronic low dose-rate kradiation. Unfortunately, this type of study is 

difficult to unplement and costiy both in terms of time and money. A second and equaUy 

plausible possibiUty is that no mutations are being mduced by chronic kradiation. 

Studies mvestigatmg what is termed the "adaptive response" (note: this is actuaUy a form 

of tolerance as defkied by Eaton and Klaassen [40]) have demonstrated that extremely 

low doses of radiation actuaUy serve to protect ceUs in vitro against subsequent high dose 

msult [3,41]. Therefore, low doses Ukely prime the radical scavenging and DNA repak 
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machinery which in effect increases or enhances the integrity of the ceUular envkonment. 

Though this process, includmg transcripttonal responses probably associated wkh the 

"adaptive response," has not been demonstrated m mammals encountering a whole body 

exposure, it is possiWe this could explain the lack of predicted effects. Only through 

whole animal exposure wUl a relevant understanding of mechanism {in vitro) be related 

to biological consequences in humans because humans are exposed to toxicants in vivo. 

Fmally, concerning radiation protection standards currently mandated to reduce 

human exposure and risk, the studies in this dissertation indicate these standards are too 

stringent and empkicaUy unfounded. If, as these studies mdicate, a change in these 

standards is merked revisions and new models wiU only be generated through 

sophisticated experimentation which must include accurate dose/exposure reconstruction 

and completely objective coUection of the data (i.e., bUnd coUection). At present, this 

body of necessary work has not been conducted. Therefore, I developed a methodology 

designed to facUkate the specific identification of coUected, hazardous specmiens and 

minimize radiation risk in accordance with present saftey standards. 

Low dose-rate radiation research is largely absent. My dissertation indicates, that 

there exists a need to investigate not only the genetic response to envkonments such as 

Chomobyl, but also the transcriptional responses to these types of exposure. While it is 

critical to understand the molecular and cytological consequences of exposure to 

Choraobyl and contaminated envkonments in general, we need to relate these sublethal 

impacts to biological relevance. Mechanistic understandmg is critical to developing 
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biomarkers, specific risk models, and eventuaUy treatments. However biological 

consequences relating to longevity, fertUity, fecundity, etc. at the individual and 

population level must remain important for a fuU understanding of the nature of exposure 

to envkonmental insult. 
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