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Abstract: Background: The elevated plus maze (EPM) and the marble burying (MB) tests are common
behavioral tests used for behavioral phenotyping in mouse models for neurodevelopmental disorders.
However, the behavioral effects of maternal separation (MS), a standard paradigm for early life stress
in animals, in both the EPM and MB tests remain incompletely known. Objectives: This study aimed
to investigate the behavioral effects of prolonged MS in the offspring of mice using the EPM and
MB tests. Methods: Male BALB/¢ mice were isolated from their mothers for 4 h each day during
the first 30 days after birth. On day 50 postnatal, groups of separated and non-separated mice
(n = 18/each group) were subjected to the EPM and MB tests for comparative behavioral evaluations.
In addition, the locomotor activity of mice was evaluated using the actophotometer test. Results:
The findings of the EPM test revealed that separated mice exhibited anxiolytic-like behaviors, as
evidenced by a significant increase in the latency to closed arms and the time spent in the open arms
compared with non-separated mice. Separated mice also showed compulsive burying activity in
the MB test, as determined by a significant increase in the number of buried marbles. The results
of the actophotometer test did not show any significant change in locomotor activity. Conclusions:
Prolonged M5 caused the adult offspring of mice to exhibit a decrease in anxiety state and increased
compulsive burying activity, which were not associated with a change in locomotor activity. Further
investigations with validated tests are needed to support these findings.

Keywords: maternal separation; anxiety; compulsivity; adaptation; reproductive health; pregnancy;
marble burying test; mental disease; depression; impulsivity

1. Introduction

Early childhood adversity (CA) refers to a condition in which individuals are exposed
to a variety of stressors early in life, particularly during childhood [1]. Adverse childhood
experiences include several types of traumatic events, such as physical, emotional and sex-
ual abuse, as well as physical and emotional neglect, lack of maternal care and poverty [2,3].
Although the prevalence rate of childhood trauma differs substantially based on adversity
type, gender, culture and continent, it can affect more than 10% of the general population [4].
According to research based on questionnaires from community samples around the world,
75% of respondents had experienced childhood trauma, with a mean of three incidents [5].
In addition, statistics have found that patients with anxiety, obsessive-compulsive disorder
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(OCD) and other mental disorders present more frequently with a history of childhood
trauma than healthy populations [6].

There is considerable evidence in the research suggesting that CA has a complex and
non-specific effect on body systems that are associated with multiple health complications
on an individual’s physiology, behaviors and neural functions [7]. These effects are predis-
posing factors to chronic diseases such as hypertension, diabetes mellitus and cancer, or
can be associated with mental disorders [8], deviant behavior [9] and psychopathology [7].
Previous studies have also suggested that the adverse effects of CA present at any time
during the lifespan, even later in adulthood, with long-lasting and permanent effects [10].
Nevertheless, the severity of CA complications is believed to be influenced by various
rearing conditions, such as the time, intensity and duration of exposure to the adversity.

Neuroimaging and microscopy studies have found that CA can alter brain morphology
and causes a wide variety of structural, volumetric and demyelinating effects in various
neural regions in the brain [11-14]. Cumulative studies have also shown that CA can
impair the functional connectivity between various neural regions, including the connection
between the amygdala and prefrontal cortex, which is involved in regulating the anxiety
state [15,16]. There is a line of evidence that shows that CA results in a diminished anxiety
state in adult offspring [17,18]. Some researchers suggested that a reduced anxiety state may
be atiributed to a decrease in the innate anxiety response that is related to the connection of
the amygdala and prefrontal cortex [19,20]. However, other research groups have suggested
that the anxiolytic effect is due to an impulsive action that triggers individuals to engage in
risky behaviors [21,22].

Although genetic factors play a major role in the development of OCD [23], environ-
mental factors substantially contribute to its etiology [24]. There is a sizable amount of
clinical research showing a causal link between CA and the development of OCD. These
studies indicate that patients with OCD are more frequently associated with a history of
CA than healthy individuals [25]. Additionally, the severity of OCD symptoms is positively
correlated with the number of early CA [26,27]. Notably, the effects on corticocortical and
limbic circuits caused by CA are similar to those seen in OCD, suggesting a pathophysio-
logical relationship [28].

One potential negative childhood experience is the separation from one’s mother.
It has been suggested that early separations impair the mother’s ability to form an at-
tachment, which reduces the possibility that the child and mother will develop a secure
relationship [29]. The correlation between maternal separation (MS) and aberrant behav-
iors in humans was recognized early on by John Bowlby, who suggested that continual
disruption of the attachment between infants and mothers was associated with a high risk
of cognitive impairment and affectionless psychopathy [30,31]. Later studies found that
children living in institutions with little opportunity for caregiver—child interaction grew
more slowly in terms of their physical, cognitive and social-emotional abilities and had a
higher rate of behavioral and executive function issues, even years after adoption [32,33].
Epidemiological studies also showed that early MS is associated with a higher risk of
developing schizotypal personality disorder symptoms [34], frequent nightmares [35] and
alcohol and drug dependence in early adulthood [36]. Moreover, there is evidence that MS
causes differential impacts on fear-related behaviors in a sex- and age-specific way [37].

During the last few decades, animal research has been extensively used to investigate
CA’s effects, with a greater emphasis on the MS paradigm [38]. From an experimental
viewpoint, MS is defined as a procedure employed to isolate newborns from their mothers
for a predetermined period, which might range from a few hours to many days. A brief and
short separation procedure entails a daily separation of 15 min over a period that can be
extended to 14 days [39]. In contrast, a severe and prolonged separation procedure entails
a daily separation of 34 h, which lasts for more than 14 days [40]. Several studies have
shown that the MS consequence varies based on multiple variables, such as the time and
duration of separation, as well as the animal species and strains used in different research
groups [41-45]. However, there is a significant body of evidence from studies in animals
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that indicates that MS can disrupt hypothalamus—pituitary—adrenal axis function [46],
induce long-term oxidative stress in the brain [47] and cause lasting changes in emotion-
related behaviors, as well as impairing the growth of areas that are involved in the stressful
stimuli [48]. Neurochemical disorders [49], spatial memory loss [50], impulsivity [51] and
risk-taking behaviors such as drug abuse [52] were also correlated to the effects of MS.

The EPM and MB tests are common behavioral tests used for examining anxiety-like
behaviors in animals [53,54]. The MB test is also indicated for examining compulsive-
like behaviors [55,56] Although the EPM has frequently been used to investigate the
behavioral effects of MS, results obtained from this test are inconsistent among different
research groups. While many studies found that MS can induce anxiety-like behaviors
in the EPM test [57,58], a few others found that MS resulted in reduced anxiety-like
behaviors [59]. This suggests that the experimental conditions of the MS paradigm are not
well standardized in animal studies, which necessitates additional studies for conclusive
evidence. In addition, there is a glaring paucity of empirical research showing the role of
MS in participating in OCD. In light of this, the present study aimed to extend the previous
studies by investigating the behavioral effect of severe and prolonged MS in multimodal
tests, including the EPM, MB and locomotor activity tests. We hypothesized, in the current
study, that the use of such a multimodal approach could aid in a better understanding of
the behavioral effects of MS.

2. Methods
2.1. Animals Care and Husbandry

BALB/c mice were used as the model of choice in this study. All mice were kept under
well-controlled conditions (room temperature = 22-25 “C and relative humidity = 50-52%
in standard 12 h light/dark cycles). Mice had unrestricted access to tap water and stan-
dardized food pellets. Mice were raised in a noise-free environment at Isra University’s
animal facility in Jordan. All animal handling and use procedures were approved by the
Institution of Scientific Research Ethics of Isra University (1/4-2021/2022).

2.2. Maternal Separation Protocol

The procedure of MS was conducted as described previously [60-62] with some
modifications. Female pregnant mice were distributed individually into clean, transparent
cages 3—6 days before giving birth. After birth, mice mothers were separated from their
pups for 4 h daily (between 9 am. and 1 p.m.) for 30 days or were left undisturbed (in
the case of the control group), only handled during cage cleaning. During separation,
mice mothers were placed in separate cages with clean bedding and free access to food
pellets and drinking water. After day 30 postnatal, pups were kept in their cages and
raised with their dams and siblings, without any separation. All mice (dams and pups)
were kept at room temperature (22-25 °C) and relative humidity (50-52%). Control mice
(non-separated offspring) were subjected to the same conditions, without exposure to
the MS procedure. At day 50 postnatal, adult male mice were submitted to a variety of
behavioral tests, including the EPM, MB and the actophotometer tests. The behavioral tests
were repeated in three different sets of animals (1 = 6/each group /each set). Data obtained
from maternally separated mice were compared with their counterparts of non-separated
mice. All behavioral tests were conducted at the Laboratory of Behavioral Pharmacology at
Isra University, Jordan.

2.3. Elevated plus Maze Test

The EPM apparatus was used as described previously [63]. The apparatus was com-
posed of a “+"-shaped maze elevated above the floor (60 cm in height) with four arms
(two oppositely positioned closed arms and two oppositely positioned open arms of 55 cm
length and 10 cm width) emerged from a center square. The test began with each mouse
being placed in the center area while its head was facing the open arm. The latency to
closed arms, the amount of time spent in the closed and open arms, the total arm entries
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and the number of head-dips were recorded over a 5 min period. All anxiety-like behaviors
were recorded using a digital camera and scored by an expert observer who was blind to
the experimental groups.

2.4. Marble Burying Test

Plastic transparent cages filled with 5-cm-thick burying material of wood chips (den-
sity 0.13 g/cm® and average diameter 0.6 cm) and provided with glass marbles (20 mm
diameter) were employed, as described previously [55]. The marbles (n = 20) were uni-
formly spaced on the surface of the burying material of each cage and arranged in lines
(parallel to each other). The experiment began with each mouse being placed in its cage,
while the burying behavior was tracked by counting the total number of marbles buried at
15 and 30 min during the experiment. The marble was considered buried when at least two
thirds of its original volume was covered with wood chips.

2.5. Measurement of Locomotor Activity

The actophotometer model was used to quantify spontaneous coordinate activity
in mice, as previously described [64]. The test began with the placement of each mouse
individually in the animal activity cage of clear Perspex (Ugo Basile, 40 x 40 cm) for the
measurement of horizontal movement over 10 min throughout the experiment. The number
of infrared beam interruptions was automatically counted by the actophotometer and was
measured as an index of locomotor activity.

2.6. Statistical Analysis

Data obtained from animal tests were presented as mean = standard error of the mean
(SEM). Statistical significance between groups was calculated by the unpaired t test using
the GraphPad Prism software. A p-value less than 0.05 was considered significant between
animal groups.

3. Results
3.1. Elevated plus Maze Test

Data obtained from the EPM test revealed that mice challenged with repeated MS
exhibited higher latency to the closed arms (Figure 1) and a significant increase in the
amount of time spent in the closed and open arms (Figures 2 and 3, respectively) compared
to their non-separated counterparts. No significant change (p = 0.47) was observed in
the total number of entries to the arms between the separated and non-separated mice
(Figure 4). The results also showed that the total number of head-dips was significantly
decreased in the separated mice (Figure 5). A total of 36 mice were used in this test
(1 = 18/ group).

3.2. Marble Burying Test

The findings from the repeated MB test revealed that separated mice buried a sig-
nificantly higher number of marbles than non-separated mice at 15 and 30 min of the
experimental session (Figure 6). A total of 36 mice were used in this test (n = 18/group).
Interestingly, the intra-individual variation among the separated mice was less than that
observed in the non-separated counterparts.

3.3. Measurement of Locomotor Activity

Data obtained from the actophotometer showed that separated mice had comparable
horizontal movement to that of non-separated mice. The statistical analysis failed to find
any significant difference (p = 0.8) between these groups (Figure 7). A total of 36 mice were
used in this test (n = 18/group).
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Figure 1. Latency to the closed arms. (*) indicates significant difference (p < 0.05) between separated
and non-separated mice by the unpaired f test (1 = 18/each group).
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Figure 2. Time spent in the closed arms. (*) indicates significant difference (p < 0.05) between
separated and non-separated mice by the unpaired ¢ test (n = 18/each group).
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Figure 3. Time spentin the open arms. (*) indicates significant difference (p < 0.05) between separated
and non-separated mice by the unpaired f test (1 = 18/each group).
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Figure 4. Total arm entries in the EPM test. There was no significant difference between the groups
(p > 0.05) (n = 18 /each group).
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Figure 5. Number of head-dips in experimental groups. (*) indicates significant difference (p < 0.05)

between separated and non-separated mice by the unpaired ¢ test (1 = 18/each group).

(out of 20)

Number of marbles buried

Figure 6. Cont.

25+

204

15

10+

-

1

=




J. Pers. Med. 2022, 12,1921 Sofl15

E 25— x
_g 20 : ?
RS H
£ N 154
E 5]
s g 10 ]
°=
g 5_ o0 e
E .
*
< 0 T T
.OB .C‘F’
b@\ b@\
@ £&
Gl
Q'b‘ Qé
& o
&
Groups

Figure 6. (a) Number of marbles buried at 15 min during MB test. (b) Number of marbles buried
at 30 min during MB test. (*) indicates significant difference (p < 0.05) between separated and
non-separated mice by the unpaired # test (1 = 18 /each group).
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Figure 7. Average of locomotor activity of maternally separated mice as measured by the number of
light beam interruptions compared to the non-separated mice (n = 18 /each group). There was no
significant difference between the groups (p > 0.05).

4. Discussion

Over the past few decades, there has been mounting evidence that adverse childhood
experiences can affect how individuals respond to both disease and treatment [65]. Many
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studies showed that childhood ad versity can cause epigenetic changes [66] and increase
an individual’s susceptibility to various illnesses, such as cancer, heart disease, endocrine
disorders and mental illnesses [67,68]. Likewise, the findings of the current study provide
supporting evidence that mice exposed to early life stress by being separated from their
mothers (from day 1 to 30 postnatal) were more likely to exhibit aberrant behaviors than
their non-separated peers. These behaviors were characterized by a significant decrease in
anxiety state and a significant increase in compulsive-like behaviors. Therefore, MS can
influence the inter-individual variation in the susceptibility to diseases, such as anxiety and
compulsive-related disorders, and their pharmacotherapy.

Because different MS paradigms were used in animal studies, including the use of dif-
ferent species, strains, time and duration of separation, the findings of behavioral alterations
were inconsistent. Some studies showed that MS resulted in cognitive impairments [69],
anxiety [70] and depressive like-behaviors [44] in rodents. However, other studies reported
coping, risk-taking and paradoxical behavioral effects [71]. These results indicate that
mother—hild interactions are highly susceptible to various environmental factors, which
can alter brain development in particular ways.

Although most previous studies focused on the effects of maternal separation during
infancy and the early weaning period (from day 1 to 21 postnatal), this study, however,
was designed to examine the effect of a prolonged separation procedure that covered the
prepubertal period (from day 1 to 30 postnatal). Research on brain development suggested
that the maturing brain, during the prepubertal and adolescence period, may be particularly
vulnerable to the effect of stress, and this effect may significantly increase the likelihood of
developing risky behaviors later in life [72] and cause differential impacts on fear-related
behaviors in a sex- and age-specific way [37]. Similarly, this study showed evidence that
prolonged MS reduced the anxiety level, which reflects risk-taking behavior. In addition,
this is the first study that aimed to investigate the effect of prolonged maternal separation
on the marble burying activity in the offspring of mice.

Coping with various forms of early childhood stress has been recognized as an im-
portant element of life that promotes healthy development [73]. However, the capacity to
cope with stress can be affected by a number of factors, including the type and severity
of the stress [74]. Studies indicate that strong and frequent stress might have a negative
impact on a child’s growth and brain architecture [75]. Therefore, identifying distinct types
of stress and understanding their effects may aid in making better decisions regarding the
need for interventions that lower the risk of long-term unfavorable outcomes. In this study;,
a prolonged MS procedure was employed to identify the behavioral effect of maternal
care deprivation on BALB/C mice. In addition, a combination of multiple behavioral
tests, including the EPM, MB and actophotometer tests, was used to analyze the complex
and multifaceted effects of prolonged MS in the BALB/c mice. All behavioral tests were
repeated in three different sets of animals to verify the validity of the results from the
separation procedure employed in this study.

BALB/cmice are a very common inbred strain in biological research that is frequently
used in behavioral studies [76,77]. According to recent studies, these mice are generally
more susceptible to social defeat stress than C57BL/6 mice, another popular mouse strain,
and exhibit a greater anxious response and less social activity [41,78,79]. Moreover, these
mice showed a phenotypic trait of compulsivity that can be exacerbated over exposure
to chronic stress [80-82]. Although previous studies showed that different mice strains
showed distinctive stress sensitivity and anxiety-like behaviors [83], the effect of prolonged
MS on BALB/c mice remains unknown. These together may justify the use of the BALB/c
strain in the current study. In addition, female mice were not used for the behavioral tests
because male and female siblings were not separated at any time before the experiments.
Therefore, using adult female mice (at age 50 days) was not appropriate due to possible
concerns about the effect of sexual maturation and potential gestation. Sibling separation
was avoided in this study as the primary aim was to examine the negative impact of
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maternal separation and to rule out the possible effects inflicted by other stress factors,
such as the separation of siblings.

The use of the EPM test is a valid method to assess anxiety in laboratory mice [84,85].
The principle function of this test is essentially based on the tendency of mice to display
normal aversion to open spaces while exhibiting a greater preference to retum to the closed
areas to avoid potential threats [86]. The measuring parameters of the EPM test may
include anxiety-related measures (e.g., the time spent in the closed arms), impulsivity-
related measures (e.g., the time spent in the open arms) and locomotion-related behaviors
(e.g., the total entries to the arms). A previous study showed that anxiety measures in the
EPM test were downregulated by benzodiazepines, whereas serotonin receptor agonists
showed an anxiolytic effect in only one measure [87]. This may indicate that benzodiazepine
receptors have a key role in regulating anxiety-like behaviors in the EPM test. In this study,
data from the EPM test revealed that, contrary to our expectation, separated mice had less
anxiety than their non-separated counterparts, as demonstrated by a significant increase
in the latency to the closed arms and a significant decrease in the time spent in the closed
arms. In addition, these mice exhibited decreased head-dipping behavior, which is a
potential escape response in mice [58]. The reduction in the anxiety state in response to
prolonged MS may indicate that BALB/c mice have a high capacity to cope with chronic
stress. Previous studies have suggested that the reduction in the anxiety state in the MS
paradigm is attributed to an adaptogenic mechanism that aids individuals in coping with
stress [21]. They hypothesized that repeated exposure to early life stress can accelerate the
maturation in the connection between the amygdala and prefrontal cortex, which in turn
leads to a progressive decrease in cortisol reactivity to stress [20,89]. Another study has
suggested that the adaptogenic effect following CA could be attributed to a change in the
central dopaminergic activity [21].The separated mice also showed impulsive-like behavior
in the EPM test, which was determined by a significant increase in the amount of time
spent in the open arms. Impulsivity, or impulsive action, refers to the inability to inhibit
one’s behavioral drives and thoughts, which results in activities that are poorly conceived,
prematurely expressed, excessively risky or inappropriate for the situation and frequently
have unintended consequences. Epidemiological studies have shown a positive association
between CA and increased risk of impulsivity and engaging in risky behaviors [22,90].

The EPM data also revealed that total arm entries in the MS paradigm did not correlate
with anxiety-related measures. This may indicate that, at least in part, prolonged MS
reduced the anxiety state without causing a change in the locomotory activity of BALB/c
mice. This was compatible with the result of the actophotometer test, which did not
show any significant difference in the locomotor activity between separated and non-
separated peers.

Burying behavior, which is defined as the process of placing the bedding materi-
als over noxious and harmless objectives, is a normal behavior in wild and laboratory
rodents [91,92]. The motivations underlying the burying behavior are multi-faceted, includ-
ing the tendency to store food for hoarding, protect against noxious (e.g., glass marbles)
and harmful objects and provide an appropriate environment for breeding. Several studies
have suggested that MB behavior in mice, which is a common animal model in behavioral
research, has a compulsive nature [55,56] that may resemble mild compulsive behaviors in
humans. However, recent studies have suggested that excessive burying behavior is a valid
prediction of compulsive-related disorders [93,94]. Compulsive disorder has been defined
as an aberrant tendency to perform an action persistently and repetitively that occurs as an
attempt to mitigate or distract from obsessive thoughts [95]. It has been proposed that mice
treat glass marbles as harmful objects and they bury them repetitively to eliminate such a
source of threat [56]. The findings of the present study revealed that separated mice showed
a significant increase in the number of buried marbles at various times throughout repeated
experimental sessions, indicating that these mice exhibited compulsive-like behaviors. The
findings of the MB test provide empirical support for the clinical evidence describing an
association between CA and the development of OCD [26,96]. Therefore, the prolonged
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MS paradigm can be used as a useful tool for elucidating the neural basis that underlies the
pathogenesis of OCD.

The results of the present study lend at least some support to attachment theory [97],
which suggests that the mother—child attachment system, particularly in the early years,
functions as a key component in regulating children’s emotions and behaviors and medi-
ating healthy development in later life. Although this study has reached its aims, there
were some unavoidable limitations. First, this research was restricted to exploring the
alterations in behavioral phenotypes. Therefore, further studies are needed that involve
some biochemical and molecular evaluations. Specifically, as there is a line of evidence
showing that cortisol reactivity is sensitive to a wide variety of environmental stressors
and gradually changes over time during body development, measuring cortisol levels
may therefore aid in understanding how the MS procedure used in the current study
contributes in decreasing the anxiety state and increasing the compulsive-like behaviors
in mice [46,98-100]. Additionally, further studies are needed to determine how the MS
method used in this study affects the connectivity between the amygdala and prefrontal
cortex, as a growing body of research suggests that mother—child attachment has signif-
icant effects on the regulation and maturation of this neurocircuitry, which is crucial for
forming normal behaviors and healthy emotions. Second, our results could not determine
whether the behavioral alterations in this study could be attributed to the effect of MS
itself or whether they were indirectly related to the stress inflicted on the mothers, which
could affect the care given to their pups. A line of emerging evidence demonstrated that
poorer environmental quality was linked to altered breastfeeding behaviors and breast milk
composition, as well as a reduced likelihood of breastfeeding initiation and a higher risk
of terminating nursing [101,102]. This could be addressed in future studies by examining
maternal care measures. Finally, as the male and female mice were not separated in the
current study, the behavioral tests were conducted only on the male mice to avoid concerns
related to the effect of sex maturation and possible gestation. Additional studies are re-
quired to elaborate the potential differences between the sexes to understand the influence
of early MS in later developing psychopathology.

5. Conclusions

The results of this study offer empirical support for previous studies that found an
association between MS and the emergence of aberrant behaviors in mice. Prolonged
MS caused adult offspring of mice to exhibit a decrease in anxiety states and increased
compulsive burying activity, which were not associated with a change in locomotor activity.
Impulsivity appears to mediate reduced anxiety, although more behavioral and biolog-
ical measurements, as well as assessing the difference in both males and females using
rigorously validated tests, are needed to support these findings.
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