:' frontiers ‘ Frontiers in Physiology

‘ @ Check for updates

OPEN ACCESS

Mariana Astiz,
University of Lubeck, Germany

Austin C. Korgan,

Jackson Laboratory, United States
Aron Weller,

Bar-Ilan University, Israel

F. P. Cardenas,
lucarden@uniandes.edu.co

This article was submitted to
Developmental Physiology,
a section of the journal
Frontiers in Physiology

16 December 2021
15 August 2022
26 September 2022

Corredor K, Duran JM, Herrera-lsaza L,
Forero S, Quintanilla JP, Gomez A,
Martinez GS and Cardenas FP (2022),
Behavioral effects of environmental
enrichment on male and female wistar
rats with early life stress experiences.
Front. Physiol. 13:837661.

doi: 10.3389/fphys.2022.837661

© 2022 Corredor, Duran, Herrera-Isaza,
Forero, Quintanilla, Gomez, Martinez
and Cardenas. This is an open-access
article distributed under the terms of the
Creative Commons Attribution License
(CC BY). The use, distribution or
reproduction in other forums is
permitted, provided the original
author(s) and the copyright owner(s) are
credited and that the original
publication in this journal is cited, in
accordance with accepted academic
practice. No use, distribution or
reproduction is permitted which does
not comply with these terms.

Frontiers in Physiology

Original Research
26 September 2022
10.3389/fphys.2022.837661

Behavioral effects of
environmental enrichment on
male and female wistar rats with
early life stress experiences

K. Corredor?, J.M. Duran?, L. Herrera-Isaza?, S. Forero?,
J.P. Quintanillal, A. Gomez?!, G.S. Martinez? and F. P. Cardenas'*

*Laboratory of Neuroscience and Behavior, Universidad de los Andes, Bogota, Colombia, ?Centro de
Investigacion en Biomodelos, Bogotd, Colombia

Exposure to adverse childhood experiences or early life stress experiences
(ELSs) increase the risk of non-adaptive behaviors and psychopathology in
adulthood. Environmental enrichment (EE) has been proposed to minimize
these effects. The vast number of methodological variations in animal studies
underscores the lack of systematicity in the studies and the need for a detailed
understanding of how enrichment interacts with other variables. Here we
evaluate the effects of environmental enrichment in male and female Wistar
rats exposed to adverse early life experiences (prenatal, postnatal, and
combined) on emotional (elevated plus maze), social (social interaction
chamber), memory (Morris water maze) and flexibility tasks. Our
results—collected from PND 51 to 64—confirmed: 1) the positive effect of
environmental enrichment (PND 28-49) on anxiety-like behaviors in animals
submitted to ELSs. These effects depended on type of experience and type of
enrichment: foraging enrichment reduced anxiety-like behaviors in animals
with prenatal and postnatal stress but increased them in animals without ELSs.
This effect was sex-dependent: females showed lower anxiety compared to
males. Our data also indicated that females exposed to prenatal and postnatal
stress had lower anxious responses than males in the same conditions; 2) no
differences were found for social interactions; 3) concerning memory, there
was a significant interaction between the three factors: A significant interaction
for males with prenatal stress was observed for foraging enrichment, while
physical enrichment was positive for males with postnatal stress; d) regarding
cognitive flexibility, a positive effect of EE was found in animals exposed to
adverse ELSs: animals with combined stress and exposed to physical
enrichment showed a higher index of cognitive flexibility than those not
exposed to enrichment. Yet, within animals with no EE, those exposed to
combined stress showed lower flexibility than those exposed to both
prenatal stress and no stress. On the other hand, animals with prenatal
stress and exposed to foraging-type enrichment showed lower cognitive
flexibility than those with no EE. The prenatal stress-inducing conditions
used here 5) did not induced fetal or maternal problems and 6) did not
induced changes in the volume of the dentate gyrus of the hippocampus.
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1 Introduction
1.1 Early life stress

The National Survey of Child and Adolescent Well-Being
II revealed that over a third of the sample have experienced
three or more adverse situations during childhood in the
United States (Garcia et al., 2017). It has also been estimated
that poverty levels in children and adolescents in Colombia
reached 44% before the pandemic, and rised to 53% during
the crisis in 2020 (Nuez, 2021), which results in a lack of the
necessary resources to fulfill physical, emotional and social
needs. This deprivation of key experiences or material means
during key periods of the development is known as Adverse
Childhood Experiences (ACEs) in a human context (Gilgoff
et al., 2020) or Early Life Stress (ELS) experiences, in a more
general animal model context. ELSs generate negative effects
on physiological, psychological, and social functions, and
increase to physical and psychological
pathologies (Anda et al, 2006; Krugers et al., 2017).
Experiences leading to ELS include physical, psychological,

vulnerability

and sexual abuse, neglect, chronic illness in close relatives,
intrafamily or environmental violence, and parental drug
addiction (Finkelhor et al., 2013; Bethell et al., 2014). One
of the more severe effects of ELSs is the perception of loss of
control, that has been related to the development of stress and
helplessness (Overmier and Seligman, 1967; Drugan et al,,
1997).

ELSs have consequences in all areas of individual
adjustment (Sdnchez et al., 2001; Lovallo et al., 2013;
Salinas-Miranda et al., 2015; Chen et al., 2016; Filipkowski
etal., 2016; Krugers et al., 2017) and show effects at the social
and personal level of functioning (Iverson et al., 2013; Bellis
et al, 2014). ELSs are also related to development of
psychopathologies such as anxiety disorders, depression,
and substance abuse (Heim and Nemeroff, 2001; Nemeroff,
2004; Fumagalli et al., 2007; Moffett et al., 2007; Feldman,
2015; McLaughlin, 2016) during adulthood (Martinez, 2008).
It has been reported that severe ELSs affect neuronal structure
and function, as well as the morphology of structures that are
responsible for emotional, social, and cognitive responses,
such as the hippocampus, amygdala, ventromedial prefrontal
cortex, and developing cortical-limbic pathways (Gorka et al.,
2014; McLaughlin et al., 2014; Villegas et al., 2015). Even with
a significant amount of research using animal models to
elucidate the effects of ELSs, few works have focused on
the effect of pre-and postnatal stressors (Goémez-Gonzélez
and Escobar, 2009), and their cumulative effect over different
behavioral areas (Cannizzaro et al., 2006).
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1.2 Environmental enrichment

The use of animal models has enabled to establish that many
environmental enrichment approaches could be used to reduce,
prevent, or mitigate the effect of ELSs. Environmental
enrichment (EE) refers to all the physical and social changes
made to the animal environment. These environmental changes
allow better performance of the individuals in different domains,
in comparison with animals in standard environments (Redolat
and Mesa-Gresa, 2011; Hannan, 2014; Mora-Gallegos et al.,
2015). These changes can also revert some of the detrimental
effects of ELSs and even improve the cognitive dysfunctions
caused by them (Francis et al., 2002; Nithianantharajah and
Hannan, 2006; Pamplona et al., 2009). EE has also been shown to
improve the development of social (Kambali et al, 2019),
cognitive, emotional (Pamplona et al., 2009; do Prado et al,
2016), and memory skills (Aronoff et al., 2016), and also
influence processes such as brain plasticity (Barros et al,
2019; Ohline and Abraham, 2019), neurological pathologies
(Livingston-Thomas et al., 2016) and disorders such as autism
spectrum (Woo et al., 2015). However, efforts to create a
systematic characterization of how various categories of
environmental enrichment interact with behavior have not
succeeded and therefore, an immense variability of protocols
with widely varying results exists.

Enrichment protocols vary in features such as intensity
(Grimm and Sauter, 2020) and duration (Bhagya et al., 2017),
age of exposure of the subjects (Yang et al., 2007; Baldini et al.,
2013; Vivinetto et al., 2013), types of controls used in the
experiments (Hannan, 2014), the goals pursued by its
implementation (Li and Tang, 2005; Solinas et al., 2010;
Hannan, 2014) and, in general, how EE is defined by the
researchers (Connors et al, 2015). A second source of
variability is the experimental moment (before, during or after
the administration of other variables) in which EE is applied in
the experimental design (Green et al., 2006; Milgram et al., 2006;
Redolat and Mesa-Gresa, 2011). The third source of variability is
the assessment of the effect of EE on different types of responses,
which varies from one research to another. For example, anxiety
can be tested in the elevated plus maze, the open field or in the
defensive burying test (Paez-Martinez et al., 2013; Ahmadalipour
etal,, 2015; Gong et al., 2018); memory in the Morris water maze
(Vorhees and Williams, 2006; Paul et al., 2007) or in the object
(or place) recognition test (Tata et al., 2015), among others. This
may generate differential effects of EE in the tested domains,
depending on the assessment strategy. The last source of
variability is the characteristics of the animals used in the
experiment; in fact, species (Baumans, 2005; Emack and
Matthews, 2011), strain (Tsai et al., 2002), sex (Skwara et al.,
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2012; Girbovan and Plamondon, 2013), and genotype (Wood
et al, 2010) interact differentially with the environmental
variable.

All these sources of variability make it difficult to understand
the precise mechanisms of EE behavioral effects (Solinas et al.,
2010; Woo et al., 2015) and also an become an obstacle to specify
the EE therapeutic potential. For this reason, it is important to
identify the mechanisms responsible for the effects of EE to
provide clear parameters for the EE protocol implementation.

1.3 Sex differences

It is also important to note that in despite of the well
documented sex differences in prevalence, and etiology of the
pathologies, as well as response to treatment in both humans
(Palanza, 2001; Thibaut, 2016; Pinares-Garcia et al., 2018; Green
et al,, 2019) and animals (Anker and Carroll, 2011; Keeley et al.,
2014, 2015; Becker and Koob, 2016), it is customary for
traditional biomedical research to systematically omit the use
of females in animal experimentation (Will et al, 2017).
Considering sex as a relevant variable in animal models can
help explain contradictory findings, such as the differential effect
of drugs (Kokras et al., 2015), and avoid delays in expanding
knowledge (Cahill, 2006; Miller et al., 2017). Having a better
understanding of sex differences, will enable to develop more
accurate experiments and research protocols.

Specifically, the effect of ELSs on males and females has been
document to be different. For instance, fetal exposure to alcohol
generates a greater increase in the fear response of females
compared to males (Osborn et al., 1998). On the other hand,
after being exposed to maternal separation during the breeding
period, females show the highest activity level of Cytochrome C
oxidase, an enzyme involved in the metabolism of energy sources
in the brain (Spivey et al., 2011). The surge of this enzyme in turn
increases metabolism in cells that promote cellular oxidative
stress, which results in increased neuronal death (Zuluaga Vélez
and Gaviria Arias, 2012).

In the case of EE as an intervention strategy, there is also
evidence of differential effects due to sex (Girbovan and
Plamondon, 2013). Females may be more sensitive to the
anxiolytic effect of EE in behavioral paradigms such as
elevated plus maze and forced swim test (Skwara et al., 2012;
Hendershott et al., 2016). Currently, it is difficult to find research
comparing the differential effect of EE, or other variables, using
sex as a biological variable.

For a long time, it was assumed that the use of females in
behavioral and neurophysiological research implied an increase
in variability, and, therefore, creates an inconsistency in the
results, due to cyclic hormonal changes specific to their sex.
In 2019 Scholl et al. reported that there are no estrous-cycle-
related differences in anxiety tests, such as the elevated plus maze.
In that study, no differences were neither found in the social
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interaction test that could be associated with the estrous cycle
(Scholl et al., 2019). Based on this evidence it is plausible to
assume that it is possible to use groups of females without having
to separate them according to the phase of their estrous cycle, at
least in above mentioned tests.

This work aims to the analyze of the effect of two EE strategies
(physical and foraging) on behavioral tests (emotion, memory, and
cognition) and neuroanatomical features (dentate gyrus of the dorsal
hippocampus), in both male and female Wistar rats exposed to three
types of ELSs (prenatal, postnatal, and combined stress). In this work,
it is expected that the use of prenatal and postnatal stress generating
stimuli, of lower intensity than those traditionally used in research,
will lead to less profound alterations, which can be corrected using a
brief protocol of environmental enrichment. In this situation, there is
a risk of finding no marked effects of the stressful stimuli, but the
experimental situation would more closely resemble the human
conditions of early “maltreatment” experiences, such as the
absence, for prolonged periods, of contact with the mother (as in
the case of working mothers who must leave their children for many
hours a day). It is possible that some changes in emotional processing,
as well as cognition, may be attributed to these types of stressors and
also reversed by enrichment. It is even hypothesized that changes in
social interaction processes may be evidenced.

This study provides further knowledge about how early life
experiences can differentially affect males and females. In the
same direction, this work also shades light on how different
categories of environmental enrichment affect behavior, and how
its effects depend on the sex of the individual. It is the aim of the
authors that our data will contribute to the improvement of the
understanding on the relationship of these variables and will
motivate future work and the development of applications for
environment enrichment.

2 Materials and methods

2.1 Animals

48 female and 24 male Wistar rats were obtained from the
National Institute of Health of Colombia to start the breeding of
control and experimental animals at the beginning of the study.
All animals were housed in groups of five individuals of the same
sex using polycarbonate cages (16.5 cm x 50 cm x 35 cm). Cages
were kept under controlled environment with a 12 h light/12 h
dark cycle (lights on at 06:00), ad libitum access to food and
water, constant room temperature of 22 + 2°C, and humidity of
57 +10%. During the mating period of 10 days, cages housed one
male and two virgin females. Females were checked daily for the
appearance of a vaginal plug and body weight was recorded.
Once pregnancy was confirmed by the appearance of
plug, individually.
Gestational days (GD) began to be counted from this point as
GD 1 to GD 21.

vaginal females ~ were  housed
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FIGURE 1

Early Life Stress. (A) Restrainer container for prenatal restraint stress. (B) Isolation box for pups during maternal separation stress. After the pups
removal from the housing cage, the dam was returned to the housing room.

The number of neonates that died before weaning (PND 21),
in the prenatal, postnatal, and combined stress groups, was eight
animals. This is equivalent to 4% of the population, which is a
value similar to that expected under normal rearing conditions in
our laboratory.

All procedures were conducted according ethical and legal
standards required for research using laboratory animals in
Colombia (Law 84 of 1989 and Resolution No. 8430 of
1993 of the Ministry of Health) and the research project was
approved by the Ethics Committee for the use and care of
Laboratory Animal of the University of Los Andes—CICUAL
Uniandes (C.FUA_17-015).

2.2 Early life stress experiences

Four groups were designed to reflect the early life stress
experiences variables. The control group used 29 males and
32 females, and three active stress groups were created as follows.

2.2.1 Prenatal stress

The protocol followed here is the same as reported by
several authors, including Baier et al. (2012) and Li, et al.
(2014). Once the pregnancy status of the females was
confirmed, the gestational monitoring procedure was
initiated. At the beginning of each stress essay, the dam
was moved from the housing room to an adjacent
experimental room and placed in a clear plastic restrictor
(18 cm x 6 cm x 7 cm). In this restriction box, the female had
sufficient breathing space (Figure 1A). This procedure was
performed 3 times a day for 45min. The restriction
periods were randomized in three schedules (8:00-11:00;
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11:00-14:00 and 14:00-16:00) to avoid habituation. In
order to avoid habituation, each of the three 45-min
restriction periods for each female could be between 8:
00-11:00, 11:00-14:00 and 14:00-16:00, and was changed
every day, avoiding that the end of one of the restriction
periods would match the beginning of the next one. The
the
maintenance of the welfare conditions for both mothers

restriction criteria were selected to guarantee
and offspring, as recommended by Baier et al. Restraint
sessions were performed between GD 12 and 18 (Baier
et al., 2012; Li et al., 2014). 31 males and 28 females were

submitted to this type of stress.

2.2.2 Postnatal stress

The day of birth of the pups was counted as postnatal day
one (PND 1) and no manipulation was performed. On PND
2 to 14, the pups were removed from the nest for 180 min
daily, weighed and placed in an isolation box in an adjacent
experimental room (08:00 to 11:00). Pups from the same litter
were placed together inside an isolation box (Figure 1B). At
the end of the separation period, pups were returned to their
home cage. The maternal separation protocol has been
previously validated and described by Couto et al. (2012).
The temperature of the isolation box was maintained at 32°C
On PND 21,
condition

using thermal blankets. the offspring

was weaned. This included 32 males and

26 females.

2.2.3 Combined stress

Animals assigned to this condition were exposed to both
prenatal and postnatal stress protocols as described above. For
this condition 26 males and 29 females were used.
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FIGURE 2

Environmental enrichment. (A,D) Foraging-environmental enrichment disposition at the home cage. (B,C) Material used for foraging-
environmental enrichment. (E,I) Physical-environmental enrichment disposition at the home cage. (F,G,H) Material used for physical-environmental

enrichment.

2.3 Environmental enrichment

At PND 22, litters were divided by sex and housed in
standard laboratory conditions in groups of 5 same-sex
animals, for a 7-days acclimation period. Subsequently,
of three
environmental enrichment conditions: 1) physical (passive)

animals were randomly assigned to one

enrichment (n = 41 males and 41 females); 2) foraging
(active) enrichment (n = 38 males and 37 females); or 3)
standard-control housing (non-EE; n = 39 and 37 females).
The environmental enrichment elements were introduced into
the standard home cages accordingly to the enrichment
condition from PND 28 to 49.

2.3.1 Physical enrichment

The use of physical enrichment is not a systematic practice.
There are many protocols using very different objects (Pinelli
et al., 2017). Here we use three different shapes of PVC pipe to
modify the physical features of the home cage, providing access
to new surfaces and hiding places, allowing the interaction with
novel objects. To prevent the familiarization with the objects,
they were changed every 3 days (Figures 2E-I). The PVC objects
were placed inside the housing box. This kind of stimuli does not
imply an active interaction with the animal and for this reason we
considered it as passive enrichment.

2.3.2 Foraging enrichment

There are very few reports in the literature dealing with
foraging as a strategy for environmental enrichment.
Hobbiesiefken et al., used foraging material as enrichment for
mice (Hobbiesiefken et al., 2021). However, in their study the
material was delivered in a direct manner (unpacked),
minimizing the requirement for an active process to get it.
Previous works in our laboratory (unpublished data) showed
that the use of packed bedding material increases the activity of

the animals. Thus, for this type of foraging enrichment, three
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bags of teabag paper (30 x 30 cm) filled with bedding material,
cardboard pieces (5 x 5 cm) or organic rope pieces (10 cm), were
placed in the home cage. Every third day the packed material was
changed (Figures 2A-D). In this condition, the animal has to
engage in an active interaction with the stimuli; for this reason,
we considered foraging as an active enricher.

2.4 Behavioral testing

All experiments were recorded and digitized for analysis
using the software Any-Maze (Stoelting Co.). The software
X-plo-Rat 3.3 was also used to record specific behaviors.

2.4.1 Detailed procedure

The breeding of the experimental animals began with
48 female and 24 male Wistar rats. Each cage housed one
male and two virgin females for 10 days, with a 12h light/
12h dark cycle (lights on at 06:00). Once pregnancy was
confirmed (GD1), females were individually housed. A total of
233 Wistar rats (115 female and 118 male) were used as
experimental subjects. The timeline of the experiment is
presented in Figure 3. Some dams were randomly selected to
receive the prenatal stress protocol between GD 12 and GD 18
(for details on this protocol refer to section “2.2.1. Prenatal
stress”). After delivery (GD 21), litters were culled to
~8-10 pups per cage, and postnatal days (PND) were
calculated from the date of birth. Pups were then randomly
selected to receive postnatal, combined or no postnatal stress. For
details on postnatal stress inducing protocols, please refer to
On PND 22 litters were
regrouped by sex and housed in cages containing up to
5 animals. From PND 28 to PND 49 rats were randomly
of three
conditions: Physical enrichment (for details on the protocol

section “2.2.2. Postnatal stress”.

assigned to one environmental enrichment

please refer to section “2.3.1. Physical enrichment”); Foraging
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FIGURE 3

Experimental design. Top line: gestational days, bottom line: postnatal days. Abbreviations EPM, Elevated Plus Maze; S|, Social Interaction;

MWM, Morris Water Maze; PERF, trans-cardiac perfusion.

enrichment (for details on the protocol please refer to section
“2.3.2. Foraging enrichment”); or no environmental enrichment
or standard condition.

On PND 51, the collection of behavioral data begun, as
follows.

2.4.2 Elevated plus maze

To assess anxiety-like behavior, rats were tested on an
elevated plus maze (EPM). Subjects were tested only once on
this apparatus at PND 51. Briefly, the elevated plus maze consists
of two open (unprotected) platforms (open arms) crossed at
90 degree-angles by two platforms enclosed by 40 cm high walls
(closed arms). Each arm is 50 cm long x 10 cm wide. To prevent
rats from falling, a rim of plexiglass (1 cm high) serves as a wall.
The apparatus is made of wood covered with black melamine and
elevated 50 cm above the floor. The structure is placed in an
isolated test room, lit by white LEDs (60 Lux in the center of the
maze). Each rat was tested only once and had never been exposed
to the apparatus before. The test always began by placing a rat in
the center of the maze with its nose facing one of the closed arms
and allowing it to explore the maze for 5 min. Once the test was
completed, the animal was returned to the home cage, and the
maze was thoroughly cleaned, using 10% alcohol and disposable
paper towels. The experiment was recorded and digitalized for
further analysis. Both, the number of entries and the amount of
time spent in each type of arm were recorded. An entrance into
an arm was defined as the placement of all four paws in the
surface of the arm. A full day of recovery before the next
behavioral experiment was allowed to each animal.

2.4.3 Social interaction test

Crawley’s social interaction test (SI) is based on the subject’s
free choice to explore the environment (Crawley, 2004). The SI
allows assessing the time each subject spends exploring the arena
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and the time spent in social approach behaviors, generating a
permanence index. The test was conducted in a three-chambered
Plexiglas box (31 x 43 x 30 cm in each compartment) and two
movable barriers (43 x 0.05 x 30 cm) between the compartments.

On PND 53 each rat was placed in the center chamber for a 5-
min habituation period. After these 5 min the barriers were
the the
compartments that contained a wire box. After these 5 min,

removed allowing animal to explore two
two wire cages were placed at opposite ends of the arena. One
contained an unfamiliar animal while the other was empty. The
wire cage allows visual, olfactory, and auditory interaction
during the test period. The time spent in each chamber of the
arena, as well as the interactive behavior with both cages, was
recorded.

Twenty-four hours after the first trial (PND 54), the same
procedure was conducted but this time a second new animal was
introduced into the previously empty wire cage. During the
session, the time devoted to explore the arena and the time
the subject interacted with each of the two peers inside the wire
cages was recorded (Crawley, 2004). Two full days of recovery
before the next behavioral experiment was allowed for each

animal.

2.4.4 Morris Water Maze

Subjects were habituated, trained, and evaluated in a spatial
memory paradigm including a cognitive flexibility task on the
Morris water maze (MWM). The test was conducted in a round
black pool (200 cm diameter and 90 cm deep) filled to a depth of
75 cm with warm water (at 22-26°C). The pool included visual
cues that indicated north, south, east, and west points from the
center, and the apparatus was divided into four quadrants. The
escape platform was a 10 cm diameter x 70 cm height Plexiglas
tube, placed in the center of one quadrant and submerged 2 cm
beneath the water surface.
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The animals were trained to find the hidden platform in daily
sessions of 4 trials for the first day (PND 57), and 10 trials for the
next 6 days. For the test (PND 63), the platform was removed
from the pool, and the animal was allowed to swim freely for
120 s in a single trial. The time spent in each of the quadrants was
recorded.

Twenty-two hours later (PND 64), the cognitive flexibility
assessment was conducted. The escape platform was placed in a
different quadrant and the latency to find the new platform
location was recorded. A flexibility index was calculated as the
magnitude of the difference between the latencies from training
and reversal sessions. This index serves as an indicator of how
fast the animal was able to acquire the new rule (new platform
location).

2.5 Neuroanatomical changes

2.5.1 Brain histology

At PND 73, subjects were perfused trans-cardially with saline
solution (0.9%), followed by a 4% paraformaldehyde solution to
fix the brain for collection. Six days after the collection one of the
two hemispheres was cut in coronal sections (15um) with a
Compresstome” VF-300. Up to sixteen slices for each animal
were analyzed from a sample of four to six subjects for each
experimental group. For this, every 20th section was collected
using the systematic uniform random sampling (ssf = 1/20).

The volume of the dentate gyrus was estimated using the
Cavalieri equation: V = Y n[T (ssf) (a)]; where n is the number
of observations; T is the average thickness of every slice sampled
(15um); ssf is the sampling fraction (1/20) and a is the area for
each observation (Sadeghinezhad and Amrein, 2021). Sections
were mounted, dried, and stained with cresyl violet. Here we
report data obtained for the dentate gyrus of the dorsal
hippocampus; an area related to emotional reactions
(Ballesteros et al., 2014; Postel et al., 2021). Images of the area
of interest were taken with an optic microscope (MEIJI
MT4200H) and a digital camera Canon (EOS—850D) of
20Mp. The slices were analyzed using the software Image]
1.8.0_172. The areas of interest were delimited using the rat

brain atlas (Paxinos and Watson, 2006).

2.6 Statistical analysis

The software R for statistical analysis (R Development Core
Team, 2020) was used to eliminate atypical data. Subsequently,
missing data were imputed for each variable using linear
regression. Normality (Shapiro-Wilks test) and variance
(Levene’s test) were evaluated. The SPSS statistic 27 package
was used for descriptive statistics and the analysis of variance
(three-way ANOVA; environment condition x early life
experience X sex). When necessary,

Tukey’s Honestly
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Significant Difference test was used for post hoc pairwise
comparisons between groups. The results in this section will
be expressed as mean + standard error of the mean, with p <
0.05 as statistically significant value. Tables 1, 2 present a
summary of the statistical findings.

3 Results
3.1 Emotional response

3.1.1 Percentage of time spent in the open arms

The anxiety-like behavior was assessed on the EPM test. No
statistically significant interaction between the three factors Sex x
ELSs x EE was found in the percentage of time spent in the open
arms (F [6,209] = 0.807; p = 0.565). Significant two-way
interactions were found for Sex x ELSs (F [3,209] = 3.287;
p = 0.022) and EE x ELSs (F [6,209] = 3.266; p = 0.004) in
the model. Since the three-way interaction was greater than 0.5,
we did not remove it from the model and the comparison of
marginal means was performed with the full model (Kutner et al.,
2005).

To perform the post hoc methods application and contrast
analysis for the model, we compared the estimated marginals
means (EMMs) with one another. The Sex x ELSs interaction,
showed that the effect of sex depends on the type of ELSs
(Figure 4A). Control males spent more time in the open arms
compared with males exposed to prenatal ELSs (p = 0.009).
Additionally, females exposed to prenatal ELSs spent more time
in the open arms compared to males exposed to the same
condition (p < 0.001). A similar pattern was observed for the
percentage of time spent in the open arms by females exposed to
postnatal ELSs compared to males exposed to the same condition
(p = 0.01).

Regarding to the EE x ELSs we found that animals that
were not exposed to ELSs spent less time in the open arms
when they were housed in Physical- EE (p = 0.39) and even
less time when they were housed in Foraging-EE (p < 0.001),
compared to the ones with a standard housing as shown in
Figure 4B. In the other hand, when the animals were exposed
to combined ELSs and housed in Foraging-EE they spent
more time in the open arms in comparison with animals with
the same ELS and housed in standard condition (p = 0 0.024).
When the effect of the EE in each level of ELSs was examined,
it was observed that, for standard housing (no-EE) the
animals exposed to postnatal ELSs showed less percentage
of time spent on the open arms (p = 0,23) and even less time
when they were exposed to combined ELSs (p = 0.001) in
comparison with animals with no ELSs and housed in the
same condition. Additionally, for Foraging-EE the animals
exposed to combined ELSs spent more time in the open arms
compared to the animals that were not exposed to any ELSs
(p = 0.009).
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TABLE 1 Summary of 3-way ANOVA for each variable.

Variable Sex*ELS*EE Sex*ELS Sex*EE ELS*EE
DF F P DF F P DF F P DF F P

EPM: Percentage of time in open arms 6 0.807 0.565 3 3.287 0.022 2 0.215 0.807 6 3.266 0.004
EPM: Percentage of open arm entries 6 1.901 0.082 3 3.132 0.027 2 3.149 0.045 6 1.379 0.224
SI: Interaction index with peer 2 6 0.765 0.598 3 1.049 0.372 2 1.002 0.369 6 0.392 0.884
MWM: Time in the target quadrant 6 2.903 0.01 3 0.987 0.4 2 0.808 0.447 6 2.12 0.052
MWM: Cognitive flexibility index 6 0.81 0.564 3 0.736 0.531 2 0.738 0.479 6 3.303 0.004
Hippocampal volume 6 0.967 0.454 3 0.573 0.635 2 0.307 0.737 6 1.774 0.117

Note: Summary of 3-way ANOVAs, for parametrical variables. The data is presented by variable (rows) and organized by factor interaction (columns). Abbreviations: DF, degrees of
freedom; F the value of Fisher statistics; P for p-value, with <0.05 considered as statistically significant. The variables EPM: Percentage of time in open arms and MWM: Cognitive flexibility
index were assessed using the transformed variable (sqrt variables).

Bold values represent statistically significant differences.

TABLE 2 Summary of Kruskal-Wallis Test for non-parametrical
analysis. Regarding to the sex x EE interaction. The post hoc

comparisons showed that males with standard housing had
Variable DF H P o . .
a significantly higher percentage of open arm entries
compared to males that were housed with Foraging-EE
(p = 0.019). Additionally, females that were housed with

Note: Summary of Kruskal-Wallis test for non-parametrical variables. The data is Foraging—EE displayed a signiﬁcantly hjgher the percentage
presented by variable (rows). Abbreviations DF: degrees of freedom; H; value of H

SL Interaction index with peer 1 23 44.245 0.005

of open arm entries compared to males housed using the same
EE (p < 0.001; Figure 5B).

statistics; P for p-value, with <0.05 considered as statistically significant.

3.1.2 Percentage of open arm entries 3.2 Social response

3.2.1 Interaction index
The social behavior was assessed on the SI test. The data

No statistically significant interaction between the three
factors Sex x ELSs x EE was found in the percentage of open

arm entries (F [6,209] = 1.901; p = 0.082). Significant two-way analyzed for the interaction index from the first trial did not
interactions were found for Sex x ELSs (F [3,209] = 3.132; p = meet the normality criterion (p < 0.001), nor the variance
0.027) and Sex xEE (F [2,209] = 3.149; p = 0.045) in the model. criterion (p = 0.003), and the residuals for this variable did

Although the main factor sex was significant, it was not not meet the expected normality criterion for ANOVA (p =

considered because it interacted with ELS and EE in the 0.001).  Therefore, ~ the  non-parametric  analysis

model. Since the three-way interaction was less than 0.5, it Kruskal-Wallis  was performed, and it showed no

was eliminated from the model and the comparison of significant differences in the comparison of the medians

marginal means was performed with a reduced model (Kutner for any group evaluated (Figure 6B).
et al, 2005). The interaction index from the second trial (Figure 6C)

showed no statistically significant interaction between the

analysis for the model, we compared the estimated marginals three factors Sex x ELSs x EE (F [6,209] = 0.765; p = 0.598)
means (EMMs) with one another. For the Sex x ELSs or between the two factor interactions.

interaction the analysis showed that females exposed to

To perform the post hoc methods application and contrast

prenatal ELSs had a significantly increased percentage of

3.3 Memory and cognition

open arm entries compared to males (p < 0.001). The post
hoc analysis also showed that males exposed to combined ELSs

3.3.1 Spatial memory
Spatial memory was assessed on the MWM test. The analysis of

displayed a significantly increased percentage of open arm

entries compared to males exposed to prenatal ELSs (p =
the time spent in the trained quadrant during the test session (Figure 7)

showed that the interaction between the three factors Sex x ELSs x EE
was statistically significant (F [6,209] = 2.903, p = 0.010). The simple
effects test showed that females with no ELS and housed in Physical-

0.006; Figure 5A). In the case of females, when they were
exposed to prenatal ELS displayed a higher percentage of
open arm entries compared to females with no ELS
experience (p = 0.014).
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FIGURE 4
Percentage of time spent in open arms. (A) Control males (n = 29) spent more time in the open arms compared with males exposed to prenatal
ELS (n = 31). Females exposed to prenatal ELS (n = 28) spent more time in the open arms compared to males exposed to prenatal ELS (n = 31). Females
exposed to postnatal ELS (n = 26) spent more time in the open arms compared to males exposed to postnatal ELS (n = 33). (B) Control animals spent
less time in the open arms when they were housed with Foraging-EE (n = 19) compared to standard housing (n = 19). Rats exposed to combined
ELS with standard housing (n = 19) spent less time in the open arms compared to controls (n = 19). Animals exposed to combined ELS and housed
with Foraging-EE (n = 18) spent more time in the open arms compared to controls housed with the same Foraging-EE (n = 19). Abbreviations: ELS,
Early life stress; Con, Control; Pre, Prenatal; Post, Postnatal; Comb, Combined; EE: Std, Standard; Phys, Physical-EE; For, Foraging-EE. Three Way
ANOVA (see Table 1 for statistical results): ***p < 0.001, **p < 0.01, *p < 0.05.
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FIGURE 5
Percentage of open arm entries. (A) Males exposed to combined ELS (n = 25) entered more times to the open arm compared to males exposed
to prenatal ELS (n = 31). Females exposed to prenatal stress (n = 28) entered more times to the open arm compared to males under the same prenatal
stress condition (n = 31). (B) Males with standard housing (n = 39) increased the open arm entries, compared to males housed with Foraging-EE (n =
38). Females housed with Foraging-EE (n = 37) showed increased open arm entries compared to males housed with Foraging-EE (n = 38).
Abbreviations: ELS, Early life stress; Con, Control; Pre, Prenatal; Post, Postnatal; Comb, Combined; EE: Std, Standard; Phys, Physical-EE; For,
Foraging-EE. Three Way ANOVA (see Table 1 for statistical results): ***p < 0.001, *p < 0.05.

EE spent more time in the trained quadrant than females with no ELS
housed in standard condition (p = 0.034) but when females were
exposed to prenatal ELS and were housed in standard conditions spent
more time in the trained quadrant compared with males from the
same ELS and EE condition (p = 0.025).

In case of males exposed to prenatal ELS, when they were housed
in standard condition, spent less time in the trained quadrant in
comparison with males housed in Physical-EE (p < 0.001) and even
less time than those housed in Foraging-EE (p < 0.001). But when the
males were exposed to combined ELS, those housed in standard
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conditions spent more time in the quadrant compared with males
housed in physical-EE (p = 0.010). Also, males with history of
prenatal ELSs and housed in standard conditions spent less time
in the trained quadrant in comparison with males exposed to
combined (p < 0.001), postnatal ELS (p = 0.02) or no ELS at all
(p = 0.02) when they were also housed in standard. Finally, when
males were exposed to postnatal ELS, they spent more time in the
with
exposed to combined ELS when both were housed in Physical-EE
(p = 0.034).

trained quadrant in comparison males
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FIGURE 6

Social interaction test schematic diagram (A). Interaction index with peer 1 (B) and peer 2 (C). Abbreviations: ELS, Early life stress; Con, Control;
Pre, Prenatal; Post, Postnatal; Comb, Combined; EE: Std, Standard; Phys, Physical-EE; For, Foraging-EE; Comb, Combined. No significant differences

were found between the groups (Kruskal-Wallis).

3.3.2 Cognitive flexibility

Cognitive flexibility was assessed on the MWM test, using
a cognitive flexibility index (average arrival latencies to the
platform on the last training session and the first reversal
session, Figure 8). No statistically significant interaction
between the three factors Sex x ELSs x EE was found (F
[6,209] = 0.81; p = 0.564). Significant two-way interactions
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were found for EE x ELSs (F [6,209] = 3.303, p = 0.004). Since
the three-way interaction was close to 0.5, we did not remove
it from the model and the comparison of marginal means was
performed with the full model (Kutner et al., 2005). To
perform the post hoc methods application and contrast
analysis for the model, we compared the estimated
marginals means (EMMs) with one another. Regarding to
the housing condition, the analysis revealed that animals
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FIGURE 7

Spatial memory—Morris Water Maze. (A) Schematic drawing of the Morris Water maze. (B) Time (seconds) in the target quadrant. Males exposed

to combined ELS with standard housing (n = 9) spent more time (seconds) in the target quadrant compared to males exposed to prenatal ELS with
standard housing (n = 10). Males exposed to prenatal ELS housed with Foraging-EE (n = 8) spent more time (seconds) in the target quadrant
compared to males exposed to prenatal ELS with standard housing (n = 10). Males exposed to postnatal ELS housed with Physical-EE (n = 13)
spent more time (seconds) in the target quadrant compared to males exposed to prenatal ELS with standard housing. ELS (n = 10). Abbreviations: ELS,
Early life stress; Con, Control; Pre, Prenatal; Post, Postnatal; Comb, Combined; EE: Std, Standard; Phys, Physical-EE; For, Foraging-EE. Three Way

ANOVA (see Table 1 for statistical results): **p < 0.01, *p < 0.05.

housed in standard conditions and exposed to combined ELSs
showed a lower cognitive flexibility index compared to
animals with prenatal ELS (p = 0.113) and with no ELSs
(p = 0.100) in standard housing. In the same line, animals
exposed to postnatal ELS and housed in standard conditions
showed a lower cognitive flexibility index compared to those
with prenatal ELS (p = 0.095) o no ELS at all (p = 0.082).
Finally, animals with no ELS showed a higher cognitive
flexibility index than those exposed to prenatal ELS when
they are housed in foraging-EE conditions (p = 0.084).

When we explore for each level of ELS, we found
that animals exposed to combined ELSs and housed with
Physical-EE  had a higher cognitive flexibility index
compared to the ones exposed to the same ELSs but with a
standard housing (p = 0.109). But when animals were exposed
to prenatal ELSs and housed in standard condition they had a
higher cognitive flexibility index compared to the ones exposed
to the same ELSs and housed in Foraging-EE (p = 0.093).
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3.4 Neuroanatomical changes

3.4.1 Hippocampus volume

No significant interaction between the three factors Sex x
ELSs x EE was found in the volume of the dentate gyrus (F
[6,69] = 0.967; p = 0.454). The interactions between Sex x
ELSs (F [3,209] = 0.573, p = 0.635), EE x ELSs (F [6,209] =
1.774, p = 0.117), and Sex x EE (F [2,209] = 0.307, p = 0.737)
were not statistically significant. See Figure 9 for a picture of
typical dentate gyri in control and ELS animals.

4 Discussion

This work analyzed the effect of three types of adverse early-
life experiences and two types of environmental enrichment on
emotional, social, and cognitive responses of male and female
Wistar rats. A significant effort was made in terms of the control

frontiersin.org


https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2022.837661

Corredor et al.

%
%*
0.8 %k
X
g -,
2 0.6
S = std
% 0.4
= [ Phys
)
:E 0.2 =1 For
c
<]
3
0.0-
Con Pre Post Comb
ELS
FIGURE 8

Cognitive flexibility index. Rats exposed to prenatal ELS with
Foraging-EE (n = 18) displayed a lower cognitive flexibility index
compared to the ones exposed to the same prenatal ELS with
standard housing (n = 18). Rats exposed to combined ELS and
housed with Physical-EE (n = 16) showed a higher cognitive
flexibility index compared to the ones exposed to the same ELS
with standard housing (n = 19). Rats exposed to prenatal ELS with
standard housing (n = 18) displayed a higher cognitive flexibility
index compared to the ones exposed to combined ELS with
standard housing (n = 19). Rats exposed to combined ELS with a
standard housing (n = 19) showed a lower cognitive flexibility index
compared to the ones with no ELS with standard housing (n = 19).
Abbreviations: ELS, Early life stress; Con, Control; Pre, Prenatal;
Post, Postnatal; Comb, Combined; EE: Std, Standard; Phys,
Physical-EE; For, Foraging-EE; Comb, Combined. Three Way
ANOVA (see Table 1 for statistical results): *p < 0.05.

of variables, including the restriction of staff who had contact
with the animals, as well as to permanently guarantee the health
and welfare of the animals.

The complexity of the stressors and their effects in terms of
magnitude, time bin, implementation strategy, and dimension
evaluated cover a spectrum that is difficult to consider when
formulating an experimental design. Here we chose to use stimuli
whose intensity could be precisely controlled, seeking to simulate
conditions normally encountered in human experiences. This
selection of the ELS protocol allowed us to arrive to a situation
closer to the real human conditions.

During our entire experiment, permanent monitoring of
the pregnant animals and the offspring was carried out. The
establishment of safe parameters for the implementation of
prenatal and lactational stress protocols led wus to
choose moderate stressors that did not compromise the
well-being and health of the animals in the short and
long term.

Some studies use “severe” stress inducers, such as durations
longer than 3h per day of maternal stress through physical
immobility. Others use important alterations in the social
environment of the pregnant animal such as change of
companions, and situations of social intrusion, yet others involve

the daily administration of electric shocks during important periods
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of gestation. Such strong stressors can compromise the integrity of
the fetuses and even result in a termination of the gestational process.
In our work, the behavior of the pregnant females was carefully
observed before and during the implementation of the stress
protocol, and the females were weighed daily to detect abrupt
weight loss. The period of physical immobility was distributed in
three moments of the day (45 min each), during the active phase of
the animals. In this way, the access of the pregnant female to food and
water was guaranteed, without the physical restriction having
important effects on the development of the fetuses. Despite these
considerations, there was loss of offspring during gestation and
lactation. However, this loss of neonate animals was as low as in
the normal breeding condition (4%).

Regarding postnatal stress, the strategy used here was maternal
separation. This type of early stress involves depriving the offspring of
maternal care for several hours per day, during the early and middle
phases of the lactation period. Studies implementing maternal
separation stress can go as far as using periods of up to 6 h over
several days, or a single extended period of deprivation of up to 24 h
at a time. Such approaches do not consider the nutritional, toxic, and
thermal effect this procedure may have on the offspring, so the trade-
off, in terms of animal welfare, would be questionable in these
models. In presence of more severe stressors, the effects of the
stress protocols will be much easier to identify since the
disruption in the welfare of the animals and the strategies that
they will deploy to compensate will be more explicit at
physiological and behavioral levels. As already mentioned, this
work was aimed to the simulation of a situation as close as
possible to human conditions, without interfering with the
anatomical and physiological integrity of the animals.

Regarding the environmental enrichment conditions used, as
already stated, one of the reasons for the enormous variation of
effects of environmental modifications on behavior found in the
literature, is the lack of systematic efforts to properly analyze the
contribution of the various features of stimuli used as enrichers.
Looking for a more detailed comprehension of the effect of
different enrichers on behavior here we used two kinds of
enrichers: one of them eliciting active behavior (active
enrichment: foraging) while the other did not elicit active
behavior (passive enrichment: physical).

4.1 Emotional responses: Anxiety

Our data confirmed a positive effect of environmental
enrichment on anxiety-like behaviors in animals with ELSs. This
effect depends on the type of experience and enrichment that the
animal was submitted to. We found lesser anxiety-like behaviors in
the EPM in animals with prenatal and postnatal stress and housed in
environments with presence of foraging enrichment. Interestingly,
foraging-type enrichment can also induce a greater anxiety-like
response in animals without adverse experiences (Figures 4, 5).
The effects of foraging enrichment are also sex dependent:
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FIGURE 9

Hippocampus dentate gyrus in a typical control (A) and ELS (B) subject. The volume of the hippocampus was not statistically different between

the groups (C).

females showed lower anxiety-like behaviors compared to males,
while males housed in foraging EE showed higher anxiety-like
behaviors compared to males housed in standard conditions.

It is worth keeping in mind that a decrease in the percentage
of entries to open arms (Figure 5) has been associated with an
increase in anxiety levels (Campos et al., 2013; Bourin, 2015; de
Sousa et al, 2015) and/or a decrease in exploratory interest
(Cardenas et al, 2001; Lamprea et al, 2010; Tejada et al,
2010). Males housed in the foraging condition are likely to
have a decreased interest in exploring the maze because the
very housing conditions provided enough exploration
opportunities to solve the natural conflict between exploration
and anxiety presented in the elevated plus maze. Unfortunately,
there are no reports in the literature about this relationship, due
to of the absence of use of foraging as an environmental
enrichment strategy. Our results may help to shed some light
in understanding this relationship.

The differential effect of foraging EE could depend on behavioral
needs of males and females. In the case of males, the presence of
foraging may have created competitive relationships between them,
working as an element that alters social organization diminishing the
interest in exploration or enhancing their anxiety-like behavior. In the
case of females, the foraging material could possibly be seen as an
improvement in resource availability and as opportunities for
interaction through the shared use of resources (ie., in nature,

nests are usually communal). In any case, the lack of literature on
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the use of foraging as EE, makes it hard to determine a direct
explanation for this effect.

Here we propose that an active EE, with which the animal
interacts, could reduce the need for exploration providing a sense
of control of the environment and originating new interaction
possibilities, even problem-solving strategies. Supporting the idea
of a differential effect on males and females on exploration, our
results suggest a stronger effect in females, i.e., for all types of
stress, females showed an increase in the percentage of entries to
open arms when they received foraging enrichment.

Another aspect worth mentioning, is the interactions between
sex and ELSs. Our findings suggest a sex diverging effect: a
cumulative anxiolytic effect for males, and a non-significant trend
to a cumulative anxiogenic-like effect for females. This could possibly
indicate lower vulnerability in males for the two combined ELSs.
There are some reports on sexual differential vulnerability on the
effects of prenatal and postnatal stress on anxiety responses (Lam
et al,, 2018, 2019; Soares-Cunha et al., 2018; Bassey and Gondre-
Lewis, 2019; Liao et al., 2019; Huerta-Cervantes et al., 2020). It is also
possible that the combined ELSs cause divergent effects only on some
tests, but a conclusive explanation for this phenomenon has not been
achieved (Sparling et al., 2018; Bassey and Gondre-Lewis, 2019).

Our finding of a decreased anxious response in females
submitted to pre- and postnatal stress confirms previous
reports regarding performance in the elevated plus maze, this
in terms of higher levels of exploration by females compared to
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males, even after early stress experiences (Scholl et al., 2019).
According to previous evidence, the exploratory pattern of
females could be an activity-related behavior to foraging for
food resources or nest building, and could be enhanced when rats
are subjected to deprivation of these resources early in life
(Prusator and Greenwood-Van Meerveld, 2015; Maniam et al.,
2016).

As previously mentioned, the prenatal stress protocol used
here is can be considered as a “mild” protocol when compared to
other protocols, which can be considered as “severe”, including
prenatal exposure to drugs, nicotine or ethanol, induction of
diabetes, for example (Parks et al., 2008; Schroeder et al., 2013;
Galea et al., 2014; Ratajczak et al., 2014; An and Zhang, 2015). For
this reason, it can be proposed that its effect on anxiety is not very
strong - hence leading to non-significant differences when
comparing stressed vs non-stressed groups - but sufficiently
pronounced to show significant differences when comparing
to the group of females in the same conditions.

4.2 Social responses: Social interaction

Our results suggest that social behavior is independent of both
the ELSs and the EE factors assessed in this work. The study of social
behavior is very challenging; its expression varies depending on many
factors, including the test used, the characteristics of the subjects used
as pairs (familiar or strangers, strain, place in the social hierarchy,
stress history, age, and sex), and the complexity of the environments
where the test animals are housed, among other elements (Beery and
Kaufer, 2015).

The social interaction test proposed by Crawley was initially
considered as a strategy to evaluate a mouse model of autism. It aims
to quantify peer-directed behaviors, exploration of odor cues,
ultrasonic vocalizations, and stereotypies (Crawley, 2007). Here,
this test was adapted to evaluate rats, quantifying two features of
social responses: interest and social discrimination (Kentrop et al.,
2018; Kambali et al., 2019). It is noteworthy, that positive social
behaviors were comparable in males and females evaluated in each
stress and environmental enrichment condition.

As pointed by some authors, early stress events alter the
social performance of subjects during adulthood (Holland
et al,, 2014; Kompier et al., 2019). However, the relationship
in terms of the magnitude of the stressor and the magnitude
of the response is something that has not been previously
addressed. Many early stress protocols use periods of
deprivation or presence of the stressor far superior to
what might occur in nature (Kentrop et al., 2018; Kambali
etal., 2019), affecting the analyzed responses and limiting the
translational potential of the data. On the other hand, the
increase in maternal care behaviors after prolonged periods
of separation may reduce the effect of a severe stressor on
adults’ social responses (Beery and Kaufer, 2015), leading to
increased social interaction.
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The absence of changes in social interactions indicates that
neither physical nor foraging EE protocols used here could affect
the genesis of social behavior. This is a very relevant finding
because it has been previously reported that some environmental
enrichment protocols (using a diversity of stimuli) could affect
social performance, depending on factors such as the time
window of exposure and the social dimension tested (Mesa-
Gresa et al.,, 2013; Connors et al., 2015).

We can conclude that social responses assessed by the test in
this work, did not change because of the mild quality of the stress
protocol used. Moreover, the stability of social responses among
the groups allows us to conclude that at least the types of
enrichments (physical and foraging) and the three types of
stress (prenatal, postnatal, and combined) used here have no
direct effect on the social responses of animals. New studies on
the effect of stronger ELSs protocols and of different controlled
categories of environmental enrichment stimuli on this social test
must be conducted to clarify this relationship.

4.3 Cognitive responses

4.3.1 Spatial memory

In line with the proposed hypothesis, it was observed that
environmental enrichment has a positive effect on the spatial
memory of subjects (Figure 7). The effect of foraging EE is
positive for males with a history of prenatal stress, and
physical EE is positive those for males with a history of
postnatal stress.

The time spent in the target quadrant, during the MWM test
has been used in the assessment of hippocampal function in rats
(Weinstock, 2017; Benmhammed et al., 2019). Many reports
describe the effect of early stressors on this response (Couto et al.,
2012; Diehl et al, 2012). These studies usually use severe
stressors, such as anticonvulsant drugs (Ishola et al., 2020),
amphetamine (Holubova et al, 2018), ultrasound exposure
(Abramova et al., 2020), maternally induced diabetes (Huerta-
Cervantes et al., 2020), gamma exposure (Pipova Kokosova et al.,
2020), or chronic changes in maternal diet during gestation
(Bengoetxea et al, 2017). Such procedures cause serious
cellular alterations in many brain regions, including the
hippocampus, and the results found in the MWM may reflect
these structural alterations. The effect of EE on the recovery of
conditions related to ischemia, chronic stress, and mild cognitive
impairment (Dahlqvist et al., 2004; Hullinger et al., 2015; Bhagya
et al., 2017), as well as adverse early life experiences (Hui et al.,
2011; Vivinetto et al., 2013; do Prado et al., 2016), has also been
describe in the literature.

Here we observed the positive effects of environmental
enrichment on spatial memory performance in animals who
had experienced stress. Foraging EE was positive for recovering
the effect of prenatal stress in males, while physical enrichment
was positive for males with a history of postnatal stress.
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The use of EE as an intervention strategy seeks to reverse or
mitigate the negative effects of adverse events. In the case of
postnatal stress, enrichment has been documented to successfully
reverse or mitigate the effects of maternal separation or parenting
with limited resources (Cui et al., 2006; Dandi et al., 2018). Also,
there are many reports on environmental enrichment showing
that it has positive effects on the recovery of functions associated
with spatial memory in animals exposed to prenatal stress
(Zhang et al., 2012; Nowakowska et al., 2014).

The use of moderate stressors, such as maternal restraint for
periods of 3 h per day, causes some changes in aspects such as the
latency of arrival at the MWM platform or the amount of
crossover due to its previous location (Chen et al, 2017; Su
et al., 2019). However, many studies have found that this type of
prenatal stress does not cause changes in the time spent by
animals in the trained quadrant in the test session (Chen et al,,
2017; Weinstock, 2017). In line with these reports, our results
confirm the “moderate” quality of the maternal separation
protocol that was used.

In the literature, there are very few reports on the differential
effect of prenatal maternal restraint stress on males and females
(Zuena et al., 2008). Although, there is some consensus about the
effect being more negative in younger animals, even more in
younger females (Zuena et al., 2008; Weinstock, 2011), this effect
was not possible to identify in our work because age was not used
as a an experimental variable and for that reason all animas were
trained and tested in the MWM with exactly the same age.

It has also been described that the effects of prenatal stress on
memory are strongest between 3 and 8 weeks, after that the effect
begins to fade (Yaka and Weinstock, 2007; Barzegar et al., 2015).
Due to our experimental design, it was required that the animals
were initially evaluated in the elevated plus maze (as it is a test
very sensitive to other manipulations), then in the social
interaction test, and finally in the MWM. At the time of the
performance of the MWM platform test, the animals were
8 weeks old; thus, it is possible that at this point the effect of
the stress could have been fading.

4.3.2 Cognitive flexibility

Our data confirm a positive effect of environmental
enrichment on cognitive flexibility in animals subjected to
ELSs. Such effect depends on the type of stress experienced,
and the type of enrichment implemented (Figure 8). Animals
with a history of combined stress and exposed to physical
enrichment showed a higher index of cognitive flexibility than
their standard housed counterparts. This could indicate that
physical enrichment is able to mitigate the effect of combined
stress on the cognitive flexibility response.

However, when animals were housed in standard conditions
(without environmental enrichment), those exposed to
combined stress had lower cognitive flexibility index in
comparison to animals exposed to prenatal stress and animals

with no stress experience. This may indicate that combined stress
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without any environmental enrichment is more adverse than
prenatal stress or control rearing.

Our results are in line with evidence from other researchers. For
instance, in the work of Menezes et al. a shorter maternal separation
protocol (PND 1-10) with the same daily duration as in our work
was evaluated. Their findings confirm a protective effect of
enrichment on cognitive flexibility assessed in the MWM
(Menezes et al., 2020). These effects have also been documented
in studies including perinatal exposure to toxic substances, perinatal
oxygen deprivation, maternal deprivation, among others (Baudin
etal,, 2012; Galeano et al., 2014; Sampedro-Piquero et al., 2015; Aung
et al., 2016; Thomas et al., 2016; Kambali et al., 2019) in which EE
manage to recover the cognitive flexibility response in behavioral
paradigms such as the MWM (Halperin and Healey, 2011; Redolat
and Mesa-Gresa, 2011; Saland and Rodefer, 2011). However, studies
involving the effect of stressors such as physical restraint of the
pregnant mother or maternal separation on cognitive flexibility are
rare. In fact, an article database search that includes prenatal stress,
cognitive flexibility, and environmental enrichment as keywords
showed no results. For this reason, our data could serve as a
starting point for the study of this relationship.

4.4 Hippocampus

The absence of structural changes is consistent with the data in
relation to spatial memory, supporting the idea that the level of stress
induced corresponds to moderate. Indeed, moderate stress has not
been reported to be associated with anatomical alterations of the
hippocampus, in contrast to severe cases of early stress.

The
environmental enrichment in rats date back to 1976. Diamond

first studies that looked for anatomical effects of
and coworkers exposed rats to enriched and impoverished
environments for prolonged periods and found that exposure to
the impoverished environment caused a decrease in the thickness of
the cerebral cortex. Their studies showed no evidence that exposure
to enriched environments caused changes in the hippocampus,
although improvements in memory were found (Diamond et al,
1972). Years later it was reported that changes were only present in
the hippocampus of subjects from the impoverished environment
(isolation), and these changes might be more related to the size of the
cell nuclei (Walsh and Cummins, 1979). From these initial works,
attempts have been made to establish causal relationships between
environmental changes and the hippocampus, given the great
evidence environmental enrichment effects on memory (Barros
et al.,, 2019).

Our data did not show anatomical changes in the volume of the
dentate gyrus associated with any of the factors. This does not exclude
the possibility of other changes at a finer structural level. To
determine whether the adverse experiences used here were of
great severity, we opted for this global measure, since it has been
reported that early exposure to strong traumatic events causes a
decrease in hippocampal volume, both in humans and in rodents
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(Sheline, 1996; Gorka et al., 2014; Schoenfeld et al., 2017). Further
studies at a finer level (ie., cellular, and molecular) must be
conducted.

5 Conclusion

Our results confirmed that the prenatal and postnatal stress
protocol used here correspond to a non-severe type of stress. As a
result, we did not find huge changes in anatomy—inducing
alterations in the volume of the dentate gyrus—like those
reported after the use of severe conditions such as exposure to
addictive
ultrasounds, or gamma radiation exposure.

anticonvulsants, and drugs (ie, amphetamine),

The key element of our experiment was the use of environmental
enrichment as an intervention to recover from the adverse effects of
early mild experiences. It is clear from the literature review that the
stimuli commonly used as enrichers are not targeting any precise
function. For example, the use of tactile, auditory (including music),
and visual stimuli (including color variation) has been documented in
Wistar strain rats - known for their limited visual capacity - and
without consideration of the audible frequency ranges or in general
the correspondence between the sensory features of the stimuli and
the perceptual capabilities of the animals. These practices reduce the
comparability of the data and limit the possibility of generalizing the
effects across research. In addition, it is difficult to find studies that
use foraging-type enrichment, so our work underscores the need to
use of function-specific protocols of environmental enrichment. Of
course, more studies discriminating different kinds of function-
specific enrichers need to be conducted. Nevertheless, our
proposal of function-specific enrichments may help to improve
this aspect of research.

The environmental enrichment strategies proposed here
aim to be as specific as possible in terms of function and form,
providing the animals with elements designed for specific
purposes, ensuring novelty throughout the treatment. Our
enrichment devices separately aimed to target the structural
modification of the environment by adding PVC material of
different sizes and shapes and at the availability of materials
for nest construction. Each of these elements was selected
the
environments in terms of access to resources, social needs,

considering safety and creation of satisfactory
and space. The physical enrichment work as a passive
enrichment since it cannot be manipulated by the subject
the of the

accommodation. Foraging type enrichment, on the other

and  modifies architecture subjects’
hand, served as an active enrichment, since it can be
the the

architecture of the home cage. The choice of these two

manipulated by subject without modifying
categories of environmental enrichment were based on

previous research conducted at our laboratory. The
selection of the enrichers was carefully made considering

the characteristics of the species, the nature of the responses
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evaluated, and the way these are shaped in natural
environments. Aspects such as the age of the subjects, the
period of exposure, and the experimental history of the
subjects were also considered.

Our data confirm that, it is feasible to work with females
in behavioral studies and obtain conclusions that can
contribute to the body of knowledge of the discipline,
the effects of
independent variables between males and females. It is

making a clear distinction between
necessary to continue promoting the creation of research
designs including the sex variable, since the goal of
biomedical research is human welfare, and this includes
both men and women. We hope that this work will
contribute to the construction of a more complete picture

of the environment effects on behavior.

Data availability statement

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

Ethics statement

The animal study was reviewed and approved by the
CICUAL-Uniandes.

Author contributions

Literature review: KC and JD. Research design: KC and GM.
Data collection: KC, JD, LH-I, SF, JQ, and AG. Data analysis: KC,
GM, and FC. Results and discussion: KC, GM, and FC. Paper
elaboration: KC, SF, GM, and FC.

Funding

The authors thanks to Programa de becas Rodolfo Llinas para
la promocion de la formacion avanzada y el espiritu cientifico for
the funding provided in the doctoral program of KC. The authors
also would like to thank the Vice Presidency of Research &
Creation’s Publication Fund at Universidad de los Andes for its
financial support.

Conflict of interest

The authors declare that the research was conducted in
the absence of
relationships that could be construed as a potential conflict

any commercial or financial

of interest.

frontiersin.org


https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2022.837661

Corredor et al.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their

References

Abramova, O. V., Zubkov, E. A., Zorkina, Y. A., Morozova, A. Y., Pavlov, K. A.,
and Chekhonin, V. P. (2020). Social and Cognitive Impairments in Rat Offspring
after Ultrasound-Induced Prenatal Stress. Bull. Exp. Biol. Med. 168,730-733. doi:10.
1007/s10517-020-04790-0

Ahmadalipour, A., Sadeghzadeh, J., Vafaei, A. A, Bandegi, A. R,
Mohammadkhani, R, and Rashidy-Pour, A. (2015). Effects of Environmental
Enrichment on Behavioral Deficits and Alterations in Hippocampal BDNF
Induced by Prenatal Exposure to Morphine in Juvenile Rats. Neuroscience 305,
372-383. doi:10.1016/j.neuroscience.2015.08.015

An, L, and Zhang, T. (2015). Prenatal Ethanol Exposure Impairs Spatial
Cognition and Synaptic Plasticity in Female Rats. AlcoholFayettev. NY) 49,
581-588. doi:10.1016/j.alcohol.2015.05.004

Anda, R. F,, Felitti, V. ]., Bremner, J. D., Walker, J. D., Whitfield, C., Perry, B. D,,
et al. (2006). The Enduring Effects of Abuse and Related Adverse Experiences in
Childhood: A Convergence of Evidence from Neurobiology and Epidemiology. Eur.
Arch. Psychiatry Clin. Neurosci. 256, 174-186. doi:10.1007/s00406-005-0624-4

Anker, J. J., and Carroll, M. E. (2011). Females Are More Vulnerable to Drug
Abuse Than Males: Evidence from Preclinical Studies and the Role of Ovarian
Hormones. Curr. Top. Behav. Neurosci. 8, 73-96. doi:10.1007/7854_2010_93

Aronoff, E., Hillyer, R., and Leon, M. (2016). Environmental Enrichment Therapy
for Autism: Outcomes with Increased Access. Neural Plast. 2016, 2734915. doi:10.
1155/2016/2734915

Aung, K. H,, Kyi-Tha-Thu, C,, Sano, K., Nakamura, K., Tanoue, A., Nohara, K.,
et al. (2016). Prenatal Exposure to Arsenic Impairs Behavioral Flexibility and
Cortical Structure in Mice. Front. Neurosci. 10, 137. doi:10.3389/fnins.2016.00137

Baier, C. J., Katunar, M. R., Adrover, E., Pallares, M. E., and Antonelli, M. C.
(2012). Gestational Restraint Stress and the Developing Dopaminergic System: An
Overview. Neurotox. Res. 22, 16-32. doi:10.1007/s12640-011-9305-4

Baldini, S., Restani, L., Baroncelli, L., Coltelli, M., Franco, R., Cenni, M. C,, et al.
(2013). Enriched Early Life Experiences Reduce Adult Anxiety-like Behavior in
Rats: a Role for Insulin-like Growth Factor 1. J. Neurosci. 33, 11715-11723. doi:10.
1523/JNEUROSCI.3541-12.2013

Ballesteros, C. I, de Oliveira Galvao, B., Maisonette, S., and Landeira-Fernandez,
J. (2014). Effect of Dorsal and Ventral Hippocampal Lesions on Contextual Fear
Conditioning and Unconditioned Defensive Behavior Induced by Electrical
Stimulation of the Dorsal Periaqueductal Gray. PloS one 9, €83342. doi:10.1371/
journal.pone.0083342

Barros, W., David, M., Souza, A., Silva, M., and Matos, R. (2019). Can the Effects of
Environmental Enrichment Modulate BDNF Expression in Hippocampal Plasticity?
A Systematic Review of Animal Studies. New York, NY: Synapse, €22103. doi:10.
1002/syn.22103

Barzegar, M., Sajjadi, F. S., Talaei, S. A., Hamidi, G., and Salami, M. (2015).
Prenatal Exposure to Noise Stress: Anxiety, Impaired Spatial Memory, and
Deteriorated Hippocampal Plasticity in Postnatal Life. Hippocampus 25,
187-196. doi:10.1002/hipo.22363

Bassey, R. B., and Gondre-Lewis, M. C. (2019). Combined Early Life Stressors:
Prenatal Nicotine and Maternal Deprivation Interact to Influence Affective and
Drug Seeking Behavioral Phenotypes in Rats. Behav. Brain Res. 359, 814-822.
doi:10.1016/j.bbr.2018.07.022

Baudin, A, Blot, K., Verney, C., Estevez, L., Santamaria, J., Gressens, P., et al.
(2012). Maternal Deprivation Induces Deficits in Temporal Memory and Cognitive
Flexibility and Exaggerates Synaptic Plasticity in the Rat Medial Prefrontal Cortex.
Neurobiol. Learn. Mem. 98, 207-214. doi:10.1016/j.nlm.2012.08.004

Baumans, V. (2005). Environmental Enrichment for Laboratory Rodents and
Rabbits: Requirements of Rodents, Rabbits, and Research. ILAR J. 46, 162-170.
doi:10.1093/ilar.46.2.162

Becker, J. B., and Koob, G. F. (2016). Sex Differences in Animal Models: Focus on
Addiction. Pharmacol. Rev. 68, 242-263. doi:10.1124/pr.115.011163

Beery, A. K, and Kaufer, D. (2015). Stress, Social Behavior, and Resilience:
Insights from Rodents. Neurobiol. Stress 1, 116-127. doi:10.1016/j.ynstr.2014.
10.004

Frontiers in Physiology

10.3389/fphys.2022.837661

affiliated organizations, or those of the publisher, the
editors and the reviewers. Any product that may be
evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Bellis, M. A., Hughes, K., Leckenby, N., Perkins, C., and Lowey, H. (2014).
National Household Survey of Adverse Childhood Experiences and Their
Relationship with Resilience to Health-Harming Behaviors in England. BMC
Med. 12, 72. doi:10.1186/1741-7015-12-72

Bengoetxea, X., Paternain, L., Martisova, E., Milagro, F. I, Martinez, J. A,
Campi6n, J., et al. (2017). Effects of Perinatal Diet and Prenatal Stress on the
Behavioural Profile of Aged Male and Female Rats. J. Psychopharmacol. 31,
356-364. doi:10.1177/0269881116686881

Benmhammed, H., El Hayek, S., Berkik, L, Elmostafi, H., Bousalham, R., Mesfioui,
A, et al. (2019). Animal Models of Early-Life Adversity. Methods Mol. Biol. 2011,
143-161. doi:10.1007/978-1-4939-9554-7_10

Bethell, C. D., Newacheck, P., Hawes, E., and Halfon, N. (2014). Adverse
Childhood Experiences: Assessing the Impact on Health and School
Engagement and the Mitigating Role of Resilience. Health Aff. 33, 2106-2115.
doi:10.1377/hlthaff.2014.0914

Bhagya, V. R, Srikumar, B. N,, Veena, J., and Shankaranarayana Rao, B. S. (2017).
Short-term Exposure to Enriched Environment Rescues Chronic Stress-Induced
Impaired Hippocampal Synaptic Plasticity, Anxiety, and Memory Deficits.
J. Neurosci. Res. 95, 1602-1610. doi:10.1002/jnr.23992

Bourin, M. (2015). Animal Models for Screening Anxiolytic-like Drugs: a
Perspective. Dialogues Clin. Neurosci. 17, 295-303. doi:10.31887/dcns.2015.17.3/
mbourin

Cahill, L. (2006). Why Sex Matters for Neuroscience. Nat. Rev. Neurosci. 7,
477-484. doi:10.1038/nrn1909

Campos, A. C,, Fogaga, M. V, Aguiar, D. C., and Guimaraes, F. S. (2013). Animal
Models of Anxiety Disorders and Stress. Braz. J. Psychiatry. 35, S101-S111. doi:10.
1590/1516-4446-2013-1139

Cannizzaro, C., Plescia, F., Martire, M., Gagliano, M., Cannizzaro, G., Mantia, G.,
et al. (2006). Single, Intense Prenatal Stress Decreases Emotionality and Enhances
Learning Performance in the Adolescent Rat Offspring: Interaction with a Brief,
Daily Maternal Separation. Behav. Brain Res. 169, 128-136. doi:10.1016/j.bbr.2005.
12.010

Cardenas, F., Lamprea, M. R., and Morato, S. (2001). Vibrissal Sense Is Not the
Main Sensory Modality in Rat Exploratory Behavior in the Elevated Plus-Maze.
Behav. Brain Res. 122, 169-174. doi:10.1016/s0166-4328(01)00180-2

Chen, B., Chen, Y., and Baram, T. Z. (2016). Toward Understanding How Early-
Life Stress Reprograms Cognitive and Emotional Brain Networks.
Neuropsychopharmacology 41, 197-206. doi:10.1038/npp.2015.181

Chen, R,, Zhang, Y.-R,, Cai, D.-G., and Su, Q. (2017). Effects of Prenatal Restraint
Stress on Neural Stem Cell Proliferation and Nestin Protein Expression in the
hippocampus of Offspring Rats. Sheng Li Xue Bao 69, 405-412.

Connors, E. J., Migliore, M. M., Pillsbury, S. L., Shaik, A. N., and Kentner, A.
C. (2015). Environmental Enrichment Models a Naturalistic Form of
Maternal Separation and Shapes the Anxiety Response Patterns of
Offspring. Psychoneuroendocrinology 52, 153-167. doi:10.1016/j.psyneuen.
2014.10.021

Couto, F. S. do, Batalha, V. L., Valadas, J. S., Data-Franca, J., Ribeiro, J. A., Lopes,
L. V., et al. (2012). Escitalopram Improves Memory Deficits Induced by Maternal
Separation in the Rat. Eur. J. Pharmacol. 695, 71-75. doi:10.1016/j.ejphar.2012.
08.020

Crawley, J. N. (2004). Designing Mouse Behavioral Tasks Relevant to Autistic-like
Behaviors. Ment. Retard. Dev. Disabil. Res. Rev. 10, 248-258. doi:10.1002/mrdd.
20039

Crawley, J. N. (2007). Mouse Behavioral Assays Relevant to the Symptoms of
Autism. Brain Pathol. 17, 448-459. doi:10.1111/j.1750-3639.2007.00096.x

Cui, M, Yang, Y., Yang, J., Zhang, J., Han, H., Ma, W, et al. (2006). Enriched
Environment Experience Overcomes the Memory Deficits and Depressive-like
Behavior Induced by Early Life Stress. Neurosci. Lett. 404, 208-212. doi:10.1016/
j.neulet.2006.05.048

Dahlqvist, P., Ronnback, A., Bergstrom, S.-A. A., Soderstrom, I., and Olsson, T.
(2004). Environmental Enrichment Reverses Learning Impairment in the Morris

frontiersin.org


https://doi.org/10.1007/s10517-020-04790-0
https://doi.org/10.1007/s10517-020-04790-0
https://doi.org/10.1016/j.neuroscience.2015.08.015
https://doi.org/10.1016/j.alcohol.2015.05.004
https://doi.org/10.1007/s00406-005-0624-4
https://doi.org/10.1007/7854_2010_93
https://doi.org/10.1155/2016/2734915
https://doi.org/10.1155/2016/2734915
https://doi.org/10.3389/fnins.2016.00137
https://doi.org/10.1007/s12640-011-9305-4
https://doi.org/10.1523/JNEUROSCI.3541-12.2013
https://doi.org/10.1523/JNEUROSCI.3541-12.2013
https://doi.org/10.1371/journal.pone.0083342
https://doi.org/10.1371/journal.pone.0083342
https://doi.org/10.1002/syn.22103
https://doi.org/10.1002/syn.22103
https://doi.org/10.1002/hipo.22363
https://doi.org/10.1016/j.bbr.2018.07.022
https://doi.org/10.1016/j.nlm.2012.08.004
https://doi.org/10.1093/ilar.46.2.162
https://doi.org/10.1124/pr.115.011163
https://doi.org/10.1016/j.ynstr.2014.10.004
https://doi.org/10.1016/j.ynstr.2014.10.004
https://doi.org/10.1186/1741-7015-12-72
https://doi.org/10.1177/0269881116686881
https://doi.org/10.1007/978-1-4939-9554-7_10
https://doi.org/10.1377/hlthaff.2014.0914
https://doi.org/10.1002/jnr.23992
https://doi.org/10.31887/dcns.2015.17.3/mbourin
https://doi.org/10.31887/dcns.2015.17.3/mbourin
https://doi.org/10.1038/nrn1909
https://doi.org/10.1590/1516-4446-2013-1139
https://doi.org/10.1590/1516-4446-2013-1139
https://doi.org/10.1016/j.bbr.2005.12.010
https://doi.org/10.1016/j.bbr.2005.12.010
https://doi.org/10.1016/s0166-4328(01)00180-2
https://doi.org/10.1038/npp.2015.181
https://doi.org/10.1016/j.psyneuen.2014.10.021
https://doi.org/10.1016/j.psyneuen.2014.10.021
https://doi.org/10.1016/j.ejphar.2012.08.020
https://doi.org/10.1016/j.ejphar.2012.08.020
https://doi.org/10.1002/mrdd.20039
https://doi.org/10.1002/mrdd.20039
https://doi.org/10.1111/j.1750-3639.2007.00096.x
https://doi.org/10.1016/j.neulet.2006.05.048
https://doi.org/10.1016/j.neulet.2006.05.048
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2022.837661

Corredor et al.

Water Maze after Focal Cerebral Ischemia in Rats. Eur. J. Neurosci. 19, 2288-2298.
doi:10.1111/j.0953-816X.2004.03248.x

Dandi, E., Kalamari, A., Touloumi, O., Lagoudaki, R., Nousiopoulou, E.,
Simeonidou, C., et al. (2018). Beneficial Effects of Environmental Enrichment
on Behavior, Stress Reactivity and Synaptophysin/BDNF Expression in
hippocampus Following Early Life Stress. Int. J. Dev. Neurosci. 67, 19-32.
doi:10.1016/j.ijdevnen.2018.03.003

de Sousa, D. P., de Almeida Soares Hocayen, P., Andrade, L. N., and Andreatini,
R. (2015). A Systematic Review of the Anxiolytic-like Effects of Essential Oils in
Animal Models. Mol. (Basel, Switz. 20, 18620-18660. doi:10.3390/
molecules201018620

Diamond, M. C., Rosenzweig, M. R, Bennett, E. L., Lindner, B., and Lyon, L.
(1972). Effects of Environmental Enrichment and Impoverishment on Rat Cerebral
Cortex. J. Neurobiol. 3, 47-64. doi:10.1002/neu.480030105

Diehl, L. A., Alvares, L. O., Noschang, C., Engelke, D., Andreazza, A. C,
Goncalves, C. A. S, et al. (2012). Long-lasting Effects of Maternal Separation on
an Animal Model of Post-traumatic Stress Disorder: Effects on Memory and
Hippocampal Oxidative Stress. Neurochem. Res. 37, 700-707. doi:10.1007/
$11064-011-0660-6

do Prado, C. H,, Narahari, T., Holland, F. H., Lee, H.-N., Murthy, S. K., and
Brenhouse, H. C. (2016). Effects of Early Adolescent Environmental Enrichment on
Cognitive Dysfunction, Prefrontal Cortex Development, and Inflammatory
Cytokines after Early Life Stress. Dev. Psychobiol. 58, 482-491. doi:10.1002/dev.
21390

Drugan, R. C,, Basile, A. S., Ha, J. H., Healy, D., and Ferland, R. J. (1997). Analysis
of the Importance of Controllable versus Uncontrollable Stress on Subsequent
Behavioral and Physiological Functioning. Brain Res. Brain Res. Protoc. 2, 69-74.
doi:10.1016/s1385-299x(97)00031-7

Emack, J., and Matthews, S. G. (2011). Effects of Chronic Maternal Stress on
Hypothalamo-Pituitary-Adrenal (HPA) Function and Behavior: No Reversal by
Environmental Enrichment. Horm. Behav. 60, 589-598. doi:10.1016/j.yhbeh.2011.
08.008

Feldman, R. (2015). Sensitive Periods in Human Social Development: New
Insights from Research on Oxytocin, Synchrony, and High-Risk Parenting. Dev.
Psychopathol. 27, 369-395. doi:10.1017/50954579415000048

Filipkowski, K. B., Heron, K. E., and Smyth, J. M. (2016). Early Adverse
Experiences and Health: The Transition to College. Am. J. Health Behav. 40,
717-728. doi:10.5993/AJHB.40.6.4

Finkelhor, D., Shattuck, A., Turner, H., and Hamby, S. (2013). Improving the
Adverse Childhood Experiences Study Scale. JAMA Pediatr. 167, 70-75. doi:10.
1001/jamapediatrics.2013.420

Francis, D. D., Diorio, J., Plotsky, P. M., Meaney, M. ], and Et, A. (2002).
Environmental Enrichment Reverses the Effects of Maternal Separation on Stress
Reactivity. J. Neurosci. 22, 7840-7843. doi:10.1523/jneurosci.22-18-07840.2002

Fumagalli, F., Molteni, R, Racagni, G., and Riva, M. A. (2007). Stress during
Development: Impact on Neuroplasticity and Relevance to Psychopathology. Prog.
Neurobiol. 81, 197-217. doi:10.1016/j.pneurobio.2007.01.002

Galea, L. A. M, Leuner, B, and Slattery, D. A. (2014). Hippocampal Plasticity
during the Peripartum Period: Influence of Sex Steroids, Stress and Ageing.
J. Neuroendocrinol. 26, 641-648. doi:10.1111/jne.12177

Galeano, P., Blanco, E., Logica Tornatore, T. M. A,, Romero, J. I, Holubiec, M. I,
RodrAguez de Fonseca, F., et al. (2014). Life-long Environmental Enrichment
Counteracts Spatial Learning, Reference and Working Memory Deficits in Middle-
Aged Rats Subjected to Perinatal Asphyxia. Front. Behav. Neurosci. 8, 406. doi:10.
3389/fnbeh.2014.00406

Garcia, A. R., Gupta, M., Greeson, J. K. P., Thompson, A., and DeNard, C. (2017).
Adverse Childhood Experiences Among Youth Reported to Child Welfare: Results
from the National Survey of Child & Adolescent Wellbeing. Child. Abuse Negl. 70,
292-302. doi:10.1016/j.chiabu.2017.06.019

Gilgoff, R., Singh, L., Koita, K., Gentile, B., and Marques, S. S. (2020). Adverse
Childhood Experiences, Outcomes, and Interventions. Pediatr. Clin. North Am. 67,
259-273. doi:10.1016/j.pcl.2019.12.001

Girbovan, C., and Plamondon, H. (2013). Environmental Enrichment in Female
Rodents: Considerations in the Effects on Behavior and Biochemical Markers.
Behav. Brain Res. 253, 178-190. doi:10.1016/j.bbr.2013.07.018

Gomez-Gonzalez, B., and Escobar, A. (2009). Altered Functional Development of
the Blood-Brain Barrier after Early Life Stress in the Rat. Brain Res. Bull. 79,
376-387. doi:10.1016/j.brainresbull.2009.05.012

Gong, X., Chen, Y., Chang, J., Huang, Y., Cai, M., and Zhang, M. (2018).
Environmental Enrichment Reduces Adolescent Anxiety- and Depression-like
Behaviors of Rats Subjected to Infant Nerve Injury. J. Neuroinflammation 15,
262. doi:10.1186/s12974-018-1301-7

Frontiers in Physiology

10.3389/fphys.2022.837661

Gorka, A. X., Hanson, J. L., Radtke, S. R., and Hariri, A. R. (2014). Reduced
Hippocampal and Medial Prefrontal Gray Matter Mediate the Association between
Reported Childhood Maltreatment and Trait Anxiety in Adulthood and Predict
Sensitivity to Future Life Stress. Biol. Mood Anxiety Disord. 4, 12. doi:10.1186/2045-
5380-4-12

Green, R. E.,, Melo, B., Christensen, B., Ngo, L., and Skene, C. (2006). Evidence of
Transient Enhancement to Cognitive Functioning in Healthy Young Adults
through Environmental Enrichment: Implications for Rehabilitation after Brain
Injury. Brain Cogn. 60, 201-203.

Green, T., Flash, S., and Reiss, A. L. (2019). Sex Differences in Psychiatric
Disorders: what We Can Learn from Sex Chromosome Aneuploidies.
Neuropsychopharmacology 44, 9-21. doi:10.1038/s41386-018-0153-2

Grimm, J. W., and Sauter, F. (2020). Environmental Enrichment Reduces Food
Seeking and Taking in Rats: A Review. Pharmacol. Biochem. Behav. 190, 172874.
doi:10.1016/j.pbb.2020.172874

Halperin, J. M., and Healey, D. M. (2011). The Influences of Environmental
Enrichment, Cognitive Enhancement, and Physical Exercise on Brain
Development: Can We Alter the Developmental Trajectory of ADHD? Neurosci.
Biobehav. Rev. 35, 621-634. doi:10.1016/j.neubiorev.2010.07.006

Hannan, A. J. (2014). Environmental Enrichment and Brain Repair: Harnessing
the Therapeutic Effects of Cognitive Stimulation and Physical Activity to Enhance
Experience-dependent Plasticity. Neuropathol. Appl. Neurobiol. 40, 13-25. doi:10.
1111/nan.12102

Heim, C., and Nemeroff, C. B. (2001). The Role of Childhood Trauma in the
Neurobiology of Mood and Anxiety Disorders: Preclinical and Clinical Studies. Biol.
Psychiatry 49, 1023-1039. doi:10.1016/s0006-3223(01)01157-x

Hendershott, T. R., Cronin, M. E., Langella, S., McGuinness, P. S., and Basu, A. C.
(2016). Effects of Environmental Enrichment on Anxiety-like Behavior, Sociability,
Sensory Gating, and Spatial Learning in Male and Female C57BL/6] Mice. Behav.
Brain Res. 314, 215-225. doi:10.1016/j.bbr.2016.08.004

Hobbiesiefken, U., Mieske, P., Lewejohann, L., and Diederich, K. (2021).
Evaluation of Different Types of Enrichment - Their Usage and Effect on Home
Cage Behavior in Female Mice. PloS one 16, €0261876. doi:10.1371/journal.pone.
0261876

Holland, F. H., Ganguly, P., Potter, D. N., Chartoff, E. H., and Brenhouse, H. C.
(2014). Early Life Stress Disrupts Social Behavior and Prefrontal Cortex
Parvalbumin Interneurons at an Earlier Time-point in Females Than in Males.
Neurosci. Lett. 566, 131-136. doi:10.1016/j.neulet.2014.02.023

Holubova, A., Lukdkova, I, Tomasova, N., Suhajdova, M., and Slamberova, R.
(2018). Early Postnatal Stress Impairs Cognitive Functions of Male Rats Persisting
until Adulthood. Front. Behav. Neurosci. 12, 176. doi:10.3389/fnbeh.2018.00176

Huerta-Cervantes, M., Pena-Montes, D. J., Montoya-Perez, R, Trujillo, X,
Huerta, M., Lopez-Vazquez, M. A., et al. (2020). Gestational Diabetes Triggers
Oxidative Stress in Hippocampus and Cerebral Cortex and Cognitive Behavior
Modifications in Rat Offspring: Age- and Sex-dependent Effects. Nutrients 12, E376.
doi:10.3390/nu12020376

Hui, J.-J., Zhang, Z.-J., Liu, S.-S., Xi, G.-]., Zhang, X.-R,, Teng, G.-], et al. (2011).
Hippocampal Neurochemistry Is Involved in the Behavioural Effects of Neonatal
Maternal Separation and Their Reversal by Post-weaning Environmental
Enrichment: a Magnetic Resonance Study. Behav. Brain Res. 217, 122-127.
doi:10.1016/j.bbr.2010.10.014

Hullinger, R., O’Riordan, K., and Burger, C. (2015). Environmental Enrichment
Improves Learning and Memory and Long-Term Potentiation in Young Adult Rats
through a Mechanism Requiring mGluR5 Signaling and Sustained Activation of
P70s6k. Neurobiol. Learn. Mem. 125, 126-134. doi:10.1016/j.nlm.2015.08.006

Ishola, I. O., Balogun, A. O., and Adeyemi, O. O. (2020). Novel Potential of
Metformin on Valproic Acid-Induced Autism Spectrum Disorder in Rats:
Involvement of Antioxidant Defence System. Fundam. Clin. Pharmacol. 34,
650-661. doi:10.1111/fcp.12567

Iverson, K., McLaughlin, K., Adair, K., and Monson, C. (2013). Anger-related
Dysregulation as a Factor Linking Childhood Physical Abuse and Interparental
Violence to Intimate Partner Violence Experiences. Violence Vict. 29, 564-578.
doi:10.1891/0886-6708.vv-d-12-00125

Kambali, A., Kutty, M., and Muddashetty, R. S. (2019). Effect of Early Maternal
Separation Stress on Attention, Spatial Learning and Social Interaction Behaviour.
Exp. Brain Res. 237, 1993-2010. doi:10.1007/s00221-019-05567-2

Keeley, R. J., Bye, C.,, Trow, J., and McDonald, R. J. (2014). Strain and Sex
Differences in Brain and Behaviour of Adult Rats: Learning and Memory, Anxiety
and Volumetric Estimates. Behav. Brain Res. 288, 118-131. doi:10.1016/j.bbr.2014.
10.039

Keeley, R. J., Trow, J., and McDonald, R. J. (2015). Strain and Sex Differences in
Puberty Onset and the Effects of THC Administration on Weight Gain and Brain
Volumes. Neuroscience 305, 328-342. doi:10.1016/j.neuroscience.2015.07.024

frontiersin.org


https://doi.org/10.1111/j.0953-816X.2004.03248.x
https://doi.org/10.1016/j.ijdevneu.2018.03.003
https://doi.org/10.3390/molecules201018620
https://doi.org/10.3390/molecules201018620
https://doi.org/10.1002/neu.480030105
https://doi.org/10.1007/s11064-011-0660-6
https://doi.org/10.1007/s11064-011-0660-6
https://doi.org/10.1002/dev.21390
https://doi.org/10.1002/dev.21390
https://doi.org/10.1016/s1385-299x(97)00031-7
https://doi.org/10.1016/j.yhbeh.2011.08.008
https://doi.org/10.1016/j.yhbeh.2011.08.008
https://doi.org/10.1017/S0954579415000048
https://doi.org/10.5993/AJHB.40.6.4
https://doi.org/10.1001/jamapediatrics.2013.420
https://doi.org/10.1001/jamapediatrics.2013.420
https://doi.org/10.1523/jneurosci.22-18-07840.2002
https://doi.org/10.1016/j.pneurobio.2007.01.002
https://doi.org/10.1111/jne.12177
https://doi.org/10.3389/fnbeh.2014.00406
https://doi.org/10.3389/fnbeh.2014.00406
https://doi.org/10.1016/j.chiabu.2017.06.019
https://doi.org/10.1016/j.pcl.2019.12.001
https://doi.org/10.1016/j.bbr.2013.07.018
https://doi.org/10.1016/j.brainresbull.2009.05.012
https://doi.org/10.1186/s12974-018-1301-7
https://doi.org/10.1186/2045-5380-4-12
https://doi.org/10.1186/2045-5380-4-12
https://doi.org/10.1038/s41386-018-0153-2
https://doi.org/10.1016/j.pbb.2020.172874
https://doi.org/10.1016/j.neubiorev.2010.07.006
https://doi.org/10.1111/nan.12102
https://doi.org/10.1111/nan.12102
https://doi.org/10.1016/s0006-3223(01)01157-x
https://doi.org/10.1016/j.bbr.2016.08.004
https://doi.org/10.1371/journal.pone.0261876
https://doi.org/10.1371/journal.pone.0261876
https://doi.org/10.1016/j.neulet.2014.02.023
https://doi.org/10.3389/fnbeh.2018.00176
https://doi.org/10.3390/nu12020376
https://doi.org/10.1016/j.bbr.2010.10.014
https://doi.org/10.1016/j.nlm.2015.08.006
https://doi.org/10.1111/fcp.12567
https://doi.org/10.1891/0886-6708.vv-d-12-00125
https://doi.org/10.1007/s00221-019-05567-2
https://doi.org/10.1016/j.bbr.2014.10.039
https://doi.org/10.1016/j.bbr.2014.10.039
https://doi.org/10.1016/j.neuroscience.2015.07.024
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2022.837661

Corredor et al.

Kentrop, J., Smid, C. R, Achterberg, E. J. M., van Ijzendoorn, M. H., Bakermans-
Kranenburg, M. ], Joéls, M., et al. (2018). Effects of Maternal Deprivation and
Complex Housing on Rat Social Behavior in Adolescence and Adulthood. Front.
Behav. Neurosci. 12, 193. doi:10.3389/fnbeh.2018.00193

Kokras, N., Antoniou, K., Mikail, H. G., Kafetzopoulos, V., Papadopoulou-
Daifoti, Z., and Dalla, C. (2015). Forced Swim Test: What about Females?.
Neuropharmacology 99, 408-421. doi:10.1016/j.neuropharm.2015.03.016

Kompier, N. F., Keysers, C., Gazzola, V., Lucassen, P. J., and Krugers, H. J. (2019).
Early Life Adversity and Adult Social Behavior: Focus on Arginine Vasopressin and
Oxytocin as Potential Mediators. Front. Behav. Neurosci. 13, 143. doi:10.3389/
fnbeh.2019.00143

Krugers, H. J., Arp, J. M., Xiong, H., Kanatsou, S., Lesuis, S. L., Korosi, A., et al.
(2017). Early Life Adversity: Lasting Consequences for Emotional Learning.
Neurobiol. Stress 6, 14-21. doi:10.1016/j.ynstr.2016.11.005

Kutner, M. H., Nachtsheim, C. J., Neter, J., and Li, W. (2005). Applied linear
statistical models. New York, NY: McGraw-Hill Irwin.

Lam, V. Y. Y, Raineki, C,, Ellis, L., Yu, W., and Weinberg, J. (2018). Interactive
Effects of Prenatal Alcohol Exposure and Chronic Stress in Adulthood on Anxiety-
like Behavior and Central Stress-Related Receptor mRNA Expression: Sex- and
Time-dependent Effects. Psychoneuroendocrinology 97, 8-19. doi:10.1016/j.
psyneuen.2018.06.018

Lam, V. Y. Y., Raineki, C., Wang, L. Y., Chiu, M,, Lee, G., Ellis, L., et al. (2019).
Role of Corticosterone in Anxiety- and Depressive-like Behavior and HPA
Regulation Following Prenatal Alcohol Exposure. Prog. Neuropsychopharmacol.
Biol. Psychiatry 90, 1-15. doi:10.1016/j.pnpbp.2018.10.008

Lamprea, M. R,, Garcia, A. M. B,, and Morato, S. (2010). Effects of Reversible
Inactivation of the Medial Septum on Rat Exploratory Behavior in the Elevated
Plus-Maze Using a Test-Retest Paradigm. Behav. Brain Res. 210, 67-73. doi:10.
1016/j.bbr.2010.02.011

Li, L., and Tang, B. L. (2005). Environmental Enrichment and Neurodegenerative
Diseases. Biochem. Biophys. Res. Commun. 334, 293-297. doi:10.1016/j.bbrc.2005.
05.162

Li, Q., Cheng, D., Chen, R,, Cai, Q,, Jia, N,, Su, Q., et al. (2014). Expression
of Neurogranin in hippocampus of Rat Offspring Exposed to Restraint Stress
and Pulsed Magnetic Fields. Brain Res. 1570, 26-34. doi:10.1016/j.brainres.
2014.05.002

Liao, L., Wang, X., Yao, X,, Zhang, B., Zhou, L., and Huang, J. (2019). Gestational
Stress Induced Differential Expression of HDAC2 in Male Rat Offspring
hippocampus during Development. Neurosci. Res. 147, 9-16. doi:10.1016/j.
neures.2018.11.006

Livingston-Thomas, J., Nelson, P., Karthikeyan, S., Antonescu, S., Jeffers, M. S.,
Marzolini, S., et al. (2016). Exercise and Environmental Enrichment as Enablers of
Task-specific Neuroplasticity and Stroke Recovery. Neurotherapeutics 13, 395-402.
doi:10.1007/s13311-016-0423-9

Lovallo, W. R, Farag, N. H., Sorocco, K. H., Acheson, A., Cohoon, A. J., and
Vincent, A. S. (2013). Early Life Adversity Contributes to Impaired Cognition and
Impulsive Behavior: Studies from the Oklahoma Family Health Patterns Project.
Alcohol. Clin. Exp. Res. 37, 616-623. doi:10.1111/acer.12016

Maniam, J., Antoniadis, C. P., Le, V., and Morris, M. J. (2016). A Diet High in Fat
and Sugar Reverses Anxiety-like Behaviour Induced by Limited Nesting in Male
Rats: Impacts on Hippocampal Markers. Psychoneuroendocrinology 68, 202-209.
doi:10.1016/j.psyneuen.2016.03.007

Martinez, G. S. (2008). El Maltrato Infantil: Mecanismos Subyacentes. Av. Psicol.
Latinoam. 26, 171-179.

McLaughlin, K. A. (2016). Future Directions in Childhood Adversity and Youth
Psychopathology. J. Clin. Child. Adolesc. Psychol. 45, 361-382. doi:10.1080/
15374416.2015.1110823

McLaughlin, K. A., Sheridan, M. A., and Lambert, H. K. (2014). Childhood
Adversity and Neural Development: Deprivation and Threat as Distinct
Dimensions of Early Experience. Neurosci. Biobehav. Rev. 47, 578-591. doi:10.
1016/j.neubiorev.2014.10.012

Menezes, J., Souto das Neves, B. H., Gongalves, R., Benetti, F., and Mello-Carpes,
P. B. (2020). Maternal Deprivation Impairs Memory and Cognitive Flexibility,
Effect that Is Avoided by Environmental Enrichment. Behav. Brain Res. 381,
112468-112469. doi:10.1016/j.bbr.2020.112468

Mesa-Gresa, P., Ramos-Campos, M., and Redolat, R. (2013). Enriched
Environments for Rodents and Their Interaction with Nicotine Administration.
Curr. Drug Abuse Rev. 6, 191-200. doi:10.2174/187447370603140401224222

Milgram, N. W., Siwak-Tapp, C. T., Araujo, ], and Head, E. (2006).
Neuroprotective Effects of Cognitive Enrichment. Ageing Res. Rev. 5, 354-369.
doi:10.1016/j.arr.2006.04.004

Frontiers in Physiology

19

10.3389/fphys.2022.837661

Miller, L. R., Marks, C., Becker, J. B., Hurn, P. D., Chen, W. J., Woodruff, T., et al.
(2017). Considering Sex as a Biological Variable in Preclinical Research. FASEB J.
31, 29-34. doi:10.1096/1j.201600781R

Moffett, M. C,, Vicentic, A., Kozel, M., Plotsky, P., Francis, D. D., and Kuhar, M. J.
(2007). Maternal Separation Alters Drug Intake Patterns in Adulthood in Rats.
Biochem. Pharmacol. 73, 321-330. doi:10.1016/j.bcp.2006.08.003

Mora-Gallegos, A., Rojas-Carvajal, M., Salas, S., Saborio-Arce, A., Fornaguera-
Trias, ], and Brenes, J. (2015). Age-dependent Effects of Environmental
Enrichment on Spatial Memory and Neurochemistry. Neurobiol. Learn. Mem.
118, 96-104. doi:10.1016/j.n1m.2014.11.012

Nemeroff, C. B. (2004). Neurobiological Consequences of Childhood Trauma.
J. Clin. Psychiatry 65, 18-28.

Nithianantharajah, J., and Hannan, A. J. (2006). Enriched Environments,
Experience-dependent Plasticity and Disorders of the Nervous System. Nat. Rev.
Neurosci. 7, 697-709. do0i:10.1038/nrn1970

Nowakowska, E., Kus, K., Ratajczak, P., Cichocki, M., and Wozniak, A. (2014).
The Influence of Aripiprazole, Olanzapine and Enriched Environment on
Depressant-like Behavior, Spatial Memory Dysfunction and Hippocampal Level
of BDNF in Prenatally Stressed Rats. Pharmacol. Rep. 66, 404-411. doi:10.1016/j.
pharep.2013.12.008

Nuiiez, J. (2021). Pobreza infantil: efectos de la crisis social generada por la
pandemia de la COVID-19. Fedesarrollo. Available at: https://repository.
fedesarrollo.org.co/handle/11445/4077.

Ohline, S. M., and Abraham, W. C. (2019). Environmental Enrichment Effects on
Synaptic and Cellular Physiology of Hippocampal Neurons. Neuropharmacology
145, 3-12. doi:10.1016/j.neuropharm.2018.04.007

Osborn, J. A, Kim, C. K., Steiger, J., and Weinberg, J. (1998). Prenatal Ethanol
Exposure Differentially Alters Behavior in Males and Females on the Elevated Plus
Maze. Alcohol. Clin. Exp. Res. 22, 685-696. doi:10.1111/j.1530-0277.1998.tb04312.x

Overmier, J. B., and Seligman, M. E. (1967). Effects of Inescapable Shock upon
Subsequent Escape and Avoidance Responding. J. Comp. Physiol. Psychol. 63,
28-33. doi:10.1037/h0024166

Paez-Martinez, N., Flores-Serrano, Z., Ortiz-Lopez, L., and Ramirez-Rodriguez,
G. (2013). Environmental Enrichment Increases Doublecortin-Associated New
Neurons and Decreases Neuronal Death without Modifying Anxiety-like
Behavior in Mice Chronically Exposed to Toluene. Behav. Brain Res. 256,
432-440. doi:10.1016/j.bbr.2013.09.007

Palanza, P. (2001). Animal Models of Anxiety and Depression: How Are Females
Different? Neurosci. Biobehav. Rev. 25, 219-233. doi:10.1016/s0149-7634(01)
00010-0

Pamplona, F. A., Pandolfo, P., Savoldi, R., Prediger, R. D. S., and Takahashi, R. N.
(2009). Environmental Enrichment Improves Cognitive Deficits in Spontaneously
Hypertensive Rats (SHR): Relevance for Attention Deficit/Hyperactivity Disorder
(ADHD). Prog. Neuropsychopharmacol. Biol. Psychiatry 33, 1153-1160. doi:10.
1016/}.pnpbp.2009.06.012

Parks, E. A, McMechan, A. P., Hannigan, J. H., and Berman, R. F. (2008).
Environmental Enrichment Alters Neurotrophin Levels after Fetal Alcohol
Exposure in Rats. Alcohol. Clin. Exp. Res. 32, 1741-1751. doi:10.1111/j.1530-
0277.2008.00759.x

Paul, C. A, Beltz, B, and Berger-Sweeney, J. (2007). Testing Spatial and
Nonspatial Learning Using a Morris Water Maze. Cold Spring Harb. Protoc.,
pdb.prot4801. doi:10.1101/pdb.prot4801

Paxinos, G., and Watson, C. (2006). The Rat Brain in Stereotaxic Coordinates:
Hard Cover Edition. Elsevier.

Pinares-Garcia, P., Stratikopoulos, M., Zagato, A., Loke, H., and Lee, J. (2018).
Sex: A Significant Risk Factor for Neurodevelopmental and Neurodegenerative
Disorders. Brain Sci. 8, E154. doi:10.3390/brainsci8080154

Pinelli, C. J., Leri, F., and Turner, P. V. (2017). Long Term Physiologic and
Behavioural Effects of Housing Density and Environmental Resource Provision for
Adult Male and Female Sprague Dawley Rats. Animals 7. doi:10.3390/ani7060044

Pipova Kokosovd, N., Kiskova, T., Vilhanova, K., Stafurikovd, A., Jendzelovsky,
R., Racekova, E., et al. (2020). Melatonin Mitigates Hippocampal and Cognitive
Impairments Caused by Prenatal Irradiation. Eur. J. Neurosci. 52, 3575-3594.
doi:10.1111/ejn.14687

Postel, C., Mary, A., Dayan, J., Fraisse, F., Vallée, T., Guillery-Girard, B., et al.
(2021). Variations in Response to Trauma and Hippocampal Subfield Changes.
Neurobiol. Stress 15, 100346. doi:10.1016/j.ynstr.2021.100346

Prusator, D. K., and Greenwood-Van Meerveld, B. (2015). Gender Specific Effects
of Neonatal Limited Nesting on Viscerosomatic Sensitivity and Anxiety-like
Behavior in Adult Rats. Neurogastroenterol. Motil. 27, 72-81. doi:10.1111/nmo.
12472

frontiersin.org


https://doi.org/10.3389/fnbeh.2018.00193
https://doi.org/10.1016/j.neuropharm.2015.03.016
https://doi.org/10.3389/fnbeh.2019.00143
https://doi.org/10.3389/fnbeh.2019.00143
https://doi.org/10.1016/j.ynstr.2016.11.005
https://doi.org/10.1016/j.psyneuen.2018.06.018
https://doi.org/10.1016/j.psyneuen.2018.06.018
https://doi.org/10.1016/j.pnpbp.2018.10.008
https://doi.org/10.1016/j.bbr.2010.02.011
https://doi.org/10.1016/j.bbr.2010.02.011
https://doi.org/10.1016/j.bbrc.2005.05.162
https://doi.org/10.1016/j.bbrc.2005.05.162
https://doi.org/10.1016/j.brainres.2014.05.002
https://doi.org/10.1016/j.brainres.2014.05.002
https://doi.org/10.1016/j.neures.2018.11.006
https://doi.org/10.1016/j.neures.2018.11.006
https://doi.org/10.1007/s13311-016-0423-9
https://doi.org/10.1111/acer.12016
https://doi.org/10.1016/j.psyneuen.2016.03.007
https://doi.org/10.1080/15374416.2015.1110823
https://doi.org/10.1080/15374416.2015.1110823
https://doi.org/10.1016/j.neubiorev.2014.10.012
https://doi.org/10.1016/j.neubiorev.2014.10.012
https://doi.org/10.1016/j.bbr.2020.112468
https://doi.org/10.2174/187447370603140401224222
https://doi.org/10.1016/j.arr.2006.04.004
https://doi.org/10.1096/fj.201600781R
https://doi.org/10.1016/j.bcp.2006.08.003
https://doi.org/10.1016/j.nlm.2014.11.012
https://doi.org/10.1038/nrn1970
https://doi.org/10.1016/j.pharep.2013.12.008
https://doi.org/10.1016/j.pharep.2013.12.008
https://repository.fedesarrollo.org.co/handle/11445/4077
https://repository.fedesarrollo.org.co/handle/11445/4077
https://doi.org/10.1016/j.neuropharm.2018.04.007
https://doi.org/10.1111/j.1530-0277.1998.tb04312.x
https://doi.org/10.1037/h0024166
https://doi.org/10.1016/j.bbr.2013.09.007
https://doi.org/10.1016/s0149-7634(01)00010-0
https://doi.org/10.1016/s0149-7634(01)00010-0
https://doi.org/10.1016/j.pnpbp.2009.06.012
https://doi.org/10.1016/j.pnpbp.2009.06.012
https://doi.org/10.1111/j.1530-0277.2008.00759.x
https://doi.org/10.1111/j.1530-0277.2008.00759.x
https://doi.org/10.1101/pdb.prot4801
https://doi.org/10.3390/brainsci8080154
https://doi.org/10.3390/ani7060044
https://doi.org/10.1111/ejn.14687
https://doi.org/10.1016/j.ynstr.2021.100346
https://doi.org/10.1111/nmo.12472
https://doi.org/10.1111/nmo.12472
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2022.837661

Corredor et al.

R Core Team (2018). R: A language and environment for statistical computing.
Vienna, Austriaz R Foundation for Statistical Computing. https://www.
Rproject.org/.

Ratajczak, P., Nowakowska, E., Kus, K., Danielewicz, R., Herman, S., and
Wozniak, A. (2014). Neuroleptics and Enrichment Environment Treatment in
Memory Disorders and Other Central Nervous System Function Observed in
Prenatally Stressed Rats. Hum. Exp. Toxicol. 34, 526-537. doi:10.1177/
0960327114543934

Redolat, R., and Mesa-Gresa, P. (2011). Potential Benefits and Limitations of
Enriched Environments and Cognitive Activity on Age-Related Behavioural
Decline. Curr. Top. Behav. Neurosci. 10, 293-316. doi:10.1007/7854_2011_134

Sadeghinezhad, J., and Amrein, I. (2021). Stereological Analysis of hippocampus
in Rat Treated with Chemotherapeutic Agent Oxaliplatin. Folia Morphol. 80, 26-32.
doi:10.5603/FM.a2020.0031

Saland, S. K., and Rodefer, J. S. (2011). Environmental Enrichment Ameliorates
Phencyclidine-Induced Cognitive Deficits. Pharmacol. Biochem. Behav. 98,
455-461. doi:10.1016/j.pbb.2011.02.014

Salinas-Miranda, A. A., Salemi, J. L., King, L. M., Baldwin, J. A., Berry, E. Lo,
Austin, D. A, et al. (2015). Adverse Childhood Experiences and Health-Related
Quality of Life in Adulthood: Revelations from a Community Needs Assessment.
Health Qual. Life Outcomes 13, 123. doi:10.1186/s12955-015-0323-4

Sampedro-Piquero, P., Zancada-Menendez, C., and Begega, A. (2015). Housing
Condition-Related Changes Involved in Reversal Learning and its C-Fos Associated
Activity in the Prefrontal Cortex. Neuroscience 307, 14-25. doi:10.1016/j.
neuroscience.2015.08.038

Sanchez, M. M, Ladd, C. O, Plotsky, P. M., Sanchez, M. M., Ladd, C. O., Plotsky,
P. M., et al. (2001). Early Adverse Experience as a Developmental Risk Factor for
Later Psychopathology: Evidence from Rodent and Primate Models. Dev.
Psychopathol. 13, 419-449. doi:10.1017/50954579401003029

Schoenfeld, T. J., McCausland, H. C., Morris, H. D., Padmanaban, V., and
Cameron, H. A. (2017). Stress and Loss of Adult Neurogenesis Differentially
Reduce Hippocampal Volume. Biol. Psychiatry 82, 914-923. doi:10.1016/j.
biopsych.2017.05.013

Scholl, J. L., Afzal, A., Fox, L. C., Watt, M. ], and Forster, G. L. (2019). Sex
Differences in Anxiety-like Behaviors in Rats. Physiol. Behav. 211, 112670. doi:10.
1016/j.physbeh.2019.112670

Schroeder, M., Sultany, T., and Weller, A. (2013). Prenatal Stress Effects on
Emotion Regulation Differ by Genotype and Sex in Prepubertal Rats. Dev.
Psychobiol. 55, 176-192. doi:10.1002/dev.21010

Sheline, Y. I. (1996). Hippocampal Atrophy in Major Depression: a Result of
Depression-Induced Neurotoxicity? Mol. Psychiatry 1, 298-299.

Skwara, A. J., Karwoski, T. E., Czambel, R. K., Rubin, R. T., and Rhodes, M. E.
(2012). Influence of Environmental Enrichment on Hypothalamic-Pituitary-
Adrenal (HPA) Responses to Single-Dose Nicotine, Continuous Nicotine by
Osmotic Mini-Pumps, and Nicotine Withdrawal by Mecamylamine in Male and
Female Rats. Behav. Brain Res. 234, 1-10. doi:lO.1016/j.bbr.2012.06.003

Soares-Cunha, C., Coimbra, B., Borges, S., Domingues, A. V., Silva, D., Sousa, N.,
et al. (2018). Mild Prenatal Stress Causes Emotional and Brain Structural
Modifications in Rats of Both Sexes. Front. Behav. Neurosci. 12, 129. doi:10.
3389/fnbeh.2018.00129

Solinas, M., Thiriet, N., Chauvet, C., and Jaber, M. (2010). Prevention and
Treatment of Drug Addiction by Environmental Enrichment. Prog. Neurobiol.
92, 572-592. doi:10.1016/j.pneurobio.2010.08.002

Sparling, J. E., Baker, S. L., and Bielajew, C. (2018). Effects of Combined Pre- and
Post-natal Enrichment on Anxiety-like, Social, and Cognitive Behaviours in
Juvenile and Adult Rat Offspring. Behav. Brain Res. 353, 40-50. doi:10.1016/j.
bbr.2018.06.033

Spivey, J. M., Padilla, E., Shumake, J. D., and Gonzalez-Lima, F. (2011). Effects of
Maternal Separation, Early Handling, and Gonadal Sex on Regional Metabolic
Capacity of the Preweanling Rat Brain. Brain Res. 1367, 198-206. doi:10.1016/j.
brainres.2010.10.038

Su, Q., Zhang, H., Dang, S., Yao, D., Shao, S., Zhu, Z., et al. (2019). Hippocampal
Protein Kinase C Gamma Signaling Mediates the Impairment of Spatial Learning
and Memory in Prenatally Stressed Offspring Rats. Neuroscience 414, 186-199.
doi:10.1016/j.neuroscience.2019.06.030

Frontiers in Physiology

20

10.3389/fphys.2022.837661

Tata, D. A., Markostamou, I, Ioannidis, A., Gkioka, M., Simeonidou, C.,
Anogianakis, G., et al. (2015). Effects of Maternal Separation on Behavior and
Brain Damage in Adult Rats Exposed to Neonatal Hypoxia-Ischemia. Behav. Brain
Res. 280, 51-61. doi:10.1016/j.bbr.2014.11.033

Tejada, J., Bosco, G. G., Morato, S., and Roque, A. C. (2010).
Characterization of the Rat Exploratory Behavior in the Elevated Plus-
Maze with Markov Chains. J. Neurosci. Methods 193, 288-295. doi:10.
1016/j.jneumeth.2010.09.008

Thibaut, F. (2016). The Role of Sex and Gender in Neuropsychiatric Disorders.
Dialogues Clin. Neurosci. 18, 351-352. doi:10.31887/dcns.2016.18.4/fthibaut

Thomas, A. W., Caporale, N., Wu, C., and Wilbrecht, L. (2016). Early Maternal
Separation Impacts Cognitive Flexibility at the Age of First Independence in Mice.
Dev. Cogn. Neurosci. 18, 49-56. doi:10.1016/j.dcn.2015.09.005

Tsai, P. P., Pachowsky, U,, Stelzer, H. D., and Hackbarth, H. (2002). Impact of
Environmental Enrichment in Mice. 1: Effect of Housing Conditions on Body
Weight, Organ Weights and Haematology in Different Strains. Lab. Anim. 36,
411-419. doi:10.1258/002367702320389071

Villegas, O., Luna, F. G,, Jaldo, R,, Garcia, R., Leaniz, A. F., Urioste, S., et al. (2015).
El volumen de la amigdala como predictor del desempefio en tareas de regulacion
emocional: aplicacién de nuevas técnicas de morfometria basada en voxeles. Neurol.
Argent. 7, 148-155. doi:10.1016/j.neuarg.2015.02.006

Vivinetto, A. L., Sudrez, M. M., Rivarola, M. A. M. A., Suarez, M. M., and Rivarola,
M. A. M. A. (2013). Neurobiological Effects of Neonatal Maternal Separation and
Post-weaning Environmental Enrichment. Behav. Brain Res. 240, 110-118. doi:10.
1016/j.bbr.2012.11.014

Vorhees, C. V., and Williams, M. T. (2006). Morris Water Maze: Procedures for
Assessing Spatial and Related Forms of Learning and Memory. Nat. Protoc. 1,
848-858. doi:10.1038/nprot.2006.116

Walsh, R. N, and Cummins, R. A. (1979). Changes in Hippocampal Neuronal
Nuclei in Response to Environmental Stimulation. Int. J. Neurosci. 9, 209-212.
doi:10.3109/00207457909147675

Weinstock, M. (2011). Sex-dependent Changes Induced by Prenatal Stress in
Cortical and Hippocampal Morphology and Behaviour in Rats: an Update. Stress
(Amsterdam, Neth. 14, 604-613. doi:10.3109/10253890.2011.588294

Weinstock, M. (2017). Prenatal Stressors in Rodents: Effects on Behavior.
Neurobiol. Stress 6, 3-13. doi:10.1016/j.ynstr.2016.08.004

Will, T. R,, Proafio, S. B., Thomas, A. M., Kunz, L. M., Thompson, K. C., Ginnari,
L. A, et al. (2017). Problems and Progress Regarding Sex Bias and Omission in
Neuroscience Research. eneuro. doi:10.1523/ENEURO.0278-17.2017

Woo, C. C, Donnelly, J. H., Steinberg-Epstein, R., and Leon, M. (2015).
Environmental Enrichment as a Therapy for Autism: A Clinical Trial
Replication and Extension. Behav. Neurosci. 129, 412-422. doi:10.1037/bne0000068

Wood, N. L, Carta, V., Milde, S., Skillings, E. A., McAllister, C. J., Mabel, Y. L.,
et al. (2010). Responses to Environmental Enrichment Differ with Sex and
Genotype in a Transgenic Mouse Model of Huntington’s Disease. PLOS ONE 5,
€9077. doi:10.1371/journal.pone.0009077

Yaka, S., and Weinstock, M. (2007). Effect of Varied Gestational Stress on
Acquisition of Spatial Memory, Hippocampal LTP and Synaptic Proteins in
Juvenile Male Rats. Behav. Brain Res. 179, 126-132. d0i:10.1016/j.bbr.2007.
01.018

Yang, J., Hou, C,, Ma, N,, Liu, J., Zhang, Y., Zhou, J., et al. (2007). Enriched
Environment Treatment Restores Impaired Hippocampal Synaptic Plasticity and
Cognitive Deficits Induced by Prenatal Chronic Stress. Neurobiol. Learn. Mem. 87
(2), 257-263. d0i:10.1016/j.nlm.2006.09.001

Zhang, Z., Zhang, H., Du, B, and Chen, Z. (2012). Enriched Environment
Upregulates Growth-Associated Protein 43 Expression in the hippocampus and
Enhances Cognitive Abilities in Prenatally Stressed Rat Offspring. Neural Regen.
Res. 7, 1967-1973. doi:10.3969/j.issn.1673-5374.2012.25.007

Zuena, A. R., Mairesse, J., Casolini, P., Cinque, C., Alema, G. S., Morley-Fletcher,
S., et al. (2008). Prenatal Restraint Stress Generates Two Distinct Behavioral and
Neurochemical Profiles in Male and Female Rats. PloS one 3, €2170. doi:10.1371/
journal.pone.0002170

Zuluaga Vélez, A., and Gaviria Arias, D. (2012). Una mirada al estrés oxidativo en
la célula. Rev. Médica Risaralda 18 (2), 145-154. d0i:10.22517/25395203.7923

frontiersin.org


https://www.Rproject.org/
https://www.Rproject.org/
https://doi.org/10.1177/0960327114543934
https://doi.org/10.1177/0960327114543934
https://doi.org/10.1007/7854_2011_134
https://doi.org/10.5603/FM.a2020.0031
https://doi.org/10.1016/j.pbb.2011.02.014
https://doi.org/10.1186/s12955-015-0323-4
https://doi.org/10.1016/j.neuroscience.2015.08.038
https://doi.org/10.1016/j.neuroscience.2015.08.038
https://doi.org/10.1017/S0954579401003029
https://doi.org/10.1016/j.biopsych.2017.05.013
https://doi.org/10.1016/j.biopsych.2017.05.013
https://doi.org/10.1016/j.physbeh.2019.112670
https://doi.org/10.1016/j.physbeh.2019.112670
https://doi.org/10.1002/dev.21010
https://doi.org/10.1016/j.bbr.2012.06.003
https://doi.org/10.3389/fnbeh.2018.00129
https://doi.org/10.3389/fnbeh.2018.00129
https://doi.org/10.1016/j.pneurobio.2010.08.002
https://doi.org/10.1016/j.bbr.2018.06.033
https://doi.org/10.1016/j.bbr.2018.06.033
https://doi.org/10.1016/j.brainres.2010.10.038
https://doi.org/10.1016/j.brainres.2010.10.038
https://doi.org/10.1016/j.neuroscience.2019.06.030
https://doi.org/10.1016/j.bbr.2014.11.033
https://doi.org/10.1016/j.jneumeth.2010.09.008
https://doi.org/10.1016/j.jneumeth.2010.09.008
https://doi.org/10.31887/dcns.2016.18.4/fthibaut
https://doi.org/10.1016/j.dcn.2015.09.005
https://doi.org/10.1258/002367702320389071
https://doi.org/10.1016/j.neuarg.2015.02.006
https://doi.org/10.1016/j.bbr.2012.11.014
https://doi.org/10.1016/j.bbr.2012.11.014
https://doi.org/10.1038/nprot.2006.116
https://doi.org/10.3109/00207457909147675
https://doi.org/10.3109/10253890.2011.588294
https://doi.org/10.1016/j.ynstr.2016.08.004
https://doi.org/10.1523/ENEURO.0278-17.2017
https://doi.org/10.1037/bne0000068
https://doi.org/10.1371/journal.pone.0009077
https://doi.org/10.1016/j.bbr.2007.01.018
https://doi.org/10.1016/j.bbr.2007.01.018
https://doi.org/10.1016/j.nlm.2006.09.001
https://doi.org/10.3969/j.issn.1673-5374.2012.25.007
https://doi.org/10.1371/journal.pone.0002170
https://doi.org/10.1371/journal.pone.0002170
https://doi.org/10.22517/25395203.7923
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2022.837661

	Behavioral effects of environmental enrichment on male and female wistar rats with early life stress experiences
	1 Introduction
	1.1 Early life stress
	1.2 Environmental enrichment
	1.3 Sex differences

	2 Materials and methods
	2.1 Animals
	2.2 Early life stress experiences
	2.2.1 Prenatal stress
	2.2.2 Postnatal stress
	2.2.3 Combined stress

	2.3 Environmental enrichment
	2.3.1 Physical enrichment
	2.3.2 Foraging enrichment

	2.4 Behavioral testing
	2.4.1 Detailed procedure
	2.4.2 Elevated plus maze
	2.4.3 Social interaction test
	2.4.4 Morris Water Maze

	2.5 Neuroanatomical changes
	2.5.1 Brain histology

	2.6 Statistical analysis

	3 Results
	3.1 Emotional response
	3.1.1 Percentage of time spent in the open arms

	3.1.2 Percentage of open arm entries
	3.2 Social response
	3.2.1 Interaction index

	3.3 Memory and cognition
	3.3.1 Spatial memory

	3.3.2 Cognitive flexibility
	3.4 Neuroanatomical changes
	3.4.1 Hippocampus volume


	4 Discussion
	4.1 Emotional responses: Anxiety
	4.2 Social responses: Social interaction
	4.3 Cognitive responses
	4.3.1 Spatial memory
	4.3.2 Cognitive flexibility

	4.4 Hippocampus

	5 Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	References


