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Maternal separation (MS) early in life is related to an increase in anxiety and
depressive-like behaviors and neurobiological alterations mostly related to alterations
in hypothalamic pituitary adrenal (HPA) axis reactivity. Environmental enrichment (EE) has
been used to ameliorate the effects of MS. However, the outcomes of this intervention
at different developmental periods after MS have not been studied. We subjected male
and female Sprague–Dawley pups to MS and subsequently compared the effects of
EE started either in the pre-pubertal period [postnatal day (PND) 22] or adulthood (PND
78). Anxiety and depressive-like behaviors as well as in hippocampal synaptic density
and basal corticosterone, oxytocin, and vasopressin levels were measured. Our results
support the beneficial effects of adulthood EE in decreasing anxiety in males as well
as promoting synaptic density in ventral hippocampal CA3. Males displayed higher
levels of vasopressin while females displayed higher oxytocin, with no changes in basal
corticosterone for any group after EE.

Keywords: maternal separation, environmental enrichment, synaptophysin, anxiety, depression, corticosterone,
oxytocin, vasopressin

INTRODUCTION

The maternal separation (MS) model is a well-validated rodent model that mimics early life
neglect/loss in humans (Plotsky and Meaney, 1993). Mice subjected to MS from post-natal
day (PND) 2 to 15 showed a decrease in time spent in the center in the open field test (OFT)
as well as a decrease in the latency to immobility and an increase in total immobility time
in the forced swim test (FST), suggesting increased anxiety and depressive-like behaviors
(Roque et al., 2014). MS is also associated with disruptions in the normal development of
the hypothalamic pituitary adrenal (HPA) axis, such as the up-regulation of corticotropin
releasing hormone (CRH) gene expression in the paraventricular nucleus, the downregulation
of the CRH receptor in the anterior pituitary, and the downregulation of the hippocampal
glucocorticoid receptor (GR; Marco et al., 2010; Vetulani, 2013). Within the hippocampus,
MS produces synaptic density decrease in young adulthood (PND 60), as measured by
synaptophysin expression. Synaptophysin transiently normalizes, but a decrease in expression
reappeared later in life (PND 100). This suggests that MS produces detrimental effects
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at specific developmental periods (Andersen and Teicher, 2004)
which can translate in behavioral abnormalities.

Multiple studies have explored the benefits of post-weaning
environmental enrichment (EE) in rodents to ameliorate
behavioral and neural deficits after MS. EE seemed to
compensate for decreased GR and cFOS levels in the
hippocampal CA1, and improved habituation indexes (Vivinetto
et al., 2013). Moreover, EE increased exploration, decreased
stress reactivity after an acute stressor as measured by plasma
corticosterone levels, and increased synaptophysin expression
in the hippocampus (Francis et al., 2002; Bredy et al., 2004).
Regarding depressive-like behaviors, there is contradictory
evidence in literature. Post-weaning EE restored deficits in
spatial learning, memory retrieval, LTP induction, and decreased
immobility time in the FST when using a limited bedding stress
paradigm (Cui et al., 2006). In another study, rats exposed to
MS and then post-weaning EE showed an increase in immobility
time, however, EE ameliorated the effects of MS on the sucrose
preference test (SPT) as well as in learning and memory (Hui
et al., 2011). To our knowledge, only one study has started EE in
adulthood after MS. Briefly, EE in adulthood diminished anxiety
behaviors as well as basolateral amygdala (BLA) hypertrophy,
improved conditioned fear and generalized anxiety through
a reduction in the amygdala activity (Koe et al., 2016). These
findings suggest there is still a window of plasticity in adulthood
during which the benefits of enrichment after early life stress can
still be observed. This is translationally relevant for the treatment
of psychiatric disorders during adulthood.

Other peptides important in modulating anxiety via the
HPA-axis are oxytocin (OT) and vasopressin (AVP). OT
attenuates the HPA-axis response in situations of pathologic
stress by decreasing adenocorticotropic hormone (ACTH) and
cortisol release (Viero et al., 2010). On the other hand, AVP has
an anxiogenic action when infused in the brain in combination
with a pretreatment of subcutaneous estradiol (McCarthy et al.,
1996). However, the effects of these hormones after a rat or an
individual’s having experienced either an impoverished or an
enriched environment after MS are largely understudied.

The purpose of this study was to compare age and sex-specific
effects of EE after early life stress. EE was started during the
post-weaning period or during adulthood. In terms of outcomes,
wemeasured anxiety and depressive-like behaviors, hippocampal
synaptic density, and peripheral oxytocin, vasopressin and
corticosterone, which are all parameters that have been
previously associated to altered by early life stress. Animals
were exposed to MS followed by 8 weeks of EE starting at
either PND 22 or later in adulthood at PND 78. Anxiety
and depressive-like behaviors were evaluated at the end of the
EE intervention to elucidate whether it improved behavioral
outcomes (Figure 1). The effects on synaptic plasticity on dorsal
and ventral hippocampus were studied using synaptophysin.
We also measured peripheral corticosterone (CORT), AVP, and
OT before and after EE intervention. We hypothesized that
early EE will provide better behavioral outcomes related to
increases in hippocampal synaptic density, increased systemic
oxytocin and decreased vasopressin and corticosterone. The
results from this study could shed light on the optimal point

for treatment interventions that produce the highest benefit after
early life stress.

MATERIALS AND METHODS

Animals
Male and female Sprague–Dawley rats bred at Ponce Health
Sciences University Animal Housing Facility (colony originally
started from Charles River rats) were used for this study. The
animals were maintained on a 12 h light/dark schedule (lights
on at 7:00 AM) with food and water available ad libitum. Vaginal
smear cytology was the method used to determine the estrous
cycle stage in female rats (Turner and Bagnara, 1976; Torres-
Reveron et al., 2009a,b). Vaginal secretions were collected from
each rat and observed under the microscope for identification
of the estrous cycle stage based on the type of cells present in
the secretion 7 days prior to behavioral testing. All behavioral
tests were conducted at the estrus stage of the cycle since our
previous studies show the lowest expression of anxiety at this
stage compared to the other two stages. At the time of analysis,
this will reduce the variability of the data. Only rats with regular,
4-day estrous cycles were included in the study. Behavioral tests
were conducted between 9:00 AM to 12:00 PM. All experimental
procedures were conducted at Ponce Health Sciences University
in accordance with the Guide for the Care and Use of Laboratory
Animals and approved by the Institutional Animal Care and
Use Committee.

Maternal Separation Protocol
Litters were left undisturbed at the moment of birth, designated
as PND 0. At PND 1, litters were culled to eight (8) pups,
retaining four males and four females. Excess pups were
immediately sacrificed using CO2 and decapitation, following
the guidelines provided by the American Veterinary Medicine
Association (AVMA). Rats underwent MS for 21 days, starting
at PND 1. Pups were brought to a different room from the dam.
From PND 1 to 7, pups were placed in individual compartments,
thus the pups were deprived from contact to each other. From
PND 8 to PND 21, pups were brought to a different room from
the dam but they were allowed to have contact with each other.
Separation period from the dam was 3 h daily from 09:00 to
12:00 (McIntosh et al., 1999; Park et al., 2017). A heat pad at a
temperature of 33◦C was put below the cages during separation
until pups could regulate their own temperature (PND 10).
Finally, a pup from each sex was randomly assigned to one of
the experimental groups described below (Figure 1).

Environmental Enrichment
EE occurred at two different developmental ages. Early exposure
was carried out from PND 22 (before puberty) to 77 and
the late exposure from PND 78 to 134 (adulthood). A pup
could receive either early or late exposure but never both. An
enriched environment exposure consisted of the following: four
non-littermates animals from the same sex housed in a larger
cage (30.8 × 59.3 × 22.8 cm) containing four of the following:
wood chewing toys, plastic color toys, a small plastic igloo, plastic
tubes, balls, a hammock, and nesting material. The same set of
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FIGURE 1 | Experimental design.

toys were left in the cage at all times but changed every week
similar to the previously published protocol in Torres-Reverón
et al. (2018). Control, no enrichment conditions, consisted
of a pair of same-sex (non-littermates) animals in standard
cages (20.3 × 40.6 × 19.05 cm) and bedding. Late exposure
rats were housed with non-littermates post-weanling until late
enrichment started at PND 78. After 8 weeks, spontaneous
activity followed by depressive-like behaviors were assessed using
the OFT and the FST, respectively. During behavioral testing
days, all rats remained with the same social structure and cage
mates (four per cage in enriched and two per cage in non-
enriched) but toys and other enrichment elements were removed.
Seven days before behavioral assessment estrous cycles were
determined for female rats. All females began behavioral testing
at the estrus stage of the estrous cycle. Male rats were handled
during this period. Immediate after EE procedure finished and
before starting behavioral measurements, feces were collected by
placing individual rats in cleaned cages between 9:00 AM and
12:00 PM to decrease hormonal variations. Samples were snap-
frozen at −20◦C until protein extraction was performed.

Open Field Test
The OFT is designed to measure the locomotor activity of a
rodent in an open well-lit arena (Frye et al., 2000). The testing
apparatus consists of a square wood arena (91 × 91 × 38 cm)
with overhead light illumination and video monitoring to record
animal activity using AnyMaze (Stoelting). Animals were placed
in the center of the field and activity was recorded for the
following 20 min. The following parameters were quantified: (a)
total distance moved; (b) time spent in the center of the arena.
Time spent in the center has been traditionally visualized as an
anxiolytic response. At the end of the testing period, animals were
returned to the home cage. One male rat from the early EE was
not included in the analysis as this animal was very small and its
locomotion was an outlier compared to the rest of the group. This
animal was not excluded from the FST (see below).

Forced Swim Test
The FST is a behavioral assessment designed to measure
anhedonia and helplessness (Porsolt et al., 1977). On day 1,

the camera was set to same horizontal level as tanks. Coded
animal identification numbers were displayed on videotape so
tapes can be scored blindly. Animals were then placed in a
Plexiglas tank (30 cm diameter) filled with water (30 ± 2◦C;
Jefferys and Funder, 1994; Hernandez et al., 2015) to a
height of 50–60 cm for 10 min. Rat was taken out of the
water tank, toweled dry and kept in a cage warmed by an
incandescent light bulb until fur was fully dried. On day
2, the prior day set up was repeated. Rats were placed in
the water tank and videotaped for 5 min. Total immobility
and latency to immobility were manually scored by a trained
observer, who was blind for experimental conditions. Immobility
was defined as the absence of all movement except motions
required to keep the head above the water (Hernandez et al.,
2015). Immediately, animals were anesthetized and decapitated,
brains removed (left hemisphere used for fixation with 4%
paraformaldehyde, right hemisphere snap frozen). Trunk blood,
adrenal glands, and distal colon were also collected to be used in
future experiments.

Synaptophysin Immunohistochemistry
Details of immunohistochemical staining were performed as
previously published in Torres-Reveron et al. (2009a,b). Optimal
concentrations for each antibody were assessed prior to
experimental processing. Brain tissue was collected and fixed
in 4% paraformaldehyde for 24 h. For immunohistochemistry,
the best-fixed tissues that preserved the best morphology were
used. Hence only 5–7 brains per group were assessed. Areas of
interest were cut in coronal sections (30 µm) using a vibratome
(Leica). Free-floating tissue was incubated in 0.1% sodium
borohydride in PB for 30 min to diminish autofluorescence.
Tissue sections were rinsed in phosphate buffer (PB) followed
by phosphate-buffered saline (PBS; pH 7.4) and blocked for
non-specific sites for 1 h at room temperature with 10%
Normal Donkey Serum (NDS). Tissue sections were incubated
for 48 h at 4◦C in mouse monoclonal anti-synaptophysin (1:400;
Sigma, S5768, St. Louis, MO, USA) in 3% NDS in PBS. This
antibody has been previously characterized for specificity by
Devoto and Barnstable (1987). The sections were then rinsed
and incubated with donkey anti-mouse Alexa Fluor 488 (1:400,

Frontiers in Behavioral Neuroscience | www.frontiersin.org 3 August 2019 | Volume 13 | Article 198

https://www.frontiersin.org/journals/behavioral-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/behavioral-neuroscience#articles


Doreste-Mendez et al. Environmental Enrichment After Maternal Separation

Jackson Immunoresearch, West Grove, PA, USA) for 1 h at
room temperature.

Synaptophysin Quantification
Synaptophysin quantification was carried out using ImageJ
(NIH, open source). Briefly, images of regions of interest in the
dorsal and ventral hippocampus (CA3, and DG sub-regions)
were captured using a CCD Camera on a Nikon 200 microscope
at the same illumination level for all images within a comparison
group. Images were thresholded to the same intensity levels
to account for positive labeling over a background, using a
black background in ImageJ. The region of interest was outlined
and the resulting image converted to a binary frame. The
corresponding labeled area from the whole region of interest
outlined was calculated by the program and output was shown
as percent area stained. CA1 region of the hippocampus was not
analyzed as the stained area was too low to quantify. Amygdalar
nuclei were weakly stained, however, specific subareas were
diffuse and difficult to quantify, possibly giving misleading
results, if included. Average values for each animal from
two separate experimental runs were used to determine the mean
group average. Values from control and experimental tissue
processed together were statistically compared to determine the
differences in immunohistochemical-area labeled.

Hormone Assays
Protein Extraction From Feces
Protein extraction from feces for this type of assay has been
successfully performed before in rats and our method was
adapted from this previous study (Hau et al., 2001). Briefly,
samples were thawed at room temperature for 1 h. Then, dried
on paper towel for 70 min at 35◦C followed by 30 min at room
temperature. One milliliter of 0.1 M PBS was added for each
20 mg of sample to obtain a concentration of 20 mg/ml for each
sample. Samples were vortexed intermittently for approximately
15 min and centrifuged for 15 min at 1,600 g. Supernatant
was collected in another tube and samples were centrifuged for
15 min at 5,000 g. Resulting supernatant was transferred to a
clean tube. Blood serum was not used for the hormone assays
due to the difficulty in extracting blood from rats at 21 days and
the increased stress it would cause on the animals.

Corticosterone Quantification
Corticosterone (CORT) levels in feces, before (PND 21 for all
groups) and after enrichment ended (PND 78 for the early group
or PND 135 for the late group), were determined by enzyme-
linked immunosorbent assay (ELISA) using a Corticosterone kit
(Enzo Life Sciences, Cat. No. ADI-900-097), with an antibody
raised in sheep against corticosterone. The lowest sensitivity of
this kit is 27 pg/ml.

Vasopressin Quantification
Feces levels for vasopressin, before and after enrichment, were
determined by ELISA using a Arg-Vasopressin kit (Enzo Life
Sciences, Cat. No. ADI-900-017A), with an antibody raised
in rabbit against vasopressin. The lowest sensitivity of this
kit is 2.84 pg/ml.

Oxytocin Quantification
Oxytocin levels in feces, before and after enrichment, were
determined by ELISA using an Oxytocin kit (Enzo Life Sciences,
Cat. No. ADI-900-153A), with an antibody raised in rabbit
against oxytocin. The lowest sensitivity of this kit is 15 pg/ml.

Statistical Analysis
Two-way analysis of variance (ANOVA) was used for between-
groups analysis using sex and treatment as factors. Estrous cycle
stage was not considered as all females were in the same stage
when behavioral testing started. Statistical significance was set at
p < 0.05. Data analyses were carried out using GraphPad Prism
Version 6 (GraphPad Software Inc., San Diego, CA, USA).

RESULTS

Animals that received EE or no enrichment during PND
21–77 will be referred to as ‘‘early group’’ while animals that
received EE or no enrichment during adulthood (PND 78–134)
will be referred as ‘‘late group.’’

Females Displayed Higher Locomotion
Compared to Males in Early and Late EE
Groups
We used the OFT to determine the baseline locomotor activity
for each animal. We observed a significant main effect of
sex and a significant main effect of EE exposure with no
interactions. Females displayed a higher locomotor activity
than males, both for the early EE and late EE groups (Two-
Way ANOVA: F(1,38) = 11.37, p < 0.01; Figure 2A and
F(1,39) = 12.30, p < 0.01; Figure 2B, respectively). For the
early EE group, a main effect of enrichment treatment was
observed (F(1,56) = 8.22, p < 0.01) revealed by a lower locomotor
activity in the males with enrichment than the non-enriched
counterparts (p = 0.05).

Late EE Increased Time Spent in the
Center of the Open Field
Time in the center in the OFTwas used as an indicator of anxiety.
Animals that spent more time in the center, were considered
to show less anxiety. There were no differences for time in the
center in the early group, either by sex or treatment (Figure 2C).
However, for the late group, a main effect was found for
enrichment treatment (F(1,38) = 16.12, p < 0.01; Figure 2D). Late
enrichment increased time in the center for enriched animals,
suggesting a decrease in anxiety compared to the non-enriched
control group. While qualitatively females in the late group
showed a similar pattern as the males, this apparent difference
was not significant.

Late Enrichment Increased Total
Immobility Time for Enriched Rats
Total immobility time, as well as the latency to immobility,
were measured in the FST as an assessment of depressive-like
behaviors, specifically helplessness and anhedonia symptoms.
An increase in immobility time reflects more depressive-like
behaviors. In the early groups, no differences were observed
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FIGURE 2 | Distance traveled in millimeters as measured by free movement in the open field test (OFT). (A) Females showed a higher locomotion compared to
males in early environmental enrichment (EE). A main effect of treatment was observed for which enriched males have a reduced distance traveled than non-enriched
males in the early group. (B) Females showed a higher locomotion compared to males in late EE. No effects of treatment were observed. (C) There were no
differences in time in the center of the arena between any of the groups for early EE. (D) Late non-enriched males showed a decrease in time in the center of the
arena compared to enriched males, suggesting increased anxiety compared to enriched groups. A similar non-significant pattern was observed for the females. For
all groups n = 9–12. Two-way analysis of variance (ANOVA), ∗∗∗p < 0.001, ∗∗p < 0.01 for this and all subsequent figures data presented as mean ± standard error of
the mean (SEM).

for total time immobile either by sex or enrichment treatment
(Figure 3A). Unexpectedly, late EE increased immobility time
in both male and female enriched animals (F(1,39) = 13.31,
p = 0.001; Figure 3B). Post hoc tests revealed a trend towards
significance between the enriched and non-enriched males
(P = 0.07) and the enriched and non-enriched females (p = 0.05).
In addition, a main effect for sex was found (F(1,39) = 4.302,
p = 0.04; Figure 3B) for which non-enriched females spent
less time immobile than enriched males. While enrichment in
the males from the early group seemed to delay the latency to
immobility, no significant differences were observed for any of
the comparisons (Figures 3C,D).

Late EE Promoted an Increase in
Synaptophysin Expression in Ventral
CA3 for Males Only
For the early group, no changes in synaptophysin expression
were observed in dorsal DG by sex or treatment (Figure 4A).
For the late group, no changes by sex or enrichment treatment
were observed (Figure 4B). For early group, no changes were
observed in dorsal CA3 either by sex or treatment (Figure 4C).
Similarly, no changes by treatment or sex were observed in the
late group (Figure 4D). Figure 4E depicts a line diagram of the

dorsal hippocampus and sample images from the DG and the
CA3 regions for which synaptophysin was quantified.

Synaptophysin immunoreactivity was also measured in
ventral DG. For early group, no changes were observed by sex
or treatment (Figure 5A). Similarly, in late exposure group,
no changes were observed by sex or treatment (Figure 5B). In
ventral CA3, for the early group, no changes were observed by
sex or treatment (Figure 5C). However, we observed that late
exposure groups showed a main effect for sex (F(1,18) = 7.475,
p = 0.01; Figure 5D) and enrichment treatment (F(1,18) = 4.642,
p = 0.04; Figure 5D). Post hoc test revealed that late enriched
males displayed a higher synaptophysin expression compared to
non-enriched (p = 0.02) and enriched (p < 0.01) females. Also,
they displayed a higher synaptophysin expression compared to
their non-enriched counterparts (p = 0.03). The same changes
in synaptophysin in the ventral CA3 were absent in the early
exposure group either by sex or treatment.

In Adulthood, Males Showed Lower Levels
of Vasopressin, Females Displayed an
Increase in Oxytocin
At PND 21, before any intervention started, there was no
difference in vasopressin or oxytocin either by sex or prospective
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FIGURE 3 | Total immobility time as measured by forced swim test (FST) for early and late EE. (A) No differences were observed by sex or treatment in total
immobility for early group. (B) Males and females in the late enrichment group displayed a trend towards higher immobility time when compared to non-enriched
counterparts. No significant differences were observed for latency to immobility for either the early group (C) or the late group (D). For all groups n = 10–12.

treatment (not shown). In adulthood, enrichment did not
produce a difference in oxytocin or vasopressin levels regardless
if it was started early in development or later in adulthood.
However, themain effects for sex were observed. For vasopressin,
adult males showed a tendency for higher levels of the hormone
compared to females from the early group (F(1,15) = 4.619,
p = 0.05; Figure 6A) and a significant increase of the hormone
for males in the late group compared to females (F(1,11) = 19.76,
p = 0.001; Figure 6B). For oxytocin, females showed higher
levels compared to males in the early group F(1,10) = 7.818,
p = 0.02; Figure 6C) and no significant differences in the late
(F(1,13) = 2.953, p = 0.10; Figure 6D).

Females Showed Increased Levels of
Corticosterone at 21 Days, and Enrichment
Treatment Did Not Compensate for It in
Adulthood
Corticosterone wasmeasured at 21 days as well as in adulthood to
assess the effect of EE after MS. Enrichment and no enrichment
groups in the PND 21 graphs refer to prospective assignment
of treatment as no intervention of enrichment has happened
yet. For the animals prospectively assigned to early and late
groups we observed a main effect of sex (F(1,13) = 7.57, p < 0.05,
Figure 7A; F(1,15) = 10.0, p < 0.01, Figure 7B). In adulthood,
similar differences by sex persisted for which the females
continued to have significantly higher levels of corticosterone

as compared to males (F(1,13) = 22.79, p < 0.001, Figure 7C;
F(1,15) = 13.74, p < 0.01, Figure 7D). Enrichment did not
produce any differences in corticosterone levels when measuring
in adulthood. The observed sex differences in corticosterone
were also supported by a higher weight of the adrenal glands
at sacrifice (normalized to total body weight) in both the
early (F(1,10) = 63.0, p < 0.001, Figure 7E) and late groups
(F(1,14) = 12.0, p < 0.01, Figure 7F).

DISCUSSION

The collective work presented in this study is based on
three evaluations regarding the effect of EE at two different
developmental periods after a MS stressor: (1) behavior analysis
of anxiety and depressive-like behaviors; (2) synaptic plasticity
marker (synaptophysin); and (3) peripheral hormone levels of
vasopressin, oxytocin, and corticosterone. To our knowledge,
this is the first study to compare developmental stages in response
to the effects of EE after MS.

Horizontal distance traveled in the open-field test has been
used as a measure of baseline locomotion as well as an indicator
of anxiety behaviors. In a study by Soztutar et al. (2016), male
and female rats that underwent MS and a later stressor showed
an increase in horizontal movements compared to those in
non-stressed groups. Although this difference did not correlate
with anxiety behaviors in the elevated plus maze, stress exerted
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FIGURE 4 | Synaptophysin expression in dorsal DG and CA3 for early and late animals. (A) No differences were observed by sex or treatment in dorsal DG
synaptophysin expression for early (non-enriched males n = 5, non-enriched females n = 3, enriched males n = 4, enriched females n = 3) or late EE (B;
non-enriched males n = 5, non-enriched females n = 5, enriched males n = 6, enriched females n = 7). (C) No differences were observed by sex or treatment in
dorsal CA3 synaptophysin expression for early EE (non-enriched males n = 5, non-enriched females n = 3, enriched males n = 4, enriched females n = 3) or late EE
(D; non-enriched males n = 5, non-enriched females n = 5, enriched males n = 7, enriched females n = 6). (E) Diagram depicting the areas of the hippocampus from
where pictures for analysis were taken and sample immunofluorescence for dorsal DG and CA3.

an effect on locomotion. We found an increase in locomotion
for females, both in early and late exposure groups. In normal-
cycling females, an increase in locomotor activity is known
to be estrogen-dependent and may serve as a mechanism to
ensure reproduction (Correa et al., 2015). In an experiment
comparing different conditions of enrichment and its effect on
locomotion, females showed higher locomotion than males did,
and isolated animals were more active than socially enriched
animals (Elliott and Grunberg, 2005). This might explain why, in
the early exposure group, locomotion showed a strong tendency
to increase in non-enriched vs. enriched males.

EE exerted distinct effects on behavior depending on whether
it was started prior to adolescence (early) or in adulthood (late).
In early groups, no beneficial effects were seen in total immobility
(depressive-like behaviors) or in time in the center (anxiety-like
behaviors). However, the late exposure groups, time in the center
increased in enriched vs. non-enriched animals, suggesting less
anxiety. Conversely, total immobility time increased for the
enriched rats (males and females) vs. the non-enriched ones.
Post-weaning EE has shown some benefits for depressive-like
behaviors in rats reared normally (Workman et al., 2011) and
in rats reared under limited nesting conditions (Cui et al., 2006).
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FIGURE 5 | Synaptophysin expression in ventral DG and CA3 for early and late EE. (A) No differences were observed by sex or treatment in ventral DG
synaptophysin expression for early (non-enriched males n = 3, non-enriched females n = 4, enriched males n = 2, enriched females n = 5) or late EE (B;
non-enriched males n = 4, non-enriched females n = 3, enriched males n = 4, enriched females n = 4). (C) No differences were observed by sex or treatment in
ventral CA3 synaptophysin expression for early EE (non-enriched males n = 3, non-enriched females n = 4, enriched males n = 4, enriched females n = 5). (D) Late
enriched males displayed higher ventral CA3 synaptophysin levels compared to non-enriched males. Females also displayed significantly lower synaptophysin than
males (non-enriched males n = 5, non-enriched females n = 4, enriched males n = 6, enriched females n = 7). ∗p < 0.05.

However, for rats undergoing MS, post-weaning EE has reversed
depressive-like behaviors measured by the SPT but not for FST
(Hui et al., 2011). This suggests that EE might be also targeting
a different set of behaviors and/or pathways not assessed in
this study. The behavioral tests in this study were done at
two different ages during adulthood corresponding to early
adulthood: PND 78–80 and full adulthood PND 135–37. We do
not have a group of animals that were tested at the same time
(e.g., testing both early and late interventions in PND 135) since
we wanted to see the immediate result of EE in the animals.
There is evidence suggesting that vulnerability to cognitive and
emotional tasks can progress over the developmental age of the
animal after being exposed to early life stress (Vallée et al.,
1999; Molet et al., 2016). Since the late non-enriched groups
showed a decrease in the time spent in the center of the
arena that was not observed in the early non-enriched groups,
it is possible that the vulnerability to increased anxiety was
only revealed at a later age (PND 135) and not when tested
earlier (PND 78).

Maturation of anatomical structure is a factor that should be
also taken into consideration. For example, amygdalar regions
are fully developed in the rat by embryonic day 19, while the
hippocampus is not fully developed until PND 19 (Bayer et al.,

1999). In most of the literature reviewed, when rats are tested
in early adulthood (corresponding to our early group), their
hippocampal regions seem to be the ones that benefit from EE
(Bredy et al., 2001; Cui et al., 2006; Hui et al., 2011; Vivinetto
et al., 2013). However, if EE is started in adulthood, anxiety
reduction was related to a decrease in amygdala hypertrophy
(Koe et al., 2016). Given that the hippocampus is still developing
while MS intervention is occurring, it might be more vulnerable
to stress but also more vulnerable to synaptic changes that
could be rescued by EE as well (Lupien et al., 2009). For future
experiments, additional behavioral test that specifically addresses
hippocampal activity more thoroughly might be of benefit to
the field.

The structures involved in the development of the attachment
behaviors might explain some of our findings. The locus
coeruleus, the only source of norepinephrine for the olfactory
bulb in infancy, is important for the learning-induced neural
plasticity of this structure and its maintenance until adulthood
in neonatal rats. These changes have a sensitive period,
lasting until PND 10, but can be extended by infusions of a
norepinephrine β-receptor agonist in the olfactory bulb. Also,
an elevation in corticosterone can modify the development
of these structures, including other areas more important
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FIGURE 6 | Vasopressin and oxytocin levels in adulthood for early and late EE. (A) For vasopressin, early group males showed a tendency to higher levels of the
hormone compared to females (non-enriched males n = 5, non-enriched females n = 4, enriched males and females n = 6 per group) and significantly higher levels in
late groups (B) when compared to females (non-enriched males n = 5, non-enriched females n = 3, enriched males n = 4, enriched females n = 3). (C) Regardless of
treatment, females displayed higher level of oxytocin compared to males, only in the early group (non-enriched males n = 3, non-enriched females n = 4, enriched
males n = 4, enriched females n = 3) with no differences by treatment or sex in the late group (D; non-enriched n = 5 in both groups, enriched males n = 2, enriched
females n = 5). +p = 0.05, ∗p < 0.05, ∗∗∗p < 0.001.

in adulthood, such as the hippocampus and frontal cortex
(Moriceau and Sullivan, 2005). In a later study, using the
stress-mother paradigm, in which the mother has less bedding
material, therefore reducing her ability to provide adequate
care, corticosterone injections replicated earlier studies in which
amygdala activity increased before expected. Surprisingly, even
unstressed rats, having undergone infant odor-shock pairing,
show adult deficits on the FST, decreased fear learning, and
increased anxiety-like behaviors (Raineki et al., 2010). These
developmental changes induced by stress can be potential
mechanisms for the psychopathological symptoms seen later in
adulthood. Since MS disrupts attachment behaviors, which falls
within the affective domain, interventions specifically targeted
towards this aspect might prove beneficial. Our protocol of
EE, which includes sensory, motor, and social stimulation,
did not specifically target the affective domain. This might
help explain the minimal effects observed by EE in the
current protocol.

Development of synaptic density is completed in the rat
brain by 3–4 weeks of age, making it a suitable model for the
comparisons of this study (Semple et al., 2013). In the ventral
CA3, males displayed higher synaptophysin expression than
did both non-enriched and enriched females. In addition,
enriched males displayed higher synaptophysin expression
than the non-enriched males. The ventral hippocampus is

known for its role in emotional regulation, as opposed to
the dorsal hippocampus, that is more involved in memory
function (reviewed in Fanselow and Dong, 2010). The
hippocampus communicates directly and indirectly with
the medial prefrontal cortex (mPFC) and amygdala to modulate
fear, emotional responses, and goal-directed behaviors (Vertes,
2006). Considering the findings of Koe et al. (2016) showing
anatomical connectivity from hippocampus to amygdala, the
increase in synaptic density by synaptophysin in the ventral
CA3 might reflect some alterations in this circuitry due to
EE. It has been shown that the moderate amount of exercise
and stimulation is beneficial in for brain function (reviewed
in Ganzel and Morris, 2011). However, having experienced
an early stressor might deplete the animal’s capacity to adapt
to a contiguous challenge (Ganzel et al., 2010), in this case,
stimulation by early EE rather than later.

Regarding peripheral hormone levels, fecal analysis does
not reflect the absolute steroid concentration, it reflects the
metabolism, namely the secretion and elimination of the
hormones over several hours (Fjellestad-Paulsen and Lundin,
1996; Touma and Palme, 2005). For vasopressin and oxytocin,
rats at 21 days presented no differences in these peptides
levels. However, in adulthood, very interesting sex-differences
were observed. In adulthood, males presented higher levels
of vasopressin compared to females, while females presented
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FIGURE 7 | Corticosterone levels at 21 days and in adulthood and adrenal weight for early and late EE. (A,B) Females showed a significantly higher corticosterone
at 21 days when compared to males with no effect by treatment assignment (early non-enriched n = 4, early enriched males n = 4, early enriched and late
non-enriched males and females n = 5 per group, late enriched males n = 4, late enriched females n = 5). ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001. (C,D) For
corticosterone in adulthood, females displayed higher levels compared to males both in the early (non-enriched males and females n = 4, enriched males = 4,
enriched females = 5) and late groups (non-enriched males and females n = 5, enriched males n = 4, enriched females n = 5). (E,F) Average adrenal weight
normalized to body weight showed a similar pattern as for corticosterone. Females showed a significant higher adrenal weight as compared to males for both, the
early and the late groups (n = 4–5 for all groups).

higher levels oxytocin. Increased levels in vasopressin in
males compared to females have been reported in literature
previously as a naturally occurring sex-difference (reviewed
in Carter, 2007). In animal studies, oxytocin targets brain
structures involved in mood control and stress adaptation, such
as the amygdala, hippocampus, and lateral septum (Kormos
and Gaszner, 2013). Oxytocin also decreases immobility time
in the FST when injected intraperitoneally, exerting an
antidepressant effect (Arletti and Bertolini, 1987). In addition,
direct treatment of oxytocin in the hippocampus has proved
to decrease anxiety (Cohen et al., 2010). Increased oxytocin
immunoreactivity in the pituitary gland has been reported

in adult male rats after prolonged (21-day) MS (Oreland
et al., 2010). It is possible that this increase is serving as
a compensatory mechanism to protect the animal from the
effects of chronic stress, but more studies should validate
this hypothesis.

On the other hand, we found sex-differences in baseline
(21 days) corticosterone. Females displayed a much higher
corticosterone in comparison to males. At that age, reports have
shown that unstressed females displayed 2.5 more corticosterone
in the adrenal vein than males did (Kitay, 1961). Contrary to
our prediction, EE did not rescue stress reactivity increased
by reducing CORT levels in adulthood after MS. In fact,
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Schrijver et al. (2002) found that the recovery to basal levels
of ACTH and CORT after a stressor was delayed in EE rats
compared to isolated rats. We hypothesize that late EE males
showed overall better behavioral parameters since the HPA
axis was given time to recover and come to normal adaptation
(McEwen, 1998) before enrichment started, giving a ‘‘break
period’’ to enhance resiliency in the system. It should be
noted that assessment of corticosterone in adulthood occurred
before any behavioral assessment. Hence, corticosterone levels
presented are not in response to stress but basal levels in
response to the long-term exposure to EE or no-EE. While
sex differences persisted, EE produced no changes in basal
corticosterone. This is also reflected by the increased adrenal
weight in females as compared to male groups regardless
of EE exposure.

Limitations
We acknowledge that we did not include a control group
for the MS within our experiment. This was a purposeful
decision as many other studies have described the effects of EE
during different developmental periods in non-stressed animals
(reviewed in Mora et al., 2007; Harati et al., 2012; Sampedro-
Piquero and Begega, 2017). In order to follow welfare guidelines
for animal use (replacement, reduction and refinement), we
decided that qualitative comparisons of our study with previously
published literature on this topic was appropriate. We focused
on age and sex differences of EE once the stressor has been
established. It was not our goal to report whether EE produced an
effect on non-stressed animals as we already expected a positive
outcome, extensively described in the literature. Although an
ideal control of non-MS would have been appropriate, we do not
consider it was a hindering factor in effectively revealing sex and
age effects.

Clinical Implications
Results from this study demonstrate that EE does not rescue
the majority of the anxiety and depressive-like behaviors seen in
adulthood. An alternative for future studies is to develop a more
robust and longer protocol of EE. Exercise was an element that
was lacking in our EE cages. Sadeghi et al. (2016) studied the
effect of fluoxetine, voluntary exercise, andmandatory exercise in
male rats after MS. They found that voluntary exercise mitigated
anxiety and depressive-like behaviors as well as decreasing the
expression of genes related to inflammation in the hippocampus.
For the anxiety and depressive-like behaviors that we measured
(fear of open spaces and despair and helplessness, respectively),
EE provided sensory enrichment but not necessarily targeted
emotional enrichment. The negative results from this study,

in terms of recovery from depression and anxiety as we
measured it, suggests that sensory enrichment might not be
good enough to this type of complicated stressor. Paradigms
that include an increased social interaction, such as, postnatal
handling, and communal nesting have shown to decrease anxiety,
conditioned fear, and reduced anhedonia and activation of
the HPA-axis (Chapillon et al., 2002; Curley et al., 2009;
Branchi and Cirulli, 2014).
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