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Introduction. Exposure of the brain to high doses of ionizing radiation is an established risk factor for the development of neoplasms and associated cognitive
disorders. However, the impact of long-term low-dose irradiation on the brain and higher nervous system, including the development of anxiety-depressive
disorders, remains an unsolved problem.

Objective. To study the effect of fractionated gamma-irradiation in doses of 0.1 Gy, 1 Gy and 5 Gy in the early postnatal period on indices of depression-like
states in C57BI/6 mice at the age of 1 and 6 months.

Materials and methods. The animals were irradiated during the first month of life. Cumulative doses (0.1 Gy, 1 Gy and 5 Gy) were obtained in the mode of
fractionated irradiation (20 fractions). 2 control groups were formed comprising intact animals and falsely irradiated animals. The presence of a depression-like
state was evaluated in the “tail holding” test at the age of 1 month and 6 months.

Results. Age-related changes were manifested by a decrease in depression-like behavior in 6-month-old mice compared with 1-month-old mice. Stress in-
duced by performing radiation-related manipulations, which had no significant effect on 1-month-old mice, led to the development of marked depression-like
states in the same animals at 6 months of age. Radiation exposure led to the development of a dose-dependent antidepressant-like effect, which was more
pronounced in animals at the age of 6 months after fractionated irradiation at doses of 0.1 Gy and higher.

Conclusions. Fractionated gamma-irradiation does not lead to the development of depression-like symptomatology in mice in the early postnatal period, but,
on the contrary, is characterized by antidepressant action.
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OLIEHKA OENPECCMBHOMNOAOBHOIO NMOBEAEHUSA Y MbILLEW MOCNE ®PAKLIMOHUPOBAHHOIO
FAMMA-OBJTYHEHUA

H.A. O6BuHLUEeBa™, H.W. AtamaHtok, N.A. LLlanowHnkosa, A.A. MNepeTbiknH, E.A. MpsixiH

YpanbCkui HayYHO-NPaKTUHECKMIA LIEHTP paauaLoHHOn MeguumnHbl efepanbHoro Meamnko-bnonornieckoro areHTcTea, YenabuHek, Poceus

BBepeHue. O6ny4eHne Mo3ra B 60/bLUMX J03aX MOHU3UPYIOLLErO U3/yHYeHUs SBASIETCS YCTaHOBNEHHbIM (hakTOPOM puUcKa pasBuTUS HOBOOOpa30oBaHMM
N KOFHUTUBHbIX HapyLueHnii. OfHaKko HepeLleHHOM NPo6IeMon OCTaeTCs BAMAHNE AUTENBHOrO 06/1yHeHMA B ManblX 403aX Ha FOMOBHOW MO3I U BbICLLYIO
HEPBHYIO AEATENBHOCTb, B TOM YMC/E Ha Pa3BUTME TPEBOXXHO-AENPECCHBHBIX PACCTPONCTB.

Lenb. V13y4nTb BAvsSiHWE hpakUMOHMPOBaHHOIo ramma-obnyyeHns B gosax 0,1 Mp, 1 Mp 1 5 [p B paHHWUIA NocTHaTaNbHbIA NEPUO Ha nokasaTtenn aenpec-
CUBHOMOZOBHOr0 COCTOAHMS Y Mbitert nuHun C57BI/6 B Bo3pacTe 1 1 6 mec.

MaTepuanbl 1 MmeToAbl. KVBOTHbIX 00JTy4ann B TeHEHNEe NePBOro MecsiLia >kn3Hn. Heobxoammble KymynsTusHble 1036l (0,1 [p, 1 Mp v 5 o) Gbinn nonyyeHsl
B pexvMe PpakLoHNPOBaHHOMO 06My4eHns (20 dpakumnii). Bblan cdhopmmpoBaHbl 2 KOHTPOMBbHbIE TPYMMbl: UHTAKTHbBIE >KUBOTHBIE U NIOXKHO 06/1yYeHHble
>KMBOTHbIE. [lenpeccrBHONOA0OHOE COCTOAHME OLIEHVBaM B TECTE «yAepXXaHna XBoCTa» B Bo3pacTte 1 1 6 mec.

PesynbTaTbl. Bo3pacTHble M3MEHEHNS MPOSIBASNMCH B CHYXXEHUM AeNPECCMBHOMOAOOHOMO NOBEAEHNS Y MbILLEN B BO3PACTe 6 MeC. MO CPaBHEHWIO C Mbl-
wamwn B BodpacTe 1 mec. CTpecc, BbI3BaHHbIM BbINOMHEHMEM MaHUMYSALMIA, CBA3aHHBIX C 0O/Ty4YEeHNEM, He OKa3blBasl CyLLECTBEHHOMO BAVSIHAS Ha MbILLEN
B Bo3pacTe 1 MecC., HO BbI3biBas Pa3BUTME BbIPAXKEHHOMO AENPECCMBHOMNOAOOHOIO COCTOSIHUA Y 9TUX XKE >KMBOTHbIX B BO3pacTe 6 mec. PagvaunoHHoe
BO3[EeVICTBME NPUBESIO K PAa3BUTMIO 3aBUCKMMOro OT L03bl aHTUAENPECCMBHOMOA0OHOMO adhdeKTa, KOTOPbIN Obl 6ONEe BbIPaXKEH Y XKMBOTHbIX B BO3pacTe
6 Mec. nocne gpakumoHMpoBaHHOro obny4eHnst B gosax 0,1 Ip v Bbile.

BbiBoAbl. PpaKkLIMOHMPOBAHHOE ramma-obnyYeHne B paHHWA MocTHaTabHbIN NEPUOA He MPUBOAUT K PasBUTUIO AENPECCUBHOMOAOOHON CUMITOMATUKM
Y MbILLEN, &, HaNPOTVB, XapaKTepuU3yeTCs aHTULAENPECCUBHBIM AENCTBMEM.

KntoyeBble crnoBa: VOHN3MPYIOLLEe U3NyYeHne; Manble 403bl; PPakLUMOoHMPOBaHHOe 0ByYeHE; MbILLW; AenPeCcCMBHONOA0OHOE COCTOSHME; TECT «yaep-
JKaHne XxBocTa»
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INTRODUCTION

It is known that acute irradiation of the brain in high doses
leads to cognitive dysfunction, which is generally mani-
fested as a deficit of hippocampus-dependent functions
of learning and memory, and that these effects are cor-
related with the irradiation dose [1-3]. However, despite
the considerable body of information on the influence of
ionizing radiation on the human body, the formation of
mental disorders and the nature of mental disorders in
humans depending on the irradiation dose remains un-
der-researched.

In addition to changes in cognitive function, a number
of studies have also noted changes in emotional behav-
ior — in particular, the development of signs of anxiety and
depression. Thus, a high prevalence of cerebrovascular
diseases, organic psychiatric and depressive disorders,
cognitive impairment and dementia were noted among the
Chernobyl accident liquidators, which cases grew with in-
creasing radiation dose, some effects being registered at
doses from 50 mSv [4, 5]. An increased incidence of de-
pression and suicidal ideation has been reported among
adolescents exposed at an early age to radioactive fallout
from the Chernobyl accident [6]. A wide range of depres-
sive pathologies against a background of organic disorders
was revealed in persons irradiated in the radiation acci-
dents zone of the Southern Urals [7].

However, when analyzing data on radiation effects in
populations irradiated as a result of radiation incidents, it
should be considered whether the stress associated with
receiving information about possible radiation exposure re-
gardless of whether the background doses were actually
exceeded may be responsible for the increased incidence
of psychiatric disorders [8].

In order to exclude the effect of factors other than radia-
tion exposure, it is of interest to study the peculiarities of ra-
diation exposure on mental states in experimental animals.
Behavioral changes characterized by increased anxiety
have been detected in rodents under irradiation at doses
in the range of 0.25-1 Gy [9-11]. Dos Santos M et al. reg-
istered depressive-like symptoms in animals, which were
manifested in the increase of immobility time in the forced
swimming (Porsolt) test at brain irradiation in the dentate
gyrus region at doses from 0.25 Gy [10]. At the same time,
a group of authors Wang H, Ma Z, Shen H, et al. noted
depressive-like behavior in rats irradiated at the level of
5 Gy at an early age as manifested in the forced swimming
test and tail holding test, which remained the same within 4
months after irradiation [12].

Brain exposure to high doses of ionizing radiation is an
established risk factor for the development of neoplasms
and cognitive disorders [1]. However, the effect of long-
term low-dose irradiation on the central nervous system
(CNS) and higher nervous activity remains poorly under-
stood. Long-term exposure due to radiation incidents is
characteristic both of emergency professionals and the
general population living in the proximate zones. This type
of radiation exposure will be additionally characteristic for
astronauts during long space flights outside the Earth’s
magnetic field (flights to the Moon, Mars, etc.).
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It should be noted that the available data on the effects
of chronic or fractionated radiation and their impact on the
higher nervous activity of experimental animals, especially
in the aspect of long-term irradiation at low doses, are
contradictory [1, 3]. Most studies of the effects of ioniz-
ing radiation on mental functions were conducted using
a single acute exposure, while clinically and environmen-
tally significant effects on humans occur predominantly in
the mode of chronic or fractionated irradiation. Due to the
fact that sex differences in depression-related behavior
can be registered in humans and mice [13], studies to as-
sess the effect of fractionated irradiation on depression-
like behavior in mice should take gender specifics in the
implementation of radiation-induced behavioral changes
into account.

The present work set out to evaluate the effect of early
fractionated irradiation at cumulative doses of 0.1 Gy, 1 Gy
and 5 Gy on depression-like behavior in mice of different
sexes both immediately after irradiation and over longer
periods of time.

MATERIALS AND METHODS

Male and female mice of the C57BL/6 line (SPF-vivarium
nursery of Institute of Cytology and Genetics SB RAS,
Novosibirsk) were used in this work. The animals were kept
under standard vivarium conditions on a standard diet un-
der natural light.

The effect of prolonged radiation exposure in the early
postnatal period, which is characterized by the greatest
sensitivity of the brain to the action of ionizing radiation,
was evaluated at low (0.1 Gy), medium (1 Gy) and high
(5 Gy) doses. Starting from 0-3 days after birth and con-
tinuing for the first month of life, the animals were subjected
to fractionated total external gamma-irradiation 5 days a
week for 4 weeks (20 fractions in total).

All experimental animals were divided into groups ac-
cording to sex and the level of external gamma irradiation:

1. 5 Gy group — mice (40 males and 40 females) irradi-
ated at a cumulative dose of 5 Gy (20 fractions of 0.25 Gy
each);

2. 1 Gy group — mice (40 males and 40 females) irradi-
ated at a cumulative dose of 1 Gy (20 fractions of 0.05 Gy);

3. 0.1 Gy group — mice (40 males and 40 females)
irradiated at a cumulative dose of 0.1 Gy (20 fractions of
0.005 Gy);

4. 0 Gy group — false irradiation (O Gy) (40 males and
40 females). Animals in this group were treated with simi-
lar manipulations and in the same amount as in the “irra-
diation” groups, but without exposure to ionizing radiation.
Stress associated with manipulations included: early post-
natal stress in the form of short-term (3-5 min) depriva-
tion from the mother; stress associated with cell transfer,
sound, light simulation of irradiation at the IGUR-1M facility;

5. Biological control group (BC) — intact animals (40
males and 40 females).

Irradiation was carried out at the IGUR-1M experimen-
tal radiobiological unit with 137Cs-sources (CJSC “Kvant”,
Russia). The irradiation dose rate at single doses of
0.25 Gy and 0.05 Gy was 0.72 Gy/min; to obtain a single
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dose of 0.005 Gy, lead collimators were used to reduce
the dose rate to 0.015 Gy/min. Gamma field irregularity in
the working space was not more than 10%. For irradia-
tion, mice were placed inside the facility in home cages,
removing from them lactating females for the duration of
irradiation.

On the IGUR-1M unit, five cages with simultaneously ir-
radiated animals were vertically arranged on top of each
other. Each day, the position of cells in the row of five was
changed. The absorbed dose in each irradiation cycle
was monitored using a DKS5350/1 clinical dosimeter (UE
“Atomteh”, Republic of Belarus) fitted with a TM31010 cylin-
drical ionization chamber (PTW-Freiburg, Germany having
a volume of 0.125 cm?® in the mode of K(a) kerma meas-
urement in the air of X-ray and gamma radiation. For each
cage containing animals, the actual absorbed dose for 20
fractions of irradiation was individually calculated taking
into account the dosimeter readings and the calculated
value of dose uncertainty.

When calculating the actually received cumulative ab-
sorbed dose for animals of each experimental group as
based on the DKS5350/1 dosimeter readings in each ir-
radiation cycle and calculated values of standard uncer-
tainties of irradiation doses on the IGUR-1M unit, the fol-
lowing values were obtained for mice: for the 0.1 Gy
group — (0.11 + 0.01) Gy; for the 1 Gy group — (1.00 + 0.08)
Gy; for the 5 Gy group — (5.2 + 0.4) Gy [14].

At the age of 1 month, 10 individually labelled mice of
the same sex were placed in separate cages. Testing was
performed at the age of 35-37 days (one week after com-
pletion of irradiation and weaning) and again at the age of
6 months (5 months after completion of irradiation). In each
experimental group, 80 animals (40 males and 40 females)
were tested.

The depression-like state in mice was assessed via the
tail-holding test (analog of the Porsolt forced swimming
test), which represents the animal’s reaction to a short-
term unavoidable stress in the form of immobile suspension
(immobility). The test assessed the time, during which the
animal switches from active attempts to free itself from an
unpleasant position (suspension by the tail) to immobility,
which is interpreted as a manifestation of despair behavior
and reflects a depression-like state of rodents [15].

To perform the test, mice were suspended by their tails
with 15 cm long pieces of painter’s tape from a bar located
on two racks. Four animals were tested at a time, separat-
ing them from each other with cardboard partitions. Plastic
tubes 2/3 the length of the tail attached to the tail to prevent
the mouse from being able to climb up it. At least 30 cm
was left between the nose of the mouse and the table sur-
face. After suspension, the behavior of the mice was re-
corded by video (Sony a37 camera) for 6 min, after which
the animals were released [15]. The total time during which
the mice hung motionless without making active attempts
to free themselves (total immobility time); the number of
such immobile suspensions; the time until the firstimmobile
suspension; and the average time of one immobile suspen-
sion were recorded. The indicators were recorded using
the RealTimer program (“Open science” research and pro-
duction company LLC, Russia).

Data were analyzed in Microsoft Excel and using the
R programming language [16]; the results were expressed
as mean values and standard errors (M + SE). We evalu-
ated the conformity of the measured parameters in each
group to the normal distribution using the Kolmogorov-
Smirnov test of agreement with a statistical significance
level of 0.05. Since all analyzed indicators corresponded
to normal distribution, the experimental groups were com-
pared using Student’s t-criterion. A significance level of
0.05 was considered reliable. Multivariate variance analysis
was performed using a generalized linear model to assess
the linear dependence of the studied parameters on the
radiation dose, sex, and stress factor associated with ma-
nipulations during irradiation of animals (animals from the
biological control group were assumed not to experience
stress, while animals from the other groups, including the
0 Gy group, were exposed to stress).

RESULTS

In the BC group of mice at 1 month and 6 months of age,
all analyzed parameters in mice at 6 months of age had
no statistically significant differences between males with
the exception of mean time to one immobile suspen-
sion (f = 2.33, p = 0.02): time to first immobile suspen-
sion at 1 month of age — t = 1.03, p = 0.31; at age 6
months — t = 0.74, p = 0.46); total immobile time at age 1
month — t = 0.20; p = 0.84; at age 6 months — t = 1.41,
p =0.16; number of immobile suspensions in mice at age 1
month —t = 0.17, p = 0.86; at 6 months of age — t = 1.25,
p = 0.22; mean time per immobile suspension in mice at
1 month of age — t = 0.86, p = 0.39. In the experimen-
tal groups, there were generally no differences between
males and females. However, sex differences were ob-
served in animals in the false irradiation group (0 Gy) at
1 month of age: males had shorter time to first immobile
suspension (f = 213, p = 0.04), as well as a longer to-
tal immobile time (¢ = 2.5, p = 0.01) and mean time to
one immobile suspension (f = 2.3, p = 0.02) compared
to females. Among the exposed animals, only one group
(1 month, 1 Gy) showed differences between females
and males in terms of time to first immobile suspension
(t = 2.6, p = 0.01), which was shorter in males. Further,
the test results in each experimental group were analyzed
without sex separation (Table 1).

Significant behavioral differences in mice aged 1 and 6
months in the BC group were observed. Thus, the time to
the first immobile suspension in mice aged 1 month was
39 + 3 s, while in the same mice at attainment of the age
of 6 months, the value of this index was 2.7 times great-
er (t = 11.3, p < 0.001). Total immobility time decreased
2-fold with age (t = 15.7, p < 0.001); the number of im-
mobile suspensions decreased from 10.8 = 0.3 times to
7.5 + 0.3 times (t = 7.8, p < 0.001). The mean time per
immobile suspension also decreased from 23.0 + 1.2 sec-
onds to 15 + 1.1 seconds (t = 4.9, p < 0.001).

In the false irradiation group (O Gy), stress caused by
manipulations related to irradiation (cell transfer, removal
of infant mice from their mothers for up to 5 min, sim-
ulation of irradiation at the IGUR-1M facility) in mice at
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the age of 1 month led to a change in only one indi-
cator — a decrease in the total immobility time by 8%
(t=2.2; p = 0.03) (Table 1). However, such stress led to
pronounced changes in 3 out of 4 analyzed parameters
(time to the first immobile suspension, total immobility
time, number of immobile suspension) when these mice
reached the age of 6 months. Thus, in the O Gy group
mice as compared to the BC group, the time to first stat-
ic suspension decreased by 16% (t = 2.2, p = 0.03), total
immobility time increased by 75% (t = 6.4, p < 0.001),
and the number of static suspensions increased by 71%
(t =6.2, p <0.001). These behavioral changes in mice in
the O Gy group can be interpreted as a manifestation of a
depression-like state. Due to the revealed differences in
the BC and 0 Gy groups, the analyzed parameters of the
irradiated mice were compared with those of the 0 Gy
group of the corresponding age.

In mice at the age of 1 month, no statistically signifi-
cant differences were found between the 0.1 Gy and 1 Gy
groups, or with the 0 Gy group, for all the parameters stud-
ied (time to the first immobile suspension, total immobil-
ity time, number of immobile suspensions, average time of
one immobile suspension). In animals irradiated at a dose
of 5 Gy, a lengthening of the time to the first immobile sus-
pension (t = 2.6, p = 0.01), as well as a reduction in total
immobility time (t = 4.1, p < 0.001) and mean time per im-
mobile suspension (t = 4.0, p < 0.001) were observed. Such
changes can be interpreted as a manifestation of antide-
pressant-like effect of fractionated irradiation at a total dose
of 5.2 Gy.

ORIGINAL ARTICLE | RADIOBIOLOGY

In mice at the age of 6 months, a statistically sig-
nificant decrease in the total time of static suspension
and the number of static suspensions was detected in
all dose groups (Table 2). There was also a statistically
significant increase in the time to the first immobile sus-
pension in the 5 Gy group (t = 2.6, p = 0.01) and a de-
crease in the mean time of one immobile suspension in
the 1 Gy group (t = 2.9, p = 0.005). Such changes can be
interpreted as manifesting an antidepressant-like effect 5
months after exposure to irradiation at doses of 0.1 Gy
and higher.

An important stage in researching the causal relation-
ships between the analyzed factor and its effects is the as-
sessment of dose-effect relationship. The revealed chang-
es depended on the level of radiation exposure. Regression
analysis showed that the dose of radiation exposure has a
statistically significant effect on the time to the first immo-
bile suspension at the age of 1 month (R? = 0.03; F = 12.5;
p < 0.001) and at the age of 6 months (R? = 0.02; F = 8.5;
p = 0.004) (Fig. 1).

At the same time, the slope coefficients in the equa-
tions of dependence of time to the first immobile suspen-
sion in mice of different ages did not differ (t = 0.2, p = 0.8),
indicating that the effect of fractionated irradiation on the
indicator of time to the first immobile suspension did not
differ in the same animals at the age of 1 and 6 months.
Nevertheless, pronounced age changes are registered in
the form of increased time to the first immobile suspen-
sion in mice at the age of 6 months compared to one-
month-old animals.

Table 1. Tail suspension test results in 1 month old mice in different experimental groups

Group Gender Time to the fi_rst immobile Tota_l immobility Number _of immobile Average tin']e of one immobile
suspension, sec time, sec suspensions (M+SE) suspension (M+SE), sec
3 42 +5 2307 109+ 05 24 21
BC 9 36+3 228 +7 10.8 £0.3 22+1.0
3+9 39+3 229+5 10.8 £ 0.3 23.0+£1.2
3 28+ 4 226+ 8 11+05 23.2+1.8
0 Gy 9 51 +10 *194 £ 10 10.6 +0.4 *18.3 = 1.1
+Q 39+5 2117 10.8 £ 0.3 209 + 1.1
3 144 +3 222 +7 109+ 05 217+£13
0.1 Gy 0 *50+ 4 1222 +5 109+ 04 122.3+1.0
3+9Q 47 +3 226+ 5 10.9+0.3 22+0.8
3 41 4 212+ 8 11104 20.6 £1.2
1Gy o) *54 + 3 1230+ 6 11.4+04 20.7 £1.0
3+Q 47 £2.5 217 +5 11.2+0.3 20.6 + 0.8
3 149 + 4 *t181 9 11.4+0.5 *116.8 + 1.1
5 Gy 0 64 +8 *1163 + 9 1.4+ 0.6 *t14.7 £ 1.0
3+9Q *t56 + 5 172 £ 7 11.4+04 *115.7 £ 0.8

Table prepared by the authors using their own data

Note: ¢ — males; ¢ — females; * — statistically significant differences from the index in the biological control group, p<0.05; T — statistically significant differences
from the index in the 0 Gy group, p<0.05.
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Table 2. Tail suspension test results of 6-month-old mice in different experimental groups

Groups Gender Time to the fi.rst immobile Total immobility time, Number of irpmobile Average time of one immobile
suspension, sec sec suspensions suspension, sec

3 101 +9 197 +8 $7.9+0.5 125 +1.0

BC 9 3109+ 6 1149 171 +04 317.5+1.9
3+9 3105+ 5 3106 + 6 37.5+03 $15.0 + 1.1

53 88+8 *168 + 17 *11.7+£1.0 145+ 1.0

0 Gy 9 87 +8 *204 + 13 *13.9+ 1.1 16.7 £ 1.2
3+9Q *88 + 6 *186 + 11 *12.8 +0.8 15.6 +0.8

53 82+8 *133+9 *9.7+0.5 13.4+0.9

0.1 Gy 9 95+5 1135+ 8 *18.7 £ 0.4 16.2 +1.2
3+9 *88+5 *1134 + 6 *19.2+0.3 14.8 +0.8

3 96 +9 1106 + 8 18.9+0.5 121 +£0.9

1 Gy 9 99+8 195+ 9 17.7+0.4 *112.5 + 1.3

3+9 98 + 6 1101 + 6 18.3+0.3 *112.3 £ 0.8

3 113+ 10 1104 + 10 17.2+0.6 149+ 1.6

5 Gy 9 F111+£9 1103 + 9 179+ 0.5 *12.9 £ 1.1
3+9 Tf112+7 1104 +7 176 +0.4 13.9+1.0

Table prepared by the authors using their own data

Note: ¢ — males; ¢ — females; * — statistically significant differences from the index in the biological control group, p<0.05; T — statistically significant differences
from the index in the 0 Gy group, p < 0.05; £ — statistically significant differences in the BC groups in mice aged 1 and 6 months, p < 0.05.

Total immobility time was dose-dependent at both
1 month of age (R? = 0.14; F = 66.6; p << 0.001) and 6
months of age (R? = 0.13; F = 49.8; p < 0.001) (Figure 2).

Despite the dependence of this index on radiation
dose being satisfactorily described by linear functions with
close slope angles, this dependence for mice at the age
of 6 months (Fig. 2) has a nonlinear character and is bet-
ter described by a logarithmic function (R? = 0.19; F = 75.6;
p < 0.001), suggesting an age-related change in the reac-
tion of animals to radiation exposure: in mice at the age

120 -

100 i _______

e

jury

o
1

©
o
.II
\
\
\
\
\

Time to the first immobile suspension, sec

80 - ® 1 month B 6 months
20 - 1 month - = = 6 months
(y=42.3 +2.8:D) (y=289.3 +4.5:D)

60 -

50 _i

40 3

30 T T T T T
0 1 2 3 4 5

Dose, Gy

Figure prepared by the authors using their own data

Fig. 1. Dependence of the time to the first immobile suspension on the dose of
gamma irradiation in mice aged 1 and 6 months

of 6 months, a decrease in the severity of depressive-like
behavior is registered starting from the radiation exposure
level of 0.1 Gy, whereas in mice aged 1 month, a statisti-
cally significant radiation-induced decrease in depressive-
like state is observed only at an irradiation dose of 5 Gy.
The number of immobile suspensions in animals at
1 month of age did not statistically significantly change with
increasing radiation dose, whereas in the same mice at
6 months of age, a highly reliable dependence on the level
of radiation exposure was observed, which was also best
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Fig. 2. Dependence of total immobility time on the dose of gamma irradiation
in mice aged 1 and 6 months
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Fig. 3. Dependence of the number of immobile suspensions on the dose of
gamma irradiation in mice aged 1 and 6 months

described by a logarithmic function (R? = 0.18; F = 67.1;
p < 0.001) (Fig. 3).

The indicator “number of immobile suspensions clearly
shows that irradiated animals react differently to short-term
unavoidable stress (suspension by the tail) five months after
fractionated irradiation in comparison with the non-irradi-
ated control group: in irradiated one-month-old animals,
there were no differences from mice from the false irradia-
tion group, while, in the same mice at the age of 6 months,
there was registered a dose-dependent decrease of this
indicator starting from the level of 0.1 Gy.

Analysis of the average duration of one immobile sus-
pension also revealed age-related changes in the response
to short-term unavoidable stress in mice aged 1 and 6
months: in one-month-old animals, a linear dependence of
this index on the radiation dose was revealed (R? = 0.09;
F =40.5; p < 0.001), while in mice aged 6 months, the aver-
age duration of one immobile suspension did not depend
on the level of radiation exposure (Fig. 4).

The peculiarities of the long-term experiment to as-
sess the effect of fractionated gamma irradiation on
physiological processes associated with the develop-
ment of a depression-like state are the inevitable influ-
ence of such factors as age, sex, stress associated with
manipulations during irradiation of animals. While the
separate effects of these factors are as given above, in
order to obtain a holistic picture of the relationship be-
tween these factors, it is necessary to conduct a multi-
variate analysis. The multivariate variance analysis using
the generalized linear model showed that the time to the
first immobile suspension was statistically significantly
influenced by such factors as sex, age, irradiation dose,
while the stress factor had a statistically significant effect
only on mice aged 6 months. It was found that the “time
to the first immobile suspension” in females was 8 + 3 s
longer than in males (Table 3).

While stress had no statistically significant effect on the
time to the first immobile suspension in mice at the age of
1 month, the value of this index significantly decreased in
the same animals at 6 months. Radiation exposure had a
statistically significant effect on the time to the first static
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Fig. 4. Dependence of the average time of one immobile suspension on the
gamma irradiation dose in mice aged 1 and 6 months

suspension; the value of this index increased by 3 + 0.8 s
with increasing dose by 1 Gy.

According to multivariate variance analysis, the total im-
mobility time depended on age, stress, and radiation dose
and was independent of the sex of the mice. The stress
factor calculated for animals from the O Gy, 0.1 Gy, 1 Gy,
and 5 Gy groups caused an average increase of 40 + 8 s,
with the value of this parameter being lower by an average
of 49 + 11 s in mice aged 1 month. Radiation exposure
had a statistically significant effect on total immobility time,
which decreased by 9.4 + 1.1 s with increasing dose of
1 Gy (Table 3).

The number of immobile suspensions statistically sig-
nificantly depended on age, stress, irradiation dose, but did
not depend on the sex of animals. Mice aged 6 months
showed a decrease in the number of immobile suspen-
sions compared to one-month-old mice. Stress, on av-
erage, resulted in an increase in the number of immobile
suspensions by 2.9 + 0.5 in groups exposed to procedures
involving irradiated mice. Moreover, stress had an effect on
animals at 6 months of age and no effect at 1 month of
age. In multivariate variance analysis, such age differences
in stress response were expressed as an increase in the
coefficient for the stress factor and an equal magnitude de-
crease in the coefficient for the stress*age factor for mice
at 1 month of age, where the stress factor had no effect
on the number of immobile suspensions. As the dose in-
creased by 1 Gy, the number of immobile suspensions de-
creased on average by 0.6 + 0.1. Such changes were de-
termined mainly by the responses of mice aged 6 months,
in which the regression analysis revealed a highly signifi-
cant dependence of the analyzed index on the irradiation
dose (Fig. 3). In mice at the age of 1 month, the number of
fixed suspensions according to the regression analysis did
not depend on the dose. Such age-related peculiarities are
expressed in the decrease of the coefficient for the factor
“Irradiation dose” by 0.6 = 0.1 and compensatory increase
of the coefficient for the factor “Age*dose” in mice aged 1
month (Table 2).

The mean time of one static suspension, which sta-
tistically significantly depended on age and exposure
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Table 3. Results of assessing the influence of various factors on the indices in the tail-suspension test using multivariate variance analysis in a general linear

model
Factors F F Coefficients
Time to first suspension, sec (R? = 0.28)
Gender of animals 6.44 0.011 male: 8 + 3 female: 0
Age of animals 222.23 < 0.001 1 month: 0 6 months: 49 + 3
Stress 1.96 0.16 stress—: 0 stress+: 0
Radiation dose 19.85 < 0.001 D-(3+0.8)
Stress*Age 4.59 0.032 stress—, 1 month: 0 stress—, 6 months: 0
stress+, 1 month: 0 stress+, 6 months: -16 + 8
Total suspension time, sec (R? = 0.356)
Gender of animals 0.027 0.87 male: 0 female: 0
Age of animals 320.9 <0.001 1 month: 0 6 months: -75 + 5
Stress 7.57 0.006 stress—: 0 stress+: 40+ 8
Radiation dose 73.42 < 0.001 D-(-9.4+£1.1)
Stress*age 19.17 < 0.001 stress—, 1 month: 0 stress—, 6 months: 0
stress+, 1 month: -49 + 11 stress+, 6 months: 0
Number of suspensions (R? = 0.126)
Gender of animals 0.004 0.95 male: 0 female: 0
Age of animals 30.04 <0.001 1 month: 0 6 months: -0.5 + 0.04
Stress 18.78 < 0.001 stress—: 0 stress+:2.9 + 0.5
Radiation dose 15.2 < 0.001 D-(-0.6+0.1)
Stress*age 15.79 < 0.001 stress—, 1 month: 0 stress—, 6 months: 0
stress+, 1 month: 0 stress+, 6 months: -2.8 + 0.7
Age*dose 28.17 < 0.001 1 months: D - (-0.5 + 0.04) 6 months: D0
Average time of one suspension, sec (R? = 0.126)
Gender of animals 0.002 0.97 male: 0 female: 0
Age of animals 114.97 < 0.001 1 month: 0 6 months: -5.7 + 0.9
Stress 1.67 0.2 stress—: 0 stress+: 0
Radiation dose 19.42 < 0.001 D - (-0.14 £ 0.021)
Gender*age 8.57 0.004 male, 1 month: 3.3 + 1.1 female, 1 month: 0
male, 6 months: 0 female, 6 months: 0
Age*dose 13.33 < 0.001 1 month: D (-1.0 + 0.27) 6 months: D - 0
Table prepared by the authors using their own data
Note: “stress-" — absence of a stress factor associated with animal irradiation (group BK); “stress+” — presence of a stress factor associated with animal irradiation

(groups 0 Gy, 0.1 Gy, 1 Gy, 5 Gy)

dose, was independent of sex and stress. In animals
aged 6 months, the mean time of one static suspen-
sion was 5.7 + 0.9 s shorter than in animals aged 1
month. Upon irradiation, this index decreased with in-
creasing dose of 1 Gy by an average of 0.14 + 0.021 s.
It should also be noted that a combination of the factors
“Sex*age” and “Age*dose” had a statistically significant
effect on the value of the average time of one static
suspension. In males at the age of 1 month, the time
of one static suspension was 3.3 + 1.1 seconds longer
than in the same males at the age of 6 months and
females at the age of 1 and 6 months. The influence of
modifying effect of age was manifested in the absence
of statistically significant dependence of this index on
the irradiation dose at the age of 6 months, although at
the age of 1 month the mean time of one static suspen-
sion decreased with dose by 1.0 = 0.27 s with increas-
ing dose by 1 Gy (Table 3).

DISCUSSION

The study revealed that fractionated irradiation at an early
age led to a dose-dependent reduction of depression-
like behavior in mice in the tail retention test, maximally
expressed at a total dose of 5.2 Gy. This is indicated by
changes in all the parameters recorded in this test: the total
time of immobility, interpreted as despair behavior, is re-
duced; animals make longer attempts to free themselves
from an unpleasant position before suspension motionless
for the first time; the number of such acts of immobile sus-
pension and the average duration of one immobile suspen-
sion are reduced.

In animals at the age of 6 months, less pronounced
signs of depression-like behavior were observed than at
the earlier age: thus, in the biological control group, the
total immobility time decreased more than 2-fold with age,
while 2.5-fold longer mice tried to actively free themselves
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before motionless suspension for the first time. At the
same time, the previously revealed effects of irradiation
were fully preserved: the signs of depression-like behavior
of irradiated animals decreased with increasing dose of
irradiation.

This effect of irradiation was rather unexpected: the de-
velopment of depression-like behavior in rodents has been
described in the literature at acute irradiation at compa-
rable doses. Thus, when rats at the age of 3 days were
irradiated at a dose of 5 Gy, an increase in immobility time
in the tail retention test and the Porsolt forced swimming
test was observed after 120 days without any change in
their general motor activity [12]. In this study, the authors
also revealed hypoplasia of the granular layer of the dentate
gyrus of the hippocampus, impaired division of neuronal
stem cells, and changes in the process of their migration
and maturation, which may represent the physiological ba-
sis of the behavioral changes [12].

An important role of neurogenetic changes in the den-
tate gyrus of the hippocampus in the development of pos-
tradiation depression was also revealed when studying the
effects of targeted irradiation of the dentate gyrus com-
pared to total brain irradiation in mice at the age of 10 days
[10]. Here, 3 months after irradiation, an increase in anxiety
was detected in the elevated cruciform maze at acute ir-
radiation at doses of 0.25 Gy, along with an increase in
anxiety detected in the test of glass bead burying at acute
irradiation at doses of 0.5 Gy and an increase in manifesta-
tions of depressive behavior in the forced swimming test at
acute irradiation at doses of 0.25 Gy. All effects were more
pronounced at targeted irradiation of the ventral part of the
dentate gyrus.

At fractionated X-ray irradiation in cumulative doses of
0.4 and 0.5 Gy (single dose of 0.1 Gy), more anxious be-
havior in the open-field test was observed in mice [17]. In
long-term modeling of chronic neutron-photon irradiation,
an increase in anxiety in the open-field test was revealed in
mice at a cumulative dose of 0.4 Gy over 600 days of irradi-
ation [18]. However, a decrease in the severity of the effects
with dose fractionation was also shown compared to acute
irradiation: while acute irradiation at a dose of 5 Gy resulted
in inhibition of neurogenesis in the dentate gyrus, as well as
learning and memory deficits in the test for contextual fear
conditioning and memory deficits in the test for recognition
of new objects, when this dose was divided into 10 daily
fractions, no such behavioral changes were observed, and
the inhibition of neurogenesis was insignificant [19].

In our studies, fractionated gamma-irradiation during
the first month of life at a cumulative dose of 5.2 Gy led not
only to a decrease in depression-like behavior, but also, as
previously reported, to the formation of the least anxious
phenotype: anxiety indices in the elevated cross-shaped
maze and the glass bead burial test decreased in animals
irradiated at this dose [20]. An increase in anxiety and
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neophobic behavior was observed at a cumulative dose of
0.1 Gy [20], which, however, was not accompanied by an
increase in the manifestations of depression.

It is important to note the revealed influence of early-life
stress on the development of signs of depression over long
periods following the end of stress exposure. The stress
factor in this study is manipulation in the process of irradia-
tion or its imitation over the course of the first month of the
animals’ life. Thus, while at the age of 1 month the indices
of depression-like behavior of mice in the O Gy false irra-
diation group were close to those of intact animals of the
biological control group, at the age of 6 months significant
differences were observed indicating the development of
depression-like behavior in mice of the false irradiation
group. These results are quite consistent with both the re-
sults of modeling stress at an early age in mice [21] and
clinical data on the increased risk of developing anxiety and
depressive psychopathologies in people who have suffered
mental traumas in childhood [22, 23].

However, according to the obtained data, the indices of
depression-like behavior in animals exposed to both stress
factor and fractionated irradiation decreased in a dose-de-
pendent manner up to the biological control values at an
irradiation dose of 5.2 Gy. Similar results were obtained in a
study of diazepam-induced depression in rats, where X-ray
irradiation at a dose of 3 Gy divided into 6 fractions led to a
decrease in depressive symptomatology and normalization
of neurotransmitter levels [24].

A number of studies have also revealed weak neuropro-
tective effects of a single irradiation at doses up to 0.1 Gy,
such as a decrease in signs of proinflammatory activa-
tion of microglia, an increase in the density of neurons in
the dentate gyrus of the hippocampus, and an increase
in the functional activity of mitochondria [1, 25, 26]. Such
changes in the hippocampal dentate gyrus may underlie
the described antidepressant symptomatology of irradiated
animals.

CONCLUSIONS

1. A dose-dependent change in depressive-like behavior
in mice under fractionated irradiation in the first month of
life (the period of active brain maturation) was revealed; with
increasing total dose from 0.1 Gy to 5 Gy, indices of de-
pressive behavior decreased. This pattern is shown both
in the early period immediately following the completion of
irradiation (at the age of 1 month) and over longer periods
of time (at the age of 6 months).

2. Stress suffered in early age led to the development
of depression-like behavior in adult unexposed mice; how-
ever, under simultaneous exposure to stress and fraction-
ated irradiation in doses of 1-5 Gy, the indices of depres-
sion-like behavior of mice at the age of 6 months did not
differ from intact animals.
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