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Abstract
Stress is related to major depressive disorder (MDD). This study investigated the action that early stress, represented by 
maternal deprivation (MD), has on the behavior and oxidative stress of Wistar female and male rats. Also, it was evaluated 
whether changes induced by MD could be reversed by environmental enrichment (EE). Male and female rats were divided 
into a non-MD and MD group. The MD group was subdivided into 3 groups: (1) assessed on the 31st day after exposure to EE 
for 10 days, (2) assessed on the 41st day after exposure to EE for 20 days, and (3) assessed on the 61st day after exposure to 
EE for 40 days. Behavioral tests were performed (memory habituation and elevated plus maze). Oxidative stress parameters 
were evaluated peripherally. MD was able to promote anxiety-like behavior at postnatal day (PND) 41 and impair memory 
at PND 31 and PND 61 in male and PND 41 and PND 61 in female rats. MD was associated with increased oxidative stress 
parameters (reactive species to thiobarbituric acid levels (TBARS), carbonylated proteins, nitrite/nitrate concentration), and 
altered antioxidant defenses (superoxide dismutase (SOD) and catalase (CAT), and sulfhydryl content) in different stages of 
development. The EE was able to reverse almost all behavioral and biochemical changes induced by MD; however, EE effects 
were sex and developmental period dependent. These findings reinforce the understanding of the gender variable as a biologi-
cal factor in MDD related to MD and EE could be considered a treatment option for MDD treatment and its comorbidities.
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Introduction

The major depressive disorder (MDD) is a common men-
tal illness that causes significant disability and declining 
quality of life [1, 2]. Individuals with this mood disorder 
have impairment in social, work, family, and cognitive 

performance [3, 4]. The onset and outcomes of MDD are 
very varied, with different causes and outcomes across the 
life course [5]. Also, it is worth mentioning that meta-analy-
sis evidenced that MDD is associated with cognitive impair-
ment [6, 7] and anxiety [8].
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MDD affects all ages; however, mid-adolescence to mid-
40 s is the most probable period for the onset of the first 
depressive episode, with an average age of onset in the mid-
20 s [1, 9]. Moreover, MDD is more prevalent in women, 
with the gender difference peaked in adolescence [10].

An overlap of multiple factors seems to determine the 
vulnerability to MDD. Populations affected by the disorder 
presents genetic, environmental, hormonal, and/or immu-
nological alterations that lead to structural and biochemical 
changes in the central nervous system (CNS) that may be 
associated with the evolution of depressive symptoms [11]. 
Some factors that may be involved in the pathophysiology of 
MDD are as follows: decreased monoaminergic neurotrans-
mitters, increased glutamate levels, decreased brain-derived 
neurotrophic factor, deregulation in the hypothalamic–pitui-
tary–adrenal (HPA) axis, neuroinflammation, and oxidative 
stress [1, 12–14].

Notably, meta-analyses have already shown that patients 
with MDD have increased oxidative stress markers [15, 16], 
suggesting that MDD is accompanied by oxidative stress 
dysregulation. An increase in oxidative stress induces dam-
age to the brain and has a negative impact on CNS functions 
[17].

It is well established that stressful experiences, especially 
childhood stress, can be determinant for vulnerability to 
MDD or depressive symptoms [18, 19]. Childhood trauma 
increases an individual’s vulnerability to the development 
of MDD and anxiety disorder, and it is also associated with 
a more serious and chronic course of these disorders [20]. 
Besides, the severity of childhood trauma experience con-
tributes to increased HPA axis activity and lack of response 
to antidepressant treatment [21]. A meta-analysis also evi-
denced that childhood maltreatment was associated with an 
elevated risk of developing recurrent and persistent depres-
sive episodes and was associated with lack of response or 
remission during treatment for MDD [22]. In line with this, 
studies in rodents use models such as maternal separation 
or maternal deprivation (MD) to investigate behavioral and 
biochemical mechanisms involved with early life stress con-
sequences [23–26].

On the other hand, a positive environment is known to be 
critical for brain development, with beneficial consequences 
throughout the entire life span [27]. In the laboratory ani-
mals, positive stimuli like environmental enrichment (EE), 
with physical and/or social stimulation, have revealed sig-
nificant effects on brain neurochemistry (for example, influ-
ence in neurotransmitter system, such as serotonin and ace-
tylcholine, increased neurotrophic factors, stimulates adult 
hippocampal neurogenesis), resulting in behavior changes, 
including changes in MDD, anxiety, cognition, and stress 
resiliency [28–32].

However, few studies assess the effect of MD and EE at 
different stages of the development and if gender influences 

the responses of these protocols. Thus, this study aimed 
to investigate the effects that early life stress, represented 
by MD, has on behavior and oxidative stress at different 
stages of the development of male and female rats. Besides, 
it aimed to assess whether there are differences concerning 
sex and developmental period, and whether EE can reverse 
these changes caused by early life stress.

Methods

Animals

Female Wistar rats with 3 months of age and weighing 
250–280 g were obtained from the breeding colony of Uni-
versidade do Extremo Sul Catarinense (UNESC, Criciúma, 
SC, Brazil) and were housed for 1 week in the presence of 
males for mating purposes. At the end of 7 days, the preg-
nant rats were housed individually with ad libitum access to 
food and water. The pregnant rats were housed individually 
for the birth of the pups and their identification. All moth-
ers and pups were kept on a 12-h light/dark cycle (06:00 
a.m. to 06:00 p.m.) at a temperature of 23 ± 1 °C. One day 
after birthing occurred, the MD protocol was applied to in 
a percentage of male and female pups from days 1 to 10 
after birth (MD group); other males and female were used 
as controls (non-MD group). All experimental procedures 
that involved animals were performed in accordance with the 
NIH Guide for the Care and Usage of Laboratory Animals, 
within the Brazilian Society for Neuroscience and Behavior 
recommendations for animal care. The experimental pro-
tocol was approved by the ethics committee from UNESC 
under protocol number: 070/2018–1.

Maternal Deprivation (MD)

The MD protocol consisted of removing the mother from the 
residence box and taking her to another room. The pups were 
maintained in their home cage (grouped in the nest in the pres-
ence of maternal odor). The pups were deprived of the mother 
for 3 h per day during the first 10 days (Fig. 1). We prefer this 
protocol because it does not require the manipulation of the 
pups [33–36]. At the end of each daily MD session, the moth-
ers were returned to their home boxes; this procedure was car-
ried out during the light part of the cycle, between 8:00 a.m. 
and 12:00 p.m. The control rats (non-MD group) remained in 
their resident boxes together with their mothers throughout 
the experiment. After MD protocol, pups remained with their 
mothers for 21 days, when the pups were weaned. Then, the 
animals were again divided into new experimental groups: (1) 
non-MD (control); (2) MD + without EE, and (3) MD + EE. 
Individual groups of rats (male and female) were evaluated at 
different periods of development after postnatal days (PND) 
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31, 41, and 61 (n = 12 animals/group for each stage of devel-
opment: n = 12 for males and n = 12 for female). In the differ-
ent stages of development and in the different experimental 
groups, behavior tests were performed (n = 12 for males and 
n = 12 for female for all tests: memory habituation and plus 
maze). The oxidative stress parameters (n = 05 for males and 
n = 05 for female) were performed as described in the “Meth-
ods” section.

Environmental Enrichment (EE) and Experimental 
Groups

EE began after weaning [37–39]. For the EE procedure, 
MD + EE group was exposed to the EE for 3 h daily, for dif-
ferent periods. One group of animals was exposed to EE for 
40 days, another group for 20 days, and a third for 10 days 
[40]. Each of these groups had experimental groups 1 (non-
MD) and 2 (MD) for each stage of development. More 
details can be seen in Fig. 1. EE consisted of a large cage 
(40 × 60 × 90 cm) with three floors, ramps, running wheels, 
and several objects of different shapes and textures. Small 
changes were made once a week by adding new objects and 
withdrawing others [37, 41]. The running wheels and stairs 
enhanced voluntary exercise, a seesaw provided somatosen-
sory stimulation, and large tubes, a set of tunnels, LEGOH 
blocks, wood pieces, and hanging items provided cognitive 
stimulation [42].

Behavioral Tests

The behavioral tests were performed at PND 21, 31, and 
41. All behavior tests were performed during light part of 
the cycle.

Habituation to the Open Field Test

The habituation to the open field test evaluates motor 
performance in the training section and non-associative 
memory in the retention test session. This apparatus con-
sisted of a brown plywood arena 45 × 60 cm surrounded 
by wooden walls 50 cm high and containing a frontal glass 
wall. The floor of the open field is divided by black lines 
into nine rectangles (15 × 20 cm each). The animals were 
gently placed in the left rear quadrant and left to explore 
the arena for 5 min (training session). Twenty-four hours 
later, they were submitted to a similar open field session 
(test session). Any crossing (frequency with which the 
mice crossed one of the grid lines with all four paws) and 
rearing (frequency with which the animal stood on their 
hind legs in the maze) performed in both sessions were 
counted [43]. The decrease in the number of crossings 
and rearings between the two sessions in all experimental 
groups was taken as a measure of the retention of habitu-
ation [44].

Elevated Plus Maze

The elevated plus maze apparatus was made of wood and 
consisted of two opposed open arms (50 × 10 × 2 cm) and 
two opposed closed arms (50 × 10 × 40 cm), all facing a cen-
tral platform (10 × 10 cm), elevated 45 cm from the floor. 
Rats from all groups were placed in the center of an elevated 
plus maze facing one of the closed arms. During a 5-min 
test performed in a dark room illuminated with red light, 
the number of entries into each arm and the time spent there 
were registered [45].

Fig. 1   Maternal deprivation (MD) was performed during the first 
10 days of life (3 h a day). Different groups of male and female rats 
were evaluated on PND 31, 41, and 61. Environmental enrichment 
(EE) was carried out for 3 h/day. The group evaluated on PND 31 was 
submitted to EE for 10 days, the group evaluated on PND 41 was sub-

mitted to EE for 20  days, and the group evaluated on PND 61 was 
submitted to EE for 40  days. In each of the developmental stages, 
behavior tests were performed (memory habituation, forced swim-
ming test, and the elevated plus maze). After, the animals were eutha-
nized for serum collection oxidative stress parameters
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Oxidative Stress Parameters

After the behavioral tests were complete, the animals 
were killed by decapitation and the blood was collected 
and placed in microcentrifuge tubes. Serum aliquots were 
obtained from the collected blood by centrifugation at 
10,000 RPM for 10 min.

Protein Carbonyls

The oxidative damage to proteins in the serum was assessed 
by the determination of carbonyl groups based on the reac-
tion with dinitrophenylhydrazineas previously described by 
Levine et al. [46]. Briefly, proteins were precipitated by the 
addition of 20% trichloroacetic acid and redissolved in dini-
trophenylhydrazine, and the absorbance was read at 370 nm. 
Results were expressed as protein carbonyls per milligram 
of protein.

Thiobarbituric Acid Reactive Substances (TBARS)

Lipid peroxidation was measured via the formation of 
TBARS [47]. Serum was washed with buffered saline 
(PBS), harvested, and lysed. Thiobarbituric reactive species, 
obtained by acid hydrolysis of 1,1,3,3-tetra-ethoxy-propane 
(TEP), were used as the standard for the quantification of 
TBARS. Thiobarbituric acid (TBA) 0.67% was added to 
each tube, and the tubes were vortexed. The reaction mix-
ture was incubated at 90 °C for 20 min, and the reaction was 
stopped by placing the samples on ice. The optical density 
of each solution was measured in a spectrophotometer at 
535 nm. Data were expressed as nanomoles of malondialde-
hyde (MDA) equivalents per milligram of protein.

Measurement of Nitrite/Nitrate Concentration

Total nitrite concentrations were measured in the serum 
using the Griess reaction, by adding 100 μL of Griess rea-
gent 0.1% (w/v) naphthyl ethylenediamine dihydrochloride 
in H2O and 1% (w/v) sulphanilamide in 5% (v/v) concen-
trated H3PO4, vol. [1:1] to the 100-μL sample. Absorbance 
was recorded in a spectrophotometer at 550 nm [48]. Data 
were expressed as nanomoles of nitrite/nitrate concentration 
per milligram of protein.

Sulfhydryl Content

Oxidative damage was analyzed by the amount of thiol 
groups in the serum homogenate, using the 5,5-dithiobis 
(2-nitrobenzoic acid) (DTNB) method. Briefly, 30 μL of a 
sample was mixed with 1 mL of PBS/1 mM ethylenediamine 
tetraacetic acid (EDTA) (pH 7.5). The reaction was initiated 
by the addition of 30 μL of 10 mM DTNB stock solution 

in PBS. After 30 min of incubation at room temperature 
and absorbance at 412 nm, the amounts of TNB (5-thio-
2-nitrobenzoic acid) formed [equivalent to the amount of 
sulfhydryl (SH) groups] were calculated and expressed as 
nanometer per milligram of protein.

Antioxidant Enzyme Activity

For the determination of the catalase activity, serum was 
sonicated in a 50-mM phosphate buffer, and the resulting 
suspension was centrifuged at 3,000 g for 10 min. The super-
natant was used for the enzymatic assay. Catalase activity 
was measured by the rate of decrease in hydrogen perox-
ide (H2O2) absorbency at 240 nm [49] and results were 
expressed as catalase activity (U/mg of protein). Superox-
ide dismutase (SOD) activity was assayed by measuring 
the inhibition of adrenaline auto-oxidation, as previously 
described by Bannister and Calabrese [50]. Results were 
expressed as SOD activity (U/mg of protein).

Statistical Analysis

The data are presented as mean ± standard error of mean 
(S.E.M). In the habituation to the open field, the differences 
between the training and test sessions were analyzed by the 
Student t test for paired samples. For the elevated plus maze, 
and oxidative stress parameters, the differences between the 
experimental groups were analyzed by one-way ANOVA 
followed by post hoc Tukey. Differences between sex and 
groups interaction were determined by two-way ANOVA. 
Statistical significance was considered for P values less than 
0.05.

Results

Habituation Memory in the Open Field Test at 31 
PND for the Non‑MD Group, MD Group, and MD 
Group Exposed to 10 Days of EE

The results of habituation memory evaluated in the open 
field test at 31 PND in the MD animals and exposed to EE 
for 10 days are in Fig. 2. In male rats, the number of cross-
ings was reduced in the test session when compared to the 
training session in the non-MD group (t = 7.462; p < 0.0001), 
MD group (t = 3.653; p = 0.003), and MD + EE for 10 days 
(t = 4.157; p = 0.001). The number of rearings was differ-
ent from the male non-MD group (t = 6.555; p < 0.0001), 
but not in the MD group (t = 1.756; p = 0.105). However, 
in MD exposed to EE for 10 days, a reduction in the test 
session was demonstrated, compared to the training ses-
sion (t = 1.756; p = 0.105). In female rats, a reduction in the 
number of crossings during test session were found in the 
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non-MD group (t = 4.161; p = 0.003), MD group (t = 5.588; 
p < 0.0001), and EE exposed for 10 days group (t = 2.467; 
p = 0.027). In addition, a reduction in number of rearings 
was found in the non-MD group (t = 2.440; p = 0.041) and 
MD group (t = 7.143; p < 0.0001), but not in the group 
exposed to EE for 10 days (t =  − 1.584; p = 0.137). Two-
way ANOVA did not reveal differences for sex and groups 
interaction in the crossings’ (F 2–67 = 0.366; p = 0.694) and 
rearings’ (F 2–67 = 1.165; p = 0.317) numbers at 31 PND.

Habituation Memory in the Open Field Test at 41 
PND Non‑MD Group, MD Group, and MD Group 
Exposed to 20 Days of EE

The results showed that the male rats at 41 PND subjected 
to habituation memory test present a reduction in the num-
ber of crossing in the non-MD group (t = 5.52; p < 0.0001), 
MD group (t = 8.125; p < 0.0001) and MD + EE group 
(t = 4.013; p = 0.002). The same was found in the number of 
rearings for the non-MD group (t = 3.883; p = 0.003), MD 
group (t = 6.387; p < 0.0001), and MD + EE group (t = 3.027; 
p = 0.013) during test session. These data indicate envi-
ronmental habituation in those groups. Similarly, female 
rats showed a reduction in the number of crossings in the 
test session of non-MD group (t = 4.995; p < 0.0001), MD 

group (t = 6.605; p < 0.0001), and MD + EE group (t = 4.480; 
p = 0.002). Thus, these data demonstrated the learning acqui-
sition proposed by the environment recognition test. On 
the other hand, when the number of rearing was evaluated 
in female rats subjected to MD, no significant difference 
was found between training and test sessions (t = 0.175; 
p = 0.863). But there is a decrease in the number of rear-
ings in the non-MD group (t = 4.522; p = 0.001) and MD 
exposed to EE for 20 days (t = 3.747; p = 0.005), indicating 
the memory preservation of the experience from the envi-
ronment and effects induced by MD was reversed in these 
parameters. Two-way ANOVA did not reveal differences for 
sex and groups interaction in the crossings’ (F 2–69 = 1.698; 
p = 0.190) and rearings’ (F 2–72 = 0.829; p = 0.440) numbers 
at 41 PND (Fig. 3).

Habituation Memory in the Open Field Test at 61 
PND Non‑MD Group, MD Group, and MD Group 
Exposed to 40 Days of EE

In the non-MD group, a reduction in the number of cross-
ing in male (t = 4.405; p = 0.001) and female (t = 3.957; 
p = 0.002) rats was observed. The number of rearings 
was decreased in male (t = 2.777; p = 0.020) and female 
(t = 3.746; p = 0.003) from session test. However, no 

Fig. 2   EE effects for 10 days 
in rats subjected to MD in the 
open field habituation test. The 
experimental groups: non-MD, 
MD, and MD + EE 10 days of 
female rats in the number of 
crossings (A) and rearing (B) 
and male rats in the number of 
crossings (C) and rearings (D) 
were recorded in the training 
and test sessions. Values are 
expressed as mean ± SEM. 
*p < 0.05 compared to the train-
ing session Non-MD MD MD + EE 10 days
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significant difference was found between training and 
test sessions in rats subjected to MD, both in the num-
ber of crossing of males (t = 0.754; p = 0.464) and female 
(t = 0.706; p = 0.492) and in the number of rearings of 
females (t = 1.454; p = 0.168). Therefore, this data demon-
strated a cognitive impairment of the MD group. After the 
EE exposition by 40 days, the number of crossings in male 
(t = 4.296; p = 0.001) and female (t = 4.859; p < 0.0001), as 
well as the number of rearing in male (t = 4.296; p = 0.001) 
and female (t = 4.859; p < 0.0001), was reduced. These 
results suggest that an EE for 40 days can reverse cognitive 
impairment. Two-way ANOVA did not reveal differences for 
sex and groups interaction in the crossings’ (F 2–75 = 0.745; 
p = 0.478) and rearings’ (F 2–78 = 0.829; p = 0.440) numbers 
at 61 PND (Fig. 4).

Anxiety‑Related Behavior in the Elevated Plus Maze 
Test at PND 31 Non‑MD Group, MD Group, and MD 
Group Exposed to EE for 10 Days

No alterations were found in open arms time of female rats 
exposed to EE at PND 31 (F = 0.405; p = 0.671), even as 
in the number of open arm entries (F = 0.49; p = 0.616). In 
male rats, there was an increase in open arms time in the 
MD + EE group for 10 days (F = 4.126; p = 0.028). However, 

the number of open arm entries made by male rats did not 
exhibit significant alterations (F = 1.392; p = 0.267). Two-
way ANOVA did not reveal differences for sex and groups 
interaction on the open arm time (F = 2.291; p = 0.112) and 
on the open arm entries (F = 2.048; p = 0.140) at 31 PND 
(Fig. 5). The time spent in the closed arms was decreased 
in the male of rats exposed to EE for 10 days compared to 
non-MD group (F = 3.891; p = 0.034). In female, there was 
no difference between groups in the time spent in the closed 
arms (F = 2.628; p = 0.090) (Table 1, supplementary data).

Anxiety‑Related Behavior in the Elevated Plus Maze 
Test at PND 41 Non‑MD Group, MD Group, and MD 
Group exposed to EE for 20 days

Female MD rats had shorter open arms time (F = 6.676; 
p = 0.005) and had a lower percentage of open arms entries 
(F = 9.435; p = 0.001) when compared to the non-MD group, 
indicating an anxiety-like behavior in this test. However, 
when exposed to EE, the MD female rats group displayed 
an increase in open arms time and the number of open arms 
entries, demonstrating a reduction in anxiety-like behavior. 
In male rats, a reduction in open arms time in the MD group 
was observed (F = 4.201; p = 0.033) compared to non-MD. 
No significant alterations in the number of open arms entries 

Fig. 3   EE effects for 20 days in 
rats subjected to MD in open 
field habituation test. Experi-
mental groups: non-MD, MD, 
and MD + EE 20 days of female 
rats in the number of crossings 
(A) and rearings (B) and male 
rats in the number of cross-
ings (C) and rearings (D) were 
recorded in training and test 
sessions. Values are expressed 
as mean ± SEM. *p < 0.05 com-
pared to the training session
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Fig. 4   EE effects for 40 days in 
rats subjected to MD in open 
field habituation test. Experi-
mental groups: non-MD, MD, 
and MD + EE 40 days of female 
rats in the number of crossings 
(A) and rearings (B) and male 
rats in the number of cross-
ings (C) and rearings (D) were 
recorded in training and test 
sessions. Values are expressed 
as mean ± SEM. *p < 0.05 com-
pared to the training session
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Fig. 5   EE effects for 10 days in 
rats subjected to MD in anxiety-
related behavior. The open arms 
time of female (A) and male 
(C) rats and the number of open 
arms entries of female (B) and 
male (D) rats were measured in 
all experimental groups. Values 
are expressed as mean ± SEM. 
*p < 0.05 compared to the non-
MD group
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in all experimental groups evaluated were found at 41 PND 
(F = 2.440; p = 0.117). Two-way ANOVA revealed differ-
ences for sex and groups interaction on open arms time at 
41 PND (F 2–40 = 3.358; p = 0.044). Effects were observed 
for sex in the MD groups. However, two-way ANOVA did 
not reveal differences for sex and groups interaction on 
open arms entries (F 2–40 = 0.877; p = 0.423) (Fig. 6). The 
time spent in the closed arms was increased in MD female 
and decreased in the female rats exposed to EE for 20 days 
compared to non-MD group (F = 7.777; p = 0.003). In male, 
there was no difference between groups in the time spent 
in the closed arms (F = 2.768; p = 0.091) (Table 2, supple-
mentary data).

Anxiety‑Related Behavior in the Elevated Plus Maze 
Test at PND 61 Non‑MD Group, MD Group, and MD 
Group Exposed to EE for 40 Days

Female rats showed an increased time (F = 4.806; p = 0.018) 
and number of entries (F = 4.532; p = 0.022) in the open 
arms for the group that was exposed to EE only, when 
compared to non-MD. These data indicate that EE exposi-
tion induced an anxiolytic-like behavior in the MD female 
rats. Male rats did not exhibit significant alterations in 
both time (F = 1.134; p = 0.339) and number of entries in 
the open arms in none of experimental groups (F = 0.281; 
p = 0.758). Two-way ANOVA did not reveal differences 
for sex and groups interaction at 61 PND on open arm 

time (F 2–46 = 0.977; p = 0.384) and open arms entries (F 
2–47 = 2.644; p = 0.081) (Fig. 7). The time spent in the closed 
arms was decreased in the female (F = 4.285; p = 0.026) and 
male (F = 3.820; p = 0.037) rats exposed to EE for 40 days 
compared to the MD group (Table 23, supplementary data).

Oxidative Stress Parameters at PND 31 for Non‑MD 
Group, MD Group, and MD Group Exposed to EE 
for 10 Days

Serum levels of carbonyl protein were not altered in male 
rats (F = 2.482; p = 0.116) and female rats (F = 1.183; 
p = 0.328), both in the MD group and in the MD + EE group. 
No changes in TBARS levels were observed in female rats 
(F = 1.444; p = 0.254) in all experimental groups. Two-way 
ANOVA did not reveal differences for sex and groups inter-
action on the carbonyl levels (F 2–34 = 0.171; p = 0.843). 
However, in male rats, TBARS levels were shown to be 
increased in the MD group, compared to non-MD, while 
in the group that was exposed to EE by 10 days, there was 
a decrease in damage to lipids (F = 8.465; p = 0.003). Two-
way ANOVA did not reveal differences for sex and groups 
interaction on the TBARS levels (F 2–34 = 2.743; p = 0.078). 
In the nitrite/nitrate concentrations, no significant changes 
were found in male (F = 2.209; p = 0.137) and female 
(F = 0.340; p = 0.717) rats, in any of the groups. Two-way 
ANOVA did not reveal differences for sex and groups inter-
action on the nitrite/nitrate concentrations (F 2–34 = 0.018; 

Fig. 6   EE effects for 20 days in 
rats subjected to MD in the ele-
vated plus maze test. The open 
arms time of female (A) and 
male (C) rats and the number 
of open arms entries of female 
(B) and male (D) rats were 
measured in all experimental 
groups. Values are expressed 
as mean ± SEM. *p < 0.05 
compared to the non-MD group; 
#p < 0.05 compared to the MD 
group; $p < 0.05 vs. sex and 
groups interaction according to 
two-way ANOVA
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p = 0.981). The sulfhydryl content was reduced in female 
(F = 6.094; p = 0.011) and male (F = 18.527; p < 0.0001) 
rats in the MD groups compared to non-MD. EE exposition 
by 10 days increased the sulfhydryl content only in female, 
compared to the MD group. Two-way ANOVA revealed dif-
ferences for sex and groups interaction on the sulfhydryl 
content (F 2–31 = 3.984; p = 0.028). Effects were observed 
for sex in the EE groups (Fig. 8).

The activity of the SOD enzyme was not significantly 
altered in the serum of female (F = 0.866; p = 0.437) and 
male (F = 0.554; p = 0.586) rats, in none of the experimental 
groups. Two-way ANOVA did not reveal differences for sex 
and groups interaction on the SOD activity (F 2–34 = 2.515; 
p = 0.095) (Fig. 9). CAT activity was reduced in both male 
(F = 14.453; p < 0.0001) and female (F = 19.473; p < 0.0001) 
rats in the MD group. The MD + EE for 10 days group 
showed no change in CAT levels. Two-way ANOVA did 
not reveal differences for sex and groups interaction on the 
CAT activity (F 2–34 = 0.042; p = 0.958) (Fig. 9).

Oxidative Stress Parameters at PND 41 for Non‑MD 
Group, MD Group, and MD Group Exposed to EE 
for 20 Days

There were no changes in the levels of carbonyl protein 
(F = 2.974; p = 0.070) and in the concentration of nitrite/
nitrate (F = 2.051; p = 0.151) in female rats from all experi-
mental groups. However, an increase in carbonyl protein 

levels (F = 8.926; p = 0.02) and nitrite/nitrate concentra-
tions (F = 4.950; p = 0.020) was observed in male rats in 
the MD group. However, after exposure to EE by 20 days, 
male rats had a reduction in these parameters. Two-way 
ANOVA revealed differences for sex and groups interaction 
on the carbonyl levels (F 2–41 = 3.774; p = 0.031). Effects 
were observed for sex in the MD groups. However, two-way 
ANOVA did not reveal differences for sex and groups inter-
action on the nitrite/nitrate concentration (F 2–41 = 1.178; 
p = 0.317). The levels of TBARS in the serum of the female 
rats were not altered in any of the experimental groups stud-
ied (F = 1.646; p = 0.214). In male MD rats, there was an 
increase in TBARS levels (F = 8.620; p = 0.003), compared 
to non-MD. However, after EE exposition, a reduction in 
these levels was observed. Two-way ANOVA revealed dif-
ferences for sex and groups interaction on the TBARS levels 
(F 2–39 = 4.553; p = 0.016). Effects were observed for sex in 
the MD groups. The sulfhydryl concentration was reduced in 
male rats subjected to MD protocol (F = 26.982; p < 0.0001); 
however, when male and female (F = 3.590; p = 0.043) rats 
were exposed to EE for 20 days, the sulfhydryl concentra-
tion increased. Two-way ANOVA revealed differences for 
sex and groups interaction on the sulfhydryl concentration 
(F 2–38 = 5.266; p = 0.009). Effects were observed for sex in 
the non-MD group (Fig. 10).

The activity of the SOD enzyme was shown to be 
increased in the serum of female (F = 8.131; p = 0.002) 
rats subjected to MD and reduced in male rats from 

Fig. 7   EE effects for 40 days in 
rats subjected to MD in the ele-
vated plus maze test. The open 
arms time of female (A) and 
male (C) rats and the number of 
open arms entries of female (B) 
and male (D) rats were meas-
ured in all experimental groups. 
Values are expressed as mean ± 
SEM. *p < 0.05 compared to the 
non-MD group
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the MD + EE for 20 days group (F = 8.702; p = 0.002). 
Two-way ANOVA revealed differences for sex and 
groups interaction on the SOD activity (F 2–41 = 9.676; 
p < 0.001). Effects were observed for sex in the non-MD 
group (Fig.  11). The CAT enzyme activity decreased 
both in female (F = 18.367; p < 0.0001) and in male 
(F = 11.982; p = 0.0001) rats subjected to MD. However, 
when males and females were exposed to EE for 20 days, 
catalase activity increased. Two-way ANOVA did not 
reveal differences for sex and groups interaction on the 
CAT activity (F 2–41 = 1.944; p = 0.155) (Fig. 11).

Oxidative Stress Parameters at PND 61 for Non‑MD 
Group, MD Group, and MD Group Exposed to EE 
for 40 Days

In female rats, no significant changes were found in the 
levels of carbonyl protein in any of the groups (F = 1.115; 
p = 0.346). However, in males subjected to MD, the levels 
of carbonyl protein were increased, while in male rats from 
the MD + EE for 40 days group, a reduction in protein dam-
age was showed (F = 5.977; p = 0.012). Two-way ANOVA 
did not reveal differences for sex and groups interaction 

Fig. 8   EE effects for 10 days 
in the serum from female and 
male rats at PND 31 subjected 
to MD in parameters of oxida-
tive damage: carbonyl protein 
(A), TBARS levels (B), nitrite/
nitrate concentration (C), and 
sulfhydryl content (D). Values 
are expressed as mean ± SEM. 
*p < 0.05 compared to the non-
MD group; #p < 0.05 compared 
to the MD group; $p < 0.05 
vs. sex and groups interaction 
according to two-way ANOVA
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Fig. 9   EE effects for 10 days in 
the serum from female and male 
rats at PND 31 subjected to MD 
in antioxidant enzymes: SOD 
(A) and catalase (B). Values 
are expressed as mean ± SEM. 
*p < 0.05 compared to the non-
MD group

Female Male
0.00

0.02

0.04

0.06

0.08

0.10

Ca
ta

la
se

ac
tiv

ity
[U

/m
g

pr
ot

ei
n]

31 days

Non-MD MD MD + EE 10 days

*

* *

*

Female Male
0.000

0.005

0.010

0.015

0.020

0.025

0.030

SO
D

ac
tiv

ity
[U

/m
g

pr
ot

ei
n]

31 days

Non-MD MD MD + EE 10 days

A B

6766 Molecular Neurobiology (2023) 60:6757–6773



1 3

on the carbonyl levels (F 2–37 = 0.777; p = 0.466). TBARS 
levels were increased in the serum of female (F = 7.639; 
p = 0.003) and male (F = 8.679; p = 0.003) rats of the MD 
group, but only males exposed to EE had TBARS levels 
reduced. Two-way ANOVA did not reveal differences for sex 
and groups interaction on the TBARS levels (F 2–37 = 3.203; 
p = 0.052). In the nitrite/nitrate concentration, no signifi-
cant changes were found in male (F = 1.858; p = 0.190) or 
female (F = 1.964; p = 0.164) rats from all experimental 
groups. Two-way ANOVA did not reveal differences for sex 
and groups interaction on the nitrite/nitrate concentration 
(F 2–37 = 0.202; p = 0.817). Regarding the sulfhydryl con-
centration, a reduction was found in females (F = 5.417; 
p = 0.013) and males (F = 17.392; p < 0.0001) subjected to 

MD. After EE exposition, both sexes showed an increase in 
the levels of sulfhydryl, compared to the MD group. Two-
way ANOVA did not reveal differences for sex and groups 
interaction on the sulfhydryl concentration (F 2–35 = 1.710; 
p = 0.195) (Fig. 12).

The activity of the SOD enzyme was increased in the 
serum of female rats subjected to MD and reduced in the 
female rats exposed to EE (F = 7.595; p = 0.003). In males, 
SOD activity did not change significantly in any experimen-
tal group studied (F = 0.830; p = 0.455). Two-way ANOVA 
revealed differences for sex and groups interaction on 
the SOD activity (F 2–37 = 3.336; p = 0.046). Effects were 
observed for sex in the EE groups. In females, CAT activity 
did not change significantly in any of the groups (F = 2.159; 

Fig. 10   EE effects for 20 days 
on the serum of female and 
male rats at PND 41 subjected 
to MD in parameters of oxida-
tive damage: carbonyl protein 
(A), TBARS levels (B), nitrite/
nitrate concentration (C), and 
sulfhydryl content (D). Values 
are expressed as mean ± SEM. 
*p < 0.05 compared to the non-
MD group; #p < 0.05 compared 
to the MD group; $p < 0.05 
vs. sex and groups interaction 
according to two-way ANOVA
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Fig. 11   EE effects for 20 days 
in the serum of female and male 
rats at PND 41 subjected to MD 
in antioxidant enzymes: SOD 
(A) and catalase (B). Values 
are expressed as mean ± SEM. 
*p < 0.05 compared to the non-
MD group; #p < 0.05 compared 
to the MD group; $p < 0.05 
vs. sex and groups interaction 
according to two-way ANOVA
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p = 0.139). In males (F = 11.822; p = 0.001) CAT decreased 
in the MD group; however, after EE exposition by 40 days, 
there was an increase in the activity of this enzyme in the 
serum. Two-way ANOVA did not reveal differences for sex 
and groups interaction on the CAT activity (F 2–37 = 0.166; 
p = 0.847) (Fig. 13).

Discussion

In the present study, we showed that rats exposed to MD 
have behavior changes that were influenced according to sex 
and stage of life. Males and females at PND 41 exposed to 
MD developed an anxiety-like behavior. However, the same 
was not observed at PND 31 or PND 61. In another protocol 

of MD, both male and female rats showed an anxiety-like 
behavior at PND 52–60 when the MD protocol was applied 
at PND 3, but not when the protocol was applied PND 11 
[51], with similar results in both sexes, but with differences 
according to the day that MD protocol was applied. Another 
study evidenced that MD (3 h daily from PND 1 through 14) 
decrease open arm time in adulthood (PND 61–63) in both 
males and females rats (without sex separation) [26]. Simi-
larly, another MD protocol (3 h daily from PND 3 through 
12) also demonstrated anxious-like behavior in adult male 
and female rats, although the effects are greater in males 
[52]. In contrast, MD (24 h at PND 9) increased the percent 
of open arms entries with regard to total entries in males 
but not females in adulthood [53]. Analyzing this data, we 
can assume that probably a longer MD protocol ends up 

Fig. 12   EE effects for 40 days 
on the serum of female and 
male rats at PND 61 subjected 
to MD in parameters of oxida-
tive damage: carbonyl protein 
(A), TBARS levels (B), nitrite/
nitrate concentration (C), and 
sulfhydryl content (D). Values 
are expressed as mean ± SEM. 
*p < 0.05 compared to the non-
MD group; #p < 0.05 compared 
to the MD group
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Fig. 13   EE effects for 40 days 
on the serum of female and 
male rats at PND 61 subjected 
to MD in antioxidant enzymes: 
SOD (A) and catalase (B). 
Values are expressed as mean 
± SEM. *p < 0.05 compared to 
the non-MD group; #p < 0.05 
compared to the MD group; 
$p < 0.05 vs. sex and groups 
interaction according to two-
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influencing more anxious behavior. Also, a review of the 
effects of MD on behavior (depressive and anxious) sug-
gests that some inconsistencies in the results may be justified 
by the cognitive impairment associated with MD protocols 
[54].

The cognitive impairment related to early stress was 
explored in this experiment through the assessment of 
habituation memory. In male rats, MD protocol generated 
cognitive impairment at PND 31 and PND 61. In females, 
cognitive impairment was observed at PND 41 and PND 
61. These results show that cognitive impairments related to 
early stress can manifest later in development, especially in 
females. In line with this, other studies also evidenced that 
MD protocols can induce cognitive impairment [55, 56]. 
However, it should be noted that, as far as we know, this was 
the first study that compared the effects according to sex and 
the stage of life.

Regarding the effects of EE on behaviors and cognition, 
we observed that (a) EE decreased anxiety-like behavior at 
PND 31 in males and PND 41 and PND 61 in females, sug-
gesting that the effect of EE on females is later and on males 
it occurs earlier, and (b) EE improved memory in females at 
PND 41 and PND 61 and in males at PND 31 and PND 61; 
however, in females at PND 31, the association of MD and 
EE worsened cognition. That is, exposure to EE managed 
to revert, practically all behavioral changes caused by early 
life stress. It is worth noting that differences were observed 
according to sex.

Literature data evidenced that EE can ameliorate behav-
ioral depression, memory impairment, and reduced anxiety 
behavior in rats exposed to chronic stress [31, 57]. Another 
study demonstrated that a single short episode of EE in 
adulthood reduced anxiety-like behavior in maternally sep-
arated rats [58]. There is also evidence that EE during the 
peripubertal period reverses the effects of maternal separa-
tion on both HPA axis and behavioral responses to stress 
[59]. Noteworthy, how reviewed by Sampedro-Piquero and 
Begega [60], EE is a protocol to improve cognitive functions 
and reduce anxiety-like behaviors across the lifespan.

Interestingly, it is already shows that the effects of EE are 
sex-specific. Mice exposed for 4 weeks to EE during adoles-
cence altered emotionality-related behavior in a sex-specific 
manner: the time spent on the open arm (elevated T-maze) 
was longer in enriched male but not in female mice [61]. 
It is worth noting that some neurochemical mechanisms 
involved with the effects of EE (example: glucocorticoid 
receptor mRNA expression, and BDNF mRNA) also suffer 
influence according to the sex of the animal [61, 62]. Thus, 
these differences could, at least in part, justify some behav-
ioral differences observed in this study. Unexpectedly, the 
present study demonstrated that at PND 31, females exposed 
to EE worsened cognition. Although we cannot say why 
this has occurred, we suggest that the manipulation of the 

females and/or the hormonal changes characteristic of this 
range of development may be involved with this result.

After evaluating behavioral issues, we investigated the 
impact of MD on the parameters involved in oxidative stress. 
As already mentioned, meta-analyses have already shown 
that patients with MDD have increased oxidative stress 
markers [15, 16]. Oxidative stress occurs when there is an 
imbalance between reactive oxygen and nitrogen species and 
antioxidants. Low concentrations of reactive oxygen and 
nitrogen species can function as signaling molecules and 
participate in the regulation of cellular activities. However, 
in high concentrations, reactive oxygen and nitrogen species 
can cause mitochondrial dysfunction, cell damage, and even 
apoptosis [63, 64]. Thus, controlling the formation of reac-
tive oxygen species and nitrogen species and enhancing the 
antioxidant system are important when thinking about the 
proper functioning of the brain [17]. The human body has a 
variety of antioxidants that serve to counterbalance the effect 
of oxidants. There are non-enzymatic antioxidants (example: 
ascorbic acid, α-tocopherol, glutathione, thiol group/sulfhy-
dryl group), and enzymatic antioxidants, such as SOD and 
CAT [65]. Noteworthy, there are several markers that can be 
used in clinical and preclinical research to assess oxidative 
stress. Among them, we can mention protein carbonyl levels, 
TBARS, and nitrite/nitrate concentrations [66–68].

Our present findings demonstrated that females exposed 
to MD had fewer changes in oxidative stress/antioxidant 
markers than males. Females at 31 PND exposed to MD 
had decreased sulfhydryl content and CAT enzyme activ-
ity, suggesting less antioxidant capacity. Females at 41 
PND exposed to MD also had less CAT activity but had 
an increase in the SOD enzyme activity (probably by com-
pensatory mechanisms). The 61-day-old females exposed 
to MD had an increase in TBARS levels, a decrease in sulf-
hydryl content, and an increase in SOD activity. In male 
rats exposed to MD, there was an increase in TBARS levels 
at the 3 ages evaluated (PND 31, 41, and 61), as well as 
a decrease in sulfhydryl content and CAT activity. Also, 
males at PND 41 and 61 had an increase in protein carbonyl. 
Finally, 41-day-old males also had a higher nitrite/nitrate 
ratio. Together, our data suggest that males exposed to MD 
generate more oxidative stress than females, especially at 
PND 41.

Notably, a preclinical study demonstrated that MD 
induced gender-dependent neuronal and astroglial changes 
in the brain (hippocampus and cerebellar cortex) of rats that, 
in general, were more marked in males [69]. Another study 
demonstrated that MD resulted in sex-dependent alterations 
in neuroinflammation [70].

A previous study by our laboratory, carried out only 
with males, showed changes in the activity of CAT and 
SOD enzymes in the brain of these animals, which varied 
according to age and the evaluated brain region (PFC or 
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hippocampus). But in general, a decrease in the activity of 
antioxidant enzymes at the level of the CNS was observed 
[36], which is in line with the present study, which showed 
a decrease in CAT at the peripheral level. In the same study, 
an increase in the carbonyl protein in males at PND 30, 40, 
and 60 in the hippocampus and PFC was also observed [36]. 
In agreement with the present study, other preclinical studies 
demonstrated that male rats maternally deprived had higher 
levels of carbonyl protein in several brain regions [71, 72]. 
Maciel et al. [72] also evidenced that MD protocol increased 
the nitrite/nitrate concentration in the hippocampus and 
nucleus accumbens.

In our study, an increase in the SOD activity in females 
exposed to MD at PND 41 and 61 was observed. The 
increase in the antioxidant activity of SOD can be under-
stood as an action by the body to maintain homeostasis 
through the damage already mentioned from early stress. 
Interestingly, a preclinical study evidenced that MD 
increased the SOD activity in the hippocampus and PFC 
of male rats at PND 60 [73]. Another preclinical study evi-
denced that reactive oxygen species levels were increased 
in the hippocampus of MD male rats (PND 90–95), but no 
changes in TBARS levels were observed in the hippocam-
pus [74]. On the other hand, in another study, an increase 
in TBARS levels in the hippocampus and PFC of male rats 
submitted to MD was observed [75]. It is worth mentioning 
that preclinical studies also demonstrate that other forms 
of stress are also capable of increasing oxidative stress, 
including an increase in TBARS [76]. Clinical study also 
evidenced an increase in TBARS levels in individuals with 
MDD [77]. Besides, this same clinical study also demon-
strated a decrease in sulfhydryl content in MDD individuals 
[77], corroborating with the findings of our study.

When we assess the effect of EE on oxidative stress/
antioxidant parameters, it is observed that exposure to EE 
can reverse almost all changes induced by early life stress. 
In line with this, a preclinical study evidenced that EE 
was able to decrease oxidative stress markers in the brain, 
including TBARS levels, in male and female rats [78]. Also, 
EE increased CAT activity, especially in male rats, and 
decreased SOD activity in male rats [78]; a result that was 
similar to that observed in the present study. Interestingly, 
EE is also able to restore oxidative balance in animals chron-
ically exposed to toluene (that induces a redox imbalance at 
the neuronal level) in male mice [79]. Lastly, although we 
cannot state the reason why the EE protocol does not reverse 
all changes induced by the MD, we suggest that the duration 
of the EE protocol (10, 20, or 40 days), as well as the period 
of development, may be involved in these results.

It is worth noting that, in this study, the activity of anti-
oxidant enzymes was evaluated peripherally. As mentioned, 
MDD subjects have increased peripheral markers of oxida-
tive stress [15, 16]. On the other hand, most studies with the 

MD and EE protocols evaluate antioxidant enzymes in the 
brain. Interestingly, a postmortem study showed changes in 
the antioxidant pathways in the brain of MDD individuals 
[80]. Moreover, the investigation of peripheral and central 
antioxidant action is also observed with other strategies with 
possible benefits for MDD, such as vitamin D [81]. Thus, 
peripherally analyzing markers related to antioxidant and 
oxidative stress can also help to understand the pathophysi-
ology and treatment of MDD. Of note, we did not perform 
central analyses in this study because we use brain tissues 
to evaluated epigenetic changes in a paper that is already 
published [40].

This study had two main limitations. We did not monitor 
the maternal care difference after MD, and in the experimen-
tal design, we did not add the control group for EE (EE in 
non-MD). Investigating the effect of EE in non-MD animals 
would be the ideal experimental design. However, we con-
sider the concept of 3Rs (replacement, reduction, and refine-
ment—Russell, W.M.S. and Burch, R.L., 1959), in which 
the “reduction” suggests using fewer animals or obtaining 
more information from the same number of animals. As our 
protocol was large and many animals have been used, we 
prefer not to do the group EE in non-MD, since the main 
objective of this study was to evaluate the EE effect in rats 
subjected to adversity early in life.

Conclusions

In summary, our data suggest that early life stress can gen-
erate different responses between genders and according to 
age, both concerning to behavioral parameters, as concern-
ing to the generation of oxidative stress. On the other hand, 
EE seems to be an interesting strategy to prevent most of 
these results. These findings reinforce the understanding of 
the gender variable as a biological factor in MDD related to 
early life stress and in the response to EE.
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