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c Centro de Matemática, Computação e Cognição, Universidade Federal do ABC, Alameda da Universidade, s/n, Bloco Delta, São Bernardo do Campo, SP 09606-070, 
Brazil 
d Departamento de Ciências Fisiológicas, Faculdade de Ciências Médicas da Santa Casa de São Paulo, R. Jaguaribe, 155 - Vila Buarque, Sao Paulo, SP 01224-001, Brazil

A R T I C L E  I N F O

Keywords:
Perinatal asphyxia
Gestational exercise
Reflexes ontogeny
Somatic development
Growth factors
Myelination

A B S T R A C T

Introduction: About 15–20 % of babies that suffer perinatal asphyxia die and around 25 % of the survivors exhibit 
permanent neural outcomes. Minimization of this global health problem has been warranted. This study 
investigated if the offspring of pregnant female rats allowed to spontaneously exercise on running wheels along a 
11-day pregnancy period were protected for somatic and neurodevelopmental disturbs that usually follow 
neonatal anoxia.
Methods: spontaneous exercise was applied to female rats which were housed in cages allowing free access to 
running wheels along a 11-day pregnancy period. Their offspring were submitted to anoxia 24–36 h after birth. 
Somatic and sensory-motor development of the pups were recorded until postnatal day 21 (P21). Myelin basic 
protein (MBP)-stained areas of sensory and motor cortices were measured at P21. Neuronal nuclei (NeuN)- 
immunopositive cells and synapsin-I levels in hippocampal formation were estimated at P21 and P75.
Results: gestational exercise and / or neonatal anoxia increased the weight and the size of the pups. In addition, 
gestational exercise accelerated somatic and sensory-motor development of the pups and protected them against 
neonatal-anoxia-induced delay in development. Further, neonatal anoxia reduced MBP stained area in the sec
ondary motor cortex and decreased hippocampal neuronal estimates and synapsin-I levels at P21; gestational 
exercise prevented these effects. Therefore, spontaneous exercise along pregnancy is a valuable strategy to 
prevent neonatal-anoxia-induced disturbs in the offspring.
Conclusion: spontaneous gestational running wheel exercise protects against neonatal anoxia-induced disturbs in 
the offspring, including (1) physical and neurobehavioral developmental impairments, and (2) hippocampal and 
cortical changes. Thus, spontaneous exercise during pregnancy may represent a valuable strategy to prevent 
disturbs which usually follow neonatal anoxia.

Abbreviations: 5-HT, serotonin; A, anoxia group; ABC, avidin-biotin complex; ANOVA, analysis of variance; BDNF, brain-derived neurotrophic factor; BrdU, 
bromodeoxyuridine; CA1, Cornu Ammonis 1 subfield of hippocampus; CA2-3, Cornu Ammonis 2 and Cornu Ammonis 3 subfields of hippocampus; DAB, 3,3’-dia
minobenzidine; DG, dentate gyrus; E, exercise group; ECL, enhanced chemiluminescence; EGF, epidermal growth factor; E-NA, exercise and non-anoxia group; Gx, 
gestational day x; HIE, hypoxic-ischemic encephalopathy; HPA, hypothalamic-pituitary-adrenocortical axis; IGF, insulin-like growth factor; MBP, myelin basic 
protein; M1, primary motor cortex; M2, secondary motor cortex; NDS, normal donkey serum; NE-A, non-exercise and anoxia group; NE-NA, non-exercise and non- 
anoxia group; NeuN, neuronal nuclei protein; NGF, nerve growth factor; NHI, neonatal hypoxia-ischemia; NT-3, neutrophin-3; PA, perinatal asphyxia; PBS, phos
phate-buffered saline; PLP, proteolipid protein; Px, postnatal day x; S1, primary sensory cortex; S1Dz, dysgranular region of the primary sensory cortex; S1Tr, trunk 
region of the primary sensory cortex; SDS, sodium dodecyl sulfate; TBS, tris-buffered saline; TBST, tris-buffered saline with Tween® 20 detergent; TGF, transforming 
growth factor; VEGF, vascular endothelial growth factor.
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Introduction

Hypoxic-ischemic encephalopathy (HIE) is the brain injury resultant 
from Perinatal Asphyxia (PA) (Hakobyan et al., 2019; Greco et al., 
2020). The incidence of HIE is 2/1000 in term births and 9/1000 in 
preterm births in developed countries and more than 10 times higher in 
developing countries. Around 15–20 % of affected infants die in the 
neonatal period and 25 % of survivors exhibit permanent neurologic 
outcomes (Schmidt and Walsh, 2010; Odd et al., 2017). Neural cell 
death that follows HIE is triggered by a range of interconnected phe
nomena, including inflammation, oxidative stress, and excitotoxicity 
(Millar et al., 2017).

PA disrupts proliferation, migration, differentiation, and synapto
genesis in brain neurodevelopment (Schneider and Miller, 2019). 
Depending on the intensity and the moment of PA, different brain re
gions may suffer damage, such as hippocampus, dentate gyrus (DG), 
cerebral cortex, basal ganglia, thalamus, and white matter (Millar et al., 
2017). These disruptions lead to impairments related to learning and 
memory, as well as other neurobehavioral deficits, such as increased 
anxiety-like behavior, sexually dimorphic sensorimotor development 
and vocalization alterations during lactation period, increased noci
ceptive response and impairments on risk assessment behavior and in 
the auditory and contextual fear conditioning (Takada et al., 2011, 
2015, 2016; Kumar et al., 2017, 2022; Millar et al., 2017; Cruz-Ochoa 
et al., 2019; Schneider and Miller, 2019; Helou et al., 2021, 2022; 
Matsuda et al., 2021). Several studies also show PA-related changes in 
body growth, body composition, metabolism and somatic and 
sensory-motor development in the pups (Dell’anna et al., 1991; Raff 
et al., 2001; Grojean et al., 2003; Ten et al., 2003; Lubics et al., 2005; 
Tang and Nakazawa, 2005; Chen et al., 2007; Yan et al., 2016; Kumar 
et al., 2017, 2022; Menshanov et al., 2017; Cruz-Ochoa et al., 2019).

Maternal physical exercise along pregnancy, on the other hand, in
duces beneficial effects in the offspring’s brain and body in development 
(Gomes da Silva and Arida, 2015; Kusuyama et al., 2020). It enhances 
brain-derived neurotrophic factor (BDNF) expression and growth factors 
(Parnpiansil et al., 2003; Akhavan et al., 2013; Ferrari et al., 2018), 
increases hipocampal neurogenesis and neuroprotection (Lee et al., 
2006; Kim et al., 2007; Dayi et al., 2012; Choi et al., 2013), and improves 
learning, memory and sensory-motor function (Parnpiansil et al., 2003; 
Lee et al., 2006; Kim et al., 2007; Dayi et al., 2012; Akhavan et al., 2013; 
Choi et al., 2013; Robinson and Bucci, 2014). Additionally, it induces 
energy-related metabolic changes such as leptin expression, body weight 
and body composition (Dayi et al., 2012; Rosa et al., 2013; Ferrari et al., 
2018).

Protective effects of maternal physical exercise along pregnancy 
against latter offspring PA-induced dysfunctions have also been re
ported. For instance, Akhavan et al. (2012) demonstrated that gesta
tional exercise along pregnancy prevents neonatal hypoxia-ischemia 
(NHI)-induced reduction in number of hippocampal neurons. Sanches 
et al. (2017, 2020, 2021) observed that swimming along pregnancy 
protects against NHI-induced disturbs of the offspring’s maturation of 
reflexes, levels of BDNF, learning, cell surviving, locomotion, hippo
campus integrity and mitochondrial function. Finally, Gorgij et al. 
(2021) reported that treadmill exercise during pregnancy decreases 
NHI-induced pro-inflammatory agent levels, infarction volume in the 
brain, edema, reaction time in negative geotaxis and cliff drop avoid
ance tests. Thus, these studies clearly show positive influences of 
gestational exercise in offspring submitted to NHI models of PA that 
mimic hypoxia/ischemia in either term or near-term born subjects.

Takada et al. (2011) developed neonatal-anoxia-induced model for 
rats that mimics metabolic and physiological changes observed in 
human neonates exposed to acute anoxia. The changes, observable in 
rats exposed to 100 % N2 for 25 min at P2, include (1) body growth and 
somatic and sensory-motor ontogeny disturbs, (2) decrease of neural 
cells in hippocampus and DG, adult neurogenesis and hippocampal 
volume, (3) performance impairments in the Morris’ water maze and 

elevated plus maze tasks, and (4) and alterations in pups’ vocalization 
and nociception (Takada et al., 2015, 2016; Kumar et al., 2017, 2022; 
Cruz-Ochoa et al., 2019; Helou et al., 2021, 2022; Matsuda et al., 2021).

In the present study we investigated if 11 days of spontaneous 
gestational exercise (from G6 to G16) in rats prevent somatic and neu
rodevelopment disturbs which follow their pups exposure to the 
neonatal anoxia model described by Takada et al. (2011). The offspring 
observations included (1) body growth and somatic and sensory-motor 
development (reflex ontogeny) assessed from P2 to P21, (2) myelina
tion in primary and secondary motor cortices (M1 and M2) and primary 
sensory cortex (S1) assessed at P21 and P75, (3) neuronal estimates in 
the hippocampus and DG at P21 and P75, and (4) synapsin-I integrity in 
the hippocampus. The somatic development was assessed by the somatic 
milestones, including the auditory conduit opening, the pinna detach
ment, the eyes opening, the superior incisor eruption and the inferior 
incisor eruption. The reflexes observed included palmar grasp, cliff 
avoidance, surface righting, negative geotaxis, vibrissae placing, 
acoustic startle response and free-fall righting reflex.

Material and methods

Ethics statement

All experimental procedures adhered to the Ethical Principles of 
Animal Experimentation adopted by the Brazilian College of Animal 
Experimentation (COBEA) and were approved by the Ethics Committee 
in Animal Experimentation (CEEA) of the Institute of Biomedical Sci
ences of the University of Sao Paulo (CEUA Protocol Nº. 190, page 139, 
book 2).

Experimental design

The experimental design of the present study is illustrated in Fig. 1.

Mating

Each of the 8 male Wistar rats (Rattus norvegicus) was allocated in 
standard cages for mating with either 1 or 2 females. They were main
tained in the vivarium of the Laboratory of Neurosciences and Behavior, 
Institute of Biosciences, at the University of São Paulo, under environ
mental controlled conditions, temperature at 22 ± 2◦C, a dark-light 
cycle of 12,12 h and food and water ad libitum.

The day of the appearance of a vaginal plug or detection of sper
matozoids in the female vagina was recorded as gestational day one 
(G1). The presence of spermatozoids in the vagina was assessed using 
vaginal washing, according to Marcondes et al. (2002). A maximum of 
eight pups, including mostly males but also females, were kept in one 
litter. Although male and female offspring were housed together for 
nestling purposes until P21, only male pups (n = 90) were included in 
the experiments, due to the previously observed sexual dimorphism in 
several parameters by our research group, as outlined by Kumar et al. 
(2017). In other words, since the present study aimed at evaluating 
potential protective effects of gestational exercise on pups exposed to 
neonatal anoxia, it seemed appropriate to select male subjects, that 
exhibit greater disturbs following the anoxic event, because in principle 
there would be a “greater window” for revealing protective effects of 
spontaneous gestational exercise.

Spontaneous exercise in running wheel during pregnancy

Since gestational period from G6 to G16 in rodents corresponds to a 
critical period of increasing neurogenesis and preparation for the sub
sequent developmental events, such as synaptogenesis, synaptic pruning 
and myelination (Zeiss, 2021), pregnant females were exposed to the 
running wheels during this period. In addition, maintenance of pregnant 
females in these running wheel cages in the final stages of gestation 
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would be less comfortable as compared to their maintenance in standard 
home cages.

Thus, from G6 to G16 pregnant females were individually main
tained in cages (46 × 25 × 38 cm) with either a free running wheel 
(exercise – E) or with a locked running wheel (non-exercise – NE). Thus, 
while pregnant females exposed to the free running wheel (n = 10) could 
spontaneously exercise in the wheel by running in it, pregnant females 
exposed to the locked running wheel (n = 6) had no opportunity of 
running in the wheel. Each wheel, measuring 30 cm in diameter and 
10 cm width, was connected to a microprocessor programed to record 
the number of rotations all along the period. Six out of 10 pregnant fe
males exposed to the exercise ran more than 7500 m per day, thus 
having their pups included in the exercise groups. At G16 all pregnant 
females that reached this criterion were transferred to individual stan
dard cages (49 ×34 x 16 cm), where they were maintained until delivery 
and later until weaning of the pups.

Groups constitution

After delivery, all male pups of each litter were randomly selected to 
either the anoxia (A) or non-anoxia (NA) treatments, thus resulting in 4 
groups, E-A (exercise and anoxia) (n = 24), E-NA (exercise and non- 
anoxia) (n = 27), NE-A (non-exercise and anoxia) (n = 20) and NE-NA 
(non-exercise and non-anoxia) (n = 19). Each group included pups 
from multiple litters, to minimize possible litter effects. The pups were 
housed with the dams until weaning at P21.

Neonatal anoxia

The neonatal anoxia model used in this study was validated by our 
research group (Takada et al., 2011, 2015, 2016; Motta-Teixeira et al., 
2016; Kumar et al., 2017, 2022; Helou et al., 2021, 2022; Matsuda et al., 
2021). At P1-P2, about 24–36 h-old pups weighing 6–8 g were exposed 
to 100 % nitrogen gas inside a non-hermetic polycarbonate chamber 

(31.0 ×14.0 ×19.5 cm) partially immersed in water at a temperature of 
36 ± 1◦C. This particular timepoint was chosen for the anoxia induction 
because some processes of the development of the rodent nervous sys
tem, such as myelination, correspond to an extreme premature human 
baby at about 24–26 weeks of gestation (Semple et al., 2013). Once 
closed, the chamber received a constant flux of nitrogen of 3 L/min at a 
pressure of 101.7 kPa for 25 min. Pups from NA groups were submitted 
to the same procedures, except that instead of nitrogen they were 
exposed to the environmental air.

Evaluation of body growth, somatic development, and reflexes ontogeny

Body growth evaluation of the pups included measurements of 
weight gain using an electronic scale, and body length, mediolateral 
head axis gain, anteroposterior head axis gain using a Vernier caliper 
[following Kumar et al. (2017) guidelines].

The same subjects were submitted to evaluation of somatic and 
sensory-motor (reflexes) development following the guidelines by 
Campos et al. (2021) and Kumar et al. (2017). The day of appearance of 
somatic and sensory-motor developmental milestones were recorded for 
each subject. The somatic developmental milestones observed included 
the auditory conduit opening, the pinna detachment, the eyes opening, 
the superior incisor eruption and the inferior incisor eruption. The re
flexes observed included palmar grasp, cliff avoidance, surface righting, 
negative geotaxis, vibrissae placing, acoustic startle response and 
free-fall righting reflex. The reflex was considered to occur when it 
appeared within 10 s after the eliciting stimulus presentation. All these 
developmental milestones and procedures are described in Kumar et al. 
(2017).

All measurements and observations were carried out once a day, 
between 8,00–12,00 a.m., along the lactation period, except at P1, to 
avoid stress immediately after delivery. Each group included 5 subjects.

Fig. 1. Schematic representation of the experiments time-course. Each of 8 male rats was allocated for mating with either 1 or 2 females. The day of appearance of a 
vaginal plug or spermatozoids in the female vagina was considered the gestational day 1 (G1). From G6 to G16, 10 pregnant females were maintained in cages with a 
free running wheel (E groups). Similarly, 6 pregnant females were maintained in cages with a locked running wheel (NE groups). At G16, all females were transferred 
to standard cages without running wheels where they were maintained until delivery at G21. The day of birth was considered the postnatal day 1 (P1). When pups 
reached 6–8 g, at P2, they were submitted to either anoxia (A groups) or to a non-anoxia control procedure (NA groups). Thus, there were 4 groups, NE-NA (non- 
exercise and non-anoxia), E-NA (exercise and non-anoxia), NE-A (non-exercise and anoxia) and E-A (exercise and anoxia). From P2 to P21, body growth and somatic 
and sensory-motor development were assessed in 5 pups per group. At P21 and P75, rats were processed for immunohistochemistry and western blot.

V.Y. Lee et al.                                                                                                                                                                                                                                   IBRO Neuroscience Reports 17 (2024) 263–279 

265 



Transcardial perfusion and immunohistochemistry

At P21, after evaluation of body growth and somatic and sensory- 
motor development, five animals of each group were anesthetized 
using intraperitoneal injections of ketamine (100 mg/kg) and xylazine 
(7 mg/kg), and transcardially perfused with saline 0.9 % (pH 7.4) and 
formaldehyde 4 % (pH 7.4, at 4 ◦C). Similarly, five animals of each 
group were perfused at P75. After perfusion, the brains were dissected, 
postfixed in formaldehyde 4 % overnight and cryoprotected in 30 % 
sucrose solution, and then sectioned in 40-μm-thick coronal sections, 
sequentially distributed in 12 wells of a corning costar plate.

The sections of one of these wells were processed for Nissl staining. 
The sections of two other wells were submitted to immunohistochem
istry for anti-NeuN antibody (P21 and P75 animals) and to immuno
histochemistry for anti-MBP antibody (P21 animals), respectively. The 
sections of the remaining wells were stored for replacement, if required. 
For immunohistochemistry, the sections were washed with 0,1 % 
phosphate-buffered saline (PBS), incubated for 30 min in 0.3 % 
hydrogen peroxide solution, washed again with 0,1 % PBS, incubated in 
blocking solution (normal donkey serum [NDS] 1333 [Vector Labora
tories, Burlingame, CA, USA] + Triton X-100 0.3 % [Solon, OH, USA] +
PBS) for 40 min and then incubated for 24 h at room temperature with 
mouse monoclonal primary antibody anti-NeuN (MAB 377, Millipore 
Corporate Headquarters, Billerica, MA, USA) (1,1000) or anti-MBP 
(Abcam Inc., Cambridge, MA, USA) (1100), both with NDS 1333. 
Then, the sections were washed, incubated with biotinylated secondary 
donkey anti-mouse antibody (Abcam Inc., Cambridge, MA, USA) 
(1,1000) for 90 min, washed, incubated in solution with avidin-biotin 
complex (ABC) 1500 from VECTASTAIN® Elite ABC Kit Standard 
(Vector Laboratories, Burlingame, CA, USA) for 90 min, washed, and 
then immersed in a 3,3’-diaminobenzidine (DAB) (Abcam Inc., Cam
bridge, MA, USA) (DAB 0.05 % + hydrogen peroxide 0.01 % + PBS) 
solution for the staining reaction, which was visually controlled. The 
sections were mounted on slides, dehydrated, and then covered with 
coverslips using DPX (Sigma-Aldrich Inc., UK).

Estimates of NeuN-immunopositive cells

The estimates of NeuN-immunopositive cells included the pyramidal 
cell layers of the Cornu Ammonis 1 (CA1) and CA2–3 subfields, and the 
DG granule cell layer of the right dorsal hippocampal formation. The 
number of NeuN-immunopositive cells was estimated using unbiased 
stereological principles and cell counts (West et al., 1991) using the 
Stereo Investigator program (MBF Biosciences, Williston, VT, USA). The 
images were captured using an optical microscope with a motorized 
stage (Ludl Electronic Products, Hawthorne, NY, USA), connected to a 
high-resolution camera (Nikon Instruments Inc., Melville, NY, USA).

The estimates of NeuN-immunopositive cells in each region of each 
subject were obtained using counting frames measuring 1600 µm2 

(40 µm × 40 µm), sampling grid area measuring 24,860 µm2 (226 µm ×
110 µm), dissector height (Z) measuring 10 µm, guard zone distance of 
1 µm and section evaluation interval of 12, in 4 sections of each subject. 
The coefficient of error (Gundersen, m = 1) varied between 0.04 and 
0.09 for all estimates.

Cortical myelination

The percentage of cortical myelination was calculated for M1, M2, 
S1Tr and S1Dz in one section of each subject. The percentage of cortical 
myelination corresponded to the MBP-immunopositive stained area in 
each cortical region divided by the total area of the same region, 
multiplied by 100 (van Tilborg et al., 2017). Photomicrographs of the 
sections were taken in a light microscope (DM5500B, Leica Micro
systems, Wetzlar, Germany) and measurements of areas were performed 
using the Image-J program (NIH, Bethesda, Maryland).

Synapsin-I levels

At P21, Subjects were anesthetized and At P21 (NE-NA = 4, NE-A =
4, E-NA = 5, E-A = 5) and P75 (NE-NA = 4, NE-A = 4, E-NA = 5, E-A = 5) 
the hippocampal formations were bilaterally dissected and homoge
nized in 700 μl of mammalian cell lysate buffer supplemented with 
benzonase (Merck KgaA, Darmstadt, HE, Germany) and protease in
hibitor (Qproteome Mammalian Protein Prep Kit – Qiagen Group). The 
homogenate was centrifuged at 4 ◦C for 10 min (14,000 x g) and the 
supernatant was separated. The total protein quantity was obtained 
using the Bradford method (Bradford, 1976), which employs Coomassie 
Brilliant Blue G250 dye and spectrometry. After the quantification, 
75 μg of protein was diluted in Laemmli buffer with dithiothreitol 
100 mM. This solution was transferred to acrylamide gels of 8 % sodium 
dodecyl sulfate (SDS) (Bio-Rad, Hercules, CA, USA) for electrophoresis, 
which was run using a constant current of 25 mA. After the electro
phoresis, the proteins were transferred to 0.2 % Ponceau S nitrocellulose 
membranes. The membranes were washed with Tris-buffered saline 
(TBS), incubated in blocking solution (skimmed milk 5 % [Molico, 
Nestlé] + TBS) for 1 h, washed with TBST (Tween® 20 0.1 % [Amresco, 
Solon, OH, USA] + TBS) and incubated with primary monoclonal rabbit 
antibody against synapsin-I (Abcam, Cambridge, MA, USA) (1,1000) in 
TBST at 4 ◦C overnight. The membranes were then washed again with 
TBST (3 ×10 min), incubated with peroxidase-labeled secondary anti
body against rabbit protein (Amersham Biosciences, Little Chalfont, 
Buckinghamshire, UK) (1,1000) in TBST for 2 h, washed again and 
immersed in enhanced chemiluminescence (ECL) kit (Amersham Bio
sciences) for chemiluminescence. Signals of the bands were captured as 
the optical density of the immunoreactivity using the scanner SCAN-C 
(LI-COR Biosciences) and were analyzed using the Image Studio Digits 
software (LI-COR Biosciences). An antibody against β-actin (1,10,000) 
(Amersham Biosciences, Little Chalfont, Buckinghamshire, UK) was 
used as the internal loading control. The synapsin-I optical density 
values were normalized using β-actin as internal control. The statistical 
analysis was run using the average of each group, in each age.

Statistical analysis

Data of body growth were analyzed using repeated-measures anal
ysis of variance (ANOVA). Spontaneous gestational exercise in running 
wheel (Exercise) and neonatal anoxia (Anoxia) were included in the 
model as between-subjects factors, and Postnatal day was included as a 
within-subjects factor. Post-hoc analysis was run using Tukey-Kramer 
Test.

Data of the developmental milestones were analyzed using non- 
parametric Kruskal-Wallis test followed by Dunn’s multiple compari
sons post-hoc test.

Estimates of NeuN-immunopositive cells and levels of synapsin-I 
both at P21 and P75 and percentage of cortical myelination at P21 
were analyzed using two-way ANOVA. Exercise and Anoxia were 
included as between-subjects factors. Post-hoc analysis involved Tukey- 
Kramer Test. Differences were considered significant when the p-value 
was less than 0.05.

Results

Body growth

Fig. 2 shows the body growth as expressed by body length (Fig. 2A), 
anteroposterior head axis (Fig. 2B), mediolateral head axis (Fig. 2C), and 
body weight (Fig. 2D).

Independent ANOVAs for data of body length, anteroposterior head 
axis, mediolateral head axis and body weight revealed significant main 
effects for (1) Exercise (body length, F(1, 160) = 233.2, p < 0.0001; 
anteroposterior head axis, F(1, 160) = 226.6, p < 0.0001; mediolateral 
head axis, F(1, 160) = 60.79, p < 0.0001 and body weight, F(1, 160) =
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328.5, p < 0.0001), (2) Anoxia (body length, F(1, 160) = 312.3, p <
0.0001; anteroposterior head axis, F(1, 160) = 125.7, p < 0.0001; 
mediolateral head axis, F(1, 160) = 30.63, p ≤ 0.0001 and body weight, 
F(1, 160) = 435.4, p ≤ 0.0001), and (3) Postnatal day (body length, F(19, 

160) = 914.2, p < 0.0001; anteroposterior head axis, F(19, 160) = 465.1, p 
< 0.0001; mediolateral head axis, F(19, 160) = 338.4, p < 0.0001; body 
weight, F(19, 160) = 1266, p < 0.0001).

ANOVA also revealed significant interaction effects for (4) Exercise 
and Anoxia (body length, F(1, 160) = 143.8, p < 0.0001; anteroposterior 
head axis, F(1, 160) = 332.8, p < 0.0001; mediolateral head axis, F(1, 160) 
= 198.00, p ≤ 0.0001 and body weight, F(1, 160) = 254.7, p ≤ 0.0001), 
(5) Postnatal day and Exercise (anteroposterior head axis, F(19, 160) =

2.303, p = 0.0027; mediolateral head axis, F(19, 160) = 2.830, p =
0.0002; body weight, F(19, 160) = 3.459, p < 0.0001), (6) Postnatal day 
and Anoxia (mediolateral, F(19, 160) = 2.238, p = 0.003; body weight, 
F(19, 160) = 5.127, p < 0.0001), and (7) Postnatal day, Exercise and 
Anoxia (body length, F(19, 160) = 4.563, p < 0.0001; anteroposterior 
head axis, F(19, 160) = 8.349, p < 0.0001; mediolateral head axis, F(19, 

160) = 2.173, p = 0.004; body weight, F(19, 160) = 4.447, p < 0.0001). 
Non-significant data were not reported.

Thus, these results show that both maternal spontaneous exercise 
and neonatal anoxia, either separated or associated, promoted increase 
of somatic growth from P2 to P21 in the offspring (see relevant specific 
statistical comparisons in Fig. 2).

Fig. 2. Body growth as expressed by (A) body length, (B) anteroposterior head axis, (C) mediolateral head axis and (D) body weight. n = 5 in each group. Post-hoc 
Tukey-Kramer Test revealed groups differences as indicated by the asterisks. * p < 0.05. Data are presented as mean ± S.E.M.
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Somatic development

Fig. 3 shows the postnatal day when pinna detachment appeared 
(Fig. 3A), auditory conduit opened (Fig. 3B), superior incisor erupted 
(Fig. 3C), inferior incisor erupted (Fig. 3D) and eyes opened (Fig. 3E).

The Kruskal-Wallis Test revealed significant groups’ differences for 
pinna detachment (H(3) = 15.47, p = 0.001), auditory conduit opening 
(H(3) = 10.89, p = 0.012) and eye opening (H(3) = 11.91, p = 0.007), 
but not for superior incisor eruption (H(3) = 4.04, p = 0.25) and inferior 

incisor eruption (H(3) = 3.95, p = 0.26).
As Fig. 3 shows that anoxia accelerated pinna detachment (Fig. 3A) 

and postponed auditory conduit opening (Fig. 3B). This latter effect was 
prevented by the maternal spontaneous exercise (Fig. 3B). Data also 
show that maternal spontaneous exercise accelerated eye opening of the 
offspring (Fig. 3E).

Fig. 3. Somatic development as expressed by the Postnatal day of (A) pinna detachment, (B) auditory conduit opening, (C) superior incisor eruption, (D) inferior 
incisor eruption and (E) eye opening. Individual scores for each subject are plotted. Horizontal lines represent the medians. Groups’ data were analyzed using 
Kruskal-Wallis Test. Post-hoc Dunn’s multiple comparisons test revealed significant groups differences, as indicated by the p-values and horizontal bars indicating the 
compared groups. n = 5 per group.
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Reflex ontogeny

The postnatal day of emergence of developmental reflexes are pre
sented in Fig. 4, including palmar grasp (Fig. 4A), surface righting 
(Fig. 4B), cliff avoidance (Fig. 4C), vibrissae placing (Fig. 4D), negative 
geotaxis (Fig. 4E), auricular startle response (Fig. 4F), and free-fall 
righting (Fig. 4F).

The Kruskal-Wallis test revealed significant groups’ differences for 
palmar grasp (H(3) = 15.83, p = 0.0012), surface righting (H(3) =
15.22, p = 0.001), vibrissae placing (H(3) = 10.89, p = 0.012), cliff 

avoidance (H(3) = 10.03, p = 0.018), negative geotaxis (H(3) = 12.82, p 
= 0.005) and free-fall righting (H(3) = 8.60, p = 0.035). In addition, the 
Kruskal-Wallis test revealed lack of significant difference for acoustic 
startle response (H(3) = 5.698, p = 0.12).

Thus, neonatal anoxia postponed the emergence of palmar grasp 
(Fig. 4A), surface righting (Fig. 4B) and negative geotaxis (Fig. 4E) re
flexes. These anoxia-induced postponing effects were prevented by prior 
exposure of the subjects’ dams to spontaneous exercise along pregnancy 
(see Figs. 4A, 4B and 4E, respectively). In contrast, while neonatal 
anoxia significantly accelerated the emergence of the free-fall righting 

Fig. 4. Postnatal day of emergence of (A) palmar grasp, (B) surface righting, (C) cliff avoidance, (D) vibrissae placing, (E) negative geotaxis, (F) free-fall righting and 
(G) auricular startle response reflexes. Horizontal lines represent the medians. Groups’ data were analyzed using Kruskal-Wallis Test. Post-hoc Dunn’s multiple 
comparisons test revealed significant groups differences, as indicated by the p-values and horizontal bars indicating the compared groups. n = 5 per group.
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reflex (Fig. 4F), spontaneous gestational exercise significantly acceler
ated the emergence of the vibrissae placing reflex (Fig. 4D). The Kruskal- 
Wallis test also revealed that mothers’ exercise during pregnancy an
ticipates the emergence of cliff aversion of the offspring (Fig. 4C).

Extent of cortical myelination

Relative to cortical myelination in M2 (Fig. 5A), two-way ANOVA 
revealed significant main Anoxia (F(1, 13) = 12.21, p = 0.004) and Ex
ercise (F(1, 13) = 5.223, p = 0.039) effects, and an almost significant 
Exercise and Anoxia interaction effect (F(1, 13) = 10.90, p = 0.057). As 
Fig. 5A shows, NE-A subjects exhibited a significant smaller percentage 
of MBP-immunopositive stained areas as compared to subjects of the E-A 
groups, indicating that mothers’ spontaneous exercise in running wheel 
along pregnancy prevents anoxia-induced reduction of the MBP- 
immunopositive stained areas in the offspring.

In relation to cortical myelination in M1 (Fig. 5B), two-way ANOVA 
detected significant effect of Exercise (F(1, 13) = 5.233, p = 0.039), but 
not for Anoxia (F(1, 13) = 1.254, p = 0.283) nor for Anoxia and Exercise 
interaction (F(1, 13) = 1.472, p = 0.283). Despite the lack of statistical 
significance of differences between groups it is possible to note that 
anoxia reduces cortical myelination in M1, and exercise counteracts this 
anoxia-induced effect.

Relative to myelination in S1Tr (Fig. 5C) and S1Dz (Fig. 5D), two- 
way ANOVA revealed lack of significant Exercise (F(1, 13) = 0.805, p =
0.385; F(1, 13) = 2.666, p = 0.126, respectively) and Anoxia (F(1, 13) =

0.947, p = 0.348; F(1, 13) = 0.085, p = 0.775, respectively) main effects, 
and lack of significant Exercise and Anoxia interaction effects (F(1, 13) =

0.139, p = 0.715; F(1, 13) = 0.109, p = 0.746, respectively).
Fig. 6 shows representative photomicrographs of MBP- 

immunopositive stained coronal sections of the right medial cortex for 
each of the groups, collected at P21. They clearly show that neonatal 
anoxia reduced myelination of M2, and that this effect is prevented by 
maternal spontaneous exercise. These effects were not seen both in M1 
and S1 cortices.

Estimates of the number of NeuN-immunopositive cells

Fig. 7 shows estimates of the number of NeuN-immunopositive cells 
in the CA1 and CA2–3 hippocampal subfields, and DG, at P21 and P75.

Relative to the estimated number of NeuN-immunopositive cells in 
CA1 at P21 (Fig. 7A), ANOVA revealed a significant main effect for 
Exercise (F(1,16) = 5.046; p ≤ 0.05) and for Exercise versus Anoxia 
interaction effect (F(1,16) = 15.73; p ≤ 0.01), but not for Anoxia (F(1,16) 
= 0.2030; p = 0.6583). Post-hoc analysis indicates differences between 
NE-NA versus NE-A (p=0.0300) and NE-A versus E-A (P = 0.0023).

Relative to the estimated number of NeuN-immunopositive cells in 
CA2–3 at P21 (Fig. 7C), ANOVA revealed significant main Exercise 
(F(1,16) = 10.51; p ≤ 0.01) and Anoxia (F(1,16) = 5.698; p ≤ 0.05) effects, 
and a significant Exercise versus Anoxia (F(1,16) = 44.47; p ≤ 0.01) 
interaction effect. Similarly, relative to the estimated number of NeuN- 
immunopositive cells in DG at P21 (Fig. 7E), ANOVA revealed signifi
cant main Exercise (F(1,16) = 48.51; p ≤ 0.0001) and Anoxia (F(1,16) =

58.44; p ≤ 0.0001) effects, and a significant Exercise and Anoxia 
interaction effect (F(1,16) = 33.26; p ≤ 0.0001) (see relevant statistical 
comparisons in Fig. 7). Together, these figures indicate that anoxia 

Fig. 5. Percentage of myelination in (A) secondary motor cortex, (B) primary motor cortex, (C) trunk portion of the primary sensory cortex and (D) dysgranular 
portion of the primary sensory cortex. Data were analyzed using two-way ANOVA. The Tukey-Kramer post-hoc test revealed differences between groups indicated by 
the p-values and horizontal bars. n = 5 in all groups. Data are presented as mean ± S.E.M.
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reduced the number of NeuN-immunopositive cells and that this effect 
was prevented by gestational exercise.

Relative to the estimated number of NeuN-immunopositive cells in 
CA1 at P75 (Fig. 7B), ANOVA revealed significant main Exercise (F(1,16) 
= 22.57; p ≤ 0.001) and Anoxia (F(1,16) = 12.11; p ≤ 0.01) effects, and 
lack of a significant interaction effect for Exercise versus Anoxia (F(1,16) 
= 0.5728; p = 0.4601). Similarly, relative to the estimated number of 
NeuN-immunopositive cells in CA2–3 at P75 (Fig. 7D), ANOVA revealed 
significant main effects for Exercise (F(1,16) = 30.53; p ≤ 0.0001) and 
Anoxia (F(1,16) = 7.811; p ≤ 0.05), but lack of significant interaction 
effects for Exercise versus Anoxia (F(1,16) = 1.398; p = 0.2543). These 
figures indicate that while the mother’s exercise increase the number of 
NeuN-immunopositive cells in the CA1 and CA2–3, anoxia decreases 
them. Relative to the estimated number of NeuN-immunopositive cells 
in DG (Fig. 7F), ANOVA revealed a significant main Anoxia effect (F(1,16) 
= 17.53; p ≤ 0.001) and significant Exercise versus Anoxia interaction 
effect (F(1,16) = 9.879; p ≤ 0.01), but lack of significant main Exercise 
effect (F(1,16) = 0.0044; p ≤ 0.9474) (see relevant statistical comparisons 
in Fig. 7). Together, these figures indicate that anoxia reduces the 
number of NeuN-immunopositive cells in dentate gyrus and that gesta
tional exercise partially prevent this reduction.

Thus, results showed that neonatal anoxia induced a significant 
reduction in the number of neurons in the CA1 (Figs. 7A and 7B), in the 
CA2–3 (Figs. 7C and 7D) and DG (Figs. 7E and 7F), at both P21 and P75. 
Results also showed that spontaneous gestational exercise prevented 
anoxia-induced reduction in the number of neurons in the offspring, 
except for the DG at P75 (Fig. 7F).

Fig. 8 shows representative photomicrographs of coronal sections 
immuno-stained with antibody against NeuN-immunopositive cells at 
the level of the right dorsal hippocampal formation; each photomicro
graph shows the image of one subject of each group, at P21 and P75.

Synapsin-I levels

Fig. 9 shows scores of optical density of synapsin-I/β-actin ratio in 
the hippocampal formation as a function of group, at P21 (Fig. 9A) and 
P75 (Fig. 9C), and representative electrophoresis bands of synapsin-I 
and β-actin in the hippocampal formation of each group, at P21 
(Fig. 9B) and P75 (Fig. 9D).

ANOVA for synapsin-I/β-actin optical densities at P21 revealed a 
significant main Anoxia effect (F1,16 = 5.930, p ≤ 0.05), but lack of 
significant main Exercise (F1,16 = 0.8440, p = 0.371) and Anoxia versus 
Exercise interaction (F1,16 = 0.234, p = 0.6347) effects (Fig. 9A and B). 
Post-hoc multiples’ comparison test did not reveal any significant dif
ference between specific pairs of groups. However, as can be seen in 
Fig. 7A, subjects exposed to anoxia exhibited reduced optical density for 
synapsin-I/β-actin ratio, in the hippocampal formation at P21, as 
compared to subjects not exposed to anoxia. Differently, at P75, ANOVA 
revealed lack of significant main Exercise (F1,16 = 1.469, p = 0.2431) 
and main Anoxia (F1,16 = 0.006925, p = 0.9347) effects, and lack of a 
significant Exercise versus Anoxia interaction effect (F1,16 = 0.09022, p 
= 0.7678) for synapsin-I/β-actin ratio (Fig. 9C).

These results indicate that subjects exposed to anoxia exhibited, at 
P21, a decreased synapsin-I expression and that this effect was not 
prevented by spontaneous gestational exercise (Fig. 9A). In contrast to 
the significant anoxia-induced reduction in the expression of synapsin-I 
at P21, at P75 there were no significant anoxia-induced differences, 
suggesting that synapsin-I levels returned to normal levels along 
development after P21 (Fig. 9C).

Discussion

The present study evaluated the potential preventive effects of 
spontaneous gestational exercise in a running wheel on the offsprinǵs 
somatic and neurodevelopmental disturbs which follow PA, using a 
rodent model of neonatal anoxia that mimics the premature condition. 

Fig. 6. Representative photomicrographs of MBP-immunopositive stained coronal sections of the right medial cortex at P21, including one exemplar of (A) NE-NA, 
(B) E-NA, (C) NE-A and (D) E-A groups. M2, Secondary motor cortex. M1, Primary motor cortex. S1Tr, Trunk portion of the primary sensory cortex. S1Dz, Dys
granular portion of the primary sensory cortex. The darkest areas delimited by the lines contain most of MBP-immunostained fibers.
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Confirming previous observations of our group, neonatal anoxia induced 
several disturbs in somatic maturation (Kumar et al., 2017, 2019, 2022; 
Matsuda et al., 2021), expressed by smaller body length, smaller ante
roposterior head axis, slower growth of mediolateral head axis, smaller 
body weight, later auditory conduit opening, later palmar grasp, later 
surface righting, later negative geotaxis, and earlier free-fall righting, 
with long-term effects on motor cortex myelination and hippocampal 
cell death.

These disturbs have also been reported by other laboratories 
employing different anoxia/hypoxia models (e.g., Dell’anna et al., 1991; 
Raff et al., 2001; Grojean et al., 2003; Ten et al., 2003; Fan et al., 2005; 
Lubics et al., 2005; Tang and Nakazawa, 2005; Chen et al., 2007; Yan 

et al., 2016; Menshanov et al., 2017).
Corroborating our working hypothesis, maternal spontaneous exer

cise during pregnancy prevented neonatal-anoxia-induced disturbs in 
their offspring, including (i) somatic and neurodevelopmental delays, 
(ii) reduction of cortical myelination in the secondary motor cortex and 
(iii) decreased NeuN-immunopositive cells in CA1 and CA2–3 hippo
campal subfields, and in the DG.

All these alterations were prevented by allowing the pregnant fe
males of the offsprings latter anoxic subjects to perform spontaneous 
running wheel exercise along 11 days (G6 to G16) during pregnancy. In 
this context, it seems interesting to note that not all neonatal-induced 
changes were prevented by spontaneous exercise; for instance, anoxia- 

Fig. 7. Estimates of the number of NeuN-immunopositive cells in the CA1 at P21 (A) and P75 (B), in the CA2–3 at P21 (C) and P75 (D), and in the dentate gyrus at 
P21 (E) and P75 (F). Data were compared using ANOVA and Tukey-Kramer as post-hoc test. n = 5 in each group. * = p ≤ 0.05; ** = p ≤ 0.01; *** = p ≤ 0.001; **** 
= p ≤ 0.0001. Data are expressed as mean ± S.E.M.
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induced earlier pinna detachment was not prevented by the maternal 
spontaneous exercise. On the other hand, maternal spontaneous exer
cise, by itself, promoted earlier eye opening and earlier vibrissae placing 
of their offspring, as compared to the offspring of the dam not exposed to 
spontaneous exercise.

These wide range of neonatal-anoxia-induced effects on develop
ment seem to be related to changes in distinct brain processes at 
different brain regions. There have been reports that neonatal anoxia 
affects both the white and gray matters, at cortical and subcortical re
gions, including spinal cord, and nerves (Herrera-Marschitz et al., 2015; 
Marriott et al., 2017; Millar et al., 2017). There has also been reports 
that neonatal anoxia impairs blood-brain barrier permeability, induces 
energy failure, promotes loss of cellular ion homeostasis, increases 
acidosis, increases intracellular calcium, and thus excitotoxicity in
creases free radical-mediated toxicity, induces epigenetic dysregulation, 
and activates inflammatory cascades, thus inducing damage in the 
immature brain (Millar et al., 2017; Bustelo et al., 2020).

Moreover, it has already been described that neonatal anoxia leads to 
the downregulation/upregulation of neurotropic and growth factors in 
the earlier neonatal days and weeks, with an increased apoptotic activity 
that has a negative influence on neurodevelopmental outcomes (Lima 
et al., 2018; van Bel and Groenendaal, 2020). Subtle changes in the 
expression pattern of growth factors can modify neurodevelopment and 
somatic growth (Calamandrei and Alleva, 1989; Santucci et al., 1994; 
Futamura et al., 2003; Kiss et al., 2012; Chen et al., 2016; Aloe et al., 
2019).

Consistent with our previous findings (Kumar et al., 2017), the data 
from the present study indicate that neonatal anoxia leads to increased 
weight gain and size of male pups during the lactation period. This 
observation aligns with clinical studies reporting higher serum levels of 
leptin and insulin in neonates suffering from HIE compared to healthy 
neonates, both at birth and in the early postnatal period (El-Mazary 
et al., 2015; Hagag et al., 2020). Considering the critical roles of leptin 
and insulin in growth and development, it is plausible to hypothesize 

Fig. 8. Representative photomicrographs of coronal sections at the level of the right dorsal hippocampal formation immuno-stained with NeuN-antibody at P21 
(Figures A, C, E and G) and P75 (B, D, F and H). Fig. 8A shows indications of the DG granule cell layer, CA2–3 pyramidal cell layer and CA1 pyramidal cell layer.
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that the observed greater weight gain in subjects exposed to neonatal 
anoxia during the pre-weaning period is a consequence of dysregulation 
in these hormones and energy metabolism, accompanied by alterations 
in the development of hypothalamic neurocircuits involved in appetite 
regulation.

Insulin-like growth factors (IGFs) are key molecule involved in the 
control of body weight, somatic growth, and neurodevelopment 
(Stratikopoulos et al., 2008; Nieto-Estévez et al., 2016; Yoshida and 
Delafontaine, 2020). Previous studies have shown that the birth weight 
of IGFs-knockout mice is about 60 % of their wild-type littermates 
(DeChiara et al., 1990; Baker et al., 1993; Liu et al., 1993; Woods and 
Savage, 1996; Lupu et al., 2011). In contrast, over-expression of IGF-1 in 
mice increases the body weight by 30 % and is often associated with 
somatic overgrowth and increased lean mass (Morison and Reeve, 1998; 
Biagetti and Simó, 2021). Altered serum IGFs levels have been detected 
in newborns with HIE (Satar et al., 2004; Umran et al., 2016) and in HIE 
models (Radom-Aizik et al., 2013). IGF-I plays a vital role in controlling 
growth and metabolism. Reduced secretion of IGF-I can lead to growth 
restriction during early life and contribute to dysregulated energy 
metabolism, cardiovascular disease, and diabetes in adulthood (Yumani 
et al., 2015). Thus, it is plausible to hypothesize that neonatal anoxia 
may disrupt the expression of transcription factors, levels of insulin 
growth factors, or both, thereby contributing to the observed effects on 
growth and development.

There have been demonstrations that gestational exercise upregu
lates the placental IGF system and enhances the offspring’s insulin 
sensitivity, improves glucose handling, increases lean mass, decreases 
fat mass and body weight as compared to offspring of sedentary mothers 
(Laker et al., 2014; Stanford et al., 2015; Quiclet et al., 2016, 2017; 
Mangwiro et al., 2018a; Kusuyama et al., 2020; Son et al., 2020; Zheng 
et al., 2020). Furthermore, clinical reports that aerobic exercise during 
pregnancy is associated with increased infant head circumference, birth 
weight, and birth length and contribute to the maintenance of metabolic 
health (Clark et al., 2019). Besides that, previous studies have shown 

that gestational exercise induced upregulation of growth factors in the 
serum and placenta during pregnancy (Son et al., 2019). The enhance
ment of placental and IGF signaling system could be one possible 
mechanism related to the beneficial effects of maternal physical activity 
on body weight, somatic growth, and physical development.

The results of the present study show that gestational exercise had no 
effect on offspring birth weight and increased body weight and somatic 
growth during the pre-weaning period, in relation to the offspring of 
non-exercised dams. The current data is consistent with previous reports 
(Santana Muniz et al., 2014; Fragoso et al., 2017) showing that maternal 
voluntary physical activity during gestation/lactation was able to alter 
the offspring’s growth trajectory leading to increased indicators of so
matic growth (laterolateral axis of skull, longitudinal axis, and tail 
length) and body weight gain during pre-weaning period. These results 
align with clinical reports that aerobic exercise during pregnancy is 
associated with increased infant head circumference, birth weight, and 
birth length and contributes to the maintenance of metabolic health 
(Clark et al., 2019).

The beneficial effects of gestational exercise against anoxia involve 
multiple pathways that impact the offspring’s growth, development, and 
brain function. These mechanisms include alterations in maternal 
behavior, the direct transfer of neurochemicals across the placental or 
mammary barrier, and, importantly, epigenetic modifications and 
upregulating essential neurotrophins and growth factors, such as IGF-1, 
brain-derived neurotrophic factor (BDNF), vascular endothelial growth 
factor (VEGF), and basic fibroblast growth factor (BFGF) (Bhattacharjee 
et al., 2021;Mangwiro et al., 2018b; Che et al., 2022; Son et al., 2019; 
Niño Cruz et al., 2018; Fragoso et al., 2020).

Moreover, IGF-1 and BDNF play significant roles in regulating 
glucose and lipid metabolism, as well as energy homeostasis, and they 
also play a crucial role in postnatal growth (Colardo et al., 2021; Iu and 
Chan, 2022). Therefore, the upregulation of the placental insulin-like 
growth factor (IGF) and BDNF signaling system induced by maternal 
physical activity, can alter the offspring’s insulin sensitivity, glucose 

Fig. 9. Optical density of synapsin-I/β-actin ratio in the hippocampal formation at P21 (A) and P75 (C), and representative electrophoresis bands of synapsin-I and 
β-actin in the hippocampal formation at P21 (B) and P75 (D). Data were analysed using ANOVA followed by Tukey-Kramer post-hoc test. n = 4 in NE-NA and NE-A 
groups at P21 and P75, and n = 5 in E-NA and E-A groups, at P21 and P75. Data are expressed as mean ± S.E.M.
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handling, body weight, somatic growth, and physical development. 
Taken together, the interplay of these mechanisms may be the under
lying processes through which gestational exercise impacts offspring 
development and metabolism.

Regarding physical features maturation, neonatal anoxia and gesta
tional exercise affected pinna detachment, auditory conduit opening and 
eye opening. In accordance with our previous studies (Kumar et al., 
2017, 2019; Matsuda et al., 2021), neonatal anoxia delayed auditory 
conduit opening and promoted acceleration in the postnatal appearance 
of the pinna detachment. The maturation of physical features is 
controlled by several growth and transcription factors signalling path
ways that could be disturbed by oxygen deprivation (Huang et al., 
2004). It is likely that neonatal anoxia downregulates the expression of 
epidermal growth factor (EGF), alpha transforming growth factor 
(TGF)-α, and IGF that play critical roles in optimal epithelial and ear 
development.

Consistent with previous studies (Santana Muniz et al., 2014; Fra
goso et al., 2017), data of the present study showed that spontaneous 
gestational exercise led to an earlier occurrence of the day of eye 
opening. There is ample evidence that gestational exercise upregulates 
cell growth-related genes and growth factor levels (Niño Cruz et al., 
2018; Fragoso et al., 2020). IGF-1, nerve growth factor (NGF) and BDNF 
strongly affect visual system development (Huang et al., 1999; Hanif 
et al., 2015; Baroncelli et al., 2017; Mui et al., 2018; Zhang et al., 2019; 
Rajala et al., 2022), thus, earlier eye opening in exercised offspring 
could be a direct result of enhanced levels of these growth factors.

Besides the wide range neonatal-anoxia-induced effects on devel
opment already mentioned, developmental disruptions in 5-HT levels 
can influence brain development and the function. 5-HT network is 
among the earlier systems to develop in the brain (Oberlander, 2012; 
Brummelte et al., 2017). It modulates critical neurodevelopmental 
processes including neurogenesis, neuroapoptosis, dendritic refinement, 
cell migration and differentiation, and synaptic plasticity. Thus, it plays 
a critical modulation role in the development of reflexes, related to 
hyperinnervation of 5-HT in the primary sensory neocortex and α motor 
neurons (Gaspar et al., 2003; Whitaker-Azmitia, 2010; 
Labonte-Lemoyne et al., 2017; Lozano et al., 2021). In addition, 5-HT 
secreted by the gut and peripheral organs, plays endocrine roles. Both, 
central and peripheral 5-HT participate in regulation of energy meta
bolism. While central 5-HT, interacting with neuropeptides and other 
neurotransmitters, modulates appetite and energy metabolism, periph
eral 5-HT interacts with liver, adipose tissues, pancreas, and muscle, 
leading to alterations of hormones and thus energy metabolism 
(Donovan and Tecott, 2013; Martin et al., 2017). There have been re
ports that neonatal anoxia leads to disruption of the serotonergic system 
(Carneiro et al., 2022). It seems possible that physical, somatic, and 
developmental changes could be related to modifications of the sero
toninergic signalling induced by neonatal anoxia. Neonatal anoxia 
delayed the maturation of palmar grasp, surface righting, negative 
geotaxis, and earlier free-fall righting reflexes. Maternal spontaneous 
running during pregnancy prevented, either completely or partially, 
changes in the ontogenesis of the reflexes of the offspring.

During embryonic brain development, placenta is an important 
source of hormone and neurotransmitters, which is important to fetal 
brain neurodevelopment (Rosenfeld, 2020). 5-HT might be implicated 
in placental development and placental 5-HT is a transient source of this 
neurotransmitter for fetal brain (Rosenfeld, 2020). It also acts as a 
potent trophic factor during development and regulates neuro
developmental processes (Narboux-Nême et al., 2013). It has been 
recognized that disturbances in placental and fetal 5-HT homeostasis 
impair neurodevelopment and can be related to metabolic disorders 
(Paquette et al., 2013). Therefore, it seems possible that gestational 
exercise prevents neonatal anoxia-induced neurodevelopmental delays 
by enhancing 5-HT expression in the placenta thereby manipulating 
fetal 5-HT levels.

Reflexes are sensorimotor responses of the central nervous system to 

either internal or external stimuli that are critical for survival in the 
extrauterine environment (Fox, 1965). These sensorimotor responses 
serve as indicators of brain development, and their maturation is intri
cately connected to processes such as neurogenesis, myelination, syn
apses, and neurotransmitter activity (Fox, 1965; Melo et al., 2019). That 
is, they indicate the maturation of sensory (including vestibular func
tion), development of orientation and motor coordination, mediated by 
the cortex, cerebellum, basal ganglia, brain stem, and spinal cord, be
sides the skeletal muscle (Buller et al., 2012; Secher et al., 2006). Thus, it 
seems likely that neonatal anoxia insult promotes changes in maturation 
of these systems, thus reflecting on the appearance of these reflexes 
along development, by changes in the functional organization of the 
complex synaptic circuitries underlying these reflexes. Myelination of 
axons by oligodendrocytes is an important aspect of neural develop
ment. It is stimulated both by sensorial experience and by the passage of 
action potentials through the axon (Turner, 2019). There is growing 
consensus that myelin is not only critical for normal motor and sensory 
functions, but that it also contributes for functioning of brain regions 
underlying higher-order functions such as cognition, learning, and 
memory (Fletcher et al., 2018).

In fact, data of the present study showed that neonatal anoxia 
induced a significant decrement in MBP stained area in M2 and that 
spontaneous gestational exercise during pregnancy prevented this ef
fect. M2 is a cortical associative region that receives afferents from 
various cortical and thalamic regions and sends efferences to regions 
associated with motor control including the striatum, caudate-putamen, 
and spinal cord (Barthas and Kwan, 2017). Previous studies have shown 
that white matter injuries (including oligodendrocyte) which follow 
hypoxia in rats are accompanied by increased activation of microglia 
and inflammation (Kaur et al., 2013; Li et al., 2017). HIE in rats reduces 
the volume of cerebral white matter; myelination is decreased, radial 
glia is disrupted, microglia is activated, and gliotic scares are created, 
inducing neurons to enter a state of cellular death and promoting 
sensory-motor impairment (Schneider and Miller, 2019; Jung et al., 
2020; Shao et al., 2021). Sizonenko et al. (2003) showed that neonatal 
rats exposed to hypoxia and ischemia at P3 exhibited reduction of 
myelination in cortical areas that comprise M1 and M2 as evaluated at 
P21. In the present study, involving exposure to anoxia at P1 and 
evaluation at P21, it was shown greater damage at M2, as compared to 
M1, suggesting greater vulnerability of M2 when using this anoxia 
model.

Even though research focusing on specific effects of gestational ex
ercise during pregnancy on myelination of M1 and M2 areas of the 
offspring are scarce, it is assumed that exercise-induced enhancement of 
neurotrophic factors can contribute for neuroprotection and myelina
tion in cortical in hypoxic states (Gavrish et al., 2022). Neurotrophic 
factors regulate proliferation, migration, differentiation of oligoden
drocyte precursor cells and myelination (Park et al., 2001; Assanah 
et al., 2009; Bergles and Richardson, 2016). There have been reports 
that adult mice that spontaneously exercise in running wheels exhibit 
increments in myelination in the motor cortex; exercise also promotes 
oligodendrogenesis in vitro (Alvarez-Saavedra et al., 2016; Zheng et al., 
2019). Similarly, treadmill exercise by young mice leads to enhance
ment in Wnt/β‑catenin signaling pathways and stimulates neurogenesis 
and myelin repair in the brain of juvenile rats after cerebral ische
mia/reperfusion (Cheng et al., 2020). It seems possible that gestational 
exercise-induced enhancement of postnatal neurogenesis, synaptic 
plasticity, and myelination mediated by neurotrophic factors, plays a 
crucial role in protecting the immature brain against neonatal anoxia.

In this context, previous research has indicated that maternal spon
taneous wheel running promotes hippocampal cell proliferation, 
neuronal differentiation, and cognitive functions in offspring 
(Bick-Sander et al., 2006; Toda et al., 2019; Yau et al., 2019; Kim et al., 
2021). It is plausible to hypothesize that besides increasing the number 
of hippocampal cells in the offspring, gestational exercise also contrib
utes to preventing anoxia-induced impairments. Neonatal anoxia in rats 
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has been associated with reduced numbers of Nissl-stained cells in 
hippocampal subfields and the granule cell layer at various stages of 
development (Takada et al., 2016; Kumar et al., 2017). This study’s 
findings support the hypothesis, as maternal spontaneous exercise dur
ing pregnancy prevented anoxia-induced hippocampal cell loss in rats, 
suggesting that factors exchanged between the fetus and mother during 
early life intrauterine environment may promote long-lasting neuro
plasticity in the offspring and protect against hippocampal cell loss after 
neonatal anoxia (Akhavan et al., 2013). The results further extend our 
understanding by demonstrating that maternal physical activity can also 
reduce hippocampal cell loss induced by neonatal anoxia.

In fact, previous studies from our group showed that neonatal anoxia 
in rats reduces the number of Nissl-stained cells at P41 both in the CA1 
and CA2–3 dorsal hippocampal subfields and in the dorsal DG (Takada 
et al., 2016; Kumar et al., 2017). It also reduced the number of Neu
N/Bromodeoxyuridine (BrdU) labeled cells in the dorsal DG, at P60 
(Takada et al., 2016; Kumar et al., 2017). The present study showed that 
neonatal anoxia in rats reduces NeuN-immunopositive cells in the CA1 
and CA2–3 hippocampal subfields, and in DG granule cell layer at both 
P21 and P75. Confirming the above-mentioned hypothesis, these 
anoxia-induced effects were prevented by maternal spontaneous exer
cise during pregnancy, suggesting that early life intrauterine environ
ment and/or fetus-mother exchange of factors may promote long-lasting 
neuroplasticity in the offspring, as well as to prevent hippocampal cell 
loss following neonatal anoxia. Akhavan et al. (2013) also showed that 
gestational exercise during pregnancy prevents 
neonatal-hypoxia-ischemia-induced decrease in the number of hippo
campal neurons in offspring, in rats. Results of the present study 
extended these findings by showing that maternal physical activity also 
reduced hippocampal cell loss induced by neonatal anoxia.

Synapsin-I, primarily found in the inner surface of axon terminals, 
bounds neurotransmitter vesicles to the cytoskeleton and regulates the 
release of neurotransmitters, thus playing an important role in neuronal 
development, influencing the formation of neurites, axons, and synapses 
(Fornasiero et al., 2010). Data of the present study showed that neonatal 
anoxia reduces synapsin-I levels at P21 but not at P75, thus suggesting 
that there may be important connectivity limitations early in life 
following neonatal anoxia and that the brain in this condition finds ways 
to compensate for production of this molecule along development.

It seems likely that the initial neuroinflammation induced by 
neonatal anoxia could strongly influence early synaptic plasticity and 
myelination. Microglia plays a role in immunosurveillance and, also, 
regulates synaptic formation, shaping synaptic contacts and adult neu
rogenesis (Salter and Stevens, 2017). Moreover, activated microglia is 
one of the main sources of IGF-1 in the brain (Wlodarczyk et al., 2014), a 
gene related to important neurodevelopmental processes, such as mye
lination and neurogenesis. The depletion of CD11c+ microglial IGF-1 
leads to impairment of primary myelination (Wlodarczyk et al., 2017). 
Anoxia-induced oxidative stress induces neuroinflammation, demye
lination, microglial activation, and neuronal death (Peng et al., 2022). 
Although not statistically significant, gestational exercise seems to have 
partially prevented the reduction of synapsin-I expression at P21. 
Therefore, it is possible that gestational exercise could contribute for 
regulation of synaptic plasticity by inhibiting overreactive neuro
inflammation, increasing neurotrophins, and by transcriptional regula
tion of synaptic-plasticity-related essential genes.

In conclusion, results of this study show that neonatal anoxia delayed 
both physical maturation and neurobehavioral development. Neonatal 
anoxia also induced both long-term disturbs in motor cortex myelination 
and hippocampal cell death. Maternal spontaneous exercise during 
pregnancy prevented neonatal-anoxia-induced physical and neuro
developmental changes. Spontaneous wheel running during pregnancy 
also prevented reduction of MBP stained area in the secondary motor 
cortex, as well as the synapsin-I levels at P21, and decreased NeuN- 
immunopositive cells in the hippocampus. One limitation of the pre
sent research is that we excluded the female pups, due to previous 

sexually dimorphic results presented in other studies of the group, 
showing the increased severity of sequelae in male rats (Kumar et al., 
2017; Arruda et al., 2024). Further studies using both male and female 
rats are necessary, as well as a deep investigation of their different 
mechanisms of injury and commitment.

Spontaneous gestational exercise poses an opportunity for prevent
ing neonatal-hypoxia-induced neural disruption of the offspring, thus 
providing a promising preventive approach to minimize both neuro
logical and cognitive disturbs that usually follow hypoxia-ischemia ep
isodes. The specific mechanisms underlying these maternal-exercise- 
induced beneficial effects on the offspring development require addi
tional investigations.
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Grojean, S., Schroeder, H., Pourié, G., Charriaut-Marlangue, C., Koziel, V., Desor, D., 
Vert, P., Daval, J.-L., 2003. Histopathological alterations and functional brain 
deficits after transient hypoxia in the newborn rat pup, a long term follow-up. 
Neurobiol. Dis. 14, 265–278.

Hagag, A.A., El Frargy, M.S., Abd El-Latif, A.E., 2020. Study of cord blood erythropoietin, 
leptin and adiponectin levels in neonates with hypoxic ischemic encephalopathy. 
Endocr. Metab. Immune Disord. Drug Targets 20, 213–220.

Hakobyan, M., Dijkman, K.P., Laroche, S., Naulaers, G., Rijken, M., Steiner, K., van 
Straaten, H.L.M., Swarte, R.M.C., ter Horst, H.J., Zecic, A., Zonnenberg, I.A., 
Groenendaal, F., 2019. Outcome of infants with therapeutic hypothermia after 
perinatal asphyxia and early-onset sepsis. Neonatology 115, 127–133.

Hanif, A.M., Lawson, E.C., Prunty, M., Gogniat, M., Aung, M.H., Chakraborty, R., 
Boatright, J.H., Pardue, M.T., 2015. Neuroprotective effects of voluntary exercise in 
an inherited retinal degeneration mouse model. Invest Ophthalmol. Vis. Sci. 56, 
6839.

Helou, A.Y., Martins, D.O., Arruda, B.P., Souza, M.C., Cruz-Ochoa, N.A., Nogueira, M.I., 
Chacur, M., 2021. Neonatal anoxia increases nociceptive response in rats, Sex 
differences and lumbar spinal cord and insula alterations. Int. J. Dev. Neurosci. 81, 
686–697.

Helou, A.Y., Ochoa, N.A.C., Felicio, L.F., Nogueira, M.I., 2022. Neonatal anoxia impacts 
rats’ maternal behavior and offspring development due to ultrasonic vocalization’s 
impairment. Dev. Neurosci. 44, 629–642.

Herrera-Marschitz, M., Neira-Peña, T., Leyton, L., Gebicke-Haerter, P., Rojas- 
Mancilla, E., Morales, P., Bustamante, D., 2015. Short- and long-term consequences 
of perinatal asphyxia, looking for neuroprotective strategies. Adv. Neurobiol. 
169–198.

Huang, Z.J., Kirkwood, A., Pizzorusso, T., Porciatti, V., Morales, B., Bear, M.F., Maffei, L., 
Tonegawa, S., 1999. BDNF regulates the maturation of inhibition and the critical 
period of plasticity in mouse visual cortex. Cell 98, 739–755.

Huang, S. -T.J., Vo, K.C.T., Lyell, D.J., Faessen, G.H., Tulac, S., Tibshirani, R., Giaccia, A. 
J., Giudice, L.C., 2004. Developmental response to hypoxia. FASEB J. 18, 
1348–1365.

Iu, E.C.Y., Chan, C.B., 2022. Is brain-derived neurotrophic factor a metabolic hormone in 
peripheral tissues? Biology 11 (7), 1063.

Kaur, C., Rathnasamy, G., Ling, E.-A., 2013. Roles of Activated Microglia in Hypoxia 
Induced Neuroinflammation in the Developing Brain and the Retina. 
J. Neuroimmune Pharmacol. 8, 66–78.

Kim, T.-W., Ko, Y.J., Youn, K.-H., Hwang, B.-G., Bang, H.-S., Lee, S.-J., 2021. Treadmill 
exercise improves spatial learning ability by increasing cell proliferation in offspring 

V.Y. Lee et al.                                                                                                                                                                                                                                   IBRO Neuroscience Reports 17 (2024) 263–279 

277 

http://refhub.elsevier.com/S2667-2421(24)00077-0/sbref2
http://refhub.elsevier.com/S2667-2421(24)00077-0/sbref2
http://refhub.elsevier.com/S2667-2421(24)00077-0/sbref2
http://refhub.elsevier.com/S2667-2421(24)00077-0/sbref2
http://refhub.elsevier.com/S2667-2421(24)00077-0/sbref2
http://refhub.elsevier.com/S2667-2421(24)00077-0/sbref3
http://refhub.elsevier.com/S2667-2421(24)00077-0/sbref3
http://refhub.elsevier.com/S2667-2421(24)00077-0/sbref3
http://refhub.elsevier.com/S2667-2421(24)00077-0/sbref4
http://refhub.elsevier.com/S2667-2421(24)00077-0/sbref4
http://refhub.elsevier.com/S2667-2421(24)00077-0/sbref4
http://refhub.elsevier.com/S2667-2421(24)00077-0/sbref4
http://refhub.elsevier.com/S2667-2421(24)00077-0/sbref5
http://refhub.elsevier.com/S2667-2421(24)00077-0/sbref5
http://refhub.elsevier.com/S2667-2421(24)00077-0/sbref5
http://refhub.elsevier.com/S2667-2421(24)00077-0/sbref6
http://refhub.elsevier.com/S2667-2421(24)00077-0/sbref6
http://refhub.elsevier.com/S2667-2421(24)00077-0/sbref7
http://refhub.elsevier.com/S2667-2421(24)00077-0/sbref7
http://refhub.elsevier.com/S2667-2421(24)00077-0/sbref7
http://refhub.elsevier.com/S2667-2421(24)00077-0/sbref7
http://refhub.elsevier.com/S2667-2421(24)00077-0/sbref8
http://refhub.elsevier.com/S2667-2421(24)00077-0/sbref8
http://refhub.elsevier.com/S2667-2421(24)00077-0/sbref9
http://refhub.elsevier.com/S2667-2421(24)00077-0/sbref9
http://refhub.elsevier.com/S2667-2421(24)00077-0/sbref10
http://refhub.elsevier.com/S2667-2421(24)00077-0/sbref10
http://refhub.elsevier.com/S2667-2421(24)00077-0/sbref11
http://refhub.elsevier.com/S2667-2421(24)00077-0/sbref11
http://refhub.elsevier.com/S2667-2421(24)00077-0/sbref12
http://refhub.elsevier.com/S2667-2421(24)00077-0/sbref12
http://refhub.elsevier.com/S2667-2421(24)00077-0/sbref13
http://refhub.elsevier.com/S2667-2421(24)00077-0/sbref13
http://refhub.elsevier.com/S2667-2421(24)00077-0/sbref13
http://refhub.elsevier.com/S2667-2421(24)00077-0/sbref14
http://refhub.elsevier.com/S2667-2421(24)00077-0/sbref14
http://refhub.elsevier.com/S2667-2421(24)00077-0/sbref14
http://refhub.elsevier.com/S2667-2421(24)00077-0/sbref15
http://refhub.elsevier.com/S2667-2421(24)00077-0/sbref15
http://refhub.elsevier.com/S2667-2421(24)00077-0/sbref15
http://refhub.elsevier.com/S2667-2421(24)00077-0/sbref16
http://refhub.elsevier.com/S2667-2421(24)00077-0/sbref16
http://refhub.elsevier.com/S2667-2421(24)00077-0/sbref16
http://refhub.elsevier.com/S2667-2421(24)00077-0/sbref17
http://refhub.elsevier.com/S2667-2421(24)00077-0/sbref17
http://refhub.elsevier.com/S2667-2421(24)00077-0/sbref17
http://refhub.elsevier.com/S2667-2421(24)00077-0/sbref18
http://refhub.elsevier.com/S2667-2421(24)00077-0/sbref18
http://refhub.elsevier.com/S2667-2421(24)00077-0/sbref18
http://refhub.elsevier.com/S2667-2421(24)00077-0/sbref18
http://refhub.elsevier.com/S2667-2421(24)00077-0/sbref19
http://refhub.elsevier.com/S2667-2421(24)00077-0/sbref19
http://refhub.elsevier.com/S2667-2421(24)00077-0/sbref19
http://refhub.elsevier.com/S2667-2421(24)00077-0/sbref19
http://refhub.elsevier.com/S2667-2421(24)00077-0/sbref20
http://refhub.elsevier.com/S2667-2421(24)00077-0/sbref20
http://refhub.elsevier.com/S2667-2421(24)00077-0/sbref20
http://refhub.elsevier.com/S2667-2421(24)00077-0/sbref21
http://refhub.elsevier.com/S2667-2421(24)00077-0/sbref21
http://refhub.elsevier.com/S2667-2421(24)00077-0/sbref21
http://refhub.elsevier.com/S2667-2421(24)00077-0/sbref22
http://refhub.elsevier.com/S2667-2421(24)00077-0/sbref22
http://refhub.elsevier.com/S2667-2421(24)00077-0/sbref22
http://refhub.elsevier.com/S2667-2421(24)00077-0/sbref22
http://refhub.elsevier.com/S2667-2421(24)00077-0/sbref23
http://refhub.elsevier.com/S2667-2421(24)00077-0/sbref23
http://refhub.elsevier.com/S2667-2421(24)00077-0/sbref23
http://refhub.elsevier.com/S2667-2421(24)00077-0/sbref24
http://refhub.elsevier.com/S2667-2421(24)00077-0/sbref24
http://refhub.elsevier.com/S2667-2421(24)00077-0/sbref24
http://refhub.elsevier.com/S2667-2421(24)00077-0/sbref25
http://refhub.elsevier.com/S2667-2421(24)00077-0/sbref25
http://refhub.elsevier.com/S2667-2421(24)00077-0/sbref25
http://refhub.elsevier.com/S2667-2421(24)00077-0/sbref26
http://refhub.elsevier.com/S2667-2421(24)00077-0/sbref26
http://refhub.elsevier.com/S2667-2421(24)00077-0/sbref26
http://refhub.elsevier.com/S2667-2421(24)00077-0/sbref27
http://refhub.elsevier.com/S2667-2421(24)00077-0/sbref27
http://refhub.elsevier.com/S2667-2421(24)00077-0/sbref27
http://refhub.elsevier.com/S2667-2421(24)00077-0/sbref27
http://refhub.elsevier.com/S2667-2421(24)00077-0/sbref28
http://refhub.elsevier.com/S2667-2421(24)00077-0/sbref28
http://refhub.elsevier.com/S2667-2421(24)00077-0/sbref28
http://refhub.elsevier.com/S2667-2421(24)00077-0/sbref29
http://refhub.elsevier.com/S2667-2421(24)00077-0/sbref29
http://refhub.elsevier.com/S2667-2421(24)00077-0/sbref29
http://refhub.elsevier.com/S2667-2421(24)00077-0/sbref30
http://refhub.elsevier.com/S2667-2421(24)00077-0/sbref30
http://refhub.elsevier.com/S2667-2421(24)00077-0/sbref31
http://refhub.elsevier.com/S2667-2421(24)00077-0/sbref31
http://refhub.elsevier.com/S2667-2421(24)00077-0/sbref31
http://refhub.elsevier.com/S2667-2421(24)00077-0/sbref32
http://refhub.elsevier.com/S2667-2421(24)00077-0/sbref32
http://refhub.elsevier.com/S2667-2421(24)00077-0/sbref32
http://refhub.elsevier.com/S2667-2421(24)00077-0/sbref33
http://refhub.elsevier.com/S2667-2421(24)00077-0/sbref33
http://refhub.elsevier.com/S2667-2421(24)00077-0/sbref33
http://refhub.elsevier.com/S2667-2421(24)00077-0/sbref33
http://refhub.elsevier.com/S2667-2421(24)00077-0/sbref34
http://refhub.elsevier.com/S2667-2421(24)00077-0/sbref34
http://refhub.elsevier.com/S2667-2421(24)00077-0/sbref34
http://refhub.elsevier.com/S2667-2421(24)00077-0/sbref35
http://refhub.elsevier.com/S2667-2421(24)00077-0/sbref35
http://refhub.elsevier.com/S2667-2421(24)00077-0/sbref36
http://refhub.elsevier.com/S2667-2421(24)00077-0/sbref36
http://refhub.elsevier.com/S2667-2421(24)00077-0/sbref37
http://refhub.elsevier.com/S2667-2421(24)00077-0/sbref37
http://refhub.elsevier.com/S2667-2421(24)00077-0/sbref37
http://refhub.elsevier.com/S2667-2421(24)00077-0/sbref37
http://refhub.elsevier.com/S2667-2421(24)00077-0/sbref38
http://refhub.elsevier.com/S2667-2421(24)00077-0/sbref38
http://refhub.elsevier.com/S2667-2421(24)00077-0/sbref38
http://refhub.elsevier.com/S2667-2421(24)00077-0/sbref38
http://refhub.elsevier.com/S2667-2421(24)00077-0/sbref39
http://refhub.elsevier.com/S2667-2421(24)00077-0/sbref39
http://refhub.elsevier.com/S2667-2421(24)00077-0/sbref39
http://refhub.elsevier.com/S2667-2421(24)00077-0/sbref39
http://refhub.elsevier.com/S2667-2421(24)00077-0/sbref40
http://refhub.elsevier.com/S2667-2421(24)00077-0/sbref40
http://refhub.elsevier.com/S2667-2421(24)00077-0/sbref41
http://refhub.elsevier.com/S2667-2421(24)00077-0/sbref41
http://refhub.elsevier.com/S2667-2421(24)00077-0/sbref41
http://refhub.elsevier.com/S2667-2421(24)00077-0/sbref41
http://refhub.elsevier.com/S2667-2421(24)00077-0/sbref42
http://refhub.elsevier.com/S2667-2421(24)00077-0/sbref42
http://refhub.elsevier.com/S2667-2421(24)00077-0/sbref43
http://refhub.elsevier.com/S2667-2421(24)00077-0/sbref43
http://refhub.elsevier.com/S2667-2421(24)00077-0/sbref43
http://refhub.elsevier.com/S2667-2421(24)00077-0/sbref43
http://refhub.elsevier.com/S2667-2421(24)00077-0/sbref44
http://refhub.elsevier.com/S2667-2421(24)00077-0/sbref44
http://refhub.elsevier.com/S2667-2421(24)00077-0/sbref44
http://refhub.elsevier.com/S2667-2421(24)00077-0/sbref44
http://refhub.elsevier.com/S2667-2421(24)00077-0/sbref45
http://refhub.elsevier.com/S2667-2421(24)00077-0/sbref45
http://refhub.elsevier.com/S2667-2421(24)00077-0/sbref45
http://refhub.elsevier.com/S2667-2421(24)00077-0/sbref45
http://refhub.elsevier.com/S2667-2421(24)00077-0/sbref46
http://refhub.elsevier.com/S2667-2421(24)00077-0/sbref46
http://refhub.elsevier.com/S2667-2421(24)00077-0/sbref46
http://refhub.elsevier.com/S2667-2421(24)00077-0/sbref47
http://refhub.elsevier.com/S2667-2421(24)00077-0/sbref47
http://refhub.elsevier.com/S2667-2421(24)00077-0/sbref47
http://refhub.elsevier.com/S2667-2421(24)00077-0/sbref47
http://refhub.elsevier.com/S2667-2421(24)00077-0/sbref48
http://refhub.elsevier.com/S2667-2421(24)00077-0/sbref48
http://refhub.elsevier.com/S2667-2421(24)00077-0/sbref48
http://refhub.elsevier.com/S2667-2421(24)00077-0/sbref48
http://refhub.elsevier.com/S2667-2421(24)00077-0/sbref49
http://refhub.elsevier.com/S2667-2421(24)00077-0/sbref49
http://refhub.elsevier.com/S2667-2421(24)00077-0/sbref49
http://refhub.elsevier.com/S2667-2421(24)00077-0/sbref49
http://refhub.elsevier.com/S2667-2421(24)00077-0/sbref50
http://refhub.elsevier.com/S2667-2421(24)00077-0/sbref50
http://refhub.elsevier.com/S2667-2421(24)00077-0/sbref50
http://refhub.elsevier.com/S2667-2421(24)00077-0/sbref51
http://refhub.elsevier.com/S2667-2421(24)00077-0/sbref51
http://refhub.elsevier.com/S2667-2421(24)00077-0/sbref51
http://refhub.elsevier.com/S2667-2421(24)00077-0/sbref51
http://refhub.elsevier.com/S2667-2421(24)00077-0/sbref52
http://refhub.elsevier.com/S2667-2421(24)00077-0/sbref52
http://refhub.elsevier.com/S2667-2421(24)00077-0/sbref52
http://refhub.elsevier.com/S2667-2421(24)00077-0/sbref53
http://refhub.elsevier.com/S2667-2421(24)00077-0/sbref53
http://refhub.elsevier.com/S2667-2421(24)00077-0/sbref53
http://refhub.elsevier.com/S2667-2421(24)00077-0/sbref54
http://refhub.elsevier.com/S2667-2421(24)00077-0/sbref54
http://refhub.elsevier.com/S2667-2421(24)00077-0/sbref55
http://refhub.elsevier.com/S2667-2421(24)00077-0/sbref55
http://refhub.elsevier.com/S2667-2421(24)00077-0/sbref55
http://refhub.elsevier.com/S2667-2421(24)00077-0/sbref56
http://refhub.elsevier.com/S2667-2421(24)00077-0/sbref56


born to maternal rats receiving stress during pregnancy. J. Exerc. Rehabil. 17, 
88–95.

Kim, H., Lee, S., Kim, S., Yoo, J., Kim, C., 2007. The influence of maternal treadmill 
running during pregnancy on short-term memory and hippocampal cell survival in 
rat pups. Int. J. Dev. Neurosci. 25, 243–249.

Kiss, A.C.I., Woodside, B., Felício, L.F., Anselmo-Franci, J., Damasceno, D.C., 2012. 
Impact of maternal mild hyperglycemia on maternal care and offspring development 
and behavior of Wistar rats. Physiol. Behav. 107, 292–300.

Kumar, A.J., Helou, A.Y., Petrucelli, B.A., Xavier, G.F., Martins, D.O., Chacur, M., 
Nogueira, M.I., 2022. Sensorimotor development of male and female rats subjected 
to neonatal anoxia. Dev. Psychobiol. 64, e22291.

Kumar, A.J., Motta-Teixeira, L.C., Takada, S.H., Yonamine-Lee, V., Machado-Nils, A.V., 
Xavier, G.F., Nogueira, M.I., 2019. Behavioral, cognitive and histological changes 
following neonatal anoxia, Male and female rats’ differences at adolescent age. Int. J. 
Dev. Neurosci. 73, 50–58.

Kumar, A.J., Takada, S.H., Motta-Teixeira, L.C., Lee, V.Y., Xavier, G.F., Nogueira, M.I., 
2017. Sex differences in somatic and sensory motor development after neonatal 
anoxia in Wistar rats. Behav. Brain Res. 333, 242–250.

Kusuyama, J., Alves-Wagner, A.B., Makarewicz, N.S., Goodyear, L.J., 2020. Effects of 
maternal and paternal exercise on offspring metabolism. Nat. Metab. 2, 858–872.

Labonte-Lemoyne, E., Curnier, D., Ellemberg, D., 2017. Exercise during pregnancy 
enhances cerebral maturation in the newborn, A randomized controlled trial. J. Clin. 
Exp. Neuropsychol. 39, 347–354.

Laker, R.C., Lillard, T.S., Okutsu, M., Zhang, M., Hoehn, K.L., Connelly, J.J., Yan, Z., 
2014. Exercise prevents maternal high-fat diet–induced hypermethylation of the Pgc- 
1α gene and age-dependent metabolic dysfunction in the offspring. Diabetes 63, 
1605–1611.

Lee, H.-H., Kim, H., Lee, J.-W., Kim, Y.-S., Yang, H.-Y., Chang, H.-K., Lee, T.-H., Shin, M.- 
C., Lee, M.-H., Shin, M.-S., Park, S., Baek, S., Kim, C.-J., 2006. Maternal swimming 
during pregnancy enhances short-term memory and neurogenesis in the 
hippocampus of rat pups. Brain Dev. 28, 147–154.

Li, B., Concepcion, K., Meng, X., Zhang, L., 2017. Brain-immune interactions in perinatal 
hypoxic-ischemic brain injury. Prog. Neurobiol. 159, 50–68.
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