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ABSTRACT The review covers the analysis of our own and published data pertaining to population and genetic
consequences in various mammalian species under conditions of high levels of ionizing radiation as a result of
the Chernobyl accident. The findings indicate that these conditions have promoted the reproduction of hetero-
zygotes in polyloci spectra of molecular genetic markers and animals with a relatively increased stability of the
chromosomal apparatus. The prospects of using the reproductive “success” of the carriers of these characteristics
as an integral indicator of the selective influence of environmental stress factors are discussed.
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INTRODUCTION

It has been 26 years since the largest technogenic ca-
tastrophe of the 20" century — the Chernobyl disas-
ter — which highlighted many of the global issues fac-
ing industrial and post-industrial societies. From the
point of view of a systemic-evolutionary approach,
the processes of anthropogenesis and sociogenesis are
the results of employing unique strategies of survival
pertaining exclusively to Homo sapiens, whose core el-
ements include the simultaneous combination of bio-
logical, socio-cultural and technological adaptations.
The Chernobyl accident revealed the incompatibility
of these elements. Technological adaptation being the
most mobile of the listed adaptations, it determines the
general direction of the history of humankind. Domes-
tication of plants and animals as a condition of the tran-
sition to sedentary life characterized the first phase of
the formation of the agrarian civilization and, hence,
the creation of novel technologies capable of adapting
to dynamic environmental factors. Culture itself (in-
cluding the production culture) must play a major role
in the coordination of all three components of the adap-
tive strategy. The Chernobyl accident and the attitude
towards its consequences and the consequences of nu-
merous technogenic accidents and disasters of the 20™
century indicate that culture is developing significantly
slower than technological process and its biospheric

consequences. The persistent controversies regarding
the evaluation of the consequences for the health of the
human population not only after the Chernobyl disas-
ter, but also those of the atomic bombings of the cities
of Hiroshima and Nagasaki serve as an illustrative ex-
ample of the latter fact.

Thus far, the consequences of ecological changes
for living objects are merely declarative: species on
the brink of extinction are counted, their reproduc-
tive function is assessed, and changes in communities
are evaluated. The inconsistency in the evaluation of
the consequences of the Chernobyl accident for biota
yet again brings forward an even more global prob-
lem; that is a lack of relatively reliable and consist-
ent evaluations of biological safety in human habitats.
The urgent need to develop novel approaches for the
assessment of biological safety has two reasons: the
abrupt increase in the spread of contaminants and
the complexity of their composition. The conventional
methods for the detection of toxic agents in the air,
ground and water do not take into account the con-
stantly emerging novel contaminants and neglect
their combined effects, thus requiring an additional
analysis of the complex of living organisms which act
as a target for toxic agents. It is evident that the selec-
tion of indicator species in which population genetic
changes can be used as an objective indicator of the
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biological safety of the region under surveillance re-
mains among the key issues today.

However, the genetic consequences of genotoxic ef-
fects are most commonly considered exclusively from
the point of view of the risk of emergence of mutant
organisms, i.e.,, the carriers of constitutional mutations
that are present in all the cells of a multicell organism.
The frequency of occurrence (especially for carriers of
such large-scale genetic defects as cytogenetic anoma-
lies) can be used as an indirect measure of the “sensi-
tive” part of the gene pool which does not participate
in the reproduction of the population anymore, since
the carriers of constitutive mutations in the populations
of higher organisms are typically less fertile than the
normal individuals.

The main reasons complicating an objective assess-
ment of the damaging effects of ionizing radiation in-
clude the following ones: heterogeneity in the radiosen-
sitivity of the investigated groups of organisms at the
level of species, populations, individual organisms, vari-
ous tissues and organs; volatility of the radiosensitivity
of the cells isolated from the same organism during the
ontogenesis and under the influence of environmental
factors (in particular those increasing or suppressing
the activity of various parts of the antioxidant system,;
the complexity of the mutational spectra and their con-
tribution to somatic pathologies, their connection with
the reproductive function abnormalities in the organ-
isms.

In order to assess the genotoxicity of a particular fac-
tor or the level of regional contamination, the incidence
of gene mutation and the number of chromosomal
aberrations are typically determined, along with per-
forming a micronuclear test in the members of various
indicator species. Thus, for instance, the cytogenetic
characteristics of the bone marrow of small mammals
are widely used as a biological test to assess the eco-
logical situation in various regions [1—5]. However, the
accumulated data clearly indicate that a widespread
individual variability exists with respect to the spon-
taneous frequencies of cytogenetic anomalies and their
alterations in response to the genotoxic impact.

The stability of the chromosomal apparatus is a poly-
genic trait controlled by a large number of various fac-
tors and genes, which are not limited to DNA repair
enzymes [6]. Thus, aneuploidy is closely connected with
the gene mutations that control the synchronism of
centrosome division and stages of mitosis. Synchronism
impairment results in multicentric mitosis with subse-
quent errors in chromosome segregation into daughter
cells [7—10]. Chronic or transient abnormalities in the
telomeric function, mutations or dysfunctions of the
genes encoding telomeric proteins lead to their fusion,
which causes significant genomic instability [11, 12]. A
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large number of various sources and mechanisms of
genomic instability have been identified at the level of
nucleotide sequences; their only common trait is the
formation of double-strand breaks (DSB) [13]. It should
be emphasized that the frequency of the mutations
in various genome segments depends on a number of
genomic parameters (nucleotide context, replication
duration, nucleosome density, histone modifications,
chromatin packing, etc.) [14]. This specific feature typi-
cally complicates the assessment of genotoxic effects in
genetically heterogeneous populations, including hu-
man populations.

The problem is further complicated by the fact that
the “release” of mutations in somatic cells, the number
of mutants in the progeny, is the final phase of a mul-
tiphase process. The observed effect of any genotoxic
impact depends on several parameters, including 1) the
individual sensitivity of a given organism to the fac-
tor under investigation (in particular, the activity of
the enzymes participating in the biotransformation of
xenobiotics and in antioxidant protection systems), 2)
the genotypical characteristics of the activity of the
enzymes participating in the repair of the induced de-
fects, 3) the enzymes facilitating the detoxification of
the toxic agents that enter the cells and are formed
during the intracellular metabolism, and 4) the rate of
removal of the damaged cells.

The polygenic nature of the listed functions presum-
ably leads to the widespread individual variability in
mammalian groups in response to genotoxic impacts of
identical intensity.

It should be emphasized that the underdeveloped
conceptions related to the multiplicity of targets for the
damaging effect of ionizing radiation in the cytoplasm
and nucleus, in various DNA segments and to the no
less complex ways of formation of these damages in the
form of mutations, and to the protection systems of a
multicellular organism, which prevent the accumula-
tion of mutant cells, results in the fact that the pre-
dicted damaging effects (for humans in particular) are
drastically different from empirically collected data.

Taking into account the lack of information regard-
ing the cascades of mutagenesis-related molecular
events, the problematic nature of predicting the con-
sequences of an ionizing radiation impact becomes ap-
parent in case this prognosis is based on the assessment
of the actual mutational events. The specific features
of the mutagenesis of various genomic elements, whose
mechanisms, initiation rate, and biological consequenc-
es significantly differ from each other, usually are not
discussed.

Meanwhile, without changing our views regarding
the mechanism of the effect of ionizing radiation on the
genetic material of biological objects, it is impossible to
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expect that the contradictions between the experimen-
tal data and predictions based on simplified conceptions
and models of the mutagenic action of ionizing radia-
tion on living objects will be resolved.

Heterogeneity of target sensitivity in living

objects. Molecular, cellular, organ, species diversity

of the damaging effects of ionizing radiation

One of the reasons behind the existing difficulties is the
fact that mutational events also occur at a relatively
high frequency due to endogenous events. Thus, the
frequency of spontaneous mutations in the structural
genes in human cells is 5 X 107! per base per round of
cell division [15]. The frequency of nucleotide substi-
tutions in genes leading to substitutions in the amino
acid sequences in the corresponding protein products
is discussed in this case. The diploid genome of higher
mammals contains approximately 6 X 10° nucleotides,
and roughly 10% of those are found in the coding re-
gions; i.e., this frequency is typical of 6 X 10® genomic
nucleotides. Hence, approximately 1 X 10-* mutations
emerge in the coding regions of the structural genes in
each genome in each round of replication.

Today the frequency of mutations is determined
per nucleotide in the human haploid set (3 X 10° nucle-
otides) using a comparative analysis of the completely
sequenced genomes of parents and two monozygotic
twins. The frequency of spontaneous substitutions es-
timated using this method reaches ~1.1 X 107% per nu-
cleotide per round of replication [16].

Every second 107 cells in a normal human organ-
ism undergo division [17]; hence, every second 10° new
cells containing nucleotide substitutes exclusively in
the protein-coding regions are formed. It is important
to point out that actual mutations are discussed in this
review.

However, these mutations are preceded by DNA
lesions at the potential mutation sites, since they can
either be easily repaired or become actual mutations.
They usually emerge due to hydrolysis, oxidation, or
electrophilic influence on DN A molecules. These reac-
tions occur as a result of an exogenous impact, includ-
ing the impact of ionizing radiation; they can also result
from endogenous metabolic processes. The endogenous
events cause a large number of various DNA lesions
[17]. Thus, for instance, apurine/apyrimidine (AP) sites
in DNA may occur as a result of spontaneous hydroly-
sis or DN A-glycosylase-aided excision repair. AP sites
are quickly repaired by AP endonuclease, which ca-
talyses the hydrolysis of the 5’ -phosphodiester bond
with subsequent removal of 3’-phosphate (aided by the
lyase activity of DNA polymerase ) [18]. Nakamura
and Swenberg [19] determined the number of AP sites
in DNA from tissues. They found out that the num-

ber of such sites in the genomes of cells isolated from
most human and rodent tissues reaches 50,000—200,000
(i.e. ~ 10”° =10 per nucleotide). It is clear that such le-
sions occur 6—7 orders of magnitude more frequently as
compared to the nucleotide substitutions in the struc-
tural genes. The typical AP sites induce nucleotide sub-
stitutions (typically A=T) or may result in frameshift
mutations. These mutations have been found in the
microsatellite loci of a plasmid treated with H,O,. The
number of AP sites increases when the cells are treated
with oxidizing or methylating agents.

It has been known for a relatively long time that the
action of oxygen radicals leads to the emergence of a
large number of oxidized bases in DNA, as well as to
DNA breaks. Base modifications that occur due to the
other oxidizing processes are discussed less frequent-
ly. Thus, polyunsaturated fatty acids, one of the main
components of membrane phospholipids, are charac-
terized by high sensitivity to oxidation and are the main
target of oxygen radicals [18]. During the oxidation of
polyunsaturated fatty acids, bifunctional electrophilic
groups capable of interacting with DN A bases are syn-
thesized, giving rise to exocyclic compounds. These
modified bases carrying the exocyclic groups disrupt
the double-stranded DNA and are considered to be po-
tentially highly mutagenic.

Exocyclic ethylene groups (denoted by €: €A, eCand
N2,3-eG) have been identified in the DNA isolated from
various human tissues; their level increases with an in-
crease in the concentration of oxygen radicals. N2,3-eG
can be found in rodent tissues subjected to oxidizing
stress. The amounts of €A, €C are increased in patients
with Wilson’s disease and the diseases associated with
accumulation of copper and iron in the liver [20]. The
rate of oxidation of unsaturated fatty acids increases
during the accumulation of metal ions. The level of eth-
ylene groups is also increased in DNA isolated from the
polyps of patients suffering from familial adenomatous
polyposis, and, interestingly, in the DNA of leucocytes
isolated from the blood of women whose food contains
large amounts of unsaturated fatty acids; this effect is
absent in males [20].

The amounts of €A, €C increase during the promo-
tion stage of a tumor in a two-stage mouse skin carcino-
genesis model [21]. The treatment of a tumor promoter
using phorbol ester (tetradecanoylforbol-13-acetate)
has resulted in a 9- tol2-fold increase in €A and €C, re-
spectively. The increase in the amount of DNA lesions
correlates with the induction of fatty acid oxygenase
(8-lipoxygenase).

Special attention has recently been brought to bear
on the C - T transitions in CpG-islets, since these mu-
tations are commonly found in organisms affected by
cancer and in a number of other pathologies. Cytosine
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methylation is considered to be an important factor in
the occurrence of such transitions.

The rearrangements in large DNA segments may
underlie the occurrence of chromosomal transloca-
tions, resulting in particular in a loss of heterozygos-
ity, which is very commonly observed in tumor cells.
The chromosomal alterations begin with breaks in both
DNA strands, which are induced by oxidative stress or
enzymatic cleavage during chromatin reorganization
(e.g., DNA topoisomerase II). Approximately 10 double-
strand DN A breaks per cell cycle in the form of blocked
replication forks occur during DNA replication [22]. It
is evident that the factors giving rise to double-strand
breaks and the methods to repair them significantly
contribute to the processes of endogenous mutagen-
esis.

Studies of animals with various knock-outs of the
genes encoding the enzymes used to repair double-
strand breaks have demonstrated the significance of
these modifications for the occurrence of mutational
events at the nucleotide and chromosome levels.

It is obvious that the high frequency of spontane-
ous mutational events leads to the fact that mutagenic
effects are attributed not to the occurrence of the le-
sions but to the activity of their repair (e.g., those in
radiation-resistant species known as Deinococcus ra-
diodurans, which are capable of withstanding 5000 Gy
[23]).

The investigation into the mechanisms of spontane-
ous lesions in the genetic material (each of which can
be converted into a mutation with an unpredictable ef-
fect for the cell, its clonal progeny, and the multicellu-
lar organism in general) indicates that these events are
multistage by their nature. Supplementing this cascade
with ionizing radiation will be an additional factor in-
creasing the probability of conversion of potential DNA
lesions into mutations.

The next level of control of the genetic stability in a
multicellular organism, which prevents the accumula-
tion of mutant cell clones, is based on the various op-
tions of cell death available to genetically deficient cells,
as well as the participation of immune system cells in
the elimination of mutant clones [24]. It is obvious that
during this stage the ionizing radiation can have a dual
effect: it can increase the portion of dying mutant cells
and reduce the rate at which they are eliminated by
suppressing the effector cells of the immune system.

The reproduction of mutant cell clones of the germi-
native line and the emergence of mutant progeny are
controlled by a cascade of events, each of which can be
modified by ionizing radiation.

It is interesting to point out that embryonic preim-
plantation mortality is increased and embryonic fis-
sion is slowed down in vitro in CC57W /Mv mice under
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the influence of absorbed ionizing radiation at a dose
of 0.4—0.5 Gy (with respect to the control) as was con-
firmed in our experiments [25]. It should be emphasized
that the preimplantation embryonic losses in mammals
are difficult to control, and they manifest themselves
through a decrease in the fertility of the population.

The analysis of the events of mutagenesis at the
gene, cell and organism levels demonstrate that the
characteristics of its alterations under the influence of
low-dose ionizing radiation depend on many factors,
which are connected both with genetically determined
processes and with the modifying effect of the envi-
ronmental factors. The complexity of the interactions
between the genetic and environmental components
prevents the examination of individual characteristics
of mutagenesis as an integral indicator of the effect of
low doses of ionizing radiation on multicellular organ-
isms. A decrease in population fertility seems to be the
most objective indicator.

Conceptions of the radiation doses capable

of causing damage to living objects

Significant amounts of experimental observations of
the consequences of increasing the level of ionizing ra-
diation in various species, including the human one,
have been accumulated. The most commonly used
methods for assessing the health consequences of in-
creased levels of ionizing radiation are as follows: de-
termining the growth in the incidence of oncological
diseases; the frequency of occurrence of dividing cells
(generally in the peripheral blood) containing lesions in
the genetic apparatus; and the proportion of children
born with congenital anomalies [26]. Today an increase
in the incidence of thyroid cancer remains the only in-
dicator of worsening of population health as a result
of the Chernobyl accident that generates no disputes
[26]. The features of the data regarding the cytogenetic
anomalies in somatic cells include high individual vari-
ability of the characteristics of chromosomal apparatus
destabilization and a lack of clearly defined linear rela-
tionships between the degree of karyotype destabiliza-
tion and radionuclide contamination of the habitat [27]
and the amount of cesium isotopes in an organism [28,
29].

Laboratory and field studies have demonstrated that
an increase in the level of ionizing radiation in a number
of cases (even in the low-dose range, up to 20—30 mGy)
is accompanied by an increase in the frequency of indi-
vidual species characterized by an increased proportion
of somatic cells with various mutations [27, 29]. Mean-
while, after the bombing of the cities of Hiroshima and
Nagasaki, it is generally considered that an increase in
the frequency of cancer due to the increased level of
ionizing radiation can be definitively traced only if the
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absorbed dose exceeds 100 mSv/year. The data accu-
mulated following the Chernobyl accident indicate that
even significantly lower doses can be damaging; this
fact requires the theory of damaging doses to be recon-
sidered [30]. The explicit contradiction between the ob-
servation of the effects at the levels of cell populations
and individual species and the statistical analyses of
average populations can be due to a number of reasons.
It is of significant importance to elucidate these reasons
in order to develop objective techniques to predict the
damaging effects of low-dose ionizing radiation and to
search for integral indicators of this effect.

Leukemia was the first oncological disease whose in-
cidence was connected to the consequences of the atomic
bombings in Hiroshima and Nagasaki. The maximum
incidence was observed 5 years after the bombings. Ten
years later, an increase in the growth of solid tumors
was recorded. Chronic lymphocytic leukemia, pancre-
atic and prostate cancer, and endometrial cancer were
the most frequently identified types. Even 55 years after
the atomic bombings, 40% of the people initially includ-
ed in the Atomic-bomb Survivor Research Program are
still alive; this fact makes it possible to assess the long-
term consequences of the exposure. It was determined
that the relative risk of developing various conditions
per dose unit is higher among survivors of the bombings
than among those who were subjected to medical radia-
tion exposure. The risk of developing a disease among
employees of atomic stations and miners is on average
comparable to that observed among some population
groups which survived the atomic bombings. The risk
of somatic conditions among those who were subjected
to primary exposure of identical doses decreases with
increasing age at which the exposure occurred. The fre-
quency of various conditions of respiratory, gastrointes-
tinal, and vascular systems is increased among survivors
of the atomic bombings [31, 32].

The connection between the doses absorbed by the
embryos and the incidence of leukemia in children was
analyzed in England, Scotland, Greece, Germany, and
Belarus following the Chernobyl accident. The total
doses absorbed by the embryos varied from 0.02 mSv
in England to 0.06 mSv in Germany, 0.2 mSv in Greece
and 2 mSv in Belorus. A statistically significant increase
in the risk of developing leukemia in newborns was
identified at the peak of the exposure, between July 1,
1986, and December 31, 1987, as compared with chil-
dren born between January 1, 1980, and December 31,
1985, and between January 01, 1988, and December
31, 1990. In certain countries, the risk increases non-
monotonously with respect to the dose absorbed: it in-
creases abruptly at low doses, followed by a decrease
at high doses. The findings have been discussed in con-
nection with the mechanisms of embryo/cell death at

high doses and dose-dependent induction of DNA re-
pair. The accumulated results show the need for recon-
sidering our views on the absorbed doses that could be
harmful to embryos [33]. In children who received high
doses of ionizing radiation in the period between 0 and
5 years after birth, an increase in leukemia incidence
was also observed, which correlated with the absorbed
doses (over 10 mGy) [34]. Nonetheless it is important
to emphasize that the relationship between cancer de-
velopment and various factors exerting influence si-
multaneously (especially for leukemia), the difficulties
of diagnosing and classification, as well as treatment
success, hinder the assessment of the contribution of
radionuclide contamination following the Chernobyl
accident to the dynamics of oncopathology and early
mortality in European countries [35].

Meanwhile, there are data available that indicate
that the incidence of congenital developmental anoma-
lies among children born to fathers who participated
in the cleanup effort after the Chernobyl accident ex-
ceeds the average frequency recorded in the Russian
Federation [36]. An increase in the incidence of congen-
ital developmental anomalies in children born in the
regions with high levels of radionuclide contamination
following the Chernobyl accident was revealed by the
analysis of the Belarus National registry of congenital
anomalies for the period of 1983—1999 performed by
G.I. Lazyuk et al. [37].

It was demonstrated that high and low doses of ion-
izing radiation have a nonthreshold effect on the car-
diovascular system. At least two mechanisms are in-
volved in the formation of these effects: the impact on
the formation of macrophage-enriched atherosclerotic
plaques due to inflammation processes on the vessel
wall and a decrease in the cardiac muscle blood supply
as a result. The manifestation of the pathology of the
cardiovascular system following the irradiation exhib-
its a large lag-phase, especially after exposure to a low
dose [38].

It was discovered that the number of boys born in
Bavaria and Denmark in 1987 after the Chernobyl
Nuclear Power Plant accident was higher than that of
girls [39]. The mortality rate among newborns increased
considerably in 1987—1988 [40].

Young people who received doses of ionizing radia-
tion 7n utero had considerably lower IQ scores as com-
pared to those in the control group of the same age.
The differences were limited to the verbal IQ score;
the nonverbal IQ score was not affected. These effects
were not identified in the group of people who were
exposed to radiation after 16 weeks of prenatal devel-
opment [41].

The incidence of cytogenetic anomalies in cells iso-
lated from the peripheral blood and bone marrow at
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Table 1. The frequency of micronuclei occurrence per 1,000 erythrocytes (EMN) isolated from the peripheral blood of
CC57W /Mv mice of various ages from the Chernobyl and Kiev populations during different seasons

EMN, control, %o

EMN, Chernobyl, %o

Season
2.5—3.5 months 14—16 months 2.5—3.5 months 14—16 months
Winter 1993 25 +0.7 2.7+0.9 10.0 £ 1.0 40+1.0
Summer 1994 3.0+0.8 3.2x0.7 6.5+ 1.0 3.8x0.3

various laboratory and wild-type small murine rodents
that reproduced in the alienation zone of the Chernobyl
Nuclear Power Plant (CNPP) was determined. This zone
is a unique system model to study the population genetic
transformations caused by a change in the direction and
intensity of natural selection. An abrupt change in the
entire complex of ecological factors occurred on a lim-
ited territory following the accident. Representatives of
various taxonomic groups, including higher mammals,
dwell successfully in spite of these changes. It is impor-
tant to emphasize that the main culprit in the ecological
catastrophe (the emission of radionuclides) has been well
established. It should be highlighted that it is impossible
to simulate the action of interdependent and interrelated
changes in various conditions of population reproduc-
tion under the influence even of a single environmental
stress factor in a laboratory (e.g., an increase in radionu-
clide contamination), whereas it is typically impossible
to analyze the inheritance of induced changes in genera-
tions of families under field conditions.

In order to evaluate the possible direction of popula-
tion genetic changes under the influence of an increase
in ionizing radiation in the alienation zone of the CNPP,
with allowance for the genetic heterogeneity of bioindi-
cator species in field conditions, a comparative analysis
of long-term changes in generations of genetically ho-
mogenous laboratory CC57W /Mv mice and in species
of field voles captured between 1994 and 2001 in the
alienation zone of the CNPP in locations with various
levels of radionuclide contamination was carried out in
the present study. The cytogenetic variability in gen-
erations of the genetically homogenous population was
analyzed using two populations of CC57W /Mv mice
bred at the Institute of Molecular Biology and Genetics
of the National Academy of Sciences of Ukraine: the
Chernobyl group (a specialized vivarium located in a
10-km radius from the CNPP) and the control group (a
vivarium in Kiev). These populations were kindly pro-
vided by S.S. Malyuta, an academician of the National
Academy of Sciences of Ukraine. The bone marrow
cells isolated from mice of first and second generations
of the Kiev population (K-1, K-2) and the first, second,
fifth, seventh, and tenth generations of the Chernobyl
population (Ch-1, Ch-2, Ch-5, Ch-7 and Ch-10) repro-
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ducing in the specialized vivarium at a rated dose of
absorbed radiation of approximately 0.6 Gy per animal
were analyzed.

The mutational spectra were determined in repre-
sentatives of the field vole species (Microtus arvalis
and Clethrionomys glareolus) captured in the aliena-
tion zone of the CNPP at locations with low levels of
radionuclide contamination (< 5 Cu/km?), which were
considered spontaneous (conditional control) under
conditions of an intermediate level of radionuclide
contamination (~200 Cu/km? — Yanov, rated dose of
absorbed radiation of approximately 0.6—-0.8 Gy/year)
and with high levels (500—1000 Cu/km?, Glubokoe lake,
Chistogalovka, “Red Forest,” rated dose of absorbed
radiation of approximately 0.9—1.1 Gy/year).

The following cytogenetic characteristics were taken
into consideration in the animal bone marrow cells: two
types of aneuploidy, polyploidy, the frequency of oc-
currence of metaphases with chromosomal aberrations
(CA), centric fusions known as Robertsonian translo-
cations (RB) and asynchronous separation of chromo-
somal centromeric regions at the end of the metaphase
(ASCR). The percentage of aneuploid cells was deter-
mined in two different variants: the cells with a loss or
gain of the chromosome number, more than one (gen-
eral aneuploidy, Al) and aneuploid cells with a number
of chromosomes 2n = 1 (A2). The numbers of binuclear
leukocytes (BL) and leukocytes with micronuclei (LM)
were determined in cells with an intact cytoplasm us-
ing the same preparations. The mitotic index (MI) and
the frequency of occurrence of BL. and LM were deter-
mined per 1,000 cells.

A significant increase in the frequency of cytogenet-
ic anomalies was identified in the mutational spectra
of the Chernobyl population of CC57W /Mv mice (in
particular, the metaphases with chromosomal aberra-
tions: 0.9 = 0.2% in the control group and 6.0 = 2.0% in
the test group). Meanwhile, the responses to identical
levels of increased ionizing radiation were different to
the statistically significant level in groups of linear mice
of various ages (Table 1, 2) and in generations of the ex-
perimental population (Table 3).

The data in Table 1 show that the frequencies of oc-
currence of erythrocytes with micronuclei in the con-
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Table 2. The frequencies of cell deletions and cytogenetic anomalies in "young” and "old"” CC57W /Mv mice from the

control (Kiev) and the Chernobyl groups

Mice from the ”"Young” control group (Kiev) 6.8 = 0.5%** 45=*0.7 5.2 % 0.3%*

Mice from the “Old” control group (Kiev)

12—-18 3.5 = 0.6%** 71+13 10.5 = 1.3*

*P <0.05, **P < 0.01, ***P < 0.001.

Note. Here and in Tables 3 and 4, Ml is the number of metaphases per 1,000 cells; BL is the number of binuclear leuco-
cytes per 1,000 cells; LM is the number of mononuclear leucocytes with micronuclei per 1,000 cells.

Table 3. The variability of cytogenetic characteristics in CC57W /Mv mice in generations (Ch-1, Ch-2, Ch-5, Ch-7,
Ch-10) reproducing under conditions of the specialized vivarium of the CNPP as compared with the control populations

of K-1 and K-2 (average values)

Note. Here and in Table 4, A1 is general aneuploidy, A2 is aneuploidy 2n+ 1 chromosome; PC is the fraction of poly-
ploid cells; RB is the fraction of cells with centric fusion of chromosomes (Robertsonian translocations); CA is the fre-
quency of occurrence of metaphases with chromosomal aberrations; ASCR is the proportion of cells with asynchronous
separation of the centromeric regions of the chromosomes at the end of the metaphase.

trol groups of “young” and “old” animals determined in
different seasons show no statistically significant dif-
ferences. However, this figure was significantly higher
in the Chernobyl “young” animals than that in the con-
trol population and in the “old” animals. The results of
these experiments (Table 1) gave grounds to assume
that the age-related changes are accompanied by a de-
crease in erythroblast sensitivity to damaging effects.
It can be also expected that in this case the processes of
physiological adaptation in “old” animals as compared
to the ”"young” group are connected to the long-last-
ing action of chronic low-dose exposure to radiation. It
was determined that this physiological adaptation was
accompanied by an increase in the number of divid-
ing cells and a certain acceleration of the cell cycle, if
the determination is based on the number of binuclear

leukocytes per round of mitosis in bone marrow cells
isolated from the groups of the “old” control and the
Chernobyl animals (Table 2).

The analysis of the incidence of cytogenetic anoma-
lies in the bone marrow cells of the “young” CC57W/
Mv mice in the sequential generations (Ch-1, Ch-2,
Ch-5, Ch-7, Ch-10) reproducing under conditions of
chronic exposure to increased levels of ionizing radia-
tion allowed to identify a nonlinearity of the changes in
a number of cytogenetic characteristics in generations
of genetically homogenous animals (T'able 3). It turned
out that the incidence of such cytogenetic characteris-
tics as RB, CA, and ASCR, which are directly connected
with intra-chromosomal aberrations, decreases in the
58 generation, increases in the 7" generation, and de-
creases again in the 10" generation. A similar pattern of
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Table 4. The incidence of various cytogenetic anomalies in the bone marrow cells of bank vole species captured at loca-
tions characterized by different levels of radionuclide contamination

33.7+6 9.0+3.5 140+ 35 0.5+0.5 6.2 + 3.6 1.2+0.7 3.2+0.6 3.5+0.6 55+15
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Table 5. The incidence of various cytogenetic anomalies in the bone marrow cells of common vole species captured at
locations characterized by different levels of radionuclide contamination
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variability in the generations was identified for a frac-
tion of the second type of aneuploid cells (2n =40 = 1
chromosome). The incidence of other types of cytoge-
netic anomalies was higher only in the first generation
of Chernobyl mice as compared to that in the control
populations (Table 3).

The nonlinear variability in generations of genetical-
ly homogenous mice, which was determined from the
frequency of occurrence of cells with intrachromosomal
deficiencies, may be an indication that the intensity of
the aberrations caused by a prolonged action of ionizing
radiation in a low-dose range is comparable to the ac-
tivity of damage repair processes, elimination of dam-
aged cells, and the rate of division of undamaged sub-
stituting cell clones. A multitude of factors controlling
the mechanisms of physiological adaptation to ionizing
radiation in animals, the comparability of the intensity
of the action of multidirectional factors may result in a
sequential increase and decrease in the incidence of the
cytogenetic anomalies that occur in the presence of a
relatively constant level of a damaging agent in geneti-
cally homogenous animals.
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An analysis of genetically heterogeneous populations
of field voles captured in various years at locations with
various levels of radionuclide contamination allowed to
obtain data supporting the fact that the selection for
radioresistant animals became clearly evident in 1999
and 2001 among populations of bank voles and common
vole which inhabit regions characterized by high levels
of radionuclide contamination (Tables 4 and 5).

Thus, the bank vole populations captured in 1999
and 2001 at locations with the highest level of ra-
dionuclide contamination mainly contained animals
whose bone marrow cells were characterized by an
incidence of cytogenetic anomalies that not only was
higher than that in the conditional control popula-
tion, but was sometimes lower with respect to certain
characteristics (Table 4). It was determined that an in-
crease in the number of radioresistant species among
the bank voles was most prominently evident in the
“Red Forest” population (1000 Cu/km?). This selection
was not observed at the locations characterized by a
significantly lower level of radionuclide contamination
(Janov, ~200 Cu/km?).
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Similar data were obtained when studying common
vole populations (Table 5).

Thus, the accumulation of hypothetically radioresist-
ant species in generations of genetically homogenous
laboratory mice and a decrease in the incidence of cer-
tain types of cytogenetic anomalies at a lower rate than
that normally observed in the control populations were
revealed in the genetically heterogeneous populations of
two types of field vole species captured at locations char-
acterized by high levels of radionuclide contamination.

It seems that the sources of these nonlinear respons-
es to ionizing radiation in the low-dose range can be
numerous, can occur at different phases of the ionizing
radiation exposure, and at different levels of organiza-
tion of multicellular organisms. Thus, a complex cas-
cade of biochemical events can be initiated due to the
induction of free-radical processes in cells by ionizing
radiation [42]. The accumulation of free radicals results
in the activation of antioxidant enzymes that limit the
free radical processes (they include superoxide dis-
mutase, catalase, glutathione peroxidase, and glutath-
ione reductase [43]). The activation of these enzymes
can be tissue- and organelle-specific. For instance, the
change in the antioxidant activity in mitochondria was
found to be directly connected with the stability of the
chromosomal cellular apparatus. Characteristic “ra-
dial” markers (Robertsonian translocations, dicentrics,
and circular chromosomes) occur in the bone marrow
cells of mice lacking functional mitochondrial superox-
ide dismutase [44]. An increase in the radioresistance
of human chromosomes with an increase in the telom-
erase activity [45] and its decrease due to damage to
chromatin proteins, which prevents the occurrence of
double-strand breaks in DNA during mutation, have
been described [46]. The existence of a “substrate” in-
duction of DNA repair processes was demonstrated: it
was discovered that a large number of double-strand
breaks in DNA occurring following the irradiation of
human fibroblasts at a dose of 2 Gy are repaired much
more rapidly as compared to the numerous breaks that
occur after irradiation at a dose of 200 mGy [47]. It can
also be expected that some contribution to the nonlin-
ear responses of multicellular organisms to the same
dose of ionizing radiation can also be made by intracel-
lular interactions, such as changes in the ratio between
highly specialized to poorly differentiated cell popula-
tions. The ratio between the effector cells of the im-
mune system, which differ from each other in terms
of their radiosensitivity, as well as the presence of the
antigen structures recognized by Killer cells on the sur-
face of the plasma membrane of the damaged cells, can
contribute to this response in mammals [48].

Thus, the findings suggest that the incidence of cer-
tain types of cytogenic anomalies in generations of ge-

netically homogenous and genetically heterogeneous
populations of small murine rodents undergo nonlinear
changes under prolonged exposure to low doses of ion-
izing radiation. It can be surmised that this nonlinearity
is due to the multiplicity and multidirectionality of the
radiation-induced repair processes existing at the cel-
lular and subcellular levels, as well as to the action of
the exogenous factor that is comparable to the former
in terms of the intensity of the damaging effect. The
nonlinearity of the effects hypothetically disappears
only when the intensity of the damaging action of ion-
izing radiation significantly exceeds the capabilities of
the multifactor mechanisms of adaptation.

It was discovered in our experiments using three dif-
ferent strains of laboratory mice (the Chernobyl popu-
lation — mice from a specialized vivarium in the 10-km
zone of influence of the CNPP; the control group — mice
from the vivarium in Kiev) that each strain under con-
trol conditions has its own spectrum of spontaneous
mutations in bone marrow cells, and that only certain
characteristics of this spectrum varied with animal age
and the season during which the research was carried
out [49]. Thus, an increase in aneuploidy (chromosome
loss) with an increase in age and during the transition to
the summer season was typical of the C57BL /6 mice. In
the CC57W /Mv mice, the age and the seasonal chang-
es were mainly associated with intrachromosomal de-
fects (chromosomal aberrations), and in BALB/c mice
they were associated with the percentage of polyploid
cells. Under conditions of an increased level of ionizing
radiation in the specialized vivarium near the CNPP
(absorbed doses of approximately 0.5—0.6 Gy/year), an
increased incidence was observed only for those anom-
alies that were characterized by spontaneous instabil-
ity under control conditions. For instance, an increased
frequency of the occurrence of aneuploid cells was
observed in the C57BL/6 strain, and an increased fre-
quency of metaphases with chromosomal aberrations
was observed in CC57W /Mv mice. Thus, an increase in
the doses of ionizing radiation in this case did not result
in the development of new characteristics in the mu-
tational spectra of mice but caused an increase in the
spontaneous instability of the individual strain-specific
characteristics of these spectra.

The same tendency was revealed for the voles cap-
tured in the areas with elevated levels of radionuclide
contamination. Only cytogenetic abnormalities, whose
increased variability is species-specific for voles dwell-
ing in unpolluted areas, accumulate in bone marrow
cells: metaphases with Robertsonian interchromosomal
fusions for the bank voles and aneuploidy for the com-
mon voles. The data obtained suggest that elevated lev-
els of ionizing radiation (within the investigated range)
increase the incidence of cytogenetic anomalies in labo-
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ratory strains of mice and in voles, which are charac-
terized by high strain- and species-specific variability
(in mice) under control conditions. The analysis of these
mutational spectra is further complicated by the fact
that individual chromosomes of the experimental ani-
mals exhibit a pronounced predisposition to a particular
type of cytogenetic abnormalities.

A comparative analysis of the incidence of various
chromosomal breaks in blood cells extracted from 14-
tol5-year-old children was carried out. One group con-
sisted of children who received ionizing radiation at a
dose of approximately 30 mSv during their prenatal
development; the second group consisted of children
who received approximately the same dose, but in the
course of their entire lives as they lived in the contami-
nated areas (approximately 1.5 mSv/year) [50, 51]. The
frequencies of occurrence of cells with cytogenetic ab-
normalities were found to be almost identical in these
two groups of children; however, the first group (acute
exposure during the prenatal period) was characterized
by a statistically significant increase in the number of
cells with stable chromosomal abnormalities, such as
translocations, inversions, and insertions. These data
indicate that cell clones with the aforementioned anom-
alies are accumulated in the blood of children. Since a
certain parallelism between the frequency of mutation-
al events in populations of somatic and generative cells
has been identified along with the fact that these types
of cytogenetic abnormalities can significantly compli-
cate the progression of meiosis it can be expected that
the children who were exposed to ionizing radiation in
the prenatal period of their lives will face reproductive
problems [50, 51].

It is interesting to mention that the tendency to-
wards increasing sensitivity to ionizing radiation with
an increase in the complexity of an organism has been
established a long time ago; i.e., the more ancient the
species the more resistant it is to ionizing radiation. The
mean half-lethal dose of radiation is approximately
4—6 Gy for mammals; it reaches 30 Gy for colibacillus
(Escherichia coli). The absolute record holder in this
respect is the bacterium D. radiodurans, whose indi-
vidual cells survive and retain their reproductive ca-
pacity after being exposed to 5000 Gy [23]. It was dis-
covered that immediately after irradiation with a dose
of 3000 Gy, nearly all the genomic DNA of this organ-
ism decomposes into small fragments; a single double-
strand break was on average induced per 27-kb-long
DNA segment, and 3 h after the exposure the genome
initiates the recovery process without any significant
accumulation of mutations in the structural genes. A
species-specific ability to restore the genomic integrity
rather than a unique stability of the genetic material to
ionizing radiation is observed in this case. It was found
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that the ability of this species to repair DNA damage is
associated with drought-resistance genes, the muta-
tions in which lead to the disappearance of this unique
radiation stability of the species.

It is believed that the improvement in the accura-
cy (“resolution”) of the genetic methods for assessing
chromosomal aberrations at low-dose exposures will
ensure a more accurate determination of the relation-
ship between low-dose radiations and induced muta-
tional events. This assumption was supported by the
data pertaining to the occurrence of new mutations in
highly polymorphic DNA sequences in children born
to irradiated parents [52, 53]. However, the study by
Veynber et al. [52], in which RAPD-PCR (Random
Amplification of Polymorphic DNA) markers but not
ISSR-PCR (Inter Simple Sequence Repeats) markers
were used, provided data on the occurrence of new
mutations in children born to those who participated
in the cleanup effort after Chernobyl. Dubrova et al.
[53] revealed an increased frequency of mutations in
three of the eight investigated minisatellite loci in chil-
dren whose parents lived in areas with high radionu-
clide contamination. In other words, the results of the
analysis of the mutational events induced by low-dose
exposure were dependent on the type of DNA markers
used (RAPD-PCR, but not ISSR-PCR) and the investi-
gated loci. Hence it follows that no unambiguous data
on the genetic effects of low-dose ionizing radiation,
which would be independent of the analysis technique
and the variability features of an individual loci, can
be obtained using the available methods for detecting
mutational events directly in the DNA.

Attempts to assess the genetic consequences of the
action of ecotoxic factors have been made for an ap-
preciably long period; two main trends can be distin-
guished in this development. One consists in searching
for the molecular genetic systems associated with de-
toxification and antioxidant enzymes; the second one is
the population genetic investigation of the dynamics of
allelic variants in the genetic systems associated with
resistance to these factors.

The biomarkers of xenobiotic metabolism are usually
subdivided into genes whose products are involved in
the metabolic activation of promutagens (procarcino-
gens) with the occurrence of short-lived, highly toxic
derivatives (in particular, cytochrome P450 genes) and
genes whose products control their detoxification (e.g.,
glutathione-S-transferase and N-acetyltransferase).
The direct link between the genetically determined
polymorphism of these enzymes and the induction of
cytogenetic abnormalities by a number of xenobiotics,
reproductive function disorders, and the development
of certain types of tumors in humans has recently been
discovered using PCR [54—56].
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The second area is being investigated less success-
fully. It is based on research into the changes in the
structure of the populations that are subjected to envi-
ronmental stress. The distribution of allelic variants and
the genotypes of the structural genes and anonymous
(in terms of their function), highly polymorphic DNA,
whose involvement in the formation of sensitivity to
genotoxic agents has not been established, are being
investigated.

Associations have been discovered between human
resistance to ionizing radiation and the occurrence of
certain genotypes, mainly with respect to the transfer-
rin and haptoglobin loci [57,58]. Japanese researchers
have also described an increased frequency of certain
genotypes with respect to the MHC genes in “Hibaku-
sha” long-livers (survivors of the atomic bombings of
the cities of Nagasaki and Hiroshima), which is pre-
sumably associated with a particular state of the im-
mune system. The latter contributes to an increased
resistance to a number of common diseases [59].

Success in searching for the biomarkers of resistance
to genotoxic effects largely depends on the quality and
adequacy of the models used to study the population
genetic consequences of various types of environmental
stress.

It is obvious that the depth, direction, and charac-
teristics of the population genetic consequences of en-
vironmental stress factors can only be assessed for a
series of generations of organisms living under the in-
fluence of these factors.

The identification of the genes and gene ensembles
whose inheritance is preferable and is associated with
the selection for resistance to new environmental con-
ditions may result in the development of the so-called
individual “genetic passports” of resistance to physical
and chemical environmental pollution. These data en-
able to control the population genetic structure of the
species and facilitate its transformation in the desired
direction.

The basic data obtained during our investigations
were thoroughly described in the monograph [49] and
performed on different types of mammals using ge-
netic biochemical, molecular genetics, and cytogenetic
methods.

A shift in the spectra of organ-specific isoenzymes
occurs in a number of farm animal species under the
influence of elevated levels of ionizing radiation (an
absorbed dose of 0.6—0.8 Gy/year), mostly in kidney
and heart tissues. The heart tissue starts to express a
number of isoenzymes, which are typically found in
the poorer specialized muscle tissue. No significant in-
crease in the number of individuals with constitutive
mutations has been identified during population-based
studies of various mammal species. The following ob-

servations have been made with respect to genera-
tions of cattle that received absorbed doses of approxi-
mately 0.8 Gy/year (}*'Cs): a) reduced fertility and
increased mortality in newborn calves; b) disruption of
the equiprobable inheritance of individual allelic vari-
ants — elimination of some and preferable inheritance
of the other allelic variants; c) displacement of the ge-
netic structure of the parent generation typical of dairy
cattle towards less specialized forms; d) changes in the
genetic structure that coincided with the population
genetic effects of such biotic and abiotic stress factors
as the selection for resistance to bovine leukemia infec-
tion and introduction into new reproduction conditions.
Therefore, the findings suggest that the main response
to a prolonged exposure to low-dose ionizing radia-
tion consists not in the induction of the emergence of
new genes but in the preferential selection of new gene
combinations in the generations. Hence, this concept is
consistent with the principles of the evolution theory
elaborated by I.I. Schmalhausen [60]: a variation of the
selection criteria leads to the preferential reproduction
of the least specialized species, as observed in genera-
tions of cattle under the influence of various environ-
mental stress factors.

Conventional biochemical and molecular genetic
markers were used to investigate the features of the
genetic structure of animal groups, which allowed to
analyze a number of polymorphisms in a number of
loci encoding plasma proteins. Furthermore, markers
of the intron sequence of the leptin gene and the exon
4 of the k-casein gene and DNA fragments flanked by
microsatellite loci (ISSR-PCR markers) were also em-
ployed. The informative nature of utilizing additional
characteristics of the genetic structure of the species
was also assessed: an analysis of the patterns of inter-
loci gene associations was carried out [61]. The inves-
tigated loci were parts of various linkage groups [62].
Two groups of syntenic genes (the transferrin and cer-
uloplasmin genes — chromosome 1; vitamin D receptor,
k-casein, and hemoglobin — chromosome 6) and four
non-syntenic genes (amylase 1 gene — chromosome 3,
leptin — chromosome 4, purine nucleoside phosphory-
lase — chromosome 10, and post-transferrin 2 — chro-
mosome 19) were investigated.

The following data were obtained during the inves-
tigation of the genetic structure of a number of gen-
erations of cattle bred under conditions of high ra-
dionuclide contamination in the alienation zone of the
CNPP. Only one animal with a mutation in the locus
encoding transferrin was identified in the second gen-
eration. Disruption of the equiprobable transfer of the
allelic variants from parent to offspring was detected in
certain loci; changes in the results of the assessment of
disequilibrium with respect to the linkage in a number
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of loci were also recorded. It was demonstrated that,
regardless of consanguineous mating under conditions
of increased radionuclide contamination, the heterozy-
gosity in the generations did not decrease.

Therefore, the occurrence of population genetic
changes in animals under conditions of environmental
stress was initially established using this model, and
these changes were shown to be directed towards the
preferential reproduction of heterozygotes with re-
spect to the structural genes and “anonymous” DNA
segments (ISSR-PCR markers).

Next, we compared the population genetic conse-
quences of elevated levels of ionizing radiation and the
influence of the other biotic and abiotic environmen-
tal stress factors on the genetic structure, which was
evaluated using a variety of molecular genetic markers,
inbreeding groups of different breeds of cattle. The fol-
lowing mechanisms of the influence of environmental
factors were considered. The analysis of the Red Steppe
breed included two groups of animals that differed in
terms of their resistance to the influence of a biotic
stress factor (infected and uninfected with the bovine
leukemia virus) — from farms in the Kherson region,
which was relatively unaffected by technogeneous
pollution; and from farms in Kirovograd and Donetsk,
which were characterized by elevated levels of chemi-
cal contamination (an abiotic factor). Three groups of
animals belonging to the Pinzgau breed were exam-
ined in connection with their reproduction in the plains,
mountains, and under high-altitude conditions (an abi-
otic factor). The gray Ukrainian breed was represent-
ed by two groups of animals: those from the Kherson
region (the original habitat) and from the Altai region
and Siberia (new conditions — an abiotic factor). In the
Holstein breed, the effect of the abiotic factor was de-
termined by comparing the genetic structure of two
groups, one of which reproduced at farms in the rela-
tively uncontaminated Kherson region and the other
(experimental herd) reproduced on the “Novoshepeli-
chi” farm located in the alienation zone of the CNPP
(radionuclide contamination being approximately 200
Cu/km?, an abiotic factor). The population genetic stud-
ies were conducted using a variety of markers, includ-
ing electrophoretic variants of proteins, restriction site
polymorphism, and ISSR-PCR markers.

It was determined that the influence of environmen-
tal stress factors can result in a significant genetic dif-
ferentiation in animal groups, which in some cases was
higher than the interbreed differences. Two genes en-
coding the vitamin D receptor and apurine-nucleoside
phosphorylase have been identified. Obvious differ-
ences in the frequencies of the alleles of the latter genes
have been found in groups of cattle of the same breed
living under various environmental stress conditions
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(chemical pollution, introduction into new reproduction
conditions, and infection with the bovine leukemia vi-
rus). This suggests the existence of universal character-
istics of the population genetic response of cattle to the
influence of various environmental stress factors [63].

An analysis of the reproductive characteristics of ex-
perimental herds of cattle can reveal the mechanisms
behind the changes in the genetic structure which oc-
curr in the descendants of parents exposed to ecotoxic
factors and deletions of a number of alleles and geno-
types associated with increased sensitivity. Thus, the
experimental herd exposed to high levels of ionizing
radiation (absorbed dose of 0.8—1.1 Gy/year) included
the parental generation (F0) consisting of three cows
(Alpha, Beta, Gamma) and a bull named Uranus cap-
tured in 1987 near the CNPP and of 13 cows imported
between 1990 and 1993 to the “Novoshepelichi” farm
(Pripyat) from relatively uncontaminated areas. The F0
generation of cows (a total of 16) from the experimental
herd born in the uncontaminated area gave birth to a
total of 96 calves (0.93 = 0.03 calves per cow per year),
20 of which (21%) did not survive 3 months after birth.
The first generation (F1) born on the experimental
“Novoshepelichi” farm was significantly different from
the parent generation with respect to this figure. Thus,
21 cows of the 36 cows from the F1 generation were
sterile (568%), and only 15 of them yielded offspring (F2
generation, 0.73 = 0.06); 13 calves died before reaching
three months of age (26%). Four cows from the F2 gen-
eration gave birth only to 10 calves (F3) in 2—4 years, i.e.
0.94 = 0.06 calves per cow per year. It should be men-
tioned that most of the calves from the F1 generation,
which did not survive, were bulls (six heifers and 14
calves); the sex ratio amongst 13 dead calves from the
F2 generation was approximately the same (seven heif-
ers and six bulls).

Therefore, the changes in the genetic structure of
the offspring received from parents exposed to the
influence of ecotoxic factors can be attributed to a
decrease in fertility and an increase in infant mortal-
ity (carriers of the allelic variants associated with in-
creased sensitivity to a given factor).

CONSEQUENCES OF LIVING IN RADIOACTIVE

AREAS ON HUMAN HEALTH

There are many “radioactive” areas located in different
parts of the earth; various population genetic charac-
teristics of the populations inhabiting them have been
identified in some of them. Thus, extensive studies of
the populations living in areas characterized by a highly
radioactive background were conducted (Kerala state in
India, Guangdong province in China), where the expo-
sure of the population to radiation ranges from 0.6 to 10
cGy per year. No increase in the number of human con-
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genital diseases was revealed during these investigations
[64, 65]. The screening of over 40,000 pregnant women
living in areas with a high radioactive background in
Brazil demonstrated no increase in the incidence of spon-
taneous abortions and congenital anomalies, although
the incidence of chromosomal aberrations in blood cells
isolated from the local population was slightly higher
than that in the control areas [66].

Ramsar County in Iran is best known for its annual
absorbed dose of 260 mSv; the global average dose is
equal to 3.5 mSv/year. The residents of Ramsar County
are not characterized by elevated rates of mortality or
birth of children with congenital developmental abnor-
malities.

Meanwhile, distinctive differences in the radioresist-
ance of blood cells isolated from the local population
living in this area are observed, in contrast to residents
of areas characterized by a low natural radioactive
background. Thus, the exposure of the cell cultures of
peripheral blood isolated from the inhabitants of Ram-
sar County to a dose of 1.5 Gy resulted in a significantly
smaller increase in the number of cells with cytogenetic
anomalies as compared to the blood cells of the control
group [67].

The published results of studies of populations living
in “radioactive” areas suggest that the selection process
for increased radioresistance occurs in these locations
from generation to generation. Thus, 125,079 residents
of the “radioactive” province were examined in Chi-
na during the period between 1979 and 1995; 10,415
deaths and 1,003 cancer cases have been analyzed. It
was found that the cancer mortality rate in the “radio-
active” province was lower than that among residents
of the control area [68]. In another study, the authors
concluded that a 3- to 5-fold increase in the level of ion-
izing radiation did not increase the risk of oncological
pathologies [69].

No significant differences in the incidence of con-
genital defects have been identified among newborns
(26,151) from the “radioactive” province in India (ap-
proximately 35.0 mSv/year) and among newborns
(10,654) in the control group [70]. Screening of the in-
habitants of another “radioactive” province (over 70
mSv/year) in India (a total of 400,000 people, 100,000
of those lived in the “radioactive” part of the province)
showed no differences in the incidence of oncological
pathologies due to a high level of external y-radiation
[71].

Annual detection of oncological conditions per
100,000 people in the populations inhabiting Indian re-
gions, which vary from each other by only 0.03 mSv/
year with respect to the external radiation exposure
proportionately decreases from one area to another
one simultaneously with an increase in the background

level of ionizing radiation by 0.03 mSv/year — from the
hypothetical incidence of oncological conditions being
equal to 79 : 100,000 people, under conditions of “zero”
level of external exposure. The authors arrived at con-
clusion that an increase in ionizing radiation decreases
the risk of developing cancer [72].

It should be emphasized that among the 116,000 peo-
ple evacuated from the Chernobyl zone, only approxi-
mately 5% of them received a dose of ionizing radiation
exceeding 100 mSv/year, and this very dose (almost 3
times lower than that in Ramsar County) is considered
to be the limit exceeding which leads to an increase in
the incidence of oncological conditions [73].

Thus, the actual danger is not the received dose of
ionizing radiation but its “novelty” to this particular
population, species, or species community. It is obvious
that an annual increase in the absorbed dose by 3.5mSv
will not result in any health consequences among the
residents of Ramsar Country, but for most European
populations whose previous generations have not been
exposed to doses exceeding 1 mSv/year such an in-
crease can lead to the elimination of radiosensitive spe-
cies from the gene pool, thus resulting in a change in
the genetic structure of the populations.

Hence, there is a wide range of doses of ionizing ra-
diation within the natural conditions, which are com-
patible with the ability of various organisms (including
humans) to survive and reproduce. This complicates
the evaluation of the biological (including genotoxic)
effects of low-dose ionizing radiation.

POPULATION GENETIC CONSEQUENCES OF

CHRONIC LOW-DOSE EXPOSURE TO IONIZING
RADIATION IN VARIOUS SPECIES OF MAMMALS:
LABORATORY MICE STRAINS, FIELD VOLES, CATTLE

Our own experimental data suggest that a chronic ex-
posure to elevated levels of ionizing radiation causes no
increase in the number of mutant individuals among
the investigated species. An increased frequency of
somatic cells with cytogenetic anomalies was not ac-
companied by qualitative changes in comparison to the
spontaneous mutational spectra, since the increase was
only observed for the indicators of the instability of the
chromosomal apparatus that possessed genotypic fea-
tures in the strains of mice and field vole species.

A comparative analysis of the mutational spectra in
field voles conducted in different years showed that
the number of individuals of different species with a
high frequency of mutant cells in the bone marrow
decreased gradually over time despite the persistence
of high levels of radioactive contamination at the cap-
ture locations. The frequency of occurrence of individ-
ual species with high levels of cytogenetic anomalies
among the common voles and bank voles was signifi-
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cantly higher in 1996 than that in the relatively "un-
contaminated areas, and in animals captured at the
same locations but during the later years, in 1999 and
2001. Thus, metaphases with chromosomal aberrations
in the common voles were observed in the control group
at a frequency of 2.5 = 1.5%, and in Chistogalovka at a
frequency of 3.6 = 0.8%, 5.0 = 2.3%, and 2.5 = 0.3% in
1996, 1999, and 2001, respectively. These metaphases
were encountered in the bank vole species of the con-
trol group at a frequency of 1.2 = 0.7%; in the «Red For-
est» in 1996, 1999, and 2001 at a frequency of 7.3 + 3.4%,
3.5 = 0.8%, and 0.9 + 0.3%, respectively.

It is important to emphasize that this decrease indi-
cating the gradual accumulation of radioresistant spe-
cies among the bank vole species was only observed in
the animals captured in the “Red Forest” area, which
was characterized by a very high level of radionuclide
contamination (> 1000 Cu/km?), in contrast to the ani-
mals inhabiting the areas with lower levels of radionu-
clide contamination (Janov, ~200 Cu/km?). Thus, the
rate of selection for radioresistance is higher when the
level of radionuclide contamination is higher. It is note-
worthy that even in the areas of the alienation zone
characterized by a high level of radionuclide contami-
nation (i.e. “Red Forest”), an accumulation of radiore-
sistant species was detected only in 1999; i.e., 13 years
after the Chernobyl accident, after 26 generations of
voles (voles breed twice a year).

It is interesting to mention that similar data on the
selection of the individuals resistant to adverse envi-
ronmental conditions were obtained by us for various
agricultural species reproducing under conditions of
the biosphere reserve (Lake Khovsgol, Mongolia) and
in the area of risk-associated livestock farming in the
southern part of the Gobi Desert. [74] A comparative
analysis of the frequency of occurrence of erythrocytes
with micronuclei in the blood samples of local Mongo-
lian cattle, sheep, and yaks reproducing under various
ecological and geographical conditions was performed:
northwestern Mongolia, Khovsgol region, biosphere re-
serve; southern Mongolia, the area adjacent to the Gobi
Desert — a zone of risk-associated livestock farming.
The number of erythrocytes containing micronuclei
were determined in a smear of 3,000 cells and the value
was expressed in parts per million (%o). The frequencies
of occurrence of erythrocytes containing micronuclei
were similar across various species reproducing under
the same environmental conditions, but significantly
differed in animals from different ecological and geo-
graphical regions. Thus, the frequencies of occurrence
of red blood cells containing micronuclei were signifi-
cantly higher in the area of the biosphere reserve un-
der favorable conditions of reproduction than those
in animals of the same species in the risk-associated
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livestock farming zone. The frequency of occurrence
of erythrocytes containing micronuclei among sheep
in the Khovsgol area (22) was found to be 5.3 = 0.4 %o;
in cattle (7) — 4.6 = 0.7 %o; in yaks (7) — 3.2 = 0.6 %o; in
sheep in the Gobi Desert (10) — 0.9 = 0.1 %o; in cattle
(7) = 1.8 = 0.6 %o0; and in yaks (7) — 0.3 = 0.2 %o. These
findings suggest that the long-term influence of high-
intensity environmental stress factors contributes to
the selection of animals (over a number of generations)
with increased tolerance of the genetic apparatus to
unfavorable environmental conditions.

The disruption of equiprobable transmission of allelic
variants of several molecular genetic markers and an
increase in heterozygosity were observed among gen-
erations of the experimental “Novoshepelichi” herd of
the black and white Holstein cattle. The frequency of
occurrence of leukocytes containing micronuclei in the
parental generation was higher at a statistically sig-
nificant level (P < 0.05) as compared to these values in
the first, second and third generations of animals born
in the zone with an elevated radionuclide contamina-
tion. However, this parameter was significantly lower
in the third generation (P < 0.01) as compared to that in
the second generation. The frequency of occurrence of
binucleated leukocytes in the peripheral blood smears
was also significantly higher in the parental generation
than those in the first and second generations of ani-
mals. Thus, the radioresistance of animals born under
conditions of the elevated levels of ionizing radiation
increases over generations as evidenced by the inci-
dence of cytogenetic abnormalities in the peripheral
blood smears. No carriers of Robertsonian transloca-
tions were identified, which are often found in uncon-
taminated areas among representatives of species with
acrocentric autosomes.

A comparative analysis with respect to a complex of
molecular genetic markers in the experimental herd
of black and white Holstein cattle from the relatively
uncontaminated breeding areas, as well as the repre-
sentatives of the ancient primitive breed known as the
Ukrainian gray breed allowed to observe a convergence
of the genetic structure of animals from the experi-
mental herd born under conditions of elevated levels
of radionuclide exposure with the gene pool of this an-
cient breed in contrast to the parental group of indi-
viduals. This shift in the genetic structure of the gene
pool of the experimental “Novoshepelichi” herd origi-
nally belonging to a specialized dairy breed towards a
more primitive species was observed with respect to
the allelic variants of the structural genes and DNA
fragments flanked by inverted microsatellite repeats.
It can be expected that these changes are a universal
population-genetic response of cattle to the influence
of various environmental stress factors.
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CONCLUSIONS

The following data are common for our own findings
and to the published data. The main problem that
populations of different species (including humans in-
habiting the areas contaminated with radionuclides
after the Chernobyl accident) face is not the absolute
value of the dose of ionizing radiation, but the novelty
of these doses to the populations. The main genetic ef-
fects for populations of various species consist not in
the increase in the number of mutant organisms but
in the fact that some of the genes are excluded from
their reproduction as a result of selection against ra-
diosensitive organisms. In other words, new genes do
not emerge, but the ”"old” ones associated with high
sensitivity of the organisms to new conditions of re-
production abandon the population. There is some
indirect evidence suggesting that the less specialized
organisms of the species turn out to be more adapted
to new conditions.

This "reversion” to the more primitive, developmen-
tally and evolutionarily earlier forms of life is observed
at various levels of organization of biological material:
a shift in the organ-specific isozymatic spectra to de-
velopmentally earlier versions; displacement of the
population-genetic structure in generations to the pre-
dominance of less specialized forms; in utero exposure
resulted in a decrease exclusively in the verbal IQ score
among young people [41], which is a more recent evo-
lutionary acquisition of humans in comparison to the
non-verbal IQ score, which is based on older structures.
The actual genetic consequences of the Chernobyl dis-

aster for human populations will not be completely elu-
cidated soon, since children born after the year 1986
have only recently entered the reproductive period of
their lives.

It isinteresting to note that data have been obtained
indicating that the first-priority destruction of the
youngest biological systems in evolutionary terms is a
relatively universal biological rule [75].

The accumulated data allow one to formulate four
major laws of the Chernobyl disaster. We believe they
can be universally applied to the consequences of all
fundamental environmental changes associated with
natural and man-made disasters and crises. These
laws are as follows: 1) not everyone who was supposed
to be born is being born after the Chernobyl accident;
2) the selection against specialized forms of life and
preferential reproduction of less specialized forms
characterized by higher resistance to adverse envi-
ronmental factors occurs; 3) the response to the same
dose of ionizing radiation depends on its “novelty”
for the population of preceding selection for resist-
ance to such doses in the ancestral generations; and
4) the actual consequences of the Chernobyl accident
for human populations will be available for analysis
no earlier than 20 years from now, since the genera-
tion subjected to direct damaging influence has only
recently entered its reproductive period. It should be
emphasized that the increase in the incidence of even
the thyroid pathology resulting from the Chernobyl
accident reduces the chances of reproductive success
in its carriers. ®

REFERENCES

1. Gileva E.A., Bolshakov V.N., Kosareva N.L., Gabitova A.T.
The incidence of chromosomal abnormalities in commensal
house mice as an indicator of genotoxic effects of environ-
mental pollution // ASR. 1992. V. 325. P. 1058—1061.

2. Gileva E.A. Ecological and genetic monitoring using ro-
dents (Ural experience). Ekaterinburg: Publishing House of
the Ural State University, 1997. P. 105.

3. Dmitriev S.G. // Ecology. 1997. Ne 6. P. 447—451.

4. Dmitriev S.G. // Genetics. 1997. V. 33. Ne 11. P. 1589—-1592.

5. Kryukov V.N,, Tolstoy V.A., Dolgopalova G.V., Kanevskaya
K.T. // Ecology. 1995. Ne 2. P. 169—-171.

6. Wood R.D., Mitchell M., Lindahl T. // Mutat. Res. 2005.

V. 577. P. 275—283.

7. Ciciarello M., Lavia P. // EMBO Repts. 2005. V. 6. Ne 8.
P. 714-716.

8. Farina A.R., Tacconelli A., Cappabianca L. // Mol. Cell.
Biol. 2009. V. 29. Ne 17. P. 4812—4830.

9. Ame J.-C., Fouquerel E., Laurent R., Gauthier L.R // J. Cell
Sci. 2009. V. 122. Ne 12. P. 1990—2002.

10. Gisselsson D., Hakanson U., Stoller P. // PLoS ONE. 2008.
V. 3. Ne 4. e1871.

11. Schoeftner S., Blasco M. A. // Semin. Cell Devel. Biol. 2010.
V.21.P. 186—-193.

12. Begus-Nahrmann Y., Hartmann D., Kraus J. // J. Clin
Invest. 2012. V. 122. Ne 6. P. 2283—2288.

13. Greaves M., Maley C.C. // Nature. 2012. V. 481. Ne 7381.

P. 287-294.

14. Schuster-Bockler B., Lehner B. // Nature. 2012. V. 488.
Ne 7412. P. 504—507.

15. Drake JW,, Charlesworth B., Charlesworth D., Crow J.F.
// Genetics. 1998. V. 148. P. 1667—-1686.

16. Roach J.C., Glusman G., Smit A.F.A. // Science. 2010.

V. 328. P. 636—639.

17. Marnett L.J., Plastaras J.P. // Trends Genet. 2001. V. 17.
No 4. P. 214—221.

18. Memisoglu A., Samson L. // Mutat. Res. 2000. V. 451. P. 39—-51.

19. Nakamura J., Walker V.E., Upton P.B,, Chiang SY,,

Kow YW, Swenberg J.A. // Cancer Res. 1998. V. 58. Ne 2.
P. 222—-225.

20. Nair J., Carmichael PL., Fernando R.C., Phillips D.H.,
Strain A.J., Bartsch H. // Cancer Epidemiol. Biomarkers
Prev. 1998. V. 7. Ne 5. P. 435—440.

21. Nair J., Furstenberger G., Burger F., Marks F., Bartsch H.
// Chem. Res. Toxicol. 2000. V. 13. Ne 8. P. 703—709.

22. Haber J.E. // Trends Biochem. Sci. 1999. V. 24. P. 271—-275.

23. Battista J.R., Earl A.M., Park M.-J. // Trends Microbiol.
1999. V. 7. Ne 9. P. 362—365.

VOL.5 Ne1(16) 2013 | ACTA NATURAE |61



REVIEWS

24.Ilyinskikh N.N. // Genetics. 1988. V. 24. Ne 3. P. 156—162.
25. Stolina ML.R., Glazko T'T., Solomko A.P.,, Malyuta S.S.,
Glazko V.I. // NAS of Ukraine Reports. 1993. Ne 6. P. 93—98.
26. Mousseau T.A., Nelson N., Shestopalov V. // Nature. 2005.
V. 437. P. 1089.
27. Gileva E.A., Lyubashevsky M.N., Starichenko V.I,, Chi-
biryak M.R., Romanov G.N. // Genetics. 1996. V. 32. Ne 1.
P 114-119.
28. Pilinskaya M.A. // Int. Journal of Rad. Med. 1999. Ne 2.
P. 60—66.

29. Bogdanov L.M., Sorokina M.A., Maslyuk A.L // Bul. of Sib.

Med. 2005. Ne 2. P. 145—151.

30. Busby C., Lengfelder E., Pflugbeil S., Schmitz-Feuerhake
I. // Med. Confl. Surviv. 2009. V. 25. Ne 1. P. 20—40.

31. Little ML.P. // J. Radiol. Prot. 2009. V. 29. Ne 2A. P. A43—59.

32. Little M.P. // Mutat Res. 2010. V. 687. Ne 1-2. P. 17-27.

33. Busby C.C. // Int. J. Environ. Res. Publ. Hlth. 2009. V. 6. P.
3105—3114.

34. Noshchenko A.G., Bondar O.Y., Drozdova V.D. // Int. J.
Cancer. 2010. V. 127. P. 412—-426.

35. Cardis E., Krewski D., Boniolet M. // Int. J. Cancer. 2006.
V.119. P. 1224-1235.

36. Liaginskaia A.M., Tukov A.R., Osipov V.A., Ermalitskii
AP, Prokhorova O.N. // Radiats Biol. Radioecol. 2009. V. 49.
Noe 6. P. 694—702.

37. Lazyuk G.I., Zatsepin 1.O., Kravchuk J.P., Khmel R.D.
Radiation monitoring of the residents and their food in the

Chernobyl zone of Belarus. Minsk: Inform. Bull. 2003. No 24.

P 41-42.
38. Hildebrandt G.// Mutat. Res. 2010. V. 687. Ne 1-2. P. 73—77.
39. Scherb H., Voigt R. // Environmetrics. 2009. V. 20.

P. 596—-606.

40. Scherb H., Weigelt E. // Environ. Sci. Pollut. Res. 2003.
Special Issue 1. P. 117-125.

41. Heiervang K.S., Mednick S., Sundet K., Rund B.R. //
Scand. J. Psychol. 2010. V. 51. Ne 3. P. 210—215.

42. Kale RK. // Ind. J. Exp. Biol. 2003. V. 41. Ne 2. P. 105—111.

43.Lee H.C., Kim DW.,, Jung KY. // Int. J. Mol. Med. 2004.
V. 13. Ne 6. P. 883—887.

44. Samper E., Nicholls D.G., Melov S. // Aging Cell. 2003.
V. 2.P. 277-285.

45. Pirzio L.M., Freulet-Marriere M.A., Bai Y. // Cytogenet.
Genome Res. 2004. V. 104. Ne 1-4. P. 87—-94.

46. Gutierrez-Enriquez S., Fernet M., Dork T. // Genes Chro-
mosomes Cancer. 2004. V. 40. Ne 2. P. 109—-119.

47. Rothkamm K., Lobrich M. // Proc. Natl. Acad. Sci. USA.
2003. V.100. Ne 9. P. 5057—5062.

48. Gasser S., Orsulic S, Brown E.J., Raulet D.H. // Nature.
2005. V. 436. Ne 7054. P. 1186—1190.

49. Glazko T'T., Arkhipov N.P.,, Glazko V.I. Population-ge-
netic effects of environmental disasters using Chernobyl
accident as an example. M.: FSEI HPE RGAU — MAA of
Timiryazev K.A., 2008. P. 556.

62| ACTANATURAE| VOL.5 Ne1(16) 2013

50. Nastyukova V.V, Stepanova E.I, Glazko V.I. // NAS of
Ukraine Reports. 2002. Ne 11. P. 178-183.

51. Nastyukova V.V, Stepanova E.I, Glazko V.I. // Cytology
and Genetics. 2002. V. 6. P. 45—52.

52. Weinberg G.S., King A., Nevo E., Shapiro S., Rennert G.
// Int. Journal of Rad. Medicine. 1999. V. 2. Ne 2. P. 67—70.
53. Dubrova Y.E., Plumb M., Brown J., Jeffreys A.Jr. / / Int.

Journal of Rad. Med. 1999. V. 1. Ne 1. P. 90—100.

54. Pluth J. M., Nelson D.O., Ramsey M.J., Tucker J.D. //
Pharmacogenetics. 2000. V. 10. Ne 4. P. 311-319.

55. Zusterzeel PL., Nelen W.L., Roelofs H.M. // Mol. Hum.
Reprod. 2000. V. 6. Ne 5. P. 474—478.

56. Schwartz J.L. // Crit. Rev. Oral. Biol. Med. 2000. V. 11.

No 1. P. 92—-122.

57. Beckman L., Nordenson I. // Hum. Hered. 1988. V. 38. Ne 1.
P.56-58.

58. Telnov V.I,, Vologodskaya I.A. Zhuntova GV. // Genetics.
1995. V. 31. Ne 5. P. 715—721.

59. Hayashi T., Kusunoki Y., Seyama T. // Health Phys. 1997.
V. 73. Ne 5. P. 779—786.

60. Shmalgausen I.I. Selected Works: The paths and patterns
of evolution. Moscow: Nauka, 1983. P. 360.

61. Garnier-Gere P, Dillmann C. // J. Heredity. 1992. V. 83.
Ne 3. P. 239.

62. Eggen E., Fries R. // Animal Genet. 1995. V. 26. P. 215—-236.

63. Glazko V.I. / / TAA news. 2007. Ne 5. P. 142—148.

64. Gopal A.A. // Ind. J. Exp. Biol. 1970. Ne 8. P. 313—318.

65. Luxin W. // J. Radiat. Res. 1981. V. 22. Ne 1. P. 88—100.

66. Freire-Maja N. // Cienc. E cult. 1977. V. 30. Ne 2. P. 385—
395.

67. Ghiassi-Nejad M., Mortazavi S.M., Cameron J.R.,
Niroomand-rad A., Karam P.A. // Health Phys. 2002. V. 82.
Ne 1. P. 87-93.

68. Tao Z., Zha Y., Akiba S. // J. Radiat. Res. (Tokyo). 2000.
V. 41. Suppl. P. 31-41.

69. Zhang W., Wang C., Chen D. // J. Radiat. Res. (Tokyo).
2003.V.44. Ne 1. P. 69—74.

70. Jaikrishan G., Andrews V.J., Thampi M.V. // Radiat. Res.
1999. V. 152. Suppl. 6. S 149-153.

71. Nair M.K., Nambi K.S., Amma N.S. // Radiat. Res. 1999.
V. 152. Suppl. 6. S 145—148.

72. Nambi K.S., Soman S.D. // Health Phys. 1987. V. 52. Ne 5.
P. 653—-657.

73. Masse R. // Comptes Rendus de I’Academie des Sciences.
2000. Ser. ITI. V. 323. Ne 7. P. 633—640.

74. Glazko T.T., Stolpovsky Yu.A. Genetically and environ-
ment components of micronuclei test. In: Book of Abstracts
of XXIVth Genetic Days, Brno, Chech Republic, 1-3
September, 2010. Brno, State University of Gregor Mendel’s
name, 2010. P. 20.

75. Sansom R.S., Gabbott S.E., Purnell M.A. // Proc. R. Soc.
B. 2010. e-publishing: rspb.royalsocietypublishing.org.



