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A B S T R A C T

Recent research highlights the pivotal role of the maternal gut microbiome during pregnancy in shaping offspring 
neurodevelopment. In this study, we investigated the impact of maternal intake of a multispecies probiotic 
formulation during a critical prenatal window (from gestational day 6 until birth) on neurodevelopmental tra
jectories in mice. Our findings demonstrate significant and persistent benefits in emotional behavior, gut 
microbiota composition, and expression of tight junction-related genes, particularly in male offspring, who 
exhibited heightened sensitivity to the probiotic intervention compared to females. Additionally, we observed 
elevated gene expression levels of the anti-inflammatory cytokine IL-10 and the oxytocin receptor (Oxtr) in the 
prefrontal cortex (PFC) of exposed juvenile offspring; however, these changes persisted only in the adult male 
offspring. Furthermore, the sustained increase in the expression of the proton-coupled oligopeptide transporter 1 
(PepT1), which is involved in the transport of bacterial peptidoglycan motifs, in the PFC of exposed male 
offspring suggests a potential mechanistic pathway underlying the observed sex-dependent effects on behavior 
and gene expression. These results underscore the potential of prenatal multispecies probiotic interventions to 
promote long-term neurodevelopmental outcomes, with implications for precision microbial reconstitution 
aimed at promoting healthy neurodevelopment and behavior.

1. Introduction

Environmental factors during early life can profoundly influence the 
formation and function of neural circuits, a phenomenon known as 
developmental programming. One such influential factor is the gut 
microbiota, the trillions of microorganisms residing in the mammalian 
gastrointestinal tract, which have evolved mutualistic relationships with 
their hosts (Davenport et al., 2017). Preclinical studies using germ-free 
(GF) rodent models have highlighted the profound impact of gut 
microbiota on various neurodevelopmental processes, including 
blood–brain barrier (BBB) formation, microglial development and 
maturation, myelination, synaptogenesis, and complex behaviors such 
as social interactions and anxiety (Cryan et al., 2019). These in
vestigations have revealed sex-dependent effects and identified critical 

developmental periods during which microbiota-brain interactions exert 
significant influence.

The maternal environment during pregnancy is widely recognized to 
play a crucial role in prenatal brain development and long-term neu
rodevelopmental trajectories, impacting susceptibility to mental health 
disorders from childhood to adulthood (Al-Haddad et al., 2019). Over 
the past decades, studies have shed light on the impact of disturbances in 
maternal gut microbiota during pregnancy, resulting from perinatal 
challenges such as stress, inflammation, dietary changes, and antibiotic 
exposure on the neurodevelopmental trajectories of offspring (Bolte 
et al., 2022). For instance, exposure to a high-fat diet during pregnancy 
induces behavioral and gut microbial alterations in offspring linked to 
decreased oxytocin production and synaptic plasticity (Sgritta et al., 
2019). Recent studies have demonstrated that maternal gut microbiota 
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derived metabolites such as 5-aminovalerate and hippurate can reach 
the fetal brain, influencing its programming (Vuong et al., 2020). 
Together, these observations suggest that prenatal life is not only a 
critical time-window of developmental vulnerability but also a time of 
opportunity in which therapeutic interventions may have a maximal 
effect on neural circuits and subsequent functions.

While a rapidly growing number of studies have shown beneficial 
effects of probiotic intervention during early life on stress-related hor
mones, intestinal barrier integrity, and maladaptive behaviors across 
different animal models (Codagnone et al., 2019), limited information 
exists about the impact of probiotic intake exclusively during pregnancy 
on the neurodevelopmental trajectories of offspring (Cuinat et al., 
2022), but see (Surzenko et al., 2020). There is growing interest in using 
probiotics during pregnancy to foster healthy brain development in 
offspring at increased risk for neurodevelopmental disorders, such as 
autism spectrum disorder. However, the International Scientific Asso
ciation for Probiotics and Prebiotics recently highlighted a lack of data 
on potential long-term adverse effects of early-life probiotic use 
(Merenstein et al., 2023).

In the current study, we aimed to investigate the impact of multi
species probiotic supplementation during a critical prenatal window of 
neurodevelopment (from gestational day 6 until birth) on anxiety-like 
behavior and gene expression (e.g., genes involved in gut barrier and 
BBB integrity) in both male and female offspring during the juvenile and 
adulthood periods. Additionally, we examined the enduring effects on 
the gut microbiota composition of adult offspring. For this purpose, we 
selected Ecologic® Panda, a mixture of Bifidobacterium bifidum W23, 
Bifidobacterium lactis W51, Bifidobacterium lactis W52, and Lactococcus 
lactis W58. These strains can induce the production of the anti- 
inflammatory cytokine interleukin (IL)-10 in vitro (Niers et al., 2005). 
Moreover, Ecologic® Panda has been successfully used in a clinical trial 
involving pregnant women and postnatally in their infant offspring who 
were at high familial risk of developing allergic diseases (Niers et al., 
2009). Interestingly, studies have found a significant association be
tween allergic diseases and an increased risk of anxiety and depression 
in children and adolescents (Lu et al., 2012), underscoring the potential 
of prenatal microbiome-based strategies in promoting healthy neuro
development and behavior in offspring.

2. Material and methods

2.1. Animals

Time-mated pregnant C57BL6/rRj dams were obtained from Janvier- 
Labs and housed individually under standard conditions at the 
Comparative Medicine Biomedicum (KM-B), Karolinska Institutet. All 
procedures were approved by the Ethics Committee on Animal Research 
(Dnr. 12837-2020), Stockholm North, and complied with European 
Communities Council Directive 86/609/EEC.

2.2. Probiotic treatment

The probiotic formulation Ecologic® Panda contains four different 
probiotic strains (B. bifidum W23, B. lactis W51, B. lactis W52, and 
L. lactis W58) in a carrier matrix of rice starch and maltodextrin. Both 
the multispecies probiotic formulation and maltodextrin (used as a 
control) were provided by Winclove Probiotics B.V., Amsterdam, the 
Netherlands. Oral administration via drinking water was selected over 
oral gavage to minimize stress to the mice. Ten pregnant dams were 
randomly assigned to receive either Ecologic® Panda (n = 5; 8 × 10^7 
CFU/ml) or a maltodextrin control (n = 5) in their drinking water from 
gestational day 6 until birth. All solutions were refreshed daily.

2.3. Experimental design

The date of birth was considered postnatal day (P) 0. Offspring were 

weaned at postnatal day (P) 20 and housed in same-sex, same-treatment 
groups. Behavioral testing occurred during the juvenile period 
(P22–P28) and early adulthood (P56–P62). We tested six mice per sex 
and developmental stage. Each mouse was randomly selected from one 
of five independent mothers (n = 5 per group for both the Ecologic® 
Panda and control groups), ensuring that each mother contributed at 
most two pups per group.

2.4. Behavioral testing

Testing occurred between 0900 and 1700 h. Equipment was sani
tized before and after each mouse.

2.4.1. Open field (OF) test
Mice were placed in a 48 cm × 48 cm OF box (ActiMot detection 

system, TSE, Bad Homburg, Germany) for 15 min. Parameters recorded 
included distance traveled, number of rears, and center time.

2.4.2. Light/dark box (LDB) test
Mice explored a two-compartment box (24 cm × 24 cm each) with 

one side illuminated and the other dark for 5 min. Parameters measured 
included time, distance traveled, and rears in each compartment.

2.4.3. Elevated plus maze (EPM) test
The EPM apparatus (Kinder Scientific) comprised black Plexiglas 

with two open arms (36 × 5 cm), two enclosed arms (36 × 5 cm), and a 
central area (5 × 5 cm), elevated 64 cm above the floor. Mice freely 
explored all zones for 5 min, with time in each zone measured.

2.5. RNA Extraction and qRT-PCR

RNA was extracted from prefrontal cortex (PFC) and colon tissue 
samples using the QIAGEN RNeasy Mini Kit (Qiagen), with mechanical 
lysing via the bead method (0.5 mm zirconium beads, Precellys Evolu
tion Touch homogenizer, Bertin Technologies). qRT-PCR assays were 
conducted on the CFX384 Touch Real-Time PCR Detection System (Bio- 
Rad), and data analysis was performed using CFX Manager software 
(Bio-Rad), as described previously (Morel et al., 2023).

2.6. 16S rRNA gene sequencing and analysis

DNA was extracted from the cecal microbiota of adult mice using the 
QIAmp PowerFecal Pro DNA kit (Qiagen AB, Sweden), with mechanical 
lysing via the bead method (0.5 mm zirconium beads, Precellys Evolu
tion Touch homogenizer, Bertin Technologies). The V3-V4 hypervari
able region of the bacterial 16S rRNA gene was amplified, sequenced 
using the Illumina MiSeq 250 platform, and analyzed by Novogene (UK).

Further data handling was done in R (version 4.1.2) with the RStudio 
GUI (version 1.4.1717), as described previously (Lynch et al., 2023). 
Alpha diversity was analyzed with linear models. Principal component 
analysis (PCA) was applied to centered log-ratio (clr) transformed values 
for visualizing beta diversity. Beta diversity, computed using Aitchison 
distance (Euclidean distance of clr-transformed counts), was assessed 
with PERMANOVA from the vegan library with 1000 permutations. 
Differential abundance of taxa was examined through linear models. 
Plotting was done using ggplot2. R scripts are accessible at https://gith 
ub.com/thomazbastiaanssen/Tjazi.

2.7. Statistical analysis

Data analysis utilized GraphPad Prism 10 software or R (version 
4.1.2). Results are presented as means ± standard error of the mean. 
Significant outliers were identified using Grubb’s test (α = 0.05). Data 
from the OF, LDB, and EPM tests underwent mixed-effects analysis of 
variance (ANOVA). Post hoc comparisons employed the Bonferroni/ 
Dunn test for significant ANOVA effects. Gene expression data were 
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analyzed using two-way ANOVA and subjected to multiple testing cor
rections with the Bonferroni method. For the microbiome data, the 
Benjamini-Hochberg procedure was used to correct for multiple testing 
with a false discovery rate (FDR) threshold of 0.1. Statistical significance 
was set at p < 0.05.

3. Results

3.1. Prenatal probiotic exposure did not affect offspring body weight

No significant differences in body weights were observed between 
prenatally probiotic-exposed offspring and their respective control 
groups during both juvenile and early adulthood (Supplementary 
Fig. 1A and B).

3.2. Prenatal probiotic exposure reduces anxiety-like behavior in adult 
male offspring

To assess anxiety-like behaviors, we conducted the LDB and OF tests 
on both juvenile and adult offspring, with the EPM test exclusively used 
in adults. In the LDB test, no significant differences in compartment time 
were found in probiotic-exposed juvenile offspring (P > 0.1, Fig. 1A and 
C). However, adult male offspring spent significantly more time in the 
light compartment and less time in the dark compartment compared to 
controls (Treatment × Compartment interaction: [F (1, 16) = 33.73, P <
0.0001]; Bonferroni’s post hoc comparison: control vs. probiotic: P =
0.0017 and P = 0.0016 for light and dark compartments, respectively 
(Fig. 1B)). No differences were found in adult females (P > 0.1, Fig. 1D).

In the OF test, prenatally exposed juvenile offspring spent signifi
cantly more time in the center zone for both males and females [Males: 
Treatment: F(1, 29) = 10.58, P=0.0029; Time: F(2, 29) = 4.118, P =
0.0266; Females: Treatment: F(1, 29) = 5.601, P = 0.0248, Time: F(2, 
29) = 4.089, P = 0.0273]. Bonferroni’s post hoc comparison revealed 
significant differences between control and probiotic groups at specific 
time intervals (Males: P = 0.0392 at 15 min interval; Females: P =
0.0412 at 10 min interval) (Fig. 1E). No significant differences were 
observed in adult offspring (P > 0.1, Fig. 1F).

In the EPM, the only significant difference found was that probiotic- 
exposed adult female offspring spent significantly more time in the 
closed zone (Treatment × Zones interaction: [F (2, 30) = 5.727, P =
0.0078]; Bonferroni’s post hoc comparison: control vs. probiotic: P =
0.0115) (Fig. 1H).

3.3. Prenatal probiotic increases exploratory activity in adult female 
offspring

Locomotor and exploratory activity, assessed in the OF by total dis
tance traveled and number of rears, respectively. The only statistically 
significant differences observed was in the number of rears in exposed 
adult females (Treatment: [F (1, 29) = 5.601, P = 0.0248]); Bonferroni’s 
post hoc comparison: control vs. probiotic: P = 0.0043 at 10 min in
terval) (Supplementary Fig. 1H).

3.4. Prenatal probiotic exposure alters the expression of key genes in the 
PFC

To investigate the potential impact of perinatal multispecies pro
biotic exposure on BBB integrity, we analyzed the gene expression of 
several tight-junction-related genes, including claudin-1 (Cldn1), 
claudin-3 (Cldn3), claudin-5 (Cldn5), junctional adhesion molecule A 
(JAM-A), zonula occludens-1 (ZO-1), and occludin (Ocln). In prenatally 
probiotic-exposed juvenile males, we observed a significant increase in 
the expression of Cldn5 and JAM-A (P < 0.0001 and P = 0.0086, 
respectively; Fig. 2A), both of which are crucial for maintaining BBB 
integrity. Conversely, prenatally exposed adult males showed a signifi
cant increase only in the expression of Cldn3 (P = 0.0124; Fig. 2B). 

Among exposed juvenile female offspring, there was a significant in
crease in the expression of Cldn3 (P = 0.0072; Fig. 2C), while no changes 
were observed in the adult female offspring.

Prenatal exposure to multispecies probiotics did not affect the 
expression of brain-derived neurotrophic factor (Bdnf; P > 0.1; data not 
shown) or ionized calcium-binding adaptor molecule 1 (Iba-1; P > 0.1; 
Fig. 1A–D), which are markers of synaptic activity and microglial acti
vation, respectively. We also assessed the expression of triggering re
ceptor expressed on myeloid cells 2 (Trem-2), a microglial marker 
involved in immune modulation (Yeh et al., 2017). No significant dif
ferences were found in juvenile and adult male or juvenile female 
offspring (P > 0.1; Fig. 2A–C). However, Trem-2 was significantly 
upregulated in adult female offspring (P = 0.0034; Fig. 2D). Addition
ally, IL-10 expression, an anti-inflammatory cytokine known to be 
induced by the multispecies probiotic formulation (Niers et al., 2005), 
increased significantly in juvenile and adult male offspring (P = 0.001 
and P < 0.0001; Fig. 2A and B). Elevated IL-10 levels were also observed 
in exposed juvenile females (P = 0.0215; Fig. 2C), but not in adult 
females.

We also evaluated the expression of oxytocin receptor (Oxtr), which 
is implicated in anxiety-like behavior (Amico et al., 2008), and peptide 
transporter 1 (PepT1; also known as Slc15a1), which transports pepti
doglycan (PGN) motifs (Gonzalez-Santana and Diaz Heijtz, 2020). Oxtr 
expression was significantly increased in juvenile females (P = 0.0194; 
Fig. 2C) and adult males (P = 0.0028; Fig. 2B). Similarly, PepT1 
expression increased significantly in exposed juvenile and adult male 
offspring (P = 0.0023 and P < 0.0001; Fig. 2A and B), as well as in ju
venile female offspring (P < 0.0001; Fig. 2C), but not in adult females.

3.5. Prenatal probiotic exposure alters intestinal tight junction and 
mucosal-related gene expression

To investigate the impact of prenatal multispecies probiotic exposure 
on intestinal barrier integrity, we assessed the gene expression of tight 
junction and mucosal-related genes in juvenile and adult offspring 
(Fig. 2E–H). Prenatally exposed juvenile males exhibited significant 
increase in the expression of Cldn1 and Cldn5 (P = 0.0015 and P =
0.0462, respectively; Fig. 2E). In contrast, the expression of mucin 2 
(Muc2) and mucin (Muc3) genes was upregulated in adult male offspring 
(P < 0.0001 and P = 0.0032, respectively; Fig. 2F). On the other hand, 
prenatally exposed juvenile females exhibited a significant decrease in 
Cldn3 (P = 0.0113), whereas Cldn5 was upregulated in adult females (P 
= 0.0121; Fig. 2H).

3.6. Prenatal probiotics produce enduring effects on adult gut microbiota 
composition

The overall proportion of the gut microbiota at the genus level for 
prenatally-exposed juvenile and adult offspring, as well as their 
respective controls, is shown in Fig. 3A. PCA identified significant dif
ferences in beta diversity, indicating variations in the overall diversity 
(Fig. 3B). However, there were no significant differences in various 
parameters of alpha diversity (Chao 1, Simpson’s index, and Shannon 
entropy), which describe the community complexity in terms of species 
richness and evenness, when analyzed at the genus level. The lasting 
effects of prenatal probiotic exposure were also reflected in changes in 
the relative abundance of several genera (Fig. 3D).

4. Discussion

Recent studies have emphasized the pivotal role of the maternal gut 
microbiota during pregnancy in shaping fetal neural circuits and sub
sequent developmental functions (Vuong et al., 2020), sparking interest 
in leveraging it to support healthy neurodevelopment in offspring. In our 
study, we demonstrate that prenatal intake of a multispecies probiotic 
during a crucial developmental window (from gestational day 6 until 
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Fig. 1. Impact of maternal multispecies probiotic intake during pregnancy on offspring anxiety-like behavior. A–D. Bars represent the time (seconds) spent in the 
light and dark compartments, along with representative movement patterns during a 5-min Light/Dark Box (LDB) test by male and female juvenile (A and C) and 
adult (B and D) offspring. E − F. Average time (seconds) spent in the center of an Open Field (OF) box, measured in 5-min bins across a 15-min session by male and 
female juvenile (E) and adult (F) offspring. (G and H) Average time (seconds) spent in the different zones of the elevated plus maze (EPM) by prenatally probiotic- 
exposed adult male (G) and female (H) offspring. All data (A–H) are presented as means (±SEM; n = 5–6 per group). *P < 0.05; **P < 0.001 compared to their 
respective control group.
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Fig. 2. Impact of maternal multispecies probiotic intake during pregnancy on the expression of various key genes in the prefrontal cortex (PFC) and colons of 
offspring. A–D. Expression of key genes in the PFC of juvenile and adult male (A and B) and female (C and D) offspring. E–H. Expression of tight junction and 
mucosal-related genes in the colons of juvenile and adult male (E and F) and female (G and H) offspring. All data (A–H) are presented as means (±SEM; n = 5–6 per 
group) with adjusted P-values after correction for multiple comparisons. *P < 0.05; **P < 0.001 compared to their respective control group.
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Fig. 3. Long-lasting changes in caecal microbiota composition of prenatally probiotic-exposed adult offspring. A. Relative proportion at the genus level. B. Principal 
component analysis (PCA) of beta-diversity. Prenatal probiotic exposure significantly altered beta-diversity in both male and female offspring. C. Mean (±SEM) 
alpha-diversity levels for adult mice, as measured by the Chao1, Simpson, and Shannon entropy indices. D. Relative abundance and 95 % confidence intervals of 
bacterial genera showing significant changes in prenatally probiotic-exposed adult male and female offspring compared to their respective controls.
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birth) significantly alters the neurodevelopmental trajectories of 
offspring in a sex-dependent manner. Our results indicate distinct 
beneficial effects of prenatal multispecies probiotic intake on offspring 
emotional development, involving the regulation of genes related to 
intestinal and BBB integrity, as well as the anti-inflammatory cytokine 
IL-10. Notably, these changes were more prominent and lasting in pre
natally probiotic-exposed male offspring than in the exposed female 
offspring. Consistent with the reduction in anxiety-like behavior 
observed in the LDB test, we noted an upregulation of Oxtr gene 
expression in the PFC of prenatally probiotic-exposed adult male 
offspring. These results underscore the significant impact of maternal 
probiotic administration during pregnancy, revealing notable neuro
developmental shifts in key genes that may affect behavior.

Prenatal exposure to multispecies probiotics had enduring effects on 
the composition of the gut microbiota in adult offspring, which may 
contribute to long-term behavioral outcomes. We observed a significant 
increase in beneficial bacterial genera in exposed adult male offspring, 
including the Eubacterium xylanophilum and Ruminococcus, known for 
producing anti-inflammatory metabolites like short-chain fatty acids 
(Mukherjee et al., 2020; Reichardt et al., 2014). In adult female 
offspring, we noted a significant rise in Lachnospiraceae bacterium A2 and 
Faecalibaculum, which are associated with reducing inflammation by 
promoting T regulatory cell development (van de Wouw et al., 2021). 
Conversely, Dubosiella genus, linked to intestinal inflammation from 
high-fat diet (Inaba et al., 2023), was significantly lower in exposed 
adult female offspring. These findings suggest that prenatal multispecies 
probiotic intervention may promote the growth of anti-inflammatory 
bacteria, leading to potential long-term benefits for the host.

Previous studies have highlighted the significant impact of gut 
microbiota on anxiety-like behavior in GF mice (Cryan et al., 2019). A 
prior study on L. lactis, a component of our multispecies probiotic 
formulation, reported reduced anxiety in prenatally exposed adult fe
males (Surzenko et al., 2020). Our research revealed age- and sex- 
dependent effects of prenatal multispecies probiotic exposure on 
anxiety-like behavior, although these effects were not consistently 
observed across all tests. Specifically, juvenile males and females 
exhibited reduced anxiety-like behavior in the OF test. However, this 
effect was not uniform: in adulthood, only males showed a similar 
reduction in anxiety, as indicated by increased time spent in the light 
compartment of the LDB test. Conversely, adult females exhibited 
increased anxiety-like behavior, as evidenced by spending more time in 
the closed arms of the EPM. These discrepancies may reflect develop
mental changes, and/or hormonal influences, warranting further 
investigation.

Our study uncovered significant sex-dependent shifts in the expres
sion of tight junction and mucosal-related genes in the colons of both 
juvenile and adult offspring, highlighting the crucial role of the maternal 
microbiome during pregnancy in shaping the intestinal barrier of 
offspring. While both male and female offspring exhibited increased 
expression of tight junction-related genes, changes in mucosal-related 
genes were observed only in the colons of exposed adult male 
offspring. Additionally, in the PFC, there were changes in the expression 
of tight junction-related genes in prenatally probiotic-exposed juvenile 
offspring, with some effects persisting into adulthood in the male 
offspring. However, future studies are needed to determine potential 
sex- and age-dependent changes in gut or BBB permeability following 
prenatal probiotic exposure.

Consistent with previous in vitro studies on the multispecies probiotic 
Ecologic® Panda (Niers et al., 2005), we observed upregulation of IL-10 
gene expression in the PFC of both juvenile male and female offspring, as 
well as in adult male offspring, from dams exposed to the probiotic. IL- 
10 is known for its role in modulating the immune response by sup
pressing pro-inflammatory cytokines and inhibiting the activation of 
inflammatory cells. Accordingly, we did not detect changes in the 
expression of Iba-1 and Trem-2, markers of microglial activation, in the 
PFC of juvenile and adult male offspring. However, Trem-2 levels were 

elevated in adult female offspring, indicating a potential sex-specific 
inflammatory response to probiotic exposure, which warrants further 
investigation.

Oxytocin is a neuropeptide that plays a crucial role not only on social 
behaviors and stress regulation, but also anxiety-like behavior 
(Gottschalk and Domschke, 2018). Our findings suggest that Oxtr 
expression in the developing PFC of male offspring is more sensitive to 
specific signals from the probiotic formulation, as the increase in Oxtr 
persisted into adulthood in males but not females. Previous research 
indicates that a subset of Oxtr-responsive interneurons (OxtrINs) in the 
PFC modulates social and anxiety-like behaviors in a sex-dependent 
manner (Li et al., 2016). Future studies should explore whether 
OxtrINs are particularly susceptible to prenatal probiotic exposure, thus 
contributing to the behavioral changes observed in this study.

The mechanisms underlying the effects of probiotics during prenatal 
brain development are not fully understood. Recent studies indicate that 
bacterial cell components, such as PGN motifs, act as key molecular 
signals in gut microbiota-host crosstalk in early life (Gonzalez-Santana 
and Diaz Heijtz, 2020). Strikingly, we observed persistent upregulation 
of the PGN transporter, PepT1, in the PFC of prenatally probiotic- 
exposed juvenile and adult male offspring. Our probiotic formulation 
contains three Bifidobacterium spp. abundant in anhydro-PGN motifs, 
which exhibit potent anti-inflammatory activity in vitro (Kwan et al., 
2024). These observations raise the possibility that PGN motifs derived 
from maternal probiotic intakes during pregnancy could contribute to 
neurodevelopmental programming in a sex-dependent manner.

In summary, our study demonstrates that prenatal exposure to 
multispecies probiotics has lasting positive effects on emotional 
behavior, gut microbiota composition, and gene expression, particularly 
with persistent changes observed in male offspring. These findings 
highlight the potential for precision microbial reconstitution as a strat
egy to support healthy neurodevelopment by modulating the maternal 
microbiome during pregnancy. Future research with larger sample sizes, 
detailed behavioral assessments, and advanced omics techniques is 
needed to identify modulated brain circuits and elucidate the underlying 
molecular mechanisms and signaling pathways.
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