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Abstract—In an experiment to study radiation “bystander effects” (BEs) at the interorganismic (systemic)
level, we use mice irradiated at a dose of 3 Gy and mice that are not irradiated, bystanders, kept together. In
the irradiated animals, on the 3rd and 60th days, when kept without a partition, and on the 14th day when
kept in cells with and without a partition, a statistically significant decrease in the frequency of normal chro-
matophilic (oxyphilic) erythrocytes (NCEs) with micronuclei is revealed when compared with the gamma
control. In the nonirradiated bystander-mice, kept with the irradiated mice in a cage with a partition on the
14th day and in a cage without a partition on the 60th day, a tendency to exceed the micronucleus (MN) fre-
quency of the erythrocytes’ values in the biocontrol is revealed. Based on the data obtained in this experiment,
it is assumed that the radiation BE has the opposite character; i.e., nonirradiated organisms are able to reduce
the radiation effects in irradiated individuals: the “rescue effect.”
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INTRODUCTION

It has now been established that the biological
effects in cells after exposure to ionizing radiation (IR)
are caused not only by damage to the nuclear DNA.
Cells that are near the irradiated cells or in the culture
medium obtained from them can also exhibit changes
similar to those found in the irradiated cells. The so-
called non-targeted effects of IR, including the
“bystander effect” (BE), have been fairly well studied
in vitro and in vivo [1, 2]. It was shown that BE is char-
acterized not only by the transfer of damage from irra-
diated cells to nonirradiated ones in the form of chro-
mosomal aberrations, gene mutations, and changes in
gene expression but also by apoptosis, the neoplastic
transformation of the cells of the bystanders. It should
be noted that together with the cytotoxic effect, cyto-
protective effects, for example, an increase in their
radio resistance, are also recorded in the cells of
bystanders.

Previously, it was believed that BE could only be
realized within one organ or system. Recently it was
shown that BE could be recorded not only in cell cul-
tures or in vivo in one organism but also at the interor-
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ganismic level: an irradiated organism can induce
changes in an unirradiated organism. Such effects
have been found in invertebrates (Daphnia magna) [3]
and higher vertebrates—fish [4, 5] and rats [6]—and
were called radiation-induced interorganismic level
bystander effects [3]. Several mechanisms are pro-
posed to explain this phenomenon: (1) direct contact
and transmission of damaging factors; (2) the isolation
of compounds that can cause changes in nonirradiated
animals at a distance [7]; (3) the action of biophotons
[8]; and (4) the action of extracellular DNA [9].

The distant BE has been least studied in terms of
the manifestations and mechanisms of the phenome-
non related to nontargeted effects. In the works [10,
11], the first results of research and observation in a
comprehensive project to assess radiation-induced non-
targeted effects are presented. In our previous experi-
ment, nonirradiated mice that were in contact with irra-
diated (3 Gy) individuals for 3 months showed signs of
pathologies similar to radiation-induced ones: a
change in behavioral reactions, a statistically signifi-
cant tendency toward a decrease in the weight of the
spleen (r= —0.416, p = 0.048), an increase in the area of
alopecia (r=—0.631, p = 0.001), and other anomalies.
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Under the influence of IR, irradiated mammalian
cells are able to transmit extracellular signals to the
nonirradiated neighboring cells. The work [12] also
describes a phenomenon called the rescue effect, in
which the bystander cells reduced the radiation-
induced changes in irradiated cells using the intercel-
lular feedback signal.

This topic can be applied in the environmental
assessment of the impact of radioactivity on humans
and natural resources [13—15]. The aim of our experi-
ment is to study radiation bystander effects at the
interorganismic level in irradiated and nonirradiated
animals (mice) when they are kept together.

MATERIALS AND METHODS

The study was carried out on 60 outbred female
mice. The experiment used healthy animals that had
not previously been subjected to other experimental
effects. The groups were formed by the method of con-
tinuous sampling. During the experimental procedures,
the relevant international rules for working with labora-
tory animals were observed [16, 17]. Animals (n = 20)
were irradiated at a dose of 3 Gy at the IGUR-1M
research radiobiological gamma facility with four isotope
sources '¥Cs, the gamma dose rate was 0.79 Gy/min,
and the unevenness of the y-field in the workspace did
not exceed 5%. The absorbed dose for mice was 3.0 Gy.

After the treatment, the mice were placed in groups
of four cages, each of which contained five irradiated mice
and five nonirradiated mice (bystander mice, # = 20). In
two of the four cages, irradiated and non-irradiated
mice could freely contact each other. In the other two
cells, mice in the irradiated and nonirradiated groups
were separated by a metal net, which prevented their
tactile contact. Two more groups were used for the
control: the biocontrol group (# = 10) and the group of
the gamma control animals irradiated at a dose of 3 Gy,
(n = 10), each of which was contained in a separate
cell. In total, six experimental groups were formed.
The experiment lasted 3 months.

The analysis of the frequency of the micronuclei
(MN) of the erythrocytes was applied to solve the set
tasks. The MN test is an effective tool for assessing the
genotoxic effect of various factors, disorders related to
genome instability, and other cellular pathological
processes related to damage to the DNA and chroma-
tin, and related to impaired cell division [18]. Blood
was collected from the tail vein of mice on the 3rd, 7th,
14th, 30th, 60th, and 90th days after the start of the
experiment. Blood smears were prepared to determine
the frequency of erythrocytes with micronuclei and
the cellular composition of peripheral blood. The
smears were fixed with methanol for 3 min, dried, and
stained by the Romanovsky—Giemsa method. The
slides for analysis were coded and then analyzed using
Axio Scope Al and Axio Imager M2 microscopes
(Carl Ziess, Germany). The maximum single blood
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loss for each animal did not exceed 3% of the circulat-
ing blood volume (for mice of this age group). To
determine the frequency of erythrocytes with micro-
nuclei, 1000 polychromatophilic erythrocytes (PCEs)
and at least 2000 normal chromatophilic (oxyphilic)
erythrocytes (NCEs) were analyzed.

Statistical analysis was performed using Student’s
t-criterion. Differences were considered statistically
significant at the probability of the null hypothesis p <
0.05. For a comparative analysis of the data obtained,
the following influencing factors were identified:
gamma irradiation; time elapsed after the start of the
experiment; contact factor, i.e., the type of contact
between irradiated and nonirradiated animals (0 indi-
cates no contact between irradiated and nonirradiated
animals; 1 indicates olfactory contact (cage with a par-
tition); and 2 indicates tactile and olfactory contact
(cage without a partition)). Multifactor variance anal-
ysis for the signs of contingency was carried out using
a generalized linear model.

RESULTS AND DISCUSSION

The studies evaluated the frequency of PCEs with
micronuclei, NCEs with micronuclei, and the total
number of erythrocytes in the peripheral blood in mice
on the 3rd, 7th, 14th, 30th, 60th, and 90th days after
the start of the experiment. The average frequency of
PCEs with micronuclei in the peripheral blood of mice
from the biological control group was 0.2—0.6%0. The
gamma irradiation of animals resulted in a statistically
significant (r = 2.95, p = 0.01) increase in the fre-
quency of PCEs with micronuclei, starting from the
seventh day after irradiation, when this indicator
exceeded the value in the biological control group by
almost 5 times. This high level of cytogenetic damage
persisted for up to 14 days, followed by a decrease in
the frequency of chromosomal damage (Fig. 1).

In groups of nonirradiated bystander mice, no sta-
tistically significant changes in the frequency of PCEs
with micronuclei were found. On the 7th day, in the
group of bystander mice kept with irradiated mice in a
cage with a partition, a tendency toward an increase in
the frequency of the MN of the erythrocytes was
revealed (¢, = 0.88, p = 0.39; Fig. 2). A significant (=
2.32, p=0.03) decrease in the frequency of PCEs with
micronuclei compared to the value in the gamma con-
trol group (Fig. 3) was recorded in the group of irradi-
ated animals kept in the same cage with a partition
with nonirradiated witness mice on day 14 after the
start of the experiment. 3). When comparing the fre-
quency of PCEs with micronuclei in groups of irradi-
ated animals that were kept together with nonirradi-
ated bystanders, no other significant changes were
found.

When conducting multivariate variance analysis in
the main generalized model, a significant effect on the
frequency of PCEs with micronuclei of the radiation
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Fig. 1. Frequency changes of the MN of the PCEs in the
blood of two groups of animals: (/) biological control, and
(2) gamma control, versus time after irradiation.

factor (F=59.45, p=1.3 x 10~) and time after the start
of the experiment (F = 4.58, p = 0.033; Tables 1, 2) was
revealed. At the same time, gamma irradiation led to
an increase in the frequency of PCEs with micronuclei
by an average of 0.97%o, and the indicator decreased
by 0.0042%o per day.

When analyzing the frequency of NCEs with
micronuclei in the biological control group, it was found
that this indicator at the beginning of the experiment was
(1.09 % 0.18)%o0. Subsequently, it decreased, and on the
90th day after the start of the experiment in the biolog-
ical control group, the frequency of NCEs with micro-
nuclei was 0.26 + 0.12%o0. The gamma irradiation of
animals at a dose of 3 Gy led to a statistically signifi-
cant increase in the frequency of chromosomal aberra-
tions at all periods of the examination. On the 14th day
after the start of the experiment, the value of this indi-
cator was 3.7 times higher than its level in the biologi-
cal control group. Further, from the 30th day to the
90th day after the beginning of the experiment in the
gamma control group, the frequency of NCEs of
erythrocytes with micronuclei did not change signifi-
cantly and amounted to about 1%o, which exceeded
the values in the biological control group by 2—3 times
(Fig. 4).

In the groups of nonirradiated bystander animals,
no statistically significant changes in the frequency of
NCEs with micronuclei were found in comparison
with the values of the indicator in the biological con-
trol group (Fig. 5). In the groups where the irradiated
mice were kept with nonirradiated bystanders, the
irradiated animals showed a statistically significant
decrease in the frequency of NCEs with micronuclei
when compared with the gamma control #, (Fig. 6). An
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Fig. 2. Frequency of MN of PCEs depending on the time
after irradiation for groups of animals: (/) biocontrol;
(2) bystanders having had tactile contact with irradiated
animals; (3) bystanders in contact with irradiated mice
through the partition; (4) total values (control). On the
7th day, in the group of bystanders kept with irradiated
mice in a cage with a partition, a tendency toward an
increase in the frequency of the MN of erythrocytes (#; =
0.88, p = 0.39) was revealed.

indicator of comparison with biocontrol #,, where p is
the level of significance, is also given.

In the irradiated mice, there was a significant
decrease in the frequency of NCEs with micronuclei
as follows:

(1) on the 3rd day after the start of the experiment
when kept in one cage without a partition, #, = 0.39
and p =0.701; and t, = 2.35 and p = 0.03;

Table 1. Influence of various factors on the incidence of
PCEs with micronuclei in the peripheral blood of experi-
mental animals (multivariate analysis using generalized lin-
ear model)

Options F Significance, p
Irradiation 59.45 1.3 x 10713
Contact factor 1.52 2.2 x 10!
Day 4.58 3.3 x 1072
Irradiation + contact factor 0.49 6.1 x 107!

Coefficient of determination R = 0.162; Fis Fisher’s criterion.
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Fig. 3. Frequency of MN of PCEs depending on the time
after irradiation for groups of animals: (/) gamma control;
(2) irradiated animals, having had tactile contact with
bystanders; (3) irradiated mice in contact with bystanders
through the partition; (4) the total number of micronu-
cleated erythrocytes in the gamma control (polychromato-
philic + normochromatophilic). On the 14th day, a statis-
tically significant (¢ = 2.32, p = 0.03) decrease in the fre-
quency of MN erythrocytes in irradiated mice in contact
with the bystanders through the partition.

(2) on the 14th day, as in the group of animals kept
in cages without a partition, 7, = 1.72 and p = 0.1; and
t, = 6.03 and p = 0.000011; and in the group in cells
with a partition, #, = 4.28 and p = 0.0005; and #, = 3.29
and p = 0.004.

At the same time point (on the 14th day), in nonir-
radiated bystander mice kept with irradiated mice in a
cage with a partition, a tendency toward an excess of

Table 2. Generalized linear model parameters when analyz-
ing the influence of various factors on the frequency of
PCEs with micronuclei in the peripheral blood of experi-
mental animals

Options B t Significance, p
Free member 1.45 13.2 1.33 x 1032
Irradiation =0 0 - -
Irradiation = 1 0.966 7.71 1.26 x 10713
Day —0.0042 —2.14 3.29 x 1072

B is the value of the coefficient in the main linear model corre-
sponding to the investigated factor; 7 is the value of Student’s
coefficient for the given factor.
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Fig. 4. Changes in the frequency of MN normochromato-
philic erythrocytes (NCEs) in the blood of two groups of
animals, depending on the time after the start of the exper-
iment: (/) biological control; and (2) gamma control.

the frequency of erythrocytes of indices in biocontrol
was revealed (7, = 1.79, p = 0.09; Fig. 5);

(3) on the 60th day in the group where the animals
were kept in cages without a partition, ¢, = 0.75, p =
0.46; and t, = 2.8, p = 0.01.

Also on the 60th day, in non-irradiated bystanders
mice, which were with irradiated mice in a cage with-
out a partition, a tendency was revealed for an excess
of the frequency of the MN of the erythrocytes of the
indicators in the biocontrol (¢, = 1.39, p = 0.18; Fig. 5).

An increase in the frequency of NCEs with micro-
nuclei in the peripheral blood was also revealed in irra-
diated animals that were kept with nonirradiated
bystanders in the same cage with a partition (group 2) on
the 30th day after the start of the experiment (Fig. 6).

The multivariate analysis revealed a significant
effect of the following factors: irradiation, time
elapsed after start of experiment, and contact factor
(Tables 3, 4).

The frequency of all erythrocytes with micronuclei
is actually a combination of the data for the frequency
of PCEs and NCEs with micronuclei; however, due to
the increase in the number of red blood cells analyzed,
in this case, the statistical power of the analysis
increases (Tables 5, 6). When irradiated and nonirra-
diated mice are kept in one cage without a partition, a
decrease in the frequency of erythrocytes with micro-
nuclei by an average of 0.43%o is recorded in the irra-
diated mice.
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Fig. 5. Dependence of the frequency of MN normochro-
matophilic erythrocytes (NCE) on the time elapsed after
irradiation for groups of animals: (/) biocontrol, and
(2) bystanders having had tactile contact with irradiated
animals; (3) bystanders having had contact with the irradi-
ated mice through the partition.

CONCLUSIONS

The effect of IR led to an increase in the frequency
of erythrocytes with micronuclei in the peripheral
blood of mice, and the indicator decreased depending
on the time that had elapsed after the start of the
experiment. Tactile and olfactory contact led to a
decrease in the frequency of NCEs with micronuclei
in irradiated mice, which were kept in cages with non-
irradiated bystanders. The irradiated animals showed a
statistically significant decrease in the frequency of
NCEs with micronuclei when compared with the
gamma control ¢, as follows: (1) on the 3rd day after
the start of the experiment when the mice were kept in
one cage without a partition, #, = 2.35 and p = 0.03;

Table 3. Influence of various factors on the frequency of
normochromatophilic erythrocytes with micronuclei in the
peripheral blood of experimental animals (multivariate
analysis using generalized linear model)

Options F Significance, p
Contact factor 4.38 1.3 x 1072
Day 73.51 3.2 % 10716
Irradiation 97.74 1.7 x 10720
Irradiation + contact factor 3.42 3.4 %x 1072

Criterion of determination R? = 0.346; Fis Fisher’s test.
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Fig. 6. Frequency dependence MN of normochromato-
philic erythrocytes (NCE) on time elapsed after irradiation
for groups of animals: (/) gamma control; (2) irradiated mice
in tactile contact with bystanders; (3) irradiated mice having
come into contact with bystanders through the partition.

(2) on the 14th day as in the group where the animals
were kept in a cage without a partition, #, = 6.03 and
p =0.000011; and in the group of animals in cages with
a partition, #, = 3.29 and p = 0.004; (3) on the 60th day
in the group where the animals were kept in cages
without a partition, #, = 2.8 and p = 0.01.

At the same time, there was a tendency toward an
increase in the frequency of the MN of the NCEs in
unirradiated bystander mice. On the 14th day, these
bystander mice, kept with irradiated mice in a cage
with a partition, showed a tendency toward an excess
of the frequency of the MN of the erythrocytes in the
biocontrol parameters (¢, = 1.79, p = 0.09).

Analysis of the published data in the study of the
bystander effect at the cell level [9] showed the role of
extracellular DNA in the formation of radiation effects
in nonirradiated cells. According to A.V. Ermakova
et al., the chain of sequential events in the signaling
system is as follows: irradiation — primary oxidative
stress — DNA modification — apoptosis of damaged
cells — free modified extracellular DNA — signal
reception by nonirradiated cells — secondary oxida-
tive stress — DNA modification, etc. A radiation-
induced BE involving the DNA signaling pathway was
observed in undifferentiated and differentiated human
cells forming suspension or monolayer cultures.

The discussion of the possible mechanisms of the
radiation bystander effect at the level of the organism
from the point of view of biochemistry was linked by
the authors with the theory of radiotoxins by
Vol. 15
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Table 4. Parameters of the generalized linear model in the analysis of the influence of various factors on the frequency of
normochromatophilic erythrocytes with micronuclei in the peripheral blood of experimental animals

Parameters B t Significance, p

Free member 2.10 19.75 5.00 x 1075
Contact factor = 0 0 — -
Contact factor = 1 —0.083 —0.60 5.47 x 107!
Contact factor = 2 —0.47 —-3.43 6.75 x 1074
Day —0.01 -8.57 3.18 x 10716
Irradiation = 0* 0 — -
Irradiation = 1** 1.05 7.60 2.61 x 1078
Irradiation = 0 + contact factor = 1 0.27 1.41 1.59 x 107!
Irradiation = 0 + contact factor = 2 0.509 2.61 9.36 x 1073
Irradiation = 0 + contact factor =0 0 — -
Irradiation = 1 + contact factor = 1 0 — -
Irradiation = 1 + contact factor = 2 0 — -
Irradiation = 1 + contact factor = 0 0 — —

* Lack of radiation; ** irradiation at a dose of 3 Gy.

B is the value of the coefficient in the main linear model corresponding to the investigated factor; ¢ is the value of Student’s coefficient
for the given factor. Contact factor: 1 indicates the contact of irradiated and nonirradiated animals in cages with a partition; 2 indicates
the contact of animals in cages without a partition; 0 indicates no contact.

A.M. Kuzin [19, 20]. We have made an assumption
about the important role of lipoperoxide derivatives in
the formation of the studied effect. Lipoperoxides
formed as a result of exposure to ionizing radiation on
the body are highly toxic volatile compounds [21]. The
products of lipid peroxidation and the appearance of
volatile metabolites can cause the appearance of a
molecular signal leading to a change in the cells of
unirradiated bystanders’ organisms [10, 11].

In a series of experiments conducted by a group of
Canadian researchers at McMaster University [4—6],
as an explanation of the mechanisms of the bystander

Table 5. Influence of various factors on the frequency of red
blood cells with micronuclei in the peripheral blood of
experimental animals (multivariate analysis using general-
ized linear model)

Options F Significance, p
Contact factor 3.80 | 2.3x 102
Day 67.64 | 3.8 x 10-15
Irradiation 129.39 | 9.4 x 1026
Irradiation + contact factor 3.04 4.9 x 1072

Coefficient of determination R? = 0.374; Fis Fisher’s test.

RUSSIAN JOURNAL OF PHYSICAL CHEMISTRY B  Vol. 15

effect, the hypothesis about the role of ultraviolet bio-
photons in the transmission of the bystander signal
between organisms is being tested, and some of the
provisions of this theory have already been confirmed.
It is assumed that the use of these principles of quan-
tum biophysics will bring the discussion of the mech-
anism of the phenomenon to a fundamentally new
level [5, 6].

The phenomenon of the rescue effect is also known
from these foreign sources. The effect was observed in
both primary human fibroblast (NHLF) and cancer
cells (HelLa) using two-cell coculture systems. After
the cocultivation of irradiated cells with nonirradiated
bystander cells for 24 h, the number of foci of the
p53-binding protein 1, corresponding to the number
of DNA double strand breaks in irradiated cells, was less
than in the irradiated cells that were not cocultured with
the cells of the bystanders (0.78 £ 0.04 versus 0.90 *+
0.04 foci/cell) at a statistically significant level. Simi-
larly, the formation of micronuclei and the degree of
apoptosis in irradiated cells differed at statistically sig-
nificant levels if they were cocultured with bystander
cells [12].

Based on the data obtained in the present experi-
ment and the results of studies of other authors of the
bystander effect under exposure to radiation, it can be
assumed that nonirradiated organisms are able to
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Table 6. Parameters of the generalized linear model in the analysis of the influence of various factors on the frequency of
erythrocytes with micronuclei in the peripheral blood of experimental animals

Options B t Significance, p

Free member 2.017 20.80 2.83 x 1076
Contact factor =0 0 — —
Contact factor = 1 —0.15 —1.18 2.37 x 107!
Contact factor = 2 —-0.43 —3.44 6.59 x 10~
Day —0.009 —-8.22 3.81 x 10°5
Irradiation = 0* 0 - —
Irradiation = 1** 1.06 8.46 7.36 x 10716
Irradiation = 0 + contact factor =0 0 - -
Irradiation = 0 + contact factor = 1 0.28 1.58 1.15 x 107!
Irradiation = 0 + contact factor = 2 0.43 2.43 1.57 x 1072
Irradiation = 1 + contact factor =0 0 - —
Irradiation = 1 + contact factor = 1 0 - —
Irradiation = 1 + contact factor = 2 0 — -

* Lack of radiation; ** irradiation at a dose of 3 Gy.

B is the value of the coefficient in the main linear model corresponding to the investigated factor; ¢ is the value of Student’s coefficient
for the given factor. Contact factor: 1 indicates the contact of irradiated and nonirradiated animals in cages with a partition; 2 indicates
the contact of animals in cages without a partition; 0 indicates no contact.

reduce the radiation effects in exposed individuals. At
the organismic (systemic) level, the combination of
the effects of DNA modification with subsequent
apoptosis, as well as other cellular phenomena, and
the formation of volatile metabolites that affect blood
cells induce BE, the reverse side of which is the rescue
effect. The results indicate the need for further studies
of the radiation-induced bystander effect using
molecular-cell methodological approaches.
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