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Introduction: In actual production, due to increased litter size when raising

pigs, the management of piglets by split-suckling leads to intermittent neonatal

maternal separation (MS). Early lactation is a critical period for the cognitive

development of the brain of newborn piglets, and we hypothesized that

intermittent MS may affect piglets’ neurodevelopment and cognitive ability.

Methods: To determine the effects of the MS, we selected hippocampal

and prefrontal cortex (PFC) tissues from piglets for the detection of

neurodevelopmental or cognitive related indicators, the control group (Con

group, n = 6) was established with no MS and an experimental group (MS group,

n = 6) was established with MS for 6 h/day. Piglets in the MS group were milk-

supplemented during the separation period and all piglets in both treatment

groups were weaned at postnatal day (PND) 35. On PND 35, three male piglets

from each group were sacrificed for hippocampus and PFC samples used for

reference transcriptome sequencing. Following bioinformatics analysis, Gene

ontology (GO) enrichment, Kyoto encyclopedia of genes and genomes (KEGG)

enrichment analysis, and candidate gene screening and pathway were performed

for differentially expressed genes.

Results: The results showed that a total of 1,632 differential genes were

identified in the hippocampus of the MS group, including 1,077 up-regulated

differential genes, 555 down-regulated differential genes, and 655 significant GO

entries. Analysis of the PFC of the MS group revealed 349 up-regulated genes,

151 down-regulated differential genes, and 584 significant GO entries. Genes

associated with neurodevelopment were screened for large fold differences in the

hippocampus, and genes associated with cognition were screened for large fold

differences in the PFC. Quantitative real-time PCR (qRT-PCR) was used to verify

the sequencing data. Western blot (WB) experiments revealed that MS inhibited

the neurodevelopment-related WNT signaling pathway in the hippocampus and

the cognitive-related PI3K-AKT signaling pathway in the PFC.

Discussion: Taken together, these findings suggest that intermittent MS may

affect some cognitive functions in piglets by damaging hippocampal and PFC

genes or pathways.
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1. Introduction

With advances in pig production, feeding management
technology, and the deepening of genetic breeding, the number of
piglets born per litter has gradually risen. Often piglets cannot grab
the teat of the sow, resulting in their malnutrition or even death.
Production methods applied to solve this problem include artificial
nursing, split-suckling (when the number of piglets in a sow’s litter
is more than the number of effective teats, at the end of labor the
litter is divided into two parts for lactation), and cross-fostering
(whereby some piglets are fostered to another sow that has recently
give birth and can produce enough milk). However, artificial
nursing and split-suckling of piglets can lead to a degree of neonatal
maternal separation (MS), meaning termination of the continuity
of the mother-offspring relationship after its establishment. Stress
induced by MS has important implications for neurodevelopment
and disease risk in the offspring (Loewy et al., 2019). In previous
experiments we found that intermittent neonatal MS led to both
physiological stress and increased aggressive behavior in piglets
(Cheng et al., 2023), and that this largely associated with impaired
cognitive ability (Yu et al., 2019). The brain is crucial for the
regulation of the bodily behavior, and the suckling period is a
critical period for the brain development of newborn piglets.
Therefore this study investigated whether the stress caused by the
neonatal MS has an impact on the neurological development and
cognitive function of the piglet brain.

In recent years, MS has become a focal area in research on
animal stress. Early studies have shown that MS causes locomotion
deficits in CD1 mice at puberty and abnormal activation of
microglia in the prefrontal cortex (PFC) and hippocampus,
resulting in neuroinflammation and leading to emotional disorders
(Gracia-Rubio et al., 2016). Using a newly developed Multiple
Animal Positioning System, Endo et al. (2021) found that repeated
daily separation of mothers, an early life stressor, caused C57BL/6J
mice to exhibit lower activity levels and altered social behavior,
showing longer social distances. A study by O’Mahony et al.
(2011) showed that neonatal MS significantly reduced stressor-
induced corticosterone secretion in mice on PND 14, though

Abbreviations: MS, maternal separation; PFC, prefrontal cortex; Con,
control; PND, postnatal day; GO, gene ontology; KEGG, Kyoto encyclopedia
of genes and genomes; quantitative real-time PCR, Quantitative real-
time PCR; WB, western blot; HPA, hypothalamic–pituitary–adrenal; BDNF,
brain-derived neurotrophic factor; DEGs, differentially expressed genes;
PVDF, polyvinylidene fluoride; RSPO2, Roof Plate-Specific Spondin-2;
FZD5, Frizzled Class Receptor 5; AXIN2, Axis inhibition protein 2; GSK3-
β, Glycogen Synthase Kinase-3β; APC, Adenomatous polyposis coli;
WNT10B, WNT Family Member 10B; WNT2, WNT Family Member 2;
WNT5A, WNT Family Member 5A; LRP5, LDL Receptor Related Protein
5; LRP6, LDL Receptor Related Protein 6; PI3K, Phosphatidylinositol-3-
kinase; AKT, Protein kinase B; P-PI3K, Phospho-Phosphatidylinositol-3-
kinase; P-AKT, Phospho-Protein kinase B; P-GSK3-β, Phospho-Glycogen
Synthase Kinase-3β; ECL, enhanced chemiluminescence; SD, standard
deviation; ANOVA, analysis of variance; PPP3CA, protein phosphatase 3
catalytic subunit alpha; RNF112, ring finger protein 112; DAB1, disabled
homolog 1; NEUROD1, neurogenic differentiation factor 1; RFX3, regulatory
factor X3; MCR, melanocortin receptor; NMB, Neuromedin B; GRP, Gastrin-
releasing peptide; ADCYAP1, Adenylate cyclase activating polypeptide 1;
CYFIP2, Cytoplasmic FMR1-interacting protein 2; MAG, myelin-associated
glycoprotein; CPEB, Cytoplasmic polyadenylation element-binding protein;
PLP1, Proteolipid protein 1; Fz, Frizzled; LDL, low-density lipoprotein; Dsh,
dishevelned; APC, adenomatous polyposis coli; TrkB, tropomyosin-related
kinase B.

impairment of the hippocampal negative feedback mechanisms to
the hypothalamic–pituitary–adrenal (HPA) axis. It was also been
concluded that mice that underwent MS in the first 3 weeks of life
could develop anxiety in their adulthood or might have decreased
cognitive ability that could cause memory impairment in adulthood
(Banqueri et al., 2017). Similar findings were found for primates,
MS also led to HPA axis dysfunction and behavioral abnormalities
in rhesus monkeys (Feng et al., 2011). It has been demonstrated in
many animal models that MS causes dysfunction of the HPA axis
by modifying glucocorticoid release (Sanchez, 2006). The above
studies concluded that early-life stress caused by neonatal MS can
damage the development and function of the individual’s brain, and
that the regulatory mechanisms are diverse. However, there are few
studies have considered the effects of MS stress on piglets.

Through dissection it has been determined that the
hippocampus is phylogenetically one of the oldest regions of
the brain and an essential component of the brain’s limbic
system, located deep within the medial part of the brain, with
a unique shape and cellular structure, and that hippocampal
neurodevelopment is closely related to the degree of cognition
in the organism. The PFC is the cerebral cortex covering the
anterior frontal lobe and is thought to underlie the rich and
complex nature of animal cognition (Ma et al., 2022). The PFC
coordinates brain activity well owing to the extensive connection of
different brain areas. Negative stimuli from the outside world can
produce stress in animals, in turn causing impaired hippocampal
and PFC function. For example, rat pups exposed to daily 3-h
periods of MS stress during a critical period of hippocampal
development disrupted hippocampal cell structure, with the
resulting morphological changes likely contributing to learning
deficits and stress hyperresponsiveness (Huot et al., 2002).
Fabricius et al. (2008) found a significant reduction in neurons in
the dentate gyrus neurons in mice that underwent MS on postnatal
day (PND) 9. Psychological stress generated by external stimuli
can cause a neuroinflammatory response in the hippocampus by
activating microglia, increasing microglia activity, and releasing
inflammatory factors (Calcia et al., 2016). In sows, repeated stress
from long-lasting tethering leads to an overactive neuroendocrine
system in pigs, reducing levels of brain-derived neurotrophic factor
(BDNF) protein (a key mediator of activity-dependent neuronal
connectivity and synaptic plasticity in the brain) in the dorsal
hippocampus and frontal cortex (De et al., 2012). In rats, it has
been suggested that neonatal MS for 24 h can cause a reduction in
PFC thickness and a decrease in the number of mature neurons
in the PFC in rats (Crombie et al., 2021). MS stress in juvenile
rhesus monkeys led to activation of the right dorsolateral PFC and
the right ventral temporal/occipital lobes, while activity in the left
dorsolateral PFC was reduced (Rilling et al., 2001). Research using
microarrays and quantitative real-time PCR (RT-PCR), found that
the stress caused by early weaning and social isolation affected
the expression of genes involved in the regulation of neuronal
function and development in the PFC of piglets (Poletto et al.,
2006). However, there have been few studies on the effects of stress
from neonatal MS on the hippocampus and PFC of piglets, and the
molecular mechanisms remain unclear.

The domestic pig is a traditional animal model. Because of
high similarities between pigs and humans in aspects of their
anatomy, physiology, biochemistry, immunology and genomes,
the pig model is widely used in laboratory and clinical research
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(Lunney et al., 2021). Compared with primates and other domestic
animal models, pigs have several attributes that are advantageous,
including a short reproductive time and large litter size. Since
some aspects of pig production inevitably cause neonatal MS,
the neonatal MS model has a theoretical basis and is extremely
important for studying the molecular mechanisms of the effects
of negative stimuli on animals and the trauma to animals.
However, there have been few studies related to the effects
of neonatal MS separation in piglets, including the molecular
mechanisms. Transcriptomics technologies are revolutionizing
our understanding of transcriptomes. Transcriptome sequencing
analysis is an indispensable technical tool for biological and
medical research. It enables researchers to uncover the molecular
mechanisms underlying biological phenomena or disease
occurrence. This technique allows for the quantification of
the full spectrum of genes and the identification of differentially
expressed genes (DEGs) and related molecular pathways. Up
to now, few researchers have analyzed the mechanisms by
which MS affects brain development and function in pigs at the
molecular level. Additionally, there are few sufficiently reliable
neonatal MS models in pigs. Therefore, the aim of this study
was to develop a model of neonatal MS in pigs to investigate the
mechanisms underlying the stress response. The hippocampus
and PFC were selected as experimental tissues, and the use of
transcriptomic, quantitative real-time PCR (qRT-PCR), and
protein immunoblotting techniques will provide information
to better assess the mechanisms of neonatal MS stress on the
hippocampus and PFC of piglets, as well as provide a reference
for clinical veterinary and animal production management and
farm-animal health and welfare.

2. Materials and methods

2.1. Experimental animals

The trial site was the experimental demonstration base of
Acheng, Northeastern Agricultural University. This experiment
involved 12 litters of crossbred piglets from healthy Du Min
(Duroc × Min-pig) sows of similar body condition. The same
bloodline was used to ensure the same genetic background of the
piglets used in testing. The mating boars were American Large
White pigs. The sows were transferred to farrowing pens 1 week
before farrowing. The experiment consisted of two treatment
groups, each with six replicates (six litters), eight piglets per litter
(random selection). In the control (Con) group (n = 6), piglets were
fed at birth after colostrum and immunization until weaning on
postnatal day (PND) 35. In the maternal separation (MS) group
(n = 6), sows were induced into a new pen with food from 8:00–
11:00 to 13:00–16:00 daily (6 h in total) for intermittent neonatal
MS starting from PND 7 until weaning on day 35. Sows and
their piglets were housed in loose farrowing and nursery pens
(measuring 5.2 m × 1.6 m × 1.1 m) with feed troughs and
waterspouts at the front of the pens, and the floor type is slatted
floor. The temperature and humidity of the pens were maintained
at a comfortable and constant level. The environment was
controlled using an automatic ventilation system. The piglet rest
area had an insulation heating device and an average temperature
of 26.2it an average humidity of 68.3%, natural lighting, and good

ventilation. The sows and piglets were fed and raised in strict
accordance with the production process requirements. The sows
were fed daily at 6:00, 11:00, and 17:00, while the piglets had free
access to food and water. Piglets received iron supplements at
PND3 and were fed creep feed from PND7. The compositions of
the lactating sows feed, piglet creep feed during the experiment
were presented in the Supplementary Table 1. The pens were kept
clean and hygienic and were regularly disinfected (the pens were
not disinfected during the whole lactation period). The piglets were
vaccinated (Immunization of 1–3 day piglets with pseudorabies gE
gene deletion vaccine by intranasal vaccination, 14 day vaccination
against circovirus, vaccination against swine fever at 28 day, second
immunization for pseudorabies gene deletion at 35 day). To reduce
stress, the piglets in this study were not tail docked or castrated.
At PND35, three male piglets in good condition were selected
for slaughter in each of two groups (Con group, n = 6 litters;
MS group, n = 6 litters). Afterward, the brain tissue was quickly
removed and the 1 × 1 cm3 size hippocampal and PFC brain
region were collected in RNAase-free EP tubes and stored at −80◦C
for subsequent reference transcriptomic analysis, quantitative real-
time fluorescence PCR (qRT-PCR) and western blot detection.

Hippocampal tissue removal procedure: the skin was cut in the
middle parallel to the direction of the nasal bone, and the skin was
peeled from the nasal bone to the skull to expose the skull. Then, in
the perpendicular and parallel directions of the nasal bone, the nasal
bone was split, and then the bones on both sides were split to expose
the brain tissue. It was transferred to a petri dish and placed in PBS
solution at a concentration appropriate to the osmotic pressure of
the tissue. The brain tissue was cut in half dorsally with a clean
scalpel. The tip of the scalpel blade was fixed near the cerebellum
where it intersected the cerebral cortex, and the tip of the other
blade was placed at the same junction to peel the cerebral cortex
hemisphere to one side. The hippocampus (large “C” shape) is
exposed. The hippocampus is “spooned” or “rolled” to one side with
the tip of the forceps.

Prefrontal cortex tissue removal procedure: the process of
removing brain tissue is the same as in the hippocampus. The
PFC is located in the superficial layer of the anterior part of
the brain tissue.

2.2. Transcriptomics profiling technique

Total RNA was isolated and purified from total samples
using TRIzol (Invitrogen, USA), followed by quality control of
the quantity and purity of total RNA using NanoDrop ND-
1000 (NanoDrop, USA). The fragmented RNA was synthesized
into cDNA by reverse transcriptase (Invitrogen SuperScriptTM II
Reverse Transcriptase, No. 1896649, CA, USA), which was then
used to form a cDNA library with a fragment size of 300 bp ± 50 bp.
Transcriptome profiling steps were carried out by LianChuan-
biotechnology Co., Ltd. (Hangzhou, China). The sequencing data
were screened and sorted using a HiseqTM sequencer, and genes
with the |log2 (Fold Change)| greater than 1.5 and P-value less
than 0.05 were defined as differential genes. Finally, significant
difference analysis was performed using the R package DESeq2,
GO and KEGG enrichment analyses were performed (Wang et al.,
2021). For the assessment of the quality of the RNA-seq library
results metrics, we used the RSeQC software (version 2.6.4) to
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pre-process the raw data, including the removal of sequencing
junctions (introduced during the library construction process) and
low-quality sequencing data. Valid data were obtained after filtering
out substandard sequences using Cutadapt) before proceeding to
the next step of analysis. The specific data preprocessing steps
are as follows: (1) Remove reads with adaptors; (2) Removal of
reads containing N (N indicates that base information cannot be
determined) in a proportion greater than 5%; (3) Removal of low-
quality reads (the number of bases with a quality value Q ≤ 10
accounted for more than 20% of the entire read); (4) Statistics of
raw sequencing volume, effective sequencing volume, Q20, Q30,
GC content, and comprehensive evaluation.

2.3. qRT-PCR verification of DEGs

Total RNA was extracted from the hippocampal and PFC
of piglets with TRIzol reagent (Invitrogen, China) according
to the instructions of the RNA Extraction Kit (Beijing Mei5
Biotechnology Co., Ltd., China). The concentration and purity of

total RNA were determined by using Quick DropTM, an ultra-
micro-analyzer (Valley Molecular, Inc., USA). The mRNA was
reverse transcribed according to the reaction system (20 µL) of
the Reverse Transcription Kit (Beijing Mei5 Biotechnology Co.,
Ltd., China). Using Primer Premier 5.0 design specific primers for
the screened differential gene and the internal reference gene β-
actin based on the gene sequences published in GenBank. Primers
were synthesized by Sangon Biotech Co., Ltd. (Shanghai, China).
The specific primer sequences of the screened differential and
internal reference genes β-actin were shown in Table 1. qRT-PCR
was performed using the LightCycler R©96 (Roche, Switzerland) for
quantitative real-time PCR (qRT-PCR). The relative expression of
mRNA of each gene was calculated using 2−11CT.

2.4. Western blot detection

To determine the protein levels, we extracted total proteins
from hippocampal as well as prefrontal tissues using Western
and immunoprecipitation (IP) lysis buffer (P0013, Biosharp,

TABLE 1 Gene-specific primers used in qRT-PCR.

Gene Forward primer (Five’-Three’) Reverse primer (Five’-Three’)

PPP3CA GCCAACACTCGCTACCTCTTCTTAG AGCCCACAAGTACAGCACACATTC

RNF112 CTGCTGGGGAAGGAGGGGAAG GAGGCGGCGAGGATCTGGTAG

DAB1 CCACGCCATCGACCAACTCAC CTCTTCGCTCTTGCTGGGACTTTC

NEUROD1 GGAAGAGGAGGAGGAAGAGGAAGAG GCGTTGGCTTTCATTCGTCTCAG

RFX3 CTCCTTCCACCTGATCCGTCTACT CCAAACTCACCCATGACCGCTATG

RSPO2 CCATGTCCAACCATTGCTGAATCC CTGTGTTGCTCCTGGGCTCTATC

FZD5 AGCCACATCCACTACGAGACAAC CCAAGAACCAGGTGAGCGACAG

WNT2 CTGTTCCTGTGACCCGAAGAAGAAG GCTCTGGCGTCCTTTCCTTTCC

WNT5A CTTCAACTCGCCCACCACACAG ACAGCCGTCCATGCCCTCAG

WNT10B GTCTCCTGTTCCTGGCGTTGTG GCCTAACTGCCGCTTGCTCAG

LRP5 ACGCCAAGACAGACAAGATAGAGG GCCAGTCGGTCCAGTAGATGAAG

LRP6 ATGCGAGAAGGGAAGATGGG CTCTCAGGAGCACGCAGAAAC

β-Catenin CCATCTGTGCTCTCCGTCATCTG GGTAGTCCGTAGTGAAGGCGAAC

AXIN2 ATGAGGAGGACCCGCAGACC GTGGTGGTGGTGGTGGTGATG

GSK-3β GCCCAGAACCACCTCCTTTGC TCACCTTGCTGCCATCCTTGTC

APC TCAGCAAACGCAGGAAACAGATTC TGGAACTTCGCTCACAGACTCTTC

MC4R GCTGTGGCTGATATGCTGGTGAG GAAACTCTGTGCGTCCGTGTCC

GRP CTGGGCGGTGGGACACTTAATG CAGCAAATTCCTTGTGGCATCTTCC

CYFIP2 CACATCCGCTTCATCTCCGAACTC GGTACTCCTCGTCCGACTTCTGG

NMB GCCTCCTGTTCTTCACTCTGCTC GCTCCAGACTCTTCTTGCCCATG

CPEB1 CCTGGTCCTTTCTTCTGTCGTGATC CTGGCATCTCGGTTCTTCTGGTTC

ADCYAP1 AAGAGATGTCGCCCACGGGATC TCCGAGTCATCTTCCGCTCCTC

MAG ATTGCCATCGTCTGCTACATCACC GGAAGTCGCTGCTGAACAGGAC

PLP1 GGCTAGGACATCCCGACAAGTTTG GGAAGGCAATAGACTGGCAAGTGG

CPEB4 TCGGCTAATAACGGTGCTCTGTTG TGCTGATGCTGGCTGTGATGATG

PI3K ACGGCAATGTGGAGCAGATGAAG TGGTAGAGCAGGAGGAAGTGGTC

AKT TCAAGAACGACGGCACCTTCATC CGCCACGGAGAAGTTGTTGAGG

β-actin GGCACCACACCTTCTACAACGAG TCATCTTCTCACGGTTGGCTTTGG
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China) containing protease inhibitors and phosphatase inhibitors
(Beyotime, China). Protein concentrations were determined
according to the BCA Protein Assay Kit (Beyotime, China)
instructions using the sequence. Electrophoresis of 20 µg of lysate
was performed through 10 or 12% SDS-PAGE gels (Solarbio,
China). The proteins were then transferred to polyvinylidene
fluoride (PVDF) membranes (Cytiva, Marlborough, MA, USA).
The membrane was blocked with 5% BSA for 1 h at room
temperature, incubated with primary antibody overnight at 4◦C,
and then incubated with secondary antibody for rabbit IgG
(1:5,000, Santa Cruz, CA, USA) or secondary antibody for
mouse IgG (1:5,000, Proteintech, China) for 1 h at room
temperature. The primary antibodies used in this experiment
were Roof Plate-Specific Spondin-2 (RSPO2, 1:1,000), Frizzled
Class Receptor 5 (FZD5, 1:1,000), β-catenin (1:1,000), Axis
inhibition protein 2 (AXIN2, 1:1,000), Glycogen Synthase Kinase-
3β (GSK3-β, 1:1,000), Adenomatous polyposis coli (APC, 1:1,000),
WNT Family Member 10B (WNT10B, 1. 1,000), WNT Family
Member 2 (WNT2, 1:1,000), WNT Family Member 5A (WNT5A,
1:1,000), LDL Receptor Related Protein 5 (LRP5, 1:1,000), LDL
Receptor Related Protein 6 (LRP6, 1:1,000), Phosphatidylinositol-
3-kinase (PI3K, 1: 1,000), Protein kinase B (AKT, 1: 1,000),
Phospho-Phosphatidylinositol-3-kinase (p-PI3K, 1: 500), Phospho-
Protein kinase B (P-AKT, 1: 500), Phospho-Glycogen Synthase
Kinase-3β (P-GSK3-β, 1,500), and β-actin (1:5,000) was used
as reference for analysis. Syngene G:BOX Chemi XX9 imager
(Syngene, Cambridge, UK) was used to detect protein signals using
enhanced chemiluminescence (ECL) reagents (Beyotime, China).
Finally ImageJ software (National Institutes of Health, Bethesda,
Maryland) was used to quantify the relative density of the bands.

2.5. Statistical analysis

Statistical analysis of all data was performed using GraphPad
Prism software (version 8.0, GraphPad Software Inc., San Diego,
CA, USA) and used SPSS 22.0 for data analysis. First, testing data
were for normal distribution by Shapiro–Wilk test method, and the
Levene test was used for homogeneity of variance test, to ensure
that all data from the same treatment group conform to the normal
distribution, the homogeneity of variance > 0.05. Quantitative data
were expressed as mean ± standard deviation (SD). To analyze
the data, the one-way analysis of variance (ANOVA) and post-
hoc test by Turkey were performed. P < 0.05 was considered
statistically significant.

3. Results

3.1. Differential gene expression and
analysis

To investigate the changes in the genetic levels of hippocampus
and PFC in MS piglets, transcriptome sequencing was used
to determine the genetic levels of hippocampus and PFC. The
differential genes were classified into Up-regulated Gene and
Down-regulated Gene according to the relative levels of gene
expression between the two groups of samples. Comparing the gene

expression of intermittent MS piglets and normal reared piglets, a
total of 1,632 differential genes were identified in the hippocampus,
including 1,077 Up-regulated differential genes and 555 Down-
regulated differential genes, and a total of 500 differential genes
were identified in the PFC, including 349 Up-regulated differential
genes and 151 Down-regulated differential genes (Figure 1).

3.2. Differential gene GO enrichment
analysis

To better understand the gene functions and gene products
involved in MS in hippocampus and PFC, the GO (Gene ontology)
database was used to analyze DEGs (differentially expressed genes)
in hippocampus and PFC. The results of GO enrichment analysis of
differentially expressed genes. GO has three ontologies, biological
process, cellular component and molecular function. There were
5,612 GO entries (655 significant) for differentially expressed genes
in the hippocampus and 2,537 GO entries (584 significant) for
differentially expressed genes in the PFC. In the hippocampus
(Figure 2A), the top 5 GO entries in the biological process
were: signal transduction, positive regulation of transcription by
RNA polymerase II, regulation of transcription, DNA-templated,
protein phosphorylation, positive regulation of transcription,
DNA-templated. The first five GO entries in the cellular component
are: membrance, integral component of membrane, cytoplasm,
plasma membrane, nucleus. And the top 5 GO entries in molecular
function are: protein binding, metal ion binding, ATP binding,
nucleotide binding, transferase activity. In the PFC (Figure 2B), the
first five GO entries in the biological process are: positive regulation
of transcription by RNA polymerase II, negative regulation of
transcription by RNA polymerase II, regulation of transcription,
DNA-templated, signal transduction, cell adhesion. The first
five GO entries in cellular component are: membrane, integral
component of membrane, nucleus, cytoplasm, plasma membrane
The first five GO entries in molecular function are: protein binding,
metal ion binding, nucleotide binding, ATP binding, and zinc ion
binding.

The top 20 GO entries with the most significant enrichment
were selected for display, and the results of the enrichment bubble
chart display were shown in Figures 2C, D. Among the top 20
GO entries in the hippocampus, protein binding genes was the
most abundant and had the most significant differences, and myelin
sheath had the highest number of enrichment factors. Similarly,
it can be concluded that in the PFC, extracellular space had the
highest number of genes, extracellular matrix structural constituent
had the most significant differences, and central nervous system
myelination had the highest number of enrichment factors.

3.3. Validation of differential gene
screening and transcriptome sequencing
results

To ensure the authority of the results of transcriptomic analysis,
we verified the trends of the genes selected in each group by
qRT-PCR. Genes related to neurodevelopment were screened in
the hippocampus and genes related to cognitive memory were
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FIGURE 1

DEGs profiling using high-throughput transcriptomics sequencing technology (n = 6). (A) Heat map of DEGs in hippocampal of MS group vs. Con
group. (B) Heat map of DEGs in PFC of MS group vs. Con group. “ ” Image represents the expression level of differentially expressed genes
upregulated from left to right. (C) Volcano plot of DEGs in hippocampal for MS group vs. Con group. (D) Volcano plot of DEGs in PFC for MS group
vs. Con group. Red indicates upregulation, blue indicates downregulation.

screened in the prefrontal by the literature and the results of
this experiment, |log2FC| > 1 and P < 0.05. These candidate
genes were validated using qRT-PCR. A comparative analysis of
transcriptome sequencing results and qRT-PCR results were shown
in Figure 3. In the hippocampus, compared with controls, MS
stress caused WNT2, WNT10B, RSPO2, PPP3CA, RNF112, DAB1,
NEUROD1, and RFX3 gene expression levels were downregulated
and NKD1 expression levels was upregulated. In the PFC, MC4R,
GRP, CYFIP2, NMB, CPEB1, and ADCYAP1 were significantly
down-regulated and MAG, PLP1, and CPEB4 were significantly up-
regulated in piglets of the MS group compared with the control
group. qRT-PCR were consistent with the trend of transcriptome

sequencing results, indicating that the transcriptomic analysis had
better confidence.

3.4. Enrichment analysis of differentially
expressed gene KEGG

Kyoto encyclopedia of genes and genomes helps to study
gene and expression information as a whole network. To better
understand whether the differential genes involved in MS in
hippocampus and PFC occur significantly differently in a given
pathway, the samples were analyzed using the KEGG database. The
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FIGURE 2

The histogram and scatter plot of GO enrichment analysis in the hippocampal and PFC. (A) Statistical analysis of GO enrichment in the hippocampal.
(B) Statistical analysis of GO enrichment in the PFC. Blue represents biological processes, green represents cellular components, and orange
represents molecular functions. The 25 biological process entries, 15 cellular component entries, and 10 molecular function entries with the most
significant differences in the hippocampus and PFC, respectively, were selected for analysis. The specific title of the Go entry see Supplementary
Table 2. (C) GO entries in the hippocampal. (D) GO entries in the PFC. The horizontal coordinate indicates the enrichment level of each GO entry.
The size of the dot indicates the number of genes enriched to this entry. The color of the dots indicates different p-values. represents a
gradual increase in the p-value.

results of the KEGG enrichment analysis were plotted as bubble
plots (Figure 4), which present the top 20 pathways with the
lowest significant P-values in hippocampus and PFC. Among the
top 20 pathways in the hippocampus, the Axon guidance pathway
had the most significant differences and the highest number of
enriched factors, and the Pathways in cancer pathway had the
highest number of genes. Among the top 20 pathways in the
prefrontal lobe, the ECM-receptor interaction pathway had the
most significant differences and the highest number of enriched
factors, and the Pathways in cancer pathway had the highest
number of genes.

3.5. Analysis of WNT pathway in
hippocampus and PI3K-AKT pathway in
PFC

By reviewing the literature and analyzing the results of previous
transcriptomic analysis (KEGG), the experiment selected the WNT
pathway related to neurodevelopment in the hippocampus and

the PI3K-AKT pathway related to cognitive function in the PFC
for research, the results were shown in Figure 5. In hippocampal
WNT pathway-related genes, compared with the control group,
the expression levels of RSPO2, FZD5, WNT2, WNT5A, WNT10B,
and β-catenin were significantly down-regulated, while AXIN2,
GSK3-β, APC, and LRP5/6 were significantly up-regulated in the
MS group. In the PFC, MS treatment significantly inhibited the
expression of PI3K/AKT/GSK3-β signal pathway.

4. Discussion

Maternal separation is extremely common in livestock
production as an outcome of artificial nursing, or split-suckling. It
is generally accepted that when experienced for a longer period of
time intermittent neonatal MS can represent severe environmental
deprivation (Gutman and Nemeroff, 2003). The MS model is
recognized as the classic animal model for studying early-life stress,
and early-life stress can severely affect the growth and development
of the individuals. The effects of MS on brain development and
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FIGURE 3

Trends in the expression levels of DEGs in hippocampus and PFC. (A) Genes in the hippocampus. Heat map shows the relative expression levels of
selected genes related to neurodevelopment. The color bars in the heat map show the trends of differentially expressed genes. (B) Genes in the PFC.
Heat map shows the relative expression levels of selected genes related to cognitive ability. The color bars in the heat map shows the trend of
differentially expressed genes. (C) Genes in the hippocampus. qRT-PCR validation of DEGs in the hippocampus between CON and MS groups.
(D) Genes in the PFC. qRT-PCR validation of DEG in PFC between CON and MS groups. The log2FC is used here to be consistent with the
representation of the transcriptome results. Each value is expressed as mean ± SD (n = 6). Relative expression levels of mRNA were calculated based
on the 2−11Ct method.

FIGURE 4

The enrichment of KEGG terms in hippocampus and PFC was analyzed by bubble plots, and the top 20 KEGG entries with the most significant
enrichment were selected for display. The horizontal coordinates indicate the degree of KEGG entry enrichment (Rich factor), and the size of the
dots indicates the number of differential genes enriched in a particular KEGG pathway; the color of the dots indicates different p-values. (A) KEGG
entries in hippocampus. (B) KEGG entries in PFC.

function in rodents (Nishi et al., 2014) and primates (Levine and
Mody, 2003) have been widely reported. As a biomedical model,
pigs have the advantage of being highly similar to humans in many
aspects, and this study will provide insights to better evaluate the

mechanisms of stress effects on the offspring’s brain development
and function during neonatal MS. High-throughput sequencing
of the transcriptome, as a novel and efficient technology, has
become an effective tool to assess the mechanisms of stress effects
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FIGURE 5

Effect of MS on the expression of genes related to the WNT signaling pathway in the hippocampal and PI3K-AKT signaling pathway in the PFC in
piglets (n = 6). (A) Hippocampal WNT signaling pathway mRNA levels. (B) PFC PI3K-AKT signaling pathway mRNA levels. (C) Hippocampal WNT
signaling pathway protein expression levels. (D) PFC PI3K-AKT signaling pathway protein expression levels. ∗P < 0.05.

on the organism at the level of RNA (Peña et al., 2019). In this
study, 1,632 DEGs in the hippocampus (1,077 upregulated and
555 downregulated) and 500 DEGs in the PFC (349 upregulated
and 151 downregulated) were identified. qRT-PCR analysis of 9
genes in each the hippocampus and PFC showed expression trends
consistent with RNA-seq, indicating that the RNA-seq data were
reliable. Two pathways with significant differences in transcriptome
analysis were also selected for the study, namely, the WNT signaling
pathway in the hippocampus and the PI3K-Akt signaling pathway
in the PFC. These results suggest that MS may cause changes in the
transcriptional levels in the hippocampus and PFC of piglets and
affect the development and cognitive function of the piglet brain.

Trauma occurs when animals are exposed to stresses in
their early years that they cannot cope with, and these traumas
are associated with declines in development of the PFC and
hippocampus, which impedes overall development and functional
expression of the organism’s brain. At the neurological level,
early-life stress affects brain development, but how this stress
affects brain development is still poorly understood, though
neurons in hippocampal structures are known to be most
sensitive to a noxious stimulus. In our experiment, transcriptome
sequencing GO entries were screened for several genes associated
with neurodevelopment, namely: protein phosphatase 3 catalytic
subunit alpha (PPP3CA), ring finger protein 112 (RNF112),
disabled homolog 1 (DAB1), neurogenic differentiation factor 1
(NEUROD1), and regulatory factor X3 (RFX3). PPP3CA encodes
the calmodulin-binding catalytic subunit of calcineurin, which is
closely related to development of the body. Some studies have
found that PPP3CA knockout mice showed developmental defects
in the nervous system (Qian et al., 2018). RNF112 is abundantly

expressed in the brain and is regulated during brain development;
mice with RNF112 knockout had poor brain development and
showed impaired brain motor balance, spatial learning, and
memory function (Tsou et al., 2017). DAB1 is critical in neuronal
migration and formation in brain development, and is associated
with neurodevelopmental disorders; accordingly, DAB1-deficient
mice showed brain structural abnormalities, and model mice
showing traits of autism had significantly reduced levels of DAB1
mRNA expression in the brain (Nawa et al., 2020). NEUROD1 is
highly expressed in neurons, promoting neuronal differentiation
and development during brain development. The expression of
exogenous NEUROD1 activated the expression of transcription
factors of astrocytes and promoted neuronal transdifferentiation
(Ma et al., 2022), while NEUROD1 deficiency led to severe
developmental defects in the brain (Naya et al., 1997). RFX3 is
a regulator of cilia production in brain morphogenesis; in RFX3-
deficient mice, dysplasia of the corpus callosum (the primary
commissure connecting the cerebral hemispheres) and loss of the
RFX3 function will lead to the distorted distribution of neurons
(Bonnafe et al., 2004). Our experiment and the analyses of RNA-
seq data showed that these genes related to neurodevelopment
were downregulated by MS stress. These results are also consistent
with the above research content. The expression level of the genes
we screened should decrease in the case of neurodevelopmental
dysplasia in the body, as demonstrated in our experiment with
pigs. Therefore, from these results, it can be speculated that
MS stress in piglets may inhibit the expression of these genes
in the hippocampus, affecting neuron formation, development
and differentiation, and thereby cognitive ability; nonetheless, the
underlying mechanism requires further study. The hippocampus
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is a heterogeneous and complex region with different structures
and regions playing different roles and responsible for different
behavioral patterns (Fanselow and Dong, 2010). However, the
whole hippocampal tissue was selected for this experiment, and
there was no precise localization to the specific region of the
hippocampus.

In this experiment, 9 differential genes were screened
out through transcriptome sequencing GO entries: MC4R,
NMB, GRP, ADCYAP1, CYFIP2, MAG, CPEB1, CPEB4, PLP1,
these genes are closely related to cognitive memory. The
melanocortin receptor (MCR) in the brain is related to cognitive
function, which can improve the learning and memory ability
of animals. Studies have found that neuroinflammation can
reduce melanocortin system (MC4R and α-melanocyte-stimulating
hormone) expression (Flores-Bastías et al., 2020). Neuromedin B
(NMB) exerts its function through the NMB receptor. Stress can
affect NMB receptor deficiency and impair memory (Yamada et al.,
2003), suggesting that NMB and its receptors closely influence
memory. Gastrin-releasing peptide (GRP) and its receptors are
widely distributed in various brain regions, and GRP plays a key
role in synaptic power, which is critical for cognitive function
(Yang et al., 2017). Adenylate cyclase activating polypeptide 1
(ADCYAP1) acts as a neurotransmitter or neuromodulator that
promotes neuronal survival. ADCYAP1 knockout mice show
cognitive impairment in the novel object recognition test (Takuma
et al., 2014). Cytoplasmic FMR1-interacting protein 2 (CYFIP2)
plays a critical role in regulating actin dynamics and neuronal
excitability in primary neurons in the medial PFC (mPFC). CYFIP2
protein expression is significantly reduced in Alzheimer’s disease
cases, and cognitive behavioral tests showed that reduced CYFIP2
expression prevents mice from being able to solve the water
maze (Tiwari et al., 2016) by affecting body spatial memory
function. This study was consistent with the above gene expression
changes, and it has been verified in pigs, indicating that the down-
regulation of the expression levels of MC4R, NMB, ADCYAP1,
GRP, and CYFIP2 is closely related to the cognitive impairment
of piglets caused by MS stress. After brain injury, the myelin-
associated glycoprotein (MAG), which inhibits axon growth,
increases immunity. The findings have been reported in rodents
where MAG was significantly increased in poison-stressed mouse
brain tissue (Li et al., 2015). In this study, the brain injury of
piglets after MS may be due to the inhibition of axonal growth
due to the upregulation of MAG, resulting in impaired cognition.
Cytoplasmic polyadenylation element-binding protein (CPEB)
exists in neurons and glial cells. CPEB affects learning and memory,
and affects neuronal morphology and synaptic plasticity, is a key
mediator of important biological processes such as learning and
memory. CPEB4 has a certain inhibitory effect on the development
of brain nerves (Shin et al., 2016), but knockdown of CPEB1
expression inhibits the activation of astrocytes (Kim et al., 2011).
In this study, we found that MS caused the down-regulation of
CPEB1 and up-regulation of CPEB4 in the PFC, which affected the
development of neurons, thereby impairing the cognitive function
of piglets. Proteolipid protein 1 (PLP1) is a leading candidate gene
for brain white matter structure and is essential for cognition and
behavior. Prior studies have found that PLP1 overexpression can
lead to progressive leukodystrophy and cognitive decline (Li et al.,
2019). This proves that the PLP1 gene was up-regulated in piglets
that experienced intermittent neonatal MS in this experiment,

resulting in leukodystrophy and affecting cognitive function. The
specific regulatory mechanism still needs to be further verified by
methods or technologies.

The WNT signaling pathway is an evolutionarily conserved
pathway that guides animal development and plays a key role in
early development; it regulates the body’s neurogenesis, neuron
differentiation, proliferation and migration, synaptogenesis and
axon growth (Toledo et al., 2008). In addition, the WNT signaling
pathway regulates neuronal maturation processes that depend
on synaptic activity, and synaptic plasticity is closely related to
cognitive ability. When the WNT signaling pathway is activated, the
cognitive function will be improved and even cognitive deficits can
be reversed (Vargas et al., 2014). Studies have found that WNT2 and
WNT5a in the hippocampus may be related to nerve regeneration
and are highly expressed (Sousa et al., 2010; Andersson et al.,
2013). RSPO2 can activate the WNT signaling pathway (Zhang
et al., 2019), and FZD5 can activate the WNT2, WNT10B and
WNT5A proteins, but specifically interacts with WNt5A to induce
the WNT signaling pathway (Ishikawa et al., 2001). WNT proteins
interact with the Frizzled (Fz)/low-density lipoprotein (LDL) LRP
complex on the cell surface of target cells. And signal transduction
to dishevelned (Dsh), GSK-3β, axin, adenomatous polyposis coli
(APC), and the transcriptional activity of β-catenin are regulated
by the GSK3β/APC/axin complex. When cells receive a WNT
signal, the complex is inhibited, and β-catenin increases in the
cytoplasm and nucleus to participate in the regulation of target
gene transcription (Logan and Nusse, 2004). NKD1 can inhibit the
WNT signaling pathway by preventing the nuclear accumulation
of β-catenin (Angonin and Van Raay, 2013). Fatima et al. (2019)
established that chronic unpredictable stress induces upregulation
of GSK3β in the WNT signaling pathway in the neonatal brain, and
inhibits β-catenin expression, which in turn impairs neurogenesis
and affects brain development. This is consistent with our findings.
Similarly, it has been concluded that early-life stress leads to
neural differentiation and proliferation defects in the offspring due
to inhibition of the WNT signaling pathway (Yde et al., 2020).
Li et al. (2022) found that stress induced by toxic substances
caused oxidative stress in zebrafish, downregulated the expression
of genes related to the WNT signaling pathway and interfered
with neural development, while treatment with WNT activators
rescued the toxic response. The present results are consistent
with the above findings that external adverse stimuli can affect
the neurodevelopment of the organism. Our study also showed
that when piglets were exposed to adverse external stimuli, the
neurodevelopment of the hippocampus was affected because of
inhibition of the WNT signaling pathway, which consequently
diminished the cognitive ability of the piglets.

The PI3K/AKT pathway is an intracellular signaling pathway
closely related to extracellular signaling, promoting the metabolism
of cell growth and proliferation, cell survival, and angiogenesis.
Numerous studies have demonstrated that the activation of PI3K
and AKT can reduce neuronal damage and promote neuronal
activation. The tropomyosin-related kinase B (TrkB) pathway
protects against traumatic brain injury by activating the PI3K/AKT
pathway, which can cause cognitive deficits to some extent, and
blocking AKT activation with specific PI3K inhibitors eliminates
the protection against brain tissue damage (Wu et al., 2014).
Activation of the PI3K/AKT pathway has also been found
to significantly reduce neuronal damage in ischemic stroke
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(Lo et al., 2003), as AKT phosphorylates its downstream target
GSK-3β, and the PI3K/AKT/GSK3β pathway is essential for
maintaining cell survival. Activation of GSK3β was found to
occur in cognitively deficient cell models in in vitro experiments
(Alvarez et al., 2001). It has also been demonstrated that inhibition
of GSK3β can reduce the accumulation of Aβ in the body
to a certain extent and can alleviate the reduction of spatial
learning and memory in transgenic animals with Alzheimer’s
disease (Ding et al., 2008). Zheng et al. (2017) concluded that
the naturally occurring amino acid selenomethionine increased
AKT and PI3K activity in neurons, significantly inhibited GSK3β

activity in the brains of mice with Alzheimer’s, and enhanced the
proliferation and differentiation of neural stem cells by activating
the PI3K-AKT-GSK3β-related pathway. The PI3K-AKT pathway
also plays a crucial role in neuronal development in the brain
and is instructive for many important processes related to brain
development. When the PI3K-AKT-GSK3β pathway is activated in
mice modeling neurodevelopmental disorders, it protects against
neurodevelopmental (Wang et al., 2022). The experimental results
reported in the above studies are consistent with the present results
using pigs as the experimental subject, whereby MS stress caused
inhibition of the PI3K-AKT-GSK3β pathway in the PFC of piglets,
which thereby impaired the cognitive ability of the piglets.

5. Conclusion

In summary, intermittent neonatal maternal separation leads to
changes in gene expression levels in the hippocampus and PFC of
piglets, thereby impairing neurodevelopment and differentiation in
the piglet brain.

Data availability statement

The datasets presented in this study can be found in
online repositories. The names of the repository/repositories
and accession number(s) can be found in this article/
Supplementary material.

Ethics statement

The animal studies were approved by the Animal Protection
and Utilization Committee of Northeast Agricultural University
(NEAUEC20200346). The studies were conducted in accordance
with the local legislation and institutional requirements. Written
informed consent was obtained from the owners for the
participation of their animals in this study.

Author contributions

HL, WZ, and SZ: conceived and designed the current
experiments plans. SZ: wrote the manuscript and completed
the experiments. YY: performed the experiments. ZC: analyzed
these data. MW: provided the help during animal breeding.
QH: resources and supervision. WZ and HL: revised the whole
manuscript. All authors contributed to the article and approved the
submitted version.

Funding

This study was supported by China Agriculture Research
System of MOF and MARA (CARS-35).

Acknowledgments

We would like to thank Dr. Houjuan Xing for their help in
the successful completion of this study. Cynthia Kulongowski with
Liwen Bianji (Edanz) (www.liwenbianji.cn) assisted with editing
the language of a draft of this manuscript.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fnmol.2023.
1243296/full#supplementary-material

References

Alvarez, A., Munoz, J. P., and Maccioni, R. B. A. (2001). Cdk5-p35 stable complex
is involved in the beta-amyloid-induced deregulation of Cdk5 activity in hippocampal
neurons. Exp. Cell. Res. 264, 266–274. doi: 10.1006/excr.2001.5152

Andersson, E. R., Saltó, C., Villaescusa, J. C., Cajanek, L., Yang, S., Bryjova, L., et al.
(2013). Wnt5a cooperates with canonical Wnts to generate midbrain dopaminergic

neurons in vivo and in stem cells. Proc. Natl. Acad. Sci. U. S. A. 110, E602–E610.
doi: 10.1073/pnas.1208524110

Angonin, D., and Van Raay, T. J. (2013). Nkd1 functions as a passive
antagonist of Wnt signaling. PLoS One 8:e74666. doi: 10.1371/journal.pone.007
4666

Frontiers in Molecular Neuroscience 11 frontiersin.org

https://doi.org/10.3389/fnmol.2023.1243296
http://www.liwenbianji.cn
https://www.frontiersin.org/articles/10.3389/fnmol.2023.1243296/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fnmol.2023.1243296/full#supplementary-material
https://doi.org/10.1006/excr.2001.5152
https://doi.org/10.1073/pnas.1208524110
https://doi.org/10.1371/journal.pone.0074666
https://doi.org/10.1371/journal.pone.0074666
https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org/


fnmol-16-1243296 August 8, 2023 Time: 14:2 # 12

Zhou et al. 10.3389/fnmol.2023.1243296

Banqueri, M., Méndez, M., and Arias, J. L. (2017). Behavioral effects in adolescence
and early adulthood in two length models of maternal separation in male rats. Behav.
Brain Res. 324, 77–86. doi: 10.1016/j.bbr.2017.02.006

Bonnafe, E., Touka, M., AitLounis, A., Baas, D., Barras, E., Ucla, C., et al. (2004). The
transcription factor RFX3 directs nodal cilium development and left-right asymmetry
specification. Mol. Cell Biol. 24, 4417–4427. doi: 10.1128/MCB.24.10.4417-4427.2004

Calcia, M. A., Bonsall, D. R., Bloomfield, P. S., Selvaraj, S., Barichello, T., and Howes,
O. D. (2016). Stress and neuroinflammation: A systematic review of the effects of
stress on microglia and the implications for mental illness. Psychopharmacology 233,
1637–1650. doi: 10.1007/s00213-016-4218-9

Cheng, Z., Zhou, S., Zhang, X., Fu, Q., Yang, Y., Ji, W., et al. (2023). Effects of early
intermittent maternal separation on behaviour, physiological and growth performance
in piglets. J. Anim. Sci. 101:skad122. doi: 10.1093/jas/skad122

Crombie, G. K., Palliser, H. K., Shaw, J. C., Hodgson, D. M., Walker,
D. W., and Hirst, J. J. (2021). Effects of prenatal stress on behavioural and
neurodevelopmental outcomes are altered by maternal separation in the neonatal
period. Psychoneuroendocrinology 124:105060. doi: 10.1016/j.psyneuen.2020.105060

De, V. J., Prickaerts, J., Jetten, M., Hulst, M., Steinbusch, H. W. M., van den Hove,
D. L. A., et al. (2012). Recurrent long-lasting tethering reduces BDNF protein levels
in the dorsal hippocampus and frontal cortex in pigs. Horm. Behav. 62, 10–17. doi:
10.1016/j.yhbeh.2012.04.019

Ding, Y., Qiao, A., Wang, Z., Goodwin, J. S., Lee, E. S., Block, M. L., et al. (2008).
Retinoic acid attenuates beta-amyloid deposition and rescues memory deficits in an
Alzheimer’s disease transgenic mouse model. J. Neurosci. Res. 28, 11622–11634. doi:
10.1523/JNEUROSCI.3153-08.2008

Endo, N., Makinodan, M., Mannari-Sasagawa, T., Horii-Hayashi, N., Somayama,
N., Komori, T., et al. (2021). The effects of maternal separation on behaviours under
social-housing environments in adult male C57BL/6 mice. Sci. Rep. 11:527. doi: 10.
1038/s41598-020-80206-3

Fabricius, K., Wörtwein, G., and Pakkenberg, B. (2008). The impact of maternal
separation on adult mouse behaviour and on the total neuron number in the mouse
hippocampus. Brain Struct. Funct. 212, 403–416. doi: 10.1007/s00429-007-0169-6

Fanselow, M. S., and Dong, H. W. (2010). Are the dorsal and ventral hippocampus
functionally distinct structures? Neuron 65, 7–19. doi: 10.1016/j.neuron.2009.11.031

Fatima, M., Srivastav, S., Ahmad, M. H., and Mondal, A. C. (2019). Effects of chronic
unpredictable mild stress induced prenatal stress on neurodevelopment of neonates:
Role of GSK-3β. Sci. Rep. 9:1305. doi: 10.1038/s41598-018-38085-2

Feng, X., Wang, L., Yang, S., Qin, D., Wang, J., Li, C., et al. (2011). Maternal
separation produces lasting changes in cortisol and behavior in rhesus monkeys. Proc.
Natl. Acad. Sci. U. S. A. 108, 14312–14317. doi: 10.1073/pnas.1010943108

Flores-Bastías, O., Adriasola-Carrasco, A., and Karahanian, E. (2020). Activation of
Melanocortin-4 receptor inhibits both neuroinflammation induced by early exposure
to ethanol and subsequent voluntary alcohol intake in adulthood in animal models:
Is BDNF the key mediator? Front. Cell. Neurosci. 14:5. doi: 10.3389/fncel.2020.
00005

Gracia-Rubio, I., Moscoso-Castro, M., Pozo, O. J., Marcos, J., Nadal, R., and
Valverde, O. (2016). Maternal separation induces neuroinflammation and long-lasting
emotional alterations in mice. Prog. Neuropsychopharmacol. Biol. Psychiatry 65, 104–
117. doi: 10.1016/j.pnpbp.2015.09.003

Gutman, D. A., and Nemeroff, C. B. (2003). Persistent central nervous system effects
of an adverse early environment: Clinical and preclinical studies. Physiol. Behav. 79,
471–478. doi: 10.1016/s0031-9384(03)00166-5

Huot, R. L., Plotsky, P. M., Lenox, R. H., and McNamara, R. K. (2002). Neonatal
maternal separation reduces hippocampal mossy fiber density in adult Long Evans
rats. Brain Res. 950, 52–63. doi: 0.1016/s0006-8993(02)02985-2

Ishikawa, T. O., Tamai, Y., Zorn, A. M., Yoshida, H., Seldin, M. F., Nishikawa, S.,
et al. (2001). Mouse Wnt receptor gene Fzd5 is essential for yolk sac and placental
angiogenesis. Development 128, 25–33. doi: 10.1242/dev.128.1.25

Kim, K. C., Joo, S. H., and Shin, C. Y. (2011). CPEB1 modulates lipopolysaccharide-
mediated iNOS induction in rat primary astrocytes. Biochem. Biophys. Res. Commun.
409, 687–692. doi: 10.1016/j.bbrc.2011.05.065

Levine, S., and Mody, T. (2003). The long-term psychobiological consequences of
intermittent postnatal separation in the squirrel monkey. Neurosci. Biobehav. Rev. 27,
83–89. doi: 10.1016/s0149-7634(03)00011-3

Li, H., Okada, H., Suzuki, S., Sakai, K., Izumi, H., Matsushima, Y., et al. (2019). Gene
suppressing therapy for Pelizaeus-Merzbacher disease using artificial microRNA. JCI
Insight 4:e125052. doi: 10.1172/jci.insight.125052

Li, Q., Cheng, Y., Bi, M. J., Kang, H., Qu, Y., Lin, H., et al. (2015). Effects of
N-Butylphthalide on the expressions of Nogo/NgR in rat brain tissue after carbon
monoxide poisoning. Environ. Toxicol. Pharmacol. 39, 953–961. doi: 10.1016/j.etap.
2015.02.013

Li, X., Liao, X., Chen, C., Zhang, L., Sun, S., Wan, M., et al. (2022). Propranolol
hydrochloride induces neurodevelopmental toxicity and locomotor disorders in
zebrafish larvae. Neurotoxicology 93, 337–347. doi: 10.1016/j.neuro.2022.10.016

Lo, E. H., Dalkara, T., and Moskowitz, M. A. (2003). Mechanisms, challenges and
opportunities in stroke. Nat. Rev. Neurosci. 4, 399–414. doi: 10.1038/nrn1106

Loewy, R. L., Corey, S., Amirfathi, F., Dabit, S., Fulford, D., Pearson, R., et al. (2019).
Childhood trauma and clinical high risk for psychosis. Schizophr. Res. 205, 10–14.
doi: 10.1016/j.schres

Logan, C. Y., and Nusse, R. (2004). The Wnt signaling pathway in development and
disease. Annu. Rev. Cell. Dev. Biol. 20, 781–810.

Lunney, J. K., Van, G. A., Walker, K. E., Hailstock, T., Franklin, J., and Dai, C. (2021).
Importance of the pig as a human biomedical model. Sci. Transl. Med. 13:eabd5758.
doi: 10.1126/scitranslmed.abd5758

Ma, N., Puls, B., and Chen, G. (2022). Transcriptomic analyses of NeuroD1-
mediated astrocyte-to-neuron conversion. Dev. Neurobiol. 82, 375–391. doi: 10.1002/
dneu.22882

Nawa, Y., Kimura, H., Mori, D., Kato, H., Toyama, M., Furuta, S., et al. (2020). Rare
single-nucleotide DAB1 variants and their contribution to Schizophrenia and autism
spectrum disorder susceptibility. Hum. Genome. Var. 7:37. doi: 10.1038/s41439-020-
00125-7

Naya, F. J., Huang, H. P., Qiu, Y., Mutoh, H., DeMayo, F. J., Leiter, A. B., et al.
(1997). Diabetes, defective pancreatic morphogenesis, and abnormal enteroendocrine
differentiation in BETA2/neuroD-deficient mice. Genes Dev. 11, 2323–2334. doi: 10.
1101/gad.11.18.2323

Nishi, M., Horii-Hayashi, N., and Sasagawa, T. (2014). Effects of early life adverse
experiences on the brain: Implications from maternal separation models in rodents.
Front. Neurosci. 8:166. doi: 10.3389/fnins.2014.00166

O’Mahony, S. M., Hyland, N. P., Dinan, T. G., and Cryan, J. F. (2011). Maternal
separation as a model of brain–gut axis dysfunction. Psychopharmacology 214, 71–88.
doi: 10.1007/s00213-010-2010-9

Peña, C. J., Smith, M., Ramakrishnan, A., Cates, H. M., Bagot, R. C., Kronman, H. G.,
et al. (2019). Early life stress alters transcriptomic patterning across reward circuitry in
male and female mice. Nat. Commun. 10:5098. doi: 10.1038/s41467-019-13085-6

Poletto, R., Siegford, J. M., Steibel, J. P., Coussens, P. M., and Zanella, A. J. (2006).
Investigation of changes in global gene expression in the frontal cortex of early-weaned
and socially isolated piglets using microarray and quantitative real-time RT-PCR.
Brain Res. 1068, 7–15. doi: 10.1016/j.brainres.2005.11.012

Qian, Y., Wu, B., Lu, Y., Dong, X., Qin, Q., Zhou, W., et al. (2018). Early-onset infant
epileptic encephalopathy associated with a de novo Ppp3ca gene mutation. Cold Spring
Harb. Mol. Case Stud. 4:a002949. doi: 10.1101/mcs.a002949

Rilling, J. K., Winslow, J. T., O’Brien, D., Gutman, D. A., Hoffman, J. M., and
Kilts, C. D. (2001). Neural correlates of maternal separation in rhesus monkeys. Biol.
Psychiat. 49, 146–157. doi: 10.1016/s0006-3223(00)00977-x

Sanchez, M. M. (2006). The impact of early adverse care on HPA axis development:
Nonhuman primate models. Horm. Behav. 50, 623–631. doi: 10.1016/j.yhbeh.2006.
06.012

Shin, J., Salameh, J. S., and Richter, J. D. (2016). Impaired neurodevelopment
by the low complexity domain of CPEB4 reveals a convergent pathway with
neurodegeneration. Sci. Rep. 6:29395. doi: 10.1038/srep29395

Sousa, K. M., Villaescusa, J. C., Cajanek, L., Ondr, J. K., Castelo-Branco, G., Hofstra,
W., et al. (2010). Wnt2 regulates progenitor proliferation in the developing ventral
midbrain. J. Biol. Chem. 285, 7246–7253. doi: 10.1074/jbc.M109.079822

Takuma, K., Maeda, Y., Ago, Y., Ishihama, T., Takemoto, K., Nakagawa, A., et al.
(2014). An enriched environment ameliorates memory impairments in PACAP-
deficient mice. Behav. Brain Res. 272, 269–278.

Tiwari, S. S., Mizuno, K., Ghosh, A., Aziz, W., Troakes, C., Daoud, J., et al.
(2016). Alzheimer-related decrease in CYFIP2 links amyloid production to tau
hyperphosphorylation and memory loss. Brain 139, 2751–2765. doi: 10.1093/brain/
aww205

Toledo, E. M., Colombres, M., and Inestrosa, N. C. (2008). Wnt signaling in
neuroprotection and stem cell differentiation. Prog. Neurobiol. 86, 281–296. doi: 10.
1016/j.pneurobio

Tsou, J., Yang, Y., Pao, P., Lin, H., Huang, N., Lin, S., et al. (2017). Important roles of
ring finger protein 112 in embryonic vascular development and brain functions. Mol.
Neurobiol. 54, 2286–2300. doi: 10.1007/s12035-016-9812-7

Vargas, J. Y., Fuenzalida, M., and Inestrosa, N. C. (2014). In vivo activation of Wnt
signaling pathway enhances cognitive function of adult mice and reverses cognitive
deficits in an Alzheimer’s disease model. J. Neurosci. 34, 2191–2202. doi: 10.1523/
JNEUROSCI.0862-13.2014

Wang, H., Zeng, X., Zhang, X., Liu, H., and Xing, H. (2021). Ammonia exposure
induces oxidative stress and inflammation by destroying the microtubule structures
and the balance of solute carriers in the trachea of pigs. Ecotoxicol. Environ. Saf.
212:111974. doi: 10.1016/j.ecoenv

Wang, L., Chen, J., Hu, Y., Liao, A., Zheng, W., Wang, X., et al. (2022). Progranulin
improves neural development via the PI3K/Akt/GSK-3β pathway in the cerebellum of
a VPA-induced rat model of ASD. Transl. Psychiatry 12:114. doi: 10.1038/s41398-022-
01875-4

Wu, C. H., Hung, T. H., Chen, C. C., Ke, C. H., Lee, C. Y., Wang, P. Y., et al.
(2014). Post-injury treatment with 7, 8-dihydroxyflavone, a TrkB receptor agonist,
protects against experimental traumatic brain injury via PI3K/Akt signaling. PLoS One
9:e113397. doi: 10.1371/journal.pone.0113397

Frontiers in Molecular Neuroscience 12 frontiersin.org

https://doi.org/10.3389/fnmol.2023.1243296
https://doi.org/10.1016/j.bbr.2017.02.006
https://doi.org/10.1128/MCB.24.10.4417-4427.2004
https://doi.org/10.1007/s00213-016-4218-9
https://doi.org/10.1093/jas/skad122
https://doi.org/10.1016/j.psyneuen.2020.105060
https://doi.org/10.1016/j.yhbeh.2012.04.019
https://doi.org/10.1016/j.yhbeh.2012.04.019
https://doi.org/10.1523/JNEUROSCI.3153-08.2008
https://doi.org/10.1523/JNEUROSCI.3153-08.2008
https://doi.org/10.1038/s41598-020-80206-3
https://doi.org/10.1038/s41598-020-80206-3
https://doi.org/10.1007/s00429-007-0169-6
https://doi.org/10.1016/j.neuron.2009.11.031
https://doi.org/10.1038/s41598-018-38085-2
https://doi.org/10.1073/pnas.1010943108
https://doi.org/10.3389/fncel.2020.00005
https://doi.org/10.3389/fncel.2020.00005
https://doi.org/10.1016/j.pnpbp.2015.09.003
https://doi.org/10.1016/s0031-9384(03)00166-5
https://doi.org/0.1016/s0006-8993(02)02985-2
https://doi.org/10.1242/dev.128.1.25
https://doi.org/10.1016/j.bbrc.2011.05.065
https://doi.org/10.1016/s0149-7634(03)00011-3
https://doi.org/10.1172/jci.insight.125052
https://doi.org/10.1016/j.etap.2015.02.013
https://doi.org/10.1016/j.etap.2015.02.013
https://doi.org/10.1016/j.neuro.2022.10.016
https://doi.org/10.1038/nrn1106
https://doi.org/10.1016/j.schres
https://doi.org/10.1126/scitranslmed.abd5758
https://doi.org/10.1002/dneu.22882
https://doi.org/10.1002/dneu.22882
https://doi.org/10.1038/s41439-020-00125-7
https://doi.org/10.1038/s41439-020-00125-7
https://doi.org/10.1101/gad.11.18.2323
https://doi.org/10.1101/gad.11.18.2323
https://doi.org/10.3389/fnins.2014.00166
https://doi.org/10.1007/s00213-010-2010-9
https://doi.org/10.1038/s41467-019-13085-6
https://doi.org/10.1016/j.brainres.2005.11.012
https://doi.org/10.1101/mcs.a002949
https://doi.org/10.1016/s0006-3223(00)00977-x
https://doi.org/10.1016/j.yhbeh.2006.06.012
https://doi.org/10.1016/j.yhbeh.2006.06.012
https://doi.org/10.1038/srep29395
https://doi.org/10.1074/jbc.M109.079822
https://doi.org/10.1093/brain/aww205
https://doi.org/10.1093/brain/aww205
https://doi.org/10.1016/j.pneurobio
https://doi.org/10.1016/j.pneurobio
https://doi.org/10.1007/s12035-016-9812-7
https://doi.org/10.1523/JNEUROSCI.0862-13.2014
https://doi.org/10.1523/JNEUROSCI.0862-13.2014
https://doi.org/10.1016/j.ecoenv
https://doi.org/10.1038/s41398-022-01875-4
https://doi.org/10.1038/s41398-022-01875-4
https://doi.org/10.1371/journal.pone.0113397
https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org/


fnmol-16-1243296 August 8, 2023 Time: 14:2 # 13

Zhou et al. 10.3389/fnmol.2023.1243296

Yamada, K., Santo-Yamada, Y., and Wada, K. (2003). Stress-induced impairment
of inhibitory avoidance learning in female neuromedin B receptor-deficient mice.
Physiol. Behav. 78, 303–309. doi: 10.1016/s0031-9384(02)00979-4

Yang, J., Yao, Y., Wang, L., Yang, C., Wang, F., Guo, J., et al. (2017). Gastrin-releasing
peptide facilitates glutamatergic transmission in the hippocampus and effectively
prevents vascular dementia induced cognitive and synaptic plasticity deficits. Exp.
Neurol. 287, 75–83. doi: 10.1016/j.expneurol.2016.08.008

Yde, O. C. M., Grossmann, L., Alber, E., Dwivedi, T., Berger, G., Werling, A. M., et al.
(2020). The stress–Wnt-signaling axis: A hypothesis for attention-deficit hyperactivity
disorder and therapy approaches. Transl. Psychiat. 10:315. doi: 10.1038/s41398-020-
00999-9

Yu, R., Topiwala, A., Jacoby, R., and Fazel, S. (2019). Aggressive behaviors
in Alzheimer disease and mild cognitive impairment: Systematic review and
meta-analysis. Am. J. Geriatr. Psychiatry 27, 290–300. doi: 10.1016/j.jagp.2018.
10.008

Zhang, H., Han, X., Wei, B., Fang, J., Hou, X., Lan, T., et al. (2019). RSPO2 enhances
cell invasion and migration via the WNT/β−catenin pathway in human gastric cancer.
J. Cell Biochem. 120, 5813–5824. doi: 10.1002/jcb.27867

Zheng, R., Zhang, Z. H., Chen, C., Chen, Y., Jia, S. Z., Liu, Q., et al. (2017).
Selenomethionine promoted hippocampal neurogenesis via the PI3K-Akt-GSK3β-
Wnt pathway in a mouse model of Alzheimer’s disease. Biochem. Biophys. Res.
Commun. 485, 6–15. doi: 10.1016/j.bbrc.2017.01.069

Frontiers in Molecular Neuroscience 13 frontiersin.org

https://doi.org/10.3389/fnmol.2023.1243296
https://doi.org/10.1016/s0031-9384(02)00979-4
https://doi.org/10.1016/j.expneurol.2016.08.008
https://doi.org/10.1038/s41398-020-00999-9
https://doi.org/10.1038/s41398-020-00999-9
https://doi.org/10.1016/j.jagp.2018.10.008
https://doi.org/10.1016/j.jagp.2018.10.008
https://doi.org/10.1002/jcb.27867
https://doi.org/10.1016/j.bbrc.2017.01.069
https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org/

	Effects of early maternal separation on the expression levels of hippocampal and prefrontal cortex genes and pathways in lactating piglets
	1. Introduction
	2. Materials and methods
	2.1. Experimental animals
	2.2. Transcriptomics profiling technique
	2.3. qRT-PCR verification of DEGs
	2.4. Western blot detection
	2.5. Statistical analysis

	3. Results
	3.1. Differential gene expression and analysis
	3.2. Differential gene GO enrichment analysis
	3.3. Validation of differential gene screening and transcriptome sequencing results
	3.4. Enrichment analysis of differentially expressed gene KEGG
	3.5. Analysis of WNT pathway in hippocampus and PI3K-AKT pathway in PFC

	4. Discussion
	5. Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher's note
	Supplementary material
	References


