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1  |   INTRODUCTION

Early life is characterized as a period of high plasticity, in which 
different organs and systems are molded according to the envi-
ronment. An adverse environment in utero has the ability to pro-
gram fetal development and growth, promoting changes in the 
offspring that persist throughout life (Seckl & Meaney, 2004). It 
is well established that offspring exposed to prenatal stress have 

altered hypothalamic-pituitary-adrenal (HPA) axis responses, 
with increased glucocorticoid secretion due to alterations in the 
negative feedback generated by the misbalance in key regulatory 
factors, such as glucocorticoid receptor (GR), mineralocorticoid 
receptor (MR), and type 1 corticotrophin-releasing hormone re-
ceptor (CRHR1) (van Bodegom, Homberg, & Henckens, 2017). 
Moreover, evidence shows that prenatal exposure to maternal 
glucocorticoids may lead to permanent effects in the offspring 
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Abstract
The present study aimed to investigate the long-term effects of exercise before preg-
nancy on changes induced by prenatal stress. Female and male Balb/c mice were di-
vided into three groups: control (CON), prenatal restraint stress (PNS), and exercise 
before the gestational period plus PNS (EX + PNS). As adult, fear/anxiety behav-
ior, corticosterone secretion, expression of hypothalamic-pituitary-adrenal (HPA)-
related genes, as well as epigenetic modifications were evaluated. Exercise before 
gestation did not prevent the increased fear/anxiety behavior in PNS mice. A nearly 
significant (p = .06) basal corticosterone increase was observed in PNS males and the 
exercise before pregnancy reduced the stress-induced corticosterone increase in PNS 
females. In addition, an increase on prefrontal cortex (PFC) CRHR1 gene expression 
was observed in PNS females, which was attenuated by the exercise before gestation. 
We have also found a glucocorticoid receptor (GR) gene expression decrease in the 
prefrontal cortex in PNS males, as well as a histone H3 acetylation decrease (p = .06) 
close to the significance level. In conclusion, pregestational exercise may attenuate 
developmental changes induced by prenatal stress in a sex-dependent manner.
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in a sex-dependent manner, including increased corticosterone 
levels in females (Liu, Li, & Matthews, 2001), reduced neu-
rogenesis in males (Zuena et al., 2008), and impaired depres-
sion/anxiety behaviors in females (Schulz et al., 2011; Van den 
Bergh, Calster, Smits, Huffel, & Lagae, 2008; Weinstock, 2007). 
In addition, sexual differences are strongly related to the type, 
frequency, and period of the prenatal stress (Weinstock, 2007).

The prefrontal cortex (PFC) is a brain region with the lon-
gest period of cerebral maturation, presenting an important role 
in the postnatal neurodevelopment (Gogtay et al., 2004). Studies 
have reported that several early life stress alterations involve the 
PFC, including altered long-term potentiation, impaired mem-
ory, and alterations in sexual motivation (Baudin et al., 2012; 
Hernandez-Gonzalez et al., 2017). Thus, the PFC seems to be 
an important target in the search for mechanisms related to neu-
ropsychiatric and cognitive disorders. Additionally, epigenetic 
mechanisms are known to change gene expression and thereby 
disrupt particular biological functions in the brain (Fagiolini, 
Jensen, & Champagne, 2009). Exposure to stress during the 
prenatal period is able to decrease acetylated histone H3 levels 
and increase histone deacetylases (HDACs) expression, which 
may trigger a lower expression of genes associated to the HPA 
axis regulation (Benoit, Rakic, & Frick, 2015; Zheng, Fan, 
Zhang, & Dong, 2016).

Exercise has already been implicated in promoting several 
beneficial effects in stress-related disorders, including the regu-
lation of corticosterone levels and behavior (Kim & Leem, 2016; 
Li et al., 2013; Seo, 2018). However, little is known regarding 
preventive effects of exercise before pregnancy on long-term 
changes in the offspring. Previous studies have demonstrated 
that maternal exercise increases neurogenesis and cognition, 
although the relation of pregestational exercise and HPA axis 
response with behavior and epigenetic effects were not yet ad-
dressed (Gobinath et al., 2018; Marcelino et al., 2016). Thus, 
assessing important stress-related target genes, as well as the 
modification of HDACs activity and H3 acetylation would lend 
insight into the mechanism of the effects of pregestational exer-
cise on prenatally stressed mice.

The objective of the present study, therefore, was to in-
vestigate the long-term effects of exercise before pregnancy 
on changes induced by prenatal stress in the adult offspring. 
For that, fear/anxiety behavior, corticosterone secretion, ex-
pression of HPA-related genes, as well as epigenetic modi-
fications were evaluated. In addition, we have also aimed to 
explore possible sexual differences in these responses.

2  |   MATERIALS AND METHODS

2.1  |  Animals

Male and female Balb/c mice were purchased from the 
Center for Experimental Biological Models at PUCRS. 

Animals were kept in a controlled temperature environment 
(24  ±  2°C), light/dark cycle of 12  hr, with free access to 
water and food for at least 10 days before any experimental 
procedure.

2.2  |  Experimental design

Balb/c females were divided into three experimental groups: 
CON—control (n = 8 dams), PNS—prenatal restraint stress 
(n = 9 dams), EX + PNS—physical exercise before the ges-
tational period and PNS (n  =  9 dams). Animals from the 
CON group were kept in their cages and only handled during 
cleaning routine.

During the fertile period, females were placed together 
with males during the dark cycle for 24  hr to allow mat-
ing. With the confirmation of mating, which was considered 
day 0 of gestation (G0), pregnant females were randomized 
according to the experimental groups. After birth, the lit-
ters were standardized in six animals and weaning was per-
formed on the 21st day (PND 21). Animals were maintained 
until adulthood in order to perform the elevated plus maze 
test on day 60 of life. On the 74th day of life, animals were 
euthanized and samples collected (plasma and brain). All 
animals were only brought to the procedure room at the time 
of euthanasia, in order to avoid contact with any blood olfac-
tory stimulus, which could influence stress related measure-
ments. Brains were removed for the evaluation of CRHR1, 
GR, and MR gene expression in the PFC. The segmenta-
tion of brain tissue was performed by freehand dissection 
(Spijker, 2011). In addition, PFC HDAC activity and global 
acetylation of histone H3 were also evaluated. Blood sam-
ples were collected for the determination of plasmatic cor-
ticosterone. Figure 1 summarizes the experimental design.

2.3  |  Prenatal restraint stress

A closed cylinder, made of acrylic crystal, with 34 mm of 
height, 42 mm of width, 100 mm of circumference, and 10 
lateral holes of 6  mm for the entrance and exit of air was 
used. Females from PNS and EX + PNS groups were sub-
mitted to the stress protocol, which was performed from the 
8th day of gestation, for 30 min, on intercalated days until 
the day of birth of the offspring. Females from CON group 
were not submitted to any experimental intervention during 
the prenatal period (Vargas et al., 2016).

2.4  |  Exercise protocol

Animals from the EX + PNS group were submitted to an ex-
ercise protocol starting in the last hour of the light cycle on a 
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motorized treadmill. Exercise protocol was performed daily, 
during the 3  weeks that preceded the day of mating (G0). 
First, animals were familiarized with the treadmill at 5 m/min 
speed sessions for 10 min, in the 3 days prior to the start of 
the protocol. After that, exercise sessions at a speed of 10 m/
min for 60 min, 5 days a week, were used. No stimulus, such 
as electric shock, was applied to stimulate animals to perform 
the activity. Mice from the CON and PNS groups performed 
only spontaneous activities in their cages (Wearick-Silva et 
al., 2017).

2.5  |  Elevated plus maze

The test consists of two open arms (30  ×  5  cm) and two 
closed arms (30 × 5 × 15 cm) joined equidistantly produc-
ing a common central field (5 × 5 cm), in a height of 66 cm 
from the ground. At the start of the test, the animals were 
placed on the central platform with the head directed toward 
the closed arm and remained in the apparatus for 10 min. The 
time spent on closed and open arms was assessed. At the end 
of the test, the animals were removed, returned to their boxes 
and the surface of the apparatus was cleaned with 70% of 
alcohol. The parameters were analyzed using the software 
ANY-maze™ (Stoelting, USA).

2.6  |  Euthanasia

After 2 weeks of the behavioral test, the animals were eutha-
nized by decapitation. The brains were removed and stored 
in RNA-later (Applied Biosystems, USA) for 24 hr at 4°C 
and then transferred to −80°C until final processing. Blood 
was collected, stored in tubes containing ethylenediaminetet-
raacetic acid and centrifuged at 3,000 rpm for 10 min at 4°C 
for plasma collection.

2.7  |  Corticosterone response to stress

In order to evaluate the corticosterone response to a 
stressor in adulthood, animals were subdivided into two 
groups: euthanized at baseline or subjected to a restraint 
stress protocol, with the same apparatus described above, 
for 30 min and immediately euthanized. The commercial 
enzyme immunoassay kit (ELISA) (Mouse/Rat Cortisol 
ELISA, Sigma-Aldrich, USA) was used for the determi-
nation of plasma corticosterone concentrations. The final 
results were expressed as ng/mL. The lowest limit of detec-
tion was 0.82 ng/mL.

2.8  |  Gene expression

The gene expression of CRHR1, GR, and MR in the PFC was 
evaluated. Total cellular RNA was extracted by the Trizol 
method (ThermoFisher—Scientific, USA) according to the 
manufacturer's instructions. The RNA was resuspended in 
20 μL of nuclease-free water (Ambion®—ThermoFisher—
Scientific, EUA) and converted to complementary deoxyri-
bonucleic acid (cDNA) (GoScript™ Reverse Transcription 
System Protocol—Promega, USA), according to the proto-
col indicated by the manufacturer. The final concentration 
of cDNA was analyzed by fluorimetric method (Qubit®—
ThermoFisher—Scientific, USA) from a commercial kit 
(Qubit® dsDNA HS Assay—ThermoFisher—Scientific, 
USA).

Gene expression was performed in real-time quantitative 
PCR (Step One Plus—Applied Biosystems) using 16 ng of 
cDNA. The samples were prepared in duplicate and the rel-
ative expression of messenger RNA (mRNA) was calculated 
by the Delta-Delta Ct method (ΔΔCt) using the male CON 
group as reference. Glyceraldehyde-3-phosphate dehydro-
genase (GAPDH) was adopted as the reference endogenous 

F I G U R E  1   Experimental design of the study. The timeline is presented in days. G-21:21 days before G0; G0: gestational day 0/mating 
day; G8: gestational day 8; G21: gestational day 21; PND 0: post-natal day 0/offspring birth; PND 60: post-natal day 60; PND 74: post-natal day 
74; PNS: prenatal restraint stress; EX + PNS: exercise before the gestational period and prenatal restraint stress [Colour figure can be viewed at 
wileyonlinelibrary.com]

www.wileyonlinelibrary.com
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gene. A negative CON for each primer was used on each 
plate to check for possible contamination. Amplification re-
agent measurements were calculated based on incorporation 
of the SYBR® Green fluorescence marker (ThermoFisher—
Scientific, USA) into the double cDNA ribbon for each am-
plification reaction.

The set of specific primers for each gene were: CRHR1 
(forward 5′TGAGTGTTAGCGATGCCTTG 3′; reverse 
5′TCCTACCACTGAGGACTGG 3′), GR (forward 5′GGA 
ATAGGTGCCAAGGGTCT 3′, reverse 5′GAGCACACCA 
GGCAGAGTTT 3′), MR (forward 5′CCAGTTCTCCG 
TTCTCTGTA 3′; reverse 5′CTTGAGCACCAATCCGGTAG 
3′), and GAPDH (direct 5′GGGGAGCCAAAAGGGTCATC 
3′; reverse 5′GACGCCTGCTTCACCACCTTCTTG 3′).

2.9  |  HDAC activity

The total HDAC activity was evaluated using the EpiQuik 
HDAC Activity Assay Kit (Epigentek, USA). Briefly, nu-
clear extracts of the PFC were obtained with the EpiQuik™ 
Nuclear Extraction Kit (Epigentek, USA), incubated with 
substrate and assay buffer at 37°C for 1 hr, followed by the 
incubation with a capture antibody at room temperature for 
60 min. The detection antibody was incubated at room tem-
perature for 30 min. The absorbance was read on a microplate 
spectrophotometer at 450 nm. The HDAC activity was meas-
ured according to the manufacturer's instructions.

2.10  |  Global acetylation of histone H3

The levels of global histone H3 acetylation were evaluated in 
the PFC using the EpiQuiK Global Histone H3 Acetylation 
Assay Kit (Epigentek, USA). Briefly, the histones were ex-
tracted with the extraction buffer, incubated with blocking 
buffer at 37°C for 30 min, followed by the incubation with a 
capture antibody at room temperature for 60 min on an orbital 
shaker. After, the detection capture antibody was incubated 
at room temperature for 30  min. The absorbance was read 
on a microplate reader at 450 nm. The amount of acetylated 
histone H3 was quantified according to the manufacturer's 
instructions.

2.11  |  Statistical analysis

The normality of data was tested using the Shapiro–Wilk 
test. Data were expressed using mean and standard error of 
the mean (SEM). In order to evaluate differences between 
the experimental groups (CON, PNS, and EX  +  PNS) 
and the interaction with sex (males and females), two-
way ANOVA followed by the LSD post-test was used. In 

order to evaluate differences and the interaction between 
groups, sex, and the second-hit stress, a three-way ANOVA 
followed by the LSD post-test was used. In all cases, the 
level of significance was set at 5%. Data were analyzed 
using the software SPSS 18.0 (SPSS Inc., USA) and graphs 
were made using Prism GraphPad (version 5.0, GraphPad 
Software Inc., USA).

3  |   RESULTS

3.1  |  Pregestational exercise does not 
prevent fear/anxiety effects in PNS mice

The effect of exercise before pregnancy on preventing the 
well-known effects of prenatal stress on fear/anxiety was 
evaluated through the elevated plus maze test. No signifi-
cant differences were observed between group and sex when 
the time in the closed arms was analyzed (Figure 2a). When 
evaluating the time spent in the open arms, a significant ef-
fect for group (F(2,55) = 13.74; p = .000014) was observed. In 
the pairwise analysis, both PNS (males p = .016 and females 
p  =  .003) and EX  +  PNS (males p  =  .00005 and females 

F I G U R E  2   Behavioral evaluation in the elevated plus-maze 
apparatus. The time spent in the closed arms (a) and in the open arms 
(b) were evaluated in males and females. Data are shown as mean 
and SEM, and were compared by two-way ANOVA followed by the 
LSD post-hoc test. Number of animals for each group are: CON = 10, 
PNS = 13, and EX + PNS = 11 for males; and CON = 7, PNS = 9, 
and EX + PNS = 11 for females. *significant differences compared to 
the CON group in the same sex; $significant difference compared to 
the PNS group in the same sex
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p = .006) animals showed significantly less time when com-
pared to the CON group (Figure 2b). In addition, EX + PNS 
males (p =  .036) also showed significantly less time in the 
open arms compared to the PNS group (Figure 2b). No other 
significant differences were found.

3.2  |  Pregestational exercise prevents stress-
induced plasmatic corticosterone increase in 
PNS females

Plasmatic levels of corticosterone, both at basal and after a 
restraint stress, were evaluated. We observed a significant 
effect for stress (F(1,63) = 258.37; p = <0.0001) and interac-
tion between group, stress, and sex (F(11,63) = 3.30; p = .043). 
When basal levels were analyzed, PNS males presented a 
nearly significant (p = .061) increase when compared to the 
CON group, although no effects for exercise were demon-
strated. As expected, after 30 min of restraint stress, animals 
from all experimental groups showed significantly (p < .05) 
increased levels of plasmatic corticosterone. In females,  
maternal exercise significantly reduced (p = .011) the stress-
induced increase in corticosterone, as demonstrated by the 
decrease seen when EX + PNS was compared to the PNS 
group (Figure 3).

Regarding sexual differences, CON females presented 
a nearly significant (p  =  .053) corticosterone increase at 
basal when compared to CON males. Similarly, after re-
straint stress in adulthood, PNS females (p = .010) showed 
increased corticosterone when compared to PNS males 
(Figure 3).

3.3  |  Pregestational exercise attenuates PFC 
CRHR1 gene expression in PNS females

Considering the results found in corticosterone, gene expres-
sion of MR, GR, and CRHR1 in the PFC were evaluated. In 
the analysis of CRHR1 gene expression, significant effects for 
group (F(2,26) = 4.53; p = .02), sex (F(1,26) = 8.89; p = .006), 
and interaction between group and sex (F(5,26) = 4.45; p = .022) 
were found. Post-hoc analysis revealed that prenatally stressed 
females (PNS group) showed an increase in the expression 
of CRHR1 (p = .002) compared to the CON group. Exercise 
before pregnancy prevented the PNS induced increase in the 
CRHR1 mRNA expression (p = .002) (Figure 4a).

When sexual differences were evaluated, we observed that 
PNS females presented increased CRHR1 mRNA expression 
(p = .0002) when compared to PNS males (Figure 4a).

3.4  |  Prenatal stress decreases PFC GR gene 
expression in males

Significant effects for sex (F(1,22)  =  7.63; p  =  .011) were 
found in the GR gene expression analysis. Pairwise com-
parisons for the GR mRNA expression revealed that PNS 
(p = .035) males showed a significant decrease when com-
pared to CON. Comparisons between sexes demonstrated a 
significant decrease in the GR gene expression in CON fe-
males (p =  .006) when compared to CON males. No other 
significant differences were found (Figure 4b).

3.5  |  Prenatal stress does not alter PFC MR 
gene expression

Significant effects for sex (F(1,24) = 14.21; p =  .001) were 
found in the MR gene expression analysis. When MR mRNA 
expression was analyzed, there were no significant differ-
ences in the comparisons between groups (Figure 4c). On the 
contrary, when sex differences were evaluated, an increased 
MR gene expression was observed in females from CON 
(p = .035) and PNS (p = .025) when compared to males from 
the same experimental groups (Figure 4c).

3.6  |  Prenatal stress decreases PFC histone 
H3 acetylation in males

Epigenetic mechanisms were evaluated by measuring HDAC 
activity and H3 acetylation. No significant effects for group, sex, 
and interaction between group and sex were found in HDAC 
and H3 analyses. When the HDAC activity was assessed, no 
significant differences were found between all experimental 
groups (Figure 5a). On the contrary, pairwise comparisons 

F I G U R E  3   Evaluation of corticosterone secretion. Plasmatic 
corticosterone concentrations was evaluated at basal and after a 30 min 
restraint stress in males and females. Data are shown as mean and 
SEM, and were compared by three-way ANOVA followed by the LSD 
post-hoc test. n = 5–7 males per group and n = 6–7 females per group. 
*significant differences compared to the CON group in the same 
sex; $significant differences compared to the PNS group in the same 
sex; &significant second-hit stress differences within the same group; 
#significant sex differences within the same group
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reveled a nearly significant (p = .062) histone H3 acetylation 
decrease in PNS males when compared to CON (Figure 5b).

4  |   DISCUSSION

Results from the present study have demonstrated, for the 
first time, the preventive effects of exercise before the ges-
tational period on HPA axis changes due to prenatal stress 
on male and female adult mice. Several parameters were 
assessed and data suggests that exercise may modulate the 
expression of GR and CRHR1 in the PFC, in addition to the 
corticosterone response, in a sex-specific manner.

Considering the well-recognized long-term effects of 
stress during gestation on behavior, fear, and anxiety were 
evaluated (van Bodegom et al., 2017). Epidemiological stud-
ies in humans have shown that individuals subjected to an 
adverse environment during the gestational period present an 
increased risk of developing psychiatric disorders (O'Connor 
et al., 2005). The present study aimed to evaluate the effects 
of exercise before gestation on fear/anxiety behavior (ele-
vated plus maze) in mice submitted to prenatal stress. Data 
showed that prenatal stress-induced an increase in fear/anx-
iety behavior, although no effects of pregestational exercise 

were found. It is possible that intensity and type of exercise 
may have influenced results, although no other studies eval-
uating the effects of pregestational exercise on behavior were 
found for comparisons. In a work using voluntary exercise in 
a running wheel, an anxiolytic effect with decreased mark-
ers of depression was observed in mice (Duman, Schlesinger, 
Russell, & Duman, 2008). On the contrary, there is evidence 
showing that forced exercise in rodents is able to activate the 
HPA axis and develop anxiety changes by inducing the secre-
tion of corticosterone (Chang et al., 2008). In addition, it is 
not possible to rule out the possibility that the elevated plus 
maze test used in the present study was not sensitive enough 
to detect possible effects of pregestational exercise.

During pregnancy, corticosterone concentrations are nat-
urally higher. However, stress during this period may further 
increase corticosterone secretion, which can reach the fetus 
leading to developmental alterations (Kou et al., 2014). Our 
group recently demonstrated that PNS animals, from both 
sexes, when exposed to stress in adult life, present an increase 
in corticosterone secretion (Vargas et al., 2016). Likewise, 
our results demonstrated that basal levels of corticosterone 
in PNS males were increased compared to CON mice and, 
although not statistically significant, physical exercise before 
gestation also seems to have an effect. In contrast, in females, 

F I G U R E  4   CRHR1, GR, and MR mRNA expression. The prefrontal cortex gene expression of CRHR1 (a), GR (b), and MR (c) were 
evaluated in both males and females. Data are shown as mean and SEM, and were compared by two-way ANOVA followed by the LSD post-hoc 
test. n = 4–6 animals per group for both males and females. *significant differences compared to the CON group in the same sex; #significant sex 
differences within the same group

F I G U R E  5   Epigenetic regulation. The HDAC activity (a) and histone H3 acetylation (b) were evaluated in the prefrontal cortex in males and 
females. Data are shown as mean and SEM, and were compared by two-way ANOVA followed by the LSD post-hoc test. n = 4–8 males per group 
and n = 4–7 females per group. *significant differences compared to the CON group in the same sex; #significant sex differences within the same 
group
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exercise showed a protective effect on the increased corti-
costerone levels after 30 min of restraint stress. In a rodent 
study, exercise for 3 weeks decreased serum corticosterone 
and hippocampal concentrations 20 days after the end of the 
protocol, demonstrating a long-term effect of the treadmill 
use (Radahmadi, Alaei, Sharifi, & Hosseini, 2015). It is pos-
sible that protective long-term effects of exercise may have 
contributed to the results presented here in an effect that may 
reflect an interaction with specificities of the stressor and ad-
ditional modulations from sexual differences.

The corticotrophin releasing hormone (CRH) is essential 
for the stress response and the CRHR1 subunit is related to in-
creased fear and anxiety behavior under a regulatory process 
mediated by  glucocorticoids (Bale & Vale, 2004). Several 
authors have demonstrated increased CRH gene expression 
in the paraventricular nucleus (Makino et al., 1995), amyg-
dala (Hsu, Chen, Takahashi, & Kalin, 1998), and PFC (Meng, 
Chen, Tong, & Zhou, 2011) in response to stress. Our results 
demonstrated that exercise before pregnancy prevented the in-
creased CRHR1 mRNA expression in the PFC of PNS females. 
The protective effect of exercise only in females may indicate 
hormonal influences on the regulation of this response. There 
are few studies that addressed sexual differences in the CRH 
regulation after a stressful event in the gestational period. An 
increase in the paraventricular nucleus CRH expression, ac-
companied by changes in the HPA axis in response to stress 
was demonstrated only in females prenatally stressed during 
the last week of gestation (Zohar & Weinstock, 2011). To the 
best of our knowledge, this is the first study to evaluate the 
PFC CRHR1 expression in Balb/c mice undergoing prenatal 
stress. Likewise, no study to date has evaluated PFC CRHR1 
response to exercise, although an attenuated stress response 
has already been described with decreased paraventricular 
nucleus CRHR1 mRNA expression in animals who practiced 
voluntary exercise (Droste et al., 2003).

The effects of pregestational exercise in genes related 
to the CON of HPA axis were also evaluated. GR and MR 
are the main regulators of HPA axis CON, participating in 
the stress response modulation (van Bodegom et al., 2017). 
We have demonstrated that prenatal stress reduced PFC GR 
mRNA expression in males and that pregestational exercise 
prevented this effect. To date, no study has evaluated GR ex-
pression in response to a stressor stimulus in treadmill-trained 
animals. However, although the long-term effects of exercise 
on GR expression are not known yet, Chang et al. demon-
strated an unchanged expression 24 hr after a moderate tread-
mill exercise protocol (Chang et al., 2008). We hypothesized 
that the observed responses in GR mRNA expression would 
be directly related to basal corticosterone secretion in males, 
since it is possible to observe an attenuation of the prenatal 
stress effect by physical exercise. Furthermore, the affinity 
of MR for corticosterone is about ten times greater than GR. 
Thus, basal corticosterone concentrations predominantly 

occupy MR, whereas during a stressor event, increased 
corticosterone levels lead to the co-activation of GR (De 
Kloet, Vreugdenhil, Oitzl, & Joels, 1998). Our study did not 
demonstrate significant differences in the PFC MR mRNA 
expression for both stress and exercise. Still, studies have re-
ported that prenatal stress is able to decrease MR expression 
throughout life (Grundwald & Brunton, 2015; Tamura, Sajo, 
Kakita, Matsuki, & Koyama, 2011). The relationship be-
tween exercise and MR response has never been investigated 
in the PFC of mice after forced exercise. Conversely, a study 
has shown that hippocampal MR levels may decrease at the 
end of a treadmill exercise period, probably as a consequence 
of increased corticosterone (Chang et al., 2008). Possibly, 
differences in the exercise protocols and the species used may 
contribute to the different responses found.

It has been already established that exposure to an ad-
verse prenatal environment can lead to lifelong epigenetic 
changes (Babenko, Kovalchuk, & Metz, 2015). The PFC 
has an important role in emotional and cognitive functions, 
besides being key in the physiological CON of the stress 
response (Arnsten, 2009). Thus, we have also analyzed PFC 
HDAC activity and histone H3 acetylation. Evidences have 
shown that early life stress decreases histone H3 acetyla-
tion in both male and female hippocampus (Benoit et al., 
2015). In addition, it has been reported that the expression 
of HDAC is increased in prenatally stressed male rats (Van 
den Hove et al., 2013). Similarly, our data shows that pre-
natal stress decreased histone H3 acetylation only in males 
and exercise before gestation seems to block this effect. 
Studies have already reported the exercise potential to de-
crease HDAC activity, in the PFC, and to increase histone 
H3 acetylation in the hippocampus and cerebellum (Abel & 
Rissman, 2013; Spindler et al., 2014). The balance between 
HDAC and histone acetyltransferase (HAT) is important for 
neuronal homeostasis and, thus, for normal brain function-
ing (Saha & Pahan, 2006). Our study did not find significant 
differences between groups in the assessment of HDAC, so 
it is possible that the use of a total HDAC activity assay for 
this enzyme may mask specific dysfunctions of its subunits 
or HATs.

One limitation of the present study is the lack of gonadal 
hormone assessment. Studies have reported important sex-
ual differences generated by the effects of prenatal stress 
in the offspring, including the regulation of the HPA axis 
(Weinstock, 2007). Females are generally more sensitive to 
maternal hormones than males, with changes in HPA axis 
markers in both basal and stress conditions. In accordance 
with our results, females generally report a greater response 
to stress (corticosterone) in animals prenatally stressed 
(Schoonman et al., 2007; Veenema et al., 2007; Zohar & 
Weinstock, 2011).

In conclusion, our findings indicate that exercise be-
fore pregnancy may attenuate some developmental changes 
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induced by prenatal stress, evidenced mainly by the modu-
lation of corticosterone and CRHR1 in females, besides the 
GR mRNA expression and histone H3 acetylation in males. 
The findings of present study may contribute to a better un-
derstanding on the preventive long-term effects of exercise 
before pregnancy and its role on stress-related diseases.

ACKNOWLEDGEMENTS
The authors thank CAPES (Finance Code 001), CNPQ 
(401178/2016-1), and PUCRS for funding and concession of 
scholarships.

CONFLICT OF INTEREST
The authors declare that there are no conflicts of interest.

ETHICS APPROVAL
All the experiments were performed in agreement with the 
international ethical standards and following the local ani-
mal protection guidelines. The experimental protocol was 
approved by the Ethics Research Committee (protocol num-
ber 15/00446) of the Pontifical Catholic University of Rio 
Grande do Sul (PUCRS).

AUTHOR CONTRIBUTIONS
Carolina Luft conceived the work, acquired data, drafted 
the paper, performed data analysis, and approved the final 
version. Isadora Perez Levices, Mariana Severo da Costa, 
and Gabriela Viegas Haute acquired data, revised the article 
and approved the final version. Rodrigo Grassi-Oliveira and 
Jarbas Rodrigues de Oliveira conceived the work, revised 
the paper, and approved the final version. Márcio Vinícius 
Fagundes Donadio conceived the work, acquired funding, 
performed data analysis, revised the article, and approved the 
final version.

DATA AVAILABILITY STATEMENT
The data used to support the findings of this study are avail-
able from the corresponding author upon request.

ORCID
Carolina Luft   https://orcid.org/0000-0001-9044-0701 
Isadora Perez Levices   https://orcid.
org/0000-0002-0123-0006 
Mariana Severo da Costa   https://orcid.
org/0000-0002-1846-5223 
Gabriela Viegas Haute   https://orcid.
org/0000-0002-5233-5377 
Rodrigo Grassi-Oliveira   https://orcid.
org/0000-0001-9911-5921 
Jarbas Rodrigues de Oliveira   https://orcid.
org/0000-0003-0705-1639 
Márcio Vinícius Fagundes Donadio   https://orcid.
org/0000-0001-8836-9109 

REFERENCES
Abel, J. L., & Rissman, E. F. (2013). Running-induced epigenetic and 

gene expression changes in the adolescent brain. International 
Journal of Developmental Neuroscience, 31, 382–390. https​://doi.
org/10.1016/j.ijdev​neu.2012.11.002

Arnsten, A. F. (2009). Stress signalling pathways that impair prefron-
tal cortex structure and function. Nature Reviews Neuroscience, 10, 
410–422. https​://doi.org/10.1038/nrn2648

Babenko, O., Kovalchuk, I., & Metz, G. A. (2015). Stress-induced peri-
natal and transgenerational epigenetic programming of brain devel-
opment and mental health. Neuroscience and Biobehavioral Reviews, 
48, 70–91. https​://doi.org/10.1016/j.neubi​orev.2014.11.013

Bale, T. L., & Vale, W. W. (2004). CRF and CRF receptors: Role in stress 
responsivity and other behaviors. Annual Review of Pharmacology 
and Toxicology, 44, 525–557.

Baudin, A., Blot, K., Verney, C., Estevez, L., Santamaria, J., Gressens, 
P., … Naudon, L. (2012). Maternal deprivation induces deficits in 
temporal memory and cognitive flexibility and exaggerates syn-
aptic plasticity in the rat medial prefrontal cortex. Neurobiology 
of Learning and Memory, 98, 207–214. https​://doi.org/10.1016/j.
nlm.2012.08.004

Benoit, J. D., Rakic, P., & Frick, K. M. (2015). Prenatal stress induces 
spatial memory deficits and epigenetic changes in the hippocampus 
indicative of heterochromatin formation and reduced gene expres-
sion. Behavioral Brain Research, 281, 1–8. https​://doi.org/10.1016/j.
bbr.2014.12.001

Chang, Y. T., Chen, Y. C., Wu, C. W., Yu, L., Chen, H. I., Jen, C. J., 
& Kuo, Y. M. (2008). Glucocorticoid signaling and exercise- 
induced downregulation of the mineralocorticoid receptor in the 
induction of adult mouse dentate neurogenesis by treadmill run-
ning. Psychoneuroendocrinology, 33, 1173–1182. https​://doi.
org/10.1016/j.psyne​uen.2008.05.014

De Kloet, E. R., Vreugdenhil, E., Oitzl, M. S., & Joels, M. (1998). Brain 
corticosteroid receptor balance in health and disease. Endocrine 
Reviews, 19, 269–301. https​://doi.org/10.1210/er.19.3.269

Droste, S. K., Gesing, A., Ulbricht, S., Muller, M. B., Linthorst, A. C., 
& Reul, J. M. (2003). Effects of long-term voluntary exercise on the 
mouse hypothalamic-pituitary-adrenocortical axis. Endocrinology, 
144, 3012–3023. https​://doi.org/10.1210/en.2003-0097

Duman, C. H., Schlesinger, L., Russell, D. S., & Duman, R. S. (2008). 
Voluntary exercise produces antidepressant and anxiolytic behav-
ioral effects in mice. Brain Research, 1199, 148–158. https​://doi.
org/10.1016/j.brain​res.2007.12.047

Fagiolini, M., Jensen, C. L., & Champagne, F. A. (2009). Epigenetic 
influences on brain development and plasticity. Current Opinion 
in Neurobiology, 19, 207–212. https​://doi.org/10.1016/j.
conb.2009.05.009

Gobinath, A. R., Wong, S., Chow, C., Lieblich, S. E., Barr, A. M., & 
Galea, L. A. M. (2018). Maternal exercise increases but concurrent 
maternal fluoxetine prevents the increase in hippocampal neurogen-
esis of adult offspring. Psychoneuroendocrinology, 91, 186–197. 
https​://doi.org/10.1016/j.psyne​uen.2018.02.027

Gogtay, N., Giedd, J. N., Lusk, L., Hayashi, K. M., Greenstein, D., 
Vaituzis, A. C., … Thompson, P. M. (2004). Dynamic mapping of 
human cortical development during childhood through early adult-
hood. Proceedings of the National Academy of Sciences, 101, 8174–
8179. https​://doi.org/10.1073/pnas.04026​80101​

Grundwald, N. J., & Brunton, P. J. (2015). Prenatal stress pro-
grams neuroendocrine stress responses and affective 

https://orcid.org/0000-0001-9044-0701
https://orcid.org/0000-0001-9044-0701
https://orcid.org/0000-0002-0123-0006
https://orcid.org/0000-0002-0123-0006
https://orcid.org/0000-0002-0123-0006
https://orcid.org/0000-0002-1846-5223
https://orcid.org/0000-0002-1846-5223
https://orcid.org/0000-0002-1846-5223
https://orcid.org/0000-0002-5233-5377
https://orcid.org/0000-0002-5233-5377
https://orcid.org/0000-0002-5233-5377
https://orcid.org/0000-0001-9911-5921
https://orcid.org/0000-0001-9911-5921
https://orcid.org/0000-0001-9911-5921
https://orcid.org/0000-0003-0705-1639
https://orcid.org/0000-0003-0705-1639
https://orcid.org/0000-0003-0705-1639
https://orcid.org/0000-0001-8836-9109
https://orcid.org/0000-0001-8836-9109
https://orcid.org/0000-0001-8836-9109
https://doi.org/10.1016/j.ijdevneu.2012.11.002
https://doi.org/10.1016/j.ijdevneu.2012.11.002
https://doi.org/10.1038/nrn2648
https://doi.org/10.1016/j.neubiorev.2014.11.013
https://doi.org/10.1016/j.nlm.2012.08.004
https://doi.org/10.1016/j.nlm.2012.08.004
https://doi.org/10.1016/j.bbr.2014.12.001
https://doi.org/10.1016/j.bbr.2014.12.001
https://doi.org/10.1016/j.psyneuen.2008.05.014
https://doi.org/10.1016/j.psyneuen.2008.05.014
https://doi.org/10.1210/er.19.3.269
https://doi.org/10.1210/en.2003-0097
https://doi.org/10.1016/j.brainres.2007.12.047
https://doi.org/10.1016/j.brainres.2007.12.047
https://doi.org/10.1016/j.conb.2009.05.009
https://doi.org/10.1016/j.conb.2009.05.009
https://doi.org/10.1016/j.psyneuen.2018.02.027
https://doi.org/10.1073/pnas.0402680101


94  |      LUFT et al.

behaviors in second generation rats in a sex-dependent man-
ner. Psychoneuroendocrinology, 62, 204–216. https​://doi.
org/10.1016/j.psyne​uen.2015.08.010

Hernandez-Gonzalez, M., Hernandez-Arteaga, E., Guevara, M. A., 
Almanza-Sepulveda, M. L., Ramirez-Renteria, M. L., Arteaga-
Silva, M., & Bonilla-Jaime, H. (2017). Prenatal stress suppresses the 
prefrontal and amygdaline EEG changes associated with a sexual-
ly-motivated state in male rats. Physiology & Behavior, 182, 86–92. 
https​://doi.org/10.1016/j.physb​eh.2017.10.003

Hsu, D. T., Chen, F. L., Takahashi, L. K., & Kalin, N. H. (1998). Rapid 
stress-induced elevations in corticotropin-releasing hormone mRNA 
in rat central amygdala nucleus and hypothalamic paraventricular 
nucleus: An in situ hybridization analysis. Brain Research, 788, 
305–310. https​://doi.org/10.1016/S0006-8993(98)00032-8

Kim, D. M., & Leem, Y. H. (2016). Chronic stress-induced memory 
deficits are reversed by regular exercise via AMPK-mediated BDNF 
induction. Neuroscience, 324, 271–285. https​://doi.org/10.1016/j.
neuro​scien​ce.2016.03.019

Kou, H., Liu, Y., Liang, G., Huang, J., Hu, J., Yan, Y. E., … Wang, 
H. (2014). Maternal glucocorticoid elevation and associated blood 
metabonome changes might be involved in metabolic programming 
of intrauterine growth retardation in rats exposed to caffeine prena-
tally. Toxicology and Applied Pharmacology, 275, 79–87. https​://
doi.org/10.1016/j.taap.2014.01.007

Li, H., Liang, A., Guan, F., Fan, R., Chi, L., & Yang, B. (2013). Regular 
treadmill running improves spatial learning and memory perfor-
mance in young mice through increased hippocampal neurogene-
sis and decreased stress. Brain Research, 1531, 1–8. https​://doi.
org/10.1016/j.brain​res.2013.07.041

Liu, L., Li, A., & Matthews, S. G. (2001). Maternal glucocorticoid 
treatment programs HPA regulation in adult offspring: Sex-
specific effects. American Journal of Physiology. Endocrinology 
and Metabolism, 280, E729–739. https​://doi.org/10.1152/ajpen​
do.2001.280.5.E729

Makino, S., Schulkin, J., Smith, M. A., Pacak, K., Palkovits, M., & 
Gold, P. W. (1995). Regulation of corticotropin-releasing hormone 
receptor messenger ribonucleic acid in the rat brain and pituitary by 
glucocorticoids and stress. Endocrinology, 136, 4517–4525. https​://
doi.org/10.1210/endo.136.10.7664672

Marcelino, T. B., de Lemos Rodrigues, P. I., Klein, C. P., Santos, B. G., 
Miguel, P. M., Netto, C. A., … Matte, C. (2016). Behavioral benefits 
of maternal swimming are counteracted by neonatal hypoxia-isch-
emia in the offspring. Behavioral Brain Research, 312, 30–38. https​
://doi.org/10.1016/j.bbr.2016.06.009

Meng, Q. Y., Chen, X. N., Tong, D. L., & Zhou, J. N. (2011). Stress and 
glucocorticoids regulated corticotropin releasing factor in rat pre-
frontal cortex. Molecular and Cellular Endocrinology, 342, 54–63. 
https​://doi.org/10.1016/j.mce.2011.05.035

O'Connor, T. G., Ben-Shlomo, Y., Heron, J., Golding, J., Adams, D., & 
Glover, V. (2005). Prenatal anxiety predicts individual differences 
in cortisol in pre-adolescent children. Biological Psychiatry, 58, 
211–217. https​://doi.org/10.1016/j.biops​ych.2005.03.032

Radahmadi, M., Alaei, H., Sharifi, M. R., & Hosseini, N. (2015). 
Effect of forced exercise and exercise withdrawal on memory, 
serum and hippocampal corticosterone levels in rats. Experimental 
Brain Research, 233, 2789–2799. https​://doi.org/10.1007/
s00221-015-4349-y

Saha, R. N., & Pahan, K. (2006). HATs and HDACs in neurodegen-
eration: A tale of disconcerted acetylation homeostasis. Cell 

Death and Differentiation, 13, 539–550. https​://doi.org/10.1038/
sj.cdd.4401769

Schoonman, G. G., Evers, D. J., Ballieux, B. E., de Geus, E. J., de Kloet, 
E. R., Terwindt, G. M., … Ferrari, M. D. (2007). Is stress a trigger 
factor for migraine? Psychoneuroendocrinology, 32, 532–538. https​
://doi.org/10.1016/j.psyne​uen.2007.03.006

Schulz, K. M., Pearson, J. N., Neeley, E. W., Berger, R., Leonard, S., 
Adams, C. E., & Stevens, K. E. (2011). Maternal stress during 
pregnancy causes sex-specific alterations in offspring memory per-
formance, social interactions, indices of anxiety, and body mass. 
Physiology & Behavior, 104, 340–347. https​://doi.org/10.1016/j.
physb​eh.2011.02.021

Seckl, J. R., & Meaney, M. J. (2004). Glucocorticoid programming. 
Annals of the New York Academy of Sciences, 1032, 63–84. https​://
doi.org/10.1196/annals.1314.006

Seo, J. H. (2018). Treadmill exercise alleviates stress-induced anxi-
ety-like behaviors in rats. Journal of Exercise Rehabilitation, 14, 
724–730. https​://doi.org/10.12965/​jer.18364​42.221

Spijker, S. (2011). Dissection of rodent brain regions, subcellular frac-
tionation of brain tissue using free-flow. Electrophoresis, 57, 23.

Spindler, C., Cechinel, L. R., Basso, C., Moyses, F., Bertoldi, K., 
Roesler, R., … Siqueira, I. R. (2014). Treadmill exercise alters his-
tone acetyltransferases and histone deacetylases activities in frontal 
cortices from wistar rats. Cellular and Molecular Neurobiology, 34, 
1097–1101. https​://doi.org/10.1007/s10571-014-0096-z

Tamura, M., Sajo, M., Kakita, A., Matsuki, N., & Koyama, R. (2011). 
Prenatal stress inhibits neuronal maturation through downregula-
tion of mineralocorticoid receptors. Journal of Neuroscience, 31, 
11505–11514. https​://doi.org/10.1523/JNEUR​OSCI.3447-10.2011

van Bodegom, M., Homberg, J. R., & Henckens, M. (2017). Modulation 
of the hypothalamic-pituitary-adrenal axis by early life stress 
exposure. Front Cell Neurosci, 11, 87. https​://doi.org/10.3389/
fncel.2017.00087​

Van den Bergh, B. R., Van Calster, B., Smits, T., Van Huffel, S., & 
Lagae, L. (2008). Antenatal maternal anxiety is related to HPA-axis 
dysregulation and self-reported depressive symptoms in adoles-
cence: A prospective study on the fetal origins of depressed mood. 
Neuropsychopharmacology, 33, 536–545. https​://doi.org/10.1038/
sj.npp.1301450

Van den Hove, D. L., Kenis, G., Brass, A., Opstelten, R., Rutten, B. 
P., Bruschettini, M., … Prickaerts, J. (2013). Vulnerability versus 
resilience to prenatal stress in male and female rats; implications 
from gene expression profiles in the hippocampus and frontal cor-
tex. European Neuropsychopharmacology, 23, 1226–1246. https​://
doi.org/10.1016/j.euron​euro.2012.09.011

Vargas, M. H., Campos, N. E., de Souza, R. G., da Cunha, A. A., Nunez, 
N. K., Pitrez, P. M., & Donadio, M. V. (2016). Protective effect of 
early prenatal stress on the induction of asthma in adult mice: Sex-
specific differences. Physiology & Behavior, 165, 358–364. https​://
doi.org/10.1016/j.physb​eh.2016.08.023

Veenema, A. H., de Kloet, E. R., de Wilde, M. C., Roelofs, A. J., 
Kawata, M., Buwalda, B., … Lucassen, P. J. (2007). Differential 
effects of stress on adult hippocampal cell proliferation in low and 
high aggressive mice. Journal of Neuroendocrinology, 19, 489–498. 
https​://doi.org/10.1111/j.1365-2826.2007.01555.x

Wearick-Silva, L. E., Marshall, P., Viola, T. W., Centeno-Silva, A., de 
Azeredo, L. A., Orso, R., … Grassi-Oliveira, R. (2017). Running 
during adolescence rescues a maternal separation-induced mem-
ory impairment in female mice: Potential role of differential 

https://doi.org/10.1016/j.psyneuen.2015.08.010
https://doi.org/10.1016/j.psyneuen.2015.08.010
https://doi.org/10.1016/j.physbeh.2017.10.003
https://doi.org/10.1016/S0006-8993(98)00032-8
https://doi.org/10.1016/j.neuroscience.2016.03.019
https://doi.org/10.1016/j.neuroscience.2016.03.019
https://doi.org/10.1016/j.taap.2014.01.007
https://doi.org/10.1016/j.taap.2014.01.007
https://doi.org/10.1016/j.brainres.2013.07.041
https://doi.org/10.1016/j.brainres.2013.07.041
https://doi.org/10.1152/ajpendo.2001.280.5.E729
https://doi.org/10.1152/ajpendo.2001.280.5.E729
https://doi.org/10.1210/endo.136.10.7664672
https://doi.org/10.1210/endo.136.10.7664672
https://doi.org/10.1016/j.bbr.2016.06.009
https://doi.org/10.1016/j.bbr.2016.06.009
https://doi.org/10.1016/j.mce.2011.05.035
https://doi.org/10.1016/j.biopsych.2005.03.032
https://doi.org/10.1007/s00221-015-4349-y
https://doi.org/10.1007/s00221-015-4349-y
https://doi.org/10.1038/sj.cdd.4401769
https://doi.org/10.1038/sj.cdd.4401769
https://doi.org/10.1016/j.psyneuen.2007.03.006
https://doi.org/10.1016/j.psyneuen.2007.03.006
https://doi.org/10.1016/j.physbeh.2011.02.021
https://doi.org/10.1016/j.physbeh.2011.02.021
https://doi.org/10.1196/annals.1314.006
https://doi.org/10.1196/annals.1314.006
https://doi.org/10.12965/jer.1836442.221
https://doi.org/10.1007/s10571-014-0096-z
https://doi.org/10.1523/JNEUROSCI.3447-10.2011
https://doi.org/10.3389/fncel.2017.00087
https://doi.org/10.3389/fncel.2017.00087
https://doi.org/10.1038/sj.npp.1301450
https://doi.org/10.1038/sj.npp.1301450
https://doi.org/10.1016/j.euroneuro.2012.09.011
https://doi.org/10.1016/j.euroneuro.2012.09.011
https://doi.org/10.1016/j.physbeh.2016.08.023
https://doi.org/10.1016/j.physbeh.2016.08.023
https://doi.org/10.1111/j.1365-2826.2007.01555.x


      |  95LUFT et al.

exon-specific BDNF expression. Developmental Psychobiology, 59, 
268–274. https​://doi.org/10.1002/dev.21487​

Weinstock, M. (2007). Gender differences in the effects of prenatal stress 
on brain development and behaviour. Neurochemical Research, 32, 
1730–1740. https​://doi.org/10.1007/s11064-007-9339-4

Zheng, Y., Fan, W., Zhang, X., & Dong, E. (2016). Gestational stress 
induces depressive-like and anxiety-like phenotypes through epi-
genetic regulation of BDNF expression in offspring hippocam-
pus. Epigenetics, 11, 150–162. https​://doi.org/10.1080/15592​294. 
2016.1146850

Zohar, I., & Weinstock, M. (2011). Differential effect of prenatal stress 
on the expression of corticotrophin-releasing hormone and its re-
ceptors in the hypothalamus and amygdala in male and female rats. 
Journal of Neuroendocrinology, 23, 320–328.

Zuena, A. R., Mairesse, J., Casolini, P., Cinque, C., Alema, G. S., 
Morley-Fletcher, S., … Maccari, S. (2008). Prenatal restraint stress 
generates two distinct behavioral and neurochemical profiles in male 
and female rats. PLoS One, 3, e2170. https​://doi.org/10.1371/journ​
al.pone.0002170

How to cite this article: Luft C, Levices IP, da Costa 
MS, et al. Exercise before pregnancy attenuates the 
effects of prenatal stress in adult mice in a sex-
dependent manner. Int J Dev Neurosci. 2020;80: 
86–95. https​://doi.org/10.1002/jdn.10001​

https://doi.org/10.1002/dev.21487
https://doi.org/10.1007/s11064-007-9339-4
https://doi.org/10.1080/15592294.2016.1146850
https://doi.org/10.1080/15592294.2016.1146850
https://doi.org/10.1371/journal.pone.0002170
https://doi.org/10.1371/journal.pone.0002170
https://doi.org/10.1002/jdn.10001

