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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 C57Bl/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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ОЦЕНКА ДЕПРЕССИВНОПОДОБНОГО ПОВЕДЕНИЯ У МЫШЕЙ ПОСЛЕ ФРАКЦИОНИРОВАННОГО 
ГАММА-ОБЛУЧЕНИЯ

Н.А. Обвинцева, Н.И. Атаманюк, И.А. Шапошникова, А.А. Перетыкин, Е.А. Пряхин

Уральский научно-практический центр радиационной медицины Федерального медико-биологического агентства, Челябинск, Россия

Введение. Облучение мозга в больших дозах ионизирующего излучения является установленным фактором риска развития новообразований 

и когнитивных нарушений. Однако нерешенной проблемой остается влияние длительного облучения в малых дозах на головной мозг и высшую 

нервную деятельность, в том числе на развитие тревожно-депрессивных расстройств.

Цель. Изучить влияние фракционированного гамма-облучения в дозах 0,1 Гр, 1 Гр и 5 Гр в ранний постнатальный период на показатели депрес-

сивноподобного состояния у мышей линии C57Bl/6 в возрасте 1 и 6 мес.

Материалы и методы. Животных облучали в течение первого месяца жизни. Необходимые кумулятивные дозы (0,1 Гр, 1 Гр и 5 Гр) были получены 

в режиме фракционированного облучения (20 фракций). Были сформированы 2 контрольные группы: интактные животные и ложно облученные 

животные. Депрессивноподобное состояние оценивали в тесте «удержания хвоста» в возрасте 1 и 6 мес.

Результаты. Возрастные изменения проявлялись в снижении депрессивноподобного поведения у мышей в возрасте 6 мес. по сравнению с мы-

шами в возрасте 1 мес. Стресс, вызванный выполнением манипуляций, связанных с облучением, не оказывал существенного влияния на мышей 

в возрасте 1 мес., но вызывал развитие выраженного депрессивноподобного состояния у этих же животных в возрасте 6 мес. Радиационное 

воздействие привело к развитию зависимого от дозы антидепрессивноподобного эффекта, который был более выражен у животных в возрасте 

6 мес. после фракционированного облучения в дозах 0,1 Гр и выше.

Выводы. Фракционированное гамма-облучение в ранний постнатальный период не приводит к развитию депрессивноподобной симптоматики 

у мышей, а, напротив, характеризуется антидепрессивным действием.

Ключевые слова: ионизирующее излучение; малые дозы; фракционированное облучение; мыши; депрессивноподобное состояние; тест «удер-

жание хвоста»
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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 

depr ession. 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 radi ation 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.).

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.

МАТЕRIALS 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 (0 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 cm3 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 α37 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 first immobile 

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 (t  = 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 (t  =  2.13, p  =  0.04), as well as a longer to-

tal immobile time (t  =  2.5, p  =  0.01) and mean time to 

one immobile suspension (t  =  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 (0  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 0 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 0 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.

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 (R2 = 0.03; F = 12.5; 

p < 0.001) and at the age of 6 months (R2 = 0.02; F = 8.3; 

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 first immobile 

suspension, sec
Total immobility 

time, sec
Number of immobile 
suspensions (M±SE)

Average time of one immobile 
suspension (M±SE), sec

BC

♂ 42 ± 5 230 ± 7 10.9 ± 0.5 24 ± 2.1

♀ 36 ± 3 228 ± 7 10.8 ± 0.3 22 ± 1.0

♂+♀ 39 ± 3 229 ± 5 10.8 ± 0.3 23.0 ± 1.2

0 Gy

♂ *28 ± 4 226 ± 8 11 ± 0.5 23.2 ± 1.8

♀ 51 ± 10 *194 ± 10 10.6 ± 0.4 *18.3 ± 1.1

+♀ 39 ± 5 *211 ± 7 10.8 ± 0.3 20.9 ± 1.1

0.1 Gy

♂ †44 ± 3 222 ± 7 10.9 ± 0.5 21.7 ± 1.3

♀ *50 ± 4 †222 ± 5 10.9 ± 0.4 †22.3 ± 1.0

♂+♀ 47 ± 3 226 ± 5 10.9 ± 0.3 22 ± 0.8

1 Gy

♂ †41 ± 4 212 ± 8 11.1 ± 0.4 20.6 ± 1.2

♀ *54 ± 3 †230 ± 6 11.4 ± 0.4 20.7 ± 1.0

♂+♀ *47 ± 2.5 217 ± 5 11.2 ± 0.3 20.6 ± 0.8

5 Gy

♂ †49 ± 4 *†181 ± 9 11.4 ± 0.5 *†16.8 ± 1.1

♀ *64 ± 8 *†163 ± 9 11.4 ± 0.6 *†14.7 ± 1.0

♂+♀ *†56 ± 5 *†172 ± 7 11.4 ± 0.4 *†15.7 ± 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; † — statistically significant differences 

from the index in the 0 Gy group, p<0.05.
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Total immobility time was dose-dependent at both 

1  month of age (R2  =  0.14; F  =  66.6; p << 0.001) and 6 

months of age (R2 = 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 (R2 = 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 

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 

Table 2. Tail suspension test results of 6-month-old mice in different experimental groups

Groups Gender
Time to the first immobile 

suspension, sec
Total immobility time, 

sec
Number of immobile 

suspensions
Average time of one immobile 

suspension, sec

BC

♂ ‡101 ± 9 ‡97 ± 8 ‡7.9 ± 0.5 ‡12.5 ± 1.0

♀ ‡109 ± 6 ‡114 ± 9 ‡7.1 ± 0.4 ‡17.5 ± 1.9

♂+♀ ‡105 ± 5 ‡106 ± 6 ‡7.5 ± 0.3 ‡15.0 ± 1.1

0 Gy

♂ 88 ± 8 *168 ± 17 *11.7 ± 1.0 14.5 ± 1.0

♀ *87 ± 8 *204 ± 13 *13.9 ± 1.1 16.7 ± 1.2

♂+♀ *88 ± 6 *186 ± 11 *12.8 ± 0.8 15.6 ± 0.8

0.1 Gy

♂ 82 ± 8 *133 ± 9 *9.7 ± 0.5 13.4 ± 0.9

♀ 95 ± 5 †135 ± 8 *†8.7 ± 0.4 16.2 ± 1.2

♂+♀ *88 ± 5 *†134 ± 6 *†9.2 ± 0.3 14.8 ± 0.8

1 Gy

♂ 96 ± 9 †106 ± 8 †8.9 ± 0.5 12.1 ± 0.9

♀ 99 ± 8 †95 ± 9 †7.7 ± 0.4 *†12.5 ± 1.3

♂+♀ 98 ± 6 †101 ± 6 †8.3 ± 0.3 *†12.3 ± 0.8

5 Gy

♂ 113 ± 10 †104 ± 10 †7.2 ± 0.6 14.9 ± 1.6

♀ †111 ± 9 †103 ± 9 †7.9 ± 0.5 *†12.9 ± 1.1

♂+♀ †112 ± 7 †104 ± 7 †7.6 ± 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; † — 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.
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Fig. 1. Dependence of the time to the first immobile suspension on the dose of 

gamma irradiation in mice aged 1 and 6 months

Figure pr epared by the authors using their own data

Fig. 2. Dependence of total immobility time on the dose of gamma irradiation 

in mice aged 1 and 6 months
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described by a logarithmic function (R2  =  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 (R2 = 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 

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 0 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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Fig. 3. Dependence of the number of immobile suspensions on the dose of 

gamma irradiation in mice aged 1 and 6 months
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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
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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 

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 (R2 = 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+, 1 month: 0

stress–, 6 months: 0

stress+, 6 months: -16 ± 8

Total suspension time, sec (R2 = 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+, 1 month: -49 ± 11

stress–, 6 months: 0

stress+, 6 months: 0

Number of suspensions (R2 = 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+, 1 month: 0

stress–, 6 months: 0

stress+, 6 months: -2.8 ± 0.7

Age*dose 28.17  < 0.001 1 months: D · (-0.5 ± 0.04) 6 months: D 0

Average time of one suspension, sec (R2 = 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

male, 6 months: 0

female, 1 month: 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)
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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 

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 0 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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