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Abstract: Childhood adversity can induce maladaptive behaviors and increase risk for affective
disorders, post-traumatic stress disorder, personality disorders, and vulnerability to stress in adult-
hood. Deprivation of maternal care interrupts brain development through the disturbance of various
neurotransmitters, however, the details remain unclear. The features of the symptoms of disorders are
largely determined by early stress protocol, genetic characteristics (line), and the sex of the animals.
The purpose of current study was (1) to assess behavioral changes in adult Wistar rats of both sexes
after early life stress; (2) to determine the levels of monoamines in brain structures involved in the
motor, emotional, and social reactions in rats aged 1 and 2 months; and (3) to determine the level
of monoamines after physical or emotional stress in adult rats. The rat pups were separated from
their dams and isolated from siblings in tight boxes at a temperature of 22–23 ◦C for 6 h during
postnatal days 2–18. The data were processed predominantly using two-way analysis of variance and
the Newman–Keys test as the post hoc analysis. The adult rats demonstrated an increase in motor
activity and aggressiveness and a decrease in levels of anxiety and sociability. Behavioral distur-
bances were accompanied by region-, sex-, and age-dependent changes in the levels of monoamines
and their metabolites. The dopaminergic and noradrenergic systems were found to be sensitive to
psycho-emotional stress.

Keywords: rat; maternal separation; hyperactive phenotype; monoamines in brain structures

1. Introduction

Traumatic experiences are not uncommon in life. The term “complex trauma” refers
to traumatic events that are chronic, invasive, and primarily interpersonal (e.g., child abuse
and neglect by primary caregivers) [1]. These long-term childhood adversities are associ-
ated with impairment of brain development and an increased risk of mental disorders such
as post-traumatic or complex post-traumatic stress disorder (PTSD, CPTSD) and borderline
personality disorder (BPD) in adults [2–4]. Complex trauma results in emotional dysregula-
tion, interpersonal problems, and maladaptive coping behavior, including suicidality [5,6].
Clinical observations show that CPTSD and BPD have overlapping symptoms of anxiety
sensitivity, vulnerability to psychological stress, dissociation, and relationship problems
arising from insecure attachment [7,8]. Empirical evidence suggests that BPD only accounts
for a limited portion of the symptoms reported by survivors of childhood trauma, and that
characteristics of CPTSD and BPD are correlated with several other psychiatric disorders
(for example, depression, bipolar disorder, and substance abuse), and, at the same time, dif-
fer from them [6,9]. A hypothesis was advanced positing that PTSD, cPTSD, and BPD may
represent a continuum based on either a sequential progression over time or a hierarchy of
levels of psychopathological severity [10]. The findings suggest that PTSD and CPTSD often
occur in the absence of BPD symptoms, but that BPD more often occurs with comorbid
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PTSD and CPTSD symptoms than alone. This being said, there is a subset of BPD-diagnosed
persons who have no history of childhood maltreatment or other trauma exposure. On the
other hand, not all people having traumatic antecedents beginning in childhood develop
mental disorders. However, the mechanisms that determine vulnerability to early life stress,
the developmental trajectories of psychopathology, and neurobiological markers associated
with certain symptoms of childhood trauma-induced disorders are poorly understood.
In particular, clinical studies of monoamines—norepinephrine (NE), dopamine (DA) and
serotonin (5-hydroxytryptamine, 5-HT)—in PTSD/CPTSD/BPD have been limited.

The monoamine systems have a great impact on memory, cognition, and emotions [11].
Studies with administration of monoamine reuptake inhibitors to healthy men showed that
methylphenidate, which elevates DA and NE content in both the cortex and subcortical
structures, increased the number of correct responses during the visual task, while atomoxe-
tine, which mainly affects the frontal cortex, led to more impulsive reactions, and citalopram
increased the number of missed stimuli [12]. The monoamines are involved in the imple-
mentation of impulsive and aggressive behavior, emotional instability, inhibitory control of
these behavioral patterns, and a number of other symptoms of disorders associated with
traumatic experiences [13–24]. Regional and gender specificity of 5-HT system activity
in mediating such symptoms of BPD as impulsive aggression and emotional dysfunction
were recently reported [14,18,21,23]. An interesting suggestion has been made about how
the interaction of 5-HT and NE systems can determine the aggression pattern [25]: low
activity of the 5-HT system in combination with high activity of the NE system can lead to
impulsive outward directed aggression, whereas low activity of 5-HT and low activity of
NE can lead to self-directed impulsive aggression.

Significant progress in understanding the neurochemical mechanisms involved in
the development of long-term impairments in response to traumatic experiences can be
achieved through animal modeling. The large list of PTSD symptoms, many of which
can be defined only in a subjective manner [26], make it challenging to develop suitable
animal models of the disorder. Traditionally, animal models are used that recapitulate
certain behavioral features of human PTSD. One commonly used behavioral paradigm
adopted to assess PTSD-like symptoms in animal model is early life stress, above all, the
stress of maternal separation in the neonatal period [27–31]. Some researchers believe
that this method could be used to model in rodents a range of BPD symptoms [32,33],
for instance, aggression [34], disturbances in social behavior [35], and impulsivity [36].
Adult animals subjected to maternal deprivation during early ontogeny demonstrated
anxiety-like [37] and/or depressive-like behavior [38]. The development of reduced anxiety
is less frequently reported [39,40]. The result can be influenced by various factors, including
weaning protocol, age, sex of animals, and species/line of rodents [31,41,42].

Studies on rodent models of early stress have revealed behavioral disorders in adult
animals and changes in the monoamine levels in several brain regions associated with
abnormal behavior. The separation of rat pups from their mother on postnatal day 1–21
(P1–P21) increased DA turnover in the prefrontal cortex and hippocampus of females and
5-HT turnover in males. In addition, an increase in the NE turnover in the striatum was
observed in females and a decrease in DA turnover in the hippocampus in males [43]. In
another study, prolonged maternal separation of rat pups on P5–P20 caused an increase in
the DA level in the striatum and reduced DA turnover in the prefrontal cortex in females,
while males had reduced levels of 5-HT in the prefrontal cortex; the level of 5-HT in the
hippocampus was decreased in rats of both sexes [44]. Thus, the results are contradictory,
and further studies in this field are required.

According to modern understandings of the pathogenesis of mental disorders, child-
hood adversity creates predisposition to psychopathology, which can manifest itself after
repeated stressful exposure in adult age (the double-hit hypothesis) [30]. In model exper-
iments, maternal deprivation is often used as the first stressful effect in early ontogeny
and at a later age, the animal is again exposed to acute or chronic stress [45]. How-
ever, monoaminergic systems were practically not studied in these models. For instance,
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Novac et al. [45] reported that postnatal maternal separation and immobilization stress
during puberty have a synergistic effect on the expression of D2 receptors in the stria-
tum. In another study, the rats were subjected to early-life maternal separation stress and
the repeated stress of corticosterone administration during adulthood. The expression
of DA receptors was studied in the medial prefrontal cortex, caudate nucleus, and nu-
cleus accumbens and an increased number of these receptors was found in the nucleus
accumbens [46].

Considering that the weaning protocol can influence the pattern of behavioral disor-
ders associated, among others, with a change in the functioning of monoamine neurotrans-
mission, the aim of the present study was (1) to assess behavioral changes in adult young
rats of both sexes after the early stress of maternal and sibling separation; (2) to determine
the levels of monoamines in brain structures presumably involved in the formation of
emotional and social disorders in rats aged 1 and 2 months; and (3) to determine the levels
of monoamines after repeated stress in adult rats.

2. Materials and Methods
2.1. Animals

The study was performed on Wistar rats bred at the vivarium of the Research Institute
of General Pathology and Pathophysiology (Mercury system, registration number: RU
1487336). Pregnant and lactating females and later animals of the experimental and control
groups were housed in controlled room temperature and humidity conditions (22 ± 1 C
and 55 ± 25%) with natural lighting and free access to water and food (balanced pelleted
feed for rodents, Laboratorkorm LLC, Russia, Moscow). During the experiment, the health
status of the animals was monitored by a veterinarian. All manipulations with animals
were carried out under supervision of the Ethical Committee of the Research Institute of
General Pathology and Pathophysiology (approval protocol No. 2-22 dated 12 May 2022)
in accordance with Directive 2010/63/EU of the European Parliament and of the Council
“On the protection of animals used for scientific purposes”, and Guide for the Care and
Use of Laboratory Animals: Eighth Edition, 2011.

2.2. Study Design

After mating, pregnant females were kept in individual plastic cages
(36 × 20 × 14 cm) until delivery (postnatal day 0, P0). On P1, the rat pups were separated
from their mothers and weighed, their sex was determined, and then the pups were
re-distributed to nursing females. For reducing the influence of the genetic factor and the
maternal care factor, 6–8 male and female rat pups from different litters born on the same
day were left with each dam. These mixed litters were randomly assigned to two groups
according to inclusion/exclusion criteria. The groups included male and female Wistar
rats from at least six different litters, born on the same day, somatically healthy. Sick
animals and some pups from very large litters were excluded so that all lactating females
had no more than 6–8 pups. The sample size was determined based on articles published
by other authors with a similar study design. One group consisted of the pups that
were subjected to the procedure of daily separation from their mother and isolation from
siblings for 6 h on P2–P18 (group “Maternal Separation and Isolation”, MSI). The boxes
(6 × 6 × 5 cm) with separated rat pups were placed in a special room with a temperature
of 22–23 ◦C. The other group included pups that were handled and immediately returned
to the female daily (Control group). The juvenile rats were weaned on PND24 and housed
in new cages (57 × 37 × 19 cm). In each cage, animals of the same sex and nursed by one
dam were housed. We performed two experimental series. In Series 1, approximately half
of the randomly selected males and females were decapitated at the age of 28 days and
brain tissue samples were obtained for monoamine assay. The remaining animals were not
disturbed until the behavioral experiments at the age of 56–60 days, after which they were
decapitated and the brain samples were obtained. In Series 2, after conducting a battery of
behavioral tests at the age of 56–60 days, the animals were subjected to additional stress
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for 5 days for 10 min per day: some rats were subjected to unavoidable foot-shock stress
(physical stress) and others witnessed this procedure (emotional stress). Before “double
stress” and after it, electrocardiograms were recorded to assess the autonomic balance in
rats (data under processing). Immediately before decapitation, the animals were placed in
the context of the previous stress, but no electric shocks were inflicted. The scheme of the
experiment is shown in Figure 1. The number of animals in groups is shown in Table 1 in
the “Section 3”.
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Figure 1. Study design. Red rectangles: day of birth, postnatal day 0 (P0); P2–P18: maternal separation
and sibling isolation in the experimental group; blue rectangles: weaning, P24; brown rectangles:
behavioral tests, P56–P60; green rectangle: additional stress modeled by exposure to foot shock or
witnessing cage mates subjected to foot shock (emotional stress, EmS); P67–P68: electrocardiogram
(ECG) before “double stress”; P71–P72: ECG after “double stress”; black rectangle: decapitation and
collection of biomaterial.

Table 1. The weights of male and female rats reared by their mother (Control) or subjected to maternal
separation and sibling isolation on postnatal days 2–18 (MSI) at the ages of 1 and 2 months.

Control, m MSI, m Control, f MSI, f

Series 1

P28
n 10 11 9 10

weight 33.0 ± 0.7 30.7 ± 2.4 32.3 ± 1.1 31.3 ± 1.8

ANOVA Sex main effect: F (1, 36) = 0.001, p = 0.975;
Rearing main effect: F (1, 36) = 0.869, p = 0.357

P56
n 12 16 13 12

weight 160.6 ± 6.4 149.4 ± 6.2 146.9 ± 7.1 149.0 ± 5.2

ANOVA Sex main effect: F (1, 36) = 1.636, p = 0.207;
Rearing main effect: F (1, 36) = 0.289, p = 0.594

Series 2

P58
n 26 24 24 22

weigh 172.7 ± 6.6 162.5 ± 5.9 159.6 ± 5.8 150.1 ± 5.0

ANOVA Sex main effect: F (1, 92) = 4.60, p = 0.035;
Rearing main effect: F (1, 92) = 2.781, p = 0.099

P75 weigh 310.7 ± 7.3 304.9 ± 7.1 252.9± 5.6 # 232.1± 5.0 * #

ANOVA Sex main effect: F (1, 92) = 9.798, p = 0.003;
Rearing main effect: F (1, 92) = 4.250, p = 0.042

Note: The results are shown for groups in which the levels of monoamines were analyzed. m—male, f—female;
P—postnatal day, n—number of animals; p < 0.05 in comparison with * the Control; #—corresponding group of
males (Newman–Keuls test).
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2.3. Behavioral Tests

The tests were carried out during daytime from 9.00 to 17.00; the cages with control
and experimental animals were alternated (Control–MSI–Control–MSI, etc.) to reduce
the influence of the daytime factor. Behavioral testing included assessment of motor
(horizontal) and exploratory (vertical) activity in automated open field (aOF) and classical
(cOF) tests. These tests differ in aversive conditions, in particular, by the size and shape of
the open space and the intensity of illumination. The cOF is more stressful. It is known
that testing in a large open space in a classical situation of OF testing aversive for animals
allows for the detection of sex differences in animal reactions [47]. Anxiety-like behavior
was evaluated by testing in cOF and an elevated plus maze (EPM). Rat social behavior was
evaluated in a three-chamber social test (TST) and in a social interaction test (SIT). Each rat
was tested only one time per day, and the interval between the tests was at least 24 h.

2.4. Automated Open Field

In the aOF test, an arena (48 × 48 × 21 cm) with transparent walls was used (Opto-
Varimex, Columbus Instruments, Columbus, OH, USA). The measurements were carried
out in dimmed light (17 lux) for 10 min. Horizontal (motor) activity was evaluated by the
traveled distance (in cm) and vertical (exploratory) activity was assessed by the number of
rearings using the applied software. In this and all other tests, the experimental chamber
was wiped with 70% alcohol and dried with a towel after each animal.

2.5. Classical Open Field

In the cOF test, we used a round white arena (diameter 120 cm, wall height 28 cm)
divided into squares of 20 × 20 cm. Measurement was carried out for 5 min: 3 min in
bright light (500–510 lux in the center, 400–410 lux near the wall), 1 min in red light (a
40 W lamp positioned at a height of 80 cm above the center of the OF), and 1 min again in
bright light. Behavioral parameters were assessed visually. Motor activity was evaluated
by the number of crossed squares, and exploratory activity was assessed by the number
of rearing postures. Modulation of lighting conditions was used to evaluate the reaction
to novelty, which was calculated as the ratio of the number of crossed squares during the
fourth minute in red light to that during the first minute of the session in bright white light.
In addition, the total activity over two minutes after switching off and returning to the
bright light was taken into account.

2.6. Assessment of the Anxiety–Phobic Level

In cOF, the anxiety–phobic state of the rats was measured in bright light using several
stress tests based on situations that could cause anxiety in rats: descent from a plat-
form 10 cm high; exit from a transparent box (11 × 15 × 15 cm); passage through a hole
(11 × 7 cm) separating two compartments of the chamber (25 × 23 × 23 cm); and exit from
the center of the OF (for a detailed description see [48]). In each test, the behavior was
scored from 0 to 3 based on the latency of the reaction. The total score served as the overall
assessment of anxiety–phobic states for each animal.

2.7. Elevated plus Maze

The level of anxiety in the EPM was assessed using the equipment and software
of the VideoMot2 video system (TSE System, Berlin, Germany). The maze was located
70 cm above the floor and consisted of two opposite closed arms (CAs) with side and end
walls (43 × 14 × 22 cm), two open arms (OAs) of the same size but without walls, and a
central platform (14 × 14 cm). The illumination was 29 lux in OA and 1 lux in CA. Rat
behavior in the EPM was recorded using a standard approach [49] according to the modern
protocol [50]. The rat was placed in the center of the maze with its head directed towards
one of the ORs. The number of visits and the duration of stay in the OAs and CAs were
assessed over 5 min, and the preference for ORs was calculated as the ratio of the time
spent in OAs to the total duration of stay in arms of the EPM; the locomotor activity was
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assessed by the total distance traveled in the EPM (cm); the mean speed of movement
(cm/s), the number and duration of vertical rearing postures, grooming, and hanging from
the OR were also determined.

2.8. Social Interaction Test

In a SIT, social contacts of a rat with a conspecific are evaluated under the con-
ditions of free behavior of both [51]. Testing was carried out in a plexiglass arena
(57 × 37 × 19 cm) unfamiliar to the animals in red light (7 lux). We compared the behav-
ior of rats in pairs that were formed in such a way that both animals were from either
the experimental or the control group, did not interact with each other earlier, and had
similar body weight (the difference did not exceed 15%). Before testing, the animals were
kept in cages singly for 24 h to increase social activity. The duration of testing was 15 min.
The duration of active non-aggressive social contacts (sniffing, social grooming—licking,
crawling under or mounting a partner, and chasing without aggression) and aggressive
contacts (chasing that turns into aggressive interaction, attacks/fights, bites, aggressive
grooming—biting causing vocalization of the partner) were evaluated during testing.

2.9. Three-Chamber Social Test

The TST assessed the sociability of rats, i.e., the choice between an unfamiliar social
object (a conspecific that was placed in a small cylinder cage restricting its motor activity)
and a non-social object (an empty cylinder), as well as the preference for “social novelty”
(the choice between familiar and unfamiliar conspecifics). The social testing apparatus
was a gray plastic box 120 × 80 cm, divided with partitions into three equal chambers
(40 × 80 cm). The partitions had openings allowing access to all chambers. Twenty-four
hours before testing, each rat was placed in the empty three-chamber box with open doors
and allowed to explore it for 5 min for adaptation to the experimental conditions. Intact
rats of the same sex and age as animals of the experimental groups were adapted for 5 min
to a cylinder cage (diameter 20 cm, height 30 cm) with metal wire walls. The intact rats
were kept in a separate room of the vivarium during the study. The testing was performed
in two stages.

In Stage 1, two cylinders, wire cages, were placed in two side chambers; the intact
rat was placed in one cylinder as a social object, while the second cylinder was empty.
The experimental rat was placed in the middle chamber with closed doors for 1 min for
habituation, then the doors were opened and the rat could explore all three chambers for
10 min, after which the doors were closed again, and the experimental rat was returned
to the middle chamber. In Stage 2, another intact rat (a new, unfamiliar social object) was
placed into the empty cylinder. Then the doors were opened, and the experimental rat was
allowed to explore all three chambers for 10 min. The parameters recorded at each stage
were the time spent by the rat in each chamber with the objects, the number of visits to these
chambers, the time spent near each object, and the number of approaches to the objects
(sniffing the rat in the wire cage or the empty wire cage, i.e., active interest). Sociability
in Stage 1 was assessed by the preference for a social chamber and a social object by the
following formulas:

[(time spent in the chamber with the social object) − (time spent in the chamber with
the empty cylinder)]/(total time spent in these two chambers) × 100%;

[(time spent near the social object) − (time spent near the empty cylinder)]/(total time
spent near these two objects) × 100% [52].

In Stage 2, the preference for social novelty was assessed by the preference for a
chamber with the novel social object (unfamiliar rat) and the new social object itself vs.
familiar social object. The animals that did not explore all three chambers during the
habituation session and the animals that did not visit one of the side chambers during stage
1 were excluded from the study.
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2.10. Additional Repeated Stress Exposure of Adult Rats

Patients with BPD may differ from healthy individuals in the functioning of the stress
response system, and the most traumatic situation for them is psycho-emotional stress
during social interaction [53,54]. For modeling psycho-emotional stress, the rats were
divided into pairs: each pair consisted of rats of the same group (Control or MSI) famil-
iar with each other. The rats were placed in a chamber divided into two compartments
(25 × 23 × 23 cm) by a transparent partition with holes. One animal from a pair was
subjected to unavoidable weak electric foot shocks for 5 consecutive days (Foot Shock
subgroup, FS): the session lasted 10 min and consisted of 10 shocks (0.8 mA, 5 s) delivered
at pseudorandom intervals [55]. The second animal witnessed this procedure and re-
ceived olfactory, auditory, and visual signals from the rat subjected to electrical stimulation
(Emotional Shock subgroup, EmS). After the last stimulation procedure, the reactivity of
the autonomic nervous system of the rats was assessed using a cardiorhythmogram (see
Figure 1). One day after ECG recording, before decapitation, the animals in the same pairs
were placed in the chamber for 5 min and the corresponding rat received one shock on
the paws.

2.11. Measurement of the Level of Monoamines and Their Metabolites in Brain Structures

After decapitation, the brain was removed, placed on a cold surface, and the frontal
cortex, hippocampus, striatum, and hypothalamus were isolated according to Paxinos
and Watson [56] and Chui et al. [57]. The tissue samples were frozen in liquid nitrogen,
weighed, and stored at −80 ◦C.

In the brain tissue samples, the concentrations of biogenic amines norepinephrine (NE),
dopamine (DA), 5-hydroxytryptamine (5-HT), and their metabolites 3,4-dihydroxyphenylacetic
acid (DOPAC) and homovanillic acid (DA metabolites) and 5-hydroxyindoleacetic acid (5-
HIAA; 5-HT metabolite) were measured using High-Performance Liquid Chromatography
with Electrochemical Detection (HPLC-ED). The samples were homogenized with a Labsonic
M ultrasonic homogenizer (Sartorius, Aubagne, France) in 0.1 n HClO4 (Sigma Aldrich, St.
Louis, MO, USA) with 250 pmol/mL internal standard 3,4-dihydroxybenzylamine hydro-
bromide (Sigma Aldrich, St. Louis, MO, USA). After that, the samples were centrifuged for
15 min at 2000× g.

HPLC separation was carried out on a reversed-phase column ReproSil-Pur, ODS-3,
4 × 100 mm with a pore diameter of 3 µm (Dr. Majsch, Ammerbuch, Germany) at 26 ◦C
and a mobile phase speed of 1 mL/min coupled with an LC-20ADsp liquid chromatograph
(Shimadzu, Kyoto, Japan). The mobile phase consisted of 0.1 M citrate–phosphate buffer
pH 2.58, 0.3 mM sodium octanesulfonate, 0.1 mM EDTA, and 8% acetonitrile (all reagents
from Sigma Aldrich, St. Louis, MO, USA). The electrochemical detector Decade II (Antec
Leyden, Zoeterwoude, The Netherlands) was equipped with a working glass carbon
electrode (+0.80 V) and an Ag/AgCl reference electrode. Peaks of interest and the internal
standard were identified by their elution time in the standard solution. The concentrations
of amines were calculated by the internal standard method using a calibration curve using
LabSolutions software (Shimadzu, Japan). The samples were normalized to tissue weight.
In addition, the 5HIAA/5HT, DOPAC/DA, and HVA/DA ratios were calculated.

2.12. Statistical Processing of the Results

The data were processed using Statistica for Windows 7.0 software. If the hypothesis on
normal data distribution was not rejected after preliminary testing using the Kolmogorov–
Smirnov test, parametric methods were used. The effect of factors Sex (2 gradations—male
or female), Rearing (2 gradations—growing with mother (Control) or maternal separation
and isolation from littermates (MSI)), and Stress (2 gradations: physical stress (FS) and
emotional stress (EmS)) were assessed using a multivariate ANOVA. The intergroup dif-
ferences were evaluated using a Newman–Keuls post hoc analysis. If the hypothesis on
normal data distribution was rejected, the nonparametric two-way Mann–Whitney U test
for independent variables was applied with adjustment for multiple comparisons using
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the FDR method [58]. The significance level was set at 5%. The data are presented as
M ± S.E.M (in the case of normal data distribution) or as the median and the first and
third quartiles (when the data distribution did not correspond to the normal law).

3. Results
3.1. Body Weight

In Series 1, factors Sex and Rearing did not affect the body weight of the animals at the
age of 1 and 2 months (Table 1). In Series 2, the body weight of animals was influenced
by the Sex factor at the age of 2 (P58) and 3 (P75) months: males had greater body weight
than females, but no differences between 2-month-old females and males within the groups
(Control and MSI) were found (see Table 1). The influence of the factor of Rearing reached
the level of statistical significance at the age of 3 months. The rats subjected to maternal
separation had lower body weight than controls.

3.2. Locomotor and Exploratory Activity

In both series, the influence of the factor of Rearing on the total (over 10 min) locomotor
activity of rats in aOF was revealed: in Series 1 F (1, 49) = 25.318, p < 0.001; in Series 2 F
(1, 92) = 50.053, p < 0.001. In MSI groups, locomotor activity in both males (Figure 2A,C)
and females (Figure 2B,D) was higher than in the Control group. In Series 2, locomotor
activity was influenced by the factor of Sex (F (1, 92) = 26.460, p < 0.00): in females, the
distance traveled was longer than in males in both the Control group (2014.08 ± 145.39 and
1366.38 ± 113.55 cm, p < 0.001) and the MSI group (2980.59 ± 129.06 and 2269.17 ± 139.39 cm,
p < 0.001).
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comparison with the Control (Newman–Keuls test).
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In Series 1, males and females of the MSI groups demonstrated higher exploratory ac-
tivity than animals of the corresponding Control groups (Rearing main effect:
F(1, 49) = 17.073, p < 0.001) (Figure 3). In Series 2, a statistically significant increase
in exploratory activity in MSI groups relative to the Control was observed only in females
(Rearing main effect: F(1, 92) = 9.635, p = 0.003). In both Control and MSI groups, females
had higher exploratory activity than males (Sex main effect: F (1, 92) = 18.945, p < 0.001).
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Figure 3. Exploratory activity in automated open field demonstrated by 2–month-old rats subjected
to early-life maternal separation stress (MSI, dark bars) and normally reared rats (Control, light bars).
*: p < 0.01 in comparison with control; #: p < 0.01 in comparison with males of the corresponding
group (Newman–Keuls test).

In the cOF test under bright illumination (1–3 min), the level of locomotor activity was
influenced by the factor of Rearing: motor activity in the MSI group was higher than in
the Control group in Series 1 (F (1, 47) = 4.325, p = 0.043) and Series 2 (F (1, 92) = 6.101,
p = 0.015). Note that in Series 1, an increase in motor activity was observed in female MCI
(pronounced trend), and in Series 2, in male MCI (Figure 4). The influence of the factor
of Sex was observed only in Series 2 (F (1, 92) = 4.543, p = 0.036): in females, activity was
higher than in males. Under conditions of changing illumination (fourth and fifth minutes
of the test), the influence of the factors Rearing and Sex was revealed in Series 2 only:
(F (1, 92) = 4.775, p = 0.031 and F (1, 92) = 11.061, p = 0.001, respectively). In Series 1, the
Rearing (F (1, 47) = 2.405, p = 0.128) and Sex (F (1, 47) = 0.040, p = 0.842) factors did not
affect motor activity. The level of exploratory activity of the rats did not differ significantly
in all subgroups.
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Figure 4. Locomotor activity over 3 min in classic open field demonstrated by 2-month-old rats
subjected to early-life maternal separation stress (MSI, dark bars) and normally reared rats (Control,
light bars). Green bars: locomotor activity under conditions of alternating lighting conditions (4th
and 5th minutes of the test). *: p < 0.01 and x: p < 0.08 in comparison with the Control; #: p < 0.01 in
comparison with males of the corresponding group (Newman–Keuls test).
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3.3. Anxiety-like Behavior

In the EPM, the influence of the interaction of the factor Rearing × factor Sex on the
total locomotor activity was revealed in Series 1, (F (1, 49) = 4.672, p = 0.030): in MSI females,
the total distance traveled in EPM was greater than in the Control (1694.98 ± 158.47 and
2217.11 ± 150.06 cm, respectively; p < 0.05, Newman–Keuls test). Only MSI females
showed an increase in the duration of hanging from the OA in comparison with the Control
(Figure 5C). The differences between the MSI and Control groups in the preference for OA in
Series 1 did not reach the level of statistical significance (Figure 5A).
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Figure 5. Anxiety level in EPM demonstrated by 2-month-old rats subjected to maternal separation
stress in early life (MSI, dark bars) and normally reared rats (Control, light bars). (A,B)—preference
for open arms; (C,D)—duration of hanging from open arms; * p < 0.01 in comparison with the control;
# p < 0.01 in comparison with males of the corresponding group (Mann–Whitney U test).

In Series 2, the Rearing main effect F (1, 92) = 6.688, p = 0.017 was statistically
significant for locomotor activity in OAs: the distance traveled in OAs increased in both
males (229.37 ± 38.31 cm in MSI vs. 103.72 ± 25.77 in the Control; p< 0.05, Newman–
Keuls test) and females (340.60 ± 45.30 cm in MSI vs. 209.87 ± 36.97 in the Control;
p < 0.05). For total locomotor activity, the Rearing main effect was F (1, 92) = 12.368,
p < 0.001 and Sex main effect was F (1, 92) = 7.010, p = 0.009. MSI males accumulated
longer distances in the EPM than Control males (2026.71 ± 77.49 and 1427.83 ± 134.63,
respectively, p < 0.01). In females, the differences did not reach the level of statistical
significance (Control—1976.82 ± 86.57; MSI—2064.44 ± 88.34), The preference for
OAs (Figure 5B) and duration of overhangs from OAs in MSI animals of both sexes
(Figure 5D) was greater than in the corresponding Control. The number of overhangs
from OAs in MSI exceeded the control values: for male Control—0.0 [0.0; 2.0], for male
MSI—6.0 [0.0; 9.0], p < 0.001; for female Control—3.5 [1.0; 5.0], and for female MSI –7.5
[0.0; 10.0]. p = 0.013, Mann–Whitney U Test).

In cOF, no differences in the indicators of the anxiety–phobic level scale were found in
both series.
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3.4. Social Behavior

In SIT, MSI males and females did not differ by the number and duration of non-
aggressive social contacts from the corresponding Controls in Series 1 and 2 (Figure 6A,B).
In both series, the number and duration of aggressive interactions in the MSI surpassed the
corresponding parameters in Control, but only in males were the differences significant
(Figure 6C,D).
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Figure 6. Time of non-aggressive (A,B) and aggressive (C,D) social contacts in 2-month-old rats
subjected to early maternal separation stress (MSI) and normally reared rats (Control). *: p < 0.01
in comparison with the control; #: p < 0.01 in comparison with the corresponding group of females,
p = 0.029 in Series 1 and p = 0.006 in Series 2 (Mann–Whitney test). Histograms for the number of
aggressive and non-aggressive contacts were similar.

In the TST in both series, we revealed interaction of the factor Rearing × factor Sex for
the preference for the social chamber and preference for the chamber with an unfamiliar
rat: for Series 1 F (1, 48) = 4.681, p = 0.035 and F (1, 46) = 4.587, p = 0.037, respectively;
for Series 2 F (1, 79) = 4.303, p = 0.041 and F (1, 79) = 2.784, p = 0.099 (trend), respectively.
Only in MSI males was the preference for the social chamber reduced in comparison with
the corresponding values in control males; in Series 1, the intergroup differences did not
reach the level of statistical significance (Figure 7A,B). A tendency to higher preference
for the chamber with a new social object was revealed in MSI males in comparison with
the Control (Figure 7C,D). In Series 2, the preference for a social chamber was influenced
by factor Sex (F (1, 79) = 5.669, p = 0.208: Control males demonstrated higher preference
for a social chamber than Control females, while in the MSI group, no differences in this
parameter were revealed between males and females (see Figure 7B).

3.5. Monoamines
3.5.1. Norepinephrine

At the age of 1 month after weaning, the Rearing main effect was significant for the
hippocampus, and the Sex main effect and Sex × Rearing interaction were significant for
the hypothalamus (Table 2). Post hoc analysis revealed an increase in the level of NE in
these structures only in MSI males compared with the Control.
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Figure 7. Preference for the social chamber (A,B) and for the chamber with an unfamiliar rat (C,D) in
2-month-old rats subjected to early maternal separation stress (MSI) and normally reared animals
(Control).* p < 0.01 and x p < 0.08 in comparison with the Control; # p < 0.01 in comparison with the
corresponding group of females (Newman–Keuls test).

Table 2. Norepinephrine levels (nmol/g tissue) in the brain structures in rats subjected to maternal
separation on postnatal days 2–18 (MSI) compared with normally reared rats (Control).

1 Month

Control, m MSI, m Control, f MSI, f

Frontal cortex 1.79 ± 0.06 1.94 ± 0.08 1.88 ± 0.14 1.89 ± 0.09

Hippocampus
1.11± 0.06 1.38± 0.05 * 1.19 ± 0.09 1.27 ± 0.07

Rearing main effect: F (1, 36) = 6.199, p = 0.017

Striatum 2.44 ± 0.24 2.68 ± 0.22 2.49 ± 0.18 1.99 ± 0.25

Hypothalamus

6.89± 0.15 7.86± 0.24 * # 6.91 ± 0.24 6.46 ± 0.20

Sex main effect: F (1, 36) = 9.798, p = 0.003;
Sex × Rearing interaction: F (1, 36) = 12.312, p = 0.001

2 months

Control, m MSI, m Control, f MSI, f

Frontal cortex 2.61 ± 0.12 2.62 ± 0.06 2.77 ± 0.10 2.50 ± 0.12

Hippocampus
2.22± 0.09 1.94± 0.08 * 1.96 ± 0.08 # 1.81 ± 0.08

Sex main effect: F (1,49) = 4.757.3, p = 0.034;
Rearing main effect: F (1, 49)= 6.078, p = 0.017 * p = 0.063
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Table 2. Cont.

Striatum 3.40 ± 0.53 4.11 ± 0.32 2.98 ± 0.34 3.00 ± 0.51

Hypothalamus
10.51 ± 0.37 10.61 ± 0.30 11.47± 0.59 9.61± 0.17 *

Sex × Rearing interaction: F (1, 48) = 4.871, p = 0.032

3 months (after double hit)

Control, m MSI, m Control, f MSI, f

Frontal cortex

FS 1.82 ± 0.07 2.01 ± 0.07 2.41 ± 0.07 # 2.28 ± 0.08 #

EmS 1.99 ± 0.07 2.03 ± 0.09 2.60± 0.08 # 2.38± 0.07 * #

Sex main effect: F (1, 88) = 72.170, p < 0.001; Stress main effect: F (1, 88) = 5.150, p = 0.010; Sex × Rearing
interaction: F (1, 88) = 6.889, p = 0.018

Hippocampus

FS 2.33 ± 0.05 2.22 ± 0.09 2.30 ± 0.09 2.14 ± 0.10

EmS 2.66± 0.17 2.26± 0.07 * 2.44 ± 0.11 2.34 ± 0.13

Rearing main effect: F (1, 88)= 6.699, p = 0.011;
Stress main effect: F (1, 88) = 5.65, p = 0.020

Striatum

FS 4.18 ± 0.47 2.79 ± 0.26 2.33 ± 0.33 # 2.92 ± 0.21

EmS 3.36 ± 0.20 s 2.59 ± 0.31 2.54 ± 0.28 3.17 ± 0.35

Sex main effect: F (1, 88) = 4.775, p = 0.031;
Rearing main effect: F (1, 88) = 14.496, p < 0.001

Hypothalamus

FS 11.01 ± 0.58 10.85 ± 0.46 10.43 ± 0.46 10.45 ± 0.39

EmS 12.61 ± 0.97 11.19 ± 0.51 9.94 ± 0.55 9.99 ± 0.31 #

Rearing main effect: F (1, 88) = 8.702, p = 0.004;
Sex × stress interaction: F (1, 88) = 3.080, p = 0.083

Note: m—males, f—females, FS—foot shock, EmS—emotional stress; p < 0.05 in comparison with the * Control,
# males of the corresponding subgroup; s—in comparison with the effect of FS (Newman–Keuls test).

At the age of 2 months after a battery of behavioral tests, as well as at the age of
1 month, the Rearing main effect was significant for the hippocampus, and Sex × Rearing
interaction was significant for the hypothalamus. However, the NE level was reduced in
the MSI group compared with the Control only in the hippocampus of males and in the
hypothalamus of females. In the frontal cortex and striatum, no differences in NE levels
were revealed at the ages of 1 and 2 months.

In adult animals after repeated stress, the Stress main effect was significant for the
frontal cortex and for the hippocampus (see Table 2). After the EmS, the level of NE
was reduced in the frontal cortex in MSI females and in the hippocampus in MSI males
compared with the corresponding Control.

3.5.2. Dopamine

At the age of 1 month, in the frontal cortex, the Rearing main effect was significant for
HVA level and HVA/DA ratio: these parameters in the MSI were lower than in the Control
(Table 3). Post hoc analysis showed a statistically significant decrease in HVA level and DA
turnover in MSI females. In the striatum, the influence of Sex × Rearing interaction was
revealed for DOPAC and HVA: their levels were reduced in MSI males compared to Control.
The Sex main effect was significant for DOPAC levels and for DOPAC/DA and HVA/DA
ratios: all these parameters were less in females than in males. In the hypothalamus, Sex
× Rearing interaction influenced the levels of DA, DOPAC, HVC, and DOPAC/DA ratio.
The level of DA was reduced in MSI males in comparison with Control; the DOPAC/DA
turnover was increased in MSI females; and the HVA/DA turnover was elevated in the
total MSI group. The levels of DOPAC and HVC demonstrated opposite changes: they
decreased in males and increased in females, but these shifts did not reach the level of
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statistical significance in a posteriori analysis. In the hippocampus, no differences in the
analyzed indicators between the subgroups were found.

Table 3. The levels of dopamine and its metabolites (nmol/g tissue) in the brain structures of rats
subjected to maternal separation on postnatal days 2–18 (MSI) and normally reared rats (Control).

1 Month
Frontal Cortex

Control, m MSI, m Control, f MSI, f

Dopamine 0.71 ± 0.33 0.49 ± 0.12. 0.54 ± 0.11 0.44 ± 0.02

DOPAC 0.22 ± 0.09 0.17 ± 0.02 0.18 ± 0.02 0.15 ± 0.01

HVA
0.43 ± 0.10 0.31 ± 0.04 0.47± 0.07 0.27± 0.02 *

Rearing main effect: F (1, 36) = 5.923, p = 0.020

DOPAC/DA 0.36 ± 0.03 0.38 ± 0.03 0.35 ± 0.03 0.33 ± 0.02

HVA/DA
0.84 ± 0.11 0.72 ± 0.09 0.95± 0.11 0.62± 0.05 *

Rearing main effect: F (1, 36) = 5.303, p = 0.027
Hippocampus

Control, m MSI, m Control, f MSI, f

Dopamine 0.10 ± 0.02 0.12 ± 0.04. 0.15 ± 0.03 0.09 ± 0.02

DOPAC 0.05 ± 0.00 0.05 ± 0.02 0.06 ± 0.03 0.04 ± 0.00

HVA nd nd nd nd

DOPAC/DA 0.57 ± 0.06 0.48 ± 0.05 0.49 ± 0.05 0.56 ± 0.08
Striatum

Control, m MSI, m Control, f MSI, f

Dopamine 26.85 ± 2.89 21.02 ± 2.05 23.41 ± 3.41 27.15 ± 2.54

DOPAC
8.97± 0.89 6.17± 0.91 * 4.06 ± 0.53 # 5.43 ± 0.41

Sex main effect: F (1, 36) = 14.393, p < 0.001;
Sex × Rearing interaction: F (1, 36) = 7.842, p = 0.008

HVA
3.88± 0.49 2.63± 0.29 * 2.57 ± 0.24 # 2.83 ± 0.18

Sex × Rearing interaction: F (1, 36) = 5.040, p = 0.031

DOPAC/DA
0.34 ± 0.02 0.30 ± 0.03 0.18 ± 0.01 # 0.20 ± 0.01 #

Sex main effect: F (1, 36) = 40.406, p < 0.001

HVA/DA
0.15 ± 0.01 0.13 ± 0.01 0.12 ± 0.01 0.11 ± 0.01

Sex main effect: F (1, 36) = 6.705, p = 0.0138;
Rearing main effect: F (1, 36) = 3.908, p = 0.055

Hypothalamus
Control, m MSI, m Control, f MSI, f

Dopamine
2.35± 0.18 1.71± 0.14 * 1.80 ± 0.19 1.87 ± 0.15

Sex × Rearing interaction: F (1, 36) = 4.673, p = 0.037

DOPAC
0.53 ± 0.05 0.38 ± 0.03 0.43 ± 0.04 0.52 ± 0.05

Sex × Rearing interaction: F (1, 36) = 8.010, p = 0.008

HVA
0.21 ± 0.04 0.16 ± 0.01 0.13 ± 0.01 0.19 ± 0.01

Sex × Rearing interaction: F (1, 36) = 6.198, p = 0.018
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Table 3. Cont.

DOPAC/DA
0.22 ± 0.01 0.23 ± 0.01 0.24± 0.01 0.28± 0.01 *

Sex main effect: F (1, 36) = 14.823, p < 0.001; Rearing main effect: F (1, 36) = 4.976,
p = 0.032; Sex × Rearing interaction: F (1, 36) = 3.555, p = 0.067

HVA/DA
0.09 ± 0.01 0.10 ± 0.01 0.08 ± 0.01 0.11 ± 0.01

Rearing main effect: F (1, 36) = 3.384, p = 0.074

2 months
Frontal cortex

Control, m MSI, m Control, f MSI, f

Dopamine 0.89 ± 0.22 0.84 ± 0.09 0.66 ± 0.04 0.55 ± 0.03

DOPAC 0.19 ± 0.03 0.20 ± 0.02 0.13 ± 0.01 0.12 ± 0.01

HVA
0.29 ± 0.03 0.30 ± 0.03 0.21 ± 0.03 0.22 ± 0.02

Sex main effect: F (1, 49) = 8.508, p = 0.005

DOPAC/DA 0.23 ± 0.03 0.24 ± 0.03 0.20 ± 0.03 0.22 ± 0.02

Sex main effect: F (1, 49) = 4.800, p = 0.033

HVA/DA 0.84 ± 0.11 0.72 ± 0.09 0.95 ± 0.11 0.62 ± 0.05
Hippocampus

Control, m MSI, m Control, f MSI, f

Dopamine 0.16 ± 0.02 0.17 ± 0.03 0.63 ± 0.49 0.14 ± 0.02

DOPAC 0.04 ± 0.01 0.05 ± 0.01 0.14 ± 0.07 0.07 ± 0.01

HVA nd nd nd nd

DOPAC/DA
0.26 ± 0.02 0.30 ± 0.03 0.48 ± 0.05 # 0.56 ± 0.06

Sex main effect: F (1, 49) = 41.116, p < 0.001
Striatum

Control, m MSI, m Control, f MSI, f

Dopamine
37.37 ± 4.19 30.01 ± 3.17 47.30± 3.85 35.07± 3.26 *

Sex main effect: F (1, 49) = 4.525, p = 0.038; Rearing main effect: F (1, 49) = 7.958,
p = 0.007

DOPAC
7.97 ± 1.00 6.46 ± 0.64 8.15 ± 0.57 9.12 ± 0.73

Sex × Rearing interaction: F (1, 49) = 3.626, p = 0.063

HVA
3.25± 0.45 2.08± 0.22 * 3.43 ± 0.28 3.43 ± 0.39

Sex main effect: F (1, 49) = 5.026, p = 0.029; Rearing main effect: F (1, 49) = 3.142,
p = 0.082; Sex × Rearing interaction: F (1, 49) = 3.900, p = 0.054

DOPAC/DA
0.21 ± 0.01 0.22 ± 0.01 0.18± 0.01 # 0.27± 0.01 * #

Rearing main effect: F (1, 49) = 19.378, p < 0.001;
Sex × Rearing interaction: F (1, 49) = 18.895, p < 0.001

HVA/DA
0.09± 0.01 0.07± 0.01 * 0.07 ± 0.01 0.10 ± 0.01

Sex main effect: F (1, 49) = 8.221, p = 0.006; Rearing main effect: F (1, 49) = 4.614,
p = 0.037; Sex × Rearing interaction: F (1, 49) = 4.568, p = 0.037

Hypothalamus
Control, m MSI, m Control, f MSI, f

Dopamine 2.40 ± 0.13 2.20 ± 0.09 2.25 ± 0.19 2.15 ± 0.10
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Table 3. Cont.

DOPAC
0.49 ± 0.03 0.46 ± 0.03 0.56 ± 0.05 0.44 ± 0.02

Rearing main effect: F (1, 49) = 4.853. p = 0.032

HVA
0.25± 0.01 0.15± 0.01 * 0.34± 0.03 # 0.22± 0.01 * #

Sex main effect: F (1, 49) = 23.242, p < 0.001;
Rearing main effect: F (1, 49) = 44.449, p < 0.001

DOPAC/DA
0.21 ± 0.01 0.21 ± 0.01 0.25± 0.01 # 0.21± 0.01 *

Sex main effect: F (1, 49)= 4.165, p = 0.036; Rearing main effect: F (1, 49) = 4.443,
p = 0.040; Sex × Rearing interaction: F (1, 49) = 6.979, p = 0.011

HVA/DA
0.11± 0.01 0.07± 0.0.01 * 0.15± 0.01 # 0.11± 0.01* #

Sex main effect: F (1, 49)= 33.821, p < 0.001;
Rearing main effect: F (1, 49) = 36.799, p < 0.001

3 months (after double hit)
Frontal Cortex

Control, m MSI, m Control, f MSI, f

Dopamine
FS 1.83 ± 0.52 0.98 ± 0.28 1.45 ± 0.36 1.82 ± 0.47

EmS 1.43 ±0.43 1.72 ± 0.38 1.18 ± 0.19 1.20 ± 0.25

DOPAC
FS 0.22 ± 0.05 0.16 ± 0.04 0.21 ± 0.04 0.26 ± 0.05

EmS 0.20 ± 0.07 0.23 ± 0.05 0.16 ± 0.03 0.14 ± 0.02

HVA
FS 0.21 ± 0.03 0.21 ± 0.03 0.22 ±0.04 0.28 ± 0.04

EmS 0.24 ± 0.06 0.23 ± 0.04 0.19 ± 0.03 0.23 ± 0.02

DOPAC/DA

FS 0.14 ± 0.01 0.17 ± 0.01 0.16 ± 0.01 0.17 ± 0.02

EmS 0.14 ± 0.01 0.13 ± 0.01 (s) 0.13 ± 0.01 0.13 ± 0.01 s

Stress main effect: F (1, 88) = 14.194, p < 0.001;
Rearing × stress interaction: F (1, 88) = 3.781, p = 0.055

HVA/DA

FS 0.18 ± 0.03 0.24 ± 0.03 0.21 ± 0.05 0.21 ± 0.03

EmS 0.20 ± 0.02 0.16 ± 0.02 0.17 ± 0.02 0.23 ± 0.03

Sex × Rearing × stress interaction: F (1, 88) = 5.189, p = 0.025
Hippocampus

Control, m MSI, m Control, f MSI, f

Dopamine
FS 0.17 ± 0.02 0.30 ± 0.05 0.19 ± 0.02 0.28 ± 0.05

EmS 0.26 ± 0.06 0.27 ± 0.05 0.16 ± 0.01 0.25 ± 0.03

DOPAC

FS 0.04 ± 0.00 0.07 ± 0.01 0.06 ± 0.01 0.06 ± 0.01

EmS 0.07 ± 0.01 0.08 ± 0.01 0.05 ± 0.00 0.06 ± 0.01

Rearing main effect: F (1, 88) = 5.294, p = 0.015

DOPAC/DA

FS 0.26 ± 0.01 0.30 ± 0.03 0.30 ± 0.01 0.27 ± 0.03

EmS 0.31 ± 0.02 0.31 ± 0.04 0.33 ± 0.02 0.25 ± 0.02

Sex × Rearing interaction: F (1, 88) = 4.532, p = 0.036
Striatum

Control, m MSI, m Control, f MSI, f

Dopamine

FS 33.67 ± 5.70 31.64± 4.25 47.73 ± 5.38 40.09 ± 7.27

EmS 43.53 ± 3.94 38.87± 5.38 53.99 ± 4.66 46.29 ± 4.92

Sex main effect: F (1, 88) = 7.440, p = 0.008;
Stress main effect: F (1, 88) = 3.982, p = 0.041



Brain Sci. 2023, 13, 956 17 of 33

Table 3. Cont.

DOPAC

FS 3.30 ± 0.55 3.38 ± 0.50 4.47 ± 0.47 3.61 ± 0.64

EmS 4.53 ± 0.47 4.01 ± 0.57 5.40 ± 0.57 4.38 ± 0.51

Stress main effect: F (1, 88) = 5.472, p = 0.021

HVA

FS 1.94 ± 0/30 1.87 ± 0.27 2.62 ± 0.26 2.43 ± 0.33

EmS 2.62 ± 0.26 2.28 ± 0.32 2.83 ± 0.20 3.13 ± 0.39

Sex main effect: F (1, 88) = 7.780, p = 0.006;
Stress main effect: F (1, 88) = 5.951, p = 0.017

DOPAC/DA

FS 0.10 ± 0.00 0.11 ± 0.00 0.09 ± 0.00 0.09 ± 0.00

EmS 0.10 ± 0.00 0.10 ± 0.00 0.10 ± 0.01 0.09 ± 0.00

Sex main effect: F (1, 88) = 9.319, p = 0.003

HVA/DA

FS 0.07 ± 0.02 0.07 ± 0.01 0.05 ± 0.00 0.09 ± 0.02

EmS 0.06 ± 0.00 0.06 ± 0.00 0.05 ± 0.00 0.07 ± 0.00

Sex × Rearing interaction: F (1, 88) = 3.692, p = 0.058
Hypothalamus

Control, m MSI, m Control, f MSI, f

Dopamine
FS 2.27 ± 0.22 1.92 ± 0.13 2.23 ± 0.41 2.11 ± 0.12

EmS 2.26 ± 0.26 2.27 ± 0.25 2.48 ± 0.80 1.93 ± 0.12

DOPAC
FS 0.41 ± 0.06 0.39 ± 0.02 0.53 ± 0.09 0.41 ± 0.02

EmS 0.41 ± 0.05 0.40 ± 0.05 0.49 ± 0.11 0.37 ± 0.02

HVA

FS 0.09 ± 0.01 0.10 ± 0.01 0.25 ± 0.02 0.18 ± 0.02 *

EmS 0.12 ± 0.01 0.10 ± 0.01 0.21 ± 0.02 0.18 ± 0.02

Sex main effect: F (1, 88) = 85.001, p < 0.001; Rearing main effect: F (1, 88) = 7.048, p = 0.009; Sex × Rearing
interaction: F (1, 88) = 3.048, p = 0.084

DOPAC/DA

FS 0.18 ± 0.01 0.21 ± 0.01 0.24 ± 0.01 0.20 ± 0.01

EmS 0.18 ± 0.01 0.18 ± 0.01 0.22 ± 0.01 0.20 ± 0.01

Sex main effect: F (1, 88) = 17.931, p < 0.001;Rearing main effect: F (1, 88) = 3.259, p = 0.074; Stress main effect:
F (1, 88) = 4.076, p = 0.046; Sex × Rearing interaction: F (1, 88) = 12.503, p < 0.001; Sex × Rearing × stress

interaction: F (1, 88) = 2.962, p = 0.088

HVA/DA

FS 0.04 ± 0.00 0.05 ± 0.01 0.13 ± 0.01 0.09 ± 0.01

EmS 0.06 ± 0.00 0.04 ± 0.00 0.12 ± 0.01 0.10 ± 0.01

Sex main effect: F (1, 88) = 76.719, p < 0.001; Rearing main effect: F (1, 88) = 3.364, p = 0.023; Sex × Rearing
interaction: F (1, 88) = 12.503, p < 0.001

Note: m—males, f—females, FS—foot shock, EmS—emotional stress; p < 0.05 in comparison with the * Control,
#—males of the corresponding subgroup; s—p < 0.05; (s)—p < 0.1 in comparison with the effect of FS (Newman–
Keuls test).

At the age of 2 months, in the frontal cortex and hippocampus, only the main effect
of Sex was shown. The HVA level was reduced in females in the frontal cortex. The
DA turnover (DOPAC/DA ratio) in females in the frontal cortex was lower, and in the
hippocampus, it was higher than in males. In the striatum, the Rearing main effect was
significant for the levels of DA, HVA, and the DOPAC/DA and HVA/DA ratios, while
the Sex main effect was significant for the levels of DA and HVA. The DA level was
higher in females than in males and decreased in MSI females compared to Control. The
DOPAC/DA ratio, on the contrary, was lower in females than in males and increased in
MSI females compared to the Control. In MSI males, the level of HCV and HVC/DA
turnover were reduced in comparison with the Control. In the hypothalamus, the Rearing
main effect was revealed for the levels of DOPAC and HVA and the ratios of DOPAC/DA
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and HVA/DA. The DOPAC level in MSI rats was lower than in the Control; no differences
between the subgroups were found. The DOPAC/DA ratio was elevated in Control females
in comparison with the males; in MSI females, the DA turnover was decreased compared
to the Control. The HVC level and the HVA/DA ratio were higher in females than in males
and reduced in both males and females of the MSI group.

After repeated stress, in the frontal cortex, the DOPAC/DA ratio was lower under
EmS conditions than under FS conditions as a result of the Stress factor. In the striatum,
the Stress main effect was significant for the DA level and its metabolites, DOPAC and
HVC, which were higher after EmS than after FS. In the hypothalamus, DA turnover
(DOPAC/DA) was significantly reduced under conditions of EmS in comparison with FS.

3.5.3. 5-Hydroxytryptamine

At the age of 1 month, in the hippocampus, the influence of the factor Rearing on
the level of 5-HT was revealed: 5-HT level was elevated in MSI rats (to a greater extent in
males, p = 0.06, Newman–Keuls test) (Table 4). In the striatum, we revealed the influence
of the factor Sex on the level of 5-HT (in females it was higher than in males in both the
experimental and control groups) and on the 5-HT/HIAA ratio (this parameter in females
was lower than in males). In the hypothalamus, the Rearing main effect was significant
for the 5-HT level, while the Sex × Rearing interaction was significant for the HIAA level.
Both indicators were reduced in MSI males compared to the Control. In the frontal cortex,
no differences between the groups were revealed.

Table 4. The levels of 5-hidpoxytriptamine and its metabolite (nmol/g tissue) in the brain struc-
tures of rats subjected to maternal separation on postnatal days 2–18 (MSI) and normally reared
rats (Control).

1 Months
Frontal Cortex

Control, m MSI, m Control, f MSI, f

5-HT 2.50 ± 0.01 2.42 ± 0.06 2.62 ± 0.09 2.53 ± 0.04

HIAA 2.00 ± 0.13 1.65 ± 0.18 1.87 ± 0.08 1.79 ± 0.08

HIAA/5-HT 0.8 ± 0.03 0.68 ± 0.07 0.72 ± 0.04 0.71 ± 0.04
Hippocampus

Control, m MSI, m Control, f MSI, f

5-HT
2.25 ± 0.11 2.94 ± 0.40 2.71 ± 0.14 2.86 ± 0.09

Rearing main effect: F (1, 36) = 4.175, p = 0.034

HIAA
2.24 ± 0.10 2.56 ± 0.12 2.71 ± 0.14 2.57 ± 0.10

Sex main effect: F (1, 36) = 4.271, p = 0.046;
Sex × Rearing interaction: F (1, 36) = 4.010, p = 0.053

HIAA/5-HT 1.00 ± 0.0 0.93 ± 0.06 1.01 ± 0.06 0.90 ± 0.02
Striatum

Control, m MSI, m Control, f MSI, f

5-HT
2.06 ± 0.07 2.26 ± 0.17 2.79 ± 0.20 # 2.82 ± 0.20 #

Sex main effect: F (1, 36) = 15.365, p < 0.001

HIAA 4.55 ± 0.19 4.47 ± 0.27 4.80 ± 0.16 4.53 ± 0.31

HIAA/5-HT
2.23 ± 0.11 2.06 ± 0.18 1.79 ± 0.13 # 1.62 ± 0.06

Sex main effect: F (1, 36) = 12.703, p = 0.001
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Hypothalamus
Control, m MSI, m Control, f MSI, f

5-HT

6.25± 0.13 5.58± 0.22 * 5.46 ± 0.20 # 5.34 ± 0.12

Sex main effect: F (1, 36) = 9.347, p = 0.004;
Rearing main effect: F (1, 36) = 5.467, p = 0.025

HIAA 5.30± 0.19 4.48± 0.28 * 4.97 ± 0.11 5.18 ± 0.23

Sex × Rearing interaction: F (1, 36) = 5.624, p = 0.023

HIAA/5-HT 0.85 ± 0.03 0.79 ± 0.03 0.92 ± 0.03 0.97 ± 0.03

2 months
Frontal cortex

Control, m MSI, m Control, f MSI, f

5-HT
2.78± 0.08 3.28± 0.09 * 3.11± 0.10 # 2.41± 0.15 * #

Sex main effect: F (1, 49) = 5.980, p = 0.018;
Sex × Rearing interaction: F (1, 49) = 32.555, p < 0.001

HIAA

1.38± 0.06 1.62± 0.06 * 1.44± 0.05 1.05± 0.06 *

Sex main effect: F (1, 49) = 18.435, p < 0.001;
Sex × Rearing interaction: F (1, 49) = 31.328, p < 0.001

HIAA/5-HT
0.5 ± 0.02 0.49 ± 0.01 0.47 ± 0.02 0.44 ± 0.02

Sex main effect: F (1, 49) = 6.116, p = 0.017
Hippocampus

Control, m MSI, m Control, f MSI, f

5-HT
3.37 ± 0.08 3.37 ± 0.27 2.74 ± 0.14 2.59 ± 0.11

Sex main effect: F (1, 49) = 17.219, p < 0.001

HIAA
1.67 ± 0.05 1.66 ± 0.06 1.77 ± 0.10 1.86 ± 0.06

Sex main effect: F (1, 49) = 4.856, p = 0.033

HIAA/5-HT
0.50 ± 0.02 0.51 ± 0.03 0.66 ± 0.04 0.72 ± 0.02

Sex main effect: F (1, 49) = 55.357, p < 0.001
Striatum

Control, m MSI, m Control, f MSI, f

5-HT
2.70 ± 0.18 2.92 ± 0.14 2.45 ± 0.13 # 2.42 ± 0.13 #

Sex main effect: F (1, 49) = 5.210, p = 0.027

HIAA 3.55 ± 0.15 3.87 ± 0.19 3.51 ± 0.14 3.85 ± 0.22

Rearing main effect: F (1, 49) = 3.577, p = 0.064

HIAA/5-HT
1.37 ± 0.11 1.35 ± 0.06 1.49 ± 0.10 # 1.64 ± 0.12 #

Sex main effect: F (1, 49) = 4.094, p = 0.048
Hypothalamus

Control, m MSI, m Control, f MSI, f

5-HT
6.81± 0.45 5.95± 0.19 * 6.51 ± 0.45 # 6.46 ± 0.13

Sex × Rearing interaction: F (1, 49) = 3.289, p = 0.075

HIAA
5.30± 0.19 4.48± 0.28 * 4.97 ± 0.11 5.18 ± 0.23

Sex main effect: F (1, 49)= 10.471, p = 0.002;
Rearing main effect: F (1, 49) = 6.302, p = 0.015
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HIAA/5-HT
0.58 ± 0.02 0.57 ± 0.02 0.69± 0.02 0.63± 0.02 * #

Sex main effect: F (1, 49) = 22.276, p < 0.001; Rearing main effect: F (1, 49) = 4.053, p = 0.050;
Sex × Rearing interaction: F (1, 49) = 3.686, p = 0.060

3 months (after double hit)
Frontal Cortex

Control, m MSI, m Control, f MSI, f

5-HT

FS 3.51 ± 0.14 3.37 ± 0.14 3.70 ± 0.19 3.71 ± 0.13

EmS 3.21 ± 0.13 3.59 ± 0.13 3.62 ± 0.09 3.86 ± 0.09

Sex main effect: F (1, 88) = 9.933, p = 0.002;
Rearing × stress interaction: F (1, 88) = 3.707, p = 0.057

HIAA

FS 1.63 ± 0.09 1.43 ± 0.09 1.66 ± 0.05 1.43 ± 0.09

EmS 1.64 ± 0.10 1.63 ± 0.07 1.60 ± 0.07 1.44 ± 0.08

Rearing main effect: F (1, 88) = 6.884, p = 0.010

HIAA/5-HT

FS 0.46 ± 0.01 0.42 ± 0.02 0.46 ± 0.02 0.39 ± 0.03

EmS 0.51 ± 0.02 0.46 ± 0.01 0.44 ± 0.02 0.38 ± 0.02

Sex main effect: F (1, 88) = 10.51, p = 0.002; Rearing main effect: F (1, 88) = 15.93, p < 0.001; Sex ×stress interaction:
F (1, 88) = 3.32, p = 0.072

Hippocampus
Control, m MSI, m Control, f MSI, f

5-HT

FS 2.67 ± 0.26 2.96 ± 0.14 2.80 ± 0.26 3.48 ± 0.40

EmS 2.82 ± 0.10 3.21 ± 0.13 2.86 ± 0.25 2.95 ± 0.11

Rearing main effect: F (1, 88) = 5.156, p = 0.026

HIAA

FS 1.42 ± 0.04 1.42 ± 0.06 1.78 ± 0.06 2.01 ± 0.26

EmS 1.74 ± 0.06 s 1.62 ± 0.06 1.87 ± 0.13 1.78 ± 0.05

Sex main effect: F (1, 88) = 16.510, p < 0.001
Sex × stress interaction: F (1, 88) = 4.63, p = 0.034

HIAA/5-HT

FS 0.57 ± 0.04 0.49 ± 0.02 0.69 ± 0.05 0.60 ± 0.05

EmS 0.62 ± 0.02 0.51 ± 0.02 0.67 ± 0.03 0.61 ± 0.01

Sex main effect: F (1, 88) = 16.759, p < 0.001;
Rearing main effect: F (1, 88) = 14.452, p < 0.001

Striatum
Control, m MSI, m Control, f MSI, f

5-HT

FS 4.07 ± 0.20 3.53 ± 0.18 3.66 ± 0.17 4.15 ± 0.25

EmS 3.82 ± 0.18 3.61 ± 0.20 3.54 ± 0.14 4.44 ± 0.29

Sex × Rearing interaction: F (1, 88) = 13.859, p < 0.001

HIAA

FS 2.99 ± 0.16 2.46 ± 0.14 3.08 ± 0.10 2.82 ± 0.15

EmS 3.07 ± 0.17 2.59 ± 0.16 2.86 ± 0.15 3.02 ± 0.19

Rearing main effect: F (1, 88) = 6.273, p = 0.014;
Sex × Rearing interaction: F (1, 88) = 4.259, p = 0.042

HIAA/5-HT

FS 0.74 ± 0.03 0.70 ± 0.03 0.86 ± 0.04 0.69 ± 0.02

EmS 0.80 ± 0.03 0.72 ± 0.02 0.82 ± 0.04 0.69 ± 0.02

Rearing main effect: F (1, 88) = 24.97, p < 0.001;
Sex × Rearing interaction: F (1, 88) = 3.967, p = 0.049
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Hypothalamus
Control, m MSI, m Control, f MSI, f

5-HT

FS 6.13 ± 0.30 5.59 ± 0.20 5.62 ± 0.23 6.19 ± 0.18

EmS 6.81 ± 0.61 5.88 ± 0.24 5.16 ± 0.28 6.02 ± 0.16

Sex × Rearing interaction: F (1, 88) = 10.115, p = 0.002;
Sex × stress interaction: F (1, 88) = 3.110, p = 0.081

HIAA

FS 2.83 ± 0.13 2.50 ± 0.11 3.14 ± 0.10 3.05 ± 0.08

EmS 3.35 ± 0.25 2.75 ± 0.13 s 2.92 ± 0.15 3.11 ± 0.09

Rearing main effect: F (1, 88) = 3.889, p = 0.052; Sex × Rearing interaction: F (1, 88) = 6.165, p = 0.015; Sex × stress
interaction: F (1, 88) = 5.110, p = 0.026

HIAA/5-HT

FS 0.47 ± 0,02 0.45 ± 0.01 0.57 ± 0.02 0.50 ± 0.02

EmS 0.50 ± 0.01 0.47 ± 0.01 0.57 ± 0.01 0.52 ± 0.02

Sex main effect: F (1, 88) = 35.432, p < 0.001; Rearing main effect:
F (1, 88) = 13.028, p < 0.001; Stress main effect: F (1, 88) = 2.978, p = 0.088

Note: m—males, f—females, FS—foot shock, EmS—emotional stress; p < 0.05 in comparison with the *—control,
#—males of the corresponding subgroup; s—p < 0.05.

At the age of 2 months, in the frontal cortex, a Sex × Rearing interaction was revealed
for the levels of 5-HT and HIAA: they were increased in males and reduced in females
in comparison with the corresponding Control subgroups; for the HIAA/5-HT ratio, the
Sex main effect was significant: the turnover of 5-HT was lower in females than in males.
In the hippocampus, the Sex main effect was revealed for the levels of 5-HT (lower in
females than males) and for HIAA and the HIAA/5-HT ratio (higher in females than in
males); no differences between the subgroups were found. In the striatum, a Sex main
effect was identified: the 5-HT level and HIAA/5-HT ratio in females were lower than
in males. The Rearing main effect was significant for HIAA level: it was higher in MSI
rats. In the hypothalamus, the levels of 5-HT and HIAA were lower in MSI males, and the
HIAA/5-HT ratio was lower in MSI females than in the corresponding Control.

Under conditions of repeated stress in adult rats, the influence of Sex × Stress in-
teraction on the HIAA level in the hippocampus and hypothalamus was revealed: in
males, the level of this metabolite in animals subjected to EmS was higher than in animals
subjected to FS.

4. Discussion

Repeated maternal separation is the most widely used animal model for investigating
the relationship between early life stress and its psychiatric and physical consequences.
Despite non-standardized protocols, the MS paradigm is mainly considered as a tool for
modeling anxiety- and depression-like behavior of juvenile and adult rodents [38,42,59–61].
Most commonly, the pups are separated from their mother for 3–6 h each day, beginning on
P1–P2 and continuing through either P14–P21. Other aspects of the protocol (isolation from
one another, warmed or not warmed, light or dark cycle, handled or not handled control
animals) are less consistent across studies.

In our experiments, complex developmental trauma was used, including separation
of rat pups from the mother and littermates at room temperature with partial limitation
of motor activity due to the small size of the boxes. We expected that early-life abuse
would lead to attachment disorder in rat pups and to formation in later life of persistent
neurobehavioral deficits not associated with the development of depression-like phenotype.
It was shown that more pronounced disorders in behavior and neurotransmission were
observed in rats subjected to complex aversive influences during brain development [62,63].

In two series of experiments, maternal separation and sibling isolation in the neonatal
period led to similar changes in the behavior of young adult animals. In Series 1, we
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evaluated the effect of early-life stress on the levels of monoamines and their metabolites in
the frontal cortex, hippocampus, striatum, and hypothalamus of juvenile and adult animals
(Table 5). These brain structures and neurochemical systems were chosen because they have
close functional relationships with changes in the emotional behavioral profile induced by
early-life maternal and sibling separation stress. In Series 2, adult animals with behavioral
disorders caused by early stress were exposed to repeated physical or psycho-emotional
stress. The levels of neurotransmitters and their metabolites in the main projection areas of
the monoaminergic systems was also assessed in these rats.

Table 5. The levels of monoamines in the brain structures of rats exposed to MSI on P2–P18 and
control animals.

ma NE DA DOPAC HVA DOPAC/DA HVA/
DA 5-HT HIAA HIAA/

5-HT

Sex m f m f m f m f m f m f m f m f m f

1 month
FC = = = = = = ↓ ↓ * = = ↓ ↓ * = = = = = =
Hip ↑ * ↑ = = = = nd nd = = = = ↑ ↑ = = = =
Str = = = = ↓ * = ↓ * = = = ↓ ↓ = = = = = =

Hyp ↑ * = ↓ * = = = = = ↑ ↑ * ↑ ↑ ↓ * ↓ ↓ * = = =
2 months

FC = = = = = = = = = = = = ↑ * ↓ * ↑ * ↓ * = =
Hip ↓ * ↓ = = = = = = = = = = = = = = = =
Str = = ↓ ↓ * ↓ * = ↑ ↑ * ↓ * = = = ↑ ↑ * = =

Hyp = ↓ * = = ↓ ↓ ↓ * ↓ * = ↓ * ↓ * ↓ * ↓ * = ↓ * = = ↓ *
Note: ma—monoamine; m—male, f—female; FC—frontal Cortex, Hip—hippocampus, Str—striatum, Hyp—
hypothalamus; ↑ and ↓ show increase and decrease in monoamine level in comparison with the corresponding
control; ANOVA—yellow indicates Rearing main effect, blue and rose—Sex × Rearing interaction, *—p < 0.05,
post hoc Newman–Keuls test.

4.1. Body Weight

Body weight is one of the basic indicators of physical status in animals. Early life
experiences have a strong influence on brain programming and can affect the control of
eating behavior and body weight later in life. However, there is no consensus about the
relationship between neonatal stress and eating behavior. Many researchers reported that
rats subjected to early-life maternal separation had lower body weight in the juvenile
and mature age [38,59–67], while reports on increased body weight are rare [68]. In our
study, the body weight in adult animals subjected to MSI was below the control values.
Moreover, in males, a tendency to weight loss in the stressed group was observed in all
periods of observation, but only in females was body weight loss statistically significant, at
the age of 3 months. It is considered unlikely that the weight loss was due to poor nutrition
caused by MSI, because the nutritional status of rat pups (total protein, albumins, etc.)
was not impaired [64]. Deficiency in physical development in MSI rats was primarily due
to reduced food intake in later terms, which, in turn, is associated with hormonal shifts
(changes in the levels of leptin and ghrelin [65], corticosterone [64]) and/or orexigenic
peptides of the hypothalamus [69]). There is evidence that the 5-HT system is involved
in the modulation of eating behavior: 5-HT transmits signals in the arcuate nucleus of
the hypothalamus through the 5-HT1a and 5-HT2b receptors and increases food intake
by expressing Creb and subsequent activation of several genes affecting appetite [70].
Leptin reduces appetite, at least partially, by inhibiting the synthesis of 5-HT in the brain
stem. We observed a decrease in 5-HT level in the hypothalamus in juvenile and adult rats
subjected to MSI, which can indirectly confirm the hypothesis of Yadav and colleagues [70].
It should be noted that this decrease was statistically significant only in males (Table 5),
which can be explained by sex-related differences in food intake regulation by 5-HT. Our
observations are similar to the results obtained by de Lima et al. [71]: maternal separation
led to a decrease in 5-HT level in the hypothalamus of male and female rats, and males
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were more vulnerable than females to the effects of neonatal stress on food intake and
changes in the 5-HT level in brain structures. On the other hand, Oh et al. [63] reported that
complex stress with additional immobilization of rat pups after separation from the mother
leads to a greater decrease in body weight in females than in males; the functional activity
of the 5-HT system was also reduced in females. Perhaps females are more sensitive to
complex trauma. However, the neurochemical mechanisms of the effect of complex trauma
on feeding behavior (in particular, the role of 5-HT in appetite regulation) in males and
females remains unclear and requires further study [72].

4.2. Locomotor Activity, Exploratory Activity, and Anxiety-like Behavior

In both series of our study, adult male and female rats subjected to repeated early MSI
showed increased locomotor and exploratory activity in OF in comparison with the Control.
The MSI-exposed rats demonstrated increased exploratory activity in aOF in dim lighting
conditions. Under the bright light in the cOF, the vertical activity in the MSI groups did
not differ from the control, which may be due to a decrease in the exploratory behavior of
these rats under stressful conditions. We observed a decrease in signs of anxiety in MSI
females in EPM: they had an increased preference for open arms and number and duration
of hangings from the open arms. In males, the effect of early stress on anxiety-like behavior
was less certain and was reduced only in Series 2.

The use of different early life stress schemes may have different effects on motor
and exploratory activity and on the level of anxiety. So, maternal separation for 4 h on
P2–P5, for 8 h on P6–P16, and weaning on P17 decreased locomotor activity, increased
anxiety-like behavior and resulted in a passive coping strategy in Sprague–Dawley rats of
both sexes [73]. Maternal separation for 3 h on P2–P14 did not lead to differences in total
running distance in the OF test and anxiety-like signs between MS and control groups of
Sprague–Dawley rats [74]. However, MS for 6 h during the first 2 weeks of life decreased
orientation behavior and increased impulsivity in Sprague–Dawley juvenile males in an OF-
test [39]. An anxiolytic effect of MS in 4–4.5-month-old male and female rats was detected
in OF, but not in EPM [75]. The MS model similar to the procedure used in our study
(P1–P15, 4 h, in individual boxes, in an incubator at 30 ◦C or at room temperature 22 ◦C)
led to a significant increase in locomotion and exploratory behavior at the age of 2 months
in male Wistar rats [76]. The hyperlocomotor phenotype was more pronounced in animals
that had previously been isolated at room temperature. These rats also demonstrated more
risk assessments, which is interpreted as an increase in the level of exploratory activity,
and a decrease in anxiety behavior. The differences in the results can be explained by
the use of animals of different lines, the peculiarities of MS protocols, the conditions of
behavioral tests, and different ages of animals at the time of behavioral testing. Thus, it was
shown that maternal separation (3 h, P2–P14) causes an increase in motor and exploratory
activity in Wistar rats, but not in Wistar–Kyoto rats [77]. It is hypothesized that Wistar rats
have more flexible survival strategies than WKY rats. This, however, does not necessarily
mean that their response is more adaptive [78], because these strains exhibit similar drug
abuse susceptibility.

The results obtained in this block of behavioral tests indicate that the protocol of
neonatal complex aversive exposure applied by us leads to the formation of a hyperactive
phenotype in young adult rats. The other authors have shown that a complex aversive
effect (social isolation from P14 after 2-week MS) interferes with the normal process of cell
proliferation, apoptosis, and synaptogenesis in the frontal cortex [40] and hippocampus [79]
and leads to the formation of a hyperactive behavioral profile in juvenile and adult rats.

4.3. Social Behavior

In our study, sex differences in the effects of MSI on the social behavior of animals
were revealed. The MSI males demonstrated increased aggressiveness under conditions of
free interaction of animals in an unfamiliar environment, reduced preference for socializing,
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and increased reaction to the presence of social novelty under the conditions of restricted
motor activity of conspecifics.

A number of studies have demonstrated that MS disrupts the social behavior of
rats at a later age, and males are more sensitive to early-life stress. In juvenile Wistar
males, daily long-term MS caused an increase in the number of aggressive elements in
social play behavior in a social interaction test [80] and more attacks than normally reared
males in the resident–intruder paradigm [81]. These animals had higher plasma levels of
corticosterone and higher expression of vasopressin mRNA in the paraventricular nucleus
of the hypothalamus. In adult Wistar rats, intermale aggression in this test and arginine–
vasopressin immunoreactivity in the hypothalamus were also significantly higher in the MS
group [82]. At the same time, immunoreactivity of 5-HT in the anterior hypothalamus was
reduced and negatively correlated with the level of aggression. Our data show a decrease
in the level of 5-HT and functional activity of the 5-HT system in the hypothalamus in
juvenile and adult rats of the MS group, with this effect more pronounced in males. It
should be noted that the content of 5-HT and HIAA in the frontal cortex of male MS rats
was increased in comparison with the control. The forebrain cortex is involved in the
formation of aggressive motivation in rats [83]. Impulsive social aggression is associated
with a 5-HT deficit in the medial prefrontal cortex and a decrease in the inhibitory control
of aggressive reactions [84,85]. However, the above studies analyzed reactive changes
in the 5-HT level in the cortex at the moment of aggression. At the same time, the basal
level did not differ in control and experimental (rats denied maternal reward in early life)
animal groups.

We revealed no changes in sociality (sociability) in rats of both sexes by the results
of SIT: the number and duration of non-aggressive interaction did not differ in MS and
control groups. These results are at odds with the conclusions of Mintz et al. [86] that
MS at room temperature led to a decrease in social motivation in adult male Wistar rats.
This contradiction can result from the method of assessing social interaction: Mintz and
colleagues used a larger arena (146× 146 cm) for OF testing and estimated the time spent by
the animals in a certain square of the field (home base) together or alone (social or solitary
occupation) over three 10 min intervals. The rats subjected to MS at low temperature
demonstrated decreased sociability only in the last third of the session. In our work, we
evaluated only direct tactile contacts of the animals in a small arena (57 × 37 cm) over
15 min. In this time interval, Mintz and colleagues [86] also did not observe differences in
sociality between the MS rats and controls.

Various studies of the effect of MS on social preference and social novelty in adult
rats have yielded contradictory results. There is data that the social behavior of adult MS
rats does not change [87]. Other data show that MS led to a sex-dependent dysfunction
in the social interaction of rats. It is reported that MS males showed decreased social
interaction with unfamiliar conspecifics without affecting their sociality, which, according
to the authors, indicates a decrease in the flexibility of social behavior [88,89]. Zeng et al. [42]
note that after postnatal stress, females developed social avoidance, while males began
to interact for longer times with the partner rat; the rats of the control group preferred
non-social objects.

The design of our experiment (animal strain, MS protocol, procedure of assessing
social preference and social novelty) was most close to that of the study of Kambali and
colleagues [89]. However, our findings partially differ from the results of this study. The
identified changes in social behavior may be associated with impaired social motivation
and/or social recognition in males exposed to MSI. Our data do not currently allow us to
make a correct conclusion about the specificity of effects of MSI on animals of different
sexes and to discuss the mechanisms underlying social behavioral deficits. This direction
needs further research.
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4.4. Monoamines

The aversive events during the critical periods of the development of an organism
can disrupt the maturation of many neurotransmitter systems, including monoaminergic
ones (see review [90]). The long-lasting impairment in the functional activity of these
systems can be reflected in the levels of mediators and their metabolites in target areas of
the brain. In our study, MSI rats showed changes in the levels of NE, DA, and 5-HT and
their metabolites at the ages of 1 and 2 months. Sex- and region-specific features in the
functional activity of monoaminergic systems caused by early life stress were revealed.

In 1-month-old males, the NE level was increased in the hippocampus and hypotha-
lamus; the DA level was decreased in the hypothalamus, and DOPAC and HVC levels
were decreased in the striatum; the 5-HIAA level was decreased in the hypothalamus
(Table 5). In females, a statistically significant decrease in the level of HVA and the ratio of
HVA/DA were observed in the frontal cortex, while in the hypothalamus, DA turnover,
on the contrary, was increased and 5-HT level was reduced. In 2-month-old males, the
level of NE decreased in the hippocampus, in contrast to that observed in 1-month-old
males. Interestingly, in females, NE levels decreased in the hypothalamus. The shifts in
the activity of the DA system were unidirectional, with changes in juvenile MSI rats. In
the striatum, the HVA level and HVA/DA ratio decreased in males while the DA level
decreased but the DOPAC/DA ratio increased in females. In the hypothalamus, the levels
of DA metabolites and turnover of DA were decreased in both sexes. In the frontal cortex,
there were no changes in the DA system, but the levels of 5-HT and 5-HIAA changed
oppositely in animals of different sexes: they increased in males and decreased in females.
Regardless of gender, activity of the 5-HT system decreased in the hypothalamus.

Since behavioral tests were not performed after weaning at 1 month of age, we are
unable to assess the relationship between changes in monoamine levels and behavioral
disturbances in adolescent rats. However, according to the literature, the dysfunction of
NE and DA neurotransmission in animals is often associated with the development of
a hyperactive phenotype [90]. The increased level of NE is usually associated with an
increase in anxiety-like behavior and impulsivity. According to published reports, in the
brains of Wistar rats that were subjected to MS (P0–P6) in combination with additional
stressors (low temperature, bright light, and noise), increased levels of NE and DA were
revealed immediately after the completion of the stress procedures (P7); on P20, the level
of neurotransmitters decreased, but still remained above the control values [91]. In another
study [92], after intermittent MS for 6–12 h in the first two postnatal weeks, the NE content
was increased in the cortex and hypothalamus of rats on P21, and the DA content, on the
contrary, was reduced. By P60, the level of NE returned to normal in all structures, while
the DA level did not recover. Several lines of evidence point to an intricate reciprocal
relationship between NE and DA in terminal areas, and their interaction, apparently, is
involved in disrupting animal sociability [93]. At the behavioral level, juvenile and adult
rats demonstrated increased exploratory activity and emotional tension [94]. However,
there is evidence that MS leads to pronounced dysregulation in the neural connections of
the midbrain DA regions in juvenile males; that being said, only adult rats demonstrated
anxiolytic behavior [95].

In adult rats, we observed motor and exploratory hyperactivity in both sexes, increased
aggressiveness and decreased sociability in males, and signs of decreased anxiety in females.
It is believed that all DA systems are involved in the development of the hyperactive
phenotype [94,96]. According to this hypothesis, the hypofunction of the DA system
plays a pivotal role in the development of behavioral deficits by failing to modulate
nondopaminergic (primarily glutamate and GABA) signal transmission appropriately. In
a recent review of animal models of affective and behavioral disorders (which include
maternal deprivation), referred to as “reward deficit syndrome”, it is noted that these
conditions are based on a low tone of the DA system [97]. Our data are consistent with this
hypothesis, at least for the striatum and hypothalamus. It should be noted that at the age of
2 months, we did not reveal changes in the DA and metabolites levels in the frontal cortex,
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noted by many authors, although in adolescent rats, a decrease in the turnover of DA in
the frontal cortex was noted.

Most researchers recognize the priority contribution of the DA system to the devel-
opment of hyperactivity, but not everyone shares the point of view that the disorders are
based on the hypofunction of all DA systems. Experimental data indicate that in some
cases the symptoms of hyperactivity are associated with an increase in the functional
activity of DA [90,93,98]. Two lines of rats with genetically determined hyperactivity
(spontaneously hypertensive rats, SHR and Naples High Excitability, NHE) are similar
in behavioral manifestations, but show different changes in DA systems [98]. Tyrosine
hydroxylase is hyperexpressed in NHE rats and hypoexpressed in SHR. The DA transporter
is hyperexpressed in both lines, although in the SHR, DAT activity is low (reduced DA
uptake). The DA levels in the striatum and prefrontal cortex are increased in juvenile SHR,
but are decreased in handled young and non-handled older animals. This contradiction can
be explained by different degrees of involvement of cortical and subcortical mechanisms
in the pathological process, which, in turn, is a result of interactions between individual
predisposition and environmental factors.

It is well known that the 5-HT system plays an important role in the pathophysiology
of anxiety, depression, and aggression [99]. Although the effect of maternal separation on
the 5-HT system has been extensively studied, the results are contradictory among different
labs. For instance, a single 24 h maternal deprivation increased 5-HT activity in the
prefrontal cortex, hippocampus, and striatum of adolescent [100] and in the hypothalamus
of adult Wistar rats [101]. Daily MS from P1 to P13 increased tissue levels of both 5-HT
and 5-HIAA in the dorsal raphe nucleus and nucleus accumbens in female adult rats [102].
Other studies show that repeated MS procedures reduced basal levels of 5-HT in the
dorsal hippocampus and medial prefrontal cortex of adult rats [45] and in the ventral
striatum of rat pups [103]. Maternal separation at P1-P21 led to an U-shaped and inverted
U-shaped patterns for 5-HT synthesis and 5-HT activity in the prefrontal cortex and nucleus
accumbens from younger Wistar males to adults [104]. In our study, the level of 5-HT and
its metabolite in the frontal cortex decreased in males and increased in females, which may
be the neurochemical basis of differences in behavior.

4.5. Additional repeated Stress in Adult Rats

It has been proposed that early life negative events may alter the response of a subject
to a subsequent traumatic experience, increasing the likelihood that later trauma will
lead to PTSD or affective disorders [105]. Witnessing a traumatic event but not directly
experiencing it can be psychologically quite damaging [106]. Some studies have reported
the occurrence of emotional distress in animals that witness other animals suffering from
foot shock [107]. Exposure to inescapable foot shock produces a series of behavioral
consequences (“learned helplessness”) that may be prolonged by re-exposing organisms to
the contextual cues associated with the original experience of inescapability, even if shock
is not delivered during these “reminders” [108].

We expected MSI rats to be more sensitive to emotional impact than control animals.
We evaluated the effect of prolonged (5 days) physical and emotional stress on the levels
of monoamines and their metabolites in several areas of the brain in male and female rats
reared with their mother or under conditions of MSI. Although the influence of the factors
Sex, Rearing, and Stress as well as their interaction was identified, we did not obtain a
wide range of differences between groups (see Tables 2–4). Statistically significant findings
were elevated levels of NA in the frontal cortex in females of all groups compared with the
values of indicators in the corresponding groups of males, which may indicate a greater
sensitivity of females to stress. At the same time, in the MSI group under the conditions of
EmS, the level of NA was lower than in Control in females in the frontal cortex and in males
in the hippocampus. In addition, in the striatum of females, the level of DA was increased
compared to males, and in all animals, the levels of DA and DOPAC were higher after EmS
than after FS. In the frontal cortices of MSI rats of both sexes, DA turnover (DOPA/DA
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ratio) was reduced after EmS compared with FS. There were no intergroup differences in
the functional activity of the 5-HT system under conditions of physical or emotional stress.

Early studies have demonstrated that physical and psycho-emotional stresses cause
different regionally dependent changes in the level of DA [109] and 5-HT [110] in the
brains of rats, and the effects of physical stress depend on the intensity of the stimulus.
Psycho-emotional stress [109] or mild foot shock [111] selectively activate the mesocortical
DA system and increase 5-HT metabolism only in the medial prefrontal cortex. On the
contrary, severe physical stress stimulates DA and 5-HT metabolism in many brain struc-
tures (prefrontal cortex, nucleus accumbens, amygdala, and hypothalamus). According
to the “double hit” hypothesis, early postnatal stress modulates the resilience/sensitivity
of adult animals to stressful stimuli by modulating (among other mechanisms) activity of
the brain neurotransmitter systems [30]. Recent studies have demonstrated that complex
stress that included maternal separation in the early postnatal period, isolation during ado-
lescence, and inescapable foot shock led to the appearance of more numerous and longer
freezing episodes (tonic immobility) in the fear conditioning test in 2-month-old male rats
in comparison with animals subjected to foot-shock stress alone and native controls [112].
This behavioral pattern can be associated with the inability of individuals exposed to early
stress to integrate information and to respond appropriately to environmental stimuli.
Behavioral disorders in adult animals can be a result of changes in the stress reactivity of
the monoaminergic systems. Thus, immobilization stress in 2-month-old rats subjected to
postnatal maternal deprivation caused anxiety-like behavior and a decrease in NE release
in the hippocampus and hypothalamus and an increase in 5-HIAA levels in the frontal
cortex and hippocampus [113]. In adult rats subjected to early prenatal stress, the activ-
ity of NE neurons of the locus coeruleus and DA neurons of the ventral tegmental area
decreased after a forced swimming test, whereas in control animals, the activity of these
neurons increased [114]. The authors interpreted these changes as adaptive, contributing to
stress resilience.

5. Limitations

The first limitation of the current study is related to the determination of monoamine
levels. The concentrations of monoamines and their metabolites were measured in rela-
tively large areas of the brain and not in specific nuclei. Given the mediator and functional
heterogeneity of the structures chosen for the study, the assessment of the contribution of
monoaminergic systems to the development of behavioral disorders can be quite rough.
More accurate bioassays of monoamines and their metabolites in these cores should be
performed in future studies. In addition, we did not evaluate basal monoamine levels
during an experiment in which animals were subjected to additional adult stress, so we
cannot conclude the actual effect of physical or emotional stress on monoaminergic neuro-
transmission. Our data allow us to judge only the differences in response of monoaminergic
systems to stressors of different natures. In the present study, we wanted to evaluate the
effect of growing conditions on the level of monoamines and determined the content of
neurotransmitters at the time of weaning. Therefore, we did not screen the behavior of
adolescent animals, which makes it difficult to interpret the observed changes in the state
of neurotransmitter systems of the brain. We conducted an additional series of studies in
which the level of neurotransmitters in adolescents was determined after assessment of
behavior. These results are being processed.

Another limitation is related to the complexity of assessing the influence of rat pup
rearing factors on the formation of the endophenotype and behavioral profile of adult
animals. Early stress, in particular maternal deprivation in rat pups, does not always lead
to the development of post-traumatic stress disorder and other stress-related disorders
in adulthood. There is no doubt that different outcomes of early trauma are associated
with the plasticity of the endocrine, nervous, and immune systems. Plastic changes can be
adaptive or maladaptive in nature and be mediated by environmentally dependent changes
in active maternal care on the one hand and the rigidity of environmental influences on
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the other [115]. In our experiment, additional physical threats (low temperature and re-
strictions on locomotor activity during isolation of littermates) were aimed at inducing a
sustained and reliable early life stress effect. However, in this case, we cannot separate the
psychosocial effects (maltreatment or neglect) from the physical aversive effects. Addtion-
ally, we did not assess maternal behavior during the MSI protocol to account for its effect
on individual behavioral variability and vulnerability to stress in adult rats. These factors
of environmental influences require additional control in subsequent experiments.

6. Conclusions

In the present study, we show that the protocol of maternal separation and isolation
from siblings that we used led to the formation of a hyperactive phenotype in adult animals
and disruption in emotional regulation and social interaction. At the same time, females
were more characterized by a decrease in anxiety, while males were characterized by an
increase in aggressiveness and a decrease in sociability.

Early life stress effects on brain monoamine concentrations were sex-dependent and
region-specific. The opposite directions of 5-HT and 5-HIAA shifts in the frontal cortex
may be associated with differences in behavior patterns in adult male and female rats.

An increase in the levels of DA and DOPAC in the striatum of animals of both sexes
under conditions of witness stress may indicate an increased sensitivity to emotional stress
in rats reared under conditions of deprivation of maternal care.

Thus, maternal deprivation in rodents, as a model of traumatic childhood experi-
ences, is considered promising for studying neurodevelopmental disorders and subsequent
vulnerability/resistance to the onset of mental disorders. Although our results show
that MSI alters the levels of monoamines in brain structures associated with the devel-
opment of stress-related diseases in adult rats, it remains unclear how these changes are
recruited in the formation of endophenotypes and behavioral features of animals (including
state/vulnerability to stress). Changes in the level of neurotransmitters can reflect both
the dysfunctional state of monoaminergic systems and their involvement in adaptation
processes. To answer this question, an assessment of the content and activity of enzymes of
synthesis and degradation and the expression of receptors is needed [116]. In addition, it
is known that the development of mediator systems is associated with the activity of the
endocrine system [117] and the immune system [118]. The influence of maternal depriva-
tion on the formation of dysfunction of the hypothalamic–pituitary–adrenal system is well
described in the literature and the role of the glucocorticoid system in post-stress disorders
is shown. The role of other hormones (i.e., vasopressin, oxytocin) in the formation of a
hyperactive endophenotype in response to childhood trauma has been studied to a lesser
extent [117,118]. A promising line of research also seems to be the search for biomarkers of
neuroinflammation in the brain structures and peripheral tissues of animals exposed to
early life stress.
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Abbreviations

P: post-natal day; MSI: maternal separation and sibling isolation; FS: foot shock; EmS: emotional
shock; aOF: automatic open field; cOF: classic open field with visual control; EPM: elevated plus maze;
SIT: social interaction test; TCT: three-chamber social test; FC: frontal cortex: Hip: hippocampus; Str:
striatum; Hyp: hypothalamus; NE: norepinephrine; DA: dopamine; DOPAC: 3:4-dihydroxyphenylacetic
acid; HVA: homovanillic acid; 5-HT: 5-hydroxytryptamine; 5-HIAA: 5-hydroxyindole acetic acid.
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69. Gołyszny, M.; Zieliński, M.; Paul-Samojedny, M.; Filipczyk, Ł.; Pałasz, A.; Obuchowicz, E. Escitalopram alters the hypotha-lamic
OX system but does not affect its up-regulation induced by early-life stress in adult rats. Neurosci. Res. 2022, 180, 58–71. [CrossRef]

70. Yadav, V.K.; Oury, F.; Tanaka, K.F.; Thomas, T.; Wang, Y.; Cremers, S.; Hen, R.; Krust, A.; Chambon, P.; Karsenty, G. Leptin-
dependent serotonin control of appetite: Temporal specificity, transcriptional regulation, and therapeutic implications. J. Exp.
Med. 2011, 208, 41–52. [CrossRef] [PubMed]

https://doi.org/10.1016/j.ijdevneu.2013.01.001
https://www.ncbi.nlm.nih.gov/pubmed/23313435
https://doi.org/10.1016/j.bbadis.2014.08.009
https://www.ncbi.nlm.nih.gov/pubmed/25159716
https://doi.org/10.1016/j.pbb.2021.173168
https://doi.org/10.1007/BF00790041
https://doi.org/10.1016/0165-0270(85)90031-7
https://doi.org/10.3791/58396
https://doi.org/10.1016/0028-3908(89)90038-5
https://doi.org/10.1177/0269881114544778
https://doi.org/10.1037/a0030117
https://www.ncbi.nlm.nih.gov/pubmed/23244772
https://doi.org/10.1016/j.psychres.2017.03.037
https://www.ncbi.nlm.nih.gov/pubmed/28351003
https://doi.org/10.22038/ijbms.2019.32888.7857
https://doi.org/10.3791/269
https://doi.org/10.1111/j.2517-6161.1995.tb02031.x
https://doi.org/10.1016/j.brainres.2013.04.026
https://doi.org/10.1097/WNR.0000000000001010
https://doi.org/10.31661/gmj.v8i0.1093
https://doi.org/10.3390/ijms22052522
https://doi.org/10.3389/fpsyt.2023.1086370
https://doi.org/10.1016/j.ijdevneu.2013.10.007
https://www.ncbi.nlm.nih.gov/pubmed/24184298
https://doi.org/10.1002/dev.21440
https://www.ncbi.nlm.nih.gov/pubmed/27307308
https://doi.org/10.1016/j.physbeh.2019.112769
https://www.ncbi.nlm.nih.gov/pubmed/31816276
https://doi.org/10.1016/j.pbb.2020.172908
https://doi.org/10.1016/j.neulet.2004.09.012
https://doi.org/10.1016/j.neures.2022.02.005
https://doi.org/10.1084/jem.20101940
https://www.ncbi.nlm.nih.gov/pubmed/21187319


Brain Sci. 2023, 13, 956 32 of 33

71. de Lima, R.M.S.; Dos Santos Bento, L.V.; di Marcello Valladão Lugon, M.; Barauna, V.G.; Bittencourt, A.S.; Dalmaz, C.;
de Vasconcellos Bittencourt, A.P.S. Early life stress and the programming of eating behavior and anxiety: Sex-specific relation-ships
with serotonergic activity and hypothalamic neuropeptides. Behav. Brain Res. 2020, 379, 112399. [CrossRef]

72. Asarian, L.; Geary, N. Sex differences in the physiology of eating. Am. J. Physiol. Regul. Integr. Comp. Physiol.
2013, 305, R1215–R1267. [CrossRef]

73. Sun, X.; Zhang, Y.; Li, X.; Liu, X.; Qin, C. Early-Life Neglect Alters Emotional and Cognitive Behavior in a Sex-Dependent
Manner and Reduces Glutamatergic Neuronal Excitability in the Prefrontal Cortex. Front. Psychiatry 2021, 11, 572224.
[CrossRef] [PubMed]

74. Xiong, G.J.; Yang, Y.; Wang, L.P.; Xu, L.; Mao, R.R. Maternal separation exaggerates spontaneous recovery of extinguished
contextual fear in adult female rats. Behav. Brain Res. 2014, 269, 75–80. [CrossRef] [PubMed]

75. Kaneko, W.M.; Riley, E.P.; Ehlers, C.L. Behavioral and electrophysiological effects of early repeated maternal separation. Depression
1994, 2, 43–53. [CrossRef]

76. Marmendal, M.; Eriksson, C.J.; Fahlke, C. Early deprivation increases exploration and locomotion in adult male Wistar offspring.
Pharm. Biochem. Behav. 2006, 85, 535–544. [CrossRef]

77. Alves, R.L.; Oliveira, P.; Lopes, I.M.; Portugal, C.C.; Alves, C.J.; Barbosa, F.; Summavielle, T.; Magalhães, A. Early-life stress
affects drug abuse susceptibility in adolescent rat model independently of depression vulnerability. Sci. Rep. 2020, 10, 13326.
[CrossRef] [PubMed]

78. Kent, M.; Bardi, M.; Hazelgrove, A.; Sewell, K.; Kirk, E.; Thompson, B.; Trexler, K.; Terhune-Cotter, B.; Lambert, K. Profiling
coping strategies in male and female rats: Potential neurobehavioral markers of increased resilience to depressive symptoms.
Horm. Behav. 2017, 95, 33–43. [CrossRef]

79. Lee, H.J.; Kim, J.W.; Yim, S.V.; Kim, M.J.; Kim, S.A.; Kim, Y.J.; Kim, C.J.; Chung, J.H. Fluoxetine enhances cell proliferation and
prevents apoptosis in dentate gyrus of maternally separated rats. Mol. Psychiatry 2001, 6, 725–728. [CrossRef]

80. Lundberg, S.; Martinsson, M.; Nylander, I.; Roman, E. Altered corticosterone levels and social play behavior after prolonged
maternal separation in adolescent male but not female Wistar rats. Horm. Behav. 2017, 87, 137–144. [CrossRef]

81. Veenema, A.H.; Neumann, I.D. Maternal separation enhances offensive play-fighting, basal corticosterone and hypothalamic
vasopressin mRNA expression in juvenile male rats. Psychoneuroendocrinology 2009, 34, 463–467. [CrossRef]

82. Veenema, A.H.; Blume, A.; Niederle, D.; Buwalda, B.; Neumann, I.D. Effects of early life stress on adult male aggression and
hypothalamic vasopressin and serotonin. Eur. J. Neurosci. 2006, 24, 1711–1720. [CrossRef]

83. Ferris, C.F.; Stolberg, T.; Kulkarni, P.; Murugavel, M.; Blanchard, R.; Blanchard, D.C.F.; Febo, M.; Brevard, M.; Simon, N.G.
Imaging the neural circuitry and chemical control of aggressive motivation. BMC Neurosci. 2008, 9, 111. [CrossRef]

84. van Erp, A.M.; Miczek, K.A. Increased accumbal dopamine during daily alcohol consumption and subsequent aggressive
behavior in rats. Psychopharmacology 2007, 191, 679–688. [CrossRef]

85. Diamantopoulou, A.; Raftogianni, A.; Stamatakis, A.; Alikaridis, F.; Oitzl, M.S.; Stylianopoulou, F. Denial of reward in the neonate
shapes sociability and serotonergic activity in the adult rat. PLoS ONE 2012, 7, e33793. [CrossRef] [PubMed]

86. Mintz, M.; Rüedi-Bettschen, D.; Feldon, J.; Pryce, C.R. Early social and physical deprivation leads to reduced social motivation in
adulthood in Wistar rats. Behav. Brain Res. 2005, 156, 311–320. [CrossRef]

87. Hulshof, H.J.; Novati, A.; Sgoifo, A.; Luiten, P.G.; de Boer, J.A.; Meerlo, P. Maternal separation decreases adult hippocampal cell
proliferation and impairs cognitive performance but has little effect on stress sensitivity and anxiety in adult Wistar rats. Behav.
Brain Res. 2011, 216, 552–560. [CrossRef]

88. Karen, C.; Rajan, K.E. Social Behaviour and Epigenetic Status in Adolescent and Adult Rats: The Contribution of Early-Life
Stressful Social Experience. Cell Mol. Neurobiol. 2019, 39, 371–385. [CrossRef]

89. Kambali, M.Y.; Anshu, K.; Kutty, B.M.; Muddashetty, R.S.; Laxmi, T.R. Effect of early maternal separation stress on attention,
spatial learning and social interaction behaviour. Exp. Brain Res. 2019, 237, 1993–2010. [CrossRef]

90. Oades, R.D.; Sadile, A.G.; Sagvolden, T.; Viggiano, D.; Zuddas, A.; Devoto, P.; Aase, H.; Johansen, E.B.; Ruocco, L.A.; Russell, V.A.
The control of responsiveness in ADHD by catecholamines: Evidence for dopaminergic, noradrenergic and interactive roles. Dev.
Sci. 2005, 8, 122–131. [CrossRef] [PubMed]

91. Huppertz-Kessler, C.J.; Poeschl, J.; Hertel, R.; Unsicker, K.; Schenkel, J. Effects of a new postnatal stress model on monoaminergic
neurotransmitters in rat brains. Brain Dev. 2012, 34, 274–279. [CrossRef] [PubMed]

92. Pagava, K.I.; Gogberishvili, K. Differences in modification of stress mechanisms in rat pups exposed to continuous and intermittent
maternal deprivation. Bull. Exp. Biol. Med. 2004, 138, 202–204. [CrossRef]

93. Adinolfi, A.; Zell, S.; Leo, D.; Carbone, C.; Mus, L.; Illiano, P.; Alleva, E.; Gainetdinov, R.R.; Adriani, W. Behavioral characterization
of DAT-KO rats and evidence of asocial-like phenotypes in DAT-HET rats: The potential involvement of norepinephrine system.
Behav. Brain Res. 2019, 359, 516–527. [CrossRef]

94. Sonuga-Barke, E.J.S. Psychological heterogeneity in AD/HD--a dual pathway model of behavior and cognition. Behav. Brain Res.
2002, 130, 29–36. [CrossRef] [PubMed]
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