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A B S T R A C T

Early life stress (ELS) significantly influences vulnerability to psychiatric disorders in adulthood. A widely used 
preclinical model for studying ELS is maternal separation with early weaning (MSEW), which mimics early-life 
neglect. This study evaluated the impact of ELS induced by MSEW on emotional behaviour, intestinal perme
ability, and neuroinflammatory markers in male and female mice. Our results show that MSEW increases anxiety- 
like behaviours in adulthood, particularly in females, and exacerbates depression-like behaviours and anhedonia 
in both sexes. Notably, increased intestinal permeability correlated with higher anxiety and depression-like re
sponses, suggesting a crucial role of gut health in emotional regulation. These alterations were long-lasting, 
indicating persistent effects on gut function following ELS. Additionally, MSEW animals exhibited higher hip
pocampal BDNF expression, particularly males. However, there were no significant differences in the long-term 
survival of adult-born hippocampal cells, as indicated by BrdU+ labelling. Both sexes showed increased NF-κB 
protein levels; however, only MSEW males exhibited TNF-α changes, suggesting a sex-specific regulatory 
mechanism in response to chronic stress. This study highlights intestinal permeability as a key mechanism 
linking ELS to emotional and behavioural dysregulation. By demonstrating a long-lasting increase in intestinal 
permeability and its correlation with mood disorders, our findings extend the gut-brain axis hypothesis to ELS. 
The inclusion of both sexes provides a more comprehensive understanding of sex-specific effects of early stress, 
often overlooked in previous research.

1. Introduction

Increasing evidence suggests that environmental and biological fac
tors during early life stages, such as early life stress (ELS), can signifi
cantly influence vulnerability to the development of psychiatric 
disorders in adulthood. One of the most widely used preclinical models 
to investigate ELS is maternal separation with early weaning (MSEW) 
which mimics early life neglect [1–5]. This model has been extensively 
used as it replicates conditions of early neglect and has been shown to 
induce various behavioural and neurobiological alterations. Specif
ically, this manipulation induces impairments in memory and learning 

[1,6,7], depression-like behaviours such as helplessness [1,5,7], anxiety 
[1,8], high stress reactivity during adulthood [2], anhedonia [9–11], 
and increased vulnerability to drug use [3–5,7,12]. However, the po
tential mechanisms mediating the long-lasting effects of ELS and MSEW 
on brain and behaviour are numerous and still under investigation.

In this context, the relationship between ELS and intestinal barrier 
integrity has gained increasing attention. The gut-brain axis (Cryan 
et al., 2019) involves bidirectional communication between the gut and 
the brain, mediated by hormonal, immune, and neural signals, among 
other factors. This connection suggests that what happens in the gut can 
directly impact mental health [13,14]. Research has revealed that 
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alterations in intestinal permeability are related to psychiatric disorders, 
suggesting that changes in gut microbiota and barrier function may be 
linked to the development of anxious and depressive behaviours [13, 
15–18]. This connection highlights the importance of understanding 
how ELS affects gut health, which in turn can influence mental health.

Specifically, it has been proposed that alterations in the intestinal 
barrier and gut microbiota could precipitate the onset of anxiety and 
depression through neuroinflammation, which is characterized by the 
chronic activation of glial cells such as astrocytes and microglia [19]. 
This neuroinflammation may be explained by changes in the intestine 
that generate localized inflammation, which, over time, could progress 
into systemic inflammation [21,22], potentially manifesting as neuro
inflammation. Moreover, neuroinflammation could be triggered by the 
passage of endotoxins from the intestine into the bloodstream, which 
may eventually reach the brain [20]. Additionally, alterations in intes
tinal permeability have been linked to changes in the permeability of the 
blood-brain barrier (BBB), leading to the activation of glial cells 
(microglia and astrocytes) to protect the BBB [22].

Neuroinflammation has been associated with alterations in neuronal 
function and can negatively affect synaptic plasticity and neurogenesis 
in the hippocampus, processes essential for adaptation and emotional 
well-being [23,24]. Alterations in neuroinflammatory markers, such as 
Tumor Necrosis Factor-alpha (TNF-α) and Nuclear Factor 
kappa-light-chain-enhancer of activated B cells (NF-κB), have been 
observed in various stress conditions and may contribute to hippocam
pal dysfunction [25–28]. As mentioned earlier, neuroinflammation also 
alters synaptic plasticity [29,30]. Alterations in Brain-Derived Neuro
trophic Factor (BDNF), a crucial factor synaptic plasticity, learning, and 
memory, have been linked to stress-related disorders and emotional 
dysregulation [30,31].

Given that neuroinflammatory mechanisms and disruptions in gut 
permeability can influence stress responses, it is crucial to consider 
potential sex differences in these interactions. Despite advancements in 
understanding these mechanisms, most studies have focused on the male 
subjects, leaving a gap in the literature regarding sex differences in the 
response to early stress and its impact on mental health. It has been 
observed that hormonal and physiological differences between males 
and females may influence stress responses and the regulation of af
fective behaviours [32–34]. Recently, a study found differences in stress 
vulnerability and neuroinflammatory responses between female and 
male rats, suggesting that sex plays a crucial role in how individuals 
respond to stressors [35]. Males showed greater vulnerability, evidenced 
by a delay in motor development and alterations in key proteins 
involved in neuroinflammation. In contrast, females exhibited a more 
compensatory response, with an increase in IL-10 levels in the hippo
campus, suggesting a protective mechanism against stress-induced 
neurodegenerative effects [35].

In this context, the objective of this study was to evaluate the impact 
of ELS induced by MSEW on the emotional behaviour of male and female 
mice, as well as its relationship with intestinal permeability and neu
roinflammatory markers in the hippocampus. Through a series of 
behavioural tests, the effects of MSEW on anxiety, depression, and 
anhedonia were investigated, along with the analysis of intestinal bar
rier integrity. Additionally, we assessed the expression of inflammation- 
related proteins in the hippocampus and examined neurogenesis in the 
hippocampus using immunohistochemistry. These results provide 
valuable insights into the influence of ELS on mental health and the 
importance of considering sex as a relevant variable in biomedical 
research.

2. Materials and methods

2.1. Animals

Six male and six female CD1 adult mice aged 10 weeks, used as 
breeders, were obtained from Charles River (Barcelona, Spain) and 

housed in our animal facility. The animals were placed in pairs (one 
male and one female per cage), resulting in a total six breeding pairs. 
They were maintained in standard cages on a 12-hour light/dark cycle 
(lights on at 8:00 am) with water and food provided ad libitum. Ten days 
later, the males were removed from the cages. The sex distribution of the 
offspring was estimated to be 43 % males and 57 % females. The total 
number of animals used in this study was 32 mice.

All procedures were performed in accordance with European and 
Spanish regulations for animal research (Directive 2010/63/EU, Real 
Decreto 53/2013, and Ley 32/2007) and were approved by the research 
ethics committees of the University of Málaga (code: 49–2023-A) and 
the Junta de Andalucía (code: 06/09/2024/127). Clinical trial number: 
not applicable.

2.2. Rearing conditions

The rearing conditions were as previously described [3–5]. Newborn 
mice were randomly assigned to two experimental groups: Standard 
Nest (SN) and MSEW. Three breeding pairs were used for each condition 
(SN and MSEW). The day of birth was designated as postnatal day (PD) 
0. In the MSEW groups, pups were separated from their mothers for 4 h 
per day (9:00–13:00) from PD2 to PD5, and for 8 h per day (9:00–17:00) 
from PD6 to PD16 (Fig. 1A). During separation, the pups were placed in 
another cage and room, with their home boxes placed on electric blan
kets to maintain body temperature until the mothers were returned. 
Animals in the SN group remained with their mothers until weaning 
(PD21), while animals in the MSEW group were weaned at PD17. To 
reduce potential litter effects, pups from the three SN litters were 
randomly distributed into the SN male and SN female subgroups, and 
pups from the three MSEW litters were similarly distributed into the 
MSEW male and MSEW female subgroups. Each experimental group 
(n = 8) included animals from at least two or three different litters, 
ensuring that no single group was composed entirely of siblings from the 
same dam. In both groups (SN and MSEW), cages were cleaned on PD10. 
The MSEW protocol does not affect body weight [7,12], mortality [1], 
morbidity [1] or the male/female ratio [36].

2.3. Bromodeoxyuridine administration

To study adult hippocampal neurogenesis (AHN), bromodeoxyur
idine (BrdU, Sigma-Aldrich, Madrid, Spain) was administered weekly on 
PD 32, 39, 46, and 53 to tag newly generated cells. Mice received two 
daily intraperitoneal injections of BrdU at a dosage of 75 mg/kg, diluted 
in physiological saline, with a 4-hour interval between each injection 
[37] (Fig. 1 A).

2.4. Behavioural testing

Behavioural testing began on postnatal day (PD) 63 (Fig. 1 A). Mice 
were transported to a noise-isolated room (illuminated at 20 lux) at 
8:30 a.m., where they were habituated for at least 30 min before starting 
the behavioural assessment. Sessions were recorded, and spatio- 
temporal parameters were analysed using Ethovision XT.17 software 
(Noldus, Wageningen, The Netherlands). Observational scoring was 
performed by a trained observer who was blind to the mice’s sex and 
experimental condition, with no prior assumptions about the study’s 
outcome. The behavioural evaluation was conducted following the same 
methodology as in previous studies [38–40]. The behavioural schedule 
was structured as shown in Fig. 1 A.

2.4.1. Elevated plus maze (EPM)
The plus-shaped apparatus was positioned at a height of 47 cm from 

the floor and comprised two unprotected open arms and two enclosed 
arms (each measuring 29.5 ×5 cm) connected by a central platform 
(5 ×5 cm). The mouse was introduced (PD 63) onto the central platform 
and allowed to freely explore the apparatus for a duration of 6 min. 

A. Castro-Zavala et al.                                                                                                                                                                                                                         Behavioural Brain Research 495 (2025) 115772 

2 



Total distance travelled (cm), time spent in the open arms (s) and per
centage of distance travelled in the open arms (%) (% distance in open 
arms= (distance in open arms*100)/total distance travelled) were 
analysed.

2.4.2. Open field test (OFT)
On PD 64, mice were placed in the centre of an empty open field 

(40 ×40, 40 cm high) and allowed to freely explore for 5 min (habitu
ation session). Total distance travelled (cm), time spent (s) in the centre 
zone (comprising an imaginary central square of 20 ×20 cm) and centre 
entry frequency were evaluated.

2.4.3. Tail suspension test (TST)
A computerised instrument (Bioseb, Bordeaux, France) was used to 

perform the TST. On PD 67, mice were attached to a hook that was 
attached to a strain gauge by adhesive tape. Over the course of a 6-min
ute test, the gauge transmitted motions to a computer, which computed 
the total immobility time (s) and the percentage of immobility (%).

2.4.4. Splash test
On PD 68, a splash test was conducted in a standard cage. After five 

minutes of habituation, mice were placed in a corner of the cage and 
splashed twice (~2 × 0.6 ml) with 10 % sucrose solution diluted in tap 
water [40,41]. The total time of self-grooming behaviour (licking, 
stroking and scratching) was manually recorded for 5 min.

2.5. Gut permeability assay

Gut permeability was assessed on PD 69, following protocol 
described by Botía-Sánchez et al. [42]. Briefly, mice were fasted 
(without access to food and water) for 4 h. They were then administered 
fluorescein isothiocyanate (FITC)-coupled dextran 4 kDa (Sigma) at 
250 mg/kg via gavage dissolved in phosphate buffered saline (PBS, 1x).

After 3 h, mice were deeply anesthetized with intraperitoneal so
dium pentobarbital (50 mg/kg body weight), and blood was collected 
intracardially. Fluorescence intensity was measured in serum samples 
diluted 1:4 in PBS using a plate reader (Infinite 200Pro) with excitation 

and emission wavelengths set at 485 nm and 528 nm, respectively. A 
total of 5 animals per group were used (SN males n = 5, SN females 
n = 5, MSEW males n = 5, MSEW females n = 5), chosen randomly. The 
autofluorescence emission value of plasma from untreated mice was 
subtracted from the experimental samples.

2.6. Brain samples collection

After blood collection, mice were intracardially perfused with 0.1 M 
PBS (pH 7.4) to remove blood from the tissue without fixation and 
subsequently sacrificed by decapitation. Brains were extracted and 
hemisected. The left hemisphere was directly frozen at − 80◦C for pro
tein analysis by Western blot, while the right hemisphere was post-fixed 
in 4 % paraformaldehyde (PFA) for 48 h at 4◦C and then sectioned 
coronally (45 μm) using a vibratome for immunohistochemistry.

2.7. Western blot

The left hemisphere of the hippocampus was dissected from frozen 
brain (− 80◦C), using the Paxinos and Watson mouse brain atlas [43] as a 
reference. Brain samples (17–21 mg per sample) were homogenized in 
1 ml of cold radioimmunoprecipitation assay buffer lysis (RIPA). The 
RIPA buffer consisted of 50-mM Tris–HCl pH 7.4, 150-mM NaCl, 0.5 % 
Sodium Deoxycholate, 1-mM Ethylenediaminetetraacetic acid (EDTA), 
1 % Triton, 0.1 % SDS, 1-mM Na3VO4, 1-mM NaF. Additionally, the 
homogenization buffer was supplemented with a phosphatase (Phos
phatase Inhibitor Cocktail Set III, 524527, Millipore, Darmstadt, Ger
many) and a protease (complete™ Protease Inhibitor Cocktail, 
11836145001, Roche, Basel, Switzerland) inhibitor cocktail. Following 
a 2 h incubation at 4◦C, the suspension was centrifugated at 12,000 rpm 
for 15 min at 4◦C. The resulting protein extracts (obtained from the 
supernatant) were diluted 1:1 in loading buffer (Ditiotreitol [DTT] 2X) 
and heated for 5 min at 99◦C.

We quantified protein expression levels of TNF-α, NF-kB and BDNF in 
the hippocampus samples. Tissue protein samples (10–15 μg) were 
subjected to electrophoresis on 4–12 % Criterion XT Precast Bis-Tris gels 
(3450125, Bio-Rad, California, USA) for 30 min at 80 V, followed by 2 h 

Fig. 1. (A) Schematic representation of the MSEW model and the timeline for the experiments (Created in BioRender.com). (B) Mean body weight of male and female 
mice across different postnatal days. Sex main effect of the ANOVA (@@@p < 0.001). Data are expressed as mean ± SEM (shaded area for each line) (n = 8 
per group).
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at 150 V. The separated proteins were then transferred onto a 0.2-μm 
nitrocellulose membrane (Bio-Rad, USA) using wet transfer equipment 
(Bio-Rad, USA) for 1 h at 80 V. Ponceau Red staining (10x diluted to 1x 
in H2O) was utilized for protein visualization. Subsequently, the mem
brane was washed with TBST 1X Tween 20 (150-mM NaCl, 10-mM Tris- 
HCl, 0.1 % Tween 20, pH 7.6) until it became clean and clear. The 
membrane was blocked with 2 % bovine serum albumin-Tris buffered 
saline Tween 20 (BSA-TBST1X) on a shaker platform at room tempera
ture for 1 h. Next, the membrane was incubated overnight at 4◦C with 
the respective primary antibody (Table 1), diluted in 2 % BSA-TBST1X. 
The following day, the membrane was washed three times for 10 min 
with TBST 1X and then incubated with an appropriate Horseradish 
Peroxidase conjugated secondary antibody (Table 1) were diluted 
1:10,000 in 2 % BSA-TBST 1X for 1 h at room temperature on a shaker. 
After washing the membrane, it was exposed to a chemiluminescent 
reagent (Santa Cruz Biotechnology) for 5 min. If required, stripping/ 
reproving steps were performed. The protein bands on the membrane 
were visualized using chemiluminescence (ChemiDoc Imaging System, 
Bio-Rad, California, USA) and quantified using ImageJ software 
(densitometric analysis http://imagej.nih.gov/ij). Normalization was 
accomplished by using a reference protein, γ-adaptin (Table 1), which 
was present on the same membrane. The results were expressed as the 
ratio between the total protein expression and γ-adaptin. A total of 4–6 
animals per group were used, chosen randomly. Data was normalized to 
the SN males’ group.

2.8. Immunohistochemistry and cell quantification

Following a 48-hour post-fixation period, the hippocampus of the 
right hemisphere was sectioned into 45 μm coronal sections, resulting in 
six equivalent tissue series using a Leica VT1000S vibratome. For free- 
floating immunohistochemistry, the following steps were undertaken: 
first, sections were subjected to an antigen retrieval method using 
EnVision Flex high pH solution (Dako, Glostrup, Denmark) for 1 min in a 
microwave. Subsequently, an endogenous peroxidase blocking solution 
consisting of 80 % PBS, 10 % methanol, and 10 % hydrogen peroxide 
was applied in darkness for 30 min. After PBS rinses, the sections were 
incubated overnight in the primary antibody, which was diluted in a 
solution of PBS, 0.5 % Triton X-100, and donkey serum. The primary 
antibody used was rat anti-BrdU (1:500, ab6326, Abcam). On the 
following day, appropriate biotin-conjugated secondary antibody was 
incubated for 90 min (rabbit anti-rat, 1:200, 31834, Invitrogen, Carls
bad, USA). The staining process was carried out using the biotin and 
peroxidase-conjugated extravidin method, employing diaminobenzidine 
(DAB) and hydrogen peroxide as the chromogen/substrate. PBS rinses 
followed each step of the protocol.

The dentate gyrus within the dorsal hippocampus (bregma 
− 1.06 mm to − 3.08 mm) [43] as examined for immunohistochemical 
expression to determine the presence of mentioned specific markers 
related to AHN. To quantify the cells stained with DAB, detailed pho
tographs of every sixth hippocampal section were captured using an 
Olympus BX41TF-5 microscope equipped with an Olympus DP70 digital 

camera (Olympus, Glostrup, Denmark). The software ImageJ (National 
Institutes of Health, Maryland, USA) was used to measure and analyse 
the drawn regions of interest. The number of positive cells within each 
region was counted and expressed as the number of cells per mm2. All 
immunohistochemical procedures and the cell counting were performed 
following protocols previously used by our research group [37–39].

2.9. Statistical analysis

The data were assessed for normality (Kolmogorov-Smirnov`s test), 
sphericity (Mauchly’s test) and homoscedasticity (Levene’s test). A two- 
way ANOVA was employed with rearing and sex as independent factors. 
Post-hoc analysis using the Bonferroni test was conducted when the F 
statistic achieved p < 0.05, indicating a significant main effect and/or 
interaction. All possible pairwise comparisons were evaluated. In addi
tion to p-values, partial eta squared (η²ₚ) was calculated and reported as 
a measure of effect size for significant main effects and interactions. For 
correlation analysis, Pearson correlation coefficients were calculated. 
Statistical analyses were performed using SPSS Statistics v25. Data are 
presented as mean ± SEM, and significance was set at p < 0.05.

3. Results

3.1. MSEW did not affect animal weight over time, but there was a 
difference between males and females

To confirm whether MSEW affected the weight and growth of the 
animals, we weighed the mice over time (PD21, PD37, PD43, PD51 and 
PD60) (Fig. 1B). A two-way repeated measures ANOVA revealed a main 
effect of sex (F1,28=33.93, p < 0.001, η²ₚ=0.548), with males weighing 
more than females.

3.2. MSEW induces anxiety-like behaviour in both sexes, with a greater 
effect on females in the EPM

We evaluated the effect of MSEW in the EPM (Fig. 2A). First, we 
measured the total distance travelled, which showed no significant 
differences between the groups. For the time spent in open arms and the 
percentage of distance travelled in open arms, the two-way ANOVA 
showed a main effect of rearing for total time in open arms (F1,28=19.21, 
p < 0.001, η²ₚ=0.407) and percentage of distance travelled in open 
arms (F1,28=10.83, p < 0.01, η²ₚ=0.279). For both total time in open 
arms and the percentage of distance travelled in open arms, there was an 
interaction between the factors (F1,28=5.65, p < 0.05, η²ₚ=0.168; 
F1,28=7.49, p < 0.05, η²ₚ=0.211, respectively). Bonferroni post-hoc test 
for total time in open arms revealed that SN males spent more time in the 
open arms than MSEW females (p < 0.05), and SN females spent more 
time than both MSEW males (p < 0.05) and MSEW females (p < 0.05). 
Bonferroni post-hoc tests for the percentage of total distance in open 
arms showed that SN males spent a higher percentage of time in open 
arms than MSEW females (p < 0.05), and SN females spent a higher 
percentage of time in open arms than MSEW females (p < 0.01).

3.3. MSEW mice show reduced centre entries compared to SN mice in the 
OFT

We also evaluated the anxiogenic effect induced by the MSEW in the 
OFT (Fig. 2B). The two-way ANOVA for total distance travelled in the 
OFT showed a main effect of rearing (F1,28=8.75, p < 0.01, η²ₚ=0.238), 
with MSEW animals travelling less distance than SN mice. For the time 
spent in the centre, no significant differences were observed. Regarding 
the frequency of centre entries, a two-way ANOVA revealed a main ef
fect of rearing (F1,28=5.29, p < 0.05, η²ₚ=0.159), with MSEW entering 
the centre less frequently than SN mice.

Table 1 
Primary and secondary antibodies used in western blot.

Antibody # 
Catalogue

RRIDs Dilution Company

γ-Adaptin 610385 AB_397768 1:2000 BD 
Biosciences

TNF-α 3707 AB_2240625 1:1000 Cell signaling
NF-kB 8242 AB_10859369 1:1000 Cell signaling
BDNF AB1534 AB_90746 1:1000 Millipore
Goat anti-rabbit 

IgG
W4011 AB_430833 1:10,000 Promega

Goat anti-mouse 
IgG

W4021 AB_430834 1:10,000 Promega
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3.4. Increased despair-like behaviour and anhedonia in MSEW mice

The despair-like behaviour was evaluated using the TST (Fig. 2C). 
The two-way ANOVA showed a main effect of rearing indicating that 
MSEW increased total immobility time (F1,28=6.12, p < 0.05, 
η²ₚ=0.179) and the percentage of immobility (F1,28=6.12, p < 0.05, 
η²ₚ=0.179). Additionally, self-care and hedonic behaviour were 
assessed using the splash test (Fig. 2D). The two-way ANOVA indicated 

that mice exposed to MSEW exhibited decreased self-grooming behav
iour when compared to SN mice (F1,28=9.73, p < 0.01, η²ₚ=0.258).

3.5. MSEW increases gut permeability and correlates with anxiety-like 
behaviour and anhedonia

We assessed whether MSEW alters gut barrier integrity using the 
FITC-dextran method (Fig. 3A). A two-way ANOVA revealed a main 

Fig. 2. Effects of MSEW on anxiety-like and despair-like behaviours. (A) Total distance travelled, time spent in open arms and percentage of distance in open arms 
measured in the EPM test. (B) Total distance travelled, time spent in the centre and frequency of centre entries obtained from the open field test. (C) Total immobility 
time, percentage of immobility in the tail suspension test, and (D) total grooming time in the splash test. Rearing main effect of the ANOVA (+p < 0.05, ++p < 0.01, 
+++p < 0.001). Bonferroni post-hoc comparisons for the interaction sex × rearing are indicated with lines (*p < 0.05, **p < 0.01, ***p < 0.001). Data are expressed 
as mean ± SEM (n = 8 per group).
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effect of rearing on gut permeability (F1,16=36.63, p < 0.001, 
η²ₚ=0.696) indicating that MSEW mice showed higher permeability.

Additionally, we calculate the correlation between gut permeability 
and several behavioural measures: time in open arms (Fig. 3B), % dis
tance travelled in open arms (Fig. 3C), immobility time (Fig. 3D) and 
grooming time (Fig. 3E). There was a significant and negative correla
tion between gut permeability and time spent in open arms (r = -0.697, 
p < 0.001, n = 20), % distance travelled in open arms (r = -0.663, 
p < 0.001, n = 20) and grooming time (r = -0.440, p < 0.05, n = 20).

Linear regression analysis suggests that time spent in open arms 
(F1,18=14.12, p < 0.001) (y = -186.1x+11347), % distance travelled in 
open arms (F1,18=17.03, p < 0.001) (y = -49.81x+11936) and groom
ing time (F1,18=4.32, p < 0.05) (y = -43.97x+11762), could predict gut 
permeability in mice.

3.6. Reduced TNF-α but higher NF-kB protein levels in the hippocampus 
of MSEW Mice

We investigated whether MSEW induces increased protein expres
sion of specific neuroinflammatory markers in the hippocampus. A two- 
way ANOVA for NF-kB (Fig. 4A) protein levels in the hippocampus 
showed a main effect of rearing (F1,20=6.52, p < 0.05, η²ₚ=0.246) and a 
main effect of sex (F1,20=27.75, p < 0.001, η²ₚ=0.581), indicating 
higher NF-kB levels in both MSEW mice and in males. In contrast, a two- 
way ANOVA for TNF-α (Fig. 4B) revealed a main effect of rearing (F1,20 =

6.63, p < 0.05, η²ₚ=0.249) and an interaction between rearing and sex 
(F1,20 = 5.41, p < 0.05, η²ₚ=0.018). The main effect of rearing indicated 
reduced TNF-α levels in MSEW mice compared to SN mice. Bonferroni 
post-hoc analysis for the interaction showed this reduction was partic
ularly significant in MSEW male mice (p < 0.05).

Fig. 3. Effects of MSEW on gut permeability and correlation with behavioural results. (A) Gut permeability in vivo with FITC-dextran. Data are expressed as mean ±
SEM (n = 5 per group). A scatter plot illustrating the correlation between gut permeability and (B) time in the open arms of the EPM, (C) percentage of distance in the 
open arms of the EPM, (D) total immobility time in the TST, and (E) total grooming time in the splash test (n = 5 per group, run in duplicate).
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Fig. 4. Protein expression of (A) TNFα, (B) NF-kB and (C) BDNF in the hippocampus (n = 4–6 per group). (D) Number of BrdU+ cells that survived until the end of 
the experiment (n = 8 per group). Sex main effect of the ANOVA (@@p < 0.01, @@@p < 0.001). Rearing main effect of the ANOVA (+p < 0.05). Bonferroni post- 
hoc comparisons for the interaction sex × rearing are indicated with lines (*p < 0.05, ***p < 0.001). Data are expressed as mean ± SEM. Only representative images 
of the protein are shown.
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3.7. MSEW increases BDNF expression in the hippocampus, particularly 
in male mice

We also assessed BDNF protein expression in the Hippocampus 
(Fig. 4C). A two-way ANOVA revealed main effects of rearing 
(F1,16=4.50, p < 0.05, η²ₚ=0.219) and sex (F1,16=30.59, p < 0.001, 
η²ₚ=0.657), as well as a significant interaction between these factors 
(F1,16=12.08, p < 0.01, η²ₚ=0.430). These results indicated that females 
have higher BDNF expression in the hippocampus and that MSEW mice 
express higher BDNF than SN mice. Bonferroni post-hoc analysis for the 
interaction showed that SN females exhibited higher BDNF levels than 
SN males (p < 0.001). Additionally, MSEW increased BDNF expression 
particularly in males (p < 0.05) and MSEW females showed higher 
BDNF levels than SN males (p < 0.001).

3.8. MSEW does not alter the survival of newly-generated hippocampal 
cells

We investigated whether MSEW affects adult hippocampal neuro
genesis (AHN) in the hippocampus (Fig. 4D). A two-way ANOVA 
revealed no significant effects. This indicates that there was no alter
ation in the number of BrdU+ cells that survived until the end of the 
experiment.

4. Discussion

This study demonstrates that MSEW induces a lasting increase in 
anxiety-like behaviour, particularly in females, as well as an increase in 
depression-like behaviours and anhedonia in mice of both sexes. 
Regarding neuroinflammation markers, our analysis revealed that 
MSEW increased NF-kB expression in the hippocampus and reduced 
TNF-α expression in the same region, particularly in males. Additionally, 
when measuring BDNF levels in the hippocampus, we found that MSEW 
increased BDNF expression in males, although females showed a higher 
baseline expression in this region compared to males. Our results also 
showed no significative changes in adult hippocampal neurogenesis (cell 
survival). Furthermore, MSEW led to an increase in intestinal perme
ability. We observed a negative correlation between intestinal perme
ability and both the time spent in the open arms and the distance 
travelled in these arms in the EPM. Conversely, we found a positive 
correlation between intestinal permeability and the immobility time in 
the TST and grooming time in the splash test. These results suggest that 
increased intestinal permeability is associated with heightened anxiety- 
and depression-like behaviours. Importantly, these changes in intestinal 
permeability were not transient, but rather long-lasting, reinforcing the 
idea that the impact of MSEW on gut health has enduring consequences 
for emotional and behavioural regulation.

Previous studies using maternal separation, have demonstrated 
similar increases in anxiety- [34,44–46] and depression-like behaviours 
[5,34,45–47], supporting our findings. However, it is important to note 
that most of these studies have focused solely on male subjects, leaving 
the effects observed in females largely unexplored, including potential 
sex-related variations. In our study, by employing both sexes, we have 
been able to evaluate the differential effects between males and females. 
A previous study reported that female mice exposed to a maternal sep
aration protocol spent less time in the open arms compared to the 
control group, whereas males did not show this effect [48]. Our results 
align with the hypothesis that maternal separation leads to increased 
anxiety-like behaviour, particularly in females, as this sex displayed a 
decrease in time spent and percentage of distance travelled in the open 
arms during the EPM. Like the previous study (Kong et al., 2023), we 
found more pronounced anxiety-like behaviours in females exposed to 
ELS in the EPM. This difference may be attributed to hormonal regula
tion of stress responses, as females typically exhibit greater activation of 
the hypothalamic-pituitary-adrenal (HPA) axis following stress [32–34, 
48].

Although we expected similar results in the OFT, we observed a 
decrease in entries into the centre in animals exposed to MSEW, but no 
sex differences. This discrepancy between the two tests, can be 
explained by the fact that they are different tests and contexts for 
measuring anxiety. First, both tests assess different components of 
anxiety; the EPM focuses on behaviour related to exposure to an 
elevated and unprotected environment, while the OFT assesses explo
ration in a larger, less structured space, which may influence how ani
mals express their anxiety [49–51]. Additionally, the EPM was 
conducted on the first day, when the animals were less habituated to the 
experimental environment, which could have increased their anxiety 
due to the novelty of the space and the presence of both open and closed, 
unprotected areas. In contrast, the OFT, performed the following day, 
took place in a more familiar environment for the animals, which may 
have reduced their anxiety levels, as the lack of clear threat cues in the 
open field could have encouraged more exploratory behaviour without 
eliciting significant anxiety responses. However, the fact that the effect 
of MSEW persisted indicates that this factor is more potent, continuing 
to show a greater tendency toward anxiety compared to the control 
group.

In addition, we evaluated depression-like responses. In a previous 
study that employed the same MSEW model to evaluate its effect on 
depression-like behaviour using the TST in CD1 mice, both females and 
males were examined [5]. It was observed that MSEW generally 
increased depression-related behaviours, although males were particu
larly affected, showing a greater duration of immobility [5]. In the 
present study, we found that MSEW leads to a general increase in 
immobility in the TST, which is consistent with previous findings [5]. 
However, we did not observe sex differences in our results. This 
discrepancy may be explained by differences in methodology: while our 
evaluation of the TST was conducted automatically, the other study used 
manual assessment. Additionally, in our protocol, animals had under
gone several behavioural tests prior to the TST, unlike in the previous 
study, which could influence previous experiences and habituation. 
Moreover, the automatic assessment method alters the criteria for 
mobility and immobility detection, as it relies on predefined movement 
thresholds rather than manual scoring. Another depression-related 
behaviour is anhedonia, which was measured using the splash test. We 
observed a decrease in grooming time in MSEW mice, regardless of sex. 
These results are consistent with previous findings [52–54], which also 
reported reduced grooming activity in maternally separated mice. 
However, all these studies evaluated only male mice, whereas in our 
study, we included both sexes, demonstrating a similar effect in female 
mice as well. This additional consideration of both male and female mice 
provides further insight into potential sex differences in response to 
MSEW, offering a more comprehensive understanding of the behav
ioural changes associated with this model.

Despite previous studies evaluating the effects of ELS on mood dis
orders, our research provides new insights by measuring intestinal 
permeability induced by MSEW and exploring its potential correlation 
with the emergence of these mood disorders. This adds support to the 
gut-brain axis hypothesis [13,55–57], which is less frequently explored 
in the context of ELS. Our findings indicate that MSEW significantly 
increases gut permeability in the adulthood in both sexes, as demon
strated by the results of the FITC-dextran method. Consistently, [58]
observed that maternal separation increased intestinal permeability, as 
evidenced by both the FITC-dextran method and microscopic exami
nation of intestinal tissue, which revealed weakened epithelial tight 
junctions. They also found that these changes persisted from adoles
cence into adulthood, with greater intestinal permeability observed in 
adulthood. These findings align with the gut-brain axis hypothesis, 
which posits that gut health can significantly influence brain function 
and emotional states [13,55–57]. Therefore, this increase in gut 
permeability may play a crucial role in the behavioural changes 
observed in our study. We observed that altered intestinal permeability 
correlated with depression-like behaviours, as well as with reduced time 
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spent in the open arms and lower percentage of distance travelled in 
these arms, suggesting also a link between increased gut permeability 
and anxiety-like behaviours.

One plausible mechanism underlying the long-term increase in in
testinal permeability observed in MSEW animals could involves dis
ruptions to the gut microbiota. Previous research has shown that ELS can 
alter the composition and diversity of intestinal microbiome, which play 
a central role in maintaining gut barrier function [59,60]. These changes 
in the microbiota can disrupt epithelial cell adhesion by downregulating 
tight junction proteins such as occludin, claudin-1, and ZO-1, resulting 
in increased paracellular permeability. Moreover, alterations in micro
bial metabolites, such as short-chain fatty acids, can impair the matu
ration of intestinal epithelial cells and modulate immune signalling, 
further compromising barrier integrity [61,62]. Thus, we propose that 
the increased gut permeability observed in our model likely reflects 
microbiota-mediated modulation of tight junctions, primarily triggered 
by ELS, but potentially influenced by subsequent behavioural experi
ences as well.

The correlation we found between gut permeability and grooming 
behaviour suggests that alterations in gut integrity may contribute to 
anhedonia, reflecting a broader impact of gut health on emotional well- 
being. A study on chronic restraint stress in mice reported increased 
anxiety- and depression-like behaviours alongside intestinal alterations, 
including changes in neurotransmitter levels, enzyme activity, and 
barrier integrity [63]. These changes may underlie the heightened 
vulnerability to stress-induced mood disorders. Moreover, another study 
also reported a negative correlation between biomarkers of gut barrier 
integrity and anxiety-like behaviour, suggesting that greater intestinal 
damage is associated with more pronounced anxiety-like behaviour 
[64]. Furthermore, previous studies have demonstrated that in
terventions targeting gut permeability can mitigate anxiety-like behav
iours. For instance, the administration of resveratrol was found to 
reduce maternal separation-induced anxiety-like behaviour in male 
mice; however, this study was limited to male subjects and assessed 
animals in late adulthood (postnatal day 90) [65]. In contrast, a study 
that included both sexes found that oleanolic acid and ursolic acid 
reversed the anxiety-related effects of maternal separation specifically in 
female mice, as maternal separation did not induce anxiety-like 
behaviour in males [48]. Additionally, these compounds also reversed 
anhedonic-like behaviour, as measured by the splash test, highlighting 
their potential role in modulating emotional responses through gut 
health restoration [48]. Our study provides a novel contribution by 
showing that MSEW not only induces both anxiety and depression-like 
behaviours but also correlates with increased intestinal permeability. 
Importantly, we assessed both male and female mice, which allowed us 
to demonstrate that the MSEW-induced effects on anxiety and depres
sion were present in both sexes, providing a more comprehensive un
derstanding of how gut health alterations may impact emotional 
regulation across genders. This highlights the potential relevance of 
targeting gut permeability as a therapeutic approach for both male and 
female subjects, addressing the emotional and behavioural dysregula
tion associated with MSEW.

It has been proposed that alterations in the intestinal barrier may 
contribute to anxiety and depression by triggering neuroinflammation 
through the passage of endotoxins into the bloodstream [20] Over time, 
intestinal changes can lead to systemic inflammation, manifesting as 
neuroinflammation [21,22], which can affect synaptic plasticity [29, 
30]. Accordingly, we evaluated neuroinflammatory markers using 
western blot analysis to assess TNF-α and NF-κB levels in the hippo
campus, along with the expression of the neurotrophin BDNF.

Our results revealed baseline sex differences in BDNF expression, 
with females exhibiting higher levels in the hippocampus compared to 
males. To our knowledge, there are not many studies evaluating BDNF 
expression in mice while considering sex differences. However, our re
sults are consistent with recent findings showing that BDNF mRNA 
levels in female mice were significantly higher than those in male mice 

at 3 months of age, which is similar to the age of the mice in the present 
study [66]. This elevation could be due to the effects of estrogen on 
BDNF expression [67,68], as estrogen treatment has been observed to 
increase BDNF levels [69].

Upon exposure to MSEW, both sexes showed increased NF-κB protein 
levels, which aligns with previous findings linking ELS to neuro
inflammatory responses [9,35]. This increase is expected, as NF-κB plays 
a crucial role in microglial activation and inflammatory signalling sug
gesting a shared inflammatory response to MSEW [70]. However, only 
MSEW male mice exhibited changes in TNF-α and BDNF levels sug
gesting a sex-specific regulatory mechanism in response to chronic 
stress. In males, the reduction in TNF-α alongside increased NF-κB may 
indicate a shift toward non-canonical NF-κB activation. While TNF-α 
typically stimulates NF-κB via the canonical pathway [71], its reduction 
suggests an alternative activation mechanism through cytokines such as 
LTβ, CD40L, BAFF, and RANKL [72]. This pathway may contribute to a 
more sustained but potentially regulated inflammatory response

In addition, the male-specific increase in BDNF in MSEW mice sug
gests a potential compensatory mechanism aimed at mitigating stress- 
induced neural damage. NF-κB has been implicated in synaptic plas
ticity and neuronal repair by inducing BDNF expression [70,73,74].

Based on previous literature, we expected that MSEW would reduce 
adult hippocampal neurogenesis (AHN), given its known vulnerability 
to early-life stress (ELS) and its role in modulating emotional behaviours 
[75,76]. AHN is closely regulated by BDNF and is often compromised 
under neuroinflammatory conditions [77–81]. The observed increase in 
BDNF, despite unchanged AHN levels, suggests that this neurotrophic 
factor may help preserve neurogenesis, counteracting the potential 
negative impact of neuroinflammation.

In contrast, females, with already higher baseline BDNF levels, may 
rely on distinct regulatory mechanisms to buffer the effects of ELS 
without requiring further upregulation of this neurotrophic factor. Their 
response to MSEW suggests that while NF-κB activation occurs similarly 
to males, its downstream effects on TNF-α and BDNF are different, 
potentially due to sex-specific hormonal or epigenetic influences. These 
findings underscore the importance of sex-specific pathways in stress- 
induced neuroinflammation and neuronal adaptation. While both 
sexes exhibit NF-κB activation in response to MSEW, males appear to 
engage additional compensatory mechanisms involving TNF-α down
regulation and BDNF upregulation, which may represent an adaptive 
strategy to counteract prolonged stress effects on brain function and 
behaviour.

It is important to note that protein and immunohistochemical ana
lyses in our study were performed after a sequence of behavioural tests 
and the gut permeability assay, which involved multiple procedures 
such as handling, fasting, and oral gavage. These experiences can 
independently induce physiological stress and have been shown to 
modulate key neurobiological markers, including BDNF and other pro
teins [39,82]. In fact, in a previous study from our group, we observed 
that behavioural testing itself led to a significant increase in hippo
campal BDNF levels, independently of sex or treatment condition [39]. 
Therefore, the neurobiological changes observed in our study should be 
interpreted as the cumulative effect of both ELS and subsequent life 
experiences.

Moreover, it is important to consider that, although control animals 
(SN) were also exposed to the same post-weaning procedures, previous 
studies suggest that ELS can exert a long-lasting programming effect that 
alters the brain’s response to later experiences. These effects include 
persistent alterations in HPA axis activity, behavioural patterns, and 
even long-term changes in gene expression [83]. This highlights the 
potential for ELS to sensitize animals to subsequent challenges and may 
help explain the observed differences in neurobiological markers.

Taken together, these findings contribute to the growing body of 
literature suggesting that early life stressors, such as MSEW, induce long- 
term alterations in gut barrier function, which, in turn, correlate with 
emotional and behavioural dysregulation. Most importantly, our study 
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highlights intestinal permeability as a biomarker for future research into 
the mechanisms underlying mood disorders, particularly in contexts of 
chronic and prolonged stress. Given the observed correlation between 
increased gut permeability and anxiety- and depression-like behaviours, 
targeting gut barrier integrity may represent a novel therapeutic avenue 
for mitigating stress-induced emotional dysfunction. Future studies 
should explore whether interventions aimed at restoring gut integrity 
could counteract the neuroinflammatory and behavioural effects of ELS 
in both sexes.

While this study provides compelling evidence for the long-term 
alterations induced by MSEW, several limitations should be acknowl
edged. First, the lack of a group not subjected to behavioural testing 
after weaning limits the ability to isolate the specific effects of MSEW. 
Second, although animals were randomly assigned and came from 
multiple litters, more than one pup per sex per litter was used, which 
may introduce litter-related confounds. Finally, gut permeability was 
assessed functionally, without molecular analysis of barrier proteins or 
microbiota composition. Future studies should address these aspects and 
explore interventions to reverse MSEW-induced alterations.
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