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This review describes the role of social isolation in the development of anxiety and depression-like behavior
in rodents. The duration of social isolation, age from onset of social isolation, sex, species, and strain of
animals, the nature of the model used, and other factors have been shown to have influences. The molec-
ular-cellular mechanisms of development of anxiety and depression-like behavior under the influence of
social isolation and the roles of the HHAS, oxidative and nitrosative stress, neuroinflammation, BDNF,
neurogenesis, synaptic plasticity, as well as monoamines in these mechanisms are discussed. This review
presents data on sex differences in the effects of social isolation, along with the effects of interactions with
other types of stress, and the roles of an enriched environment and other factors in ameliorating the negative
sequelae of social isolation.
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The year 2020 became the year of the severe corona-
virus pandemic affecting virtually whole world and killing
nearly two million people to date. One current WHO rec-
ommendation to prevent infection and disease is social iso-
lation (SI), which consists of minimizing social connections
ranging from partially restrictive measures to full lockdown
— with closure of industrial trade, transport, and other forms
of social connections among people. However, SI is not a
harmless situation. Specialists (psychologists, psychiatrists,
sociologists, etc.) have long known that social isolation, es-
pecially when lasting long periods of time, leads to serious
disorders of mental and physical health in humans. Social
isolation increases the risk of death no less than smoking
or alcohol and more than physical inactivity and obesity [Li
and Xia, 2020]. SI not infrequently leads to family strife and
within-family acts of aggression, primarily against women
[Vieira et al., 2020]. SI activates the hypothalamo-hypoph-
yseal-adrenal system (HHAS), increases sympathetic activ-
ity and weakens parasympathetic activity, and increases the
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body’s proinflammatory immune responses. These processes
are linked with the development of cardiovascular diseases.
The commonest states in prolonged social isolation are fear,
anxiety, and depression. The mechanisms producing these
states remain poorly studied. This present review addresses
the following aspects of the problem: 1) SI as a model of psy-
choemotional stress; 2) the molecular-cellular mechanisms of
the influences of SI on the formation of anxious and depres-
sion-like behavior in animals; 3) sex differences in the effects
of SI; 4) the interaction of SI with other types of stress; 5) the
roles of factors ameliorating the adverse sequelae of SI.
Social Isolation as a Model of Psychoemotional
Stress. There are various models of psychoemotional stress
leading to anxious-depressive disorders, phobias, and oth-
er serious adverse sequelae (for a detailed review see
[Grigoryan and Gulyaeva, 2015]). Models of SI occupy a
special place among these, as they are not linked with direct
physical or mental traumas applied to individuals, but with
influences on another no less important aspect of life — social
communication and interaction. As humans and most ani-
mals live and develop in a social environment, their ontoge-
ny (development and formation of organs, tissues, behavior,
etc.) is directly influenced by this environment. Some ani-
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mals, true, live in solitude, socializing with an individual of
the other sex only during the mating period. Lack of social
communication at different life stages will lead to impair-
ments to normal ontogeny, which in turn lead to abnormal
behavior — aggressivity, anxious-depressive disorders, pho-
bias, etc. The period of life during which SI occurs is very
important, as the forms of communication and interaction
between subjects typical for each stage of development
are modified or completely altered under the influence of
SI. For example, SI at early age weakens play behavior in
adolescence; it leads to loss or weakening of play compo-
nents in the form of somersaults, roughhouse, fighting, etc.
As social interactions in adolescent rats and adult animals
are significantly different behaviorally, these differences are
reflected in the various influences of SI [Walker et al., 2019;
Hall et al., 1998]. However, before proceeding to analysis of
the influences of SI on behavior, we will briefly address the
models most frequently used for assessment of anxiety and
depression-like behavior.

Behavioral models evaluating anxiety and depres-
sion-like behavior. A number of models exist for assess-
ment of anxious and depression-like behavior (for review
see [Grigoryan and Gulyaeva, 2015], though the systems
most commonly used for this are the open field (OF) and
elevated plus maze tests (EPM) (for assessment of anxiety)
and the sucrose preference test (SPT) and the forced swim-
ming test (FST) (for assessment of depression-like behav-
ior). Anxiety is assessed in the OF in terms of the number of
excursions to the center and the times spent in the enter and
periphery of the OF. The greater the time spent by rats in the
center and the less spent at the periphery of the OF, the less
anxious they are and vice versa. Ditto the EPM: the more
time spent by the animals in the open arms of the maze and
the more frequently they visit these arms, the lower their
anxiety level and vice versa. The SPT assesses the ability
of animals to perceive the hedonistic properties of sweet su-
crose solution. The less sucrose they drink as compared with
water, the more they lack these properties (have anhedonia),
which is typical of the depression-like state. The FST assess
another property of depression-like behavior — the state of
“despair,” in which the animal loses the ability to resist in a
difficult (hopeless) situation. At the beginning of the forced
swimming test, placing a rat into a cylinder containing wa-
ter causes it to swim and try to escape from the cylinder,
scrabbling up the walls. However, there come a moment at
which the animal stops resisting, stops swimming, “hangs”
in the water, and carries out only weak movements with the
tail and paws to maintain equilibrium. The total duration
of immobility and the moment of the first hanging are used
to assess the level of the animal’s depression-like behavior.
The earlier the animal starts to hang and the more time the
animal spends in the immobile state during the test period,
the more marked its depression-like behavior. It should be
noted that the literature contains contradictory opinions as
to the adequacy of the FST for assessing depression-like be-
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havior, though these opinions and their critical analysis are
beyond the scope of this review.

Effects of SI on levels of anxiety and depression-like
behavior. In most studies, SI induced anxiety and depressi-
on-like behavior [Du Preez et al., 2020a; Liu et al., 2020;
Dhmelova et al., 2019; Zorzo et al., 2019; Ramos-Ortolaza et
al., 2017; Todorovic and Filipovic, 2017; Wang et al., 2017;
Amiri et al., 2015; Djordjevic et al., 2012; Zhang et al., 2012;
Wallace et al., 2009; Weiss et al., 2004]. For example, SI for
three weeks decreased the proportion of excursions made
by animals into the open arms of the EPM and decreased
movement activity, i.e., had an anxiogenic action [Djordjevic
et al., 2012]. Two-week isolation of adult rats was followed
by a shorter period of time spent in the light sector of the
dark-light chamber [Carrier and Kabbah, 2012]. Spasojevich
et al. [2007] showed that SI for three weeks induced anxi-
ety behavior in adult male rats, while Zlatkovi¢ et al., using
SI of the same duration, found depression-like behavior in
the forced swimming test and sucrose preference test. These
results are consistent with data from the forced swimming
test [Brenes and Fornaguera, 2009] and results from the su-
crose preference test in male rats [Carrier and Kabbaj, 2012].
Chmelova et al. [2019] used male and female rats kept in SI
from age 21 days for nine weeks and found that they dis-
played anxiety-like behavior. Male mice socially isolated for
eight weeks showed depression-like behavior in the forced
swimming test and the tail suspension test, while females
displayed this behavior in the tail suspension test [Liu et al.,
2020]. Female mice subjected to seven weeks of SI devel-
oped anxiety-like behavior in the EPM and OF [Kumari et
al., 2016]. SI induced decreases in sucrose preference and
increases in total hanging time in the FST, i.e., had a depres-
sive action [Guarnieri et al., 2020; Holgate et al., 2017; Wang
et al., 2017; Mileva and Bielajew, 2015; Takatsu-Coleman et
al., 2013]. It should be noted that a number of studies have
not seen any influence for SI on the occurrence of anxious
and depression-like behavior. Thus, Gorlova et al. [2018]
found that ST had no influence on the level of depression-like
behavior. The authors’ view was that this occurred because
SI was transient (1-3 weeks), and manifestation of these
effects required at least three weeks of social isolation. In
another study [Alshammari et al., 2020], the OF, sucrose
preference, and forced swimming tests after 10 days showed
no behavioral differences compared with control rats, though
molecular studies showed that isolated rats displayed signifi-
cantly increased expression of Toll-like receptors and had
significantly greater contents of proinflammatory cytokines
in the hippocampus. There were also no behavioral differenc-
es in the EPM between the control group and animals kept
in SI for four weeks from day 24 of life [Dunphy-Doherty et
al., 2018]. Brenes et al. [2006] suggested that manifestation
of the effects of SI on anxious and depression-like behavior
required at least two months of isolation. This suggestion,
however, contradicts data from other authors [see above],
which demonstrated the negative influences of SI at very low
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durations [Hall, 1998]. Thus, for example, rats showed in-
creased corticosterone levels at just three days of SI, and also
displayed an appetite for alcohol at one day [Wolffgramm
and Heyne, 1991]. The authors linked this latter circum-
stance with the development of anxiety-like behavior and the
desire to relieve it using alcohol. Male mice needed even less
time (12 h) in social isolation for them to manifest depres-
sion-like behavior and have elevated corticosterone levels
[Takatsu-Coleman et al., 2013]. Gong et al. [2018] showed
the mice exposed to SI for eight days at early age developed
depression-like behavior in the tail suspension, forced swim-
ming, and sucrose preference tests. Thus, both long-lasting
(chronic) and short-term (acute, 1-7 days) [Hall, 1998] so-
cial isolation could have adverse influences on behavior.
However, there are cases where SI has anxiolytic rather
than anxiogenic actions [Lukkes et al., 2012; Kulesskaya et
al., 2011; Pietropaolo et al., 2008; Vaikar et al., 2005]. For
example, weakening of anxiety behavior was seen in mice
exposed to SI at age three weeks and lasting eight weeks,
especially when it was combined with depletion of nesting
material [Kulesskaya et al., 2011]. Guo et al. [2004] found
that male and female mice in SI for 1-4 months spent less
time in the closed arms of the EPM than control animals, i.e.,
social isolation in these animals produced an anxiolytic ac-
tion. Isolated males spent less time in the closed arms of the
EPM than females and control animals in the second, third,
and fourth months of testing. A number of studies have found
that ST increased the consumption of sucrose solution [Hong
et al., 2012; Yildirim et al., 2012; Brenes et al., 2020] and
decreased the total duration of hanging in the FST [Huang
et al., 2017; Voikar et al., 2005; Hong et al., 2012], i.e., there
was an antidepressant effect. Our recent study [Pavlova et
al., 2012] showed that SI starting at age 45 days and lasting
two months increased anxiety in rats in the OF and EPM.
The greatest changes occurred in isolated rats which during
the neonatal period had additionally received s.c. doses of the
bacterial toxin lipopolysaccharide (LPS). The sucrose pref-
erence test in rats in social isolation produced signs of de-
pression-like behavior only in females, in groups which had
and had not received additional neonatal LPS stress, the latter
showing a tendency to differences from control animals. In
the FST, isolation did not lead to any increase in hanging
time in either males or females, i.e., this test revealed no sig-
nificant differences in the level of depression-like behavior
[Pavlova et al., 2021]. Differences in the effects of SI were
found depending on test type and mouse strain [Voikar et
al., 2005]. Thus, mice of the strains C57BL/6J and DBA/2
subjected to SI for seven weeks starting at age four weeks
showed reduced anxiety in the light—dark box and increased
anxiety in the EPM. The forced swimming test demonstrated
reduced depression-like behavior in response to SI.

Effects of SI on behavioral responses depending on
duration and age at beginning of SI. SI in most studies
starts at days 21-30 of life and continues for 3-8 weeks (see
[Walker et al., 2019] for detail). The first work seeking to find
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the “critical window” for the effects of social isolation was
reported by Einon and Morgan [1977]. They compared the
effects of isolation at different postnatal days (16-25,25-45,
and 90-180) on anxiety levels in the OF. The latencies of
excursions to the center of the OF in isolated animals of all
groups were longer than those of control animals, though this
measure did not show any differences between groups spend-
ing different durations in isolation. The most marked and
long-lasting effect was produced by isolation on days 25-45.
Rats enter the adolescent period on days 21-35, with puber-
ty (sexual maturation) in the period 35-55 days, after which
they reach the adult stage [Walker et al., 2019]. During the
adolescent period, when maturation of key structures occurs
— the hippocampus, amygdala, prefrontal cortex, and their as-
sociated neurotransmitter systems — social interactions, play
behavior, and exploratory activity play a particularly import-
ant role for rat pups. This period is characterized by “social
reward,” to which males are especially sensitive [Walker et
al., 2019]. During this same period, animals are more sensi-
tive to stress than in adulthood, leading to the future develop-
ment of anxious and depression-like disorders, degradation
of learning and memory, etc. The response to stress in adoles-
cence include a more powerful increase in the corticosterone
level and a more responsive HHAS as compared with reac-
tions to stress in the adult body. In contrast to adult animals,
where repeated stress weakens reactions, acclimation did not
occur in rats in the adolescent period and responses to repeat-
ed stress persisted even longer or even increased [Walker et
al., 2019]. Thus, isolation in the adolescent period deprives
rats of social communication, interaction, and play behavior,
which are prerequisites for development of defensive reac-
tions in future and for copulation in the pubertal period.

In most studies, SI in the early adolescent period (days
21-28) decreased the time spent in the open arms of the
EPM in males [Skelly et al., 2015; Karkhnis et al., 2014;
Chappell et al., 2013; Pritchard et al., 2013; Yorgason et
al., 2013; McCool and Chappell, 2009; Weiss et al., 2004;
Wright et al., 1991; Parker, 1986]. This effect persisted af-
ter the animals were resocialized [Wright et al., 1991]. Two
studies [Weintraub et al., 2010; Thorsell et al., 2006] found
that males isolated from day 30 displayed not an anxiogen-
ic, but rather than anxiolytic effect. Rats entered the open
arms of the EPM more frequently than control animals. It
is interesting that this period coincides with the decline in
play behavior in animals kept in groups [Panksepp, 1981].
In females, no anxiogenic effects of social isolation were
seen in the EPM in the early adolescent period [Butler et
al., 2014; Jahng et al., 2012; Weintraub et al., 2010; Weiss
et al., 2004]. Males kept in isolation from day 21 to day 42
entered the center of the OF less frequently (an anxiogenic
effect) [Lukkes et al., 2009]. On the other hand, Thorsell et
al. [2006] found that males which had been kept in isolation
from day 45 to day 130 showed increases in the time spent
in the center of the OF [an anxiolytic effect). Females dis-
played greater movement activity in the OF, with faster and
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more frequent visits to the central area than males [Walker
et al., 2019]. Thus, isolation in the early adolescent period
in males induced anxiogenic effects in both the EPM and
the OF, while in the late adolescent period the same models
showed anxiolytic effects [Walker et al., 2019]. However,
this assertion can only be made with some reservations, as
the comparisons were made in different rat strains and with
social isolation of different durations.

SI for six weeks in adolescence and early adulthood
(days 28-70) increased social behavior in male and female
mice and anxiolytic behavior in females in the EPM. On
the contrary, SI of the same duration but in adulthood (af-
ter day 77) induced anxious behavior in the light—dark box
[Rivera-Irizarry et al., 2010]. Female C57b/129sv mice sub-
jected to SI at later age (18-24 days) showed greater levels
of anxiety as compared with control mice kept in groups.
These also showed weaker cognitive functions [Arranz et
al., 2009]. Begni et al. [2020a] recently studied SI depend-
ing on its duration and the age at which it started. In one
group of rats, isolation was run from day 21 to day 101
(the prolonged isolation group), while in the second group
isolation ran from day 21 to day 58 (the adolescent peri-
od) and in the third group it ran from day 58 to day 101
(adult group). Between-group differences were seen clear-
ly in terms of movement activity in the OF. This was most
intense in the groups of rats with prolonged isolation and
rats with isolation in adulthood. It was weaker in rats iso-
lated in the adolescent period. No differences were seen in
measures of anxiety in the open field between groups of rats
isolated in different age periods. SI in rats of intermediate
age (eight months) for six weeks did not produce signs of
depression-like or anxious behavior [Ren et al., 2015]. SI for
three months in transgenic APP6995/PS1-dE9 mice promot-
ed the development of cognitive dysfunction and amyloid
plaque accumulation in the hippocampus of old (17 months)
transgenic mice, increasing y-secretase and decreasing neu-
rilysin expression. Furthermore, transgenic mice which had
been kept in isolation showed increased hippocampal atro-
phy, loss of myelin- and synapse-associated proteins, and in-
creases in neuroinflammatory reactions [Huang et al., 2015].

Thus, analysis of behavioral data on the occurrence of
anxious and depression-like behavior in response to social
isolation reveals the role of a large number of factors in these
influences. Of particular significance among these are the
duration of isolation and the age at which it started. Among
other causes factors affecting behavior in SI conditions are
sex (see below), animal species (results in rats and mice in
SI are different), and rat strain [Painsipp et al., 2011], the
nature of the models used and the equipment involved (for
example, the designs of the OF and EPM) [Pavlova et al.,
2021], and a number of others.

Mechanisms of the Influence of Social Isolation
on the Development of Anxious and Depression-Like
Behavior. The role of the hypothalamo-hypophyseal-ad-
renal system. The HHAS plays an important role in acute
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and chronic stresses and the development of anxious-de-
pressive disorders. In normal conditions, secretion of corti-
cotropin-releasing hormone(CRH) and arginine vasopressin
in the paraventricular nucleus of the hypothalamus activates
ACTH secretion in the hypophysis. ACTH in turn stimu-
lates glucocorticoid secretion (corticosterone in animals)
in the adrenal cortex; corticosterone interacts with its re-
ceptors in many brain structures, inhibiting CRH and argi-
nine vasopressin release via negative feedback (see review
by [Grigoryan et al., 2014] for detail). Glucocorticoids are
known to function optimally at moderate concentrations,
while hypo- and hypersecretion lead to anomalies. This oc-
curs because of the differences in the properties and levels
of binding of the two main types of receptors for these hor-
mones in the brain — glucocorticoid (GC) and mineralocor-
ticoid (MC) receptors. MC receptors bind glucocorticoids
at moderate concentrations in the body. These stimulate cell
activity in the hippocampus and influence maintenance of
the basal daily glucocorticoid level. GC receptors bind glu-
cocorticoids during their daily peaks or in stresses induced
by inhibition of hippocampal neurons and regulate HHAS
responses to stress via inhibitory feedback mechanisms.
Glucocorticoids inhibit CRH corticotropin secretion in the
paraventricular nucleus of the hypothalamus and, via local
mobilization of endocannabinoids, induce subsequent inhi-
bition of excitatory afferent inputs. Rapid inhibitory feed-
back terminates CRH and ACTH release for several min-
utes, decreasing the strength of the stressor. How the HHAS
operates in stress and on development of depression has
been discussed in detail in a review [Grigoryan et al., 2014].
We will present a number of studies relevant to social isola-
tion, anxious-depressive behavior, and blood corticosterone
levels. In particular, Takatsu-Coleman et al. [2013] showed
that SI in mice for 12 h induced depression-like behavior
in the FST, SPT, and tail suspension test and increased the
serum corticosterone level. Another study [Ferland and
Schrader, 2011] found that in the case of rats living in pairs,
removal of one from the cage left the other animal with a
sharp increase in the corticosterone level. In response to
acute stress, corticosterone was at the same high level as in
rats previous subjected to chronic varying stress. Another
study [Stevenson et al., 2019] showed that animals devel-
oped depression-like behavior (anhedonia) and increased
corticosterone levels after six weeks of chronic isolation.
Ieraci et al. [2016] found that despite the fact that SI
induced anxiety (in the OF) and depression-like behavior
in the tail suspension test, corticosterone levels did not in-
crease, but could even decrease as compared with those in
control mice. Rats kept in SI from day 21 for three weeks
developed anxiety behavior assessed in a number of tests.
However, it was of note that the corticosterone level in
these animals, as in control rats, was elevated after restric-
tion stress, though with the difference that at 2 h the level
decreased to below the prestress level [Lukkes et al., 2009].
SI in male but not female rats increased anxiety in the EPM
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and increased ACTH and corticosterone levels, in the latter
case affecting both baseline value and the response to stress
[Weiss et al., 2004]. On the other hand, despite the develop-
ment of anxious behavior in the light-dark box and OF in
response to SI, neither the basal nor the stress-induced cor-
ticosterone levels changed [Schrijver et al., 2002]. Isolated
female Kyoto—Wistar rats, which are themselves a model
of depression, showed decreased corticosterone levels as
compared with control Wistar animals [Mileva et al., 2017].
Similar results were reported in [Roeckner et al., 2017],
where chronic SI induced anxious behavior and simulta-
neous decreases in serum corticosterone levels in females.
These results were explained in terms of the influences of
the different durations of isolation and the age at which it
started [Serra et al., 2007]. Three-week isolation did not
alter basal corticosterone levels from that in adult control
rats [Filipovié¢ and Pajovi¢, 2009]. Filipovic et al. [2017]
showed that SI weakened negative glucocorticoid feed-
back regulation of corticosterone secretion levels. Boero et
al. [2018] found that SI decreased the levels of total cor-
ticosterone and its carrier, corticosteroid-binding globulin,
but had no effect on the active free corticosterone fraction
in the basal state in response to acute stress. In the basal
state, SI increased the number of glucocorticoid receptors
and decreased the number of mineralocorticoid receptors.
In response to acute stress, rats subjected to SI retained el-
evated corticosterone, ACTH, and corticotropin-releasing
hormone levels for long periods. Glucocorticoid receptor
expression in the hippocampus and hypothalamus of rats
kept in groups increased with time, reaching a peak, and
then returned to the basal level, while glucocorticoid recep-
tor expression in socially isolated rats did not change over
time [Boero et al., 2018]. Corticosterone levels in response
to acute stress were higher in male isolated animals than
females [Pisu et al., 2016], though another study [Heck and
Handa, 2019] reported a stronger HHAS reaction in females
than males, due to modulation by sex hormones. The basal
corticosterone level after nine months of SI was no differ-
ent from the corticosterone level in control animals, though
it was higher in females than males regardless of housing
conditions [Krupina et al., 2020]. In our study [Pavlova et
al., 2021], a significant increase in the corticosterone level
was seen in all groups of rats after two months of SI, which
is evidence of their greater reactivity to stressors (FST) as
compared with the control group.

The role of oxidative stress. Along with impairments
to HHAS operation, SI induces oxidative stress in the
brain and leads to dysregulation of the antioxidant enzyme
[Colaianna et al., 2013]. The antioxidant enzymes are cyto-
solic copper-zinc superoxide dismutase CuZnSOD [Chang
et al., 1988] and mitochondrial manganese superoxide dis-
mutase (MnSOD), which catalyze conversion of the super-
oxide anion (O;) to oxygen and hydrogen peroxide (H,0,),
which are then detoxified by the enzymes catalase (CAT)
and glutathione peroxidase (GPx) [Chelikani et al., 2004].
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Increases in corticosterone levels during chronic stress de-
crease the activity of the antioxidant enzymes in rat brains,
pointing to a direct involvement of corticosterone in oxida-
tive stress [Zafir and Banu, 2009]. High glucocorticoid lev-
els increase glutamate release, lead to calcium-dependent
activation of nitric oxide synthase (NOS) and production
of high (toxic) concentrations of nitric oxide (NO), thus in-
ducing impairments to mitochondrial functioning. Increases
in the expression of the enzyme NOX2 (the main source of
reactive oxygen species, ROS) and oxidative stress in the
frontal cortex are the early pathological signs of the effects
of SI in rats. NOX2-induced oxidative stress leads to in-
creases in glutamate levels and decreases in the numbers
of parvalbumin-positive inhibitory neurons. Administration
of the NOX inhibitor apocynin during seven-week SI pro-
tected against the adverse sequelae of oxidative stress.
Increases in the reactive oxygen species (ROS) content in-
hibit the antioxidant activity of the enzyme CAT [Spiers et
al., 2015], while high levels of hydrogen peroxide H,O, in-
activate cupper-zinc superoxide dismutase (CuZnSOD) ac-
tivity [Halliwell and Gutteridge, 1989]. Social isolation for
eight weeks was shown to decrease CAT and GPx activities
and total antioxidant capacity, at the same time increasing
the hydrogen peroxide level in the prefrontal cortex and
hippocampus in rats [Shao et al., 2015]. In addition, expres-
sion of CuZnSOD is under control of NF-xB (nuclear factor
kappa-light-chain-enhancer of activated B cells, NF-xB)
[Meyer et al., 1993], which is activated by hydrogen per-
oxide H,0, [Bowie and O’Neill, 2000]. Hydrogen peroxide
triggers feed-forward with NF-»B, inducing accumulation
of toxic hydrogen peroxide, with the result that the antiox-
idant activity of CuZnSOD decreases further. Glutathione
is an important component of the nonenzymatic antioxi-
dant system. Glutathione is the main buffer for the redox
system [Giustarini et al., 2004] and a significant cofactor
for a number of enzymes protecting cells from oxidative
stress. Changes in glutathione levels and glutathione perox-
idase activity provide evidence of weakening of antioxidant
defense. SI for three weeks in adult male rats significant-
ly decreased glutathione contents in the prefrontal cortex
[Zlatkovic et al., 2014], while three-week SI in adult male
mice decreased glutathione content in the hippocampus
[Todorovi¢ et al., 2014]. This is evidence that SI induces
impairments to the glutathione-dependent defense system,
provoking prooxidant effects in the hippocampus. Chronic
isolation of rats for three weeks, induing depression-like
and anxious behavior in the FST, SPT, and MB marble
burying) tests increased markers of oxidative and nitrosa-
tive stress (NF-xB and COX-2) in the prefrontal cortex,
and, to a lesser extent, in the hippocampus [Zlatkovi¢ et al.,
2014]. Stevenson et al. [2019] found that six-week chronic
SI inducing depression-like behavior in prairie voles in the
SPT increased the metabolites of reactive oxygen species,
reflecting the occurrence of oxidative stress. Daily admin-
istration of oxytocin almost completely protected animals
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from the adverse sequelae of SI. Another study in rats sub-
jected to SI for three and eight weeks demonstrated clear
signs of depression-like behavior in the FST and tail sus-
pension test as compared with control animals [Mohale
and Chandewar, 2012]. Stressed animals showed signifi-
cant increases in signs of oxidative stress: lipid oxidation
increased and the glutathione, GSH, superoxide dismutase,
SOD, and CAT levels decreased at eight weeks of SI. For
more detailed data on the link between social isolation and
anxiety/depression-like behavior and oxidative/nitrosative
stress see review by Filipovic et al. [2017].

The role of nitrosative stress. Nitric oxide (NO) is pro-
duced by isoforms of nitric oxide synthase (NOS). It plays
a key role in synaptic plasticity, neuromodulation, and other
physiological functions. However, overexpression of NO
as a result of elevated nuclear nNOS and inducible iNOS
activities during stress increases glutamate receptor activ-
ity [Ridnour et al., 2004]. Furthermore, local selective ac-
tivation of the microglia by chronic stress in rats leads to
release of high nitric oxide concentrations, provoking ni-
trosative stress [Cassina et al., 2002]. Elevated nNOS and
iNOS expression in the prefrontal cortex during three-week
SI in adult male rats provided evidence of nitrosative stress
[Zlatkovi¢ and Filipovié, 2012]. One factor stimulating ni-
trosative stress due to chronic SI is activation of nuclear
factor xB (NF-xB) [Maes et al., 2007]. Nitric oxide induces
upregulation of NF-»xB [Connelly et al., 2001], while in-
creased expression of both nitric oxide synthases (nNOS
and iNOS) increases NO production, which promotes acti-
vation of NF-xB. Increased NO production due to chronic
SI can lead to activation of proapoptotic signaling in the
prefrontal cortex in adult male rats [Zlatkovi¢ and Filipovi¢,
2012]. Filipovic et al. [2017] showed that SI for three weeks
increased cyclooxygenase-2 (COX-2, a marker of inflam-
mation) expression in the prefrontal cortex of adult male rats
[Zlatkovic et al., 2014]. Increased COX-2 and iNOS expres-
sion is inked with increased NF-»B production [Maes et al.,
2007]. Activation of COX-2 induces release of additional
free radicals and proinflammatory cytokines [Arimoto and
Bing, 2003] and activates prostaglandin biosynthesis, fur-
ther boosting the prooxidant state of cells. Prostaglandins
themselves can also damage cells, provoking glutamate re-
lease from astrocytes or leading to apoptosis [Vesce et al.,
2007]. On expression, iNOS and COX-2 can generate large
quantities of reactive oxygen species (ROS), promoting ox-
idation of cell components [Madrigal et al., 2003] and are
involved in proapoptotic signaling in the prefrontal cortex.
The 5-HTj; receptor antagonist tropisetron has been shown
to decrease the depressive influence of four-week social
isolation in adolescent male mice by decreasing nitrosative
stress by restoring mitochondrial functioning and decreas-
ing nitric oxide levels in cortical areas [Haj-Mirzaian et al.,
2016]. In this study, tropisetron ameliorated the adverse
influences of inducible nitric oxide sythase (iNOS) on mi-
tochondrial activity, while combination with the specific
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iNOS inhibitor aminoguanidine enhanced the protective ef-
fect of tropisetron.

The role of neuroinflammation. One important mech-
anism of the influence of SI on the development of anx-
ious-depressive states consists of neuroinflammation. Many
studies have shown that SI increases proinflammatory cy-
tokine (IL-1f, IL-6, tumor necrosis factor o) contents in
the brain [Du Preez et al., 2020b; Todorovich et al., 2017;
Wang et al., 2017] and Toll-like receptors [Alshammari et
al., 2020, 2019] in the hippocampus. These latter recog-
nize conserved microbial molecules and trigger cellular
immune responses. Males have more Toll-like 4 receptors
and females more Toll-like 7 receptors. Different stressors
have been shown to induce different changes in behavior
and biochemical indicators. In particular, De Preez et al.
[2020a] demonstrated differences in the effects of two dif-
ferent stressors in mice — chronic SI from day 42 for 6-9
weeks and daily injections of physiological saline at the
same times. Stress due to daily injections induced anxiety
behavior in the mice. This was associated with weakening
of inflammatory reactions: decreased serum TNF-a and
IL-4 levels, increased corticosterone reactivity, increased
microglial activation, and reduced neuronal differentiation
in the dentate facia of the hippocampus. Conversely, pro-
longed social isolation induced depression-like behavior:
serum TNF-o increased, IL-10 decreased, corticosterone
reactivity was weakened, and microglial density decreased
[Du Preez et al., 2020a]. This latter plays a very important
role in immune and inflammatory reactions and is one of
the main sources of the formation and release of interleuk-
ins. Microglial death goes through stages of activation and
apoptosis. Administration of minocycline prevented loss of
microglia and prevented the development of anxious and
depression-like behavior. Gong et al. [2018] found that both
microglial activators, LPS, and macrophage colony-stimu-
lating factor (M-CSF) completely protected the body from
developing depression-like behavior due to increased mi-
croglial proliferation in the hippocampus. SI at early age
increased the expression of the microglial activation marker
Ibal in the hippocampus and decreased expression of the
microglial receptor C200, which promotes entry of microg-
lia into a quiescent state [Wang et al., 2017]. The involve-
ment of immune and inflammatory reactions in the effects
of SI is confirmed by data obtained in Drosophila. Adult
male Drosophila socially isolated for four days displayed
changes in the expression of 90 genes, most of which were
part of the immune system [Agrawal et al., 2020]. This in-
directly indicates a relationship between SI and the immune
system and inflammation.

The role of trophic factors, neurogenesis, and syn-
aptic plasticity. BDNF (brain-derived neurotrophic factor)
is one of the most important neurotrophins involved in the
processes of brain development, including neuron surviv-
al, specialization, migration, synaptogenesis, spine density,
and dendrite branching. BDNF expression levels influenced
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by SI depend on the duration of isolation, the age at which it
starts, the sex and species of the animal, the brain structure
studied, and other factors. Thus, SI in adolescent (38-51
days old) males increased BDNF levels in the medial pre-
frontal cortex of adult rats [Shao et al., 2013]. Two-week SI
increased BDNF expression in the medial prefrontal cortex,
but decreased it in the nucleus accumbens and dentate fascia
(DF) of the hippocampus [Han et al., 2011]. Four-week SI in
four-week-old rats increased BDNF expression in the medi-
al prefrontal cortex and hippocampal fields CA1 and CA2/3
and the DF [Meng et al., 2011]. Isolation for two months in
two-month-old rats decreased BDNF levels in the hippo-
campus [Scaccianoce et al., 2006]. In C57BL/6 mice, social
isolation for three weeks starting at age three months de-
creased the BDNF level in the hippocampus, frontal cortex,
hypothalamus, and midbrain structures [Barry et al., 2012].
In the study cited above [Begni et al., 2020a], rats with
different durations of isolation and different ages showed
decreases in BDNF levels in isolants of all groups as com-
pared with controls. However, the level of BDNF transcripts
containing exons 4 and 6 was lower only in the group of rats
with prolonged social isolation. Two other groups, in which
isolation was imposed in the adolescent and adult periods,
showed no differences in the levels of these transcripts from
controls. Chmelova et al. [2019] found that neither males
nor females showed any changes in BDNF expression in
response to SI. Decreases in BDNF levels in response to
chronic SI in male mice, which displayed anxious and de-
pression-like behavior, were seen in the hippocampus and
prefrontal cortex [leraci et al., 2016]. Mice kept for two
or seven weeks in social isolation following stroke dis-
played depressive behavior and had decreased BDNF levels
[O’Keefeetal.,2014]. Evans et al. [2012] found that chronic
SI in rodents induced depression-like behavior and anxious
behavior, decreased BDNF levels, and reduced neurogene-
sis and the level of the endogenous neurosteroid allopreg-
nanolone. Administration of exogenous allopregnanolone
from onset of chronic SI prevented the development of anx-
ious-depressive behavior and normalized the BDNF level
and neurogenesis [Evans et al., 2012]. Female mice exposed
to eight-week SI showed, along with signs of an anxiety
state, an increases in BDNF expression in the cerebral cor-
tex [Kumari et al., 2016]. There were simultaneous increas-
es in the regulation of CREB-1 (cAMP-responsive element
binding protein 1) and CBP (CREB binding protein), which
play important roles in BDNF transcription. Conversely,
HDAC-2 (histone deacetylase-2) activity, which adversely
affects BDNF expression, weakened in isolants. As regula-
tion of BDNF levels is bound to the actions of Limk-1 (LI
domain kinase 1), miRNA-132, and miRNA-134, increases
in BDNF expression are accompanied by increases in the
expression of Limk-1 mRNA and miRNA-132 and decreas-
es in the expression of miRNA-134 (inhibits translation of
Limk-1). Thus, the molecular changes in anxiety behavior
due to the effects of social isolation are induced via in-
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creased expression of BDNF, CBP, CREB-1, Limk-1, and
miRNA-132 and weakening of the expression of HDAC-2
and mirNA-134 in the cerebral cortex [Arzate-Mejia et al.,
2020; Kumari et al., 2016].

Considerable amounts of data have been obtained pro-
viding evidence that SI decreases neurogenesis in the hippo-
campus [Guarnieri et al., 2020; Liu et al., 2020; Lieberwirth
et al., 2012; Ibi et al., 2008; Lu et al., 2003]. For example,
isolation of adult mice (males and females) for one week
has been shown to weaken neurogenesis in the olfactory
bulb and the ventral part of the hippocampus [Guarnieri et
al., 2020]. Social isolation for four weeks in male mice aged
2.5 months altered neuroplasticity and the activity of genes
associated with it [leraci et al., 2016], while SI in rats aged
1-2 months showed decreased neurogenesis in the dentate
fascia and decreased long-term post-tetanic potentiation of
hippocampal neurons [Lu et al., 2003]. Wang et al. [2019]
showed that chronic SI also weakened long-term post-te-
tanic potentiation of hippocampal field CA1 neurons. The
hippocampus showed decreases in the expression of protein
PSD-95 (postsynaptic density protein-95) and glutamate re-
ceptors (GluA1l, NR1, and NR2B) without any changes in
extracellular glutamate release or NR2A or GABA , recep-
tor expression. This is evidence that SI at early age impairs
postsynaptic functioning and alters the interaction between
AMPA and NMDA receptors, influencing spatial memory
and learning [Wang et al., 2019]. Female rats in isolation
from day 35 to day 55 of life showed decreased branching
of dendritic trees in the radial layer of the dorsal hippocam-
pus [Chen et al., 2018]. Conversely, the ventral part of the
hippocampus showed increased dendritic tree branching.
Thy-1-GFP knockout mice in SI from age 21 days to adult-
hood showed fine, immature dendritic spines in the prefron-
tal cortex, at smaller numbers than in control animals. These
same mice showed weaker long-term post-tetanic potentia-
tion [Medendorp et al., 2018]. Decreased branching of api-
cal/basal dendrites and spine density was also seen in hippo-
campal field CA1 neurons in male and female mice subject-
ed to SI [Liu et al., 2020]. Scala et al. [2018] demonstrated
the involvement of glycogen sythase kinase 3 (GSK3f)
and voltage-gated sodium channels (Nav1.6) in the control
of neuroplasticity in chronic SI and an enriched environ-
ment. Transcriptome studies in the nucleus accumbens in
rats in SI and an enriched environment revealed low levels
of GSK3p and SCNSA (sodium voltage-gated channel o)
mRNA, which can be regarded as a sign of the operation of
protective mechanisms linked with reductions in the excit-
ability of medium spiny neurons. Levels of GSK3f activity
and the state of Nav1.6 reflect the excitability of medium
spiny neurons. Silencing of GSK3f activity protects neu-
rons from abortive plasticity in SI [Scala et al., 2018].

The role of monoamines. Social isolation decreased
transcription of the genes for all postsynaptic 5-HT recep-
tors — 5-HT, 5, 5-HT g, 5-HT,,, 5-HT,, 5-HT;,, 5-HT,,
and 5-HT, — in the prefrontal cortex and 5-HT,3.,5-HT,,,
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and 5-HT,. receptors in the hypothalamus and midbrain.
Only overexpression of 5-HT receptor occurred in the hip-
pocampus. Ther were no differences in transcription of the
5-HT transporter gene as compared with controls [Bibancos
et al., 2007]. SI had no effect on the basal extracellular sero-
tonin level in the nucleus accumbens [Howes et al., 2000],
though it decreased basal 5-HT turnover [Heidbreder et
al., 2000]. Social isolation also had no effect on the bas-
al extracellular serotonin level in the prefrontal cortex, but
decreased its metabolism [Holson et al., 1988]. Krupina et
al. [2019] showed that two-month isolation of rats starting
at early age decreased the serotonin level in the hippocam-
pus and increased metabolism in terms of the 5-HIAA/5-
HT ratio. Three-month SI increased the serotonin level and
decreased its turnover in the amygdala. The frontal cortex
showed a tendency to a decrease in the serotonin level.
Similar data were obtained by Brenes et al. [2020] for the
hippocampus, where one-month SI from early age in rats led
to a decrease in the serotonin concentration and increases in
the 5-HIAA concentration and serotonin turnover. Some in-
vestigators link depression-like behavior with decreased se-
rotonin levels in the brain or, more precisely, with changes
in the serotonin/kynurenine ratio [Ramirez et al.,2018]. The
authors took the view that powerful and/or recurrent stress
activates indole-2,3-dioxygenase (IDO) [sic], an enzyme of
kynurenine metabolic pathways which increases quinolinic
acid synthesis, with an associated adverse influence on sero-
tonin synthesis. Quinolinic acid activates NMDA receptors
and stimulates the secretion of proinflammatory interleukins
(IL-6 and IL-1). HHAS activity increases and tryptophan
metabolism is shifted towards production of quinolinic acid
and interleukins, which results in an even greater reduction
in serotonin synthesis and consolidates depression-like be-
havior [Ramirez et al., 2018].

A number of studies have shown that ST increases extra-
cellular dopamine levels [Whitaker et al., 2013; Heidbreder
et al., 2009; Hall et al., 1998], though in some cases this did
not occur [Brenes and Fornaguera, 2009; Miura et al., 2002].
In male rats, SI had no effect on extracellular dopamine lev-
els in the nucleus accumbens [Hall et al., 1998; Howes et
al., 2000; Karkhanis et al., 2014], though basal dopamine
turnover increased. In addition, electrical stimulation, elec-
trocutaneous shocks, and systemic administration of am-
phetamine, ethanol and cocaine increased dopamine release
in the nucleus accumbens in male isolants as compared with
control animals. The basal dopamine level in the prefrontal
cortex did not change in response to SI [Powell et al., 2003;
Holson et al., 1998], though dopamine turnover decreased.
Social isolation decreased the basal dopamine level in the
basolateral amygdala [Karkhanis et al., 2015] but increased
its turnover [Heidbreder et al., 2000]. In contrast to changes
affecting 5-HT receptors in response to SI, there were no
changes in the sensitivity of expression of dopamine recep-
tors [Walker et al., 2019]. Although recent data [Begni et al.,
2020a] indicated small changes in the expression of D, and
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D, receptors in response to SI in adolescence with a trend to
decreased expression, SI in adulthood increased the level of
expression of D, receptor mRNA.

Thus, these results provide evidence that SI influences
the levels and turnover of serotonin and dopamine in various
brain structures. This again confirms their important role in
the development of anxious and depressive disorders, while
the changes seen in neurotransmitter activity and metabo-
lism evidently reflect one of the many pathological compo-
nents linking the influences of SI with these disorders.

Sex Differences in the Effects of Social Isolation. At
least three factors may influence sex differences in the ef-
fects of social isolation. The first consists of the characteris-
tics of the course of the neuroinflammatory process and ac-
tivation of the immune system.

Social isolation for six weeks in the social vole has
been shown to produce anxiety-like behavior, microgli-
olysis, and specific changes to neurons and neurochemical
reactions in individual brain structures depending on the
sex of the animal [Donovan et al., 2020]. Furthermore, SI
impaired the gut microbiome, which is tightly associated
with key brain functions and behavior. The authors suggest-
ed that ST alters the gut-immune system-brain axis depend-
ing on the animal’s sex, and the gut microbes, central glial
cells, and neurochemical systems together play a critical
integrative role in mediating the adverse fluence of social
isolation [Donovan et al., 2020]. Early SI for eight days,
apart from depression-like and anxious behavior, caused
microglial death and dystrophy in the hippocampus [Gong
et al., 2018]. Preservation of the microglia and their pro-
liferation protect against the development of behavioral
impairments. Microglial reactions are assessed in terms of
the levels of expression of CD200R (a glycoprotein CD200-
binding membrane receptor, which suppresses immune ac-
tivity) and CX3CL1 (chemokine/fractalkine, for detail see
review by Villa et al. [2016]) in the hippocampus. CD200R
and CX3CL1 are expressed on microglia. Social isolation
at early age increases the expression of a microglial activa-
tion marker (Ibal — ionized calcium-binding adapter mole-
cule 1) in the hippocampus and decreases the expression of
microglial receptor CD200R, which promotes the quiescent
state of microglia [Wang et al., 2017]. The interaction be-
tween CD200R and CX3CL1 ligands and the corresponding
receptors on microglia leads to inhibition of the inflamma-
tory process. As stress decreases CD200R and CX3CLI,
it can sensitize neuroinflammation by decreasing neuronal
inhibition of microglia. The CD200/CD200R and CX3CL1/
CX3CR1 dyads support normal neuron-glial crosstalk. This
interaction is impaired by stress (CD200R and CX3CL1 de-
crease), with the result that neuronal inhibition of microglia
declines, such they cease to be controlled, produced large
quantities of proinflammatory cytokines, prolonging and
exacerbating the inflammatory process. After stress, males
showed increased in vivo microglial activation and potenti-
ation of ex vivo microglial reactions to repeat stress [Frank
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et al., 2007]. This is evidence that microglia in males are
highly sensitive to neuroinflammation. In females, microg-
lia did not display any sensitization effect. Resistance to the
neuroinflammatory process in females in response to repeat
stress was mediated not by changes in microglial reactiv-
ity but by some other mechanisms [Fonken et al., 2018].
It is interesting that during repeat stress, females showed
increases in the anti-inflammatory interleukin IL-10. This
provided grounds for the suggestion that the immune sys-
tem in females may function as a buffer to ease responses to
repeat stress by activating the anti-inflammatory pathways
[Barrientos et al., 2019].

The second possible cause of sex differences in reac-
tions to social isolation, as already noted, is the life peri-
od during which SI is applied, as this influence modifies or
completely changes the types of communication and inter-
action between subjects typical of each stage of develop-
ment [Shao et al., 2013]. Males are more sensitive to iso-
lation at early age, losing the adolescence-typical forms of
social interaction as play behavior, roughhouse, exploratory
activity, etc. Females are less sensitive to the influences of
SI on their future behavioral reactions in terms of these in-
dicators than males. Finally, the third very important factor
in sex differences under the influence of SI probably consist
of sex hormones themselves. The effects of sex hormones
are often assessed using the ovariectomy (OE) model.

Confirming the above, SI in adolescence, with rare
exceptions [Weintraub et al., 2010; Thorsell et al., 2006],
induced anxious behavior in the EPM and OF in males but
not females. Pisu et al. [2016] also showed that SI induced
anxiety-like behavior only in males. This behavior was not
seen in females, possibly because of the protective effects
of sex hormones. Acute stress increased corticosterone
levels in socially isolated males and females, though the
rise in males was greater than that in females [Pisu et al.,
2016]. At the same time, opposite results were obtained by
Bourke and Neigh [2011], who kept rats in isolation during
the adolescent period (days 37—49) and then tested their
levels of anxious and depression-like behavior in late ad-
olescence (days 48-57) and adulthood (days 96-104). The
results showed that only females, both in late adolescence
and adulthood, displayed anxious and depression-like be-
havior in the sucrose preference and forced swimming tests,
and only these animals showed anomalous corticosterone
reactions to acute stress in forced swimming. Males sub-
jected to SI in adolescence did not display signs of anxious
or depression-like behavior at any life stage [Bourke and
Neigh, 2011]. True, it has to be said that SI in this study was
used not in pure form, but in combination with limited stress
and social defeat stress. Similarly, but in somewhat differ-
ent conditions, Nishinaka et al. [2015], applied SI to mice
simultaneously with weaning from mothers at 2-3 weeks.
Mouse pups were removed from their mothers on days 15—
21 of life and were placed in individual cages for six hours/
day; starting from day 21 of life they were kept constantly
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in sole-occupancy cages. In other words, social isolation
started before weaning from nursing mothers and contin-
ued after completion of suckling. At nine weeks, the sciatic
nerve was ligated to induce neuropathic pain. Depression-
like behavior in the FST at week 12 of life was seen only in
females, not in males. In our study [Pavlova et al., 2021],
we also observed depression-like behavior in the sucrose
preference test only in females exposed to SI from day 45
to day 105 of life, though the effect of isolation was clearly
apparent only in combination with early proinflammatory
LPS stress. This behavior was not seen in males. We did
not see any significant differences in anxiety levels between
males and females which had been in SI, though they had
higher anxiety indicators than control animals [Pavlova et
al., 2021]. Similar results were obtained by Caruso et al.
[2017]; in their experiments, repeated episodes of isolation
of ALB/cJ mice in adolescence alternating with social nov-
elty for four weeks increased anxiety in males and females,
while depression-like behavior was seen only in females.

The literature contains a number of studies demonstrat-
ing the role of OE (alone and combined with other stressors)
in the development of anxious and depressive disorders and
the protective functions of estrogens. Ge et al. [2020] found
a significant increase in microglial cells in the prefrontal
cortex after OE, with activation of a large number of proin-
flammatory cytokines and prooxidant genes. Depression-
like behavior was found to be induced by OE over long
periods of time [Khayum et al., 2020]. Administration of
estradiol or ERP-receptors in the hippocampus decreased
OE-induced depression-like behavior at 12 weeks [Bastos
et al., 2015]. All these data provide evidence of the import-
ant protective function of estrogens in relation to the man-
ifestations of anxious-depressive disorders. Unfortunately,
our literature search revealed no studies combining the in-
fluence of SI with the effects of OE. However, one study
[Ramos-Ortolaza et al., 2017] addressed the interaction
of chronic SI with the influences of ovarian hormones on
anxious and depression-like behavior and the expression of
glucocorticoid receptors in the hippocampus and hypothal-
amus during the normal cycle in female rats. Animals in
SI for eight weeks were tested in diestrus (the resting state
with minimal estrogen and progesterone levels), estrus, and
proestrus (high hormone levels). Levels of depression-like
behavior in females in isolation were found to be higher
than in control animals regardless of the phase of the cycle.
However, levels of anxious behavior were lower in estrus,
which was accompanied by decreased expression of GC
receptors in the dentate fascia and hippocampal field CAl
[Ramos-Ortolaza et al., 2017].

Interaction of Social Isolation with Other Types of
Stress. As the body can be subject to other stresses (for ex-
ample, intoxication, infection, etc.) throughout life, includ-
ing during social isolation, it is important to discuss how
the effects of different forms of stress interact with each
other and what the sequelae of such interactions are. Weak
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short-term stresses in some cases can have positive influ-
ences on subsequent responses by “hardening” the body. In
other cases, the effects of different stresses can accumulate
and the overall negative effect increases. For example, in
mice kept in SI and in groups, moderate choric variable
stress for six weeks increased corticosterone levels in re-
sponse to acute restraint stress, though only in the groups
of rats which had experienced social isolation [Heck et al.,
2020]. When pregnant females were given a toxin induc-
ing an inflammatory reaction and the interaction of the ef-
fects of this toxin with the effects of SI were subsequently
assessed in the offspring in adolescence, the inflammatory
process during pregnancy was found not to increase the ef-
fects of isolation, but to decrease them [Goh et al., 2020].
The hippocampus of adolescent rats subjected to dual stress
contained more oxytocin than after single stress, which also
points to persistence of the influence of the first stress on the
second. Chronic unpredictable stress in rats kept in social
isolation was found to alter the balance of ‘“arousal-inhi-
bition” processes and made behavior more active than in
the control group, which was apparent as an increase in
exploratory activity, a focus on positive reinforcement, and
weakening of fear reactions [Sequeira-Cordero et al., 2020].
The combination of different stresses in early childhood and
adulthood do not necessarily have to lead to strengthening
of the second stress, particularly when the adverse nature of
the stresses in childhood and adulthood coincide. When the
first and repeat stresses are in different directions, results
are not always in the same direction [Santarelli et al., 2017].
The authors showed that early intervention of stressful or
other nature do not always lead to strengthening of the re-
action to the repeated stress, such that enhancement of the
effect may be replaced by resistance to the second stress
after the experience of stress at young age. Male rats aged
three months were kept in SI in standard control conditions
[Viana Borges et al., 2019]. At one month, half the rats of
each group were subjected to chronic unpredictable stress
for 18 days. Social isolation strengthened HDACS expres-
sion, decreased H3K9 and H4K12 acetylation, decreased
the BDNF level, and weakened long-term memory. Social
isolation induced anxious behavior. Combination of the two
stresses increased only HDACS expression [Viana Borges
et al., 2019]. The effects of one stress on the other can de-
pend on the strain of mice studied [Painsipp et al., 2011].
Thus, CD1 animals kept in groups and given the bacterial
toxin LPS with behavior testing in the FST the next day and
at 28 days showed clear depression-like behavior, which
was not seen in rats kept in SI. Conversely, C57BL/6 mice
kept in SI showed signs of depression-like behavior. These
were maintained for four weeks and were additionally ap-
parent in the sucrose preference test. This behavior was also
seen in mice kept in groups [Painsipp et al., 2011]. Social
isolation for 2—4 weeks (but not in the first week) increased
the effects of LPS administration (10 pg/kg) in mice in re-
lation to the “illness state” and increased levels of corticos-
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terone, cytokine IL-6, tumor necrosis factor a, and IL-10.
However, no synergistic effects in relation to other stressors
(restraint stress, tail clipping, loud noises) were seen [Gibb
et al., 2008]. In mice subjected to SI for two weeks and
then placed in groups, administration of the toxin polyl:C
increased behavioral effects (the “illness state”) and levels
of corticosterone and cytokines IL-6 and IL-10 as compared
with animals given polyl:C alone [Gandhi et al., 2007].
Miura et al. [2009] kept mice in SI conditions for four weeks
from day 21 of life and gave LPS; tryptophan, serotonin,
and kynurenine contents were measured in the prefrontal
cortex, hippocampus, amygdala, and dorsal raphe nuclei.
Kynurenine (KYN) is induced by the enzyme indoleamine
2 3-dioxygenase (IDO) and is a key product of tryptophan
metabolism. Activity in the inflammatory process is shifted
towards kynurenine, which leads to the development of de-
pression-like behavior. Social isolation alone decreased the
kynurenine/serotonin ratio in the amygdala and raphe nu-
clei. Dual stress (LPS + SI) increased the kynurenine/sero-
tonin ratio in all structures except the raphe nuclei. That is,
SI alone displaced activity towards serotonin and dual stress
towards kynurenine [Miura et al., 2009]. At the behavioral
level, this partially coincided with our data [Pavlova et al.,
2021], where administration of LPS on days 3 and 5 of life
to rats kept in social isolation from day 45 to day 105 in-
duced the strongest negative effects. Social isolation for six
and 28 days increased the proinflammatory effects of LPS
in mice [Peterman et al., 2020]. The combined influences
of six-week moderate chronic unpredictable stress in male
mice with a further six weeks of social isolation induced
clear depression-like behavior with an enhanced microglial
reaction in the DF of the ventral hippocampus and strength-
ened astrocyte responses in the ventral and dorsal parts of
the DF of the dorsal hippocampus [Du Preez et al., 2020b].

The Role of Factors Ameliorating the Negative
Sequelae of Social Isolation. Many years ago we ad-
vanced the hypothesis that depressive disorders are based
on impairments to memory mechanisms [Grigoryan, 2005].
Memory is the central nucleus of the functional system clos-
ing all its other elements, including the influx of information
from the surrounding world, motivation, reinforcement, and
action. The normal functioning of memory supports ap-
propriate operation of the functional system and vice ver-
sa. “Breakdowns” in any element of the functional system
lead to impairment to memory mechanisms and ultimately
to the development of a whole series of psychopathologies,
including depressive disorders [Grigoryan, 2005; Grigoryan
and Gulyaeva, 2015]. From our hypothesis it follows that
any influence countering these “breakdowns” must main-
tain the operation of the functional system and memory at
the normal level and protect the body from developing de-
pressive and other mental disorders. This requires firstly an
adequate influx of information from the surrounding world,
which in rodent experiments is achieved using an environ-
ment enriched with various stimuli and objects. Secondly,
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motivation for the animal’s behavior must be increased,
which is achieved by exploratory activity (novelty), play
behavior (social contacts), and other types of social inter-
action. The animal’s activity overall and movement activi-
ty in particular is of no little importance. Activity not only
maintains body tone at a high level, but also promotes solu-
tion of tasks leading to useful adaptive results and positive
emotions. Movement activity is supported in animal exper-
iments by physical training, running in a wheel, and a great
variety of objects within the cage (ladders, cardboard boxes,
etc.), facilitating and motivating movement. We will now
consider published data on the influences of an enriched
environment, physical exercise, and resocialization on ani-
mal behavior in tests assessing anxious and depression-like
behavior as compared with animals kept in standard condi-
tions and social isolation.

Brenes et al. [2020] subjected rats from day 21 of life
to social isolation f or a month. The animals were then di-
vided into groups which were kept for a further month in
conditions of performing physical exercise (running in a
wheel) with an enriched environment (EE) and treated with
fluoxetine (a serotonin reuptake inhibitor). Social isolation
induced anxious-depressive behavior in the OF, anhedonia
in the SPT, and depression-like behavior in the FST. Only
EE induced anxiolytic effects and decreased anhedonia.
Administration of fluoxetine decreased depression-like be-
havior. Physical exercise occupied an intermediate position
in terms of the strength of its influence on the behavioral
reactions of interest. The authors took the view that physical
exercise and environmental enrichment were more effective
factors in eliminating the effects of SI than medication with
fluoxetine [Brenes et al., 2020]. Park et al. [2020] showed
that rats in SI from day 21 of life for six weeks respond-
ed to vigorous swimming exercise (60 min/day, six days/
week, six weeks in a row) with weakening of anxious and
depression-like behavior. Swimming exercise suppressed
apoptosis, enhanced neurogenesis, and increased serotonin
[Park et al., 2020]. The possibility of preventing the nega-
tive effects of social isolation using an enriched environ-
ment simultaneously with SI and subsequently — first ST and
then the EE — was explored in social voles. In both cases,
the EE prevented the development of anxiety behavior in
the OF and EPM and depression-like behavior in the FST.
The EE was more effective than physical exercise and han-
dling in decreasing the negative effects of SI [Grippo et al.,
2014; Cirulli et al., 2010]. Anxious behavior in the OF and
EPM in rats subjected to SI for three months combined with
physical exercise (running in a wheel) was weaker than in
rats with SI without physical exercise. The latter partially
restored hippocampus BDNF and NGF levels which had
decreased in response to SI [Okudan and Belvirani, 2017].
Another study addressed the influences of different accom-
modation conditions on anxious and depression-like behav-
ior in response to the serotonin reuptake inhibitors serotonin
and sertraline [Yildirim et al., 2016]. The authors took the
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view that one characteristic of this work was that rats were
housed in different-sized cages and in different numbers for
social isolation (one rat per cage), standard housing (four
rats/cage), and an enriched environment (12 rats/cage). In
other words, the term EE refers not to an increase in the
number and diversity of objects in the environment but to
more opportunities for social contacts and interactions due
to an increased number of animals. At six weeks, anxious
and depression-like behavior was assessed in rats of differ-
ent groups, and the same tests were run after a further week
but with sertraline treatment. Different accommodation
of animals was found to have an effect on the level of de-
pression-like behavior but did not alter the level of anxious
behavior. Sertraline reduced the level of depression-like
behavior in rats housed in EE and standard conditions but
not in conditions of social isolation [Yildirim et al., 2016].
Furthermore, rats of the SI group consumed more sucrose
in the SPT, while sertraline produced a further increase
in sucrose consumption, suggesting that sertraline had an
antidepressant effect, with the same behavior in isolated
rats [Yildirim et al., 2016]. Mora-Callegos and Fornaguera
[2019] studied the effects of SI, EE and control conditions
for one month starting on day 21 of life on anxiety behavior
in the OF and EPM. Animals kept in the EE showed lower
levels of anxiety than other groups of rats. In adulthood, the
animals’ housing conditions were changed to the opposite
and they were again tested in the OF. Behavior in the new
housing conditions corresponded more to the new condi-
tions, i.e., rats of the EE group, previously kept in SI, now
started to show the effects of the EE rather than the effects
of SI [Mora-Callegos and Fornaguera, 2019]. Combined use
of handling (in this context, taking in the hands to relieve
anxiety, rather than taming) and the EE on the one hand
and handling and SI on the other had opposite influences
on the separate effects of the EE and SI in the EPM and OF
[Pritchard et al., 2013]. Thus, SI starting from day 21 and
continuing to adulthood increased anxiety levels in terms of
the time spent by the animals in the open arms of the maze;
the EE at the same times and to the same age decreased
anxiety in rats. Addition of short episodes of daily handling
to EE conditions for four days increased anxiety levels in
rats of the EE group and marginally decreased anxiety in
rats of the SI group [Pritchard et al., 2013]. In fairness, it
must be said that the EE did not always produce anxiolytic
effects [Mileva and Bielajew, 2015; Yildirim et al., 2012],
and in some cases led to increased anxiety [Pietropaolo et
al., 2006]. In our experiments [Pavlova et al., 2021], the
EE had no significant influence on anxiety levels in con-
trol rats but induced a minor increase in movement activity
and exploratory behavior. In males of the LPS group, these
changes were not seen with the EE, while females showed
an unexpected increase in the anxiety level in the open field.
Similarly, the EE acted on females of the LPS group as a
stressing factor, with effects resembling those of SI. Most
studies of the effects of the EE on behavior used animals
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placed in an enriched environment as permanent housing,
while in our studies rats were kept in the EE for only 20 min
every other day, which evidently produced a weaker effect
and no influence on anxiety was seen even in the control
groups. Nonetheless, an effect was still seen, as the animals
of all groups kept in the EE had greater weight than rats
kept in standard conditions, which may be associated with
an increase in muscle mass. Resocialization of animals had
positive effects on the negative sequelae of SI, but without
affecting all the adverse actions of SI. Particularly stable
were Sl-induced aggressivity, though the deficit in social
communication under the influence of resocialization re-
turned to the normal level [Tulogdi et al., 2014].

Conclusions. Thus, animal experiments have shown
that social isolation is a strong stressor and that the intensity
of its influences depends on numerous factors, especially
the duration of isolation and the period of life at which it
acted. The period most sensitive to social isolation is ear-
ly adolescence, when formation of the main structures and
functions remains incomplete, including those directly re-
lated to the stress system, immune and neuroinflammatory
reactions, and hormones, neurotransmitters, intracellular
biochemical processes. Social communication and inter-
actions between peers promote the development of normal
ontogeny and appropriate behavior in adulthood, while the
lack of these interactions leads not only to the abortive de-
velopment of the corresponding structures and functions
but also to abnormal behavior, which in its extreme forms
is apparent as anxious-depressive disorders, aggressivity,
memory loss, and other behavioral deviations. However, SI
also has adverse sequelae in adulthood, while in old age it
simply shortens life.

The development of anxious-depressive disorders in
response to social isolation is not enormously different from
other disorders induced by other stressors [Grigoryan et
al., 2014]. Differences start with the impairment to HHAS
operation. Specifically, at the level of this system there is
increased synthesis and release of HVA, ACTH, and corti-
costerone and reduced negative feedback from the effects
of corticosterone on neurons in the paraventricular nucleus
of the hypothalamus. Furthermore, a neuroinflammatory
process is triggered in the brain, associated with increased
formation and hyperfunction of proinflammatory cytokines
IL-1, IL-6, TNF-a, and other molecules. Cytokines stimu-
late quinolinic acid formation from tryptophan. Along with
reactive nitrogen and oxygen species, quinolinic acid pro-
motes the development of oxidative stress. Oxidative stress
leads to dysregulation of the antioxidant enzymes — cyto-
solic copper-zinc superoxide dismutase (CuZnSOD) and
mitochondrial manganese superoxide dismutase (MnSOD),
both catalyzing conversion of the superoxide anion (O5)
to oxygen and hydrogen peroxide (H,0,). The latter los-
es its toxicity due to the activity of the enzymes catalase
(CAT) and glutathione peroxidase (GPx). Increases in the
corticosterone level during chronic stress decrease brain an-

733

tioxidant enzyme activities in rats. There is a simultaneous
increase in extracellular glutamate release, weakening of
its reuptake, and a sharp increase in NMDA receptor ac-
tivity. Ultimately, this all leads to the development of tox-
ic overarousal, apoptosis, demyelination, and cell death.
Nitrosative stress also makes its contribution to the patho-
logical process. Overexpression of nitric oxide NO as a re-
sult of increased nuclear nNOS and inducible iNOS sythase
activities in stress increases glutamate receptor activity.
In addition, selective microglial activation due to chronic
stress leads to the release of high nitric oxide concentra-
tions, provoking nitrosative stress. There are parallel reduc-
tions in the quantity and functions of trophic factors, partic-
ularly BDNF. Along with insufficient neurotrophic function
of growth factors, neurogenesis is significantly weakened.
BDNF deficit and reduced neurogenesis promote cell death
in the hippocampus. This produces the typical plastic re-
arrangements in the form of decreases in the extent of the
spiny apparatus and the length, branching, and extent of the
dendritic tree and reductions in hippocampus volume.
Social isolation produces significant sex differences in
behavior and biochemical markers. These are due to the am-
biguous sensitization of the neuroinflammatory system in re-
sponse to early (primary) stress in males and females. After
stress, males show increased in vivo microglial activation
and potentiation of ex vivo microglial reactions to repeated
stress. In females, the microglia do not develop a sensitiza-
tion effect. It has been suggested that the immune system
in females can operate as a buffer to ameliorate reactions to
repeat stress via activation of the proinflammatory pathways.
Sex hormones and the age at which SI occurs play import-
ant roles in sex differences in conditions of social isolation.
The combination of social isolation with other stresses leads
to both increases and decreases of the effects of one stress
on another. These differences in the actions of simultaneous
stresses are explained by the characteristics of animal spe-
cies and strain, and the effects of stresses on the different
components of the pathogenesis of anxious-depressive dis-
orders or on the same components but in opposite ways.
Factors ameliorating the adverse sequelae of social
isolation and the effects of other stresses follow from the
integrity of the functional system organizing the behavior
[Grigoryan et al.,2005]. As anxious-depressive disorders are
based on dysregulation of this system, whose central com-
ponent is the apparatus of memory, correction of behavior
(memory) and, thus, minimization of disorders, is achieved
by normalizing the operation of this functional system. This
requires: first, an adequate influx of information from the
external world by means of an environment enriched with
various stimuli and objects; secondly, increased motivation
of the animal’s behavior by means of exploratory activity
(novelty) and play behavior (social contacts), and other
forms of social interaction. Of no little value is the animals’
movement activity. Activity not only maintains body tone at
a high level, but also promotes solution of tasks leading to
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useful adaptive results and positive emotions. Animal ex-
periments use physical training (running in a wheel, swim-
ming, etc.) to support movement activity, along with a great
variety of objects in the cages (ladders, cardboard boxes,
etc.) to facilitate and motivate movement. We have present-
ed several examples of the ameliorating influence of various
of these factors on the adverse effects of social isolation.

In conclusion, we would like to note that we still
know little of which stresses of different types, especially
at early age, act on normally developing brain structures
and functions, modifying and transforming their operation
into pathological processes in different directions — from
anxious-depressive disorders, schizophrenia, and autism to
Alzheimer’s disease and Parkinson’s disease. Although all
these cases generally involve the same mechanisms, there
are reasons for which these mechanisms are tuned to devel-
oping concrete and specific pathologies. The type of stress
clearly has a significant role among these reasons. In partic-
ular, lack of maternal care leads to impairments to behav-
ioral reactions (latent inhibition, prepulse inhibition) which
are typical of manifestations in schizophrenia patients.
Depression, aggressivity, and Alzheimer’s disease are more
associated with the influences of social isolation. The patho-
genesis of many diseases induced by early stress is known
to be based on impairments to normal HHAS operation and
the development of the neuroinflammatory process. The
multicolored picture of this process, which involves tens of
proinflammatory and anti-inflammatory interleukins, along
with the specific features of the operation of the immune,
hormonal, neurochemical, and other systems in each con-
crete case, support channeling of the pathological process
into a specific disease. The present time is a period of pains-
taking collection of information on the specific concrete pa-
thology of the adult body imposed by early stress, with seri-
ous analytical studies of the data collected. We are currently
only at the beginning of this journey, though we can hope
that future studies will provide answers to many questions
which presently remain questions.

This work was funded by a grant from the Russian Foun-
dation for Basic Research (project EXPANSION No. 20-115-
50032).
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