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ABSTRACT

The aim of study is to analyze the tDCS influence on stress-
induced disorders in rats with low stress sustainability and
endurance. The animals with a low stress sustainability and
endurance were divided into 3 groups: the comparison 1, the
comparison 2 and the main. The control group consisted of
intact rats. The rats of the comparison group 1 were subjected
to orthostatic stress 24 hours after the 1st forced swimming
test. The rats of the comparison group 2 and the main one were
conducted the 2nd forced swimming test on the 7th day of the
experiment, and 24 hours later they were subjected to the or-
thostatic stress. Rats of the main group got tDCS sessions after
the 1st forced swimming test. The development of the ortho-
static stress is accompanied by an increase in plasma content
the following components: adrenaline by 88.9%, ACTH in 10.5
times, corticosterone by 70.1%, IL-1B by 178.2%, IL-6 in 6.7
times, IL-10 by 37.1% in comparison with intact animals. The
usage of tDCS in rats with low stress sustainability and endur-
ance increased the swimming duration by 47.7%. During the
OS it was also accompanied by a decrease in plasma content:
adrenaline in 1.4 times, ACTH in 8.2 times, corticosterone in
1.4 times, IL-1f3 in 1.5 times, IL-6 in 2.2 times, IL-10 in 1.2
times, relative to the comparison group 2. The obtained data
showed the essential effect of tDCS on stress-related changes in
the content of cytokines and hormones of blood.
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SAZETAK

Cilj studije je da analizira uticaj tDCS na stresom iza-
zvane poremecaje kod pacova sa niskom tolerancijom na
stres. Zivotinje su bile svrstane u tri grupe: poredbena gru-
pa 1, poredbena grupa 2 i glavna grupa. Kontrola grupa se
sastojala od zdravih pacova. Pacovi iz poredbene grupe 1
su bili podvrgnuti ortostatskom stresu 24 sata nakon prvog
testa forsiranog plivanja. Pacovi iz poredbene grupe 2 i iz
glavne grupe su bili podvrgnuti 2. forsiranom testu plivanja
7. dana eskperimenta dok su 24 sata kasnije bili izloZeni
ortostatskom stresu. Pacovi iz glavne grupe su bili pod-
vrgnuti tDCS sesiji nakon prvog testa forsiranog plivanja.
Ortostatski stres je bio pracen povecanom koncentracijom
sledeéih komponenti plazme: adrenalina za 88,9%, ACTH
za 10.5 puta, kortikosterona za 70,1%, IL-1b za 178,2%,
IL-6 za 6,7 puta, IL-10 za 37,1% u poredenju sa zdravim
zivotinjama. Koriscenje tDCS-a kod pacova je produzilo
trajanje plivanja za 47,7%. Ortostatski stress je bio pracéen
smanjenjem plazma koncnetracije: adrenalina za 1,4 puta,
ACTH za 8.2 puta, kortikosterona za 1,4 puta, IL-1b za 1,5
puta, IL-6 za 2,2 puta, IL-10 za 1,2 puta, u odnosu na gru-
pu poredenja 2. Dobijeni podaci pokazuju znalajni efekat
tDCS-a na stresom izazvane promene u sadrzaju citokina
i hormona u krvi.

Kljucne reci: stres, tDCS, pacov, citokini, kortikosteron
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INTRODUCTION

Stress is the organism’s reply to various cognitive, emo-
tional and somatic stressors, which realizes through the ac-
tivation of a unified neuroimmune endocrine system and
consists in the activation of a number of physiological and
behavioral programs that facilitate survival (1, 2).

Stress-related changes in the functioning of sympa-
thoadrenal (SAS), hypothalamic-pituitary-adrenal (GPAS)
and immune systems are connected not only with the ad-
aptation of the organism to new life conditions, but also
with the risk of developing a variety of stress-associated
diseases (3). In this case, the activation of non-specific
inflammation takes a specific part in the development of
adverse stress manifestations, which in particular reveals
by an increase in the level of either pro-inflammatory or
anti-inflammatory cytokines (4).

It is known that organisms with different coping strat-
egies react differently to stressors and that this fact de-
termines the stress outcome (5). In these circumstances,
studying of the reaction to the stressor in animals with dif-
ferent stress sustainability turns into a theme of the espe-
cial interest. It opens the way to find methods for correct-
ing stress sustainability and endurance in people who have
active and passive coping strategies.

Opioid peptides take a significant function in control-
ling the growth of the stress reaction. The greatest amount
of them is released in hypothalamus, pituitary and limbic
structures of the brain during the pain or stress processes,
as well as intense physical exercises (6, 7). The stress-limit-
ing effect of opioid peptides is mediated by the activation
of p- and 8-opioid receptors, for which f-endorphin dem-
onstrates high selectivity (7, 8).

The B-endorphin emitted during the stress growth medi-
ates endocrine and behavioral reactions, aimed at adapting the
organism to extreme conditions and conduces to restricting ad-
verse effects of stress (9,10). B-endorphin stimulates the reward
system, inhibits the activity of the GPAS, reduces the level of
corticotropin-releasing hormone and adrenocorticotropic hor-
mone (ACTH), and suppress pain and anxiety as well (7,11).

In connection with the expressed stress-limiting ef-
fect of opioid peptides, the research of methods which can
stimulate the endogenous opioidergic system activity is an
important task of modern medicine.

Transcranial direct current stimulation (cathodic tDCS
or TES-therapy by Professor Lebedev) is a physiotherapeu-
tic non-invasive method of electrical impact on the brain
of humans and animals through the cranium tegument, se-
lectively activating the defense mechanisms of the brain.
Its main effects are due to the increased production of
f-endorphin and the concomitant changes in the produc-
tion of other neurotransmitters: dopamine, norepineph-
rine, serotonin, GABA and others (12, 13).

The main objective of this study was to explore the ef-
fectiveness of cathodic tDCS for correcting stress-induced
disorders of hormonal and cytokine profile in rats with low
stress sustainability and endurance.
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MATERIAL AND METHODS
Characteristic of experimental animals

Experiments were performed on 182 males of white
nonlinear rats weighing 195+15 g, which had no visible
signs of disease. The animals were kept on a vivarium at
a temperature of 22-24°C under the conditions of 5 ani-
mals in a cage, a 12/12 cycle of daylight in plastic cages
with wood filings and free access to food (standard nu-
trition) and water. Such conditions excluded the impact
of stress factors. The criteria for elimination from the
experiment were external anatomical defects and signs
of disease.

All experiments were carried out in accordance with
the international rules of “Guide for the Care and Use of
Laboratory Animals” (NAP, 2012).

The design of studying

At the beginning of the experiment the endurance
and stress sustainability of animals were assessed with
the help of the forced swimming test (FST) in the mod-
ification of the Federal Medical and Biological Agency
of Russia (14). Rats with low stress sustainability and
a swimming time not exceeding 184 seconds (n = 43)
were selected in the research. Then the animals were
divided into 3 groups: the comparison group 1 (n = 10),
the comparison group 2 (n = 16) and the main group
(n = 17). Intact rats (n = 10) selected from the general
population using the random number method were
used as control ones. The rats of the comparison group
1 were subjected to the orthostatic stress (OS) 24 hours
after the 1st FST (on the 2nd day of the experiment),
for which they were placed in the anti-orthostatic po-
sition at an angle of 90° to the horizontal surface in
plexiglas fixators with a size of 210x65x65 mm (RPC
Open Science Ltd.) for 45 minutes (15). The rats of
the comparison group 2 and the main group were per-
formed in the second FST on the 7th day of the experi-
ment, and 24 hours later (on the 8th day of the experi-
ment) they were subjected to the OS. Meanwhile, rats
of the main group got one session of cathodic tDCS
per day for 5 days after the 1st FST (from the 2nd to
the 6th days) using a two-program electric stimulator
“TRANSAIR-03” (TES CENTER Ltd., St. Petersburg)
by the method in our own modification (16).

The rat’s blood was sampled before the OS and 2
hours later it by the venepunction of jugular veins under
the combined injection anesthesia: Zoletil 20 mg/kg IM
(Virbac, France) and Xylanite 6 mg/kg IM (NITA-FARM
CJST, Russia). Heparin (BELMEDPREPARATY RUE, Be-
larus) was used as an anticoagulant at a rate of 500 units
per 1 ml of blood. Then the blood was centrifuged for
15 minutes at the acceleration of 1000g. Samples of the
received plasma were stored in cryovials at a temperature
of -80°C (Figure 1).



Table 1. The duration of swimming in rats with low stress sustainability and endurance in the forced swimming test on the 1st and the 7th days

The duration swimming of the The duration swimming of the value
Group 1st FST, 2nd FST, (l:v test)
Me (Q,-Q,), sec. Me (Q,-Q,), sec.
The comparison 2 161,5 (146,5-171,5) 166,5 (160-215,5) 0,05
The main 151 (122-166) 223 (168-274) 0,001

The method of enzyme-linked
immunosorbent assay

Quantitative evaluation of the adrenaline and adreno-
corticotropic hormone levels in plasma was realized by
the method of enzyme-linked immunosorbent assay using
Cloud-Clone Corp. (China) kits. Corticosterone level was
evaluated by Immunodiagnostic Systems Limited (UK).
IL-1B, IL-6 and IL-10 levels were evaluated by eBioscience
(Bender MedSystems GmbH, Austria) using the vertical
scanning photometer ANTHOS 2010 (Biochrom, Austria)
with ADAP Software, version 2.0.

Statistical analysis

Statistical data analysis was carried out with the help
of the software “MS Excel 2016” (Microsoft, the USA) and
“Statistica 10.0” (StatSoft Inc., the USA). Verification of the
normality of the quantitative attributes distribution in ex-
perimental groups was carried out using the Shapiro-Wilk
test. Since the distribution of meanings differed from the
normal one, nonparametric statistics were used for further
research data processing. The results were expressed as Me

Orthostatic
stress
Control Y
group 3
—

(Q1-Q3), where Me is the median, Q1 is the lower and Q3
is the upper quartiles. To evaluate statistically significant
differences in paired comparisons of dependent groups,
the Wilcoxon test (W-test) was used, and for the inter-
group differences between the two independent groups
the Mann-Whitney (MW-test) criteria were applied. The
critical level of significance (p-value) in the verification of
statistical hypotheses was assumed to be 0.05.

RESULTS

The results of forced swimming test

Conducting 5 sessions of cathodic tDCS after the 1st
EST in rats from the main group leaded to an increase in
the swimming time according to the results of the 2nd FST
by 47.7% (W-test, p = 0.001), whereas there were no sig-
nificant differences in the comparison group 2 (W-test, p
=0.05) (Table 1).

Dynamics of indices of endocrine
and cytokine profile

The level of adrenaline in the comparison group 1 be-
fore the OS was not significantly different from the control
(p = 0.66). After modeling the OS the level of adrenaline
increased by 126.2% in comparison with the control (p =
0.02) and by 82.1% compared to its level before the OS (p =
0.03). In comparison group 2 the level of adrenaline before
the OS also did not differ significantly from the control (p
= 0.70). After the OS the level of adrenaline was higher by
88.9% compared with the control (p = 0.02) and by 92.7%
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Figure 1. Scheme of the Experiment
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Figure 2. The level of adrenaline in blood plasma of rats

The level of adrenaline in blood plasma in comparison with the control
group: # — p=0,66, ## — p=0,70, ### — p=0,82, * — p=0,02, ** — p=0,02, ***
— p=0,40; the level of adrenaline in blood plasma in comparison with the
level before the OS: ** — p=0,03, *** — p=0,04
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Figure 3. The level of ACTH in blood plasma of rats

The level of ACTH in blood plasma in comparison with the control
group: # — p=0,25, ## — p=0,39, ### — p=0,82, * — p=0,004, ** — p=0,005,
#** _ p=0,46; the level of ACTH in blood plasma in comparison with the
level before the OS: ** — p=0,008, *** — p=0,02
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Figure 4. The level of corticosterone in blood plasma of rats

The level of corticosterone in blood plasma in comparison with the con-
trol group: # — p=0,66, ## — p=0,39, ### — p=0,59, * — p=0,02, ** — p= 0,02,
*** _ p=0,46; the level of corticosterone in blood plasma in comparison
with the level before the OS: *» — p=0,22, **» — p=0,22
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Figure 5. The level of IL-1f in blood plasma of rats

The level of IL-1f in blood plasma in comparison with the control group:
# — p=0,79, ## — p=0,48, ### — p=0,94, * — p=0,03, ** — p =0,02, *** —
p=0,22; the level of IL-1$ in blood plasma in comparison with the level
before the OS: * — p=0,03, *** — p=0,02
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compared to its level before the OS (p = 0.04). In the main
group, both before and after the OS, there were no reli-
able differences with the control (p=0.05). Meanwhile, the
adrenaline level in the main group 2 hours after the OS
was in 1.4 times lower than in the comparison group 2 (p
=0.11) (Figure 2).

The ACTH level in the comparison group 1 before the
OS was not reliably different from the control (p = 0.25).
After the OS the level of ACTH increased in 12.2 times in
comparison with the control (p = 0.004) and in 5 times in
comparison with the level before the OS (p = 0.008). In the
comparison group 2 the level of ACTH before the OS was
not reliably different from the control (p = 0.39). After the
OS the level of ACTH was in 10.5 times higher in compari-
son with the control (p = 0.005) and in 5.5 times higher in
comparison with the level before the OS (p = 0.02). In the
main group of rats both before and after the OS there were
no reliable differences with the control (p>0.05). Mean-
while, the ACTH level 2 hours after the OS in the main
group was in 8.2 times lower than in the comparison group
2 (p = 0.02) (Figure 3).

The level of corticosterone in the comparison group 1
before the OS was not reliably differ from the control (p =
0.66). After the OS the level of corticosterone increased by
105.1% compared with the control (p = 0.02). In the com-
parison group 2 corticosterone before the OS did not dif-
fer reliably from control (p = 0.39). After the OS the level
of corticosterone was higher by 70.1% compared with the
control (p = 0.02). In the main group of rats both before
and after the OS there were no reliable differences with the
control (p=0.05). Meanwhile, the corticosterone level in
the main group 2 hours after the OS was lower in 1.4 times
than in the comparison group (p = 0.05) (Figure 4).

The level of IL-1p in the comparison group 1 before the
OS was not reliably differ from the control (p = 0,79). After
the OS the level of IL-1f increased by 275.7% in compari-
son with the control (p = 0.03) and by 136% compared with
the level before the OS (p = 0.03). In the comparison group
2 the level of IL-1p before the OS was not reliably differ-
ent from the control (p = 0.48). After the OS the level of
IL-1p was higher by 178.2% compared with the control (p
= 0.02) and by 59% compared with the level before the OS
(p = 0.02). In the main group both before and after the OS,
there were no reliable differences with the control (p=0.05).
In the main group the level of IL-1p 2 hours after the OS
was in 1.5 times lower than in the comparison group (p =
0.008) (Figure 5).

The level of IL-6 in the comparison group 1 before the
OS was not reliably different from the control (p = 0,13).
After the OS the level of IL-6 increased in 7.2 times in
comparison with the control (p = 0.004) and in 3 times in
comparison with its level before the OS (p = 0.02). In the
comparison group 2 the level of IL-6 before the OS was not
reliably different from control (p = 0.10). After the OS, the
level of IL-6 was in 6.7 times higher in comparison with
the control (p = 0.005) and in 3 times in comparison with
the level before the OS (p = 0.04). In the main group both



before and after the OS there were no reliable differences
with the control (p=0.05). Meanwhile, in the main group
the level of IL-6 2 hours after the OS was in 2.2 times lower
than in the comparison group (p = 0.05) (Figure 6).
Analysis of the IL-10 level in blood plasma revealed no
reliable differences in any group of rats (p=0.05) (Figure 7).

DISCUSSION

The duration of swimming in the FST largely depends
on the timely transition from active behavior (attempts to
get out and active scrutiny of the aquarium) to passive one
(immobilization on the water surface, saving style of swim-
ming) (17).

According to the review of de Kloet and Molendijk, it
is incorrectly, as was done before, to associate an increase
in the duration of immobilization (passive coping) in the
forced swimming test with depressive-like behavior. Op-
positely, the passive coping strategy is associated with an
increase in the swimming duration, and, consequently, this
behavioral program facilitates to the survival of an animal
(5).

Conducting the forced swimming test causes a signifi-
cant reaction from the SAS and the GPAS, as well as from
key neurotransmitter systems of the brain, primarily dopa-
minergic (18). An intent consideration to the dopaminer-
gic system is due to its role in the pathogenesis of stress
and the development of stress-induced diseases such as
depression (19). It is the dopaminergic neurotransmission
in the limbic brain system that plays a key function in the
transition from active to passive behaviors in the forced
swimming test (5,20). It is known that the cooperation of
B-endorphin with p- and 8-opioid receptors stimulates the
production of dopamine (11).

Thus, it can be assumed that the increase in the swim-
ming duration in rats receiving cathodic tDCS is due to
B-endorphin-dependent stimulation of the dopaminergic
system of the brain stem.

Adrenaline is a hormone that is released in a reaction
to stress from the adrenal medulla in the bloodstream and
mediates short-term response to stressors initiating a se-
ries of behavioral and physiological changes that allow the
body to implement a “fight or flight” program (21). The
catecholamines effects are mediated by the cooperation
with central and peripheral a- and [-adrenergic receptors.
Consequently, the result of increasing the level of circulat-
ing catecholamines (adrenaline and noradrenaline) is the
activation of metabolism and energy mobilization from
the depot, tachycardia, pupillary dilatation, bronchial dila-
tation, respiration strengthening, peripheral vasospasm
and redistribution of circulating blood (21,22). According
to the referenses, a high level of catecholamines in blood
plasma is associated with aggressive behavior in rats (ac-
tive-coping strategy) (23). In rats group applied tDCS were
not reliable changes in adrenaline concentration compared
to the control and the comparison groups. It was explained
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Figure 6. The level of IL-6 in blood plasma of rats

The level of IL-6 in blood plasma in comparison with the control group:
# — p=0,13, ## — p=0,10, ### — p=0,18, * — p =0,004, ** — p=0,005, *** —
p=0,10; the level of IL-6 in blood plasma in comparison with the level
before the OS: **— p=0,02, *** — p=0,04
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Figure 7. The level of IL-10 in blood plasma of rats

The level of IL-10 in blood plasma in comparison with the control group:
# — p=0,93; the level of IL-10 in blood plasma in comparison with the level
before the OS: ## — p=0,48. in relation to to the comparison group 2 two
hours after the OS.### — p=0,82, * — p=0,13, — p=0,06, — p=0,52

by the fact that blood sampling was carried out 2 hours
later the orthostatic stress, and the released adrenaline was
largely metabolized (24).

Moreover, according to the data of the references, rats
with low swimming duration in the FST are characterized
by a hypoactivity of the SAS on the background of a relative
preponderance of the activity of the GPAS, which was ob-
served during the comparison of corticosterone and adrena-
line concentrations between comparison groups (rats with
low stress sustainability and endurance) and the control (rats
randomly selected from the general population) (21,25).

The tendency in the main group to reduce adrenaline
concentration in 1.4 times in regard to the comparison
group also can be explained by the limiting effect of the
B-endorphin entering the systemic circulation on the re-
lease of catecholamines (26).

IL-1p is the central mediator of inflammation and takes
an important part in the course of autoimmune, inflamma-
tory, infectious and degenerative diseases. IL-1f increases
the production of other cytokines involved in the develop-
ment of inflammation and plays an important role in the de-
pression pathogenesis (27,28). Today there is sufficient evi-
dence that IL-1p plays an important role in neuroendocrine
and behavioral reactions in stress. Receptors to IL-1f are
found at all levels of the GPAS: hypothalamus, pituitary and
adrenal glands. It stimulates the synthesis of glucocorticoids.
At the same time high concentrations of glucocorticoids can
suppress excessive synthesis of IL-13. However, despite the
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close interaction of the cytokines system and GPAS, a strict
correlation between the levels of glucocorticoids and cyto-
kines, in particular IL-1p, cannot be established (29). It has
been established that the level of IL-1{3 increases at an acute
and a chronic stress, while low (physiological) levels of IL-1f3
are adaptive. Thus, a blockade of IL-1p signaling can be con-
sidered as a method of prevention and treatment of stress-
associated mental disorders (30,31).

IL-6 is a pro-inflammatory cytokine, an increase in the
level of which accompanies the course of both acute and
chronic stress (32). The main functions of IL-6 are an ac-
tivation of T-lymphocyte proliferation and B-lymphocyte
differentiation, a stimulation of leukocyte chemotaxis, an
increase of fibroblasts and osteoclasts activity and an acti-
vation of the synthesis of acute phase proteins. It also takes
part in a transition of acute inflammation to chronic and a
control of body weight (33).

IL-6 participates in the modulation of behavior in the
FST, mainly facilitating to the reduction of the swimming
duration. Meanwhile, its effects are realized through the
amygdala or hippocampus due to the activation of the
Erk1/2 signaling track (34).

A distinct increase of the IL-6 concentration in blood is
noted in anxiety disorders and depression (35). A number
of studies show that, although regular physical activity re-
duces inflammation and production of cytokines, however,
intensive exercises facilitate to the production and release
of IL-6 by skeletal muscles. Meanwhile, IL-6 produced dur-
ing physical activity inhibits production of TNF-«a and in-
duces production of IL-10 (32,36).

IL-10 is an important anti-inflammatory cytokine,
whose key function is to protect tissues from damage
caused by infectious agents and inflammation, scarring
and preventing the development of autoimmune diseases
as well (37). The absence of reliable intergroup differences
in the plasma concentration of IL-10 supposedly indicates
of its secondary role in the development of the OS. Ac-
cording to the references an increase of IL-10 in plasma
concentration defers after an increase of pro-inflammatory
cytokines (IL-1p, IL-6, TNF-a) in plasma (38). As studies
show, at the same time acute stress has no significant effect
on the level of IL-10 circulating (39).

In accordance with A.R. Mesquita, during the FST rats
knocked out by the IL-10 gene showed an increase in the
duration of immobilization, which was neutralized by in-
jection administration of IL-10. In rats with increased IL-
10 expression changes were opposite knocked-out. Mean-
while, in both cases the found regularity related to the
female rats, and in male rats there also was no significant
difference in the results of the FST (40).

CONCLUSIONS
According to the results of the 1st FST, the duration of

swimming in rats with low stress sustainability and endur-
ance was less than 184 seconds, and there were no signifi-
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cant differences with the 2nd FST. The development of the
OS in rats with low stress sustainability and endurance is
accompanied by an increase in plasma content of adrena-
line, of ACTH, of corticosterone, of IL-1f, of IL-6, of IL-
10. Based on the results of the 2nd FST, conducting 5 ses-
sions of tDCS in rats with low stress stability increases the
swimming duration by 47.7%, and, in this case, the OS is
accompanied by a decrease in plasma content the follow-
ing components: adrenaline, ACTH, corticosterone, IL-1§,
IL-6, IL-10 towards the comparison group. There were no
reliable differences in the IL-10 content between animal
groups which indicate its secondary role in pathogenesis
of acute stress.

The received data indicate a considerable potential of
cathodic tDCS for further studies as a method of increas-
ing stress sustainability and endurance, as well as prevent-
ing stress-associated diseases.
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