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The role of genetic processes in the population
cycle, which received much attention in the period from
the 1960s to the 1980s, has not been conclusively
explained. According to the majority of authors who
have analyzed electrophoretic variants of proteins in
voles and lemmings, changes in population size are
accompanied by fluctuations of allele frequencies, but
the existence of a cause-and-effect relationship
between these phenomena has not been proved (Tama-
rin and Krebs,1969; Gaines and Wittam, 1980; Kury-
shev and Chernyavskii, 1988). However, genetic pro-
cesses in natural populations are by no means limited to
variation in allele frequencies. Of considerable interest
is the dynamics of chromosome aberration frequency in
somatic cells, primarily in the bone marrow, in relation
to the population cycle. It is known that somatic muta-
tions are an important mechanism providing for the for-
mation of specific immunity, and the bone marrow of
mammals is a major component of the immune system,
as it produces stem cells that are progenitors of lympho-
cytes. In addition, the study of chromosome instability
in bone marrow cells provides a basis for characterizing
the mutation process in general, as the frequency of
mutation events detected under a light microscope in
somatic cells closely correlates with the frequency of
point mutations and other changes in the genome,
including those in the germinative tissue. The cytoge-
netic approach has not been consistently used in studies
on mammals from cyclic populations. The only rele-
vant publication at hand is that by Dmitriev et al.
(1997), who assessed the frequency of chromosome
aberrations in voles of the genus

 

 Clethrionomys

 

 at dif-
ferent values of relative animal abundance. In 1999, we

initiated research on the dynamics of chromosome
instability in bank voles from a population that inhabits
the southern taiga subzone and is characterized by con-
siderable fluctuations of abundance. The results
obtained in the course of six-year observations are con-
cisely described in this paper.

MATERIAL AND METHODS

Studies were performed with the population of bank
voles (

 

Clethrionomys glareolus

 

 Schreber, 1780) living
near the village of Shigaevo, Shalinskii raion of Sverd-
lovsk oblast (57

 

°

 

15

 

′

 

 N, 58

 

°

 

44

 

′

 

 E). Anthropogenic load
on this area is at the background level for the Urals.
Animals were captured in the area (approximately
12 ha) located in a mature herbaceous–green moss
larch–spruce forest with birch and aspen. The forest is
bordered by a small river on one side and adjoins a
mixed herb–grass meadow on the other side. No less
than 50 live traps installed in line were examined three
or four times daily, in the daytime. Animal abundance
was estimated from the capture rate per 100 trap–days
over the first two days, as the catch was sometimes
greater on the second than on the first day. A total of
344 voles were included in the study.

The reproductive status of voles was estimated from
the state of reproductive organs. Pregnancy was diag-
nosed by the presence of yellow bodies in the ovaries
and of placental spots and embryos in the uterus. In
males, the weight of testes and the filling of epid-
idymides were determined. If testes weight was
between 50 and 150 mg, spermatogenesis was addition-
ally evaluated by analyzing smears under a microscope.
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Animals classified as reproductive were as follows:
pregnant and parous females; males with testes weigh-
ing more than 50 mg, well-developed epididymides,
and active spermatogenesis; and males with epid-
idymides and testes deflated after breeding. Animal age
was determined from the degree of root development in
the second upper molar (M

 

2

 

). We also used the scale of
age classes proposed by Olenev (1989), which is based
on regular changes in the pattern of M

 

2

 

 surface con-
cealed in the alveola and in the root index (the ratio of
root length to tooth length).

Metaphase chromosome preparations of bone
marrow cells were stained with azure–eosin and
studied under a microscope to count structural chro-
mosome aberrations, chromatid gaps, and the num-
bers of aneuploid and polyploid cells. As a rule, 25–
100 cells (in some cases, up to 250 cells) per animal
were analyzed. True breaks were differentiated from
gaps by conventional criteria (in the former, sepa-
rated parts were displaced relative to the chromatid
axis or the distance between them was greater than
chromatid width). The results were processed statisti-
cally using the Statistica program package, license
no. AXXR003A622407FAN8.

RESULTS AND DISCUSSION

The animals were trapped three times per field sea-
son (in May, late June, and September) in 1999 and
2000, two times (in July and September) in 2001, and
only once a season (in late July) in the following three
years, because no seasonal variation in the number of
aberrant cells was revealed (Rakitin, 2001). In this
study, we consider only summer samples, which are
most representative. Table 1 shows the frequencies of
three types of chromosome aberrations in voles differ-
ing in sex, age, and reproductive status. Our purpose is
to analyze probable correlations of the levels of
genomic instability with these parameters and with
fluctuations of animal abundance. Let us first consider
the frequency of chromatid gaps. It is still unclear
whether these gaps appear as a result of chromosome
breakage, like true structural aberrations of chromo-
somes. Recent data provide evidence for similarity of
mechanisms accounting for true chromosome breaks
and gaps (Harvey et al., 1997) and for parallelism of
their frequencies revealed by comparisons within and
between populations at different levels of anthropo-
genic pressure (Gileva, 2002). Today, most specialists
in cytogenetics consider that chromatid gaps should be
included in chromosome aberration analysis (Paz-y-
Mino et al., 2002).

As follows from Table 1, the average frequencies of
chromosome aberrations in males and females were
similar. The absence of sex-related differences in this
parameter was confirmed by the 

 

χ

 

2

 

 test. Its values were
calculated separately for individual samples corre-
sponding to different combinations of values (grades)

of the aforementioned factors, and the results were
summed up. We considered mainly those samples in
which the expected values were no less than 4 (Glotov
et al., 1982), with only one exception (expected value
3.5). No significant difference between males and
females was revealed in any of the pairwise compari-
sons (

 

χ

 

2

 

 = 0.00–2.34, 

 

df

 

 = 1, 

 

P

 

 = 0.126–1.000) or upon
summing up 

 

χ

 

2

 

 values for each of the tree cytogenetic
indices (

 

χ

 

2

 

 = 2.08–5.75, 

 

df

 

 = 4 –11, 

 

P

 

 = 0.721–0.964),
which allowed us to pool the data on males and females
for further analysis. It should be noted that, although
some authors described sex-related differences by in
the frequencies of cytogenetic disturbances in labora-
tory rodents (e.g., Mavournin et al., 1990), such differ-
ences in wild and synanthropic rodents are usually
absent or insignificant (Gileva, 1997). In some
instances, however, the frequency of chromosome aber-
rations in males may be higher (Polyavina, 2002).

The dependence of the level of chromosome insta-
bility on animal age was estimated in reproductive
voles using three-way log-linear analysis with factors
“year,” “age,” and “frequency of cells with chromo-
some aberrations.” The analysis was performed with
pooled data on males and females (overwintered ani-
mals and reproductive young of the year) over the
period from 1999 to 2003, as no reproductive young of
the year were caught in 2004 (Table 1). Nonreproduc-
tive animals were not considered, because they were
represented by only one age group (young of the year).
None of the three indices of chromosome instability
showed any significant correlation with age: 

 

G

 

-test val-
ues were 1.481 for structural aberrations (

 

df

 

 = 5, 

 

P

 

 =
0.915), 6.289 for aneuploid and polyploid cells (

 

df

 

 = 5,

 

P

 

 = 0.279), and 8.064 for chromatid gaps (

 

df

 

 = 5, 

 

P

 

 =
0.153).

Thus, the bank vole did not exhibit any significant
age-dependent increase in the frequency of chromo-
some aberrations similar to that described in laboratory
rodents and man (Uryvaeva et al., 1999; Lezhava,
2001). Such an increase is not always observed for
structural aberrations (Bender et al., 1989; Tucker et al.,
1999), but the frequency of aneuploid cells usually
increases with age (Bocharov and Vilkina, 1966; Xiao
et al., 1998). It should be noted, however, that this effect
often manifests itself only at an old (senile) age. Such
was the case with 

 

Microtus arvalis

 

 voles from our lab-
oratory colony: a statistically significant increase in the
level of chromosome instability was revealed only in
voles aged 500–600 days (Rakitin, 2002). In this study,
most of the overwintered bank voles were less than one
year of age, and the effect of aging in this group was
manifested weakly, if at all. However, the frequencies
of all types of cytogenetic disturbances, especially that
of aneuploid and polyploid cells, tended to be higher in
overwintered (older) animals than in reproductive
young of the year. However, differences between these
groups lacked statistical significance, and this formally
allowed us to combine them for analyzing the relation-
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ship between the reproductive status of animals and
chromosome instability.

Table 2 shows data on chromosome aberration fre-
quencies averaged with regard to animal sex and age.
The results of log-linear analysis with factors “year of
capture,” “reproductive status,” and “frequency of cells
with chromosome aberrations” are shown in Table 3. It
can be seen that, throughout the period of observations,
the frequencies of cells with structural chromosome

aberrations were higher in reproductive voles (overwin-
tered animals + reproductive young of the year) than in
nonreproductive young of the year by a factor of 1.3–2
(in 1999, by a factor of 4), with these differences being
significant at a 5.3% level. A similar tendency was
revealed for the frequency of aneuploid and polyploid
cells, but its statistical significance did not reach the 5%
level, although approached it. The frequencies of cells
with chromatid gaps in reproductive and nonreproduc-
tive animals were similar.

 

Table 1.

 

  Chromosome aberration frequencies and values of the adrenal index in bank voles differing in sex, age, and repro-
ductive status

Year Sex Reproductive
status

Age
group

Number
of animals

Number 
of cells

Average frequencies of aberrations, %
Adrenal 
index,

 

n

 

 

 

×

 

 10

 

–3

 

structural
aberrations

aneuploid 
and polyp-
loid cells

chromatid 
gaps

1999 Males Reproductive Overwintered 6 300 0.67 1.67 2.00 0.257

Nonreproductive Young of the year 24 600 0.50 1.00 1.00 0.214

Females Reproductive Overwintered 6 300 1.67 2.33 1.33 0.434

Young of the year 2 250 1.60 1.20 2.00 0.350

Nonreproductive Young of the year 31 775 0.26 0.77 1.68 0.218

2000 Males Reproductive Overwintered 8 325 2.46 1.85 1.23 0.248

Young of the year 18 450 1.33 0.67 2.00 0.233

Nonreproductive Young of the year 10 500 0.80 0.40 2.60 0.193

Females Reproductive Overwintered 3 150 0.67 2.00 2.00 0.530

Young of the year 20 500 1.60 0.60 2.60 0.464

Nonreproductive Young of the year 1 100 1.00 1.00 5.00 0.231

2001 Males Reproductive Overwintered 15 400 3.00 1.00 3.00 0.176

Nonreproductive Young of the year 34 850 2.47 0.82 3.29 0.202

Females Reproductive Overwintered 4 100 3.00 2.00 4.00 0.373

Young of the year 1 250 2.80 0.80 2.00 0.505

Nonreproductive Young of the year 27 675 2.07 1.48 3.11 0.218

2002 Males Reproductive Overwintered 3 225 3.56 1.33 2.67 0.170

Young of the year 6 150 2.67 1.33 2.67 0.242

Nonreproductive Young of the year 10 250 2.40 0.00 3.20 0.239

Females Reproductive Overwintered 5 250 2.40 1.60 3.60 0.359

Young of the year 6 175 2.86 0.57 0.57 0.379

Nonreproductive Young of the year 9 300 2.00 0.33 2.33 0.236

2003 Males Reproductive Overwintered 5 250 4.44 1.60 6.40 0.266

Young of the year 6 275 2.55 0.73 2.18 0.225

Nonreproductive Young of the year 9 325 2.77 0.62 3.38 0.227

Females Reproductive Overwintered 1 100 3.00 0.00 3.00 0.448

Young of the year 3 250 3.20 0.80 3.60 0.506

Nonreproductive Young of the year 9 300 1.67 0.67 4.67 0.220

2004 Males Reproductive Overwintered 12 450 1.11 0.44 1.78 0.231

Nonreproductive Young of the year 23 650 0.77 0.62 1.54 0.244

Females Reproductive Overwintered 12 450 1.56 0.67 2.00 0.353

Nonreproductive Young of the year 15 550 0.91 0.73 1.82 0.239
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In the breeding period, chromosome instability in
males and females increased, which could be due to
increasing hormonal activity. It is known that estrogens
induce both chromosomal mutations and disturbances
of ploidy (Roy and Liehr, 1999; Liehr, 2000). More-
over, sex steroids (in particular, testosterone and estro-
gen) act as immunosuppressors (Lokhmiller and Kosh-
kin, 1999), and inhibited activity of the immune sys-
tem, which is involved in the maintenance of genetic
homeostasis, may provide for the growth of genomic
instability.

Differences between the frequencies of structural
chromosome aberrations in different years were highly
significant (Table 3), in contrast to the situation with
aneuploid and polyploid cells, with the frequencies of
such aberrations and chromatid gaps obviously corre-
lating in both reproductive animals (

 

R

 

S

 

 = 1.00, 

 

df

 

 = 6,

 

P

 

 = 0.00) and nonreproductive animals (

 

R

 

S

 

 = 0.84, 

 

df

 

 = 6,

 

P

 

 = 0.04). This is evidence that chromatid gaps are
valuable markers of mutagenesis. The dynamics of
cytogenetic parameters by years in the pooled sample
(irrespective of sex, age, and reproductive status) is
shown in the figure. During the observation period, the

population passed through its complete cycle, includ-
ing two peaks of animal abundance. Differences
between the frequencies of structural chromosome
aberrations and chromatid gaps recorded in different
years were highly significant and tended to negatively
correlate with relative animal abundance, irrespective
of reproductive status (

 

R

 

S

 

 = –0.66, 

 

P

 

 = 0.156 and 

 

R

 

S

 

 =
–0.49, 

 

P

 

 = 0.329, respectively), in contrast to the fre-
quency of aneuploid and polyploid cells (

 

R

 

S

 

 = –0.03,

 

P

 

 = 0.957) (see Table 3). In the years of population
peak (1999 and 2004), the frequency of structural aber-
rations was three to four times lower than in the years
of population decline and growth. The reliability of this
tendency needs verification in further studies per-
formed in the same locality over several population
cycles.

Let us consider the causes of chronographic varia-
tion in the level of genomic instability in bank voles
from Shigaevo. We propose three different scenarios
which, however, are not mutually exclusive, because
the mutation process is controlled by a number of fac-
tors.

 

Table 2.

 

  Population parameters and frequencies of chromosome aberrations averaged with respect to animal sex and age in
the bank vole population

Y
ea

r 
of

 c
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R
el

at
iv
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-

da
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 in

d.
/1

00
tr

ap
–d
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s

Pr
op

or
tio

n
of

 r
ep

ro
du

c-
tiv

e 
yo

un
g

of
 th

e 
ye

ar
, %

N
um

be
r 

of
ka

ry
ot

yp
ed

an
im

al
s*

Number
of cells*

Average frequencies of aberrations, %

structural aberrations aneuploid and
polyploid cells chromatid gaps

reproduc-
tive

nonrepro-
ductive

reproduc-
tive

nonrepro-
ductive

reproduc-
tive

nonrepro-
ductive

1999 54.0 2.6 14/55 850/1375 1.29 0.36 1.76 0.87 1.76 1.38

2000 12.6 74.6 49/11 1425/600 1.61 0.83 1.05 0.50 2.04 3.00

2001 37.2 1.6 20/61 750/1525 2.93 2.30 1.07 1.11 2.80 3.21

2002 6.8 38.7 20/19 800/550 2.88 2.18 1.25 0.18 2.50 2.73

2003 17.5 33.3 15/18 875/625 3.31 2.24 0.91 0.64 3.89 4.00

2004 69.0 0.0 24/38 900/1200 1.33 0.83 0.56 0.67 1.89 1.67

 

R

 

S

 

 = 0.93; 

 

P

 

 = 0.008

 

R

 

S

 

 = 0.09; 

 

P

 

 = 0.872

 

R

 

S

 

 = 0.94; 

 

P

 

 = 0.005

 

* Values in the numerator and denominator show sample sizes for reproductive and nonreproductive animals, respectively.

 

Table 3.

 

  Results of three-way log-linear analysis of the influence of reproductive status (factor 

 

B

 

) and year of capture (factor 

 

C

 

)
on chromosome aberration frequency (factor 

 

A

 

)

Chromosome aberrations Factor

 

G

 

 test

 

df P

 

*

Structural aberrations (

 

A

 

) Reproductive status (

 

B

 

) 12.46 6 0.053

Year of capture (

 

C

 

) 49.75 10 0.000001

Aneuploidy and polyploidy (

 

A

 

) Reproductive status (

 

B

 

) 11.05 6 0.087

Year of capture (

 

C

 

) 13.13 10 0.216

Chromatid gaps (

 

A

 

) Reproductive status (

 

B

 

) 2.68 6 0.850

Year of capture (

 

C

 

) 31.78 10 0.0004

 

* Significance of relationship.
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(1) The coefficient of correlation (Rs) between two
parameters of chromosome instability (the frequencies
of structural aberrations and chromatid gaps) and rela-
tive animal abundance has fairly high values, and the
fact that their difference from zero lacks statistical sig-
nificance may be explained by an insufficient period of
observations. During this period, animal abundance
varied by a factor of no more than 10, although this
parameter in the bank vole may vary by factors of 80–
100 (Bashenina et al., 1981; Zhigalski and Kshnyasev,
2000). Nevertheless, the statistically significant coeffi-
cient of correlation between animal abundance and the
proportion of reproductive young of the year (

 

R

 

S

 

 =

 

−

 

0.89, 

 

P

 

 = 0.019) indicates that density-dependent con-
trol mechanisms operated in the population during the
study period. In such situations, hydrocarbon and lipid
metabolism in rodents and their endocrine status
change significantly, which may be attributed to stress
(Evsikov et al, 1999; Chernyavskii et al., 2003). Meta-
bolic variations during the population cycle have a cer-
tain influence on the level of genomic instability. In par-
ticular, stress hormones in rodents may have a clastoge-
nic effect (Skorova et al., 1986). However, the adrenal
index in bank voles (males and nonreproductive
females) showed no significant correlation with animal
abundance (

 

R

 

S

 

 = –0.03, 

 

P

 

 = 0.957) or the frequencies of
structural chromosome aberrations and chromatid gaps
(

 

R

 

S

 

 = 0.174, 

 

df

 

 = 6, 

 

P

 

 = 0.742 and 

 

R

 

S

 

 = –0.030, 

 

df

 

 = 6,

 

P

 

 = 0.956, respectively) but negatively correlated with
the total frequency of aneuploid and polyploid cells

(

 

R

 

S

 

 = –0.956, 

 

df

 

 = 6, 

 

P

 

 = 0.003). These data cast doubt
on the existence of the relationship between population
stress and genomic instability or on the validity of the
adrenal index as an indicator of the role of endocrine
factors in the population cycle.

(2) It cannot be excluded that the genetic component
contributes to variation in the level of genomic instabil-
ity in bank voles from Shigaevo. Fluctuations of allele
frequencies accompanying fluctuations of population
size in different species, including 

 

C

 

lethrionomys

 

(Kuryshev and Chernyavskii, 1988), could affect genes
controlling the spontaneous mutation process (Difilip-
pantonio et al., 2000; Morris, 2002) and provide for the
accumulation of highly active mutator alleles in the
population. In should be emphasized, however, that our
data give no reason to regard probable genetic shifts as
the cause of change in population size.

(3) It is quite probable that the increase of chromo-
some instability from year to year was caused by the
spread of some infection agents. Such agents (in the
first place, viruses) are known to have a distinct
mutagenic effect (Buzhievskaya, 1984). This effect is
well manifested in the bank vole, and bone marrow
cells with numerous chromosome aberrations serve as
a marker of persisting viral infections (Gileva et al.,
2001). In 

 

C. glareolus

 

 from Shigaevo, such cells were
absent in 1999, 2000, and 2004 but occurred with a fre-
quency of 0.07–0.13% between 2001 and 2003, when
genomic instability obviously increased.
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Thus, the results of our six-year observations on the
bank vole population provide a basis for the following
conclusions:

(1) The frequencies of structural chromosome aber-
rations, chromatid gaps, and aneuploid and polyploid
cells in male and female bank voles do not differ signif-
icantly.

(2) The level of chromosome instability in the natu-
ral bank vole population (at least, in its reproductive
part) shows no statistically significant correlation with
animal age.

(3) In the breeding period, the frequencies of struc-
tural aberrations and, probably, aneuploid and polyp-
loid cells in bank voles increase.

(4) Highly significant differences between the levels
of chromosomal instability recorded in different years
were observed in the cyclic bank vole population
throughout the six-year observation period. These dif-
ferences manifest a tendency toward negative correla-
tion with population size.

The last two conclusions need verification in further
studied.

ACKNOWLEDGMENTS
This study was supported by the Russian Founda-

tion for Basic Research, project no. 05-04-48373.

REFERENCES
Bashenina, N.V., Bernshtein, A.D., Voronov, G.A., et al.,
Population Dynamics, in Evropeiskaya ryzhaya polevka
(Bank Vole), Moscow: Nauka, 1981, pp. 245–267.
Bender, M.A., Preston, R.J., Leonard, R.C. et al., Chromo-
somal Aberration and Sister-Chromatid Exchange Frequen-
cies in Peripheral Blood Lymphocytes of a Large Human
Population Sample: 2. Extension of Age Range, Mutat. Res.,
1989, vol. 212, no. 2, pp. 149–154.
Bocharov, Yu.S. and Vilkina, G.A., Mutations in the Karyo-
type and Aging, Genetika, 1966, no. 4, pp. 45–50.
Buzhievskaya, T.I., Virusindutsirovannyi mutagenez v klet-
kakh mlekopitayushchikh (Virus-Induced Mutagenesis in
Mammalian Cells), Kiev: Naukova Dumka, 1984.
Chernyavskii, F.B., Lazutkin, A.N., and Mosin, A.F., Varia-
tions of Some Physiological and Biochemical Parameters in
a Fluctuating Population of the Northern Red-Backed Vole
(Clethrionomys rutilus), Izv. Akad. Nauk, Ser. Biol., 2003,
no. 4, pp. 356–364.
Difilippantonio, M.J., Zhu, J., Chen, H.T. et al., DNA Repair
Protein Ku80 Suppresses Chromosomal Aberrations and
Malignant Transformation, Nature, 2000, vol. 404, pp. 510–
514.
Dmitriev, S.G., Zakharov, V.M., and Sheftel, B.I., Cytoge-
netic Homeostasis and Population Density in Red-Backed
Voles Clethrionomys glareolus and C. rutilus in Central
Siberia, Acta Theriol., 1997, Suppl. 4, pp. 49–55.
Evsikov, V.I., Moshkin, M.P., and Gerlinskaya, L.A., Popula-
tion Ecology of the Water Vole (Arvicola terrestris L.) in
Western Siberia: 3. Stress and Reproduction in the Popula-
tion Cycle, Sib. Ekol. Zh., 1999, no. 1, pp. 79–88.

Gaines, M. S. and Wittam, N.S., Genetic Changes in Fluctu-
ating Vole Population: Selective Forces, Genetics, 1980,
vol. 96, pp. 767–778.
Gileva, E.A., Ekologo-geneticheskii monitoring s
pomoshch’yu gryzunov (ural’skii opyt) (Ecological–Genetic
Monitoring with the Aid of Rodents: Ural Experience, Yeka-
terinburg: Ural. Gos. Univ., 1997.
Gileva, E.A., Chromatid Gap as a Marker of Mutagenic
Effect of Environmental Pollution in Commensal and Wild
Rodents of the Urals, Tsitol. Genet., 2002, vol. 36, no. 4,
pp. 17–23.
Gileva, E.A., Polyavina, O.V., Apekina, N.S., et al., Viral
Infections and Chromosome Aberrations in Bank Voles from
Natural and Laboratory Populations, Genetika, 2001, vol. 37,
no. 4, pp. 504–510.
Glotov, N.V., Zhivotovsky, L.A., Khovanov, N.V., and Khro-
mov-Borisov, N.N., Biometriya (Biometry), Leningrad: Len-
ingr. Gos. Univ., 1982.
Harvey, A.N., Costa, N.D., Savage, J.R.K., and Thacker, J.,
Chromosomal Aberrations Induced by Defined DNA Dou-
ble-Strand Breaks: The Origin of Achromatic Lesions,
Somat. Cell. Mol. Genet., 1997, vol. 23, no. 3, pp. 211–219.
Kuryshev, S.V. and Chernyavskii, F.B., Variations of Genetic
Structure in Fluctuating Populations of Forest Voles (Clethri-
onomys, Rodentia, Cricetidae), Zool. Zh., 1988, vol. 67,
no. 2, pp. 215–222.
Lezhava, T., Chromosome and Aging: Genetic Conception of
Aging, Biogerontology, 2001, no. 2, pp. 253–260.
Liehr, J.G., Is Estradiol a Genotoxic Mutagenic Carcinogen?,
Endocrine Rev., 2000, vol. 21, no. 1, pp. 40–54.
Lokhmiller, R.L. and Moshkin, M.P., Ecological Factors and
Adaptive Significance of Immunity Variations in Small
Mammals, Sib. Ekol. Zhurn., 1999, no. 1, pp. 37–58.
Mavournin, K.H., Blakey, D.H., Cimino, M.C. et al., The in
vivo Micronucleus Assay in Mammalian Bone Marrow and
Peripheral Blood. A Report of the U.S. Environmental Pro-
tection Agency Gene-Tox Program, Mutat. Res., 1990,
vol. 239, pp. 29–80.
Morris, S.M., A Role for p53 in the Frequency and Mecha-
nism of Mutation, Mutat. Res., 2002, vol. 511, pp. 45–62.
Olenev, G.V., Functional Determination of Ontogenetic
Changes in Age Markers in Rodents and Their Application to
Population Studies, Ekologiya, 1989, no. 2, pp. 19–31.
Paz-y-Mino, C., Davalos, M.V., Sanchez, M.E. et al., Should
Gaps Be Included in Chromosomal Aberration Analysis?
Evidence Based on the Comet Assay, Mutat. Res., 2002,
vol. 516, nos. 1–2, pp. 57–61.
Polyavina, O.V., Assessment of Correlation between Sex and
Age Structure, Genotoxic Potential of the Environment, and
Cytogenetic Instability in House Mice in the Urals and West-
ern Siberia, in Biota gornykh territorii: Mat. konf. molodykh
uchenykh (Biota of Mountain Territories: Proc. Conference
of Young Scientists), Yekaterinburg: Yekaterinburg, 2002,
pp. 147–157.
Rakitin, S.B., Dynamics of Cytogenetic Instability in Bank
Voles from Different Intrapopulation Groups, in Sovremen-
nye problemy populyatsionnoi, istoricheskoi i prikladnoi
ekologii: Mat. konf. molodykh uchenykh (Current Problems
in Population, Historical, and Applied Ecology: Proc. Con-
ference of Young Scientists), Yekaterinburg: Yekaterinburg,
2001, issue 2, pp. 191–199.



RUSSIAN JOURNAL OF ECOLOGY      Vol. 37      No. 4      2006

GENOMIC INSTABILITY IN THE BANK VOLE: POPULATION-ECOLOGICAL ASPECTS 277

Rakitin, S.B., Age and Frequency of Chromosomal Muta-
tions in Voles of the Middle Urals, in Biota gornykh terri-
torii: Mat. konf. molodykh uchenykh (Biota of Mountain
Areas: Proc. Conference of Young Scientists), Yekaterinburg:
Yekaterinburg, 2002, pp. 170–176.
Roy, D. and Liehr, J.G., Estrogen, DNA Damage, and Muta-
tions, Mutat. Res., 1999, vol. 424, pp. 107–115.
Skorova, S.V., Nazarova, G.G., and Gerlinskaya, L.A., Effect
of Stress on Chromosome Aberration Frequency in the Water
Vole, Izv. Sib. Otd. Ross. Akad. Nauk, 1986, no. 3, pp. 91–95.
Tamarin, R.H. and Krebs, C.J., Microtus Population Biology:
2. Genetic Changes at the Transferring Locus in Fluctuating
Populations of Two Vole Species, Evolution, 1969, vol. 23,
no. 2, pp. 183–211.

Tucker, J.D., Spruill, M.D., Ramsey, M.J. et al., Frequency of
Spontaneous Chromosome Aberrations in Mice: Effects of
Age, Mutat. Res., 1999, vol. 425, pp. 135–141.
Uryvaeva, I.V., Marshak, T.L., Zakhidov, S.T., et al., Accu-
mulation with Age of Micronuclear Aberrations in Liver
Cells of Quickly Aged Mice of SAM Line, Dokl. Akad. Nauk,
1999, vol. 368, no. 5, pp. 703–705.
Xiao, Y., Tates, A.D., Boei, J.J.W.A., and Natarajan, A.T.,
Aging and Diethylstilbestrol-Induced Aneuploidy in Male
Germ Cells: A Transgenic Mouse Model, Chromosoma,
1998, vol. 107, pp. 507–513.
Zhigalski, O.A. and Kshnyasev, I.A., Population Cycles of
the Bank Vole in the Range Optimum, Ekologiya, 2000,
no. 5, pp. 376–383.


